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ENZYMES, HOST CELLS, AND METHODS FOR BIOSYNTHESIS OF
DAMMARENEDIOL AND DERIVATIVES

BACKGROUND

Protopanaxatriol (C30Hs204) is a triterpenoid with a dammarane-type tetracyclic
scaffold that is derived from Dammarenediol-II (“dammarenediol”). Protopanaxatriol can
be used as a pesticide, for example, against sucking and chewing insects. In addition,
protopanaxadiol and protopanaxatriol are known to have various biological properties,
including anti-inflammatory, anxiolytic, anti-stress, and anti-tumor effects. Oh ef al., Anti-
stress effects of 20(S)-protopanaxadiol and 20(S)-protopanaxatriol in immobilized mice,

Biol Pharm Bull 38(2):331-335 (2015). Protopanaxatriol, which naturally occurs in Panax

ginseng (ginseng) and Panax pseudoginseng (notoginseng), is conventionally isolated from
ginseng root. Natural ginseng is very rare. Cultivated ginseng is very slow growing,
requiring about seven to eleven years of growth before harvest. Therefore, there is a need
for biotechnology processes that produce dammarenediol and its derivatives, including
protopanaxadiol, protopanaxatriol, and including glycosylated forms or ginsenosides.
Ginsenosides have a long history of use to boost immunity, and have a wide spectrum of

pharmacological activities. Zhou ef al., The Synergistic Effects of Polysaccharides and

Ginsenosides  From American  Ginsene  (Panax quinguefolius L)) Ameliorating

Cyclophosphamide-Induced Intestinal Immune Disorders and Gut Barrier Dysfunctions

Based on Microbiome-Metabolomics Analysis, Frontiers in Immunology 12: 1273 (2021);

Leung and Wong Pharmacology of ginsenosides: a literature review. Chin Med 5: 1-7

(2010).

SUMMARY OF THE DISCLOSURE

In accordance with various embodiments, the invention provides engineered
microbial cells, enzymes, and methods for producing dammarenediol-II (“dammarenediol”)
as well as compounds derived from dammarenediol, such as but not limited to
protopanaxadiol and protopanaxatriol, and glycosylated forms thereof (“e.g., ginsenosides™).

In accordance with the disclosure, microbial host cells are engineered to express a
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heterologous biosynthetic pathway that produces dammarenediol (or a derivative thereof).
The heterologous pathway will generally comprise a dammarenediol synthase (DDS)
enzyme (such as an engineered DDS described herein) which acts on 2,3-oxidosqualene
substrate, and in various embodiments further comprises a protopanaxadiol synthase (PPDS)
enzyme for production of protopanaxadiol (which can be an engineered PPDS described
herein), and optionally a protopanaxatriol synthase (PPTS) enzyme for production of
protopanaxatriol (which can be an engineered PPTS described herein). In some
embodiments, the host cell can further express a heterologous uridine diphosphate-
dependent glycosyltransferase (UGT) enzyme producing natural or non-natural glycosylated
forms of dammarenediol, protopanaxadiol or protopanaxatriol, generally referred to as

ginsenosides.

Accordingly, in various aspects, the present disclosure provides microbial host cells
and methods for producing dammarenediol or a derivative thereof (i.e., a compound derived
from dammarenediol), and which involves expressing a heterologous biosynthetic pathway.
The heterologous biosynthetic pathway comprises one or more of: a dammarenediol
synthase (DDS) enzyme comprising an amino acid sequence that has at least about 70%
sequence identity to the amino acid sequence of SEQ ID NO: 3, SEQ ID NO: 4, or SEQ ID
NO: 9; a protopanaxadiol synthase (PPDS) enzyme comprising an amino acid sequence that
has at least about 70% sequence identity to the amino acid sequence of SEQ ID NO: 10,
SEQ ID NO: 11, SEQ ID NO: 12, SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID NO: 15, or
SEQ ID NO: 16 ; and a protopanaxatriol synthase (PPTS) enzyme comprising an amino acid
sequence that has at least about 70% sequence identity to the amino acid sequence of SEQ

ID NO: 17, SEQ ID NO: 18, SEQ ID NO: 19, SEQ ID NO: 20, and SEQ ID NO: 21.

