US 20220243236A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2022/0243236 A1

Melis et al.

(54)

(71)

(72)

@
(22)

(86)

(60)

PRODUCTION OF CANNABINOIDS USING
GENETICALLY ENGINEERED
PHOTOSYNTHETIC MICROORGANISMS

Applicant: The Regents of the University of
California, Oakland, CA (US)

Inventors: Anastasios Melis, El Cerrito, CA (US);
Nico Betterle, Pleasanton, CA (US);
Diego Alberto Hidalgo Martinez, El
Cerrito, CA (US)

Appl. No.:  17/435,695

PCT Filed: Feb. 28, 2020

PCT No.: PCT/US20/20512
§ 371 (e)(D),
(2) Date: Sep. 1, 2021

Related U.S. Application Data

Provisional application No. 62/812,906, filed on Mar.

1, 2019.

43) Pub. Date: Aug. 4, 2022
Publication Classification
(51) Inmt. Cl
CI2P 17/06 (2006.01)
CI12P 7/42 (2006.01)
CI2N 1720 (2006.01)
CI2N 15/74 (2006.01)
CI2N 15/62 (2006.01)
CI2N 15/52 (2006.01)
CI2N 9/00 (2006.01)
CI2N 9/88 (2006.01)
CI2N 9/02 (2006.01)
(52) US. CL
CPC ... CI12P 17/06 (2013.01); CO7K 2319/00

(2013.01); CI2N 1/20 (2013.01); CI2N 15/74
(2013.01); CI2N 15/62 (2013.01); CI2N
15/52 (2013.01); C12Y 602/01001 (2013.01);
CI2Y 121/03007 (2015.07); CI2Y 121/03008
(2015.07); CI2Y 404/01026 (2015.07); CI2N
9/93 (2013.01); CI2N 9/88 (2013.01); CI2N
9/0004 (2013.01); C12N 2800/101 (2013.01);
CI2P 7/42 (2013.01)

(57) ABSTRACT

The present invention provides methods and compositions
for producing cannabinoids in photosynthetic microorgan-
isms, e.g., cyanobacteria.

Specification includes a Sequence Listing.

Cannabinoid Biosynthesis

+CoA —  |AAE1
< Acyl Activating Enzyme 1

Q
/\/\)L Hexanoid Acid
OH
]

HsC/\/\)LS - CoA Hexanoyl-CoA

3Malonyl-CoA  — oLS
3C0A < Olivetol Synthase

Olivetolic Acid
j CBGAS

A 4

h 4

Olivetol

OAC
QOlivetolic Acid Cyclase

Y

Cannabigerolic Acid Synthase

Cannabigerolic Acid

CB DAS
Cannabidiolic Acid Synthase

Cannabidiolic Acid



Patent Application Publication  Aug. 4,2022 Sheet 1 of 20

US 2022/0243236 Al

MEP PATHWAY
Pyruvate + G3P
C0, < Dxs
Y
DXP
NADPH —
NADP ¢ P
Y
The MEP pathway is employed by: MEP
CTP
IspD
. . . PPi q,
* Fermentative aerobic/anaerobic
bacteria CDP-ME
. . ATP IspE
« Anoxygenic photosynthetic ADP P
bacteria
_ CDP-MEP
» Cyanobacteria
IspF
. CMP
* Chloroplasts in all 4&«
photosynthetic organisms ME-cPP
Fdred
Fdox IspG
NAD(P)H _ HMBPP _ NAD(PH
NAD(P) / oo \NAD(P)
DMAPP <— » HMBPP
Ipi

FIG. 1



Patent Application Publication  Aug. 4,2022 Sheet 2 of 20 US 2022/0243236 A1

FIG. 2

2% Acetyl-Col
Cod €
v 'y
Acstoacetyl-LoA The INIV;; g athway 15
; €mpioye .
Aoetyh-Caf =y ploy y
Cod €1
v » Archaea
%‘EMG&T»{I-Q& . Yeas ¢
& NADPH - .
* Fungi
CoA+ 2 NADR {1} |
) ]
Movalonate (MVA} Insects
o —] *»  Animals
AR
AR {-:; « Plant CytOSOI

Mevalonate-Sphosphate

AR Mw
App €

A3

Mevalonate-S-diphasphate

ATHR ’”‘“‘
CJQE‘_ + AT P {:’.\\* ‘
-

P € » DMAPP




Patent Application Publication  Aug. 4,2022 Sheet 3 of 20 US 2022/0243236 A1

FIG. 3
§@E%§\ PN 9 (f:') - @»«fél\jpm\ 9 9 -
<7 O-—!? —O—F;"-O > O-P —(')—FIJ -0
o O o" O°
Dimethylallyl diphosphate Isopentenyl diphosphate
(DMAPP) (IPP)
Geranyl diphosphate
synthase (GPPS) PP; pyrophosphate
S o 8.8
A 0 —? -0 -Fl’ -0
0O 0O°

Geranyl diphosphate (GPP)




Patent Application Publication  Aug. 4,2022 Sheet 4 of 20 US 2022/0243236 A1

FIG. 4

GPPS

0.125 pgChl



Patent Application Publication  Aug. 4,2022 Sheet 5 of 20 US 2022/0243236 A1

Cannabinoid Biosynthesis

O
Hexanoid Acid
+COA AAE1
Acyl Activating Enzyme 1
HaC S CoA Hexanoyl-CoA
3Malonyl-CoA OLS
3CoA Olivetol Synthase
Olivetol
OAC
HO 2.0 Olivetolic Acid Cyclase
HO
Olivetolic Acid
GPP CBGAS
PP Cannabigerolic Acid Synthase

Cannabigerolic Acid

CB DAS
Cannabidiolic Acid Synthase

Cannabidiolic Acid

FIG. 5



Patent Application Publication  Aug. 4,2022 Sheet 6 of 20 US 2022/0243236 A1

FIG. 6
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FIG. 9B
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FIG. 11C
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PRODUCTION OF CANNABINOIDS USING
GENETICALLY ENGINEERED
PHOTOSYNTHETIC MICROORGANISMS

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S.
Provisional Application No. 62/812,906, filed Mar. 1, 2019,
the disclosure of which is incorporated herein in its entirety.

BACKGROUND OF THE INVENTION

[0002] Interest in and use of Cannabis sativa products has
expanded recently. The specific interaction of cannabinoids
with the human endocannabinoid system makes these com-
pounds attractive products to be used for therapeutic pur-
poses and for the treatment of a number of medical condi-
tions. However, understanding of the physicochemical
properties and stability of these compounds is limited,
production yield is low, and moreover, there is a variable
range and mix of products produced by different Cannabis
sativa cultivars and other plants. This variability is further
exacerbated by variable growth conditions. Agricultural
production of cannabinoids is subject to additional chal-
lenges such as plant susceptibility to climate and disease,
variable yield and product composition due to prevailing
cultivation and climatic conditions, the need for extraction
of cannabinoids by chemical processing and by necessity,
the harvesting of a mix of products that need to be purified
and certified for biopharmaceutical use.

[0003] The biosynthesis of cannabinoids by engineered
microbial strains could be an alternative strategy for the
production of these compounds. Accordingly, there is a need
to develop the relevant biotechnology and produce the
chemically different cannabinoids individually, in pure
form, so as to alleviate the above-mentioned difficulties and
to enable the unambiguous application of these chemicals in
the pharmaceutical industry.

[0004] Cannabinoids ate terpenophenolic compounds,
generated upon the reaction of a 10-carbon isoprenoid
intermediate with a modified fatty acid metabolism precur-
sor as part of the secondary metabolism of Cannabis sativa
and other plants (Carvalho et al. (2017) FEMS Yeast Fes 17).
More than 100 different chemical species belonging to this
class of compounds have been identified (Carvalho et al.
(2017), FEMS Yeast Res 17(4); Zirpel et al. (2017), J
Biotechn 259, 204-212).

[0005] Photosynthetic microorganisms, such as microal-
gae and cyanobacteria, utilize the methylcrythritol 4-phos-
phate (MEP) pathway, which generates geranyl diphosphate
(GPP) intermediates, and utilize the corresponding isopre-
noid pathway enzymes for the biosynthesis of a great variety
of' endogenously needed terpenoid-type molecules like caro-
tenoids, tocopherols, phytol, sterols, hormones, and many
others (see, FIG. 1). The MEP isoprenoid biosynthetic
pathway (Lindberg et al. (2010), Metab Eng., 12:70-79)
consumes pyruvate and glyceraldehyde-3-phosphate (G3P)
as substrates, which are combined to form deoxyxylulose-
S-phosphate (DXP), as first described for Escherichia coli
(Rohmer et al. (1993). Biochem. J. 295:517-524). DXP is
then converted into methylerythritol phosphate (MEP),
which is subsequently modified to form hydroxy-2-methyl-
2-butenyl-4-diphosphate (HMBPP). HMBPP is the substrate
required for the formation of isopentenyl diphosphate (IPP)
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and dimethvlallyl diphosphate (DMAPP), which are the
universal terpenoid precursors. Cyanobacteria also contain
an IPP isomerasc (Ipi in FIG. 1) which catalyzes the inter-
conversion of IPP and DMAPP. In addition to reactants G3P
and pyruvate, the MEP pathway consumes reducing equiva-
lents and cellular energy in tlie form of NADPH, reduced
ferredoxin. CTP, and ATP, ultimately derived from photo-
synthesis. For reviews, sce. e.g., Ershov et al. (2002) J.
Bacterial. 184(18):5045-5051: Sharkey et al (2002), Ann.
Bot. 101(1):5-18; Bentley et al. (2014), Mol. Plant 7:71-86.

[0006] The S-carbon (5-C) isomeric molecules dimethv-
lallyl diphosphate (DMAPP) and isopentenyl diphosphate
(IPP) are the universal precursors of all isoprenoids (Agra-
noff et al. (1960); Lichtenthaler (2010)), comprising units of
S-carbon configurations. Two distinct and separate biosyn-
thetic pathways evolved independently in nature to generate
these universal DMAPP and IPP precursors (Agranoff et al.
(1960), J. Biol. Chem. 236,326-332; Lichtenthaler (2007)
Photosynth. Res. 92, 163-179: Lichtenthaler (2010), Chem.
Biol. Volatiles, pp 11-47). Most fermentative aerobic and
anaerobic bacteria, anoxvgenic photosynthetic bacteria, cya-
nobacteria, algae (micro & macro), and chloroplasts in all
photosynthetic organisms operate the methylerythritol
4-phosphate (MEP) pathway, as described above, beginning
with glyceraldehyde 3-pltosphatc and pyruvate metabolites
(FIG. 1). Archaea, yeast, fungi, insects, animals, and the
eukaryotic plant cytosol generally operate the mevalonic
acid (MVA) pathway, which begins with acetyl-CoA
metabolites (Lichtenthaler (2010) Chem. Biol Volatiles, pp
11-47; McGarvey and Croteau (1995), Plant Cell 7, 1015-
1026: Sehwender et al. (2001), Planta 212, 416-423) (FIG.
2). Both pathways result in the synthesis of identical
DMAPP and IPP metabolites. Synthesis of geranyl diphos-
phate (GPP) is due to the presence of a geranyl diphosphate
synthase (GPPS) gene that condenses, in a tail to head linear
addition, an IPP to a DMAPP molecule (FIG. 3). GPP is the
intermediate prenyl metabolite that reacts in the cannabinoid
biosynthetic pathway for the synthesis of cannabinoids.
Although photosynthetic microorganisms such as microal-
gae and cyanobacteria utilize the MEP pathway, which
generates the DMAPP and IPP precursors, these microor-
ganisms do not need and do not actively and directly express
the GPPS enzyme (Betterle and Melis (2018), ACS Synth.
Biol. 7, 912-921), nor do they accumulate noticeable levels
of the GPP metabolite.

[0007] The dedicated pathway for the cellular synthesis of
cannabinoids (FIG. 5) commences with hexanoic acid, a
6-carbon intermediate in the fatty acid biosynthetic pathway.
Action by acyl activating enzyme 1 (AEE1) converts the
hexaooid acid to its coenzyme A (Hexanoyl-CoA) form
(Stout et al. (2012), Plant J 71:353-65; Carvalho et al.
(2017), FEMS Yeast Res 17; Zirpel et al. (2017), J Biotechn
259, 204-212). Action of the enzymes olivetol synthase
(OLS), which is a type III polyketide synthase; and olive-
tolic acid cyclase (OAC), which is a polyketide cyclase,
combines one molecule of hexanoyl-CoA and three mol-
ecules of malonyl-CoA reactants, followed by cyclization of
the C2-C7 aldol portion of the molecule to generate olive-
tolic acid, a 12-carbon pathway (C,,H,O,) intermediate
(Gagne et al. (2012); Rahatjo et al. (2004)). A geranyl
diphosphate olivetolic acid prenyl transferase, cannab-
igeroiic acid synthase (CBGAS), catalyzes the C-alkylation
of olivetolic acid by geranyl diphosphate (GPP) to form
cannabigeroiic acid (CBGA), a 12-carbon (C,,H320,,) can-
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nabinoid intermediate (Fellermeier and Zenk 1998). Subse-
quent catalysis by the cannabidiolic acid synthase (CBDAS)
results in the oxidative cyclization of the monoterpene
portion of the CBGA, leading to the formation of cannabid-
iolic acid (CBDA), a 12-carbon (C,,H;,) oxidized deriva-
tive of cannabigeroiic acid (Morimoto et al. (1998). Phyto-
chemistry 49:1525-1529; Sirikantaramas et al. (2004), J Biol
Chem 279:39767-39774: Taura et al. (2007), FEBS Lett
581:2929-2934). A decarboxylated and biologically active
but non-psychoactive form of the latter (cannabidiol) typi-
cally occurs by a non-enzymatic process that may happen
during heating or exposure to sunlight (de Meijer et al.,
Genetics 163,335-346, 2003).

[0008] Alternative oxidocyclase enzymes catalyze the oxi-
dative cyclization of the monoterpene moiety of CBGA for
the biosynthesis of A9-tetrahydrocannanbinolic acid (A9-
THCA) and cannabichromenic acid (CBCA) (Morimoto et
al. (1998), Phytochemistry 49:1525-1529; Sirikantaramas et
al. (2004), J Biol Chem 279:39767-39774; Taura et al.
(2007), FEBS Lett 581:2929-2934). The latter are chemical
isomers of the CBDA, having the same C,,H;,0, chemical
formula. Decarboxylated and biologically active (psychoac-
tive) forms of the A9-THCA and CBCA cannabinoids (A9-
THC and CBC, respectively) typically occur by a non-
enzymatic process that may happen during heating or
exposure to sunlight (de Meijer et al. (2003), Genetics
163,335-346).

[0009] The present invention provides improved methods
and compositions for producing cannabinoids in photosyn-
thetic microorganisms, allowing the production of highly
pure cannabinoids that can bo used in numerous biotechno-
logical, pharmaceutic, and cosmetics applications.

BRIEF SUMMARY OF THE INVENTION

[0010] The current invention provides new methods for
generating purified cannabinoids, e.g., cannabidiolic acid, in
photosvnthetic microorganisms, e.g. cyanobacteria and
microalgae. The cannabidiolic acid (CBDA) and other can-
nabinoids produced using the present methods are derived
via photosynthesis from sunlight, carbon dioxide, and water.
[0011] The invention takes advantage of improvements in
the engineering of photosynthetic microorganisms, e.g.,
cyanobacteria, which, upon suitable genetic modification,
can be used to produce large quantities of highly pure
cannabinoids such as cannabidiolic acid. The invention
provides methods and compositions for generating and
harvesting cannabidiolic acid and other cannabinoids from
genetically modified cyanobacteria or other photosynthetic
microorganisms. Such genetically modified microorganisms
can be used commercially in an enclosed mass culture
system, e.g., a photobioreactor, to provide a source of highly
pure and valuable compounds for use in various industries,
such as the medical, pharmaceutical, and cosmetics indus-
tries.

[0012] In one aspect, the present disclosure provides a
method for producing cannabinoids in a photosynthetic
microorganism, the method comprising (i) introducing into
the microorganism: a polynucleotide encoding a GPPS
polypeptide; and one or more polynucleotides encoding
AAEFE1, OLS, OAC, CBGAS polypeptides and an oxidocy-
clase selected from the group consisting of CBDAS,
THCAS, and CBCAS; wherein the polynucleotide encoding
the GPPS polypeptide is operably linked to a first promoter,
and the one or more polynucleotides encoding the AAE1,
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OLS, OAC, CBGAS polypeptides and the oxidocyclase are
operably linked to one or more additional promoters; and (ii)
culturing the microorganism under conditions in which the
GPPS, AAE1, OLS, OAC, CBGAS polypeptides and the
oxidocyclase are expressed and wherein cannabinoid bio-
synthesis takes place.

[0013] In some embodiments, the photosynthetic micro-
organism modified in accordance with the disclosure is
cyanobacteria. In some embodiments, the GPPS polypeptide
is a fusion protein encoded by a polynucleotide encoding
GPPS fused to the 3' end of a leader nucleic acid sequence
encoding a protein that is expressed in cyanobacteria at a
level of at least 1% of the total cellular protein. In some
embodiments, the GPPS polypeptide is an nptI*GPPS fusion
protein. In some embodiments, the GPPS polypeptide com-
prises an amino acid sequence that is at least 90% or 95%
identical to SEQ ID NO:2. In some embodiments, the GPPS
polypeptide comprises the amino acid sequence of SEQ 1D
NO:2. In some embodiments, the polynucleotide encoding
the GPPS polypeptide comprises a nucleotide sequence that
is at least 90% or 95% identical to SEQ ID NO:1. In some
embodiments, the polynucleotide encoding the GPPS poly-
peptide comprises the nucleotide sequence of SEQ ID NO:1.

[0014] Insome embodiments, the AAE] polypeptide used
in accordance with the disclosure comprises an amino acid
sequence that is at least 90% or 95% identical to SEQ ID
NO:4. In some embodiments, the AAE1 polypeptide com-
prises the amino acid sequence of SEQ ID NO:4. In some
embodiments, the polynucleotide encoding the AAE1 poly-
peptide comprises a nucleotide sequence that is at least 90%
or 95% identical to nucleotides 636-2798 of SEQ ID NO:3.
In some embodiments, the polynucleotide encoding the
AAEFE1 polypeptide comprises nucleotides 636-2798 of SEQ
ID NO:3. In some embodiments, the OLS polypeptide used
in accordance with the disclosure comprises ait amino acid
sequence that is at least 90% or 95% identical to SEQ ID
NO:5. In some embodiments, the OLS polypeptide com-
prises the amino acid sequence of SEQ ID NO:5. In some
embodiments, the polynucleotide encoding the OLS poly-
peptide comprises a nucleotide sequence that is at least 90%
or 95% identical to nucleotides 2819-3973 of SEQ ID NO:3.
In some embodiments, the polynucleotide encoding the OLS
polypeptide comprises nucleotides 2819-3973 of SEQ ID
NO:3.

[0015] In some embodiments, the OAC polypeptide used
in accordance with the disclosure comprises an amino acid
sequence that is at least 90% or 95% identical to SEQ ID
NO:6. In some embodiments, the OAC polypeptide com-
prises the amino acid sequence of SEQ ID NO:6. In some
embodiments, the polynucleotide encoding the OAC poly-
peptide comprises a nucleotide sequence that is at least 90%
or 95% identical to nucleotides 3994-4299 of SEQ ID NO:3.
In some embodiments, the polynucleotide encoding the
OAC polypeptide comprises nucleotides 3994-4299 of SEQ
ID NO:3. In some embodiments, the CBGAS polypeptide
used in accordance with the disclosure comprises an amino
acid sequence that is at least 90% or 95% identical to SEQ
ID NO:7. In some embodiments, the CBGAS polypeptide
comprises the amino acid sequence of SEQ ID NO:7. In
some embodiments, the polynucleotide encoding the
CBGAS polypeptide comprises a nucleotide sequence that is
at least 90% or 95% identical to nucleotides 4320-5507 of
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SEQ ID NO:3. In some embodiments, the polynucleotide
encoding the CBGAS polypeptide comprises nucleotides
4320-5507 of SEQ ID NO:3.

[0016] In some embodiments, the oxidocvclase used in
accordance with the disclosure is CBDAS, and the CBDAS
comprises an amino acid sequence that is at least 90% or
95% identical to SEQ ID NO:8. In some embodiments, the
oxidocyclase is CBDAS, and the CBDAS comprises the
amino acid sequence of SEQ ID NO:8. In some embodi-
ments, the polynucleotide encoding the CBDAS comprises
a nucleotide sequence that is at least 90% or 95% identical
to nucleotides 5528-7162 of SEQ ID NO:3. In some embodi-
ments, the polynucleotide encoding the CBDAS comprises
nucleotides 5528-7162 of SEQ ID NO:3. In some embodi-
ments, the oxidocyclase used in accordance with the disclo-
sure is THCAS, and the THCAS comprises an amino acid
sequence that is at least 90% or 95% identical to SEQ ID
NO:10. In some embodiments, the oxidocyclase is THCAS,
and the THCAS comprises the amino acid sequence of SEQ
1D NO:10. In some embodiments, the polynucleotide encod-
ing the THCAS comprises a nucleotide sequence that is at
least 90% or 95% identical to SEQ ID NO:9. In some
embodiments, the polynucleotide encoding the THCAS
comprises the nucleotide sequence of SEQ ID NO:9.
[0017] In some embodiments, the oxidocyclase used in
accordance with the disclosure is CBCAS, and the CBCAS
comprises an amino acid sequence that is at least 90% or
95% identical to SEQ ID NO:12. In some embodiments, the
oxidocyclase is CBCAS, and the CBCAS comprises the
amino acid sequence of SEQ ID NO:12. In some embodi-
ments, the polynucleotide encoding the CBCAS comprises
a nucleotide sequence that is at least 90% or 95% identical
to SEQ ID NO:11. In some embodiments, the polynucleotide
encoding the CBCAS comprises the nucleotide sequence of
SEQ ID NO:11.

[0018] In some embodiments, two or more of the poly-
nucleotides encoding the A AE1, OLS, OAC, CBGAS
polypeptides and the oxidocyclase are present within a
single operon. In some embodiments, all of the polynucle-
otides encoding the AAE1, OLS, OAC, CBGAS polypep-
tides and the oxidocyclase are present within a single
operon. In some embodiments, the operon is at least 90% or
95% identical to SEQ ID NO:3, SEQ ID NO:13, or SEQ ID
NO:14. In some embodiments, the operon comprises SEQ
ID NO:3, SEQ ID NO:13, or SEQ ID NO:14. In some
embodiments, the first and or additional promoters used in
accordance with the disclosure are selected from the group
consisting of a cpc promoter, a pshA2 promoter, a glgAl
promoter, a Ptrc promoter, and a 17 promoter.

[0019] In some embodiments, one or more of the poly-
nucleotides encoding the GPPS, AAE1l, OLS, OAC,
CBGAS polypeptides and the oxidocyclase are codon opti-
mized for the photosynthetic microorganism. In some
embodiments, the microorganism modified in accordance
with the disclosure is from a genus selected from the group
consisting of Symechocystis, Synechococcus, Athrospira,
Nostoc, and Anabaena. In some embodiments, one or more
of the coding sequences for the GPPS, AAE1, OLS, OAC,
CBGAS polypeptides and the oxidocyclase are preceded by
a ggaattaggaggttaattaa ribosome binding site (RBS).
[0020] In some embodiments, the method further com-
prises a step (¢) comprising isolating cannabinoids from the
microorganism or from the culture medium. In some
embodiments, the cannabinoids are isolated from the surface
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of the liquid culture as floater molecules. In some embodi-
ments, the cannabinoids are extracted from the interior of the
microorganism. In some embodiments, the cannabinoids are
extracted from a disintegrated cell suspension produced by
isolating the microorganism and disintegrating it by forcing
it through a French press, subjecting it to sonication, or
treating it with glass beads. In some embodiments, the
disintegrated cell suspension is supplemented with H,SO,
and 30% (w:v) NaCl at a volume-to-volume ratio of (cell
suspension/H,SO,/NaCl=3/0.12/0.5). In some embodi-
ments, the cannabinoids are extracted from the H,SO, and
NaCl-treated disintegrated cell suspension upon incubation
with an organic solvent. In some embodiments, the organic
solvent is hexane or heptane. In some embodiments, the
organic solvent is ethyl acetate, acetone, methanol, ethanol,
or propanol. In some embodiments, the microorganism is
freeze-dried. In some embodiments, the cannabinoids are
extracted from the freeze-dried microorganism with an
organic solvent. In some embodiments, the organic solvent
is methanol, acctonitrile, ethyl acetate, acetone, ethanol,
propanol, hexane, or heptane. In some embodiments, the
organic solvent is dried by solvent evaporation, leaving the
cannabinoids in pure form.

[0021] Inanother aspect, the present disclosure provides a
photosynthetic microorganism produced using any of the
methods described herein. In another aspect, the present
disclosure provides a photosynthetic microorganism com-
prising: (i) a polynucleotide encoding a GPPS polypeptide;
and (ii) one or more polynucleotides encoding AAE1, OLS,
OAC, CBGAS polypeptides and an oxidocyclase selected
from the group consisting of CBDAS, THCAS, and
CBCAS: wherein the polynucleotide encoding the GPPS
polypeptide is operably linked to a first promoter, and
wherein the one or more polynucleotides encoding the
AAEFE1, OLS, OAC, CBGAS polypeptides and the oxidocy-
clase are operably linked to one or more additional promot-
ers.

[0022] In some embodiments, the photosynthetic micro-
organism is cyanobacteria. In some embodiments, the GPPS
polypeptide is a fusion protein encoded by a polynucleotide
encoding GPPS fused to the 3' end of a leader nucleic acid
sequence encoding a protein that is expressed in cyanobac-
teria at a level of at least 1% of the total cellular protein. In
some embodiments, the GPPS polypeptide is an nptI*GPPS
fusion protein. In some embodiments, the GPPS polypeptide
comprises an amino acid sequence tltat is at least 90% or
95% identical to SEQ ID NO:2. In some embodiments, the
GPPS polypeptide comprises the amino acid sequence of
SEQ ID NO:2. In some embodiments, the polynucleotide
encoding the GPPS polypeptide comprises a nucleotide
sequence that is at least 90% or 95% identical to SEQ ID
NO:1. In some embodiments, the polynucleotide encoding
the GPPS polypeptide comprises the nucleotide sequence of
SEQ ID NO:1.

[0023] Insome embodiments, the AAE1 polypeptide com-
prises an amino acid sequence that is at least 90% or 95%
identical to SEQ ID NO:4. In some embodiments, the AAE1
polypeptide comprises the amino acid sequence of SEQ 1D
NO:4. In some embodiments, the polynucleotide encoding
the AAE i polypeptide comprises a nucleotide sequence that
is at least 90% or 95% identical to nucleotides 636-2798 of
SEQ ID NO:3. In some embodiments, the polynucleotide
encoding the AAE]1 polypeptide comprises nucleotides 636-
2798 of SEQ ID NO:3. In some embodiments, the OLS
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polypeptide comprises an amino acid sequence that is at
least 90% or 95% identical to SEQ ID NO:5. In some
embodiments, the OLS polypeptide comprises the amino
acid sequence of SEQ ID NO:5. In some embodiments, the
polynucleotide encoding the OLS polypeptide comprises a
nucleotide sequence that is at least 90% or 95% identical to
nucleotides 2819-3973 of SEQ ID NO:3. In some embodi-
ments, the polynucleotide encoding the OLS polypeptide
comprises nucleotides 2819-3973 of SEQ ID NO:3.
[0024] In some embodiments, the OAC polypeptide com-
prises an amino acid sequence that is at least 90% or 95%
identical to SEQ ID NO:6. In some embodiments, the OAC
polypeptide comprises the amino acid sequence of SEQ ID
NO:6. In some embodiments, the polynucleotide encoding
the OAC polypeptide comprises a nucleotide sequence that
is at least 90% or 95% identical to nucleotides 3994-4299 of
SEQ ID NO:3. In some embodiments, the polynucleotide
encoding the OAC polypeptide comprises nucleotides 3994-
4299 of SEQ ID NO:3. In some embodiments, the CBGAS
polypeptide comprises an amino acid sequence that is at
least 90% or 95% identical to SEQ ID NO:7. In some
embodiments, the CBGAS polypeptide comprises the amino
acid sequence of SEQ ID NO:7. In some embodiments, the
polynucleotide encoding the CBGAS polypeptide comprises
a nucleotide sequence that is at least 90% or 95% identical
to nucleotides 4320-5507 of SEQ ID NO:3. In some embodi-
ments, the polynucleotide encoding the CBGAS polypeptide
comprises nucleotides 4320-5507 of SEQ ID NO:3.
[0025] In some embodiments, the oxidocyclase is
CBDAS, and the CBDAS comprises an amino acid
sequence that is at least 90% or 95% identical to SEQ ID
NO:8. In some embodiments, the oxidocyclase is CBDAS,
and the CBDAS comprises the amino acid sequence of SEQ
1D NO:8. In some embodiments, the polynucleotide encod-
ing the CBDAS comprises a nucleotide sequence that is at
least 90% or 95% identical to nucleotides 5528-7162 of SEQ
1D NO:3. In some embodiments, the polynucleotide encod-
ing the CBDAS comprises nucleotides 5528-7162 of SEQ
ID NO:3. In some embodiments, the oxidocyclase is
THCAS, and the THCAS comprises an amino acid sequence
that is at least 90% or 95% identical to SEQ ID NO:10. In
some embodiments, the oxidocyclase is THCAS, and the
THCAS comprises the amino acid sequence of SEQ ID
NO:10. In some embodiments, the polynucleotide encoding
the THCAS comprises a nucleotide sequence that is at least
90% or 95% identical to SEQ ID NO:9. In some embodi-
ments, the polynucleotide encoding the THCAS comprises
the nucleotide sequence of SEQ ID NO:9.

[0026] In some embodiments, the oxidocyclase is
CBCAS, and the CBCAS comprises an amino acid sequence
that is at least 90% or 95% identical to SEQ ID NO:12. In
some embodiments, the oxidocyclase is CBCAS, and the
CBCAS comprises the amino acid sequence of SEQ ID
NO:12. In some embodiments, the polynucleotide encoding
the CBCAS comprises a nucleotide sequence that is at least
90% or 95% identical to SEQ ID NO:11. In some embodi-
ments, the polynucleotide encoding the CBCAS comprises
the nucleotide sequence of SEQ ID NO:11.

[0027] In some embodiments, two or more of the poly-
nucleotides encoding the AAE1, OLS, OAC, CBGAS poly-
peptides and the oxidocyclase are present within a single
operon. In some embodiments, all of the polynucleorides
encoding the AAE1, OLS, OAC, CBGAS polypeptides and
the oxidocyclase are present within a single operon. In some
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embodiments, the operon is at least 90% or 95% identical to
SEQ ID NO:3, SEQ ID NO:13, or SEQ ID NO:14. In some
embodiments, the operon comprises SEQ ID NO:3, SEQ ID
NO:13, or SEQ ID NO:14. In some embodiments, the first
and or additional promoters are selected from the group
consisting of a cpe promoter, a pshA2 promoter, a glgAl
promoter, a Ptrc promoter, and a T7 promoter.

[0028] In some embodiments, one or more of the poly-
nucleotides encoding the GPPS, AAEl, OLS, OAC,
CBGAS polypeptides and the oxidocyclase are codon opti-
mized for the photosynthetic microorganism. In some
embodiments, the microorganism is from a genus selected
from the group consisting of Syrechocystis, Synechococcus,
Athrospira, Nostoc, and Anabaena. In some embodiments,
one or more of the coding sequences for the GPPS, AAE1,
OLS, OAC, CBGAS polypeptides and the oxidocyclase are
preceded by a ggaattaggaggnaattaa ribosome binding site
(RBS).

[0029] In other aspects, the present disclosure provides a
polynucleotide encoding a GPPS, AAE1l, OLS, OAC,
CBGAS, CBDAS, THCAS polypeptide and or CBCAS
polypeptide, wherein the polynucleotide is codon optimized
for cyanobacteria or other photosynthetic microorganism. In
some embodiments, the polynucleotide is at least 90% or
95% identical to a sequence selected from the group con-
sisting of SEQ ID NO:1, SEQ ID NO:3, SEQ ID NO:9, SEQ
ID NO:11, SEQ ID NO:13, SEQ ID NO:14, nucleotides
636-2798 of SEQ ID NO:3, nucleotides 2819-3973 of SEQ
1D NO:3, nucleotides 3994-4299 of SEQ ID NO:3, nucleo-
tides 4320-5507 of SEQ ID NO:3, and nucleotides 5528-
7162 of SEQ ID NO:3. In some embodiments, the poly-
nucleotide comprises a sequence selected from the group
consisting of SEQ ID NO:1, SEQ ID NO:3, SEQ ID NO:9,
SEQ ID NO:11, SEQ ID NO:13, SEQ ID NO:14, nucleo-
tides 636-2798 of SEQ ID NO:3, nucleotides 2819-3973 of
SEQ ID NO:3, nucleotides 3994-4299 of SEQ ID NO:3,
nucleotides 4320-5507 of SEQ ID NO:3, and nucleotides
5528-7162 of SEQ ID NO:3.

[0030] In another aspect, the present disclosure provides
an expression cassette comprising any of the herein-de-
scribed polynucleotides. In another aspect, the present dis-
closure provides a host cell comprising any of the herein-
described polynucleotides or expression cassettes. In
another aspect, the present disclosure provides a cell culture
comprising any of the herein-described microorganisms or
host cells.

[0031] Inanother aspect, the present disclosure provides a
method for producing cannabinoids, the method comprising
culturing any of the herein-described photosynthetic micro-
organisms or host cells under conditions in which the GPPS,
AAE1, OLS, OAC, CBGAS polypeptides and the aoxido-
cyclase are expressed and wherein cannabinoid biosynthesis
takes place.

[0032] In some embodiments, the method further com-
prises a step (c) comprising isolating cannabinoids from the
microorganism or from the culture medium. In some
embodiments, the cannabinoids are isolated from the surface
of the liquid culture as floater molecules. In some embodi-
ments, the cannabinoids are extracted from the interior of the
microorganism. In some embodiments, the cannabinoids ate
extracted from a disintegrated cell suspension produced by
isolating the microotganism and disintegrating it by forcing
it through a French press, subjecting it to sonication, or
treating it with glass heads. In some embodiments, the
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disintegrated cell suspension is supplemented with H,SO,
and 30% (w:v) NaCl at a volume-to-volume ratio of (cell
suspension/H,SO,/NaCl=3/0.12/0.5). In some embodi-
ments, the cannabinoids are extracted from the H,SO, and
NaCl-treated disintegrated cell suspension upon incubation
with an organic solvent. In some embodiments, the organic
solvent is hexane or heptane. In some embodiments, the
organic solvent is ethyl acetate, acetone, methanol, ethanol,
or propanol. In some embodiments, the microorganism is
freeze-dried. In some embodiments, the cannabinoids are
extracted from the freeze-dried microorganism with an
organic solvent. In some embodiments, the organic solvent
is methanol, acetonitrile, ethyl acetate, acetone, ethanol,
propanol, hexane, or heptane. In some embodiments, the
organic solvent is dried by solvent evaporation, leaving the
cannabinoids in pure form.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIG. 1. Terpenoid biosynthesis via the endogenous
MEP (methylerythritol-4-phosphate) pathway in photosyn-
thetic microorganisms, e.g. Syrnechocystis sp. Abbreviations
used: G3P, glyceraldehyde 3-phosphate: Dxs, deoxyxylulose
S-phosphate synthase: Dxr, deoxyxylulose S5-phosphate
reductoisomerase; IspD, diphosphocytidylyl methylcrythri-
tol synthase; IspE, diphosphocytidylyl methylerythritol
kinase; IspF, methyl crythritol-2,4-cyclodiphosphate syn-
thase; IspG, hydroxymethylbutenyl diphosphate synthase;
IspH, hydroxymethylbutenyl diphosphate reductase; Ipi, IPP
isomerase.

[0034] FIG. 2. Terpenoid biosynthesis via the heterolo-
gous MVA (mevalonic acid) pathway in photosynthetic
microorganisms, e.g. Synechocystis sp. Abbreviations used:
AtoB, acetyl-CoA acetyl transferase; HmgS, Hmg-CoA syn-
thase: HmgR, Hmg-CoA reductase; MK, mevalonic acid
kinase; PMK, mevalonic acid 5-phosphate kinase; PMD,
mevalonic acid S5-diphoshate decarboxylase: Fni, IPP
isomerase.

[0035] FIG. 3. Biosynthesis of geranyl diphosphate (GPP)
by the action of the enzyme genmyl diphosphate synthase
(GPPS). GPP is the first precursor to mono-, sesqui-, di-, tri-,
tetra-terpenoids and all their derivatives.

[0036] FIG. 4. Protein expression analysis of Syrnechocys-
tis wild type (WT) and transformant strains. Total cell
proteins were resolved by SDS-PAGE, transferred to nitro-
cellulose and probed with specific a-GPPS2 polyclonal
antibodies. Individual native and heterologous proteins of
interest are indicated on the right side of the blot. Transfor-
mant lines expressing GPPS along with SmR (GPPS-SmR)
or the fusion NptI*GPPS only (NptI*GPPS) were loaded
onto the gel. Sample loading corresponds to 0.125 pg of
chlorophyll for the Western blot analysis. Upper arrow
shows the presence of the NptI*GPPS fusion protein. Upper
arrow shows a strong specific cross-reaction the polyclonal
Picea abies GPPS2 antibodies and a protein band migrating
to 62 kD in the Npti*GPPS2 fusion transformant, showing
that the P ~~Nptl*GPPS construct was truly overexpressed
at the protein level in Synechocystis. Lower arrow shows a
faint cross-reaction at ~32 kD observed in wild type and
transformants. By reference to the Mycoplasma tuberculosis
GPPS, GenBank accession number AF082325.1, this was
assigned to ORF slr0611 encoding a putative prenyltrans-
ferase of 32 kD, which could thus account for the low-level
expression of the native GPPS in Synechocystis.
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[0037] FIG. 5. The cannabinoid biosynthesis pathway in
photosynthetic microorganisms, e.g. Synechocystis sp.
Abbreviations used: AAEL, Acyl Activating Enzyme 1:
OLS, Olivetol synthase; OAC, Olivetolic acid Cyclase;
CBGAS, Cannabigerolic acid syntliase; CBDAS, Cannabid-
iolic acid synthase.