In some embodiments, the DDS enzyme comprises an amino acid sequence having
at least 70% sequence identity to SEQ ID NO: 3. Exemplary engineered derivatives of SEQ
ID NO: 3 include enzymes having one or more mutations shown in Tables 1 and 2, and the

enzymes represented by SEQ ID NOS: 81, 82, and 85.

In various aspects the heterologous biosynthetic pathway comprises a PPDS enzyme
comprising an amino acid sequence that has at least 70% sequence identity to the amino acid

sequence of SEQ ID NO: 10. Exemplary engineered PPDS enzymes of the disclosure can
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have one or more mutations shown in Table 3. In exemplary embodiments, the PPDS
enzyme comprises at least one, two, three, four, five, six, seven, eight, or all of the following
mutations with respect to SEQ ID NO: 10: T108N, I212F, K338G, D135E, S68P, V150P,
F167H, L283M, H482R, R347Q, M390L, R243K, L2921, V329M, Q278E, and N58E. An
exemplary engineered derivative of SEQ ID NO: 10 includes enzymes comprising the amino

acid sequence of SEQ ID NO: 83.

In various aspects, the heterologous biosynthetic pathway comprises a PPTS enzyme
comprising an amino acid sequence that has at least about 70% sequence identity to the
amino acid sequence of SEQ ID NO: 17. Exemplary engineered PPTS enzymes of the
disclosure include enzymes having one or more mutations shown in Table 4. In some
embodiments, the PPTS enzyme comprises at least 2, or at least 3, or at least 4, or at least 5,
or at least 8, or at least 10 amino acid substitutions with respect to SEQ ID NO: 17 as listed
in Table 4. Exemplary PPTS enzymes comprise at least two, at least 3, at least 4, at least 5,
or all amino acid substitutions, with respect to SEQ ID NO: 17, selected from: G294T,
S166K, C472H, K252Q, V2391, A323P, 1412V, 1369T, K362D, and T250P. An exemplary
engineered derivative of SEQ ID NO: 17 includes enzymes comprising the amino acid

sequence of SEQ ID NO: 84.

In some embodiments, the heterologous enzyme pathway further comprises one or
more uridine diphosphate-dependent glycosyltransferase (UGT) enzymes, thereby
producing one or more glycosides of dammarenediol, protopanaxadiol and/or

protopanaxatriol.

In some embodiments, the heterologous biosynthetic pathway further comprises a
squalene synthase (SQS) enzyme as well as a squalene monooxygenase (SQE) producing
2,3-oxidosqualene from farnesyl diphosphate. The DDS enzyme acts on the 2,3-

oxidosqualene substrate to produce the cyclic dammarenediol product.

In some embodiments, the biosynthetic pathway is expressed in a microbial host cell
(such as a bacterium or yeast) that expresses an enzymatic pathway that produces iso-
pentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). IPP and DMAPP

substrates are used to produce farnesyl diphosphate. In some embodiments, the enzymatic
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pathway is a methylerythritol phosphate (MEP) pathway and/or a mevalonic acid (MVA)
pathway.

In various embodiments, the microbial host cells are further suitable for production
at commercial scale, which can include culturing in batch culture, continuous culture, or

semi-continuous culture.

In still other aspects, the invention provides engineered DDS, PPDS, and PPTS
enzymes providing improved productivities or stability in host cells, including for microbial
production of dammarenediol, protopanaxadiol, and protopanaxatriol, and glycosylated

forms thereof.

The dammarenediol, protopanaxadiol, protopanaxatriol, or ginsenoside derived
therefrom obtained according to this disclosure may be incorporated into pesticide or
insecticide composition. In some embodiments, the product is incorporated into a
pharmaceutical composition for use as an active pharmaceutical agent having anti-
inflammatory, anxiolytic, anti-stress, and anti-tumor activity. In some embodiments, the

product is incorporate into food products (including beverages) and nutraceutical products.

Other aspects and embodiments of this disclosure will be apparent from the following

Drawings and Detailed Description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic representation of the biosynthetic pathway of

dammarenediol-type ginsenosides in Panax ginseng.