[0038] FIG. 6. Gas chromatography detection with a flame
ionization detector (GC-FID) of floater extracts from Syn-
echocystis wild type (WT) untreated and cultures treated
with cannabidioi (CBD). (Upper panel) GC-FID analysis of
heptane extracts from a Synechocystis wild type untreated
culture. Floater extracts from wild type cultures displayed a
flat profile, without any discernible peaks. (Lower panel)
GC-FID analysis of floater extracts from a Synechocystis
culture incubated in the presence of cannabidiol. Canna-
bidiol was the major product detected, showhng a retention
time of 9.2 min under these experimental conditions.
Smaller amounts of an additional compound with retention
times of 10.3 min were also detected as secondary product
of the process (See, e.g., Dussy F E et al. (2005), Isolation
of D9-THCA-A from hemp and analytical aspects concern-
ing the determination of D9-THC in cannabis products,
Forensic Science International 149:3-10; Ibrahim E A et al.
(2018) Determination of acid and neutral cannabinoids in
extracts of different strains of Cannabis sativa using GC-
FID. Planta Med 84:250-259).

[0039] FIG. 7. Spectrophotometric detection of cannubid-
iolic acid and cannabidiol in heptane solution. (Upper panel)
Absorbance spectrum of cannubidiolic acid (CBDA) show-
ing UV maxima at 225 and 270 nm from which the con-
centration of CBDA can be calculated, (lower panel) Absor-
bance spectrum of cannabidiol (CBD) showing a UV peak
at 214 nm and a shoulder at 233 nm from which the
concentration of CBD can be calculated. A system of equa-
tions based on the extinction coefficients of CBDA and CBD
at the above-mentioned wavelengths permits delineation of
the concentration of the two cannabinoids in a mix solution.
Cannabinoids can be siphoned off the top of the liquid
medium from transformant Syrechocystis cultures after
applying a known volume of heptane solvent as over-layer
(see, e.g., U.S. Pat. No. 9,951,354).

[0040] FIGS. 8A-8B. Linear addition of Symechocystis
CBDA transforming constructs. FIG. 8A: Map of the upper
(construct L#1: 5,300 nt) and lower (construct L#2: 4,640
nt) Synechocystis codon-optimized cannabidiolic acid bio-
synthetic pathway-encoding genes. L#1 harbored the AAF1,
OLS, CMC, and zeocin (zeoR) resistance genes. [#2 har-
bored the OLS, OAC, CBGAS, CBDAS, and chlorampheni-
col (cmR) encoding genes. Syrechocystis was transformed
linearly (sequentially) first with construct L#1 and, upon
reaching homoplasmy, with [#2. FIG. 8B: Genomic DNA
PCR analysis testing for the insertion of the CBDA-related
genes in Synechocystis transformants. Primers <OLS for>
and <cmR rev> were employed for screening the transfor-
mants harboring the genes required for CBDA synthesis in
Synechocystis. Genomic DNA from wild-type (WT) and the
L#1 transformant strains, with the latter harboring only the
upper CBDA-encoding genes, were used as controls. Both
wild type and L#1 PCR products generated unspecific 700
bp size products, whereas four different cell lines (019, N13,
N15, and N17), comprising both the L#1 and L#2 constructs,
generated the expected 3,822 bp size product. These results
showed the full integration of the CBDA biosynthetic path-
way in Synechocystis.
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[0041] FIGS. 9A-9B. Linear addition of Syrechocystis
CBDA transforming constructs. FIG. 9A: Map of the upper
(construct L#2; 5300 nt) and lower (construct L#2: 4640 nt)
Synechocystis codon-optimized cannabidiolic acid (CBDA)
biosynthetic pathway-encoding genes. [L#1 harbored the
AAEFE1, OLS, OAC and zeocin resistance cassette genes. [#2
harbored the OLS, OAC, CBGAS, CBDAS, and c¢cmR
encoding genes. Synechocystis was transformed linearly
(sequentially) with construct L#1 and, upon reaching
homoplasmy, with L#2. FIG. 9B: Genomic DNA PCR
analysis testing for the correct insertion of individual CBDA
biosynthesis-related genes in Synechocystis transformants.
(Upper left panel) Primers <OLS for> and <cpc-ds rev>
generated a 1,978 bp product in the L#1 transformant and
5,130 bp products in three different transformants compris-
ing both the [#1 and L#2 constructs. PCR using WT
genomic DNA did not generate a PCR product, as expected.
(Upper right panel) Primers <OACfor> and <vpc-ds rev>
generated a 1,202 bp product in the [L#1 transfonnant and
4,354 bp products in three different transformants compris-
ing both the [#1 and L#2 constructs. PCR using WT
genomic DNA did not generate a PCR product, as expected.
(Lower left panel) Primers <cpc-us for> and <OAC rev>
generated 4,320 bp products both in the Ltf 1 transformant
and in three different transformants comprising the L#1 and
L#2 constructs. PCR using WT genomic DNA did not
generate a PCR product, as expected. (Lower right panel)
Primers <cpc-us for> and <OLS rev> generated 3,542 bp
product both in the L#1 transformant and in three different
transformants comprising the L#1 and L#2 constructs. PCR
using WT genomic DNA did not generate a PCR product, as
expected. These results strengthened the notion of correct
insertion of the entire heterologous CBDA biosynthetic
pathway genes in Syrechocystis.

[0042] FIGS. 10A-10B. Linear addition of Syrechocystis
CBDA transforming constructs. FIG. 10A (upper): Map of
CBDA biosynthetic pathway encoding genes installed as an
operon in the genomic DNA of Syrechocystis. Transgenic
operon replaced the native cpc operon, under the control of
the P, promoter. FIG. 10A (lower): Map of the heterolo-
gous mevalonic acid pathway-encoding genes installed in
the Synechocystis glgAl locus, expressed under the control
of the P, promoter. FIG. 10B: RT-PCR analysis of Syn-
echocystis CBDA transformants offers evidence of tran-
scription and mRNA accumulation of the cell endogenous
16 rRNA gene (200 bp product), as well as the heterologous
AAF] transgene (275 bp product), CBDAS transgene (295
bp product), and GPPS transgene (286 bp product). These
results validate the successful installation and expression of
two exogenous operons, shown in FIG. 10A, comprising
twelve heterologous transgenes expressed in Syrechocystis.

[0043] FIGS. 11A-11C. Parallel addition of Syrechocystis
CBDA transforming constructs. FIG. 11A: Map of the
CBDA construct P#1 (6,674 nt) in the cpc operon locus
harboring the AAE1, OLS, OAC, atoB, cmR genes, and
CBDA construct P#2 (6,573 nt) in the psbA2 gene locus of
Synechocystis harboring the nptI*GPPS fusion, CBCAS,
CBDAS, and smR encoding genes. FIG. 11B: Screening by
PC R analysis of a set of colonies transformed with CBDA
construct P#1. For verification of insertion <cps-us for> and
<cpe-ds rev> primers were used. Colonics 8, 9, 17 and 20
showed the expected size products. FIG. 11C: Screening by
PCR analysis of the second set of colonies transformed with
CBDA construct P#1. For verification of correct insertion,
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<cpc-usfor> and <AAE]1 rev> printers were used. Again,
colonies 8, 9, 17 and 20 showed the right size products. The
results showed that colonies 8, 9, 17 and 20 are successful
CBDA construct P#1 transformants.

[0044] FIGS. 12A-12B. Parallel addition of Syrechocystis
CBDA transforming constructs. FIG. 12 A: Map of the
CBDA construct P#1 (6,674 nt) in the cpc operon locus
liarboring the AAE1, OLS, OAC, atoB, cmR genes, and
CBDA construct P#2 (6,573 nt) in the psbA2 gene locus of
Synechocystis harboring the nptI*GPPS fusion, CBGAS,
CBDAS, and smR encoding genes. FIG. 12B: Screening by
PCR analysis of a set of colonies transformed with CBDA
construct P#2. For verification of correct insertion, straias
were tested with primers <psbA2-us for> and <psbA2-ds
rev> (CBDAS) (left side of the construct map and gel panel),
spanning the full length of the insert. Also. <CBDAS for>
and <psbA2-ds rev> primers were used (right side of the
construct map and gel panel) to test for the location of the
CBDAS gene in relation to the psbA2 DS gene region.
Colonies 1, 2, 4, 5, 6 and 7 had the correct product size and
insertion position in the psbA2 gene locus, showing suc-
cessfully transformation of these heterologous genes.
[0045] FIG. 13. SDS-PAGE (left panel) and Western blot
analysis (right panel) of wild type and three CBDA biosyn-
thetic pathway transformants, as described in FIG. 12. Lane
WT: wild type. Lanes 4, 5, 6: Same as lanes 4, 5, and 6 in
FIG. 12. Wild type and transformant cells were grown under
the same experimental conditions. [Lanes were loaded with
0.3 pg cellular chlorophyll. The Coomassie stain in the
SDS-PAGE panel showed the distinct presence of the
NptI*GPPS fusion plus CBDAS proteins, both migrating in
the vicinity of 62 kD, and the presence of the CBGAS
protein migrating to about 45 kD. Polyclonal antibodies
against the GPPS protein were used to show the presence of
the NptI*GPPS fusion protein. Only transformants in lanes
4, 5, and 6 were positive in the SDS-PAGE and Western blot
analysis for the expected NptI*GPPS, CBDAS, and CBGAS
proteins.

[0046] FIG. 14. Cyanobacterial cannabinoid analysis by
GC-MS. FIG. 14A: standards; FIG. 14B; cell extracts.
[0047] FIG. 15. Codon-optimized DNA sequences in
operon configuration of the cannabinoid biosynthesis path-
way shown in FIG. 5, leading to the synthesis of cannabid-
iolic acid.

DETAILED DESCRIPTION OF THE
INVENTION

1. Introduction

[0048] The present invention provides methods and com-
positions for producing highly pure, easily isolatable can-
nabinoids in photosynthetic microorganisms that can be
used for pharmaceutical, cosmetics-related, and other appli-
cations. The present methods provide numerous advantages
for the production of cannabinoids, including that the can-
nabinoids can be produced constitutively from the natural
photosynthesis of the cells, with no need to supplement
growth media with antibiotics or organic nutrients, and that
the produced cannabinoids can be readily harvested from the
growth medium. Further, in some embodiments, the heter-
ologous polynucleotides encoding the enzymes for the pro-
duction of cannabinoids in the cells are integrated into the
genome of the microorganisms, thereby avoiding potential
difficulties resulting from the use of high-copy plasmids.
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Another advantage of the present methods is that cyanobac-
teria and other photosvnthetic microorganisms contain
abundant thylakoid membranes of photosynthesis, which
makes them particularly suitable for the expression and
function of the transmembrane CBGAS enzyme.

[0049] The genetically modified photosynthetic microor-
ganisms of the invention can be used commercially in an
enclosed mass culture system to provide a source of can-
nabinoids which can be developed as biophamvaceutieals in
the manifold therapeutic applications of cannabinoids cur-
rently employed or contemplated by the synthetic chemistry
and pharmaceutical industries. For instance, the therapeutic
potential of cannabidiol (CBD oil), a non-psychoactive
substance, is currently being explored for a number of
indications including for the treatment of pain, inflammatory
diseases, epilepsy, anxiety disorders, substance abuse disor-
ders, schizophrenia, cancer, and others.

2. Definitions

[0050] As used herein, the following terms have the mean-
ings ascribed to them unless specified otherwise.

[0051] The terms “a,” “an,” or “the” as used herein not
only include aspects with one member, but also include
aspects with more than one member. For instance, the
singular forms “a,” “an,” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for
example, reference to “a cell” includes a plurality of such
cells and reference to “the agent” includes reference to one

or more agents known to those skilled in the art, and so forth.

[0052] The terms “about” and “approximately” as used
herein shall generally mean an acceptable degree of error for
the quantity measured given the nature or precision of the
measurements. Typically, exemplary degrees of error are
within 20 percent (%), preferably within 10%, and more
preferably within 5% of a given value or range of values.
Any reference to “about X” specifically indicates at least the
values X, 0.8X, 0.81X, 0.82X, 0.83X, 0.84X, 0.85X, 0.86X,
0.87X, 0.88X, 0.89X, 0.9%, 0.91 X, 0.92X, 0.93X, 0.94X,
0.95X, 0.96X, 0.97X, 0.98X, 0.99X, 1.01X, 1.02X, 1.03X,
1.04X, 1.05X, 1.06X, 1.07X, 1.08X, 1.09X, 1.1X, 1.11X,
1.12X, 1.13X, 1.14X, 1.15X, 1.16X, 1.17X, 1.18X, 1.19X,
and 1.2X, Thus, “about X” is intended to teach and provide
written description support for a claim limitation of. e.g.,
“0.98X.”

[0053] The term “nucleic acid” or “polynucleotide” refers
to deoxyribonucleic acids (DNA) or ribonucleic acids
(RNA) and polymers thereof in either single- or double-
stranded form. Unless specifically limited, the term encom-
passes nucleic acids containing known analogs of natural
nucleotides that have similar binding properties as the
reference nucleic acid and are metabolized in a manner
similar to naturally occurring nucleotides. Unless otherwise
indicated, a particular nucleic acid sequence also implicitly
encompasses conservatively modified variants thereof (e.g.,
degenerate codon substitutions), alleles, orthologs, SNPs,
and complementary sequences as well as the sequence
explicitly indicated. Specifically, degenerate codon substi-
tutions may be achieved by generating sequences in which
the third position of one or more selected (or all) codons is
substituted with mixed-base and or deoxyinosioe residues
(Batzer et al., Nucleic Acid Res. 19:5081 (1991); Ohtsuka et
al., J. Biol. Chem. 260:2605-2608 (1985); and Rossolini et
al, Mol. Cell Probes 8:91-98 (1994)).
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[0054] The term “gene” refers to the segment of DNA
involved in producing a polypeptide chain. It may include
regions preceding and following the coding region (leader
and trailer) as well as intervening sequences (introns)
between individual coding segments (exons).

[0055] A “promoter” is defined as an array of nucleic acid
control sequences that direct transcription of a nucleic acid.
As used herein, a promoter includes necessary nucleic acid
sequences near the start site of transcription, such as, in the
case of a polymerase II type promoter, a TATA element. A
promoter also optionally includes distal enhancer or repres-
sor elements, which can be located as much as several
thousand base pairs from the start site of transcription. The
promoter can be a heterologous promoter, or an endogenous
promoter, e.g., when a coding sequence is integrated into the
genome and its expression is then driven by an adjacent
promoter already present in the genome.

[0056] An “expression cassette” is a nucleic acid con-
struct, generated recombinantly or synthetically, with a
series of specified nucleic acid elements that permit tran-
scription of a particular polynucleotide sequence in a host
cell. An expression cassette may be pan of a plasmid, viral
genome, or nucleic acid fragment. In some embodiments, an
expression cassette includes a polynucleotide to be tran-
scribed, operably linked to a promoter. The promoter can be
a heterologous promoter. In the context of promoters oper-
ably linked to a polynucleotide, a “heterologous promoter”
refers to a promoter dial would not be so operably linked to
the same polynucleotide as found in a product of nature
(e.g., in a wild-type organism). In some embodiments, the
expression cassette comprises a coding sequence whose
expression is designed to be driven by an endogenous
promoter subsequent to integration into the genome.
[0057] As used herein, a first polynucleotide or polypep-
tide is “heterologous™ to an organism or a second polynucle-
otide or polypeptide sequence if the first polynucleotide or
polypeptide originates from a foreign species compared to
the organism or second polynucleotide or polypeptide, or, if
from the same species, is modified from its original form.
For example, when a promoter is said to be operably linked
to a heterologous coding sequence, it means that the coding
sequence is derived from one species whereas the promoter
sequence is derived from another, different species; or, if
both are derived from the same species, the coding sequence
is not naturally associated with the promoter (e.g., is a
genetically engineered coding sequence).

[0058] “Polypeptide,” “peptide,” and “protein” are used
interchangeably herein to refer to a polymer of amino acid
residues. All three terms apply to amino acid polymers in
which one or more amino acid residue is an artificial
chemical mimetic of a corresponding naturally occurring
amino acid, as well as to naturally occurring amino acid
polymers and non-naturally occurring ammo acid polymers.
As used herein, the terms encompass amino acid chains of
any length, including full-length proteins, wherein the amino
acid residues are linked by covalent peptide bonds.

[0059] “Conservatively modified variants” applies to both
amino acid and nucleic acid sequences. With respect to
particular nucleic acid sequences, “conservatively modified
variants” refers to those nucleic acids that encode identical
or essentially identical amino acid sequences, or where tlie
nucleic acid dews not encode an amino acid sequence, to
essentially identical sequences. Because of the degeneracy
of the genetic code, a large number of functionally identical
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nucleic acids encode any given protein. For instance, the
codons GCA, GCC, GCG and GCU all encode the amino
acid alanine. Thus, at every position where an alanine is
specified by a codon, the codon can be altered to any of the
corresponding codons described without altering the
encoded polypeptide. Such nucleic acid variations are
“silent variations,” which are one species of conservatively
modified variations. Every nucleic acid sequence herein that
encodes a polypeptide also describes every possible silent
variation of the nucleic acid. One of skill will recognize that
each codon in a nucleic acid (except AUG, which is ordi-
narily the only codon for methionine, and TGG, which is
ordinarily the only codon for tryptophan) can be modified to
yield a functionally identical molecule. Accordingly, each
silent variation of a nucleic acid that encodes a polypeptide
is implicit in each described sequence.

[0060] One of skill will recognize that individual substi-
tutions, deletions or additions to a nucleic acid, peptide,
polypeptide, or protein sequence which alters, adds or
deletes a single amino acid or a small percentage of amino
acids in the encoded sequence is a “conservatively modified
variant” where the alteration results in the substitution of an
amino acid with a chemically similar amino acid. Conser-
vative substitution tables providing functionally similar
amino acids are well known in the art. Such conservatively
modified variants are in addition to and do not exclude
polymorphic variants, interspecies homologs, and alleles. In
some cases, conservatively modified variants can have an
increased stability, assembly, or activity.

[0061] The following eight groups each contain amino
acids that are conservative substitutions for one another:

[0062] 1) Alanine (A), Glycine (G);

[0063] 2) Aspartic acid (D). Glutamic acid (E);

[0064] 3) Asparagine (N), Glutamine (Q);

[0065] 4) Arginine (R), Lysine (K);

[0066] 5) Isoleucine (I), Leucine (L), Methionine (M),
Valine (V);

[0067] 6) Phenylalanine (F), Tyrosine (Y), Tryptophan
(W);

[0068] 7) Serine (S), Threonine (T); and

[0069] 8) Cysteine (C), Methionine (M) (see, e.g., Creigh-

ton, Proteins, W. H. Freeman and Co., N. Y. (1984)).
[0070] Amino acids may be referred to herein by either
their commonly known three letter symbols or by the
one-letter symbols recommended by the I[UPAC-IUB Bio-
chemical Nomenclature Commission. Nucleotides, likewise,
may be referred to by their commonly accepted single-letter
codes. In the present application, amino acid residues are
numbered according to their relative positions from the left
most residue, which is numbered 1, in an unmodified
wild-type polypeptide sequence.

[0071] As used in herein, tltc terms “identical” or percent
“identity,” in the context of describing two or more poly-
nucleotide or amino acid sequences, refer to two or more
sequences or specified subsequences that are the same. Two
sequences that are “substantially identical” have at least
60% identity, preferably 65%, 70%, 75%, 80%, 85%, 90%,
91%, 92%, 93, 94%, 95%, 96%, 97%, 98%, 99%, or 100%
identity, when compared and aligned for maximum corre-
spondence over a comparison window, or designated region
as measured using a sequence comparison algorithm or by
manual alignment and visual inspection where a specific
region is not designated. With regard to polynucleotide
sequences, this definition also refers to the complement of a
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test sequence. With regard to amino acid sequences, in some
cases, the identity exists over a region that is at least about
50 amino acids in length, or more preferably over a region
that is 75-100 amino acids in length. In some emodiments,
percent identity is determined over the full-length of the
amino acid or nucleic acid sequence.

[0072] For sequence comparison, typically one sequence
acts as a reference sequence, to which test sequences are
compared. When using a sequence comparison algorithm,
test and reference sequences are entered into a computer,
subsequence coordinates are designated, if necessary, and
sequence algorithm program parameters are designated.
Default program parameters can be used, or alternative
parameters can be designated. The sequence comparison
algorithm then calculates the percent sequence identities for
the test sequences relative to the reference sequence, based
on the program parameters. For sequence comparison of
nucleic acids and proteins, the BLAST 2.0 algorithm and the
default parameters discussed below are used.

[0073] A “comparison window”, as used herein, includes
reference to a segment of any one of the number of con-
tiguous positions selected from the group consisting of from
20 to 600, usually about 50 to about 200, more usually about
100 to about 150 in which a sequence may be compared to
a reference sequence of the same number of contiguous
positions after the two sequences are optimally aligned.
[0074] An algorithm for determining percent sequence
identity and sequence similarity is the BLAST 2.0 algo-
rithm, which is described in Altschul et al., (1990) J. Mol.
Biol. 215:403-410. Software for performing BLAST analy-
ses is publicly available at the National Center for Biotech-
nology Information website, ncbi.nlm.nih.gov. The algo-
rithm involves first identifying high scoring sequence pairs
(HSPs) by identitying short words of length W in the query
sequence, which either match or satisfy some positive-
valued threshold score T when aligned with a word of the
same length in a database sequence. T is referred to as the
neighborhood word score threshold (Altschul el al., supra).
These initial neighborhood word hits act as seeds for initi-
ating searches to find longer HSPs containing them. The w
ord hits are then extended in both directions along each
sequence for as far as the cumulative alignment score can be
increased. Cumulative scores are calculated using, for
nucleotide sequences, the parameters M (reward score fora
pair of matching residues: always >0) and N (penalty score
for mismatching residues: always <0). For amino acid
sequences, a scoring matrix is used to calculate the cumu-
lative score. Extension of the word hits in each direction are
halted when: the cumulative alignment score falls off by the
quantity X from its maximum achieved value: the cumula-
tive score goes to zero or below, due to the accumulation of
one or more negative-scoring residue alignments; or the end
of either sequence is reached. The BLAST algorithm param-
eters W, T, and X determine the sensitivity and speed of the
alignment. The BLASTN program (for nucleotide
sequences) uses as defaults a word size (W) of 28, an
expectation (E) of 10, M=1, N=-2, and a comparison of both
strands. For amino acid sequences, the BLASTP program
uses as defaults a word size (W) of 3, an expectation (E) of
10, and the BLOSUMG62 scoring matrix (see Henikoff &
Henikoff, Proc. Natl. Acad. Sci. USA 89:10915 (1989)).

[0075] The BLAST algorithm also performs a statistical
analysis of the similarity between two sequences (see, e.g.,
Karlin & Altschul, Proc. Natl. Acad. Sci. USA 90:5873-5787
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(1993)). One measure of similarity provided by the BLAST
algorithm is the smallest sum probability (P(N)), which
provides an indication of the probability by which a match
between two nucleotide or amino acid sequences w ould
occur by chance. For example, a nucleic acid is considered
similar to a reference sequence if the smallest sum prob-
ability in a comparison of the test nucleic acid to the
reference nucleic acid is less than about 0.2, more preferably
less than about 0.01, and most preferably less than about
0.001.

3. Photosynthetic Microorganisms

[0076] Any number of photosynthetic microorganisms can
be used in the present methods. In particular embodiments,
unicellular cyanobacteria are modified as described herein to
produce cannabinoids. Illustrative cyanobacteria include,
e.g., Synechocystis sp., such as strain Syrechocystis PCO
6803; and Syrechococcus sp., e.g., the thermophilic Syn-
echococcus lividus; the mesophilic Syrnechococcus elonga-
tus and Synechococcus 6301. and the euryhaline Syrechoc-
occus  7002. Multicellular, including filamentous
cyanobacteria, may also be engineered to express the het-
erologous GPPS and cannabinoid biosynthesis operon genes
in accordance with this invention, including, e.g., Gloeo-
capsa, as well as filamentous cyanobacteria such as Nostoc
sp., e.g., Nostoc sp. PCC 7120, Nostoc sphaeroides); Ana-
baena sp., e.g., Anabaena variabilis; and Arthrospira sp.
(“Spirulina”), such as Arthrospira platensis and Arthrospira
maxima.

[0077] Algae, e.g., green microalgae, can also be modified
to express GPPS and cannabinoid biosynthesis genes. Green
microalgae are single cell oxygenic photosynthetic eukary-
otic organisms that produce chlorophyll a and chlorophyll b.
Thus, for example, in some embodiments, green microalgae
such as Chlamydomonas reinhardtii, which is classified as
Volvocales, Chlamydomonadaceae, Scenedesmus obliquus,
Nannochloropsis, Chlorella, Botryococcus braunii, Botryo-
coccus sudeticus, Dunaliella salina, Haematococcus pluvia-
lis, Chlorella fusca, and Chlorella vulgaris are modified as
described herein to produce cannabinoids.

[0078] Insome embodiments, photosynthetic microorgan-
isms such as diatoms are modified. Examples of diatoms that
can be modified to produce cannabinoids in accordance with
this disclosure include Pheodactylum tricomutum; Cylin-
drotheca fusiformis; Cyclotella gamma; Nannochloropsis
oceanica; and Thalassiosira pseudonana.

4. Polynucleotides

[0079] In the present disclosure, polynucleotides encoding
a GPPS enzyme and encoding the enzymes of the cannabi-
noid biosynthesis pathway, e.g. AAE1, OLS, OAC, CBGAS,
and one or more of CBDAS, THCAS, and CBCAS, are
introduced into the photosynthetic microorganism, e.g., cya-
nobacteria.

[0080] It is desirable that GPPS in particular is overex-
pressed to ensure a high level of GPP production in the cells.
To obtain high levels of expression of GPPS or any of the
present cannabinoid biosynthesis enzymes, one or more of
the proteins may be expressed as a fusion construct. In
preferred embodiments, the GPPS enzyme is expressed as a
fusion construct, e.g., by fusing the polynucleotide encoding
the GPPS polypeptide with the 3' end of a leader nucleic acid
sequence encoding a protein that is expressed in cyanobac-
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teria at a level of at least 1% of the total cellular protein. For
example, SEQ ID NO:1 discloses the DNA sequence of the
nptI*GPPS fusion construct, comprising the GPPS gene
from Picea abies (Noway spruce) fused to the nptl gene
encoding the kanamycin resistance protein, codon optimized
for high-level NptI*GPP protein expression and GPP pool
size increase in the cyanobacterium Syrechocystis (Betterle
and Melis 2018). SEQ ID NO:2 discloses the amino acid
sequence of this Npt[*GPP fusion construct, the expression
levels of which approach those of the abundant RbcL the
large subunit of Rubisco in the modified cyanobacteria (FIG.
4).

[0081] The use of Nptl and other fusion proteins to obtain
high transgene yields in cyanobacteria and other photosyn-
thetic microorganisms is described, e.g., in US Patent Appli-
cation No. 2018/0171342 and in Application PCT/
US2017034754, the entire disclosures of both of which ate
incorporated herein by reference.

[0082] Other polynucleotides that may be employed in
fusion constructs include, e.g., chloramphenicol acetyltraus-
ferase polynucleotides, which confer chloramphenicol resis-
tance, or polynucleotides encoding a protein that confers
streptomycin, ampicilJin, or tetracycline resistance, or resis-
tance to another antibiotic. In some embodiments, the leader
sequence encodes less than the full-length of the protein, but
typically comprises a region tliat encodes at least 25%,
typically at least 50%, or at least 75%, or at least 90%, or at
least 95%, or greater, of the length of the protein. In some
embodiments, a polynucleotide variant of a naturally occur-
ring antibiotic resistance gene is employed- As noted above,
a variant polynucleotide need not encode a protein that
retains the native biological function. A variant polynucle-
otide typically encodes a protein that has at least 80%
identity, or at least 85% or greater, identity to the protein
encoded by the wild-type gene, e.g., antibiotic resistance
gene. In some embodiments, the polynucleotide encodes a
protein that has 90% identity, or at least 95% identity, or
greater, to the wild-type antibiotic resistance protein. Such
variant polynucleotides employed as leader sequences can
also be codon-optimized for expression in cyanobacteria.
The percent identity is typically determined with reference
to the length of the polynucleotide that is employed in the
construct, i.e., the percent identity may be over the full
length of a polynucleotide that encodes the leader polypep-
tide sequence, or may be over a smaller length, e.g., in
embodiments where the polynucleotide encodes at least
25%, typically at least 50%, or at least 75%, or at least 90%,
or at least 95%, or greater, of the length of the protein. A
protein encoded by a variant polynucleotide sequence need
not retain a biological function, although codons that are
present in a variant polynucleotide are typically selected
such that the protein structure relative to the wild-type
protein structure is not substantially altered by the changed
codon, e.g., a codon that encodes an amino acid that has the
same charge, polarity, and or is similar in size to the native
amino acid.

[0083] Insomeembodiments, the leader sequence encodes
a naturally occurring cyanobacteria or other microorganis-
mal protein that is expressed at a high level (e.g., more than
1% of the total cellular protein) in native cyanobacteria or
the other microorganism of interest, i.e., the protein is
endogenous to cyanobacteria or another microorganism of
interest. Examples of such proteins include cpcB, cpcA,
cpeA, cpeB, apcA, apcB, rbcl, rbeS, psbA, rpl, and rps. In



US 2022/0243236 Al

some embodiments, the leader sequence encodes less than
tltc full-length of the protein, but it typically comprises a
region that encodes at least 25%, typically at least 50%, or
at least 75%, or at least 90%, or at least 95%, or greater, of
the length of the protein. Use of an endogenous microor-
ganismal. e.g., cyanobacterial, polynucleotide sequence for
constructing an expression construct in accordance with the
invention provides a sequence that need not be codon-
optimized, as the sequence is already expressed at high
levels in the microorganism, e.g., cyanobacteria, although
codon optimization is nevertheless possible. Examples of
cyanobacterial or other microorganismal polynucleotides
that encode cpcB, cpcA, cpeA, cpeB, ape A, apcB, rbcl,,
rbeS, psbA, rpl, or rps are available, e.g., at the www website
genome.microbedb.jp/cyanobase.

[0084] The polynucleotide sequence that encodes the
leader protein need not be 100% identical to a native
cyanobacteria or other microorganismal polynucleotide
sequence. A polynucleotide variant having at least 50%
identity or at least 60% identity, or greater, to a native
microorganismal, e.g., cyanobacterial, polynucleotide
sequence, e.g., a native cpcB, cpcA, cpeA, cpeB. rbel, rbeS,
psbA, rpl, or ips polynucleotide sequence, may also be used,
so long as the codons that vary relative to the native
polynucleotide are codon optimized for expression in cya-
nobacteria or the microorganism being used and do not
substantially disrupt the structure of the protein. In some
embodiments, a polynucleotide variant that has at least 70%
identity, at least 75% identity, at least 80% identity, or at
least 85% identity, or greater to a native microorganismal,
e.g., cyanobacterial polynucleotide sequence, e.g., a native
cpeB, cpcA, cpeA, cpeB, rbecl, rbeS, psbA, rpl, or rps
polynucleotide sequence, is used, again maintaining codon
optimization for cyanobacteria or the microorganism of
interest. In some embodiments, a polynucleotide variant that
has least 90% identity, or at least 95% identity, or greater, to
a native microorganismal, e.g., cyanobacterial, polynucle-
otide sequence, e.g., a native cpcB, cpcA, cpeA, cpeB, rbcL,
rbeS, psbA, rpl, or rps polynucleotide sequence, is used. The
percent identity is typically determined with reference the
length of the polynucleotide that is employed in the con-
struct, i.e., the percent identity may be over the full length
of a polynucleotide that encodes the leader polypeptide
sequence, or may be over a smaller length, e.g., in embodi-
ments where the polynucleotide encodes at least 25%,
typically at least 50%, or at least 75%, or at least 90%, or at
least 95%, or greater, of the length of the protein. Although
the protein encoded by a variant polynucleotide sequence as
described herein need not retain a biological function, a
codon that varies from the wild-type polynucleotide is
typically selected such that the protein structure of the native
cyanobacterial or other microorganisms I sequence is not
substantially altered by the changed codon, e.g., a codon that
encodes an amino acid that has the same charge, polarity,
and or is similar in size to the native amino acid is selected.

[0085] Insomeembodiments, a protein that is expressed at
high levels in the photosynthetic microorganism, e.g., cya-
nobacteria, is not native to the organism in which the fusion
construct in accordance with the invention is expressed. For
example, polynucleotides from bacteria or other organisms
that are expressed at high levels in cyanobacteria or other
photosynthetic microorganisms may be used as leader
sequences. In such embodiments, the polynucleotides from
other organisms are codon optimized for expression in the
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photosynthetic microorganism, e.g., cyanobacteria. In some
embodiments, codon optimization is performed such that
codons used with an average frequency of less than 12% by,
e.g., Synechocystis are replaced by more frequently used
codons. Rare codons can be defined, e.g., by using a codon
usage table derived from the sequenced genome of the host
cyanobacterial cell. Sec, e.g., the codon usage table obtained
from Kazusa DMA Research Institute, Japan (website www.
kazusa.or.jp codon) used in conjunction with software, e.g.,
“Gene Designer 2.0” software, from DNA 2.0 (website
www.dna20.com ) at a cut-off thread of 15%.

[0086] In the context of the present invention, a protein,
e.g., GPPS. that is “expressed at high levels” in photosyn-
thetic microorganisms, e.g., cyanobacteria, refers to a pro-
tein that accumulates to at least 1% of total cellular protein
as described herein. Such proteins, when fused at the N-ter-
minus of a protein of interest to be expressed in cyanobac-
teria or other microorganisms, are also referred to herein as
“leader proteins”, “leader peptides”, or “leader sequences”.
A nucleic acid encoding a leader protein is typically referred
to herein as a “leader polynucleotide” or “leader nucleic acid
sequence” or “leader nucleotide sequence”.

[0087] In all cases, suitable leader proteins can be identi-
fied by evaluating the level of expression of a candidate
leader protein in the photosynthctic microorganism of inter-
est, e.g., cyanobacteria. For example, a leader polypeptide
that does not occur in the wild type microorganism, e.g.,
cyanobacteria, may be identified by measuring the level of
protein expressed from a polynucleotide codon optimized
for expression in the microorganism, e.g., cyanobacteria,
that encodes the candidate leader polypeptide. A protein may
be selected for use as a leader polypeptide if the protein
accumulates to a level of at least 1%. typically at least 2%,
at least 3%, at least 4%, at least 5%, or at least 10%, or
greater, of the total protein expressed in the cyanobacteria
when the polynucleotide encoding the leader polypeptide is
introduced into cyanobacteria and the cyanobacteria cul-
tured under conditions in which the transgene is expressed.
The level of protein expression is typically determined using
SDS PAGE analysis. Following electrophoresis, the gel is
scanned and the amount of protein determined by image
analysis.

[0088] In one embodiment, a GPPS from Abies grandis is
used, e g., as shown in SEQ ID NO:2, it will be appreciated,
however, that any GPPS enzyme from any species that is
capable of catalyzing the synthesis of GPP in the cells can
be used, e.g., that is capable of catalyzing the production of
GPP from 1PP and or DMAPP in the microorganisms.
[0089] In a particular embodiment, the photosvnthetic
microorganisms are modified to overexprcss the GPP syn-
thase (GPPS) gene, e.g., by use of a codon-optimized Abies
grandis GPP synthase gene fused with the nptlkanamycin
resistance DNA cassette (SEQ ID NO:1), in order to over-
exprcss the GPP synthase enzyme in the cell (SEQ ID
NO:2). Such overexpression leads to greater amounts of the
GPPS enzyme in the cell and enhancement of the GPP pool
size in the microorganism, e.g., cyanobacteria. Polynucle-
otides that are functional variants, conservatively modified
variants, and or that are substantially identical to SEQ ID
NO:1), e.g., polynucleotides having 50%, 60%, 70%, 75%,
80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or more
identity to SEQ ID NO:1 one can be used, or a polynucle-
otide that encodes a protein having substantial identity, e.g.,
50%. 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%,
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98%, 99%, or more identity to SEQ ID NO:2, can be used,
in particular when their presence in the cell leads to the
generation of sufficient GPP for cannabinoid synthesis. In
some embodiments, a polynucleotide having at least 95%
identity to SEQ ID NO:1 is used. In some embodiments, a
polynucleotide that encodes a protein having at least 95%
identity to SEQ ID NO:2 is used. In preferred embodiments,
the GPPS are codon optimized for the cyanobacteria or other
photosynthetic microorganism used in the method.

[0090] Genes encoding enzymes of the cannabinoid bio-
synthetic pathway are known and any such enzymes can be
employed in the present methods, from any species, so long
as they can be functionally expressed in the photosynthetic
microorganisms, e.g., cyanobacteria, to effect the biosynthe-
sis of the cannabinoids in the cells. A list of the genes needed
to drive the eannabinoid biosynthetic pathway is shown in
FIG. 5, and the associated alternative oxidocyclase enzymes
(THCAS and CBCAS) that catalyze the oxidative cycliza-
tion of the monoterpene moiety of CBGA for the biosyn-
thesis of A9-tetrahydrocannabinolic acid (A9-THCA) and
catinabichromenic acid (CBGA), respectively, are provided
in Table 1 (Carvalho et al. 2017). In general, in addition to
the GPPS-encoding gene, genes are included for AAEL,
OLS, OAC, and CBGAS, as well as for CBDAS, THCAS,
or CBCAS, depending on whether CBDA, A9-THCA, or
CBCA, respectively, is desired. It will be appreciated, how-
ever, that other combinations of genes are possible as well,
for example GPPS, AAE1, OLS, OAC, and CBGAS if
CBGA is desired, or GPPS, AAE1, OLS, OAC, as well as
CBGAS, THCAS, and CBCA, if a combination of CBDA,
A9-THCA, and CBCA is desired. The coding sequences for
the individual genes in the eannabinoid biosynthesis path-
way are indicated in SEQ ID NO:3, i.e., nucleotides 636-
2798 for AEE1, nucleotides 2819-3973 for OLS, nucleotides
3994-4299 for OAC, nucleotides 4320-5507 for CBGAS,
and nucleotides 5528-7162 for CBDAS. These sequences, or
variants thereof as described herein, can be used individually
or in any combination, e.g., within the same operon, to bring
about eannabinoid synthesis in the photosynthetic microor-
ganisms, e.g., cyanobacteria.

[0091] In one embodiment, a codon-optimized polynucle-
otide sequence in operon configuration of the cannabinoid
biosynthesis pathway is used, leading to the synthesis of
cannabidiolic acid. Such a polynucleotide is shown as SEQ
ID NO:3, and includes coding sequences for AAE1, OLS,
OAC, CBGAS, and CBDAS, whose polypeptide sequences
are shown as SEQ 1D NO:4, SEQ ID NO:5. SEQ ID NO:6,
SEQ ID NO:7, and SEQ ID NO:8, respectively. Polynucle-
otides that are substantially identical to SEQ ID NO:3, e.g.,
that have at least 50%, 60%, 70%, 75%, 80% 85%, 90%,
95%, 96%, 97%, 98%, 99%, or more identity to SEQ ID
NO:3, or that encode polypeptides that arc functional vari-
ants, e.g., conservatively modified variants, are substantially
identical to any of SEQ ID NOS. 4, 5, 6, 7, or 8. can be used,
e.g., that have at least 60%, 70%, 75%, 80% 85% 90%, 95%
96%, 97%, 98%, 99%, or more identity to SEQ ID Nos. 4,
5, 6, 7, or 8, can be used. In some embodiments, a poly-
nucleotide that has at least 95% identity to SEQ ID NO:3 is
used In some embodiments, a polynucleotide that encodes a
protein having at least 95% identity to SEQ ID NO:4, 5, 6,
7, or 8 is used.

[0092] In embodiments where A9-THCA synthesis is
desired, a polynucleotide comprising the sequence shown as
SEQ ID NO:9 can be used, or a polynucleotide that is
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substantially identical to SEQ ID NO:9, e.g., at least 50%,
60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%,
99%, or more identical to SEQ ID NO:9, or that encodes a
polypeptide comprising the amino acid sequence shown as
SEQ ID NO:10 can be used, or that encodes a functional
variant polypeptide that is substantially identical to SEQ ID
NO:10, e.g., at least 60%, 70%, 75%, 80%, 85%, 90%, 95%,
96%, 97%, 98%, 99% or more identical to SEQ ID NO:10.
In some embodiments, a polynucleotide that has at least 95%
identity to SEQ ID NO:9 is used. In some embodiments, a
polynucleotide that encodes a protein having at least 95%
identity to SEQ ID NO:10 is used. In a particular embodi-
ment, when A9-THCA synthesis is desired, all of the bio-
synthesis genes are present within a single operon, e.g., as
shown in SEQ ID NO:13, or using a polynucleotide having
at least 50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%,
97%, 98%, 99% or more identity to SEQ ID NO:13. In some
embodiments, a polynucleotide having at least 95% identity
to SEQ ID NO:13 is used.

[0093] In embodiments where CBCA synthesis is desired,
a polynucleotide comprising the sequence shown as SEQ ID
NO:11 can be used, or a polynucleotide that is substantially
identical to SEQ ID NO:11, e.g., at least 50%, 60%, 70%,
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or more
identical to SEQ ID NO:11, or that encodes a polypeptide
comprising the amino acid sequence shown as SEQ ID
NO:12. or that encodes a functional variant polypeptide that
is substantially identical to SEQ ID NO:12, e.g., at least
60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%,
99% or more identical to SEQ ID NO:12. In some embodi-
ments, a polynucleotide having at least 95% identity to SEQ
ID NO:11 is used. In some embodiments, a polynucleotide
that encodes a protein having at least 95% identity to SEQ
ID NO:12 is used. In a particular embodiment, when CBCA
synthesis is desired, all of the biosynthesis genes are present
within a single operon, e.g., as shown in SEQ ID NO:14, or
using a polynucleotide having at least 50%, 60%, 70%, 75%,
80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or more
identity to SEQ ID NO:14. In some embodiments, a poly-
nucleotide having at least 95% identity to SEQ ID NO:14 is
used.

[0094] The genes encoding the enzymes within the bio-
synthesis pathway, i.e., AAEL, OLS, OAC, and CBGAS, as
well as CBDAS, THCAS, and/or CBCAS, can be together
present within a single operon (e.g., as in SEQ ID NO:3 in
the case of CBDAS synthesis, in SEQ ID NO:13 in the case
of A9-THCA synthesis, or in SEQ ID NO:14 in the case of
CBCA synthesis) or present separately, or in any combina-
tion of individual genes and genes in an operon (e.g., AAE]L,
OLS, OAC, and CBGAS within an operon, and CBDAS
separately). The gene encoding GPPS can also be included
in the operon. The operon can include any combination of 2,
3,4,5,6,7 or 8 genes selected from GPPS, AAE1, OLS,
OAC, CBGAS, CBDAS, THCAS, and CBCAS, and
arranged in any order.

[0095] In some embodiments, one or more of the genes
within the eannabinoid biosynthesis pathway, and or the
GPPS gene, individually or as present within one or more
operons, can be integrated into the genome of the host cell,
e.g., via homologous recombination. In one embodiment, all
of the transgencs used in the invention, i.e., GPPS, AAE1,
OLS, OAC, CBGAS, and either CBDAS, THCAS, or
CBCAS, are integrated into the host cell genome. In certain
embodiments, however, one or more of the genes are present
on an autonomously replicating vector.
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Enzyme Name Abbreviation Accession # EC # Reference
Acyl activating enzyme AAE1 AFD33345.1 6.2.1.1 Sout et al.
2012
Olivetol synthase OLS AB164375 2.3.1.206 Taura et al.
2012
Olivetolic acid cyclase OAC AFN42527.1 4.4.1.26 Gagne et al.
2012
Cannabigerolic acid CBGAS US8884100B2 2.5.1.102  Fellermeier and
synthase Zenk 1998;
Page and
Boubakir 2012
Cannabidiolic acid CBDAS AB292682 1.21.3.8 Taura et al.
synthase 2007b
Tetrahydrocannabinolic THCAS ABO057805 1.21.3.7 Sirikantaramas
acid synthase et al. 2004
Cannabichromenic acid CBCAS WO 1.3.3 Morimoto et al.
synthase 2015/196275 1998;
Al Page and Stout
2015
[0096] Insome embodiments, a ggaattaggaggttaattaa ribo- integrated into the genome and clones identified in which

some binding site (RBS) is positioned in front of the ATG
start codon of one or more of the GPPS and/or cannabinoid
biosynthesis pathway genes, in the photosynthetic microor-
ganisms. This is designed to enhance the level of translation
of all the genes encoded by the operon or construct. In some
embodiments, the nucleic acids of the ggaattaggaggrtaattaa
RBS are a codon-modified variant having at least 80%
identity, typically at least 85% identity or 90%, 95%, 96%,
97%, 98%, 99%, or 100% identity to the ggaattaggaggttaat-
taa RBS nucleotides. In some embodiments, the nucleic
acids have at least 95% identity to the ggaattaggaggttaattaa
RBS nucleotides.

[0097] For the optimal expression of the GPPS and/or
cannabinoid biosynthetic proteins in cyanobacteria or other
photosynthetic microorganisms, the coding sequences can
be codon optimized for expression in the cyanobacteria or
other microorganisms. In some embodiments, codon opti-
mization is performed such that codons used with an average
frequency of less than, e.g., 12% in a species such as
Synechocystis (or whichever species is being used to per-
form the methods) arc replaced by more frequently used
codons. Rare codons can be defined, e.g., by using a codon
usage table derived from the sequenced genome of the host
cyanobacterial cell or other microorganism. See, e.g., the
codon usage table obtained from Kazusa DNA Research
Institute, Japan (website www.kazusa.or.jp/codon/) used in
conjunction with software, e.g., “Gene Designer 2.0” soft-
ware, from DNA 2.0 (website www.dna20.com/) at a cut-off
thread of 15%.

[0098] The polynucleotides encoding the GPPS enzyme
and or the cannabinoid biosynthesis operon are operably
linked to one or more promoters capable of bringing about
the expression of the GPPS and or cannabinoid biosynthesis
enzymes in the cell at levels sufficient for the biosynthesis of
cannabinoids. In some embodiments, the heterologous poly-
nucleotide encoding the GPPS and/or the cannabinoid bio-
synthesis operon is operably linked to an endogenous pro-
moter, e.g., the psbA2 promoter, e.g., by replacing the
endogenous gene, e.g., the Synechocvstis psbA2 gene, with
the codon-optimized GPPS-encoding gene or the cannabi-
noid biosynthesis operon via double homologous recombi-
nation.

[0099] In other embodiments, the GPPS-encoding poly-
nucleotide and dr the cannabinoid biosynthesis operon are

GPPS and or the enzymes of the cannabinoid biosynthesis
pathway are produced at sufficiently high levels to obtain
cannabinoid biosynthesis in the cell, and the polynucleotides
encoding the promoter or promoters responsible for the
expression identified by analyzing the 5' sequences of the
genomic clone or clones corresponding to the GPPS gene or
the operon. Nucleotide sequences characteristic of promot-
ers can also be used to identify the promoter.

[0100] In other embodiments, the GPPS-encoding poly-
nucleotide and or the cannabinoid biosynthesis operon are
operably linked to a heterologous promoter capable of
driving expression in the cell. e.g., they are linked to a
promoter within a vector before being introduced into the
cell, and are then integrated together into the genome of the
cell or are maintained together on an autonomously repli-
cating vector. The promoters used can be either constitutive
or inducible. In some embodiments, a promoter used for
driving the expression of the GPPS or operon is a consti-
tutive promoter. Examples of constitutive strong promoters
for use in cyanobacteria or other photosynthesis microor-
ganisms include, for example, the pshD1 gene or the basal
promoter of the psbD2 gene, or the rbcLS promoter, which
is constitutive under standard growth conditions. Other
promoters that are active in cyanobacteria and other photo-
synthetic microorganisms are also known. These include the
strong cpc operon promoter, the cpe operon and ape operon
promoters, which control expression of phycobilisome con-
stituents. The light-inducible promoters of the psbAl,
psbA2, and psbA3 genes in cyanobacteria may also be used,
as noted below. Other promoters that are operative in plants,
e.g., promoters derived from plant viruses, such as the
CaMV35S promoters, or bacterial viruses, such as the T7, or
bacterial promoters, such as the PTrc, can also be employed
in cyanobacteria or other photosynthetic microorganisms.
For a description of strong and regulated promoters, any of
which can be used in the present methods, e.g., promoters
active in the cyanobacterium Arabaena sp. strain PCC 7120
and Syrechocystis 6803, see e.g., Elhai, FEMS Microbiol
Lett 114:179-184, (1993) and Formighieri, Planta 240:309-
324 (2014). the entire disclosures of which are incorporated
herein by reference.

[0101] In some embodiments, a promoter is used to direct
expression of tltc inserted nucleic acids under the influence
of changing environmental conditions. Examples of envi-
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ronmental conditions that may affect transcription by induc-
ible promoters include anaerobic conditions, elevated tem-
perature, or the presence of light. Promoters that are
inducible upon exposure to chemical reagents are also used
to express the inserted nucleic acids. Other useful inducible
regulatory elements include copper-inducible regulatory ele-
ments (Mett et al., Proc. Natl. Acad. Sci USA 90:4567-4571
(1993); Furst et al.,, Cell 55:705-717 (1988)); copper-re-
pressed pet] promoter in Symechocystis (Kuchmina et al
2012, J Biotechn 162:75-80): riboswitches, e.g. theophyl-
line-dependent (Nakahira et al. 2013, Plant Cell Physiol
54:1724-1735; tetracycline and chlor-tetracycline-induciblc
regulatory elements (Gatz et al., Plant J. 2:397-404 (1992);
Roder et al., Mol Gen. Genet. 243:32-38 (1994): Gatz, Meth.
Cell Biol 50:411-424 (1995)); ecdysone inducible regulatory
elements (Christopherson et al., Proc. Natl. Acad. Sci. USA
89:6314-6318 (1992); Kreutzweiser et al, Ecotoxicol. Envi-
ron. Safety 28:14-24 (1994)): heat shock inducible promot-
ers, such as those of the hsp70 dnaK genes (Takahashi et al.,
Plant Physiol 99:383-3% (1992); Yabe et al., Plant Cell
Physiol. 35:1207-1219 (1994); Ueda et al., Mol Gen. Genet.
250:533-539 (1996)); and lac operon elements, which are
used in combination with a constitutively expressed lac
repressor to confer, for example. IPTG-inducible expression
(Wilde et al., EMBO J. 11:1251-1259 (1992)). An inducible
regulatory element also can be, for example, a nitrate-
inducible promoter, e.g., derived from the spinach nitrite
reductase gene (Back el al., Plant Mol. Biol. 17:9 (1991)), or
a lighl-inducible promoter, such as that associated with the
small subunit of RuBP carboxylase or the LIICP gene
families (Feinbaum et al, Mol. Gen. Genet. 226:449 (1991);
Lam and Chua, Science 248:471 (1990)).

[0102] Insome embodiments, the promoter is from a gene
associated with photosynthesis in the species to be trans-
formed or another species. For example such a promoter
from one species may be used to direct expression of a
protein in trams formed cyanobacteria or other photosyn-
thetic microorganisms. Suitable promoters may be isolated
from or synthesized based on known sequences from other
photosynthetic organisms.

[0103] In certain embodiments, the methods comprise
introducing expression cassettes that comprise nucleic acid
single genes or operons encoding the genes of the cannabi-
noid biosynthetic pathway (FIG. 5) into the phoiosynthetie
microorganism, e.g., cyanobacteria, wherein the operon is
linked to a cpc promoter, or other suitable promoter; and
culturing the microorganism, e.g., cyanobacteria under con-
ditions in which the single gene or nucleic acids encoding
the cannabinoid biosynthesis operon are expressed. In some
embodiments, expression cassettes are introduced into the
psbA2 gene locus, encoding the D1/32 kD reaction center
protein of photosysiem-II, in which case the pshA2 pro-
moter is the native cyanobacteria promoter. In other embodi-
ments, expression cassettes are introduced into the glgAl
gene locus, encoding the glycogen synthase 1 enzyme, in
which case the glgAl promoter is the native cyanobacteria
promoter.

[0104] In a particular embodiment, the polynucleotides
encoding the GPPS enzyme, e.g., a GPPS fusion protein, and
encoding the members of the cannabinoid biosynthesis
pathway are introduced into the cells using a vector. Vectors
comprising nptI*GPPS or the cannabinoid biosynthesis
pathway operon nucleic acid sequences typically comprise a
marker gene that confers a selectable phenotype on cyano-
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bacteria or other microorganisms transformed with the vec-
tor. Such markers are known, for example markers encoding
antibiotic resistance, such as resistance to chloramphenicol,
kanamycin, spcctinomycin, erythromycin, G418, bleomy-
cin, hygromycin, and the like.

[0105] Cell transformation methods and selectable mark-
ers for cyanobacteria and other photosynthetic microorgan-
isms are well known in the art (Wirth, Mol. Gen. Genet.,
216(1): 175-7, 1989; Koksharova, Appl. Microbiol. Biotech-
nol. 58(2): 123-37,2002: Thelwell et al., Proc. Natl. Acad.
Sci. USA. 95:10728-10733, 1998: Formighieri and Melis,
(Manta 248(4):933-946.2018: Betterle and Melis, ACS
Synth Biol 7:912-921,2018). Transformation methods and
selectable markers for are also well known (see, e.g., Sam-
brook et at., supra).

[0106] In some embodiments, an expression construct is
generated to allow the heterologous expression of the
nptI*GPPS and or the cannabinoid biosynthesis operon
genes in Symechocystis through the replacement of the
Synechocystis psbA2 gene with the codon-optimized
nptI*GPPS or cannabinoid biosynthesis operon genes via
double homologous recombination. In some embodiments,
the expression construct comprises a codon-optimized
nptI*GPPS or the cannabinoid biosynthesis operon genes
gene operably linked to an endogenous cyanobacteria pro-
moter. In some aspects, the promoter is the psbA2 promoter.
[0107] In some embodiments, the vector includes
sequences for homologous recombination to insert the
fusion construct at a desired site in a photosynthctic micro-
organismal, e.g., cyanobacterial, genome, e.g., such that
expression of the polynucleotide encoding the fusion con-
struct is driven by a promoter that is endogenous to the
organism. Vectors to perform homologous recombination
include sequences required for homologous recombination,
such as flanking sequences that share homology with the
target site for promoting homologous recombination.
[0108] In some embodiments, the photosynthctic micro-
organism, e.g., cyanobacteria, is transformed with an
expression vector comprising the nptI*GPPS or the cannabi-
noid biosynthesis operon genes and an antibiotic resistance
gene. Detailed descriptions are set forth, e.g., in Formighicri
and Melis (Planta 240:309-324, 2014) Eglund et al (Sci Pep.
18;6:36640, 2016), and Wang et al. (ACS Synth. Biol.
7:276-286, 2018), which are incorporated herein by refer-
ence. Transformants are cultured in selective media contain-
ing an antibiotic to which an untransformed host cell is
sensitive. Cyanobacteria, for example, normally have up to
100 copies of identical circular DNA chromosomes in each
cell. The successful transformation with an expression vec-
tor comprising, e.g., the nptI*GPPS, the cannabinoid bio-
synthesis operon genes, and an antibiotic resistance gene
normally occurs in only one or just a few, of the many
cyanobacterial DNA copies. Hence, the presence of the
antibiotic is necessary to encourage expression of the trans-
genic copy or copies of the DNA for cannabinoid produc-
tion, in the absence of the selectable marker (antibiotic), the
transgenic copy or copies of the DNA would be lost and
replaced by wild-type copies of the DNA.

[0109] In some embodiments, cyanobacterial or other
microorganismal transformants are cultured under continu-
ous selective pressure conditions (presence of antibiotic over
many generations) to achieve DNA homoplasmy in the
transformed host organism. One of skill in the art under-
stands that, to attain homoplasmy, the number of generations
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and length of time of culture varies depending on the
particular culture conditions employed. Homoplasmy can be
determined, e.g., by monitoring the genomic DNA compo-
sition in the cells to test for the presence or absence of
wild-type copies of the cyanobacterial or other microorgan-
ismal DNA.

[0110] “Achieving homoplasmy” refers to a quantitative
replacement of most, e.g., 70% or greater, or typically all,
wild-type copies of the cyanobacterial DNA in the cell with
the transformant DNA copy that carries the nptI*GPPS and
the cannabinoid biosynthesis operon transgenes. This is
normally attained over time, under the continuous selective
pressure (antibiotic) conditions applied, and entails the
gradual replacement during growth of the wild-type copies
of the DNA with the transgenic copies, until no wild-type
copy of the cyanobacterial or other microorganismal DNA is
left in any of the transformant cells. Achieving homoplasmy
is typically verified by quantitative amplification methods
such as genomic-DNA PCR using primers and/or probes
specific for the wild-type copy of the cyanobacterial DNA.
In some embodiments, the presence of wild-type cyanobac-
terial DNA can be detected by using primers specific for the
wild-type cyanobacterial DNA and detecting the presence
of, e.g., the native cpc operon, glgAl or psbA2 genes.
Transgenic DNA is typically stable under homoplasmy
conditions and present in all copies of the cyanobacterial
DNA.

[0111] In some embodiments, the photosynthetic microor-
ganism, e.g., cyanobacteria, is cultured under conditions in
which the light intensity is varied. Thus, for example, when
a psbA2 promoter is used as a promoter to drive expression
of nptI*GPPS or the cannabinoid biosynthesis operon genes,
transformed cyanobacterial cultures can be grown at low
light intensity conditions (e.g., 10-50 umol photons m=s™).
then shifted to higher light intensity conditions (e.g., 500-
1,000 pumol photons m™2s~!). ThepsbA2 promoter responds
to the shift in light intensity by up-regulating the expression
of the nptI*GPPS fusion construct transgenc and the can-
nabinoid biosynthesis operon genes in Synechocystis, typi-
cally at least about 10-fold. In other embodiments, cyano-
bacterial cultures can be exposed to increasing light intensity
conditions (e.g., from 50 pmol photons m™2s~* to 2,500 umol
photons m~2s™!) corresponding to a diurnal increase in light
intensity up to full sunlight. The psbA2 promoter responds
to the gradual increase in light intensity by up-regulating the
expression of the nptI*GPPS or the cannabinoid biosynthe-
sis operon genes in Symechocystis in parallel with the
increase in light intensity.

[0112] In some embodiments, cyanobaeterial or other
microbial cultures arc cultured under conditions in which the
cell density is high and transmitted light intensity through
the culture is steeply attenuated. Thus, for example, when a
cpc promoter is used as a promoter to drive expression of
nptI*GPPS or the cannabinoid biosynthesis operon genes,
transformed cyanobaeterial cultures can be grown at cell
density conditions in which incident light intensity is high
but irradiance entering the culture is quantitatively absorbed
due to the high density of the culture, a desirable property for
commercial exploitation (e.g. 1 g dry cell biomass per L
culture). The cpc promoter responds to the diminishing light
intensity within the culture by up-regulating the expression
of'the associated nptI*GPPS or the cannabinoid biosynthesis
operon genes in Symechocystis, typically at least about
10-fold. Thus, the cpc promoter responds to the gradual
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decline in effective light intensity transmitted through ihe
culture by up-regulating the expression of the nptI*GPPS or
the cannabinoid biosynthesis operon genes in Syrechocystis
in a function antiparallei with the lowering in light intensity.

5. Production of Cannabinoids in Cyanobacteria or Other
Photosynthetic Microorganisms

[0113] To produce cannabinoids, transformant photosyn-
thetic microorganisms, e.g., cyanobacteria, are grown under
conditions in which the heterologous nptI*GPPS and the
cannabinoid biosynthesis operon genes are expressed. Meth-
ods of mass culturing photosynthetic microorganisms, e.g.,
cyanobacteria, are known to one skilled in the art. For
example, cyanobacteria or other microorganisms can be
grown to high cell density in photobioreactors (see. e.g., Lee
et al., Biotech. Bioengineering 44:1161-1167, 1994; Chau-
mont, J Appl. Phycology 5:593-604, 1990). Examples of
photobioreactors include cylindrical or tubular bioreactors,
sec, e.g., U.S. Pat. Nos. 5,958,761, 6,083,740, US Patent
Application Publication No. 2007 0048859; WO 2007/
011343, and W0O2007/098150. High density photobioreac-
tors are described in, for example, Lee. et al., Biotech.
Bioengineering 44: 1161-1167, 1994. Other photobiore-
aetors suitable for use in the invention are described, e.g., in
WO2011 034567 and references cited therein, e.g., in the
background section. Photobioreactor parameters that can be
optimized, automated and regulated for production of pho-
tosynthctic organisms are further described in Puiz (4dppl.
Microbiol Biotechnol 57:287-293, 2001). Such parameters
include, but are not limited to, materials of construction,
efficient light delivery into the reactor lumen, light path,
layer thickness, oxygen released, salinity and nutrients, pH,
temperature, turbulence, optical density, and the like.
[0114] Transformant photosynthctic microorganisms, e.g.,
cyanobacteria, that express a heterologous nptI*GPPS and
the cannabiuoid biosynthesis operon genes can be grown
under mass culture conditions for the production of can-
nabinoids. In typical such embodiments, the transformed
organisms are grown in biorcactors or fermenters that pro-
vide an enclosed environment. For example, in some
embodiments for mass culture, the cyanobacteria are grown
in enclosed reactors in quantities of at least about 100 liters,
or 500 liters, often of at least about 1000 liters or greater, and
in some embodiments in quantities of about 1,000,000 liters
or more. Large-scale culture of transformed cyanobacteria
that comprise a heterologous nptI*GPPS and the cannabi-
noid biosynthesis operon genes where expression is driven
by a light sensitive promoter, such as a psbhA2 or cpc
promoter, is typically carried out in conditions where the
culture is exposed to natural sunlight. Accordingly, in such
embodiments, appropriate enclosed reactors are used that
allow light to reach the cyanobacteria or other microbial
culture.

[0115] Growth media for culturing the photosynthetic
microorganism, e.g., cyanobacteria, transformants are well
known in the art. For example, cyanobacteria or other
microorganisms may be grown on solid BG-11 media (see,
e.g., Rippka el at., J. Gern Microbiol. 111:1-61, 1979).
Alternatively, they may be grown in liquid media (see. e.g.,
Bentley, F K and Melis, A. Biotechnol. Bioeng. 109:100-
109, 2012). In typical embodiments for production of can-
nabinoids, liquid cultures are employed. For example, such
a liquid culture may be maintained at. e.g., about 25° C. to
35° C. under a slow stream of constant aeration and illumi-
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nation, e.g., at 20 umol photons m~2s~! or greater. In certain

embodiments, an antibiotic, e.g., chloramphenicol, is added
to the liquid culture. For example, chloramphenicol may be
used at a concentration of 15 pg/ml.

[0116] In some embodiments, photosynthetic microorgan-
isms, e.g., cyanobacteria, transformants are grown photoau-
totrophically in a gaseous aqueous two-phase photobioreac-
tor (see, e.g., U.S. Pat. No. 8,993,290; also Bentley, F K and
Melis, A. Biotechnol Bioeng. 109:100-109 (2012). In some
embodiments, the methods of the present invention com-
prise obtaining cannabinoids using a diffusion-based method
for spontaneous gas exchange in a gaseous aqueous two-
phase photobioreactor (see, e.g., U.S. Pat. No. 8,993,290). In
particular aspects of the method, carbon dioxide is used as
a feedstock for the photosynthctic generation of cannabi-
noids in cell culture, and the headspace of the biorcacior is
filled with 100% CO, and sealed. This allows diffusion-
based CO, uptake and assimilation by the cells via photo-
synthesis, and concomitant replacement of the CO, in the
headspace with O,. In some embodiments, the photosyn-
thetically generated cannabinoids accumulate as a non-
miscible product floating on the top of the liquid culture.
[0117] In particular embodiments, a gaseous aqueous two-
phase photo-bioreactor is seeded with a culture of microbial,
e.g., cyanobacterial, cells and grown under continuous illu-
mination, e.g., at 75 pmol photons m=s*, and continuous
bubbling with air. Inorganic carbon is delivered to the
culture in the form of aliquots of 100% CO, gas, which is
slowly bubbled through the bottom of the liquid culture to
fill the bioreactor headspace. Once atmospheric gases are
replaced with 100% CO,, the headspace of the reactor is
scaled and the culture is incubated, e.g., at about 25° C. to
40° C. under continuous illumination, e.g., of 50 pumol
photons m™2s™! or greater up to full sunlight. Slow continu-
ous mechanical mixing is also employed to keep cells in
suspension and to promote balanced cell illumination and
nutrient mixing into the liquid culture in support of photo-
synthesis and biomass accumulation. Uptake and assimila-
tion of headspace CO, by cells is concomitantly exchanged
for O, during photoautotrophic growth. The sealed bioreac-
tor headspace allows for the trapping, accumulation and
concentration of photosymbhetically produced cannabinoids.
[0118] In some embodiments, the photoautotrophic cell
growth kinetics of the microbial, e.g., cyanobacteria, trans-
formants are similar to those of wild type cells. In some
embodiments, the rates of oxygen consumption during dark
respiration are about the same in wild-type cyanobacteria or
other photosynthetic microbial cells. In some embodiments,
the rates of oxygen evolution and the initial slopes of
photosynthesis as a function of light intensity are compa-
rable in wild-type Synechocystis cells and Synechocystis
transformants, when both are at sub-saturating light inten-

sities between 0 and 250 wmol photons m=2s~*.

[0119] Cannabinoids produced by the modified cyanobac-
teria or other microorganisms can be harvested using known
techniques. Cannabinoids are not miscible in water and they
rise to and float at the surface of the microorganism growth
medium. Accordingly, in some embodiments, cannabinoids
are siphoned off from the surface of the growth medium and
sequestered in suitable containers, or floating cannabinoids
are skimmed from the surface of the liquid phase of the
culture and isolated in pure form. In some embodiments, the
photosyntheticallv produced non-miscible cannabinoids in
liquid form are extracted from the liquid phase by a method
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comprising overlaying a solvent such as heptane, decane, or
dodecane on top of the liquid culture in the bioreactor,
incubating at, e.g., room temperature for about 30 minutes or
longer; and removing the solvent, e.g., heptane, layer con-
taining the cannabinoids.

[0120] In some embodiments, the cannabinoids produced
by the modified cyanobacteria or other microorganisms are
extracted from the interior of the cells. For example, the cells
can be isolated, e.g., by centrifugation at 5,000 g for 20
minutes, and then resuspended in, e.g., distilled water. The
resuspended cells can then be disintegrated, e.g., by forcing
the cells through a French press (e.g., at 1500 psi), by
sonication, or treating them with glass beads. The resulting
crude cell extract can then be centrifuged, e.g., at 14,000 g
for 5 minutes, and the supernatant (or “disintegrated cell
suspension”) used for extraction of the cannabinoids. In one
embodiment, the cannabinoids are extracted by first mixing
the disintegrated cell suspension with a strong acid and a
salt, e.g., H,SO, and NaCl, to ease the separation of the
aqueous phase from the solvent phase, and to force hydro-
phobic molecules such as CBD to migrate to the solvent
phase. Such methods are known in the art. In some embodi-
ments, H,O, and NaCl are added at a vohune-to-volume
ratio of about [cell suspension/H,SO,/NaCl=3/0.12/0.5].
The suspension can then be extracted with one or more
organic solvents, e.g., hexane, heptane, ethyl acetate,
acetone, methanol, ethanol, and/or propanol. In some
embodiments, the cannabinoids are obtained from the cul-
tured modified cyanobacteria or other microorganisms by
freeze drying the cells and subsequently extracting them
with one or more organic solvents, e.g., methanol, acetoni-
trile, ethyl acetate, acetone, ethanol, propanol, hexane, and
or heptane. In some embodiments, following extraction of
the cannabinoids from the disintegrated or freeze-dried cells,
the organic layer can tlien be separated from the aqueous
medium and dried by solvent evaporation, leaving the can-
nabinoids in pure form. Jlte purified cannabinoids can then
be resuspended and analyzed, e.g., using GC-MS. GC-FID,
or absorbance spectrophotometry such as UV spectropho-
tometry.

EXAMPLES

[0121] The examples described herein are provided by
way of illustration only and not by way of limitation. One of
skill in the art recognizes a variety of non-critical parameters
that could be changed or modified to yield essentially similar
results.

Example 1

Cannabinoid Production Using Genetically
Engineered Cyanobacteria

[0122] The present invention provides methods and com-
positions for the genetic modification of cyanobacteria to
confer upon these microorganisms the ability to produce
cannabinoids upon heterologous expression of a nptI*GPPS
fusion construct from Norway spruce (Picea abies) and the
eannabinoid biosynthesis operon genes from cannabis (Can-
nabis saliva) or a variant thereof. In some embodiments, the
invention provides for production of cannabinoids in gas-
eous-aqueous two-phase photobioreactors and results in the
renewable generation of a hydrocarbon bio-product which
can be used, e.g., for chemical synthesis, or for pharmaceu-
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tical, medical, and cosmetics-related applications. This
example illustrates the expression of the heterologous
nptI*GPPS and eannabinoid biosynthesis operon genes for
the production of cannabinoids.

[0123] This example further illustrates that cannabinoids
can be continuously (constitutively) generated in cyanobac-
teria transformants that express the heterologous nptI*GPPS
fusion construct and eannabinoid biosynthesis operon genes.
Further, this example demonstrates that cannabinoids can
spontaneously diffuse out of cyanobacteria transformants
and into the extracellular water phase, and be collected from
the surface of the liquid culture as a water-floating product.
This example also demonstrates that this strategy for pro-
duction of cannabinoids alleviates product feedback inhibi-
tion, product toxicity to the cell, and the need for labor-
intensive extraction protocols.

[0124] Photosynthetic microorganisms, with the cyano-
bacterium Synechocystis sp. PCC6803 as the model organ-
ism, were genetically engineered to express a nptI*GPPS
fusion construct and eannabinoid biosynthesis operon genes,
thereby endowing upon them the property of eannabinoid
production (FIG. 5). Genetically modified strains were used
in an enclosed mass culture system to provide renewable
cannabinoids that are suitable as feedstock in chemical
synthesis and the pharmaceutical, medical, and cosmetics-
rclated industries. The cannabinoids were spontaneously
emitted by the cells into the extracellular space, after which
they floated to the surface of the liquid phase where they
were easily collected without imposing any disruption to the
growth;productivity of the cells. Hie genetically modified
cyanobacteria remained in a continuous growth phase, con-
stituti vely generating and emitting cannabinoids. The
example further provides a codon-optimized nptI*GPPS
fusion construct and eannabinoid biosynthesis operon genes
for improved yield of cannabinoids in photosynthctic cya-
nobacteria, e.g., Syrnechocystis.

Materials and Methods

Strains and Growth Conditions

[0125] The E. coli strain DHS50. was used for routine
subcloning and plasmid propagation, and was grown in LB
media with appropriate antibiotics as selectable markers at
37° C., according to standard protocols. The glucose tolerant
cyanobacterial strain Syrechocystis sp. PCC 6803 (Wil-
liams, JGK (1988) Methods Enzymol. 167:766-768) was
used as the recipient strain in this study, and is referred to as
the wild type. Wild type and transformant strains were
maintained on solid BG-11 media supplemented with 10
mM TES-NaOH (pH 8.2), 0.3% sodium thiosulfate, and 5
mM glucose. Where appropriate, chloramphenicol kanamy-
cin, spectinomycin, or erythromycin were used at a concen-
tration of 15-30 pg/ml. Liquid cultures were grown in
BG-11 containing 25 mM sodium phosphate buffer, pH 7.5.
Liquid cultures for inoculum putposes and for pbotoauto-
trophic growth experiments and SDS-PAGE analyses were
maintained at 25° C. under a slow stream of constant
aeration and illumination at 20 umol photons m™2s~!. The
growth conditions employed when measuring the produc-
tion of cannabinoids from Syrechocystis cultures are
described below in the cannabinoid production assays sec-
tion.
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Codon-Use Optimization of the Heterologous nptI*GPPS
Fusion Construct and Cannabinoid Biosynthesis Operon
Genes for Expression in Syrechocystis sp. PCC 6803 and
Escherichia coli

[0126] The nucleotide and translated protein sequences of
the heterologous nptI*GPPS fusion construct and cannabi-
noid biosynthesis operon genes were obtained from the
NCBI GenBank database (National Center for Biotechnol-
ogy Information: see, e.g., Table 1). The protein sequences
of the heterologous nptI*GPPS fusion construct and can-
nabinoid biosynthesis operon gene products were obtained
from the NCBI GenBank database (National Center for
Biotechnology Information; see, e.g., SEQ ID NOS:2, 4-8.
The codon-use of the resulting eDNAs was then optimized
for expression in Synechocystis sp. PCC 6803 and E. coli
(SEQ ID NO:1 and SEQ ID NO:3) To maximize the
expression of the heterologous nptI*GPPS fusion construct
and cannabinoid biosynthesis operon genes in Synechocystis
sp. PCC 6803 and FE. coli, these protein sequences were
back-translated and codon-optimized according to the fre-
quency of the codon usage in Synechocystis sp. PCC 6803.
The codon-optimization process was performed based on the
codon usage table obtained from Kazusa DNA Research
institute, Japan (see, e.g., the www website kazusa.or.jp/
codon/), and using the “Gene Designer 2.0” software from
DNA 2.0 (see, e.g., the www website dna20.com). The
codon-optimized genes were designed with appropriate
restriction sites 1llanking the sequences to aid subsequent
cloning steps.