FIG. 2 shows the biosynthetic pathway engineered in microbial cells for the
production of protopanaxatriol. IPP (as a product of the MV A or MEP pathway) is converted
to farnesyl diphosphate (FPP), squalene, and 2,3-oxidosqualene in consecutive reactions.
2,3-oxidosqualene is converted to dammarenediol by cyclization via the action of
dammarenediol synthase (DDS). Consecutive hydroxylations generate protopanaxadiol and

protopanaxatriol, respectively.
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FIG. 3A to FIG. 3C show the production of squalene, oxidosqualene and
dammarenediol by engineered bacterial cells. Relative titers of squalene, oxidosqualene and
dammarenediol are plotted for strains expressing SQS, SQE, and DDS in a base . coli strain
that produces farnesyl diphosphate. FIG. 3A shows the relative titers of squalene,
oxidosqualene and dammarenediol produced by strains expressing SQS1 (SEQ ID NO: 1)
and SQE1 (SEQ ID NO: 2) only (left); and strains further expressing DDS1 (SEQ ID NO:
3) (middle) or DDS7 (SEQ ID NO: 9) (right). FIG. 3B shows the relative titers of squalene,
oxidosqualene and dammarenediol produced by F. coli strains expressing SQS1 (SEQ ID
NO: 1), SQE1 (SEQ ID NO: 2), and DDS1 (SEQ ID NO: 3) (right) or DDS2 (SEQ ID NO:
4) (left). FIG. 3C shows the relative titers of squalene, oxidosqualene and dammarenediol
produced by E. coli strains expressing SQS1 (SEQ ID NO: 1), SQE1 (SEQ ID NO: 2), and
either DDS1 (SEQ ID NO: 3) or an engineered DDS1 derivative that is engineered to
improve stability in £. coli (one of DDS3 to DDS6, (SEQ ID NOs: 5-8)).

FIG. 3D to 3F compare the production (relative titers) of dammarenediol by various
DDS derivatives (Pq.DDS1, SEQ ID NO: 81) and derivatives (Pq.DDS2, SEQ ID NO: 82;
and Pq.DDS3). FIG. 3D shows the relative titer of dammarenediol produced by strains
expressing SQS1 (SEQ ID NO: 1), SQE1 (SEQ ID NO: 2), and engineered DDS1 derivative
Pq.DDSI. Strain expressing SQS1, SQE1, and DDSS is shown as a comparison. FIG. 3E
shows the relative titer of dammarenediol produced by strains expressing SQS1, SQE1, and
Pq.DDS2. Strain expressing SQS1, SQE1, and Pq.DDS1 is shown as a comparison. FIG. 3F
shows the relative titer of dammarenediol produced by strains expressing SQS1, SQE1, and

Pq.DDS3. Strain expressing SQS1, SQEI, and Pq.DDS2 is shown as a comparison.

FIG. 4A-B shows the production of protopanaxadiol in £. coli. FIG. 4A: Each of
protopanaxadiol synthases PPDS1 to PPDS7 (each with a membrane anchor) (SEQ ID NOs:
10-16) were expressed in E. coli producing dammarenediol, along with cytochrome P450
reductase partner (CPR1, SEQ ID NO: 22). The strains were incubated at 30 °C for 72 hr.
Dammarenediol and protopanaxadiol were quantified by GC-FID chromatography using
authentic standards of each compound. Relative titers of dammarenediol and
protopanaxadiol are shown. Productions of protopanaxadiol were verified by GC-MS

spectrum analysis. FIG. 4B: The relative titer of protopanaxadiol is shown with strains



10

15

20

25

30

WO 2023/039518 PCT/US2022/076194

expressing SQS1, SQE1, Pq.DDS3, CPR1, and Pq.PPDSI. The relative titer with strains
expressing SQS1, SQE1, Pq.DDS3, CPR1, and PPDS1 is shown as a comparison.

FIG. 5A-B shows the production (relative titer) of protopanaxatriol in £. coli by co-
expressing a protopanaxatriol synthase (PPTS). FIG. SA: The following enzymes were
expressed in a strain producing dammarenediol: (left) PPDS1 (SEQ ID NO: 10), PPTSI1
(SEQ ID NO: 17) and CPR1 (SEQ ID NO: 22), or (right) PPDS1 (SEQ ID NO: 10), PPTS2
(SEQ ID NO: 18) and CPR1 (SEQ ID NO: 22). The strains were incubated at 30 °C for 72
hr. Dammarenediol, protopanaxadiol and protopanaxatriol were quantified by GC-FID
chromatography using authentic standards of each compound. The relative titers of
dammarenediol, protopanaxadiol and protopanaxatriol are shown. Productions of
protopanaxatriol were verified by GC-MS spectrum analysis. FIG. SB: The relative titer of
protopanaxatriol is shown produced by strains expressing SQS1, SQE1, Pq.DDS3, CPRI1,
Pg PPDS1, and Pg. PPTS2. The relative titer with strains expressing SQS1, SQE1, Pq.DDS3,
CPR1, PPDSI, and PPTSI is shown as a comparison.

DETAILED DESCRIPTION

In accordance with various embodiments, the invention provides engineered
microbial cells, enzymes, and methods for producing dammarenediol-II (“dammarenediol”)
as well as compounds derived from dammarenediol, such as but not limited to
protopanaxadiol and protopanaxatriol, and glycosylated forms thereof (“e.g., ginsenosides™).
In accordance with the disclosure, microbial host cells are engineered to express a
heterologous biosynthetic pathway that produces dammarenediol (or a derivative thereof).
The heterologous pathway will generally comprise a dammarenediol synthase (DDS)
enzyme (such as an engineered DDS described herein) which acts on 2,3-oxidosqualene
substrate, and in various embodiments further comprises a protopanaxadiol synthase (PPDS)
enzyme for production of protopanaxadiol (which can be an engineered PPDS described
herein), and optionally a protopanaxatriol synthase (PPTS) enzyme for production of
protopanaxatriol (which can be an engineered PPTS described herein). In some
embodiments, the host cell can further express a heterologous uridine diphosphate-

dependent glycosyltransferase (UGT) enzyme producing natural or non-natural glycosylated
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forms of dammarenediol, protopanaxadiol or protopanaxatriol, generally referred to as

ginsenosides.

The biosynthetic pathways for dammarenediol, protopanaxadiol, and
protopanaxatriol are illustrated in FIG. 2. As illustrated, two FPP molecules are converted
to squalene via a condensation reaction, which is performed by a squalene synthase (SQS)
enzyme. Epoxidation of squalene by squalene epoxidase (SQE) enzyme forms 2,3-
oxidosqualene. Cyclization of 2.3-oxidosqualene by the DDS enzyme forms the
dammarenediol core. Successive hydroxylations by the PPDS and PPTS enzymes form
protopanaxadiol and protopanaxatriol, respectively. PPDS and PPTS are cytochrome P450
enzymes that are regenerated by reductase partners (CPR). UGT enzymes can also be
employed to catalyze glycosylation(s) of C3-OH, Cs-OH, and/or C20-OH. The biosynthesis
pathway may be expressed in a microbial cell that produces iso-pentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP) such as a methylerythritol phosphate
(MEP) pathway and/or a mevalonic acid (MVA) pathway. FIG. 1.

Accordingly, in one aspect, the present disclosure provides a method for producing
dammarenediol or a derivative thereof. The method comprises providing a microbial host
cell expressing a heterologous biosynthetic pathway producing dammarenediol or a
derivative thereof. The heterologous biosynthetic pathway in various embodiments
comprises one or more of: a dammarenediol synthase (DDS) enzyme comprising an amino
acid sequence that has at least about 70% sequence identity to the amino acid sequence of
SEQ ID NO: 3, SEQ ID NO: 4, or SEQ ID NO: 9; a protopanaxadiol synthase (PPDS)
enzyme comprising an amino acid sequence that has at least 70% sequence identity to the
amino acid sequence of SEQ ID NO: 10, SEQ ID NO: 11, SEQ ID NO: 12, SEQ ID NO:
13, SEQ ID NO: 14, SEQ ID NO: 15, or SEQ ID NO: 16 ; and a protopanaxatriol synthase
(PPTS) enzyme comprising an amino acid sequence that has at least 70% sequence identity
to the amino acid sequence of SEQ ID NO: 17, SEQ ID NO: 18, SEQ ID NO: 19, SEQ ID
NO: 20, and SEQ ID NO: 21.