[0127] Samples for SDS-PAGE analyses were prepared
from Synechocystis cells resuspended in phosphate buffer
pH 7.4 at a concentration of 0.12 mg/ml chlorophyll. Hie
suspension was supplemental with 0.05% w/v lysozyme
(Thermo Scientific) and incubated with shaking at 37° C. for
45 min. Cells were then pelleted at 4,000 g, washed twice
with fresh phosphate buffer and disrupted with a French
Pressure chamber (Aminco, USA) at 1500 psi in the pres-
ence of 1 mM PMSF. Soluble protein was separated from the
total cell extract by centrifugation at 21,000 g and removed
as the supernatant fraction. Samples for SDS-PAGE analysis
were solubilized with 1 volume of 2x denaturing protein
solubilization buffer (0.25 M Tris, pH 6.8,7% w/v SDS, 2 M
urea, and 20% glycerol). In addition, all samples in dena-
turing solutions were supplemented w ith a 5% (v/v) of
[p-mercaptoethanol and centrifuged at 17,900 g for 5 min
prior to gel loading. For Western blot analyses. Any kD™
(BIO-RAD) precast SDS-PAGE gels were utilized to resolve
proteins, which were then transferred to PVDF membrane
(Immobilon-FL, 0.45 pum, Millipore, USA) for immunode-
tection using the rabbit immune serum containing specific
polyclonal antibodies against the proteins of interest. Cross-
reactions were visualized by the Supersignal West Pico
Chemiluminiscent substrate detection system (Thermo Sci-
entific, USA).

Chlorophyll Determination, Photosynthetic Productivity and
Biomass Quantitation

[0128] Chlorophyll a concentration in cultures was deter-
mined spectrophotometrically in 90% methanol extracts of
the cells according to Meeks and Castenholz (Arch. Mikro-
biol. 78:25-41,1971). Photosynthetic productivity of the
cultures was tested polarographically with a Clark-type
oxygen electrode (Rank Brothers, Cambridge, England).
Cells were harvested at the mid-exponential growth phase,
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and maintained at 25° C. in BG11 containing 25 mM
HEPES-NaOH, pH 7.5, at a chlorophyll a concentration of
10 pg/ml.. Oxygen evolution was measured at 25° C. in the
electrode upon yellow actinic illumination, which was
defined by a CS 3-69 long wavelength pass cutoff filter
(Corning, Corning, N.Y.). Photosynthetic activity of a 5 mL.
aliquot of culture was measured at varying actinic light
intensities in the presence of 15 mM NaHCO, pH 7.4, added
to provide inorganic carbon substrate and thereby facilitate
generation of the light saturation curve of photosynthesis.
Culture biomass accumulation was measured gravimetri-
cally as dry cell weight, where 5 mL samples of culture were
filtered through 0.22 pm Millipore filters, washed three
times to remove nutrient salts. Subsequently, the immobi-
lized cells were dried at 90° C. for 6 h prior to weighing the
dry cell weight.

Cannabinoid Production and Quantification Assays

[0129] Syrechocystis cultures for cannabinoid production
were grown photoautotrophicaliy in 1 I gaseous/aqueous
two-phase photobioreactors, described in detail by Bentley
and Melis (2012, Biotechnol Bioeng. 109:100-109). Biore-
actors were seeded with a 700 ml culture of Synechocystis
cells at an OD730 nm of 0.05 in BG11 medium containing
25 mM sodium phosphate buffer, pH 7.5, and grown under
continuous illumination at 75 pumol photons m~s~', and
continuous bubbling with air until an OD730 nm of approxi-
mately 0.5 was reached, inorganic carbon was delivered to
the culture in the form of 500 mL aliquots of 100% CO, gas.
which was slowly bubbled though the bottom of the liquid
culture to fill the bioreactor headspace. Once atmospheric
gases were replaced with 100% CO,, the headspace of the
reactor was scaled and the culture was incubated under
continuous illumination of 150 pumol photons m™2s~! at 35°
C.. Slow continuous mechanical mixing was employed to
keep cells in suspension and to promote balanced cell
illumination and nutrient mixing into the liquid culture in
support of photosynthesis and biomass accumulation.
Uptake and assimilation of headspace CO, by cells was
concomitantly exchanged for O, during photoautotrophic
growth. The sealed biorcactor headspace allowed for the
trapping, accumulation and concentration of photosyntheti-
callv produced cannabinoids, as liquid compounds Boating
on the surface of the aqueous phase.

[0130] Photosynthetically produced non-miseibJe can-
nabinoids in liquid form were extracted from the liquid
phase upon overlaying 20 mL heptane on top of the liquid
culture in the bioreactor, and upon incubating for 30 min, or
longer, at room temperature. The heptane layer was subse-
quently removed and analyzed by GC-FID, GC-MS, and
absorbance spectrophotometry for the detection of cannabi-
noids by comparison with the liquid of a standard also
dissolved in heptane. GC-FID analysis was performed with
a Shimadzu 2014 instrument. GC-MS analyses were per-
formed with an Agilent 6890GC 5973 MSD equipped with
a DB-XLB column (0.25 mm 1.d.x0.25 pmx30 m, ] & W
Scientific). Oven temperature was initially maintained at 40°
C. for 4 min, followed by a temperature increase of 5°
C./min to 80° C., and a carrier gas (helium) flow rate of 1.2
ml per minute. Absorbance spectrophotometry analysis was
carried out with a Shimadzu UV-1800 spectrophotometer.
[0131] Accumulation of cannabinoids in the liquid phase
was quantified spectrophotometricaily according to known
absorbance spectra and extinction coefficients of canna-
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bidiol and cannabidiolic acid in organic solvents (e.g., see
FIG. 7). The majority of photosynthctically produced can-
nabinoids accumulated as a liquid floating over the aqueous
phase of the biorcactor. A small amount of cannabinoids was
initially retained within the cells, but was teased out of the
cells by the 20 mL of heptane organic overlayer. Therefore,
the non-miscible, heptane-extracted cannabinoids were used
to generate the absorption spectra of cannabidiol and can-
nabidiolic acid in heptane for quantification purposes.

Results

[0132] The native Escherichia coli K12 nptl gene, the
Picea abies (Norway spruce) GGPS gene, and the native
Cannabis saliva cannabinoid biosynthesis genes have codon
usage different from that preferred by photosynthetic micro-
organisms, e.g., cyanobacteria and microalgae. The unicel-
Iular cyanobacteria Synechocystis sp. were used as a model
organism in the development of the present invention. De
novo codon-optimized nptl, GGPS, and Cannabis sativa
cannabinoid biosynthesis genes were designed and synthe-
sized. In the optimized version of these genes, SEQ ID NO:1
and SEQ ID NO:3, the codon usage was adapted to eliminate
codons rarely used in Symechocystis, and to adjust the
GC/AT ratio to that of the host. Rare codons were defined
using a codon usage table derived from the sequenced
genome of Synechocystis. The SEQ 1D NO:1 and SEQ ID
NO:3 sequences used in this example were: the codon-
optimized nptl. GGPS, and Cannabis sativa cannabinoid
biosynthesis genes for expression in Synechocystis.

[0133] SDS-PAGE analyses and immuno-detection of the
nptl, GGPS, and Cannabis sativa cannabinoid biosynthesis
gene products, using specific polyclonal antibodies raised
against the E. coli-cxpressed recombinant protein, con-
firmed the presence of these recombinant proteins in Syn-
echocystis (e.g., FIG. 4). These results clearly showed that
the recombinant nptl, GGPS, and Cannabis sativa cannabi-
noid biosy nthesis gene products were expressed in Syn-
echocystis transformants, and that they accumulated as inter-
nal proteins in the cell.

[0134] The above results demonstrated that Syrechocystis
can be used for heterologous transformation using the nptl,
GGPS gene, and the Cannabis sativa cannabinoid biosyn-
thesis genes, and that such transformants expressed and
accumulated the respective proteins in their cytosol. To
determine whether the expressed recombinant proteins are
metabolically competent, wild type and transformants were
cultivated under the conditions of the gaseous aqueous
two-phase bioreactor (Bentley FK and Melis A, (2012).
Biotechnol Bioeng. 109:100-109 ), with 100% CO, gas
occupying the headspace prior to sealing the reactor to allow
autotrophic biomass accumulation. Samples were obtained
fr ont the surface of liquid cultures (to detect non-miscible
liquid canoabinoids floating on top of the aqueous phase)
and analyzed by GC-FID (e.g., FIG. 6) or GC-MS (e.g.,
FIGS. 14A-14B).

[0135] Quantification of cannabinoids in the heptane-ex-
tracted samples from the nptI*GPPS fusion construct and
cannabinoid biosynthesis operon transformants was dcten-
nined according to the Beer-Lambert Law, using the absor-
bance values measured at 250 nm and the known molar
extinction coefficient of cannabinoids. During 48 h of active
photoautotrophic growth in the presence of CO, in a sealed
gaseous aqueous two-phase bioreactor, a 700 ml culture of
nptI*GPPS fusion construct and cannabinoid biosynthesis
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operon transformants produced cannabinoids in the form of
a non-miscibie product tloating on the surface of thre
culture.

Discussion

[0136] This example illustrates the production of cannabi-
noids in a system where the same organism serves both as
photo-catalyst and producer of ready-made compounds. A
number of guidelines have been applied in the endeavor of
cyanobacterial cannabinoid biosynthesis, as they pertain to
the selection of organisms and, independently, to the selec-
tion of potential product. Criteria for the selection of organ-
isms include the solar-to-product energy conversion effi-
ciency, which must be as high as possible. This important
criterion is better satisfied with photosynthetic microorgan-
isms than with crop plants (Melis A., Plant Science 177:
272-280, 2009). Criteria for the selection of potential com-
modity products include (i) the commercial utility of the
compound and (ii) the question of product separation from
the biomass, which enters prominently in the economics of
the process and is a most important aspect in commercial
application. This example demonstrates that cannabinoids
are suitable in this respect, as they are not miseible in water,
spontaneously separating from the biomass and ending-up as
floating compounds on the aqueous phase of the reactor and
culture that produced them. Such spontaneous product sepa-
ration from the liquid culture alleviates the requirement of
time-consuming, expensive, and technologically complex
biomass harvesting and devvafering (Danquah et al., J Chem
Tech. Biotech. 84:1078-1083, 2009; Saveyn et al., J Res. Sci
Tech. 6:51-56,2009)) and product excision from the cells
which otherwise would be needed for product isolation.
[0137] In the pursuit of renewable product, photosynthe-
sis, cyanobacteria, or microalgae and cannabinoids meet the
above-enumerated criteria for “process”, “organism” and
“product”, respectively. This example shows that cannabi-
noids can be heterologously produced via photosynthesis in
microorganisms, e.g., cyanobacteria, genetically engineered
to heterologously express plant nptI*GPPS and the cannabi-
noid biosynthesis operon genes.

[0138] The cannabinoids discussed in the present disclo-
sure are useful in, e.g., the cosmetics, biopharmaceutical,
and medicinal fields. Currently, cannabinoids are extracted
from plants, such as Cannabis which, depending on the
species, may contain a variety of cannabinoids and other
compounds in their glandular trichome essential oils. How-
ever, this example shows that specific and high purity
cannabinoids can be produced by photosynthetic microor-
ganisms, e.g., cyanobacteria and microalgae, through heter-
ologous expression of, e.g., the nptI*GPPS and the cannabi-
noid biosynthesis operon genes in a reaction of the native
MEP and heterologous MVA pathway, driven by the process
of cellular photosynthesis. Since the carbon atoms used to
generate cannabinoids in such a system originate from CO,,
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cyanobacterial and microalgal production represents a car-
bon-neutral source of biopharmaceutical and medicinal
compounds. Cannabinoids would also be suitable as a feed-
stock and building block for the chemical synthesis of
alternative biopharmaceutical and medicinal compounds,
for use in the respective industries.

Example 2

Cyanobacterial Cannabinoid Analysis by GC-MS

[0139] Cyanobacterial cells (Synechocystis) were trans-
formed with genes of the cannabidiolic acid (CBDA) bio-
synthetic pathway (FIGS. 8-13). Cells were grown in 150
mlL liquid media for 3 days. The starting culture OD730 was
0.2. One hundred twenty-five (125) mL were centrifuged at
5000 g for 20 min. The pellet was rcsuspended in 5 mL
distilled water. Passage of the cells through French press at
1,500 psi resulted in disintegration of the cells. The crude
cell extract was centrifuged at 14,000 g for 5 min to remove
large debris and the supernatant was used for cannabinoid
extraction, as follows. In a glass vial, 3 mL of the superna-
tant were mixed with 0.12 m[. of H,SO, and 0.5 mL of 30%
(w:v) NaCl. This mix was extracted with 3 mL of hexane.
The organic layer was separated from the aqueous medium
and dried by solvent evaporation. The dry extract was
resuspended with 0.1 mL of BSTFA including 1% TMCS
(derivatization reagents) and injected in GC-MS for content
analysis. CG-MS standards were prepared by drying the
original solvent and rcsuspending in BSTFA+1% TMCS
prior to injection in the GC-MS. The results, presented in
Table 2, showed evidence for the presence of CBDA (most
abundant), CBD, Olivetolic acid and Olivetol in the trans-
genic cell extracts.

TABLE 2

Cyanobacterial-
Main specific GC-MS
GC-MS retention GC-MS lines of the lines identified in

Compound time, min standard total cell extracts
CBDA 8.93 491, 559, 453 491, 559, 453
CBD 8.05 390, 337 390, 337
Olivetolic acid 7.44 425 425
Olivetol 6.00 268 268
[0140] It is understood that the examples and embodi-

ments described herein are for illustrative purposes only and
that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included
within the spirit and purview of this application and scope of
the appended claims. All publications, patents, and patent
applications cited herein are hereby incorporated by refer-
ence in their entirety for all purposes.
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Informal Sequoence Listing

SEQ 1D NO:L DNA sequence of npt 2GPPS fusion consinuet Tor protein overexpression
e Prre promoter (UPFPER CASE BOLD}

e pptd, Kanamvein resistance (UPPER CASE UNDERLINED)

o  GPPS{UPPER CASE FTALICSY

e pebd2 termmator (UPPER CASE BOLD UNDERLINED

ATTCTGAAATGAGCTGTITCACAATTAATCATCOGGCTCGTATA M getngaAATT
GTGAGCOGGATAACAATTAGGAGUTTAATTAACAATGAGTCACATCCAGAGAGAA
ACTAGTTGTICCCGACCTCGTTTOAATAGCANTATGGATGCAGATCTGTACGGAT

ATAAL\ rum:;{*m'{m(mms\t G A.f GOCAA if T f (:(1(1( . As’;"l A“i LTATC f:t(s ¥ m L A

AANT (v\ TGT mca GAT m t\A T (JLT FOCGOTTG, xzx( T (;m T Lm mm YT A; e (‘{ C
TCCCGACCATCAAACATTTTATCAGGAC T AGALGATGUATGOCTATTAACTAC
GOUCATTCCTGOGAAAACTGCUT TICAGG TGTTGGAAGAATATCCCBGATTICTGGT
G AGAATATCOTCGATGUG T TAGCGG T T I TC TAAGACGTICTACATAGCATTCCCG
ST TGCAAT TGTCCCT T TAAT TCOOACCOOGGIOTTCCOGUTTOGUGCAGOUTCAGTICR
COGATCAATAACGOTTTIGOTAGATGCCTOCGGACTTIGATOATGAACGGAALOGE
TOGCCCOT TGAALAGG T TOGAAAGAGATGCATAAGCIGUTGUCC TICTECCCCG
ACAGCOTTOTTACTCATGGAGATITTICTICTICOATAATCTGATTITCGACGAAGGC
AAGCTAATTGGCTIGTATCGATGTGGGACGGHTAGGOATIGCGGACCGGTATCAA
GACCTAGCAATTTTGTGGAACTGCCTAGG TGAATT TTCCCCCAGCCTATAAAAAC
GGCTGTTICAAAAATACGGAATCGATAATCCCGACATGAACAAATTACAATTICA
TCTGATGCTAGATGAGTICTTITCATATGACGOGCAGCAGTALGCGECTICGICCAACT
AGCTCATCTATOUCALCAACTA AALALCCTCGTGCALTTTIG LT TETGACAAG LA TATGUA
CTCCAAG GCCATTC OGO TTAATGAGGCCTTAGATAAAGTIATICCCCOCCGCTATCCTE
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AdAAAATCTATGAAAGTATOCECTATTOCCTCC TG COGGLGEGAAGAGGGTTCGACC
AATTFTATGTATTGCGGCCTGTOAGC TAA TGO GGGGGACTGAGGAACT T GCCATECCT
ACGCCTIGIGCCATCCAGA TG ATI CACAUTATGAGTTTGATTCATGACGATTTGCOCTA

TATTGATAACGATCATTTGCGTCGCGGTAAGCCTACCAACCACAAAGTTITIGGTGAAG
ACACCOCOATCATIGUTGGCCATCCATTATTCTCATICGCCTITGALCATGTAGCCOTG
AGCACCAGTCGTACCCTAGCTACTGACATTATT T TACGGTTGUTATCCGAAATIGGACG
COCCACAGGAAGTOAGGGCGTCATEGCT GG TCAAGTGGTGGATATIGAAAGCGAAGE
TGATCCCAGTATAGACTTAGAAACGCTGOAA TGGGTCCA TATTCATAA 4 ACGCCTG TG
FGITGGALTCCAGTCTCG TG TGTGGCOCALTIATOGECGETGCCAGCGATGACGATA
TCGAGCGTGCTAGACGGTACGCTCOCTCTRTAGGATTGCTTTICCAAGTIGTCGATG A

TATTTTGGATGTAAGCCAGTOUTOG G AL GAACTCG GAAAGACTCCTGEGAAAGATTIG A
TTTCTGACAAAGCCACCTATCCCA A CTCATG GG TTGEAASAAGCGAAGGAATTTGCC
GATGAATTACTGAACCE TGG AL AICACCALCTTAGTIGTTTIGATCCTACCAAAGCAGC
ACCICTATITGCGTITAGCAGACTACATIGCATCTCG TCAGAATTAAGGATCCTCCTIG

GIGTAATGCCAACTGAATAATCTGCAAATTGCACTCTCCTTCAATGGGGGGT
GCELITIGCTTGACTGAGTAATCITCIGATIGCTGATCITGATTGCCATCGAT
COCCGGGGAGTCCGGOGUAGTTACCATTAGAGAGTCTAGAGAATTAATCCA
TCETCGATAGAGGAATTATGGGGGAAGAACC

o

SEQ 1D NO:2. NptSGPPS fusion protein construct

MSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSCGATIYRLYGKPDAPELFLKH
GRGSVANDVTDEMVRINWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGKTAFQVLEEY
PDSGENIVDALAVFLRRLHSIPYONCPENSDR VFRLAQAQSRMNNGLVDASDFDDER
NGWPVEQVWEREMHKLLPFSPDSVYTHGOFSLONLIFDEGRKLIGCIDVGRVGIADRY Q)
DLUATLWNCLGEFSPSLOKRLFOQKY GIDNPRMENKLQFBEMEDEFFHMTRESKALVOL
ADLSEQVENVVEFDFDEYMHSKAIAVNEALDKVIPPRYPORIYESMRYSELAGGKR
VRPILCIAACELMGGTEELAMPTACAIEMIHTMSLIHDDLPYIDNDDLRRGKPTNHKY
FGEDTAHAGDALLSLAFEHVAVSTSRTLGTDHLRLESEIGRATGREGYMGGQVVIIE
SEGDPSIDLETEEWVHIHK TAVLLECSVVCGAMGUASEDDIERARRYARCVGLLEQ
VVDDILDVSOSSEELOKTAGKDLISDRATY PREMGLEKAKEFADELLNRGKOELSCE
DPTRKAAPLEALARYIASRON

SEQ D N3, Codon-optimized DNA sequences in operon configuration of the cannabinond
biosynihesis pathway shown in FIG. §, leadmg to the svnthesis of canisabidiolic acid: See,
o.g., FIG, 15,

UPPER UASE ITALICS, cpe us operonh upstream sequcnee for homologous recombination
{Nucleotides 1-354)

LIPPER CASE BOLD: Pire promoter (Nugleotides 537-615)

Lower case: RBS (Nucleotides 616-6335)

LIPPER CASE, - AAERL Acyl Activating Enzyimie | {Nucleotides 636-2798)

FLower case? RBS {Nucleatides 2799-2818)

UPPER CASE, 2 - OQLS: Olivetol synthase (Nucleotides 2819-3973}

Lower case; RBS (Nucieatides 3974-3593)

UPPER CASE, 3 - OAC: Obvetelic acid cyclase (Nuckeotides 3994-4299)

Lower case: RBS (Nucleotides 4300-4319)
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UPPER CASE, 4 ~CBGAS: Cannabigerolic acid synthase (Nucleotides 4320-3507)
Lower caser RIS (Nucleotides 3308-3527)

UPPER CASE, 3 - €BDAS: Cannabidiolic acid synthase (Nucleotides 5528-7162)
Lower cast: RBS (Nuclsotides 7163-7182)

UPPER CASE, chiorampheicol resistance cassstte (both starting and stop codons were
underlined) (Nucleotides 7183-7881)

Lower case wnderlined italics, the ¢pe_ds operon downstream sequence for homologous
recombination (Nugleotides TRE2-8447}

CICCAGALGAGTOCCTGAATATCAALATCGCTGGGATAAAAA GCTCAA AAAGGAALGTAG
(;fl T(pf()(u' T{LC( T JCJ()(AA( 4&?‘{1} Tﬁi € 'IA(_(L(( AC T(){)‘I *EA{ }AA JAAAA( Q&(rAAA

A.:L.»I(: e —I 4(}?4(;(; 4G4 H'fi —i 1 1( 4(:;’-‘&(;( %"\r T T(ré\ﬂ AAY i Alﬁ L‘A T ( ( Lx(r{ E (‘(1 TA %"
ATGTGEIGGAAAT TG TGAGCGGATAAL guaattapgansitaatiaaATGOGAAAAAATTATA
ANTCCCTGGACAGTGICGTCGCGTCTGATTTTAT TGCAT TOGGCATTACCAGTGA
AGTAGUAGAGACCUTOUATGGOCCACTAGUTOAAATCGTTTGTAATTACGGAGC
AGUOACTCCACAAACGTGOATCAACATCGUGAATCATATCTITAAGTCCAGATUTG
COTTTCTCCTTGCACCAGA TG TIUTTTPACGGATG T TATAAGGATTTTGGGCCCGT
GECTCCTOCTTGOATCCCAGACCCTGAGAAGG TAAAAAGUACCAACTTGGGAGC
ATTACTGOAGAAGCGEGGCAAAGAGTTCTTAGGAGTAAAGTACAAAGACCCAAT
TYCTAGUUTTAGTCACTTTCAAGAATTTAGTGTTCOGAAN TCCTGAAGTG TATTGGC
GTACAGTATTAATGOATGAAATGAAGATCAGTTTITCTAAGGACCCAGAATUTAT
CUTACGTCOAGATOATATCAACAATCCAGUAGGTAGTGAATGGCTACCTGOAGE
TTAUTTGAACAGTGUTAAGAACTGT TTAAATGTCAACTCTAATAAAAAGTTGAAL
GACACTATGATCOTCTGUCGCGACGAAGGCAACGATGATTTACCATTUAACAAA
CTCACGTTAGATCAGTTACGUAAACGTOTGTGGTTAGTTGOGTACGCATTAGAAG
AGATGOGTTTGGAGAAAGOTTOTGCCATIGULATTGACATGCCAATGUACGTCGA,
COUGGTCOTTATCTATTTGGCTATCGTACTAGCCGGATATGTAGTTIGOTGTUTATCG
COOACTUTTTCAGTGUCUCCGAGATCAGTAUTCOTUTGCGACTATCCAALGGCGAA
GGCTATCTTCACGUAGGATCACATCATICGGGGCAAAAAACGAATTCCTTTIGTAC
TCTCOCOTOGTTGAGGCGAAAAGCCCTATOGCTATCOTGATTCCATGCAGCGGAA
GCAATATTOOTGUAGAACTACCGAGATGGAGACATCAGTTGGGACTATTICTTAGA
ACGAGUTAAAGAGTTCAAAAATTGTOAATTICACAGUGUGAGAACAACCAGTGGA
COCTYATACAAACATCTTATTTTCTAGTGGAACAACAGGAGAACCTAAAGCAATC
COTTGGACTCAAGCCACCCCTCTAAAAGCTOUCOCGUATGOATOGAGCCATCTA
GACATTCOTAAGOGGTGATGTCATTGTTTGGCCGACGAATCTOGGUT TGGATOAT G
GTCCTIGGCTAGTTTACGUATCTCTOCTAAACGGCGUCCAGTATCGCTUTCTACAAL
GOUTCTCOTCTGGTTAGCGGATTCGUAAAATTCGTGUAGUGACGU TAAAGTGACTA
TGUTAGGAGTGGTCCCTTCTATCGTGCOTAGUTGG AAGAGCATAAACTGUGTCTC
TOGATATGATTGGICTACCATCCGOTGUTTTAGTTCTTCCGGAGAAGUCAGUAAT
OTTGATGAGTACCTGTGOTTAATGGOCCGGGCAAATTACAAACCAGTTATTGAGA
TOTGTGUAGGAACAGAAATTGGGGLAGCGTTICTCTGOGUGGAG T TICTTGOAAG
CCCAATCCCTCTCCAGTTTTAGCAGTCAATGTATGGGUTGCACTITATACATTTYG
GACAAGAACGOGTTACCCAATGCCGAAAAATAAACCGGGCATTGGTGAATTAGCA
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CTAGGTCCAGTAATOTTCOGAGCTAGTAAGACACTGTTAAATGGCAACCATCALG
ATGTCTATTTICAAGGGGATGCCCACATTAAATGGTGAGGTCTITACGTCGTCACGH
GOUACATTTICOAGTIAACCTCTAATOGOTATTATCACGUTCACGOGUGAGUGHGAT
OACACGATGAAUATCOGAGGUATTAAAATCAGT TCCATCGAAATTOGAGCOTGTG
TOCAATGAGOTAGACCATCGGOTATTCGAGACAACGOGCCATOGHGGOTGUCGUCE
CTCGGAGGGGUACCCGAACAATTGOGTAATTTITTTTGTCCTOAAGGATTCCAALG
ATACCACAATCGACTIGAATCAGTTGCGUCTCAGCTTCAACTTAGGCTTGCAGAA
GAAGCTAAACCCACTETTCAAGGTTACGUGGOTTGTACCATTGYCTAGCCTCCOT
COGACTGUTACGAATAAAATCATGUGCCGAGTACTUCGLCAACAATTCAGTCALTY

TACTCGCTATTGGGACTGUOCAACCCAGAAAATATTTTACTUCAGGATGAGTTCCC
GGATTATTACTTCCGAGTUALAAAGAGCGAACAUATGACGCAGTTAASMAGAGAA
GTTCCGCAAAATCTUTGACAAGTCTATCGATTCGCAAACGCAATTGUTT T TGAAT

CAAGAACATCTGAAGCAGAATCCALGTCTGOGTTGAGCACGAGATGCAGACTTTA.
GACGUTCGALCAUGGACATGUTAGTCOGTGOA AGTUCCGAAAUTOGETAAAGALGUG
TETGCCAAGGCCATTAAGGAATGGOGTCAACCTAAGAGTAAGATCACCCATCIC

ATTTTTACCAGTGCGTCCACGACAGACATGCCTGUAGUTGACTACCATTIGTGCCA
AGCTCCTAGOACTATCTCCATCTETGAAALGGOTAATGATGTATCAGC TAGGA TG

GGOOGGCTCGCGETCCTAGCCGTTIGUTGCGACATTATGGCGTGCCTCTTTCGGGGA
CCCTCCGAGAGCGACTTGGAGCTATTAGTAGGCCAAGCGATCTITGGAGAT GGG
GCCGCTOCTOTTATTGTTGGCGCTOAACCCOATGAGAGTGTAGGTGAGCGCCCAA
TTTTCGAGTTGGTCTCCACGOGTCAGACAATTCTCCCCAACAGTGAAGGUACAAT
TOGGGGACATATCCGGGAGGUAGGACTGATCTTTOACCTACATAAGGACGTCCC
GATGCTCATTTCTAACAACATTGAAAAGTGCCTGATTGAAGCGTTCACCTCAATC
GOGCATTAGTGATTGGAATAGTATCTTCTGGATTACTCATCCCGGAGOTAAAGCCA
TICTAGATAAGGTGOGAAGAAAAGTTACACTTAAAGTCCGACAAGTTIGTCOGATA
OTCGTCACGTGUTCAGUGAGUATOGGAATATCAGTAGCTCTACGGTITTGITCGT
TATGOGACGAATTACGAAAGCGCAGCTTGOAGGAGGUAAAAAGCACGACAGGGE
ATGGATTTGAGTGGGGAGTTCTCTTTGGAT TTGGTCCCGGGUTGACAGTAGAGCG
COTGOTGGTCCGCTCCOTGLOCGATTAAGT (G Avpaatageagattaattna ATGGUCGTAAA
GCACCTOATTGTATTGAAATTCAAAGATGAGATCACGGAGGUGUAGAAGGAGGA
GUTTTTCAAGACGTACGTGAACCTAGTGAATATCATCCCGGUGATGAAGGATOTC
TATTGOGGGTAAAGATGTAACTCAGAAAAACAAGGAAGAAGUTTACACCCATATT
GITOAAGTCACATTCOAAAGTOTAGAGACGATCCAAGATTATATTATTCATUCGG
CTCACGTTGGAT TIGGAGACGTGTATCGTITCTTITTOGGAGAAGTTGTTAATCETC
GACTACACCCCCOGCAAATAGgranttaguaeeiaataa A TQUGUTTAAGETCTGTATGCA
CTYTCAGTTTCCAAACCAATTATCATACGOCTCCTAAACCCCCACAATAACAACCT
AAAAACATCCTTGTTGTOCTATCGACACCUT ASAAUGCCAATCAAGTATICTTAT
AACAATTTTCCCTCCAAACACTGUTCCACTAAGAGUTTOCACCTACAAAACAAAT
GTAGUGAATCCTTGTCOATCGUCAAGAACTCCATTICCGAGUAGUAACCACCAATCA
GACAGAGCCACCTGAGAGCGATAATCATAGUGTCGCGACTAAGATCCTAAATTT
COGGAAAGUATGCTGOAAACTACAACGACCATACACGATCATCGCGTTCACCAG
TTGUGUTTGOGOTTTATTIGGTAAGGAATTGCTICCATAATACUAACUTGATYITCCT
GGAGTCTGATGTTCAAAGCATITITTTICT TGO TOGUCATCCTATGTATCRUGTCT
TTTACAACAACCATCAATCAGATUTATGACCTCCACATCQATCGUATTAALAAGC
CACGACCTCOCATTAGUOTCTOOTGAAATCTCTGTCAACACCGCCTGOATTATOAG
CATTATTIGTAGCACTGTT TGGGCTAATCATTACAATUAAGATGAAGGETGGACCC
CTCTACATTTTTGGCTATTGCTTCGGAATCTTTIGOTGGCATTGTITACAGCGTALC
ACCOTTTCGGTGGAAGCAGAATCCCAGTACCGCTTTCCTATTGAACTTTCTGGCC
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CACATCATCACCAACTTITACGTITITACTACCGCAAGTUGUGCOGCACTGUGGUCTCC
CATTCOAGCTGUGACCCAGTTTTACGTTITCTCTTAGCGTTCATUAAAAGCATGOG
AAGCGCTCTCGCCCTGATTAAGGATGCUTCCOACOTGGAAGUUGACACAAAGTY
COGTATTTCTACATTAGCAAGCAAGTATGOGTTCCCGTAACCTAACAUTCTTTTIGTT
CTGOAATTOTOTTACTAAGTTATGTAGUAGCTATTCTGGCAGGTATCATTTGGCC
CCAGGCCTTCAATAGUAATGTTATGCTGTTATCTCATGCGATCOTCGCOTTUTGGT
TAATCCTACAGACACGGUACTITGCCCTCACTAATTACGATCCCGAGGUGGLUTCG
ACGTTETTACGAGTTCATGTGGAAGCTATACTATGCAGAGTACCTCGTGTACGTG
TTTATVTAA geasttaggagetasttas A TOAAGTOTTCYACTTTCTCTTYCTGOTTTGTCNG
CAAGATCATTTITTTTCTTCTTCTCTITCAATATTCAGACAAGTATTGCGAATCUCC
GGGAGAACTTTTTAAAGTOTITTAGUCAATATATCCCTAATAATGCTACCAATTT
AAAATTAGTATACACCCAAAACAACCCCCTATACATGTCCGTICTUAATAGCACA
ATTCATAACTTGCOCTICACAAGCOATACAACACCGAAGCCCCTAGTTATOGTAA
CCCCGAGUCACGTTITCTCACATTCAGGGAACCATICTCTGCAGTAAAAAGGTGGG
TTTGCAGATCCGUACTCOGTCTOGRGGTCATOACAGYGAGGGTATG TUTTACATT
AGCCAGGTGCCCTTTGIGATCOTCGACTTACGGAACATGCGUTCTATTAAGATYG
ATGTCCATAGUCAAALCGCUTGGGTAGAGGUCGGAGCAALCCTOOGGE TGS AGTHT
ATTACTGGGTAAATOAGAAAAATCGAGAACTTAAGTCTGOUAGUTGGATACTGTC
CAACCOTCTGU IGGGGTCATTTCGGAGGUGGAGGUTACGGCCCATTCATGL
GTAATTATGGGETTGGCGGUTCACAACATTATIGATGCTCATTTAGTTAACGYGCA
COOTAAAGTACTOGATCOGAAATCCATGGGUGAAGATCTATTYTGGGUOTTACG
AGOAGGAGGAGCTOAGTOTTTCOGUATTATCGTCGUGTOGAAAATTCGOGTTAGEC
GCOOTACCCAAGTCTACGATOTTTTCCOTGAAAAAAATTATOGAGATUCACGAALC
TCGTGAAGCTAGTCAACAAGTGGCAGAATATTGUTTATAAGTACGACAAGGATC
TOTTATTGATGACGCATITCATCACACCGAAATATCACAGACAATCAAGGTAAAAA
CAAGACTGUTATCCACACCTACTTTAGCTCCGTTTTCTTAGGUGGGUTGGATTCCC
TOGTCGATCTAATGAATAAAAGTTTCCCCGAACTAGGCATTAA AAAGACAGATTY
OTCGTCAATTATCTIGOATTOACACTATTATTITCTATAGCOGCOTGGTAAAUTAT
GACACGGATAACTTTAATAAGGAGATCTTOT TGGATCGCAGTGCGGGACAGAAC
GGUGCOTTTAAGATTAAGTTGGATTATGTAAAGAAGCCCATTCCAGAGTOTGTTT
TCGTACACGATOTTAGAAAAATTATATOGAGGAGGATATCGOGGCCGGTATGTATG
CCTTGTATCCOTACGUTGOGAATCATUGACGAAATCAGCCGAGAUTGCCATTCCGTT
CCCCCATCGAGUTGGAATTITOTATGAATTATGGTACATCTGUAGCIGGGAGAAA
CAAGAAGATAACCAGAAACACTTGAACTGOATTCOTAACATCTATAATTTCATG
ACTCCGTATGTCAGTAAAAACCCTCOGTTGGUTTACCTAAATTACCGTGACCTCG
ATATTGUAATTAACGACCCTASGAATCCAAACAATTACACTCAAGCCCGGATTIC
GOOCUGAGAAATATTITGOGUAAGAACTTCOATCGATTGUTAAAGGTCAAGACTCT
COTAGATCCTAATAACTTTITTCGTAACGAACAATCTATCCCCCCTCTGUCTCGTC
ATCGOCATTAGegaattaggagetant@aA TOGAGAAAAAAATCACTGGATATACCACCG
TTGATATATCCCAATGGUATCGTAAAGAACATTTITGAGGUATTTCAGTCAGTIGC
TCAATGTACCTATAACCAGACCOTTCAGCTGGATATTACGGCUTITTTAAAGACC
GTAAAGAAAAATAAGCACAAGTTTTATCCGGUUTITATICACATICTTGLOCGCC
TOATGAATGCTCATCCOGGAATTCCGTATGGCAATGAAAGACGGTGAGUTGGTGA
TATGUOGATAGTGTTCACCCTTGTTACACCUTTTTCUATGAGCAAALTGAAALGTY
TICATCGUICTOGAGTOAATACCACGACGATTICUGGUAGTTTCTACATATATAY
FCGCAAGATOTGRUETETTACGOTGAAAACCTGGCCTATTICCCTAAAGGGTTEA
TTGAGAATATOTTTITTCGTCTCAGUCAATCCCTGOOTGAGTTTCACCAGTTTTGAT
TTAAACGTGGCCAATATGGACAACTTCTICGCCCCCGTTITCACCATGUGCAAAT
ATTATACGCAAGGCOGACAAGGTGUTCGATGCCGUTGGCGATTCAGGTTCATCATGC
COGTCTOTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGC
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AT EAGT(K FCAGGGUGLGHT (rfﬂAiTiT TITAAGOUAGTTATTIGGTGCOUCTTAAA
CGCUTGGGgatecgetattiigitaatiactatipagelgagtgieaaitacottaciactcaaaageattaaeiaaccatad

GEIICERCCAYEC PUC LR IERCTIIGaECteuC EpigCigg s lic laaiqailiic I aa it GECere e glec peededic
RCRANCCLEUGCCRRER I CAQCUaQ I SR eTeCOR R R CCiRe gIU g Qa g uin e g ggciigga

SEQ ID NO:4 AAEL Acyl-activating enzvme-1

MGENYKSLDSVVASDFIALGITSEVAETLHGRLABIVONY GAN TPQTWINIANHILSP

DLPFSLHOMLEY GCYKDFGPAPPAWIPDPER VK STNLGALLEKRGKEFLGVK YKDR

SSFSHFQEFSVRNPEVYWRTVEMDEMKISFSKDPECILRRDDINNPGGSEWLPGGYLN
SAKNCUNVNSNKKLND TMIVWRDEGNDDLPUNKLTLDOLRKRVWLVGY ALEEMG

LERGCAIAIDMPMHVDAVVIYLAIVLAGY VY VSIADSFSAPEISTRIRLSKARATRTQUD
HIRGKKRIPLYSRVVEAKSPMAIVIPCSGSNIGAELRDGDISWDY FLERAKEFKNCEF