In another aspect, the present disclosure provides a microbial host cell producing
dammarenediol or a derivative thereof. The microbial host cell expresses a heterologous

biosynthetic pathway producing dammarenediol or a derivative thereof. In certain
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embodiments, the heterologous biosynthetic pathway comprises one or more of: a
Dammarenediol Synthase (DDS) enzyme comprising an amino acid sequence that has at
least about 70% sequence identity to the amino acid sequence of SEQ ID NO: 3, SEQ ID
NO: 4, or SEQ ID NO: 9; a protopanaxadiol synthase (PPDS) enzyme comprising an amino
acid sequence that has at least 70% sequence identity to the amino acid sequence of SEQ
ID NO: 10, SEQ ID NO: 11, SEQ ID NO: 12, SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID
NO: 14, SEQ ID NO: 15, or SEQ ID NO: 16 ; and a protopanaxatriol synthase (PPTS)
enzyme comprising an amino acid sequence that has at least 70% sequence identity to the
amino acid sequence of SEQ ID NO: 17, SEQ ID NO: 18, SEQ ID NO: 19, SEQ ID NO: 20,
and SEQ ID NO: 21.

In still other aspects, the invention provides engineered DDS, PPDS, and PPTS
enzymes providing improved productivities or stabilities in microbial host cells, including
for microbial production of dammarenediol, protopanaxadiol, and protopanaxatriol, and

glycosylated forms thereof.

DDS is a component of the biosynthetic pathway for dammarane-type triterpene
saponins (e.g. ginsenosides or panaxosides), which is an oxidosqualene cyclase that
produces specifically the 20S isomer of the triterpene dammarenediol II shown in FIG. 2.
Certain DDS enzymes disclosed herein are engineered to increase their stability, activity,

expression and/or temperature resistance in microbial cells, such as bacterial cells.

In some embodiments, the DDS enzyme comprises an amino acid sequence having
at least about 80% sequence identity, or at least about 85% sequence identity, or at least
about 90% sequence identity, or at least about 95% sequence identity, or at least 97%
sequence identity, or at least 98% sequence identity, or at least 99% sequence identity to the

amino acid sequence of SEQ ID NO: 3, SEQ ID NO: 4, or SEQ ID NO: 9.

In some embodiments, the DDS enzyme comprises one or more mutations that are
designed to improve the stability, activity, expression and/or temperature resistance of the
DDS enzyme in a microbial strain. In some embodiments, the DDS enzyme comprises one
or more mutations that are designed to improve stability, activity, expression and/or
temperature resistance of the DDS enzyme in a bacterial host (e.g., . coli). In some

embodiments, the DDS enzyme comprises one or more mutations that are designed to
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improve stability, activity, expression and/or temperature resistance DDS enzyme in a yeast

host.

In some embodiments, the DDS enzyme comprises an amino acid sequence having
at least about 70% sequence identity, or at least about 80% sequence identity, or at least
about 85% sequence identity, or at least about 90% sequence identity, or at least 95%
sequence identity, or at least 97% sequence identity, or at least 98% sequence identity, or at
least 99% sequence identity to SEQ ID NO: 3. In some embodiments, the DDS enzyme
comprises from 1 to 30, or from 1 to 20, or from 1 to 10, or from 1 to 5 amino acid
modifications independently selected from substitutions, deletions, and insertions with
respect to SEQ ID NO: 3. In some embodiments, the DDS enzyme comprises one or more
substitutions at positions corresponding to the following positions of SEQ ID NO: 3: 30, 64,
68, 365,369, 425, 461, 465, 468, 606, 628, and 632. In some embodiments, the DDS enzyme
comprises at least 2, or at least 3, or at least 4, or more substitutions at positions selected
from 30, 64, 68, 365, 369, 425, 461, 465, 468, 606, 628, and 632 with respect to SEQ ID
NO: 3.

In some embodiments, the DDS enzyme comprises one or more substitutions at
positions corresponding to positions selected from 606, 628, and 632 of SEQ ID NO: 3. In
some embodiments, the DDS enzyme comprises one or more substitutions selected from
N606I, N606L, N606V, T628A, T628V, T628G, F632L, F6321, F632V, and F632A with
respect to SEQ ID NO: 3. In some embodiments, the DDS enzyme comprises one or more
substitutions selected from N606I, T628A, and F632L with respect to SEQ ID NO: 3. In

some embodiments, the DDS enzyme comprises an amino acid sequence of SEQ ID NO: 5.

In some embodiments, the DDS enzyme comprising the substitutions selected from
N606I, T628A, and F632L (with respect to SEQ ID NO: 3) comprises an amino acid
sequence that otherwise has at least 95% sequence identity, or at least 97% sequence identity,

or at least 98% sequence identity, or at least 99% sequence identity to SEQ ID NO: 5.

In some embodiments, the DDS enzyme comprises one or more substitutions at
positions corresponding to positions selected from 365, 369, and 461 of SEQ ID NO: 3. In
some embodiments, the DDS enzyme comprises one or more substitutions selected from

T365E, T365D, F369Y, F369W, R461T, and R461S with respect to SEQ ID NO: 3. In some
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embodiments, the DDS enzyme comprises a substitution selected from T365E and T365D
with respect to SEQ ID NO: 3. Additionally, or alternatively, the DDS enzyme comprises a
substitution selected from F369Y and F369W with respect to SEQ ID NO: 3. Additionally,
or alternatively, the DDS enzyme comprises a substitution selected from R461T and R461S
with respect to SEQ ID NO: 3. In some embodiments, the DDS enzyme comprises one or
more substitutions selected from T365E, F369Y, and R461S with respect to SEQ ID NO: 3.
For example, the DDS enzyme may comprise the amino acid sequence of SEQ ID NO: 6.

In some embodiments, the DDS enzyme comprises one or more substitutions at
positions selected from 30, 64, and 68 with respect to SEQ ID NO: 3. In some embodiments,
the DDS enzyme comprises one or more substitutions selected from Q30D, Q30E, M64L,
Mo64l, M64V, M64A, R68M, and R68T with respect to SEQ ID NO: 3. In some
embodiments, the DDS enzyme comprises a substitutions selected from Q30D and Q30E
with respect to SEQ ID NO: 3. Additionally or alternatively, the DDS enzyme comprises a
substitution selected from M64L, M641, M64V, and M64A with respect to SEQ ID NO: 3.
Additionally or alternatively, the DDS enzyme comprises a substitution selected from R68M
and R68T with respect to SEQ ID NO: 3. In some embodiments, the DDS enzyme comprises
one or more substitutions selected from Q30D, M64L, and R68M with respect to SEQ ID
NO: 3. In some embodiments, the DDS enzyme comprises the amino acid sequence of SEQ

ID NO: 7.

In some embodiments, the DDS enzyme comprises one or more substitutions at
positions selected from 425, 465, and 467 with respect to SEQ ID NO: 3. In some
embodiments, the DDS enzyme comprises one or more substitutions selected from L465K,
L465R, L465H, C468Y, C468F, C468W, 1425G, 1425V, and 1425A with respect to SEQ ID
NO: 3. In some embodiments, the DDS enzyme comprises a substitution selected from
L465K, L465R, and L465H with respect to SEQ ID NO: 3. Additionally, or alternatively,
the DDS enzyme comprises a substitution selected from C468Y, C468F, and C468W with
respect to SEQ ID NO: 3. Additionally, or alternatively, the DDS enzyme comprises a
substitution selected from 1425G, 1425V, and 1425A with respect to SEQ ID NO: 3. In some
embodiments, the DDS enzyme comprises one or more substitutions selected from L465K,
C468Y, and 1425A with respect to SEQ ID NO: 3. In some embodiments, the DDS enzyme
comprises the amino acid sequence of SEQ ID NO: 8.
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In some embodiments, the DDS enzyme comprises an amino acid sequence that has
at least 90% sequence identity to SEQ ID NO: 7, and has one or more substitutions with
respect to SEQ ID NO: 7 selected from: T364E, T364D, F368Y, R460S, R460T, L464K,
L464R, C467Y, and 1424A. For example, the DDS enzyme may have two, three, or more
substitutions with respect to SEQ ID NO: 7 selected from: T364E, F368Y, R460S, L464K,
C467Y, and 1424A. In some embodiments, the DDS enzyme has at least the following
substitutions with respect to SEQ ID NO: 7: T364E, F368Y, R460S, L464K, C467Y, and
[424A. An exemplary engineered DDS enzyme has the amino acid sequence of SEQ ID NO:
81.