TAREQPVDAY TNILFSSGTIGEPKAIPWTQATPLKAAADGWSHLDIRKGDVIVWETN
LOGWMMGPWLY YASELNGASIALYNGSPLYSGFAKFVODARY TMEGVVPSIVRSWK

STNCVSGYDWSTIRCEFSSSGEASNVDEY LWLMGRANYKPVIEMCGGTEIGGAFSAGS
FLOAQSLSSFSSQUMGCTLYILDENG Y PMPKNKPGIGELALGPVMFGASK TLENGNH
HOVYFKGMPTENGEVLRRBODIFELTSNGY YHAHORADD TMNIGGIKISSIEIERVEN
EVDDRVFETTAIGVPPLGGGPEQLVIFFVLKDSND TTIDLNQLRLSFNLGLOKKELNPLF
KVTRVVYPLSSLPRTATNKIMRRVLRQQFSHYE

SEQ 1D NS OLS: Olvvetol synthase

MNHLRAEGPASVLAIGTANPENILLODEFPDY YFRVTKSEHMTQLKEKFRKICDKSM
[RKRNCFLNEEHLKONPRLYEHEMQTLDARQDMLVVEVPKLGKDACAKAIKEWGQ

PRSEATHLIFTSAS TTOMPGADYHCAKLLGLSPSVRKRVMMY QLGUY GGG TVLRIARD
TAENNKGARVLAVCCDIMACLFRGPSESDLELLVGOAIFGDGAAAVIVGAEPDESVG

ERPIFELVSTGOTILPNSEGTIGGHIREAGLIFDLHRKDVPMLISNNIEKCLIEAFTPIGISD

WNSIHFWITHPGORAILDKVEEKLELKSDEFVDSRHVISEHGNMSSSTVEFVMDELRK
RELEEGKSTIGDGFEWOGVLFGFGPGLTVERVVVRSVPIKY

SEQ D NO:6: QAL Olivetolic acid eyelase (OAC)
MAVKHLIVLKFRDEITEAQKEEFFKTYVNLVNIIPAMKDVY WGKDVTOKNKEEGY T
BIVEVTFESVETIQDY IHPARVEPGDVY RSFWEKLLIFDYTPRK

SEQ 1D NO:T: CBGAS: Cannabigeretic acid synthase

MGLSSVCTFSFQINY HTLLNPHNNNPKYSLLCYRHPRKTPEKY SYNNFPSKHOSTKSFH
LOWKCSESLSIARNSIRAATINQTEPPESDNHSVATRILNFGRKACWRLORPYTHAFTS
CACGLAGKELLENINLISWSLMFPKAFFFLY AJLCIASF TTTINGIY DLHIDRINKFDLPL
ASGEISVNTAWIMSIVALFGLHTIKMKGOPLYIFGY CFGIFGOIVY SYPPER WK ONPS

TAFLLNFLAHUTNFTFY YASRAALGLPFELRPSFTFLLAFMKSMGSALALIKDASDVE
GUTKFGISTLASKY GSRNLTLFCSGIVELSY VAATLAGHWPQAFNSNVMLLSHAILAF
WLHOQTRDFALTNYDPEAGRRFYEFMWEKLYYAEYLVYVE]
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SEQ 1Y Nek8: CBDAS: Cannabidiolic acid synthase
MKCSTFSFWEVORKIFFFESPFRIQTSIANPRENFLKCFSOY IPNNATNLRLVYTONNPLY
MSVLNSTIHNLRFTSDTTPKPLVIVIPSHV SHIQGTILCSKK VGLQIR TRSGGHDSEGM
SYBOQVPEVIVDLENMRSIKIDVHRQTAWVEAGATLGEVY Y WYNEKNENLSLAAGY
CPTVCAGGHFGGGGYGPLMRNYGLAADNEDAHLVYNVHGKVLDRKSMGEDLEWAL
RGOGOGAESFGHVAWRKIREVAVPRSTMFSVEKIMEITNELVRELVNRKWONIAYRY DKDLL
EMTHFTTRNITDNQOGENK TATHTYFSSVFLGGVDSLY DEMNKSFPELGIKK TRBOROLS
WIDTHFYSGV VNYDTDNENKEWLLDRSAGONGAFKIRLDYVRKKPIPESVEVOILERLY
EEDHGACGMYALYPYGGIMDEISESAIFFPHRAGILYELWYIUSWEKQEDNEKHLNWIR
NIYNFMTPY VSKNPRLAYENYRDLDIGINDPEKNPNNY TQARIWGEK YFGRINFDRLY
KVKTLVDPNNFFRNEOQSIPPLPRHRH

SEQ 1D NO:G: A9-tenghvdrocannabinolie scid syntbase (THCAS) geve
ATGAACTOTAGCGCATTTAGTITTCTGGITCGTGTOTAAGATCATTTTTTTCYTYTY
ATCTTITCACATTCAGATTICTATCOUTAATCOGUGUOAAAATT TCCTCAAATGET
TTAGTAAGCACATCOCAAACAACUT TGCGAATCCCAAATTGGTCTACACGCAGC
ACGATCAGUTCTACATGTCTATCCTGAATAGUACAATCCAGAACTTACGGTTCAT
CTCTGATACAACGCCAAAGCCTTTAGTGATTG T TACACCGAGCAACAATTCTCAT
ATCCAAGCCACAATTTIGTOCAGTAA ASAGOTIGGOTIGCAAATCCGAACGUGC
AGCGGGOOACACGACGCAGAGOUTATCGAGTTACATTITCTCAGGTCCCCTTCGTTG
TTIOTGGATCTACGOAATATGUACTCCATCAAGATIGACGTACACAGTCAGACCGT
TTGGGTCGAAGCCGGAGCAACCTTAGGCGAGGTCTACTATTGGATTAATGAGAA
AAACCGAGAACCTCTCITTCCCTGGTGOATATTGTCCTACTOTAGGTGTCOGAGUE
ACAATATCATIGACGCTCATUTCGTGAACGTCGACGGTAAGGTACTCGATCGTAA
AAGCATGOGOTOAGGATCTCTTCTGGUCTATTCGAGGTOOTGOAGGAGAGAACTT
CGGAATTATCGCAGUUTGOAAAATTAAGTTAGTTGCOGTCUCCAGTAAAAGCAC
AATCTTTAGOGTCAAAAAGAACATGGAAATTCATGGACTCOTAAAGCTUTTTAATY
AAATOGCAGAACATTGCATACAAATATGACAAAGACCTAGTGTTGATGACCCAT
TITATTACTAAAAATATTACGOATAACCACGOUAAGAACAAGACAACAGTACAT
GGTTACTTTAGCAGCATCTTCCACGOTGGGOTCOATTICTCTAGTAGACCTGATGA
ATAAGTCCTTITCCOGAALTAGGCATCAAGAAAACTUACTGUAAAGAATTTTCCTG
GATCGACACGACTATCTTCTATAGTOGAGTAGTARACTITAATACAGCAAACTTC
AAAAAACAAATCOTGCTAGATCGATCOGUGGOGAAGAAGACTGCATT TAGCATY
AAGCTGGACTATGTAAAGAAACCCATTUCGUGAGACAGCCATGUTTAAAATTTIG
GAGAAATTOTACGAAGAGGACGTCGUAGCCGOCATOTACGTCCTCTATCUTTATG
GUGGGATTATGGAGGAAATCAGTGAGTCCGCYATCCCTTICCCCCACCETGLGOG
TATCATGTACGAGTTATGGTACACCOGUGTCUTGOOAAAAGCAGGAGGATAACGA
GAAACACATCAACTGOOTCCGTTCCGTOTACAATTITTACCACCCCTTATGTTTICTO
AAAATCCGCGACTCOGUCTATTTAAACTATCGTGACCTGRACTTGGGUASAACAA
ACCACGUGAGTCCCAATAACTACACGCAAGCACGAATCTGGGG TGAAAAGTACT
TTGOTAAGAATTTCAATCOACTGGTTAAAGTTAAGACAAAAGTUGATCCTAACAA
TTTCYTCCGAAATGAGCAATCTATTCCOCCCTTOCU TCCTCATCATCAC '

SEQ Y MO Avtetrabydrocannabinglic acid syothase (THCAS) pretein
MNCSAFSEFWERVCKHFFFLSFRIQISIANPRENFLKCESK BIPNNVANPKEVYTOQHDOL
YMSIENSTIONERFISDTTPKPLVIV TPSNNSHIQATILCSKEKVOLOIRTRSGGHDAEGM
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SYISQVPFVVVDLRNMHSIKIDVHSQTAWVEAGATLGEVY Y WINEKNENLSFPGOYC
PTVOVOGHFSOOGY GALMRNYGLAADNUDAHLVNVDGRKVLDRKSMGEDLFWAIR
GGOGGENFGHAAWKIKLVAVPSKSTIFSVEKKNMEHGLVRKLFNKWONIAYRKYDKDBLY
EMTHFITENITDNHGKNKTTYHGYFSSIFHOGGVDSLVDLMNKSFPELGIKK TDUKEFS
WIDTTIFY SOV VNFNTANFKKEILLDRSAGKKTAFSIKLDY VKKPIPETAMVKILEKLE
YEEDVGAGMY VLY PYGGIMEEISESAIPEPHRAGIMYELWY TASWEKQEDNEKHIN
WYRSVYNFTTPY VSONPRLAYENYRDEDLGKTNBASPNNY TOARITWGERYFGKNF
NRLVEVKTEKVDPNNFFRNEQSIPPLPPHHE

SEQ ID NO:H: Cannabichromenic acid synthase (CBUAS) gene
ATGAATTGTAGCACGTICAGCTTCTGGTTCOTATGTAAAATTATCTTITITTITCCT
CAGTTTTAATATCCAAATCTCTATTGUTAACCCCCAGGAGAATTTCCTCAAGTGTT
TCAGUGAGTACATTCCTAACAACCOTGCTCCAAAATTTATCTACACGCAACACGA
TCAATTOTATATGAGTGI TY TAAATTCCACCATCCASAAUTTGUGTTTTACCICTG
ACACTACACCAAAGCOTCTCOGTCATIGTCACGCCGAGTAATGTTAGYCATATTCA
GGCGAGTATTCTCTGUTCTAAAGTTGGACTUCAAATCCGUACGUOTAGCGGLGGY
CACGATGLGGAAGOGUGTTATCCTACATTAGCCAGGTGCCTTTCGUTATTGTTGACT
TGUGTAATATGCATACAGTAGTAGACATTCATTCCCAGACGGULCGTOGAGHUAG
GUGUGALGTTGGGOGGAAGTITACTATUTOGATTAATGAAATGAATGAAAATITCA
GUTTCCCTGOAGGTTACTGTCCAACTGTTGGAGTTGRAGGTCATTITTCCGGAGO
AGGATACGGAGCOTTAATGCGOAATTACGGATTAGCAGCAGATAATATCATUGA
COCTCATCTAGTAAATGTAGACGGAAAAGTATTOGACCGA AAGAGTATGGGTGA
GGACTTGTTCTGOGCTATTCGAGGUGGCEGGULGLIUAAAACTTCGGETTATCATOGT
AGUCTOTATCAAGCTCTCGGTACCCAGTAAGGUCACTATTITICTCTGTCAAAAAG
AACATGUAGATTCACGGTCTCOTGAAGT TATTTAACAAATGOCAAAATATTGCCT
ACTACGATAAAGACTTGATGTTGACGACGCATTICCGUATATGCAACATTACCGA
CAACCATGGUAATAAAACAACTGTACACOGUTATTITTITCTAGTATCTTCCTCGGG
GOGCOTAGACTCCCTCOTUGATTTOATCGAA TAAAAGTTTCCCAGAACTOGUTATCA
AAACTGACTGTAAAGAACTOTCOTGGAT TGATACCACGATT TTCTATTCCGGUTG
GTATAATACAGCCTTTAAGAAAGAAATTITACTGGATCOGCTCTOGUGUOTAAAAAG
ACGGUTTTCAGCATCAAACTCGACTACGTTAAAAAGCTCATTOCGGAAACTGOTA
TGGTTAARATCUTAGAGTTATACGAAGAAGAGGTTGGCGTAGGCATGTATGTACT
CTACCCATACGUTOUTATTATGUATGAAATCTCCGAATCCOCAATTCCATTTECC
CATCGUGUGGGTATCATGTATGAACTGTATACGGUGACTGAGAAACAGGAAGAL
AACGAAAAGUACATCAACTGOGTOUOGTCCGTCTATAACTTIACCACCCCTTATG
TAAGTCAGAACCOGUGUUTQGUCATATCTAAATTATCGUGGACCTGGATCTAGGCA
AAACGAACCCCGAGTUTCCGAATAACTATACTCAGGCGUGUATCTGGUOOGAGA.
AATACTTTGOGAAAAACTTEAACCGACTOGTAAAGGTAAAAACCAAGGCCGALT
COAACAACTICTTCCOCAACGAACAATCTATTCCCCCACTCCCCCCACOUCATCA
C

SEQ 1D NO:12: Cannabichromenic soid synthase (CBCAS) protein
MNCSTFSEWEFVURUFFFLSFNIGISIANPQENFLKCFSEYIPNNPAFKFRY TQHDOLYMS
VINSTIONLRFESDTTPRPLVIVIPSNVEHIQASTLUSKVGLOQIR TRSOGHDAEGLEYTS
QVPFAIVDLRNMHTVVDIHSQTAVEAGATLGEVY Y WINEMNENFSFRGGYCPTVGY
GGHESGOGGYGALMRNY GLAADNIDAHLYNVDGEKVEDRKSMGEDLFWAIRGGGGE
NFGUEAACIKLWVPSKATIFSVRKKNMEHGLVKLFNKWONIAYYDKDEMUTTHFRTR
NITDMHOGNKTTVHG Y FSSIFLGOVDSLVDEMNKSFPELGIKTDCKELSWIDTTHYSG
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WYNTAFKKEILLDRSAGKRK TAFSIKLDY VKK LIPETAMVKILELYEEEVOVGMY VLY
PYGGIMDEISESAIPFPHRAGIMYELY TATEKQEDNEKHINWVRSVYNFITPY VAONP
RLAYENYRDLDLGK TNPESPNNY TQARIWGEK YRGENFNRLVE VK TKADPNNFFRN
EQSIPPLPPRH '

SEQ ID NO:13

UPPER CASE ITALICS, cpe us operon upstreant sequence for homelogous recontbination
{Nucieondes 1-556)

UPPER CASE BOLD: Ptre promoter (Nucleotides $37-615)

Lower case: BBS (Nucleotides 816-635

UPPER. CASE, I- AAET: Acyl Activating Enzyme T {Nucleotides 636-2798)

Lower case: RBS (Nucleotides 2799-281R)

LPPER CASE, 2 - OLS: Olivetol synthase (Nucleotides 2819-3973)

Fower case: RBS {Nicleatides 3974-3993)

LIPPER CASE, 3 - QAC: Olivewslic acid cyclase {(Nucleotides 3994:4200)

Lower caser RBS (Nucleotides 4300-4319)

UPPER CASE, 4 - CBGAS: Cannabigerolic acid synthase (Nucleotides 4320-5507)
Lower caser RBS (Nucleotides S508-3537)

UPPER CASE, 8- THCAS: A9-tetrabvdrocannabinolic acid synthase {Nucleotides $528-
7165} ‘

Lower case; RBS (Nucicotides 7166-T185)

LPPER CASE, chiforamphienicol resistuncs cassette (both starting and stop codons were
underlined) (Nucleotides 7186-7884)

Lower vase undertined ftalics, the epeds operon downstream seguence for homologous
recombination (Naclestidey 7883-8445)

CTCGAGAAGAGTECCTOAATATOAAAATOU T GEGA TAAAAAGC TC AL AAAGGALAGTAG
GCIGTUGTICCCTAGGUALCAGTCTICCCTACCCCACTGGAAACTAALAAAACGAG AL
AGTICGCACCGAACATCAATIGCATAATTFTAGCCCTAAAACATAAGCTGAACGAAACT
GUITGTOTTUCCTICCCAATCCAGGACAATCTGAGAATCOOCTGUAACATELCTEAACA
AAAAACGCAGGAATALAATFAACAAGATO TAA CAGH CATAAGTOCCATCACCGTTGTATAA
AGFTAACTGTGCGATIGUAASAGCATICAAGCCTAGGUGUIGAGC PG TITGAGUATCC
COCTGLGUCCTTGTORCTGCCTOOGTGTTICTCCCTGGATITATITAGGTAATATCICTC
ATAAATCCUCCECTAGITAAC GAAAGTTAL TCGACATCAGTAACAATAACTCTAG GG TIC
ATTACTTIGGACTCCCTCAGTTTATCOGGGRGASTTGTGTTTAAGAAA A TCCCALCTCAT
ABACTCAAGTAGGAGATTAATICAGAGUTGTIGACAATTAATCATCCGGUTCGTA
TAATCTGTGOAAATTGTGAGCGGATAACgsaattageagaitaataaATGUUOAAAAAAC
TATAAATCCOCTGGACAGTGICGTCGUOGTCTGATTITATIGCATTOGOCATTACCA
GTGAAGTAGCAGAGACCCTGUATGOGOGATCTAGCTRAAATCOTTIOTAATTALG
GAGCAGCOGACTCCACAAACGTGOGATCAACATOCOCGAATCATATCTTAAGTCCAG
ATCTGCCTITCTCOT TGCACCAGATGTTGTTTTACGGATGTTATAAGGATITYIGGG
COOGUGCCTOCTGUITOUATCCCAGACCCTGAGAAGGTAAAAAGCACCAACTTG
GOAGCATTACTGOAGAAGCGTOGCAAAGAGTTCTTAGGAGTAAAGTACAAAGAC
CCAATTTCTAGCTITAGTCACTITCAAGAATITAGTOTTCGUAATCCTGAAGTGTA.
TTGGCGTACAGTATTAATGGATGAAATGAAGATCAGTTITTCTAAGGATCCAGAA
TOTATCCTACOTCHAGATOATATCAACAATCCAGGAGGTAGTGAATOGUTALCTG
GAGGTTACTTGAACAGTIGCTAAGAACTGTTTAAATGTCAAUTCTAATAAAAAGTT
GAACGACACTATOGATCGTCTGGUGUGAUGAAGGCAACGATGATTTACCATIGAA
CAAACTCACGTTAGATCAGTTACGGAAACGTGTGYGOTTAGTTGGUGTACGCATTA
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GAAGAGATGOGTTTGGAGAAAGGTIGTGUCATTGUTATTGACATGCCAATGCAC
GTCGACGUCGGTCOTTATCTATTTOGCTATCGTACTAGCCGGATATGTAGTIGTGYC
TATCGCGUGACTCTTTCAGTOCCCCCOAGATCAGTACTCGTCTGCOACTATCCAAG
GCOAAGGUTATCTICACGCAGGATCACATCATTCGGGGCAAAAAATUGAATTCCTT
TOTACTCTCGUGTOGTTOAGGUGAAAAGCCCTATGOCTATCGTGATTCCGTOUAG
CGGAAGUAATATTGOTGCAGAALTACGAUGATGGAGALATCAGTIGLUGALTATTT
CTTAGAACGAGOTAAAGAGTTCAAAAATTGTGAATICACAGCGUGAGAACAALC
AGTGGACGOTTATACAAACATUTTATTTTCTAGTGOAACAACAGGAGAACCTAAA
GCAATCCOCTTGGACTCAAGUGACCCUTCTAAAAGCTGCCOLGGA TGGATGGAGC
CATCTAGACATICGTAAGGUTGATOTCATTOTTITGGCCGACGAATCTGOGTTGGA
TGATGGUTCCTTGOCTAGTITACGCATCTCTCCTAAACGGCGCCAGTATCGCTOTC
T f\{ A \CGGGI L i L(‘ T { l‘ur l 1 AGL GGAT T GL AMAATTCGTGCAGUACGCTAAAG
TGACTATGCT (G STAGCTGGAAGAGCACAAACTG
COTCRD i(}(]A l AE—(’}A lw T (xﬂr% ( lAi Q'A i( C (B(ﬁ{ TTAGTTCTTCCGOGAGAAGLC
AGCAATGTTGATGAGTACCTGTOGTTAATGGGECCGGGC AAATTACAAACCAGTT
ATTGAGATGTOTGGAGGAACAGAAATTGGOGGAGCHTTCTCTGCGGGGAGTTTC
TTGCAAGUCUAATCCOTT ' TAGCAGTCAATGTATGUGOUIGCACTITATA
CATTTTGGACAAGAACGGTTACCCAATGUOOAAAAACAAACCGGGCATTGHGTGA
ATTAGCACTAGGTCCAGTAATGTTUGUAGCTAGTAAGACACTOTTAAATGGCAAC
CATCACGATETCTATTTCAAGGGOATGCCCACATTAAATGOTGAGGTCTTALGIC
CTCACGGGGACATTTTCGAGTTAACCTCTAATGGGTATTATCACGCTCACGGOCG
AGCGGATGACACGATGAACATCOOAGGGATTAAAATCAGTTCCATCGAAATTGA
GUOTOTOTGCAATGAGOTAGACOGATCGUOTATTCGAGACAACOGCCATCGLHGT
GUOGUCCCTCOBAGGGOGACCCGAACAATTGOTAATTENTFTTGTCOTGAAGGAT
TCCAACGATACCACAATCOACTTGAATCAGTTGOGCUTCAGCTTCAACTTAGGCT
TOCAGAAGAAGCTAAACCCACTCTICAAGOTTACGCGGGTTIGTACCACTUTCTAG
COTCCCTCGGAUTGCTACGAATAAAATCATGUGCCGAGTACTCCGCCAATAATIC
AGTCACTTCGAATAA gpaattageapsttaattts ATCAATCACTTGCGAGCCOAAGHTCCC
GCTAGTGTACTCGUTATTGGGACTOUCAACCCAGAAAATATTTITACTCCAGGATG
AGTTCCOGGATTATTACTICCGAGTCACAAAGAGLOAAUACATGALGCAGTITAA
AAGAGAAGTTCCGUAAAATCTGTGACAAGTCTATGATTCGUAAACGCAATTIGLTT
TITGAATGAAGAACATCTGAAGUAGAATCCACGTCTGOTTGAGCACGAGATGCA
GACTTTAGACGCTCCACAGGACATGCTAGTCGTOGAAGTCCUGAAACTGGHTAA
AGACGCGTOTGCCAAGGUCATTAAGGAATGGUGGTCAACCTAAGAGTAAGATCAT
CCATCTCATTTTTACCAGTGUUGTCCACGACAGACATGCUTGOAGUTGACTACUAT
TOTGCCAAGCTCCTAGGACTATCTCCATUTGTGAAACGGGTAATOATGTATCAGD
TAGOGATOTTATGGTGOUGGGACTUTGTTACGTATOGUAAAGGATATCGCGGAGA
ATAACAAGGGGGUTCOCHTCCTAGUCGTTIGCTGUGACATTATGGEGTGCCTCTT
TCGGGGACCCTCCGAGAGUGACTTGGAGCTATTAGTAGGC CAAGCGATCTTIGG
AGATGOGRCCOCTECIGTTATTGTTGGCGU TGAACCCGATGAGATTGTAGGTGA
GUGLCCAATTTICGAGTTGGTCTCCACGGGTCAGACAATTICTCCCCAACAGTOAA
GUCACAATTGGGGGACATATCCGGOAGGCAGGACTGATCTTITGACUTACATAAG
GACGTCCCGATGUTCATTITCTAACAACATTGAAAAGTOGUCTGATTGAAGLGTTCA
CCCCAATCOGGCATTAGTGATTGUGAATAGTATCTTCTGGATTACTCATCCCGOAGEH
TAAAGCCATTCTAGATAAGGTGGAAGAAAAGTTACACTTAAAGTCCGACAAGTT
TOTCGATAGTCOTCACGTGCTGAGCGAGCATGGOAATATGAGTAGCTCTACGOTT
TTOTTCOITATGOACCAATTACGAAAGCOCAGCTTGOAGGAGGOAAAAAGCACS
ACAGGGGATGGATTTGAGTGGGGAGTTOICTTTGOATTTGETCOCOHGUTGACAG
i‘AGA(r(‘(rL(r l‘{;G l (;m (“(‘(“C 1‘{ L ‘G GC C{:A TT \AG rGAL.ﬂddi'tdgi_d*mttd'iﬁdglﬁ i {}G
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AGGAGGAGTTITTICAAGACGTACOGTGAACCTAGTGAATATCATCCCGGCGATOA
AGGATCTCTATTGGGUTAAAGATGTAACTCAGAAAAACAAGGAAGAAGGTTACA
CCCATATTOTIGAAGTCACATICGAAAGTOTAGAGACGATCCAAGATTATATTAT
TCATCCGOCTCACGTITOGAT I TCOAGACGTGTATCGTTCTITTTGGGAGAAGTTGT
TAATCTTCGACTACACCCCOCOUAAATAG pesattaggapeitaatiza A TGO GUTTAAGUTC
TGTATGCACTTTCAGTTTCCAAACCAATTATCATACGUTCCTAAACCUCCACAAT
AACAACCCAAAAACATCUTTGTTGTGETATCGACACCCTAAAACGCUAATCAAGT
ATTCTTATAACAATTITTCCCTCCAAACACTOUTCCACTAAGAQUTTCCACCTACAA
AACAAATGYAGCGAATCCTTGTCCATCOCCAAGAACTCCATTICGAGCAGUAACT
ACCAATCAGACAGAGUUACCTGAGAGCCGACAATCATAGUGTCGCOACTAAGATC
CTAAATTTCOGGGAAAGCATGUTGUAAACTACAACCACCATACACGATCATCGLG
TICACCAGTTOCOOTTOGUGUTTTATTIGGETAAGGAATTGUTCCATAATACCAACCY
GATTTCCTGGAGTCTGATGTTCAAAGCATTITTTTTCTTGOTGGCCATCOTATOTA
TCGCGTCTTTITACAACAACCATCAATCAGATCTATGACCTCCACATCGATCGCAT
TAACAAGUCAGACCTCCCATTAGLGTCTGOTOAAATCTCTGTCAACACCHOCTOR
ATTATGAGCATEATTGTAGCACTGTITGGECTAATCATTACAATCAAGATGAAGG
GTGOACCCCTCTACATTTITGGCTATTGCTTCGGAATCTTIGGTGGUATTGTTTAC
AGCGTACCACCTGTITTCGGTGGAAGCAGAATCCCAGTACCGUTTTCOTATYGAACT
TTCTGGCCCACATCATCACCAACTTTACGTTTTACTACGUAAGTCGGOUGREALT
GGGCCTCCCATTCGAGUTGCGACCCAGTITEACGTTTCTCTTAGCGY TCATGAAA
AGCATGOGAAGCGCTUTCGCCUTOATTAAGGATGUCTCCHACG TOGAAGGCGAT
ACAAAGTTCOGOTATTITCTACATTAGCAAGCAAGTATGGTTCCCOTAACCTAACAL
TCTTTTOTTCTGOAATTOTOTTACTAAGTTATGTAGCAGCTATTCTGGUAGUTATC
ATTTGGCCCCAGGCCTTCAATAGCAATGT TATGCTGTTATCTCATGCGATCOTCGC
CTTCTOGUTTAATCCTACAGACACGOGACTTTGUCOTCACTAATTACGATCCOGAG
GCGOGCCCACGTITITACGAGT TCATGTOGAAGUTATACTATOCAGAGTACTTCG
TOTACGTGTTTAT T FAA pgsattapsapgttma s A TCGAACTGTAGCGCATTTAGTTTCTG
OITCOTOUTOTAAGATCATTITTTTCTITITATCTTTTCACATTCAGATTTCTATCGE
TAATCCGUGCOAAAATTTICCTCAAATUUTTTAGTAAGCACATCCCAAACAACGTT
GUGAATCCCAAACTGOTCTACACGCAGCACGATCAGCTCTACATATCTATCOTGA
ATAGCACAATCCAGAACTTACGGTTCATCTCTGATACAACGCCAAAGUCTTTAGT
CGATTOTTACACCGAGCAACAATTCTCATATCCAAGUCACAATTTTGTGUAGTAAA
AAGETTGOOTTGUAAATCCGAACGUGUAGUGGUGUACACGAUGCAGAGGOTATG
AGTTACATTTCTCAGGTCCCCTTCGTTGTTGTGGATC TACGUGAATATGCACTCCAT
CAAGATTGACGTACACAGTCAGACCOGUTTGGOTCCAAGCCGUGAGCAACCTTAGE
COAGGTCTACTATIGGATTAATGAGAAAAACGAGAACCTCTOTITCCOTGGTGGA
TATTGTCCTACTGTAGGTGTCGGAGGGCATITCAGTGGCGGAGUGCTATGGGGCTC
TCATGCGCAATTATGGCTTOGCCGCGUACAATATCATTGACGCTCATCTCGTGAA
COTCGALGGTAAGGTACTCGATCOTAAAAGCATGGGTOAGGATCTCLTCTGGOOT
ATTCGAGGTOGTGGAGGAGAGAACTTUGOAATTATCOCAGUCTGGAAAATTAAG
TTAGTTGCGOTCCCCAGTAAAAGCACAATCTTTAGUOTCAAAAAGAACATOGAA
ATTCATGGACTCGTAAAGUTCTITAATAAATGGCAGAATATTOCATACAAATATG
ACAAAGACCTAGTGTTGATGACCCATTTTATTACTAAAMATATTACGGATAACCA
CGGUAAGAACAAGACAACAGTACATGOTTACTTTAGCAGCATCTTCCACGOTGH
GGUCGATTCTCTAGTAGACCTGATGAATAAGTCCTTICCGRAACTAGGUATCAAG
AAAACTGACTGCAAAGAATITICCTGOGATCGACACGACTATCTTCTATAGTGGAG
TAGTAAACTTTAATACAGCAAACTTCAAAAAAGAAATCOTGCTAGATCGATCCGC
GGGGAAGAAGACTOUATTTAGCATTAAGUTGGAUTATOTAAAGAAACCCATTICC
GGAGACAGCCATOOTTAAAATTTTGOAGAAATTGTACGAAGAGGALGTCGOAGT
CGGCATGTACGTCOTCTATCCTTATGGCGGGATTATGGAGGAAATCAGTGAGTCC
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COTGGOGAAAAGCAGGAGOGACAACGAGAAATACATCAACTGOUTCCOTTCOLTGT
ACAATTTTACCACCCOCTTATATITCTCAAAATCCOLGACTCGUCTATITAAACTAY
COTGACCTOOQACCTGOOGAAAACAAACCACGUGAGTOCCCAATAACTACACGCAA
GCACGAATOTOGOGTGAAAAGTACTTYGGTAAGAATTTCAATCGACTOGTTAAA

OITASGACAAAAGTCOATCCTAACAATTTETTCCGAAATGAGCAATCEATICCGC
COTTGUCTCCTCATCACCACT AGeattagagetaattmA FGGAGAAAAAAATCACTG

GATATACCACCOGTTOATATATCCCAATOOGUATCGTAAAGAACATITIGAGGCATT
TCAGTCAGTTGCTCAATGTACCTATAACCAGACCOTICAGCTOGATATTACGHLC
TTTTITAAAGACCOTAAAGAAAAATAAGCACAAGT TTTATCCGGUCT TTATTCACA
TICTTOCCCGUCTGATGAATGUTCATOCGOAAT ICCOTATGGUAATGAAAGACGH
TOAGCTGGTGATATGGGATAGTGTTCACCOTTGI TACACCOTTT TCCATGAGCAA

ACTGAAACGTTTTCATCGUTC TGOAGTGAATACCACGACGATTTCOGUCAGTTIC
TACACATATATTOGUAAGATOTGGCGTGTTACOGTOAAAACCTOULCTATTTCCC
TAAAGGHTITATTGAGAATATGTTTTICGTCTCAGUCAATCCCTGOG TGAGTTTCA
CCAGTTIETGATTTAAACOTGGCCAATATGGACAACTTICITC }'CCC(SCG’I"i"]'"if(fiA;(.fC
ATGGGCAAATATTATACGUAAGGUOALAAGGTGCTGATGUCGUTGGCGATTUAG

GTTCATCATGCCOTOTGTGATOGCTTCCATG TCGOUAGAATOUTTAATGAATTAL

AACAGTACTOGCGATCAGTOGGCAGGGEGGQGUOGTGATITITITAAGGCAGTTATT

GGTORCCCTTAAACGCCTOGGgatccgetattagtidati acia it gagol gagteiauRata cotigettacioadss
QECRIEECIIRCLEISC A SACa ICITRI ga it e ae ICCaa i Qi SCCACER I ATTCC QA TG it

REURICCCR I U Saic CIeCE S oRCEaCp R raa c e cipreegalpel g eetc Q‘Z’{Iﬁzf{mtzs‘{cmaa{mgcg'v
COUTELISCECCORi FeeRau e ggaacogiisngagiglodacaad Hoss QOCTHRE CCte il LELAGLIty
gocegacggeciigguaalegiggeagiagaadeqeiggagaiiicocggtaggiotiagecgaiggagccaaaciiveangt

cRtagraiiig CUCRLICCAdaCctd Quafcaoerigedioaittcaceaetyagels :

SEQ ID N 14

UPPER CASE ITALICS, cpe us operon upstream sequence for homologous recoambination
{(Nucleotides 1-556)

UPPER CASE BOLI: Pire promaoter (Nucleotides 357-615)

Lower case: RBS (Nucleotides 616-635)

UPPER CASE, I~ AAEL: Acyl Activating Enzvine T (Nucleotides 636-2798)
Lower case: RBS {Nucleotides 2799-2818)

UPPER.CASE, 2 - QL8 Oliveto! synthase (Nucleotides 2819-3973)

Lower gasie: RBS (Nucleotides 3974-3593)

UPPER CASE, 3 - QAC: Olivetolic aoid cvelase (Nucleotides 3994-4200)

Lower vase: RBS (Nucleotides 4300-4319)

LIPPER CASE, 4 - CBGAS: Cannabigerolic acid synthase (Nucleotides 4320-55¢7)
Lower case: RBS (Nucleotides S308-5527)

UPPER CASE, & <« CBCAS: Cannabichromenie acid synthuse{Nucleonides-3338-7120)
Lower caser RBS (Nuclentides 7121-7141)

UPPER CASE, chioranphenicol residance cassetie (both starting and stop codons were
underlined) (Nucleotides 7141-7839) '

Lower case widerlined ftalics, the epe_ds operon dowostreant sequence for bomologous
recombination (Nucleotides 7840-8400}