Accordingly, the present disclosure provides a DDS enzyme (including for use in the
microbial host cells and methods of the disclosure), and which comprises an amino acid
sequence that is at least 90% identical, or at least 95% identical, or at least 97% identical, or
at least 98% identical to SEQ ID NO: 81. In various embodiments, the DDS enzyme
comprises one or more mutations with respect to SEQ ID NO: 81 listed in Table 1. For
example, the DDS enzyme may comprise two, three, four, five, or more mutations with
respect to SEQ ID NO: 81 listed in Table 1. In exemplary embodiments, the DDS enzyme
has one or more of the following mutations with respect to SEQ ID NO: 81: Y49F, S181T,
deletion of amino acids L195-E197, S198P, E238S, 1407V, D507E, R637K, and M6951. An

exemplary engineered DDS enzyme comprises the amino acid sequence of SEQ ID NO: 82.

Accordingly, in some embodiments the DDS enzyme comprises an amino acid
sequence that is at least 90% identical, or at least 95% identical, or at least 97% identical, or
at least 98% identical to SEQ ID NO: 82. In some embodiments, the DDS enzyme comprises
one or more mutations with respect to SEQ ID NO: 82 that are listed in Table 2. For example,
the DDS enzyme may comprise two, three, four, five, or more mutations with respect to SEQ
ID NO: 82 listed in Table 2. In various embodiments, the DDS enzyme comprises one or
more mutations with respect to SEQ ID NO: 82 selected from: F649L, F649V, F649],
F649A, L548F, Q149E, Q149D, A120S, A120T, G573A, G573L, S380A, S380G, and
A256G. Exemplary engineered DDS enzymes comprise two, three, four, five, or all
mutations with respect to SEQ ID NO: 82 selected from: F649L, L548F, Q149E, A120S,
G573A, S380A, and A256G.
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An exemplary engineered DDS enzyme is represented by SEQ ID NO: 85. Thus, in
some embodiments, the heterologous biosynthetic pathway comprises a DDS enzyme
comprising an amino acid sequence that is at least 90%, or at least 95%, or at least 97%, or
at least 98%, or at least 99% identical to SEQ ID NO: 85. For example, the DDS enzyme
may have from 1 to 10 or from 1 to 5 amino acid modifications independently selected from

substitutions, insertions, and deletions with respect to SEQ ID NO: 85.

Protopanaxadiol synthase (PPDS) is an oxidoreductase enzyme that converts
dammarenediol to protopanaxadiol. Specifically, PPDS catalyzes the hydroxylation of
dammarenediol at the C-12 position to yield protopanaxadiol as shown in FIG. 2. Certain
PPDS enzymes disclosed herein are engineered to increase their stability, activity,

expression and/or temperature resistance in the microbial cells.

In some embodiments, the heterologous biosynthetic pathway comprises a PPDS
enzyme comprising an amino acid sequence that has at least about 70% sequence identity to
the amino acid sequence of SEQ ID NO: 10, SEQ ID NO: 11, SEQ ID NO: 12, SEQ ID
NO: 13, SEQ ID NO: 14, SEQ ID NO: 15, or SEQ ID NO: 16. In some embodiments, the
PPDS enzyme comprises an amino acid sequence having at least about 70%, or at least about
80%, or at least about 85%, or at least about 90%, or at least 95%, or at least 98%, or at least
99% sequence identity to an amino acid sequence selected from SEQ ID NOS: 10, 11, 12
and 16. In some embodiments, the PPDS enzyme comprises an amino acid sequence having
at least about 70%, or at least about 80%, or at least about 85%, or at least about 90%, or at
least 95%, or at least 98%, or at least 99% sequence identity to the amino acid sequence of
SEQ ID NO: 10. In some embodiments, the PPDS enzyme comprises from 1 to 30, or from
1 to 20, or from 1 to 10, or from 1 to 5 amino acid modifications independently selected

from substitutions, deletions, and insertions with respect to SEQ ID NO: 10.