CTCGAGAAGAGTCCCTGAATATCAAAATGGTEGGA T4 A4 4GCTCAAAd4GGA4AGTAG

GCTGTIGGTTICCCTACGCAACAGTCTTCCCTACCCCACTGGA AL CTAA AL A4 ACGAGAAA
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AGTTCGCACCGAACATCAATIGCATAL T T TAGCCCTAA AL CATAAGCTGAACGALACT
GOITGTCTTCCCTICCCAATCCAGGACAATCTGAGAATCCCCTGUAACATIACTEAACH
A4LALGCAGCGAATAAALTFAACAAGATGTALCAGACATAAGIUCCLTCACCLTIGTATAA
AGTTAACTGTGGGATIGCAAAAGCATICAAGCUTAGGOGCTGAGCIGTTTGAGUATOC
CECIGGUOCTTCTCGCTOGCCTOCGTETITCTCCCTOGATITATITAGGTAATATCICTC
ATALATCCCCGGETAGTTAACGAASGITAATGGAGATCAGTAACKATAACTCTAGGGIC
ATTACTH GGACTCCCTCAGTTIATCCGGGGURAATTGTG T TAAGAd AATCOCCAACTCAT
AAAGTCAAGTAGGACATTAATICAGAGUTGTTGACAATTAATCATCCGGUTCGTA
TAATGPGCTGGAAATTGTGAGCGGATAACggrattaggagattaataa A TGGGA/AAAAAC
TATAAATCCCTGGACAGTGTICOTCGUATCTCGATTTTATTGUATTGGGUATTACCA
OTGAAGTAGCAGAGACCCTGUATOOGUGACTACGCTOAAATCOTTTGTAATTALCG
GAGCAGCGACTCCACAAACGTGOATCAACATCOUGAATCATATCTTAAGTCCAG
ATCTGOCTITCTCCTTGUACCAGATGTTGT T TACGOGATGTTATAAGGATTTTGGG
CCCQGUGUCTCCTGCTTOUATCCCAGACCCTGAGAAGGTAAAAAGUCACCAACTTG
GOAGCATTACTGUAGAAGCGTGGCAAAGAGTTCTTAGGAGTAAAGTACAAAGAL
CCAATTTCTAGCTTTAGTCACTITCAAGAATITAGTGTHCGGAATCCTGAAGTGY A
TTGGCGTACAGTATTAATGGATGAAATGAAGATCAGTTTTTCTAAGGACCCAGAA
TGTATCCTACGTCOAGATUATATCAACAATCCAGGAGGTAGTGAATGGUTACCTG
GAGGTTACTTGAACAGTGCTAAGAACTGTTTAAATGTCAACTCTAATAAAAAGTT
GAACCGACACTATGATCGTCTGGUGCGACGAAGOCAACTGATGATTTACCATIGAA
CAAACTCACGTTAGATCAGTTACGGAAACGTGTCTGGTTAGTTORETACGCATTA
GAAGACGATOOOTTTOOAGAAAGOTTOTGCCATTGCTATTGACATGCCAATGUAL
OTCGACGOGOTCGTTATCTATTTGGCTATCOTACTAGCCGGATATGTAGTTGTGTC
TATCGCGGACTCTTTCAGTGCCCCUGAGATUCAGTACTCGTCTGUGACTATCCAAG
GUGAAGGCTATCTTCACGUAGGATCACATCATTCGGGGUCAAAAAACGAATTCCTT
TGTACTCTOGUGTOOTTOGAGGCCAAAAGUCCTATGGCTATCGTGATTCCGTGUAG
CGRAAGCAATATTGGTGCAGAACTACGAGATGOAGACATCAGTIGGGACTATLT
CTTAGAACGAGUTAAAGAGTTCAAAAATTGTGAATTCACAGCGUGAGAACAACC
AGTGUACGUTTATACAAAUATCTTATTITCTAGTOUAACAACAGGAGAACCTAAA
GCAATCCOTTGUGACTCAAGUGATCCCTCTAAAAGCTGCCGCGGATGOATGGAGT
CATCTAGACATICGTAAGGOTGATGTCATIOTITGUCCGACGAATCTGOGTTGGA
TCATGGOTCCTTGGCTAGTITACGCATCTCTCCTAAACGGUGCCAGTATCGUTETC
TACAACGGOTICTCCTCTGOTTAGCGGAT TCGCAAAATTCUTGUAGGACGUTAAAG
TOACTATGUTAGCGAGTOOTCCCTTCTATCOTGUGTAGUTGGAAGAGUACAAALTO
COTCTCTGGATATGATTOOTCTACCATCCOUTOCTTTAGT TCT TCCGGAGAAGEC
AGCAATOTTGATGAGTACCTGTOGTTAATGGGUCGGUUAAA TTACAAACCAGTT
ATTGAGATOGTGTGOAGGAACAGAAATTGGGGUGAGCOTTCTCTOLGGOGAGTTTIC
TIGCAAGCCCAATCCCTUTCCAGTTITTAGCAGTCAATGTATGGGUTGCACTTITATA
CATTTTGGACAAGAACGGTTACCCAATGCCGAAAAACAAACCGGGUATIGGTEA
ATTAGCACTAGGTCCAGTAATGTTCGGAGCTAGTAAGACACTOTTAAATOGCAAL
CATCACGATGTCTATTTCAAGOGGUGATOCCCACATTAAATGOTCGAGOTCTITACGTC
GTCACGGGGACATTITTCGAGT TAACTTCTAATGGGTATTATCACGETCACGGGCG
AGCGGATGACACGATOAACATCGUAGGGATTAAAATCAGTTCCATCGAAATTGA
GUGTOTGTGCAATGAGGTAGACGATCGOGTATTCGAGACAACGGCCATOGGUGT
GCCGCCCCTCGBAGOGORLEACCCCGAACAATTGGTAATITTTEITGTCCTGAAGGAT
TCCAACGATACCACAATCOACTTGAATCAGTIGCGCCTCAGCT TCAACTTAGGCY
TGCAGAAGAAGCTAAACCCACTCTTCAAGGTTACGCGGGTTIGTACCACTGTCTAG
COTCCOTCGGACTGUTACGAATAAAATCATGCGCCGAGTACTCCGCCAACAATTC
AGTCACTTCGAA A A pganttaggagettaattas ATGAATCACTTGCGAGUGOAAGGTCCC
GCTAGTGTACTCGCTATTOOGACTGUCAACCCAGAAAATATTTTACTCCAGGATG

Z
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AGTTCCCGGATTATTACTTCCGAGTCACAAAGAGUGAACACATGACGCAGTTAA
AAGAGAAGTICCOQUAAAATCTGTGACAAGTCTATOGATTCGUAAACGCAATTGCTT
TTTCAATGAAGAACATCTGAAGCAGAATCUACOTCTGHETTGAGCACGAGATGCA
GACTTTAGACGCTCOACAGGACATGUTAGTCGTGOAAGTCCCGAAACTGGOTAA
AGACGCOGTGTGCCAAGGUCATTAAGGAATGGOGTCAAUCTAAGAGTAAGATCAC
CCATOUTCATTITITACCAGTGCGTCCACGACAGACATGCUTGUAGUTGACTALCAY
TOGTGCCAAGCTCCTAGCACTATCTCCATOTGTGAAACGGGTAATOATGTATCAGT
TAGGATOTTATGGTGGOOCCGACTOTGITACGTATUGUAAAGUGATATCGOGGAGA
ATAACAAGOGGGUTCGCOTCCTAGCCGTTTGUTGUGACATTATGGCGTGCCTCTT
TCOGGGACCCTCOOAGAGCHACTTGGAGUTATTAGTAGGUCAAGCGATUTTITGG
AGATOGGOCOGCTOGUTGTTATTOTTGGUGUTOAACCCGATGAGAGTGTAGHGTGA
GCGCCCAATTTTOGAGTTGGTIOTCCACGOGTCAGACAATTCTCCOUAACAGTGAA
GOUACAATTOGHGGACATATCCGGOAGGCAGGACTGATCTTTGACUTACATAAG
GACGTCCCGATGUTCATTTOTAACAACATTGAAAAGTGCCTGATTGAAGUGTTCA
COCCAATCGGUATTAGTOATIGGAATAGTATCTICTGGATTACTCATCCCGGAQG
TAAAGCCATICTAGATAAGGTOGAAGAAAAGTTACACTTAAAGTCCGACAAGTT
TOTCOGATAUGTCGTCACOTGCTOAGCOAGCATOGGAATA TGAGTAGUTCTACGO T
TTGTTCGTTATGGACGAATTACGAAAGCGCAGCTTGGAGGAGGGAAAAAGCACG
ACAGGGGATGGATT TGAGTOGGGAGTTUTCTETGGATTTGGTCCCGGUCTGACAG
TAGAGUCGUGTGOTGGYGUGUTCCETGCCGATTAAGTGA ssaatiag gagattiattan A TGO
CCOTAAAGCACCTGATTOTATTGAAATTCAAAGATGAGATCACGGAGGUGUAGA
AGCGAGGAGTTTTTCAAGACGTACGTGAACCTAGTGAATATCATCCCGGUGATGA
AGGATOTCTATTGOGO TAAAGATOTAACTCAGAAAAACUAAGGAAGAAGGTTACA
CCCATATTGTITGAAGTCACATICGAAAGTGTAGAGACGATCCAAGATTATATTAT
TCATCCOGOTCACGTTGOAT TTGGAGACOTGTATCGTTOTTITYGGGAGAAGTIGT
TAATCTTCGACTACACCCCCCGUAAATA G egnattagraggtaattaa A TGGGUTTAAGCTC
TOTATGCACTTICAGTTTCCAAACCAATTATCATACGCTCCTAAACCCUCACAATY
AACAACCCAAAAACATCCTTGTTGTGUTATCGACACUCTAAAACGCCAATCAAGT
ATTCTTATAACAATITTCCCTCOAAACACTOCTCCACTAAGAGCTTCCACCTACAA
AACAAATGTAGCGAATCOTTGTCCATCGCCAAGAACTCCATTCOGAGCAGCAACC
ACCAATCAGACAGAGCCACCTCAGAGUGACAATCATAGCOTCGUGACTAAGATE
CTAAATTTCOGGUAAAGCATGCTGGAAACTACAACGACCATACACGATCATCOGCG
TTCACCAGTTGCGCTIGCGGTTTATTTOGTAAUGGAATTGUTCCATAATACCAACCT
GATTTCCTGGAGTCTOATGTTCAAAGCATTITTTITCTTGOTGGCCATCCTATOTA
TCGUGTCTTITTACAACAACCATUAATCAGATUTATGACCTCCACATCGATCGCAT
TAACAAGCCAGACCTCCCATTAGUGTCTOGTUAAATCTOTGTCAACACCGOCTOG
ATTATGAGCATTATTOTAGCACTGTTIGGUGC TAATCATTACAATCAAGATGAAGG
GTGOACCCCTCTACATITITGOGCTATTGCTTCGGAATCTITGOTGGUATTGTYTAC
AGUGTACCACCOTTTICGGE TGOAAGCAGAATCCCAGTACCGUTTTCCTATTGAALT
TTCTGEUCCACATCATCACCAACTTTACGTTTTACTACGCAAGTCGLGUGGCACT
GOGOCCTCCCATTCGAGCTOGUGACCCAGTTITTACGTTTCTCTTAGCOTTCATGAAA
AGCATGGOAAGUGCTCTCGCCCTUATTAAGGATGLUTCCGACGTGRAAGGCGAL
ACAAAGTTCGGTATTTUTACATTAGCAAGCAAGTATGGTTCCOGTAACCTAACAC
TOTTTIOTTOCTGGAATTOTGITACTAAGTTATGTAGCAGU TATTCTGOUAGGTATC
ATTTGGCCCCAGGCCTTCAATAGUAATGTTATGCTGTTATCTCATGUGATCCTCGC
CTTCTGOTTAATCCTACAGACACGOGACTTIGCCCTCACTAATTACGATCCUGAG
OUGGGUCOACGTTITTACGAGTTCATGTGRAAGCTATACTATGCAGAGTACCTCO
TGTACGTGTTTATT LA A eesantagesg ottaattiaA TGAATTGTAGCACGTTCAGCTICTG
ITTCGTATGTAAAAT TATCTTITTTTITCCTCAGTT I TAATATCCAAATCTCTATIGC
TAACCCCCAGGAGAATTITCCTCAAGTGTTICAGCGAGTACATTCCTAACAACCOT
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GUTCCAAAATTTATCTACACGCAACACGATCAATTGTATATGAGTGTTITTAAATT
CCACCATCOAAAACTTIGOGTTTTACCTCTGACACTACACCAAAGCCTCTCOTCATT
GTGACGCCGAGTAATGTTAGTCATATICAGGUGAGTAY TOTCTGOTCTAAAGTIG
GACTCCAAATCCGCACGCOTAGUGGUGOTCACGATGCGOGAAGGUTTATOCTACA
TTAGCCAGGTGUOTTTOGUTATTIGT TOGACTTGUGTAATATGUATACAGTAGTAGA
CATTCATTCCCAGACGGCOGTOUOAGGUAGHCGLGACGTIGGGUGAAGTTTALTA
CTGGATTAATGAAATGAATGAAAATTITCAGTT TCOCTGGAGOGTTACTGTOOAALT
GTTGUAGTTGGAGOGTCATTTTTCCGUAGGAGOGATACGGAGOGTTAATGCGGAATT
ACGOATTAGUAGUAGATAATATCATCGACGCTCATCTAGTAAATOTAGACGGAA
AAGTATIGGACCUGAAAGAGTATGGGTGAGGACTTOTTU TGUGCTATTOGAGUGG
OUGLGLGUGAA AA£ TTCGOTATCATCGUAGCUTOTATCAAGUTCTOOGTACCCA
GTAAGGCCACTATTTITCTCTG TCAAAAAGAACATGGAGATTCACGGTCTCGTGAA
GTTATTTAACAAAT (r{ FCAAAATATTGCCTACTAC GATAAAGACTTGATGTTGACG
_A(,‘V{i{TA'E""in x("T A( ACGCAACATTACE {IAC A»’-‘xf { ATGE i-ﬁ_iAATAAAACAACT'('.}TA
CACGGCTATTITICTAGTATC T TCOCTCGOGGGLGTAGACTCCCICG TCUGATTIGAT
GAATAAAMAGTETCCCAGAACTGGUTATCAAAACTGACTGTAAAGAAUTGICCTG
GATTGATACCACGATITIUTATTICCGOCTGOTATAATACAGCUTTTAAGAAAGAA
ATTTTACTGGATCGUTCTOCOGUTAAASMAGACGGCTTTCAGUATCAAACTOGALY
ACGTTAAAAA Ci‘ﬁ?ff(.":ATf TCCOGAAACCGCTATGGTTAA AAS'.I"'CC’}"A OASTTTATALEGA
AGAAGAGGTTGRUGUGTAGGCATOTATGTACTCTACCCATACOGYGOTATIATGGAT
GAAATCTCCGANTCCOLAATTCCATYTCCCCATCGOCGUCGGOTATCATGTATGAAC
TOTATACGGCGACTGAGAAACAGGAAGATAACGAAAAGCACATCAALUTGOGGTOC
GOTCCGTCTATAACTTTACCACCOCCTTATGTAAGTCAGAACCCGCGGCTGGUATA
TCTAAATTATCGGGACCTGOATCTAGOGUAAAACGAACCCCGAGTOTCCOAATAAN
CTATACTCAGGCOGE GOATL i(r(x(x(sh(s&(ré&%izﬁ( TITGGOGAAAAACTTTAACCS
ACTCOTAAAGGTAAAAACCAAGGCUGACT ki GAACAACTTCTTCCGCAACEG AACA
ATCTATTICCCCCATTCCCCCCACUGCCATCAU T AGghnttagerseitantiaa ATGGAGAAA
AAAATCACTOGATATACCACCOGTTOATATATUCCAATGGCA. ITCGTAAAGAACATT
TTGAGGCATTTCAGTCAGTTGC TCAATOTACCTATAACCAGACCGTTCAGCTOUA
TATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGT TTTATCCGGCC
TITATTCACATTCTTGUCCOCCTGATGAATGC TCATCCGUGAATTCCGTATGGCAAT
GAAAGACGOTOAGCTOGUTGATATUGGGATAGTOTTCACCCTIGTTACACCGTITTIC
CATGAGCAAACTGAAACGTITICATCGCYCTGGAGTOAATACCACGACGATITCC
GGCAGTTTCTACACATATATTCGCAAGATOTGUCOTGTTACGGTOAAAACCTGOE
CTATTTCCCTAAAGGOTTTATTGAGAATATOTITTTTCOTCTCAGUCAATCCUTOOG
TGAUTTICACCAGTTTIGATTTAAACGTOGCCAATATGGACAACTTCTICGCCLLE
GTTTTCACCATUGGCAAATATTATACGUAAGGCGACAAGOGTGCTOATGCCGUTOR
COATICAGGTTCATCATGUCOGTUTGTGATGGUTTCCATGTCGGCAGAATGOTTAA
TOAATTACAACAGTACTGCOATCGAGTGRUCAGGGCGGGGCCEGATTTITITAAGG
CAGTTATTGGTGUCCTTAAACGCUTOGOgicogotaitiigttaaitactaitgagisagtstaqaatice
tldcthicieaueeocativac lodecdigacaiisgeioaicicittigaugaaciceRgactagaatapceatcpaetcagioc
PrifatdiqaiQizeiasy S AEREY m‘mffigrf{ gﬂrmmmk {8 sfffffafr MU Qe O z‘ﬂﬁn{sgw poaglucsiiigatesar -
!‘WHE&T&'{?M{JQW«Hmh G UTII’WIHEQ\’HH: L dQ‘m‘( 8 ﬂ'”f!tia( PG, Wﬂu o I'ft IU&’UU{ t*taaammr
Craaaitoce ool r;g:gmc POCCRICHTCAugecggaas Cnn‘”a SUEISIRaCRualiggEiece J?‘.E‘he{ Coiitiocits
S gRatgg CC OO FECER S Ig TR aatC g gal eI g A i foroaaai ofaooletiause gazz:umm ¢
GUECHCUQUESICEUCHIaECere eI AEReCIaaall ‘GO Ly stacataaticcdoci igw.::t.flt
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 15
<210> SEQ ID NO 1
<211> LENGTH: 2061
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequ
polynucleotide
<400> SEQUENCE: 1
attctgaaat gagctgttga caattaatca tccggetegt ataatgtgtg
geggataaca attaggaggt taattaacaa tgagtcacat ccagagagaa
ccecgaccteg tttgaatage aatatggatg cagatctgta cggatataaa
ataacgtagg ccaatctggg gecactattt atcggttata tggcaaacca
aactgtttct caaacatgge aaagggtcetg tggccaatga tgttaccgat
ggttgaactyg gttgacagaa tttatgccce tcccgaccat caaacatttt
cagacgatgce atggctatta actacggcca ttectgggaa aactgecttt
aagaatatcc cgattectggt gagaatateg tegatgegtt ageggttttt
tacatagcat tccegtttge aattgtecct ttaattegga cegggtgtte
aggctcagte ccggatgaat aacggtttgg tagatgectce ggactttgat
acggctggee cgttgaacag gtttggaaag agatgcataa getgetgecce
acagcgttgt tactcatgga gatttttete tegataatcet gattttegac
taattggctyg tatcgatgtg ggacgggtag ggattgegga ccggtatcaa
ttttgtggaa ctgcctaggt gaattttcee ccagectaca aaaacggcetg
acggaatcga taatcccgac atgaacaaat tacaatttca tctgatgceta
ttcatatgac gcgcagcagt aaggecttgg tccaactage tgatctatce
aaaacgtggt ggaatttgat tttgacaagt atatgcactc caaggccatt
aggccttaga taaagttatt cccccceget atcctcaaaa aatctatgaa
attccctect ageceggeggg aagagggtte gaccaatttt atgtattgeg
taatgggggyg gactgaggaa cttgeccatge ctacggettg tgccatcgag
ctatgagttt gattcatgac gatttgeccct atattgataa cgatgatttg
agcctaccaa ccacaaagtt tttggtgaag acacggegat cattgetgge
tgtcattgge ctttgaacat gtageccgtga gcaccagteg taccctaggt
ttttacggtt gctatccgaa attggacgeg ccacaggaag tgagggegtg
aagtggtgga tattgaaagce gaaggtgatc ccagtataga cttagaaacg
tccatattca taaaacgget gtgttgttgg aatgcagtgt cgtgtgtgge
ggggtgccag cgaggacgac atcgagegtyg ctagacggta cgetegetgt
ttttccaagt tgtcgatgat attttggatg taagccagte ctcggaagaa
ctgctgggaa agatttgatt tctgacaaag ccacctatce caaactcatg
aagcgaagga atttgecgat gaattactga accgtggaaa acaggaactt

atcctaccaa agcagcacct ctatttgegt tagcagacta cattgcatct

aaggatccte cttggtgtaa tgccaactga ataatctgca aattgcacte

ence: Synthetic

gaaattgtga

actagttgtt

tgggcgcgag

gatgctceeg

gaaatggtgce

atcaggactce

caggtgttgg

ctaagacgtce

cgecttggege

gatgaacgga

ttcteeceey

gaaggcaagc

gacctagcaa

tttcaaaaat

gatgagttct

gaacaagtaa

geggttaatg

agtatgcget

gectgtgage

atgattcaca

cgtegeggta

gatgcattat

actgacatta

atgggtggtc

ctggaatggg

gcaattatgg

gtaggattge

ctcggaaaga

ggtttggaaa

agttgttttg

cgtcagaatt

tcctteaatyg

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920
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gggggtgcett tttgcttgac tgagtaatct tctgattget gatcttgatt gccatcgatce 1980

gccggggagt ccggggcagt taccattaga gagtctagag aattaatcca tcttcecgatag 2040

aggaattatg ggggaagaac ¢

<210>
<211>
<212>
<213>
<220>
<223>

PRT

SEQ ID NO 2
LENGTH:
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: Description of

590

polypeptide

<400> SEQUENCE:

Met
1

Ala

65

Leu

Leu

Tyr

Arg

Arg

145

Gln

Gly

Arg

225

Pro

Asp

Met

Gln

Lys

Ser

Asn

Gly

Pro

50

Thr

Pro

Thr

Pro

Arg

130

Val

Asp

Val

Val

Lys

210

Tyr

Ser

Met

Thr

Val
290

Ala

His

Met

Gln

35

Glu

Asp

Thr

Thr

Asp

115

Leu

Phe

Ala

Trp

Thr

195

Leu

Gln

Leu

Asn

Arg
275

Lys

Ile

Ile

Asp

20

Ser

Leu

Glu

Ile

Ala

100

Ser

His

Arg

Ser

Lys

180

His

Ile

Asp

Gln

Lys

260

Ser

Asn

Ala

2

Gln

5

Ala

Gly

Phe

Met

Lys

85

Ile

Gly

Ser

Leu

Asp

165

Glu

Gly

Gly

Leu

Lys

245

Leu

Ser

Val

Val

Arg

Asp

Ala

Leu

Val

70

His

Pro

Glu

Ile

Ala

150

Phe

Met

Asp

Cys

Ala

230

Arg

Gln

Lys

Val

Asn

Glu

Leu

Thr

Lys

55

Arg

Phe

Gly

Asn

Pro

135

Gln

Asp

His

Phe

Ile

215

Ile

Leu

Phe

Ala

Glu
295

Glu

Thr

Tyr

Ile

40

His

Leu

Ile

Lys

Ile

120

Val

Ala

Asp

Lys

Ser

200

Asp

Leu

Phe

His

Leu
280

Phe

Ala

Ser

Gly

Tyr

Gly

Asn

Arg

Thr

105

Val

Cys

Gln

Glu

Leu

185

Leu

Val

Trp

Gln

Leu
265
Val

Asp

Leu

Cys

10

Tyr

Arg

Lys

Trp

Thr

90

Ala

Asp

Asn

Ser

Arg

170

Leu

Asp

Gly

Asn

Lys

250

Met

Gln

Phe

Asp

Artificial Sequence:

Ser

Lys

Leu

Gly

Leu

75

Pro

Phe

Ala

Cys

Arg

155

Asn

Pro

Asn

Arg

Cys

235

Tyr

Leu

Leu

Asp

Lys

Arg

Trp

Tyr

Ser

60

Thr

Asp

Gln

Leu

Pro

140

Met

Gly

Phe

Leu

Val

220

Leu

Gly

Asp

Ala

Lys
300

Val

Pro

Ala

Gly

45

Val

Glu

Asp

Val

Ala

125

Phe

Asn

Trp

Ser

Ile

205

Gly

Gly

Ile

Glu

Asp
285

Tyr

Ile

Arg

Arg

Lys

Ala

Phe

Ala

Leu

110

Val

Asn

Asn

Pro

Pro

190

Phe

Ile

Glu

Asp

Phe

270

Leu

Met

Pro

Leu

15

Asp

Pro

Asn

Met

Trp

Glu

Phe

Ser

Gly

Val

175

Asp

Asp

Ala

Phe

Asn

255

Phe

Ser

His

Pro

2061

Synthetic

Asn

Asn

Asp

Asp

Pro

80

Leu

Glu

Leu

Asp

Leu

160

Glu

Ser

Glu

Asp

Ser

240

Pro

His

Glu

Ser

Arg
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305 310 315 320

Tyr Pro Gln Lys Ile Tyr Glu Ser Met Arg Tyr Ser Leu Leu Ala Gly
325 330 335

Gly Lys Arg Val Arg Pro Ile Leu Cys Ile Ala Ala Cys Glu Leu Met
340 345 350

Gly Gly Thr Glu Glu Leu Ala Met Pro Thr Ala Cys Ala Ile Glu Met
355 360 365

Ile His Thr Met Ser Leu Ile His Asp Asp Leu Pro Tyr Ile Asp Asn
370 375 380

Asp Asp Leu Arg Arg Gly Lys Pro Thr Asn His Lys Val Phe Gly Glu
385 390 395 400

Asp Thr Ala Ile Ile Ala Gly Asp Ala Leu Leu Ser Leu Ala Phe Glu
405 410 415

His Val Ala Val Ser Thr Ser Arg Thr Leu Gly Thr Asp Ile Ile Leu
420 425 430

Arg Leu Leu Ser Glu Ile Gly Arg Ala Thr Gly Ser Glu Gly Val Met
435 440 445

Gly Gly Gln Val Val Asp Ile Glu Ser Glu Gly Asp Pro Ser Ile Asp
450 455 460

Leu Glu Thr Leu Glu Trp Val His Ile His Lys Thr Ala Val Leu Leu
465 470 475 480

Glu Cys Ser Val Val Cys Gly Ala Ile Met Gly Gly Ala Ser Glu Asp
485 490 495

Asp Ile Glu Arg Ala Arg Arg Tyr Ala Arg Cys Val Gly Leu Leu Phe
500 505 510

Gln Val Val Asp Asp Ile Leu Asp Val Ser Gln Ser Ser Glu Glu Leu
515 520 525

Gly Lys Thr Ala Gly Lys Asp Leu Ile Ser Asp Lys Ala Thr Tyr Pro
530 535 540

Lys Leu Met Gly Leu Glu Lys Ala Lys Glu Phe Ala Asp Glu Leu Leu
545 550 555 560

Asn Arg Gly Lys Gln Glu Leu Ser Cys Phe Asp Pro Thr Lys Ala Ala
565 570 575

Pro Leu Phe Ala Leu Ala Asp Tyr Ile Ala Ser Arg Gln Asn
580 585 590

<210> SEQ ID NO 3

<211> LENGTH: 8442

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polynucleotide

<400> SEQUENCE: 3

ctcgagaaga gtccctgaat atcaaaatgg tgggataaaa agctcaaaaa ggaaagtagg 60
ctgtggttee ctaggcaaca gtctteccta ccccactgga aactaaaaaa acgagaaaag 120
ttcgcaccga acatcaattg cataatttta gccctaaaac ataagetgaa cgaaactggt 180
tgtcttecect tcccaatcca ggacaatetyg agaatcccect gcaacattac ttaacaaaaa 240
agcaggaata aaattaacaa gatgtaacag acataagtcc catcaccgtt gtataaagtt 300

aactgtggga ttgcaaaagce attcaagect aggegctgag ctgtttgage atcceggtgg 360
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ccettgtege tgectcecegtyg tttecteectg gatttattta ggtaatatet ctcataaatce 420
ccegggtagt taacgaaagt taatggagat cagtaacaat aactctaggyg tcattacttt 480
ggactccecte agtttatceg ggggaattgt gtttaagaaa atcccaactc ataaagtcaa 540
gtaggagatt aattcagagc tgttgacaat taatcatccg gectcgtataa tgtgtggaaa 600
ttgtgagcegg ataacggaat taggaggtta attaaatggg aaaaaactat aaatccctgg 660
acagtgtcegt cgcgtectgat tttattgeat tgggcattac cagtgaagta gcagagacce 720
tgcatgggeg actagctgaa atcgtttgta attacggage agcgactcca caaacgtgga 780
tcaacatcge gaatcatatc ttaagtccag atctgcecttt ctecttgcac cagatgttgt 840
tttacggatg ttataaggat tttgggeccg cgectectge ttggatccca gaccctgaga 900
aggtaaaaag caccaacttg ggagcattac tggagaagceg tggcaaagag ttcttaggag 960

taaagtacaa agacccaatt tctagcttta gtcactttca agaatttagt gttcggaatc 1020
ctgaagtgta ttggcgtaca gtattaatgg atgaaatgaa gatcagtttt tctaaggacc 1080
cagaatgtat cctacgtcga gatgatatca acaatccagg aggtagtgaa tggctacctg 1140
gaggttactt gaacagtgct aagaactgtt taaatgtcaa ctctaataaa aagttgaacg 1200
acactatgat cgtctggcgce gacgaaggca acgatgattt accattgaac aaactcacgt 1260
tagatcagtt acggaaacgt gtgtggttag ttgggtacgc attagaagag atgggtttgg 1320
agaaaggttg tgccattgct attgacatgc caatgcacgt cgacgcggtce gttatctatt 1380
tggctatcgt actagccgga tatgtagttg tgtctatcege ggactcecttte agtgecccecg 1440
agatcagtac tcgtctgcga ctatccaagg cgaaggctat cttcacgcag gatcacatca 1500
ttcggggcaa aaaacgaatt cctttgtact ctecgegtggt tgaggcgaaa agccctatgg 1560
ctatcgtgat tccgtgcage ggaagcaata ttggtgcaga actacgagat ggagacatca 1620
gttgggacta tttcttagaa cgagctaaag agttcaaaaa ttgtgaattc acagcgcgag 1680
aacaaccagt ggacgcttat acaaacatct tattttctag tggaacaaca ggagaaccta 1740
aagcaatccce ttggactcaa gcgaccceccte taaaagcetgce cgcggatgga tggagccatce 1800
tagacattcg taagggtgat gtcattgttt ggccgacgaa tctgggttgg atgatgggtce 1860
cttggctagt ttacgcatct ctecctaaacg gcgccagtat cgctcectctac aacgggtcete 1920
ctctggttag cggattcgca aaattcgtge aggacgctaa agtgactatg ctaggagtgg 1980
tcecttetat cgtgcgtage tggaagagca caaactgcegt ctctggatat gattggtcta 2040
ccatccggtg ctttagttet tecggagaag ccagcaatgt tgatgagtac ctgtggttaa 2100
tgggccgggce aaattacaaa ccagttattg agatgtgtgg aggaacagaa attgggggag 2160
cgttctetge ggggagttte ttgcaagccce aatccctete cagttttage agtcaatgta 2220
tgggctgcac tttatacatt ttggacaaga acggttaccc aatgccgaaa aacaaaccgg 2280
gcattggtga attagcacta ggtccagtaa tgttcggagce tagtaagaca ctgttaaatg 2340
gcaaccatca cgatgtctat ttcaagggga tgcccacatt aaatggtgag gtcttacgtce 2400
gtcacgggga cattttcgag ttaacctcta atgggtatta tcacgctcac gggcgagcegyg 2460
atgacacgat gaacatcgga gggattaaaa tcagttccat cgaaattgag cgtgtgtgca 2520
atgaggtaga cgatcgggta ttcgagacaa cggcecategg ggtgccgece ctceggagggyg 2580

gacccgaaca attggtaatt ttttttgtcc tgaaggattc caacgatacc acaatcgact 2640
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tgaatcagtt gcgcctcage ttcaacttag gcttgcagaa gaagctaaac ccactcttca 2700
aggttacgcg ggttgtacca ctgtctagce tcectcggac tgctacgaat aaaatcatgce 2760
gccgagtact ccgccaacaa ttcagtcact tcgaataagg aattaggagg ttaattaaat 2820
gaatcacttg cgagcggaag gtcccgctag tgtactcget attgggactg ccaacccaga 2880
aaatatttta ctccaggatg agttcccgga ttattacttc cgagtcacaa agagcgaaca 2940
catgacgcag ttaaaagaga agttccgcaa aatctgtgac aagtctatga ttcgcaaacg 3000
caattgcttt ttgaatgaag aacatctgaa gcagaatcca cgtctggttg agcacgagat 3060
gcagacttta gacgctcgac aggacatgct agtcgtggaa gtcccgaaac tgggtaaaga 3120
cgegtgtgece aaggccatta aggaatgggg tcaacctaag agtaagatca cccatctcat 3180
ttttaccagt gcgtccacga cagacatgcce tggagctgac taccattgtg ccaagctcect 3240
aggactatct ccatctgtga aacgggtaat gatgtatcag ctaggatgtt atggtggggg 3300
gactgtgtta cgtatcgcaa aggatatcgc ggagaataac aagggggctc gcgtcectage 3360
cgtttgetge gacattatgg cgtgcectctt tcggggacce tccgagageg acttggagcet 3420
attagtaggc caagcgatct ttggagatgg ggccgctget gttattgttg gegcectgaacce 3480
cgatgagagt gtaggtgagc gcccaatttt cgagttggtc tccacgggtce agacaattct 3540
cceccaacagt gaaggcacaa ttgggggaca tatccgggag gcaggactga tcetttgacct 3600
acataaggac gtcccgatge tcatttctaa caacattgaa aagtgcctga ttgaagcgtt 3660
caccccaatc ggcattagtg attggaatag tatcttcetgg attactcatce ccggaggtaa 3720
agccattcta gataaggtgg aagaaaagtt acacttaaag tccgacaagt ttgtcgatag 3780
tcgtcacgtg ctgagcgagce atgggaatat gagtagcetct acggttttgt tegttatgga 3840
cgaattacga aagcgcagct tggaggaggg aaaaagcacyg acaggggatyg gatttgagtg 3900
gggagttcte tttggatttg gtecccgggcet gacagtagag cgcegtggtgg tgcgctecegt 3960
gccgattaag tgaggaatta ggaggttaat taaatggccg taaagcacct gattgtattg 4020
aaattcaaag atgagatcac ggaggcgcag aaggaggagt ttttcaagac gtacgtgaac 4080
ctagtgaata tcatcccggce gatgaaggat gtctattggg gtaaagatgt aactcagaaa 4140
aacaaggaag aaggttacac ccatattgtt gaagtcacat tcgaaagtgt agagacgatc 4200
caagattata ttattcatcc ggctcacgtt ggatttggag acgtgtatcg ttcectttttgg 4260
gagaagttgt taatcttcga ctacaccccce cgcaaatagg gaattaggag gttaattaaa 4320
tgggcttaag ctctgtatge actttcagtt tccaaaccaa ttatcatacg ctcecctaaacc 4380
cccacaataa caacccaaaa acatccttgt tgtgctatcg acaccctaaa acgccaatca 4440
agtattctta taacaatttt ccctccaaac actgctccac taagagcttce cacctacaaa 4500
acaaatgtag cgaatccttg tccatcgcca agaactccat tcgagcagca accaccaatce 4560
agacagagcc acctgagagc gacaatcata gcgtcgcgac taagatccta aatttcggga 4620
aagcatgctg gaaactacaa cgaccataca cgatcatcgce gttcaccagt tgcgettgeg 4680
gtttatttgg taaggaattg ctccataata ccaacctgat ttcctggagt ctgatgttca 4740
aagcattttt tttcttggtg gccatcctat gtatcgegte ttttacaaca accatcaatce 4800
agatctatga cctccacatc gatcgcatta acaagccaga cctcecccatta gegtetggtg 4860

aaatctcectgt caacaccgcc tggattatga gcattattgt agcactgttt gggctaatca 4920



US 2022/0243236 Al Aug. 4, 2022
39

-continued

ttacaatcaa gatgaagggt ggacccctct acatttttgg ctattgctte ggaatctttg 4980
gtggcattgt ttacagcgta ccaccgtttc ggtggaagca gaatcccagt accgctttcece 5040
tattgaactt tctggcccac atcatcacca actttacgtt ttactacgca agtcgggcgg 5100
cactgggcct cccattcgag ctgcgaccca gttttacgtt tcectcttageg ttcatgaaaa 5160
gcatgggaag cgctctcgce ctgattaagg atgcctccga cgtggaaggce gacacaaagt 5220
tcggtattte tacattagca agcaagtatg gttcccgtaa cctaacacte ttttgttcetg 5280
gaattgtgtt actaagttat gtagcagcta ttctggcagg tatcatttgg ccccaggect 5340
tcaatagcaa tgttatgctg ttatctcatg cgatcctege cttctggtta atcctacaga 5400
cacgggactt tgccctcact aattacgatc ccgaggceggg ccgacgtttt tacgagttca 5460
tgtggaagct atactatgca gagtacctcg tgtacgtgtt tatttaagga attaggaggt 5520
taattaaatg aagtgttcta ctttctecttt ctggtttgtc tgcaagatca tttttttett 5580
cttctettte aatattcaga caagtattgc gaatcccecegg gagaactttt taaagtgttt 5640
tagccaatat atccctaata atgctaccaa tttaaaatta gtatacaccc aaaacaaccc 5700
cctatacatg tccgttctca atagcacaat tcataacttg cgcttcacaa gcgatacaac 5760
accgaagccce ctagttateg taaccccgag ccacgtttet cacattcagg gaaccattcet 5820
ctgcagtaaa aaggtgggtt tgcagatccg gactcggtcect gggggtcatg acagtgaggg 5880
tatgtcttac attagccagg tgccctttgt gatcgtcgac ttacggaaca tgcgctctat 5940
taagattgat gtccatagcc aaaccgcgtg ggtagaggcce ggagcaaccce tgggtgaagt 6000
gtattactgg gtaaatgaga aaaacgagaa cttaagtctg gcagctggat actgtccaac 6060
cgtctgegeg gggggtcatt teggaggggg aggctacgge ccactcatge gtaattatgg 6120
gttggcggcet gacaacatta ttgatgctca cttagttaac gtgcacggta aagtactgga 6180
tcggaaatce atgggggaag atctattttg ggecttacga ggaggaggag ctgagtcettt 6240
cggcattatc gtcgcgtgga aaattcggtt agtcgcggta cccaagtcta cgatgtttte 6300
cgtgaaaaaa attatggaga tccacgaact cgtgaagcta gtcaacaagt ggcagaatat 6360
tgcttataag tacgacaagg atctgttatt gatgacgcat ttcatcacac gaaatatcac 6420
agacaatcaa ggtaaaaaca agactgctat ccacacctac tttagctccg ttttcecttagg 6480
cggggtggat tccctggteg atctaatgaa taaaagtttc cccgaactag gcattaaaaa 6540
gacagattgt cgtcaattat cttggattga cactattatt ttctatagcg gcgtggtaaa 6600
ctatgacacg gataacttta ataaggagat cttgttggat cgcagtgcgg gacagaacgg 6660
cgcgtttaag attaagttgg attatgtaaa gaagcccatt ccagagtctg ttttcegtaca 6720
gatcttagaa aaattatatg aggaggatat cggggccggt atgtatgect tgtatcecgta 6780
cggtggaatc atggacgaaa tcagcgagag tgccattceccg ttcccccatce gagceccggaat 6840
tttgtatgaa ttatggtaca tctgcagctg ggagaaacaa gaagataacg agaaacactt 6900
gaactggatt cgtaacatct ataatttcat gactccgtat gtcagtaaaa accctcggtt 6960
ggcttaccta aattaccgtg acctcgatat tggaattaac gaccctaaga atccaaacaa 7020
ttacactcaa gcccggattt ggggggagaa atattttggce aagaacttcg atcgattggt 7080
aaaggtcaag actctcgtag atcctaataa cttttttegt aacgaacaat ctatccccce 7140

tctgectegt catcggcatt agggaattag gaggttaatt aaatggagaa aaaaatcact 7200
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ggatatacca ccgttgatat atcccaatgg catcgtaaag aacattttga ggcatttcag 7260
tcagttgctc aatgtaccta taaccagacc gttcagetgg atattacggce ctttttaaag 7320
accgtaaaga aaaataagca caagttttat ccggccttta ttcacattcect tgcccgectg 7380
atgaatgctc atccggaatt ccgtatggca atgaaagacg gtgagctggt gatatgggat 7440
agtgttcacc cttgttacac cgttttccat gagcaaactg aaacgttttc atcgctectgg 7500
agtgaatacc acgacgattt ccggcagttt ctacacatat attcgcaaga tgtggcgtgt 7560
tacggtgaaa acctggccta tttccectaaa gggtttattg agaatatgtt tttecgtctca 7620
gccaatcect gggtgagttt caccagtttt gatttaaacg tggccaatat ggacaacttce 7680
ttecgecceceg ttttcaccat gggcaaatat tatacgcaag gcgacaaggt getgatgecg 7740
ctggcgattc aggttcatca tgccgtectgt gatggcttecce atgtcggcag aatgcttaat 7800
gaattacaac agtactgcga tgagtggcag ggcggggcgt gattttttta aggcagttat 7860
tggtgcectt aaacgcctgg ggatccgcta ttttgttaat tactatttga getgagtgta 7920
aaatacctta cttactcaaa agcattaact aaccataaca atgactaatc tetttttttg 7980
attgaactcc aaactagaat agccatcgag tcagtccatt tagttcatta ttagtgaaag 8040
tttgttggcg gtgggttatc cgttgataaa ccaccgtttt tgtttgggca aagtaacgat 8100
ttgatgcagt gatgggttta aagataatcc cgtttgagga aatcctgcag gacgacggga 8160
actttaacct gaccgctgcect gggttcecgtaa taattttceta aaattgccge catggtgegce 8220
ccgatcgeca aaccggaacce gttgagagtg tgaacaaatt gggtgceccttt tttgcccttt 8280
tcettgtage gaatgttgge ccgacgggct tggaaatcegt ggaagttaga acaactggaa 8340
atttceceggt aggtgttage cgatggtaac caaacttcecca agtcgtagca tttagccgcet 8400
ccaaaaccta aatcaccggt acataattcc accactgage tc 8442
<210> SEQ ID NO 4

<211> LENGTH: 720

<212> TYPE: PRT

<213> ORGANISM: Cannabis sativa

<400> SEQUENCE: 4

Met Gly Lys Asn Tyr Lys Ser Leu Asp Ser Val Val Ala Ser Asp Phe
1 5 10 15

Ile Ala Leu Gly Ile Thr Ser Glu Val Ala Glu Thr Leu His Gly Arg
20 25 30

Leu Ala Glu Ile Val Cys Asn Tyr Gly Ala Ala Thr Pro Gln Thr Trp
35 40 45

Ile Asn Ile Ala Asn His Ile Leu Ser Pro Asp Leu Pro Phe Ser Leu
50 55 60

His Gln Met Leu Phe Tyr Gly Cys Tyr Lys Asp Phe Gly Pro Ala Pro
65 70 75 80

Pro Ala Trp Ile Pro Asp Pro Glu Lys Val Lys Ser Thr Asn Leu Gly
85 90 95

Ala Leu Leu Glu Lys Arg Gly Lys Glu Phe Leu Gly Val Lys Tyr Lys
100 105 110

Asp Pro Ile Ser Ser Phe Ser His Phe Gln Glu Phe Ser Val Arg Asn
115 120 125

Pro Glu Val Tyr Trp Arg Thr Val Leu Met Asp Glu Met Lys Ile Ser
130 135 140
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Phe Ser Lys Asp Pro Glu Cys Ile Leu Arg Arg Asp Asp Ile Asn Asn
145 150 155 160

Pro Gly Gly Ser Glu Trp Leu Pro Gly Gly Tyr Leu Asn Ser Ala Lys
165 170 175

Asn Cys Leu Asn Val Asn Ser Asn Lys Lys Leu Asn Asp Thr Met Ile
180 185 190

Val Trp Arg Asp Glu Gly Asn Asp Asp Leu Pro Leu Asn Lys Leu Thr
195 200 205

Leu Asp Gln Leu Arg Lys Arg Val Trp Leu Val Gly Tyr Ala Leu Glu
210 215 220

Glu Met Gly Leu Glu Lys Gly Cys Ala Ile Ala Ile Asp Met Pro Met
225 230 235 240

His Val Asp Ala Val Val Ile Tyr Leu Ala Ile Val Leu Ala Gly Tyr
245 250 255

Val Val Val Ser Ile Ala Asp Ser Phe Ser Ala Pro Glu Ile Ser Thr
260 265 270

Arg Leu Arg Leu Ser Lys Ala Lys Ala Ile Phe Thr Gln Asp His Ile
275 280 285

Ile Arg Gly Lys Lys Arg Ile Pro Leu Tyr Ser Arg Val Val Glu Ala
290 295 300

Lys Ser Pro Met Ala Ile Val Ile Pro Cys Ser Gly Ser Asn Ile Gly
305 310 315 320

Ala Glu Leu Arg Asp Gly Asp Ile Ser Trp Asp Tyr Phe Leu Glu Arg
325 330 335

Ala Lys Glu Phe Lys Asn Cys Glu Phe Thr Ala Arg Glu Gln Pro Val
340 345 350

Asp Ala Tyr Thr Asn Ile Leu Phe Ser Ser Gly Thr Thr Gly Glu Pro
355 360 365

Lys Ala Ile Pro Trp Thr Gln Ala Thr Pro Leu Lys Ala Ala Ala Asp
370 375 380

Gly Trp Ser His Leu Asp Ile Arg Lys Gly Asp Val Ile Val Trp Pro
385 390 395 400

Thr Asn Leu Gly Trp Met Met Gly Pro Trp Leu Val Tyr Ala Ser Leu
405 410 415

Leu Asn Gly Ala Ser Ile Ala Leu Tyr Asn Gly Ser Pro Leu Val Ser
420 425 430

Gly Phe Ala Lys Phe Val Gln Asp Ala Lys Val Thr Met Leu Gly Val
435 440 445

Val Pro Ser Ile Val Arg Ser Trp Lys Ser Thr Asn Cys Val Ser Gly
450 455 460

Tyr Asp Trp Ser Thr Ile Arg Cys Phe Ser Ser Ser Gly Glu Ala Ser
465 470 475 480

Asn Val Asp Glu Tyr Leu Trp Leu Met Gly Arg Ala Asn Tyr Lys Pro
485 490 495

Val Ile Glu Met Cys Gly Gly Thr Glu Ile Gly Gly Ala Phe Ser Ala
500 505 510

Gly Ser Phe Leu Gln Ala Gln Ser Leu Ser Ser Phe Ser Ser Gln Cys
515 520 525

Met Gly Cys Thr Leu Tyr Ile Leu Asp Lys Asn Gly Tyr Pro Met Pro
530 535 540
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Lys Asn Lys Pro Gly Ile Gly Glu Leu Ala Leu Gly Pro Val Met Phe
545 550 555 560

Gly Ala Ser Lys Thr Leu Leu Asn Gly Asn His His Asp Val Tyr Phe
565 570 575

Lys Gly Met Pro Thr Leu Asn Gly Glu Val Leu Arg Arg His Gly Asp
580 585 590

Ile Phe Glu Leu Thr Ser Asn Gly Tyr Tyr His Ala His Gly Arg Ala
595 600 605

Asp Asp Thr Met Asn Ile Gly Gly Ile Lys Ile Ser Ser Ile Glu Ile
610 615 620

Glu Arg Val Cys Asn Glu Val Asp Asp Arg Val Phe Glu Thr Thr Ala
625 630 635 640

Ile Gly Val Pro Pro Leu Gly Gly Gly Pro Glu Gln Leu Val Ile Phe
645 650 655

Phe Val Leu Lys Asp Ser Asn Asp Thr Thr Ile Asp Leu Asn Gln Leu
660 665 670

Arg Leu Ser Phe Asn Leu Gly Leu Gln Lys Lys Leu Asn Pro Leu Phe
675 680 685

Lys Val Thr Arg Val Val Pro Leu Ser Ser Leu Pro Arg Thr Ala Thr
690 695 700

Asn Lys Ile Met Arg Arg Val Leu Arg Gln Gln Phe Ser His Phe Glu
705 710 715 720

<210> SEQ ID NO 5

<211> LENGTH: 385

<212> TYPE: PRT

<213> ORGANISM: Cannabis sativa

<400> SEQUENCE: 5

Met Asn His Leu Arg Ala Glu Gly Pro Ala Ser Val Leu Ala Ile Gly
1 5 10 15

Thr Ala Asn Pro Glu Asn Ile Leu Leu Gln Asp Glu Phe Pro Asp Tyr
20 25 30

Tyr Phe Arg Val Thr Lys Ser Glu His Met Thr Gln Leu Lys Glu Lys
35 40 45

Phe Arg Lys Ile Cys Asp Lys Ser Met Ile Arg Lys Arg Asn Cys Phe
50 55 60

Leu Asn Glu Glu His Leu Lys Gln Asn Pro Arg Leu Val Glu His Glu
65 70 75 80

Met Gln Thr Leu Asp Ala Arg Gln Asp Met Leu Val Val Glu Val Pro

Lys Leu Gly Lys Asp Ala Cys Ala Lys Ala Ile Lys Glu Trp Gly Gln
100 105 110

Pro Lys Ser Lys Ile Thr His Leu Ile Phe Thr Ser Ala Ser Thr Thr
115 120 125

Asp Met Pro Gly Ala Asp Tyr His Cys Ala Lys Leu Leu Gly Leu Ser
130 135 140

Pro Ser Val Lys Arg Val Met Met Tyr Gln Leu Gly Cys Tyr Gly Gly
145 150 155 160

Gly Thr Val Leu Arg Ile Ala Lys Asp Ile Ala Glu Asn Asn Lys Gly
165 170 175

Ala Arg Val Leu Ala Val Cys Cys Asp Ile Met Ala Cys Leu Phe Arg
180 185 190
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Gly Pro Ser Glu Ser Asp Leu Glu Leu Leu Val Gly Gln Ala Ile Phe
195 200 205

Gly Asp Gly Ala Ala Ala Val Ile Val Gly Ala Glu Pro Asp Glu Ser
210 215 220

Val Gly Glu Arg Pro Ile Phe Glu Leu Val Ser Thr Gly Gln Thr Ile
225 230 235 240

Leu Pro Asn Ser Glu Gly Thr Ile Gly Gly His Ile Arg Glu Ala Gly
245 250 255

Leu Ile Phe Asp Leu His Lys Asp Val Pro Met Leu Ile Ser Asn Asn
260 265 270

Ile Glu Lys Cys Leu Ile Glu Ala Phe Thr Pro Ile Gly Ile Ser Asp
275 280 285

Trp Asn Ser Ile Phe Trp Ile Thr His Pro Gly Gly Lys Ala Ile Leu
290 295 300

Asp Lys Val Glu Glu Lys Leu His Leu Lys Ser Asp Lys Phe Val Asp
305 310 315 320

Ser Arg His Val Leu Ser Glu His Gly Asn Met Ser Ser Ser Thr Val
325 330 335

Leu Phe Val Met Asp Glu Leu Arg Lys Arg Ser Leu Glu Glu Gly Lys
340 345 350

Ser Thr Thr Gly Asp Gly Phe Glu Trp Gly Val Leu Phe Gly Phe Gly
355 360 365

Pro Gly Leu Thr Val Glu Arg Val Val Val Arg Ser Val Pro Ile Lys
370 375 380

Tyr
385

<210> SEQ ID NO 6

<211> LENGTH: 101

<212> TYPE: PRT

<213> ORGANISM: Cannabis sativa

<400> SEQUENCE: 6

Met Ala Val Lys His Leu Ile Val Leu Lys Phe Lys Asp Glu Ile Thr
1 5 10 15

Glu Ala Gln Lys Glu Glu Phe Phe Lys Thr Tyr Val Asn Leu Val Asn
20 25 30

Ile Ile Pro Ala Met Lys Asp Val Tyr Trp Gly Lys Asp Val Thr Gln
35 40 45

Lys Asn Lys Glu Glu Gly Tyr Thr His Ile Val Glu Val Thr Phe Glu
50 55 60

Ser Val Glu Thr Ile Gln Asp Tyr Ile Ile His Pro Ala His Val Gly
65 70 75 80

Phe Gly Asp Val Tyr Arg Ser Phe Trp Glu Lys Leu Leu Ile Phe Asp
85 90 95

Tyr Thr Pro Arg Lys
100

<210> SEQ ID NO 7

<211> LENGTH: 395

<212> TYPE: PRT

<213> ORGANISM: Cannabis sativa

<400> SEQUENCE: 7
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Met Gly Leu Ser Ser Val Cys Thr Phe Ser Phe Gln Thr Asn Tyr His
1 5 10 15

Thr Leu Leu Asn Pro His Asn Asn Asn Pro Lys Thr Ser Leu Leu Cys
20 25 30

Tyr Arg His Pro Lys Thr Pro Ile Lys Tyr Ser Tyr Asn Asn Phe Pro
35 40 45

Ser Lys His Cys Ser Thr Lys Ser Phe His Leu Gln Asn Lys Cys Ser
50 55 60

Glu Ser Leu Ser Ile Ala Lys Asn Ser Ile Arg Ala Ala Thr Thr Asn
65 70 75 80

Gln Thr Glu Pro Pro Glu Ser Asp Asn His Ser Val Ala Thr Lys Ile
85 90 95

Leu Asn Phe Gly Lys Ala Cys Trp Lys Leu Gln Arg Pro Tyr Thr Ile
100 105 110

Ile Ala Phe Thr Ser Cys Ala Cys Gly Leu Phe Gly Lys Glu Leu Leu
115 120 125

His Asn Thr Asn Leu Ile Ser Trp Ser Leu Met Phe Lys Ala Phe Phe
130 135 140

Phe Leu Val Ala Ile Leu Cys Ile Ala Ser Phe Thr Thr Thr Ile Asn
145 150 155 160

Gln Ile Tyr Asp Leu His Ile Asp Arg Ile Asn Lys Pro Asp Leu Pro
165 170 175

Leu Ala Ser Gly Glu Ile Ser Val Asn Thr Ala Trp Ile Met Ser Ile
180 185 190

Ile Val Ala Leu Phe Gly Leu Ile Ile Thr Ile Lys Met Lys Gly Gly
195 200 205

Pro Leu Tyr Ile Phe Gly Tyr Cys Phe Gly Ile Phe Gly Gly Ile Val
210 215 220

Tyr Ser Val Pro Pro Phe Arg Trp Lys Gln Asn Pro Ser Thr Ala Phe
225 230 235 240

Leu Leu Asn Phe Leu Ala His Ile Ile Thr Asn Phe Thr Phe Tyr Tyr
245 250 255

Ala Ser Arg Ala Ala Leu Gly Leu Pro Phe Glu Leu Arg Pro Ser Phe
260 265 270

Thr Phe Leu Leu Ala Phe Met Lys Ser Met Gly Ser Ala Leu Ala Leu
275 280 285

Ile Lys Asp Ala Ser Asp Val Glu Gly Asp Thr Lys Phe Gly Ile Ser
290 295 300

Thr Leu Ala Ser Lys Tyr Gly Ser Arg Asn Leu Thr Leu Phe Cys Ser
305 310 315 320

Gly Ile Val Leu Leu Ser Tyr Val Ala Ala Ile Leu Ala Gly Ile Ile
325 330 335

Trp Pro Gln Ala Phe Asn Ser Asn Val Met Leu Leu Ser His Ala Ile
340 345 350

Leu Ala Phe Trp Leu Ile Leu Gln Thr Arg Asp Phe Ala Leu Thr Asn
355 360 365

Tyr Asp Pro Glu Ala Gly Arg Arg Phe Tyr Glu Phe Met Trp Lys Leu
370 375 380

Tyr Tyr Ala Glu Tyr Leu Val Tyr Val Phe Ile
385 390 395
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<210> SEQ ID NO 8

<211> LENGTH: 544

<212> TYPE: PRT

<213> ORGANISM: Cannabis sativa

<400> SEQUENCE: 8

Met Lys Cys Ser Thr Phe Ser Phe Trp Phe Val Cys Lys Ile Ile Phe
1 5 10 15

Phe Phe Phe Ser Phe Asn Ile Gln Thr Ser Ile Ala Asn Pro Arg Glu
20 25 30

Asn Phe Leu Lys Cys Phe Ser Gln Tyr Ile Pro Asn Asn Ala Thr Asn
35 40 45

Leu Lys Leu Val Tyr Thr Gln Asn Asn Pro Leu Tyr Met Ser Val Leu
50 55 60

Asn Ser Thr Ile His Asn Leu Arg Phe Thr Ser Asp Thr Thr Pro Lys
65 70 75 80

Pro Leu Val Ile Val Thr Pro Ser His Val Ser His Ile Gln Gly Thr
85 90 95

Ile Leu Cys Ser Lys Lys Val Gly Leu Gln Ile Arg Thr Arg Ser Gly
100 105 110

Gly His Asp Ser Glu Gly Met Ser Tyr Ile Ser Gln Val Pro Phe Val
115 120 125

Ile Val Asp Leu Arg Asn Met Arg Ser Ile Lys Ile Asp Val His Ser
130 135 140

Gln Thr Ala Trp Val Glu Ala Gly Ala Thr Leu Gly Glu Val Tyr Tyr
145 150 155 160

Trp Val Asn Glu Lys Asn Glu Asn Leu Ser Leu Ala Ala Gly Tyr Cys
165 170 175

Pro Thr Val Cys Ala Gly Gly His Phe Gly Gly Gly Gly Tyr Gly Pro
180 185 190

Leu Met Arg Asn Tyr Gly Leu Ala Ala Asp Asn Ile Ile Asp Ala His
195 200 205

Leu Val Asn Val His Gly Lys Val Leu Asp Arg Lys Ser Met Gly Glu
210 215 220

Asp Leu Phe Trp Ala Leu Arg Gly Gly Gly Ala Glu Ser Phe Gly Ile
225 230 235 240

Ile Val Ala Trp Lys Ile Arg Leu Val Ala Val Pro Lys Ser Thr Met
245 250 255

Phe Ser Val Lys Lys Ile Met Glu Ile His Glu Leu Val Lys Leu Val
260 265 270

Asn Lys Trp Gln Asn Ile Ala Tyr Lys Tyr Asp Lys Asp Leu Leu Leu
275 280 285

Met Thr His Phe Ile Thr Arg Asn Ile Thr Asp Asn Gln Gly Lys Asn
290 295 300

Lys Thr Ala Ile His Thr Tyr Phe Ser Ser Val Phe Leu Gly Gly Val
305 310 315 320

Asp Ser Leu Val Asp Leu Met Asn Lys Ser Phe Pro Glu Leu Gly Ile
325 330 335

Lys Lys Thr Asp Cys Arg Gln Leu Ser Trp Ile Asp Thr Ile Ile Phe
340 345 350

Tyr Ser Gly Val Val Asn Tyr Asp Thr Asp Asn Phe Asn Lys Glu Ile
355 360 365
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Leu Leu Asp Arg Ser Ala Gly Gln Asn Gly Ala Phe Lys Ile Lys Leu
370 375 380

Asp Tyr Val Lys Lys Pro Ile Pro Glu Ser Val Phe Val Gln Ile Leu
385 390 395 400

Glu Lys Leu Tyr Glu Glu Asp Ile Gly Ala Gly Met Tyr Ala Leu Tyr
405 410 415

Pro Tyr Gly Gly Ile Met Asp Glu Ile Ser Glu Ser Ala Ile Pro Phe
420 425 430

Pro His Arg Ala Gly Ile Leu Tyr Glu Leu Trp Tyr Ile Cys Ser Trp
435 440 445

Glu Lys Gln Glu Asp Asn Glu Lys His Leu Asn Trp Ile Arg Asn Ile
450 455 460

Tyr Asn Phe Met Thr Pro Tyr Val Ser Lys Asn Pro Arg Leu Ala Tyr
465 470 475 480

Leu Asn Tyr Arg Asp Leu Asp Ile Gly Ile Asn Asp Pro Lys Asn Pro
485 490 495

Asn Asn Tyr Thr Gln Ala Arg Ile Trp Gly Glu Lys Tyr Phe Gly Lys
500 505 510

Asn Phe Asp Arg Leu Val Lys Val Lys Thr Leu Val Asp Pro Asn Asn
515 520 525

Phe Phe Arg Asn Glu Gln Ser Ile Pro Pro Leu Pro Arg His Arg His
530 535 540

<210> SEQ ID NO 9

<211> LENGTH: 1635

<212> TYPE: DNA

<213> ORGANISM: Cannabis sativa

<400> SEQUENCE: 9

atgaactgta gcgcatttag tttctggtte gtgtgtaaga tcattttttt ctttttatct 60
tttcacattc agatttctat cgctaatceg cgecgaaaatt tectcaaatg ctttagtaag 120
cacatcccaa acaacgttge gaatcccaaa ctggtctaca cgcagcacga tcagctctac 180
atgtctatcc tgaatagcac aatccagaac ttacggttca tcetetgatac aacgccaaag 240
cctttagtga ttgttacace gagcaacaat tctcatatec aagecacaat tttgtgcagt 300
aaaaaggttyg ggttgcaaat ccgaacgege agegggggac acgacgcaga gggtatgagt 360
tacatttcte aggtccectt cgttgttgtg gatctacgga atatgcacte catcaagatt 420
gacgtacaca gtcagaccge ttgggtcgaa gccggagcaa ccttaggcega ggtctactat 480
tggattaatg agaaaaacga gaacctctct ttecetggtg gatattgtee tactgtaggt 540
gtcggaggge atttcagtgg cggaggctat ggggetctca tgegcaatta tggettggec 600
gecggacaata tcattgacge tcatctegtg aacgtcgacg gtaaggtact cgatcgtaaa 660
agcatgggtyg aggatctett ctgggetatt cgaggtggtg gaggagagaa cttceggaatt 720
atcgcagect ggaaaattaa gttagttgeg gtecccagta aaagcacaat ctttagegte 780
aaaaagaaca tggaaattca tggactcgta aagctcttta ataaatggca gaacattgca 840
tacaaatatg acaaagacct agtgttgatg acccatttta ttactaaaaa tattacggat 900
aaccacggga agaacaagac aacagtacat ggttacttta gecagcatctt ccacggtggg 960

gtcgattcte tagtagacct gatgaataag tcctttccgg aactaggcat caagaaaact 1020
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gactgcaaag aattttcctg gatcgacacg actatcttet atagtggagt agtaaacttt 1080
aatacagcaa acttcaaaaa agaaatcctg ctagatcgat ccgeggggaa gaagactgca 1140
tttagcatta agctggacta tgtaaagaaa cccattccgg agacagccat ggttaaaatt 1200
ttggagaaat tgtacgaaga ggacgtcgga gccggcatgt acgtcctcta tecttatggce 1260
gggattatgg aggaaatcag tgagtccgct atccctttec cccaccgtge gggtatcatg 1320
tacgagttat ggtacaccgc gtcctgggaa aagcaggagyg acaacgagaa acacatcaac 1380
tgggtcegtt ccgtgtacaa ttttaccacc ccttatgttt ctcaaaatcce gcgactcgcece 1440
tatttaaact atcgtgacct ggacctgggg aaaacaaacc acgcgagtcce caataactac 1500
acgcaagcac gaatctgggg tgaaaagtac tttggtaaga atttcaatcg actggttaaa 1560
gttaagacaa aagtcgatcc taacaatttc ttccgaaatg agcaatctat tccgeccttg 1620
cctecteate accac 1635
<210> SEQ ID NO 10

<211> LENGTH: 545

<212> TYPE: PRT

<213> ORGANISM: Cannabis sativa

<400> SEQUENCE: 10

Met Asn Cys Ser Ala Phe Ser Phe Trp Phe Val Cys Lys Ile Ile Phe
1 5 10 15

Phe Phe Leu Ser Phe His Ile Gln Ile Ser Ile Ala Asn Pro Arg Glu
20 25 30

Asn Phe Leu Lys Cys Phe Ser Lys His Ile Pro Asn Asn Val Ala Asn
35 40 45

Pro Lys Leu Val Tyr Thr Gln His Asp Gln Leu Tyr Met Ser Ile Leu
50 55 60

Asn Ser Thr Ile Gln Asn Leu Arg Phe Ile Ser Asp Thr Thr Pro Lys
65 70 75 80

Pro Leu Val Ile Val Thr Pro Ser Asn Asn Ser His Ile Gln Ala Thr
85 90 95

Ile Leu Cys Ser Lys Lys Val Gly Leu Gln Ile Arg Thr Arg Ser Gly
100 105 110

Gly His Asp Ala Glu Gly Met Ser Tyr Ile Ser Gln Val Pro Phe Val
115 120 125

Val Val Asp Leu Arg Asn Met His Ser Ile Lys Ile Asp Val His Ser
130 135 140

Gln Thr Ala Trp Val Glu Ala Gly Ala Thr Leu Gly Glu Val Tyr Tyr
145 150 155 160

Trp Ile Asn Glu Lys Asn Glu Asn Leu Ser Phe Pro Gly Gly Tyr Cys
165 170 175

Pro Thr Val Gly Val Gly Gly His Phe Ser Gly Gly Gly Tyr Gly Ala
180 185 190

Leu Met Arg Asn Tyr Gly Leu Ala Ala Asp Asn Ile Ile Asp Ala His
195 200 205

Leu Val Asn Val Asp Gly Lys Val Leu Asp Arg Lys Ser Met Gly Glu
210 215 220

Asp Leu Phe Trp Ala Ile Arg Gly Gly Gly Gly Glu Asn Phe Gly Ile
225 230 235 240

Ile Ala Ala Trp Lys Ile Lys Leu Val Ala Val Pro Ser Lys Ser Thr
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245 250 255

Ile Phe Ser Val Lys Lys Asn Met Glu Ile His Gly Leu Val Lys Leu
260 265 270

Phe Asn Lys Trp Gln Asn Ile Ala Tyr Lys Tyr Asp Lys Asp Leu Val
275 280 285

Leu Met Thr His Phe Ile Thr Lys Asn Ile Thr Asp Asn His Gly Lys
290 295 300

Asn Lys Thr Thr Val His Gly Tyr Phe Ser Ser Ile Phe His Gly Gly
305 310 315 320

Val Asp Ser Leu Val Asp Leu Met Asn Lys Ser Phe Pro Glu Leu Gly
325 330 335

Ile Lys Lys Thr Asp Cys Lys Glu Phe Ser Trp Ile Asp Thr Thr Ile
340 345 350

Phe Tyr Ser Gly Val Val Asn Phe Asn Thr Ala Asn Phe Lys Lys Glu
355 360 365

Ile Leu Leu Asp Arg Ser Ala Gly Lys Lys Thr Ala Phe Ser Ile Lys
370 375 380

Leu Asp Tyr Val Lys Lys Pro Ile Pro Glu Thr Ala Met Val Lys Ile
385 390 395 400

Leu Glu Lys Leu Tyr Glu Glu Asp Val Gly Ala Gly Met Tyr Val Leu
405 410 415

Tyr Pro Tyr Gly Gly Ile Met Glu Glu Ile Ser Glu Ser Ala Ile Pro
420 425 430

Phe Pro His Arg Ala Gly Ile Met Tyr Glu Leu Trp Tyr Thr Ala Ser
435 440 445

Trp Glu Lys Gln Glu Asp Asn Glu Lys His Ile Asn Trp Val Arg Ser
450 455 460

Val Tyr Asn Phe Thr Thr Pro Tyr Val Ser Gln Asn Pro Arg Leu Ala
465 470 475 480

Tyr Leu Asn Tyr Arg Asp Leu Asp Leu Gly Lys Thr Asn His Ala Ser
485 490 495

Pro Asn Asn Tyr Thr Gln Ala Arg Ile Trp Gly Glu Lys Tyr Phe Gly
500 505 510

Lys Asn Phe Asn Arg Leu Val Lys Val Lys Thr Lys Val Asp Pro Asn
515 520 525

Asn Phe Phe Arg Asn Glu Gln Ser Ile Pro Pro Leu Pro Pro His His
530 535 540

His
545

<210> SEQ ID NO 11

<211> LENGTH: 1590

<212> TYPE: DNA

<213> ORGANISM: Cannabis sativa

<400> SEQUENCE: 11

atgaattgta gcacgttcag cttctggtte gtatgtaaaa ttatcttttt tttectcagt 60
tttaatatcc aaatctctat tgctaaccce caggagaatt tectcaagtg tttcagegag 120
tacattccta acaaccctge tccaaaattt atctacacge aacacgatca attgtatatg 180
agtgttttaa attccaccat ccaaaacttg cgttttacct ctgacactac accaaagcct 240

ctegteattyg tgacgeccgag taatgttagt catattcagg cgagtattct ctgctctaaa 300
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gttggactce aaatccgcac gegtageggce ggtcacgatg cggaagggtt atcctacatt 360
agccaggtge ctttcegectat tgttgacttg cgtaatatge atacagtagt agacattcat 420
tcccagacgg ccgtggagge aggcegcgacg ttgggggaag tttactactg gattaatgaa 480
atgaatgaaa atttcagttt ccctggaggt tactgtccaa ctgttggagt tggaggtcat 540
tttteccggag gaggatacgg agcgttaatg cggaattacg gattagcagc agataatatc 600
atcgacgctc atctagtaaa tgtagacgga aaagtattgg accgaaagag tatgggtgag 660
gacttgttct gggctattcyg agggggeggg ggcgaaaact tceggtatcat cgcagectgt 720
atcaagctct gggtacccag taaggccact attttctctg tcaaaaagaa catggagatt 780
cacggtctceg tgaagttatt taacaaatgg caaaatattg cctactacga taaagacttg 840
atgttgacga cgcatttccg cacacgcaac attaccgaca accatgggaa taaaacaact 900
gtacacggct atttttctag tatcttecctc gggggcgtag actccctegt cgatttgatg 960

aataaaagtt tcccagaact gggtatcaaa actgactgta aagaactgtc ctggattgat 1020
accacgattt tctattccgg ctggtataat acagccttta agaaagaaat tttactggat 1080
cgctectgegg gtaaaaagac ggctttcage atcaaactcg actacgttaa aaagctcatt 1140
ccggaaaccg ctatggttaa aatcctagag ttatacgaag aagaggttgg cgtaggcatg 1200
tatgtactct acccatacgg tggtattatg gatgaaatct ccgaatccge aattccattt 1260
ccecategeg cgggtatcat gtatgaactg tatacggcga ctgagaaaca ggaagacaac 1320
gaaaagcaca tcaactgggt gcggtccgtc tataacttta ccacccctta tgtaagtcag 1380
aacccgeggce tggcatatcect aaattatcgg gacctggatc taggcaaaac gaaccccgag 1440
tctccgaata actatactca ggcgcggatce tggggggaga aatactttgg gaaaaacttt 1500
aaccgactcg taaaggtaaa aaccaaggcc gacccgaaca acttcecttecyg caacgaacaa 1560
tctattcecece cacteccceee acgcecatcac 1590
<210> SEQ ID NO 12

<211> LENGTH: 530

<212> TYPE: PRT

<213> ORGANISM: Cannabis sativa

<400> SEQUENCE: 12

Met Asn Cys Ser Thr Phe Ser Phe Trp Phe Val Cys Lys Ile Ile Phe
1 5 10 15

Phe Phe Leu Ser Phe Asn Ile Gln Ile Ser Ile Ala Asn Pro Gln Glu
20 25 30

Asn Phe Leu Lys Cys Phe Ser Glu Tyr Ile Pro Asn Asn Pro Ala Pro
35 40 45

Lys Phe Ile Tyr Thr Gln His Asp Gln Leu Tyr Met Ser Val Leu Asn
50 55 60

Ser Thr Ile Gln Asn Leu Arg Phe Thr Ser Asp Thr Thr Pro Lys Pro
65 70 75 80

Leu Val Ile Val Thr Pro Ser Asn Val Ser His Ile Gln Ala Ser Ile
85 90 95

Leu Cys Ser Lys Val Gly Leu Gln Ile Arg Thr Arg Ser Gly Gly His
100 105 110

Asp Ala Glu Gly Leu Ser Tyr Ile Ser Gln Val Pro Phe Ala Ile Val
115 120 125
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Asp Leu Arg Asn Met His Thr Val Val Asp Ile His Ser Gln Thr Ala
130 135 140

Val Glu Ala Gly Ala Thr Leu Gly Glu Val Tyr Tyr Trp Ile Asn Glu
145 150 155 160

Met Asn Glu Asn Phe Ser Phe Pro Gly Gly Tyr Cys Pro Thr Val Gly
165 170 175

Val Gly Gly His Phe Ser Gly Gly Gly Tyr Gly Ala Leu Met Arg Asn
180 185 190

Tyr Gly Leu Ala Ala Asp Asn Ile Ile Asp Ala His Leu Val Asn Val
195 200 205

Asp Gly Lys Val Leu Asp Arg Lys Ser Met Gly Glu Asp Leu Phe Trp
210 215 220

Ala Ile Arg Gly Gly Gly Gly Glu Asn Phe Gly Ile Ile Ala Ala Cys
225 230 235 240

Ile Lys Leu Trp Val Pro Ser Lys Ala Thr Ile Phe Ser Val Lys Lys
245 250 255

Asn Met Glu Ile His Gly Leu Val Lys Leu Phe Asn Lys Trp Gln Asn
260 265 270

Ile Ala Tyr Tyr Asp Lys Asp Leu Met Leu Thr Thr His Phe Arg Thr
275 280 285

Arg Asn Ile Thr Asp Asn His Gly Asn Lys Thr Thr Val His Gly Tyr
290 295 300

Phe Ser Ser Ile Phe Leu Gly Gly Val Asp Ser Leu Val Asp Leu Met
305 310 315 320

Asn Lys Ser Phe Pro Glu Leu Gly Ile Lys Thr Asp Cys Lys Glu Leu
325 330 335

Ser Trp Ile Asp Thr Thr Ile Phe Tyr Ser Gly Trp Tyr Asn Thr Ala
340 345 350

Phe Lys Lys Glu Ile Leu Leu Asp Arg Ser Ala Gly Lys Lys Thr Ala
355 360 365

Phe Ser Ile Lys Leu Asp Tyr Val Lys Lys Leu Ile Pro Glu Thr Ala
370 375 380

Met Val Lys Ile Leu Glu Leu Tyr Glu Glu Glu Val Gly Val Gly Met
385 390 395 400

Tyr Val Leu Tyr Pro Tyr Gly Gly Ile Met Asp Glu Ile Ser Glu Ser
405 410 415

Ala Ile Pro Phe Pro His Arg Ala Gly Ile Met Tyr Glu Leu Tyr Thr
420 425 430

Ala Thr Glu Lys Gln Glu Asp Asn Glu Lys His Ile Asn Trp Val Arg
435 440 445

Ser Val Tyr Asn Phe Thr Thr Pro Tyr Val Ser Gln Asn Pro Arg Leu
450 455 460

Ala Tyr Leu Asn Tyr Arg Asp Leu Asp Leu Gly Lys Thr Asn Pro Glu
465 470 475 480

Ser Pro Asn Asn Tyr Thr Gln Ala Arg Ile Trp Gly Glu Lys Tyr Phe
485 490 495

Gly Lys Asn Phe Asn Arg Leu Val Lys Val Lys Thr Lys Ala Asp Pro
500 505 510

Asn Asn Phe Phe Arg Asn Glu Gln Ser Ile Pro Pro Leu Pro Pro Arg
515 520 525
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His His
530

<210> SEQ ID NO 13
<211> LENGTH: 8445

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

polynucleotide

<400> SEQUENCE: 13

ctcgagaaga

ctgtggttee

ttcgcaccga

tgtcttecct

agcaggaata

aactgtggga

cecttgtege

ccegggtagt

ggactcecte

gtaggagatt

ttgtgagcgg

acagtgtegt

tgcatgggcg

tcaacatcge

tttacggatg

aggtaaaaag

taaagtacaa

ctgaagtgta

cagaatgtat

gaggttactt

acactatgat

tagatcagtt

agaaaggttg

tggctategt

agatcagtac

ttcggggcaa

ctatcgtgat

gttgggacta

aacaaccagt

aagcaatccc

tagacattcg

gtcectgaat

ctaggcaaca

acatcaattg

tcccaatceca

aaattaacaa

ttgcaaaagc

tgccteegty

taacgaaagt

agtttatceg

aattcagagc

ataacggaat

cgegtetgat

actagctgaa

gaatcatatc

ttataaggat

caccaacttg

agacccaatt

ttggcgtaca

cctacgtega

gaacagtgct

cgtetggege

acggaaacgt

tgccattget

actagccgga

tcgtetgega

aaaacgaatt

tcegtgeage

tttcttagaa

ggacgcttat

ttggactcaa

taagggtgat

atcaaaatgg

gtctteecta

cataatttta

ggacaatctyg

gatgtaacag

attcaagcct

tttctcecty

taatggagat

ggggaattgt

tgttgacaat

taggaggtta

tttattgcat

atcgtttgta

ttaagtccag

tttgggceeyg

ggagcattac

tctagettta

gtattaatgg

gatgatatca

aagaactgtt

gacgaaggca

gtgtggttag

attgacatge

tatgtagttg

ctatccaagg

cctttgtact

ggaagcaata

cgagctaaag

acaaacatct

gegaccecte

gtcattgttt

tgggataaaa

ccccactgga

gccctaaaac

agaatccect

acataagtcc

aggcgctgag

gatttattta

cagtaacaat

gtttaagaaa

taatcatcecg

attaaatggg

tgggcattac

attacggagc

atctgeettt

cgectectge

tggagaagcg

gtcactttca

atgaaatgaa

acaatccagg

taaatgtcaa

acgatgattt

ttgggtacge

caatgcacgt

tgtctatege

cgaaggctat

ctcegegtggt

ttggtgcaga

agttcaaaaa

tattttctag

taaaagctge

ggccgacgaa

agctcaaaaa

aactaaaaaa

ataagctgaa

gcaacattac

catcaccgtt

ctgtttgage

ggtaatatct

aactctaggyg

atcccaacte

gctegtataa

aaaaaactat

cagtgaagta

agcgactcca

ctcettgeac

ttggatccca

tggcaaagag

agaatttagt

gatcagtttt

aggtagtgaa

ctctaataaa

accattgaac

attagaagag

cgacgeggte

ggactettte

cttcacgcag

tgaggcgaaa

actacgagat

ttgtgaattc

tggaacaaca

cgcggatgga

tCtgggttgg

Synthetic
ggaaagtagg 60
acgagaaaag 120
cgaaactggt 180
ttaacaaaaa 240
gtataaagtt 300
atccecggtgyg 360
ctcataaatc 420
tcattacttt 480
ataaagtcaa 540
tgtgtggaaa 600
aaatccetgyg 660
gcagagaccce 720
caaacgtgga 780
cagatgttgt 840
gaccctgaga 900
ttcttaggag 960
gttcggaatce 1020
tctaaggacc 1080
tggctacctyg 1140
aagttgaacyg 1200
aaactcacgt 1260
atgggtttgg 1320
gttatctatt 1380
agtgcceecy 1440
gatcacatca 1500
agcecctatgg 1560
ggagacatca 1620
acagcgcgag 1680
ggagaaccta 1740
tggagccatc 1800
atgatgggtc 1860
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cttggctagt ttacgcatct ctecctaaacg gcgccagtat cgctcectctac aacgggtcete 1920
ctctggttag cggattcgca aaattcgtge aggacgctaa agtgactatg ctaggagtgg 1980
tcecttetat cgtgcgtage tggaagagca caaactgcegt ctctggatat gattggtcta 2040
ccatccggtg ctttagttet tecggagaag ccagcaatgt tgatgagtac ctgtggttaa 2100
tgggccgggce aaattacaaa ccagttattg agatgtgtgg aggaacagaa attgggggag 2160
cgttctetge ggggagttte ttgcaagccce aatccctete cagttttage agtcaatgta 2220
tgggctgcac tttatacatt ttggacaaga acggttaccc aatgccgaaa aacaaaccgg 2280
gcattggtga attagcacta ggtccagtaa tgttcggagce tagtaagaca ctgttaaatg 2340
gcaaccatca cgatgtctat ttcaagggga tgcccacatt aaatggtgag gtcttacgtce 2400
gtcacgggga cattttcgag ttaacctcta atgggtatta tcacgctcac gggcgagcegyg 2460
atgacacgat gaacatcgga gggattaaaa tcagttccat cgaaattgag cgtgtgtgca 2520
atgaggtaga cgatcgggta ttcgagacaa cggcecategg ggtgccgece ctceggagggyg 2580
gacccgaaca attggtaatt ttttttgtcc tgaaggattc caacgatacc acaatcgact 2640
tgaatcagtt gcgcctcage ttcaacttag gcttgcagaa gaagctaaac ccactcttca 2700
aggttacgcg ggttgtacca ctgtctagce tcectcggac tgctacgaat aaaatcatgce 2760
gccgagtact ccgccaacaa ttcagtcact tcgaataagg aattaggagg ttaattaaat 2820
gaatcacttg cgagcggaag gtcccgctag tgtactcget attgggactg ccaacccaga 2880
aaatatttta ctccaggatg agttcccgga ttattacttc cgagtcacaa agagcgaaca 2940
catgacgcag ttaaaagaga agttccgcaa aatctgtgac aagtctatga ttcgcaaacg 3000
caattgcttt ttgaatgaag aacatctgaa gcagaatcca cgtctggttg agcacgagat 3060
gcagacttta gacgctcgac aggacatgct agtcgtggaa gtcccgaaac tgggtaaaga 3120
cgegtgtgece aaggccatta aggaatgggg tcaacctaag agtaagatca cccatctcat 3180
ttttaccagt gcgtccacga cagacatgcce tggagctgac taccattgtg ccaagctcect 3240
aggactatct ccatctgtga aacgggtaat gatgtatcag ctaggatgtt atggtggggg 3300
gactgtgtta cgtatcgcaa aggatatcgc ggagaataac aagggggctc gcgtcectage 3360
cgtttgetge gacattatgg cgtgcectctt tcggggacce tccgagageg acttggagcet 3420
attagtaggc caagcgatct ttggagatgg ggccgctget gttattgttg gegcectgaacce 3480
cgatgagagt gtaggtgagc gcccaatttt cgagttggtc tccacgggtce agacaattct 3540
cceccaacagt gaaggcacaa ttgggggaca tatccgggag gcaggactga tcetttgacct 3600
acataaggac gtcccgatge tcatttctaa caacattgaa aagtgcctga ttgaagcgtt 3660
caccccaatc ggcattagtg attggaatag tatcttcetgg attactcatce ccggaggtaa 3720
agccattcta gataaggtgg aagaaaagtt acacttaaag tccgacaagt ttgtcgatag 3780
tcgtcacgtg ctgagcgagce atgggaatat gagtagcetct acggttttgt tegttatgga 3840
cgaattacga aagcgcagct tggaggaggg aaaaagcacyg acaggggatyg gatttgagtg 3900
gggagttcte tttggatttg gtecccgggcet gacagtagag cgcegtggtgg tgcgctecegt 3960
gccgattaag tgaggaatta ggaggttaat taaatggccg taaagcacct gattgtattg 4020
aaattcaaag atgagatcac ggaggcgcag aaggaggagt ttttcaagac gtacgtgaac 4080

ctagtgaata tcatcccggce gatgaaggat gtctattggg gtaaagatgt aactcagaaa 4140
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aacaaggaag aaggttacac ccatattgtt gaagtcacat tcgaaagtgt agagacgatc 4200
caagattata ttattcatcc ggctcacgtt ggatttggag acgtgtatcg ttcectttttgg 4260
gagaagttgt taatcttcga ctacaccccce cgcaaatagg gaattaggag gttaattaaa 4320
tgggcttaag ctctgtatge actttcagtt tccaaaccaa ttatcatacg ctcecctaaacc 4380
cccacaataa caacccaaaa acatccttgt tgtgctatcg acaccctaaa acgccaatca 4440
agtattctta taacaatttt ccctccaaac actgctccac taagagcttce cacctacaaa 4500
acaaatgtag cgaatccttg tccatcgcca agaactccat tcgagcagca accaccaatce 4560
agacagagcc acctgagagc gacaatcata gcgtcgcgac taagatccta aatttcggga 4620
aagcatgctg gaaactacaa cgaccataca cgatcatcgce gttcaccagt tgcgettgeg 4680
gtttatttgg taaggaattg ctccataata ccaacctgat ttcctggagt ctgatgttca 4740
aagcattttt tttcttggtg gccatcctat gtatcgegte ttttacaaca accatcaatce 4800
agatctatga cctccacatc gatcgcatta acaagccaga cctcecccatta gegtetggtg 4860
aaatctcectgt caacaccgcc tggattatga gcattattgt agcactgttt gggctaatca 4920
ttacaatcaa gatgaagggt ggacccctct acatttttgg ctattgctte ggaatctttg 4980
gtggcattgt ttacagcgta ccaccgtttc ggtggaagca gaatcccagt accgctttcece 5040
tattgaactt tctggcccac atcatcacca actttacgtt ttactacgca agtcgggcgg 5100
cactgggcct cccattcgag ctgcgaccca gttttacgtt tcectcttageg ttcatgaaaa 5160
gcatgggaag cgctctcgce ctgattaagg atgcctccga cgtggaaggce gacacaaagt 5220
tcggtattte tacattagca agcaagtatg gttcccgtaa cctaacacte ttttgttcetg 5280
gaattgtgtt actaagttat gtagcagcta ttctggcagg tatcatttgg ccccaggect 5340
tcaatagcaa tgttatgctg ttatctcatg cgatcctege cttctggtta atcctacaga 5400
cacgggactt tgccctcact aattacgatc ccgaggceggg ccgacgtttt tacgagttca 5460
tgtggaagct atactatgca gagtacctcg tgtacgtgtt tatttaagga attaggaggt 5520
taattaaatg aactgtagcg catttagttt ctggttcgtg tgtaagatca tttttttett 5580
tttatctttt cacattcaga tttctatcge taatccgege gaaaatttcce tcaaatgett 5640
tagtaagcac atcccaaaca acgttgcgaa tcccaaactg gtctacacgce agcacgatca 5700
gctctacatg tctatcctga atagcacaat ccagaactta cggttcatct ctgatacaac 5760
gccaaagect ttagtgattg ttacaccgag caacaattcect catatccaag ccacaatttt 5820
gtgcagtaaa aaggttgggt tgcaaatccg aacgcgcagce gggggacacg acgcagaggyg 5880
tatgagttac atttctcagg tccccttegt tgttgtggat ctacggaata tgcactccat 5940
caagattgac gtacacagtc agaccgcttg ggtcgaagcc ggagcaacct taggcgaggt 6000
ctactattgg attaatgaga aaaacgagaa cctctctttc cctggtggat attgtcectac 6060
tgtaggtgtc ggagggcatt tcagtggcgg aggctatggg gcectctcatge gcaattatgg 6120
cttggcegeg gacaatatca ttgacgctca tctegtgaac gtcgacggta aggtactcga 6180
tcgtaaaagce atgggtgagg atctcttctg ggctattega ggtggtggag gagagaactt 6240
cggaattatc gcagcctgga aaattaagtt agttgcggtc cccagtaaaa gcacaatctt 6300
tagcgtcaaa aagaacatgg aaattcatgg actcgtaaag ctctttaata aatggcagaa 6360

cattgcatac aaatatgaca aagacctagt gttgatgacc cattttatta ctaaaaatat 6420
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tacggataac cacgggaaga acaagacaac agtacatggt tactttagca gcatcttcca 6480
cggtggggtc gattctctag tagacctgat gaataagtcc tttccggaac taggcatcaa 6540
gaaaactgac tgcaaagaat tttcctggat cgacacgact atcttctata gtggagtagt 6600
aaactttaat acagcaaact tcaaaaaaga aatcctgcta gatcgatccg cggggaagaa 6660
gactgcattt agcattaagc tggactatgt aaagaaaccc attccggaga cagccatggt 6720
taaaattttg gagaaattgt acgaagagga cgtcggagcc ggcatgtacg tcectctatce 6780
ttatggcggg attatggagg aaatcagtga gtccgctatce cctttecccee accgtgeggg 6840
tatcatgtac gagttatggt acaccgcgtc ctgggaaaag caggaggaca acgagaaaca 6900
catcaactgg gtccgtteeg tgtacaattt taccaccect tatgtttcte aaaatccgeg 6960
actcgectat ttaaactatc gtgacctgga cctggggaaa acaaaccacg cgagtcccaa 7020
taactacacg caagcacgaa tctggggtga aaagtacttt ggtaagaatt tcaatcgact 7080
ggttaaagtt aagacaaaag tcgatcctaa caatttcttc cgaaatgagc aatctattcce 7140
gccettgect cctecatcace actagggaat taggaggtta attaaatgga gaaaaaaatc 7200
actggatata ccaccgttga tatatcccaa tggcatcgta aagaacattt tgaggcattt 7260
cagtcagttg ctcaatgtac ctataaccag accgttcagc tggatattac ggccttttta 7320
aagaccgtaa agaaaaataa gcacaagttt tatccggect ttattcacat tettgcccecgce 7380
ctgatgaatg ctcatccgga attccgtatg gcaatgaaag acggtgagct ggtgatatgg 7440
gatagtgttc acccttgtta caccgttttc catgagcaaa ctgaaacgtt ttcatcgcetce 7500
tggagtgaat accacgacga tttccggcag tttctacaca tatattcgca agatgtggceg 7560
tgttacggtg aaaacctggc ctatttccct aaagggttta ttgagaatat gtttttegtce 7620
tcagccaatc cctgggtgag tttcaccagt tttgatttaa acgtggccaa tatggacaac 7680
ttecttegece cecgttttecac catgggcaaa tattatacgce aaggcgacaa ggtgctgatg 7740
ccgctggega ttcaggttca tcatgccgte tgtgatgget tccatgtcgg cagaatgett 7800
aatgaattac aacagtactg cgatgagtgg cagggcgggg cgtgattttt ttaaggcagt 7860
tattggtgcce cttaaacgcc tggggatccg ctattttgtt aattactatt tgagctgagt 7920
gtaaaatacc ttacttactc aaaagcatta actaaccata acaatgacta atctcttttt 7980
ttgattgaac tccaaactag aatagccatc gagtcagtcc atttagttca ttattagtga 8040
aagtttgttg gcggtgggtt atccgttgat aaaccaccgt ttttgtttgg gcaaagtaac 8100
gatttgatgc agtgatgggt ttaaagataa tcccgtttga ggaaatcctg caggacgacyg 8160
ggaactttaa cctgaccgct gctgggttcg taataatttt ctaaaattgc cgccatggtg 8220
cgcccgateg ccaaaccgga accgttgaga gtgtgaacaa attgggtgcce ttttttgece 8280
ttttececttgt agcgaatgtt ggcccgacgg gcttggaaat cgtggaagtt agaacaactg 8340
gaaatttccc ggtaggtgtt agccgatggt aaccaaactt ccaagtcgta gcatttagece 8400

gctccaaaac ctaaatcacc ggtacataat tccaccactg agctce 8445

<210> SEQ ID NO 14

<211> LENGTH: 8400

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
polynucleotide
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<400> SEQUENCE: 14

ctecgagaaga gtccectgaat atcaaaatgg tgggataaaa agctcaaaaa ggaaagtagg 60
ctgtggttee ctaggcaaca gtcttceecta ceccactgga aactaaaaaa acgagaaaag 120
ttecgecaccga acatcaattg cataatttta gecctaaaac ataagctgaa cgaaactggt 180
tgtcttccect tcccaatcca ggacaatctg agaatccect gcaacattac ttaacaaaaa 240
agcaggaata aaattaacaa gatgtaacag acataagtcc catcaccgtt gtataaagtt 300
aactgtggga ttgcaaaagc attcaagect aggcgctgag ctgtttgage atceceggtgg 360
ccettgtege tgectcecegtyg tttecteectg gatttattta ggtaatatet ctcataaatce 420
ccegggtagt taacgaaagt taatggagat cagtaacaat aactctaggyg tcattacttt 480
ggactccecte agtttatceg ggggaattgt gtttaagaaa atcccaactc ataaagtcaa 540
gtaggagatt aattcagagc tgttgacaat taatcatccg gectcgtataa tgtgtggaaa 600
ttgtgagcegg ataacggaat taggaggtta attaaatggg aaaaaactat aaatccctgg 660
acagtgtcegt cgcgtectgat tttattgeat tgggcattac cagtgaagta gcagagacce 720
tgcatgggeg actagctgaa atcgtttgta attacggage agcgactcca caaacgtgga 780
tcaacatcge gaatcatatc ttaagtccag atctgcecttt ctecttgcac cagatgttgt 840
tttacggatg ttataaggat tttgggeccg cgectectge ttggatccca gaccctgaga 900
aggtaaaaag caccaacttg ggagcattac tggagaagceg tggcaaagag ttcttaggag 960

taaagtacaa agacccaatt tctagcttta gtcactttca agaatttagt gttcggaatc 1020
ctgaagtgta ttggcgtaca gtattaatgg atgaaatgaa gatcagtttt tctaaggacc 1080
cagaatgtat cctacgtcga gatgatatca acaatccagg aggtagtgaa tggctacctg 1140
gaggttactt gaacagtgct aagaactgtt taaatgtcaa ctctaataaa aagttgaacg 1200
acactatgat cgtctggcgce gacgaaggca acgatgattt accattgaac aaactcacgt 1260
tagatcagtt acggaaacgt gtgtggttag ttgggtacgc attagaagag atgggtttgg 1320
agaaaggttg tgccattgct attgacatgc caatgcacgt cgacgcggtce gttatctatt 1380
tggctatcgt actagccgga tatgtagttg tgtctatcege ggactcecttte agtgecccecg 1440
agatcagtac tcgtctgcga ctatccaagg cgaaggctat cttcacgcag gatcacatca 1500
ttcggggcaa aaaacgaatt cctttgtact ctecgegtggt tgaggcgaaa agccctatgg 1560
ctatcgtgat tccgtgcage ggaagcaata ttggtgcaga actacgagat ggagacatca 1620
gttgggacta tttcttagaa cgagctaaag agttcaaaaa ttgtgaattc acagcgcgag 1680
aacaaccagt ggacgcttat acaaacatct tattttctag tggaacaaca ggagaaccta 1740
aagcaatccce ttggactcaa gcgaccceccte taaaagcetgce cgcggatgga tggagccatce 1800
tagacattcg taagggtgat gtcattgttt ggccgacgaa tctgggttgg atgatgggtce 1860
cttggctagt ttacgcatct ctecctaaacg gcgccagtat cgctcectctac aacgggtcete 1920
ctctggttag cggattcgca aaattcgtge aggacgctaa agtgactatg ctaggagtgg 1980
tcecttetat cgtgcgtage tggaagagca caaactgcegt ctctggatat gattggtcta 2040
ccatccggtg ctttagttet tecggagaag ccagcaatgt tgatgagtac ctgtggttaa 2100
tgggccgggce aaattacaaa ccagttattg agatgtgtgg aggaacagaa attgggggag 2160

cgttctetge ggggagttte ttgcaagccce aatccctete cagttttage agtcaatgta 2220
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tgggctgcac tttatacatt ttggacaaga acggttaccc aatgccgaaa aacaaaccgg 2280
gcattggtga attagcacta ggtccagtaa tgttcggagce tagtaagaca ctgttaaatg 2340
gcaaccatca cgatgtctat ttcaagggga tgcccacatt aaatggtgag gtcttacgtce 2400
gtcacgggga cattttcgag ttaacctcta atgggtatta tcacgctcac gggcgagcegyg 2460
atgacacgat gaacatcgga gggattaaaa tcagttccat cgaaattgag cgtgtgtgca 2520
atgaggtaga cgatcgggta ttcgagacaa cggcecategg ggtgccgece ctceggagggyg 2580
gacccgaaca attggtaatt ttttttgtcc tgaaggattc caacgatacc acaatcgact 2640
tgaatcagtt gcgcctcage ttcaacttag gcttgcagaa gaagctaaac ccactcttca 2700
aggttacgcg ggttgtacca ctgtctagce tcectcggac tgctacgaat aaaatcatgce 2760
gccgagtact ccgccaacaa ttcagtcact tcgaataagg aattaggagg ttaattaaat 2820
gaatcacttg cgagcggaag gtcccgctag tgtactcget attgggactg ccaacccaga 2880
aaatatttta ctccaggatg agttcccgga ttattacttc cgagtcacaa agagcgaaca 2940
catgacgcag ttaaaagaga agttccgcaa aatctgtgac aagtctatga ttcgcaaacg 3000
caattgcttt ttgaatgaag aacatctgaa gcagaatcca cgtctggttg agcacgagat 3060
gcagacttta gacgctcgac aggacatgct agtcgtggaa gtcccgaaac tgggtaaaga 3120
cgegtgtgece aaggccatta aggaatgggg tcaacctaag agtaagatca cccatctcat 3180
ttttaccagt gcgtccacga cagacatgcce tggagctgac taccattgtg ccaagctcect 3240
aggactatct ccatctgtga aacgggtaat gatgtatcag ctaggatgtt atggtggggg 3300
gactgtgtta cgtatcgcaa aggatatcgc ggagaataac aagggggctc gcgtcectage 3360
cgtttgetge gacattatgg cgtgcectctt tcggggacce tccgagageg acttggagcet 3420
attagtaggc caagcgatct ttggagatgg ggccgctget gttattgttg gegcectgaacce 3480
cgatgagagt gtaggtgagc gcccaatttt cgagttggtc tccacgggtce agacaattct 3540
cceccaacagt gaaggcacaa ttgggggaca tatccgggag gcaggactga tcetttgacct 3600
acataaggac gtcccgatge tcatttctaa caacattgaa aagtgcctga ttgaagcgtt 3660
caccccaatc ggcattagtg attggaatag tatcttcetgg attactcatce ccggaggtaa 3720
agccattcta gataaggtgg aagaaaagtt acacttaaag tccgacaagt ttgtcgatag 3780
tcgtcacgtg ctgagcgagce atgggaatat gagtagcetct acggttttgt tegttatgga 3840
cgaattacga aagcgcagct tggaggaggg aaaaagcacyg acaggggatyg gatttgagtg 3900
gggagttcte tttggatttg gtecccgggcet gacagtagag cgcegtggtgg tgcgctecegt 3960
gccgattaag tgaggaatta ggaggttaat taaatggccg taaagcacct gattgtattg 4020
aaattcaaag atgagatcac ggaggcgcag aaggaggagt ttttcaagac gtacgtgaac 4080
ctagtgaata tcatcccggce gatgaaggat gtctattggg gtaaagatgt aactcagaaa 4140
aacaaggaag aaggttacac ccatattgtt gaagtcacat tcgaaagtgt agagacgatc 4200
caagattata ttattcatcc ggctcacgtt ggatttggag acgtgtatcg ttcectttttgg 4260
gagaagttgt taatcttcga ctacaccccce cgcaaatagg gaattaggag gttaattaaa 4320
tgggcttaag ctctgtatge actttcagtt tccaaaccaa ttatcatacg ctcecctaaacc 4380
cccacaataa caacccaaaa acatccttgt tgtgctatcg acaccctaaa acgccaatca 4440

agtattctta taacaatttt ccctccaaac actgctccac taagagcttce cacctacaaa 4500
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acaaatgtag cgaatccttg tccatcgcca agaactccat tcgagcagca accaccaatce 4560
agacagagcc acctgagagc gacaatcata gcgtcgcgac taagatccta aatttcggga 4620
aagcatgctg gaaactacaa cgaccataca cgatcatcgce gttcaccagt tgcgettgeg 4680
gtttatttgg taaggaattg ctccataata ccaacctgat ttcctggagt ctgatgttca 4740
aagcattttt tttcttggtg gccatcctat gtatcgegte ttttacaaca accatcaatce 4800
agatctatga cctccacatc gatcgcatta acaagccaga cctcecccatta gegtetggtg 4860
aaatctcectgt caacaccgcc tggattatga gcattattgt agcactgttt gggctaatca 4920
ttacaatcaa gatgaagggt ggacccctct acatttttgg ctattgctte ggaatctttg 4980
gtggcattgt ttacagcgta ccaccgtttc ggtggaagca gaatcccagt accgctttcece 5040
tattgaactt tctggcccac atcatcacca actttacgtt ttactacgca agtcgggcgg 5100
cactgggcct cccattcgag ctgcgaccca gttttacgtt tcectcttageg ttcatgaaaa 5160
gcatgggaag cgctctcgce ctgattaagg atgcctccga cgtggaaggce gacacaaagt 5220
tcggtattte tacattagca agcaagtatg gttcccgtaa cctaacacte ttttgttcetg 5280
gaattgtgtt actaagttat gtagcagcta ttctggcagg tatcatttgg ccccaggect 5340
tcaatagcaa tgttatgctg ttatctcatg cgatcctege cttctggtta atcctacaga 5400
cacgggactt tgccctcact aattacgatc ccgaggceggg ccgacgtttt tacgagttca 5460
tgtggaagct atactatgca gagtacctcg tgtacgtgtt tatttaagga attaggaggt 5520
taattaaatg aattgtagca cgttcagctt ctggttcgta tgtaaaatta tetttttttt 5580
cctcagtttt aatatccaaa tcectctattge taacccccag gagaatttecce tcaagtgttt 5640
cagcgagtac attcctaaca accctgctcce aaaatttatc tacacgcaac acgatcaatt 5700
gtatatgagt gttttaaatt ccaccatcca aaacttgcgt tttacctctg acactacacc 5760
aaagcctete gtcattgtga cgccgagtaa tgttagtcat attcaggcga gtattcectcetg 5820
ctctaaagtt ggactccaaa tccgcacgcg tageggceggt cacgatgcgg aagggttatce 5880
ctacattagc caggtgcctt tegctattgt tgacttgegt aatatgcata cagtagtaga 5940
cattcattcc cagacggccg tggaggcagg cgcgacgttg ggggaagttt actactggat 6000
taatgaaatg aatgaaaatt tcagtttccce tggaggttac tgtccaactg ttggagttgg 6060
aggtcatttt tccggaggag gatacggagc gttaatgcgg aattacggat tagcagcaga 6120
taatatcatc gacgctcatc tagtaaatgt agacggaaaa gtattggacc gaaagagtat 6180
gggtgaggac ttgttctggg ctattcgagg gggcgggggc daaaacttcg gtatcatcge 6240
agcctgtatce aagctctggg tacccagtaa ggccactatt ttctctgtca aaaagaacat 6300
ggagattcac ggtctcgtga agttatttaa caaatggcaa aatattgecct actacgataa 6360
agacttgatg ttgacgacgc atttccgcac acgcaacatt accgacaacc atgggaataa 6420
aacaactgta cacggctatt tttctagtat ctteccteggg ggcgtagact cecctcegtega 6480
tttgatgaat aaaagtttcc cagaactggg tatcaaaact gactgtaaag aactgtcctg 6540
gattgatacc acgattttct attccggectg gtataataca gcectttaaga aagaaatttt 6600
actggatcge tctgcgggta aaaagacggc tttcagcatc aaactcgact acgttaaaaa 6660
gctcatteceg gaaaccgcta tggttaaaat cctagagtta tacgaagaag aggttggegt 6720

aggcatgtat gtactctacc catacggtgg tattatggat gaaatctccg aatccgcaat 6780
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tcecattteece catcgegegg gtatcatgta tgaactgtat acggcgactg agaaacagga 6840
agacaacgaa aagcacatca actgggtgcg gtccgtctat aactttacca ccccttatgt 6900
aagtcagaac ccgcggctgg catatctaaa ttatcgggac ctggatctag gcaaaacgaa 6960
ccecgagtet ccgaataact atactcagge gcggatcectgg ggggagaaat actttgggaa 7020
aaactttaac cgactcgtaa aggtaaaaac caaggccgac ccgaacaact tcecttccgcaa 7080
cgaacaatct attcccccac teccccccacg ccatcactag ggaattagga ggttaattaa 7140
atggagaaaa aaatcactgg atataccacc gttgatatat cccaatggca tcgtaaagaa 7200
cattttgagg catttcagtc agttgctcaa tgtacctata accagaccgt tcagctggat 7260
attacggcct ttttaaagac cgtaaagaaa aataagcaca agttttatcc ggcctttatt 7320
cacattcttg cccgectgat gaatgctcat ccggaattcce gtatggcaat gaaagacggt 7380
gagctggtga tatgggatag tgttcaccct tgttacaccg ttttccatga gcaaactgaa 7440
acgttttcat cgctctggag tgaataccac gacgatttcc ggcagtttct acacatatat 7500
tcgcaagatg tggcgtgtta cggtgaaaac ctggcctatt tccctaaagg gtttattgag 7560
aatatgtttt tcgtctcage caatccctgg gtgagtttca ccagttttga tttaaacgtg 7620
gccaatatgg acaacttctt cgccccegtt ttcaccatgg gcaaatatta tacgcaaggce 7680
gacaaggtgc tgatgccgct ggcgattcag gttcatcatg ccgtctgtga tggcecttecat 7740
gtcggcagaa tgcttaatga attacaacag tactgcgatg agtggcaggg cggggcgtga 7800
tttttttaag gcagttattg gtgcccttaa acgcctgggg atccgctatt ttgttaatta 7860
ctatttgagc tgagtgtaaa ataccttact tactcaaaag cattaactaa ccataacaat 7920
gactaatctc tttttttgat tgaactccaa actagaatag ccatcgagtc agtccattta 7980
gttcattatt agtgaaagtt tgttggcggt gggttatccg ttgataaacc accgtttttg 8040
tttgggcaaa gtaacgattt gatgcagtga tgggtttaaa gataatcccg tttgaggaaa 8100
tcetgcagga cgacgggaac tttaacctga ccgetgetgg gttcecgtaata attttctaaa 8160
attgccgeca tggtgcgecce gatcgccaaa ccggaaccgt tgagagtgtg aacaaattgg 8220
gtgcecttttt tgccctttte cttgtagecga atgttggcec gacgggcttg gaaatcgtgg 8280
aagttagaac aactggaaat ttcccggtag gtgttagcecg atggtaacca aacttccaag 8340
tcgtagcatt tagccgctcec aaaacctaaa tcaccggtac ataattccac cactgagcetce 8400
<210> SEQ ID NO 15
<211> LENGTH: 20
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
oligonucleotide

<400> SEQUENCE: 15

ggaattagga ggttaattaa 20
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1. A method of producing a cannabinoid in a photosyn-
thetic microorganism, the method comprising:

(a) introducing into the microorganism:

a polynucleotide encoding a GPPS polypeptide; and

one or more polynucleotides encoding AAE1, OLS,
OAC, CBGAS polypeptides, and an oxidocyclase
selected from the group consisting of CBDAS,
THCAS, and CBCAS; wherein

(1) the polynucleotide encoding the GPPS polypep-
tide is operably linked to a first promoter; and

(i1) the one or more polynucleotides encoding the
AAEFE1, OLS, OAC, CBGAS polypeptides and the
oxidocyclase are operably linked to one or more
additional promoters; and

(b) culturing the microorganism under conditions in

which GPPS, AAE1, OLS, OAC, CB GAS, and the
oxidocyclase are expressed and wherein cannabinoid
biosynthesis takes place.

2. The method of claim 1, wherein the photosynthetic
microorganism is cyanobacteria.

3. The method of claim 2, wherein the GPPS polypeptide
is a fusion protein encoded by a polynucleotide encoding
GPPS fused to the 3' end of a leader nucleic acid sequence
encoding a protein that is expressed in cyanobacteria at a
level of at least 1% of the total cellular protein.

4. The method of claim 3, wherein the GPPS polypeptide
is an nptI*GPPS fusion protein.

5. The method of claim 4, wherein the GPPS polypeptide
comprises the amino acid sequence of SEQ ID NO:2, or an
amino acid sequence that is at least 90% or 95% identical to
SEQ ID NO:2.

6. (canceled)

7. The method of claim 4, wherein the polynucleotide
encoding the GPPS polypeptide comprises the nucleotide
sequence of SEQ ID NO:1, or a nucleotide sequence that is
at least 90% or 95% identical to SEQ ID NO:1.

8. (canceled)

9. The method of claim 1, wherein the AAE1 polypeptide
comprises the amino acid sequence of SEQ ID NO:4, or an
amino acid sequence that is at least 90% or 95% identical to
SEQ ID NO:4.

10. (canceled)

11. The method of claim 9, wherein the polynucleotide
encoding the AAE] polypeptide comprises nucleotides 636-
2798 of SEQ ID NO:3, or a nucleotide sequence that is at
least 90% or 95% identical to nucleotides 636-2798 of SEQ
ID NO:3.

12. (canceled)

13. The method of claim 1, wherein the OLS polypeptide
comprises the amino acid sequence of SEQ ID NO:5, or an
amino acid sequence that is at least 90% or 95% identical to
SEQ ID NO:5.

14. (canceled)

15. The method of claim 13, wherein the polynucleotide
encoding the OLS polypeptide comprises nucleotides 2819-
3973 of SEQ ID NO:3, or a nucleotide sequence that is at
least 90% or 95% identical to nucleotides 2819-3973 of SEQ
ID NO:3.

16. (canceled)

17. The method of claim 1, wherein the OAC polypeptide
comprises the amino acid sequence of SEQ ID NO:6, or an
amino acid sequence that is at least 90% or 95% identical to
SEQ ID NO:6.

18. (canceled)
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19. The method of claim 17, wherein the polynucleotide
encoding the OAC polypeptide comprises nucleotides 3994-
4299 of SEQ ID NO:3, or a nucleotide sequence that is at
least 90% or 95% identical to nucleotides 3994-4299 of SEQ
ID NO:3.

20. (canceled)

21. The method of claim 1, wherein the CBGAS poly-
peptide comprises the amino acid sequence of SEQ ID
NO:7, or an amino acid sequence that is at least 90% or 95%
identical to SEQ ID NO:7.

22. (canceled)

23. The method of claim 21, wherein the polynucleotide
encoding the CBGAS polypeptide comprises nucleotides
4320-5507 of SEQ ID NO:3, or a nucleotide sequence that
is at least 90% or 95% identical to nucleotides 4320-5507 of
SEQ ID NO:3.

24. (canceled)

25. The method of claim 1, wherein the oxidocyclase is
CBDAS, and wherein the CBDAS comprises the amino acid
sequence of SEQ ID NO:8, or an amino acid sequence that
is at least 90% or 95% identical to SEQ ID NO:8.

26. (canceled)

27. The method of claim 25, wherein the polynucleotide
encoding the CBDAS comprises nucleotides 5528-7162 of
SEQ ID NO:3, or a nucleotide sequence that is at least 90%
or 95% identical to nucleotides 5528-7162 of SEQ ID NO:3.

28. (canceled)

29. The method of claim 1, wherein the oxidocyclase is
THCAS, and wherein the THCAS comprises the amino acid
sequence of SEQ ID NO:10, or an amino acid sequence that
is at least 90% or 95% identical to SEQ ID NO:10.

30. (canceled)

31. The method of claim 29, wherein the polynucleotide
encoding the THCAS comprises the nucleotide sequence of
SEQ ID NO:9, or a nucleotide sequence that is at least 90%
or 95% identical to SEQ ID NO:9.

32. (canceled)

33. The method of claim 1, wherein the oxidocyclase is
CBCAS, and wherein the CBCAS comprises the amino acid
sequence of SEQ ID NO:12, or an amino acid sequence that
is at least 90% or 95% identical to SEQ ID NO:12.

34. (canceled)

35. The method of claim 33, wherein the polynucleotide
encoding the CBCAS comprises the nucleotide sequence of
SEQ ID NO:11, or a nucleotide sequence that is at least 90%
or 95% identical to SEQ ID NO:11.

36. (canceled)

37. The method of claim 1, wherein two or more of the
polynucleotides encoding the AAE1, OLS, OAC, CBGAS
polypeptides and the oxidocyclase are present within a
single operon.

38-41. (canceled)

42. The method of claim 1, wherein one or more of the
polynucleotides encoding the GPPS, AAE1, OLS, OAC,
CBGAS polypeptides and the oxidocyclase are codon opti-
mized for the photosynthetic microorganism.

43-44. (canceled)

45. The method of claim 1, further comprising a step

(c) isolating cannabinoids from the microorganism or

from the culture medium.

46. The method of claim 45, wherein the cannabinoids are
collected from the surface of the liquid culture as floater
molecules.
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47. The method of claim 45, wherein the cannabinoids are
extracted from the interior of the microorganism.

48-56. (canceled)

57. A photosynthetic microorganism produced using the
method of claim 1.

58. A photosynthetic microorganism comprising

(a) a polynucleotide encoding a GPPS polypeptide; and

(b) one or more polynucleotides encoding AAE1, OLS,

OAC, CBGAS polypeptides and an oxidocyclase
selected from the group consisting of CBDAS,
THCAS, and CBCAS; wherein

(1) the polynucleotide encoding the GPPS polypeptide is

operably linked to a first promoter, and

(ii) the one or more polynucleotides encoding the AAE1,

OLS, OAC, CBGAS polypeptides and the oxidocy-
clase are operably linked to one or more additional
promoters.

59. The microorganism of claim 58, wherein the micro-
organism is cyanobacteria.

60. The microorganism of claim 59, wherein the GPPS
polypeptide is a fusion protein encoded by a polynucleotide
encoding GPPS fused to the 3' end of a leader nucleic acid
sequence encoding a protein that is expressed in cyanobac-
teria at a level of at least 1% of the total cellular protein.

61-99. (canceled)

100. The microorganism of claim 58, wherein the micro-
organism is from a genus selected from the group consisting
of Synechocystis, Synechococcus, Athrospira, Nostoc, and
Anabaena.

Aug. 4, 2022

101. (canceled)

102. A polynucleotide encoding GPPS, AAE1l, OLS,
OAC, CBGAS, CBDAS, THCAS, and/or CBCAS, wherein
the polynucleotide is codon optimized for cyanobacteria or
another photosynthetic microorganism; and wherein the
polynucleotide is at least 90% or 95% identical to a sequence
selected from the group consisting of SEQ ID NO:1, SEQ ID
NO:3, SEQ ID NO:9, SEQ ID NO:11, SEQ ID NO:13, SEQ
1D NO:14, nucleotides 635-2798 of SEQ ID NO:3, nucleo-
tides 2819-3973 of SEQ ID NO:3, nucleotides 3994-4299 of
SEQ ID NO:3, nucleotides 4320-5507 of SEQ ID NO:3, and
nucleotides 5528-7162 of SEQ ID NO:3.

103. (canceled)

104. An expression cassette comprising the polynucle-
otide of claim 102.

105. A host cell comprising the expression cassette of
claim 104.

106. A cell culture comprising the host cell of claim 105.

107. A method of producing cannabinoids, comprising

culturing the host cell of claim 105, under conditions in

which the GPPS, AAE1, OLS, OAC, CBGAS poly-
peptides and the oxidocyclase are expressed and
wherein cannabinoid biosynthesis takes place.

108. The method of claim 107, further comprising isolat-
ing cannabinoids from the microorganism or from the cul-
ture medium.

109-119. (canceled)

#* #* #* #* #*