In various embodiments, the PPDS enzyme comprises one or more substitutions
(e.g., at least 2, 3, 4, or 5 substitutions) selected from N58D, NS8E, S68P, R85K, 195V,
L96F, LO6W, L96Y, T108N, T108Q, D135E, M144L, M144V, M1441, V150P, G152A,
G152L, G1521, G152V, M153L, M153L, M153V, M153A, F167H, S192A, S192G, E202P,
1212F, R243K, R243H, V2481, V248L N277D, N277E, Q278E, Q278D, L283M, L2921,
L292V, L292A, F317L, F3171, F317V, F317A, V329M, N333K, N333R, K338G, K338A,
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L3461, R347Q, R347N, 1362L, 1362V, 1362A, M390L, M390I, M390V, M390A, H482R,
and H482K with respect to SEQ ID NO: 10. In various embodiments, the PPDS enzyme
comprises at least 2, or at least 3, or at least 4, or at least 5, or at least 8, or at least 10 amino

acid substitutions shown in Table 3.

In exemplary embodiments, the PPDS enzyme comprises at least one, two, three,
four, five, six, seven, eight, or all of the following mutations with respect to SEQ ID NO:
10: T108N, 1212F, K338G, D135E, S68P, V150P, F167H, L283M, H482R, R347Q, M390L,,
R243K, L2921, V329M, Q278E, and N5SE.

An exemplary engineered PPDS enzyme is represented by SEQ ID NO: 83. Thus, in
some aspects and embodiments the heterologous biosynthetic pathway comprises a PPDS
enzyme that comprises the amino acid sequence of SEQ ID NO: 83, or comprises a PPTS
enzyme comprising an amino acid sequence that is at least 90%, or at least 95%, or at least
97%, or at least 98%, or at least 99% identical to SEQ ID NO: 83. In some embodiments,
the PPDS enzyme comprises an amino acid sequence that has from 1 to 10 or from 1 to 5
amino acid modifications from SEQ ID NO: 83, the modification being independently

selected from substitutions, insertions, and deletions.

Protopanaxatriol synthase (PPTS) catalyzes the formation of protopanaxatriol from
protopanaxadiol. PPTS is an oxidoreductase enzyme that catalyzes the hydroxylation of
protopanaxadiol at the C-6 position to yield protopanaxatriol as shown in FIG. 2. Certain
PPTS enzymes disclosed herein are engineered to increase their stability, activity, expression

and/or temperature resistance in the microbial cells.

In some embodiments, the heterologous biosynthetic pathway comprises a PPTS
enzyme comprising an amino acid sequence that has at least about 70% sequence identity to
an amino acid sequence selected from SEQ ID NO: 17, SEQ ID NO: 18, SEQ ID NO: 19,
SEQ ID NO: 20 and SEQ ID NO: 21. In some embodiments, the heterologous biosynthetic
pathway comprises a PPTS enzyme comprising an amino acid sequence that has at least
about 70% sequence identity, or at least about 80% sequence identity, or at least about 85%
sequence identity, or at least about 90% sequence identity, or at least 95% sequence identity,
or at least 97% sequence identity, or at least 98% sequence identity to an amino acid

sequence selected from SEQ ID NO: 17, SEQ ID NO: 18, SEQ ID NO: 19, SEQ ID NO: 20
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and SEQ ID NO: 21. In some embodiments, the PPTS enzyme comprises an amino acid
sequence having at least about 70%, or at least about 80%, or at least about 85%, or at least
about 90%, or at least 95%, or at least 98%, or at least 99% sequence identity to the amino
acid sequence of SEQ ID NO: 17. In some embodiments, the PPTS enzyme comprises from
1 to 30, or 1 to 20, or from 1 to 10, or from 1 to 5 amino acid modifications independently

selected from substitutions, deletions, and insertions with respect to SEQ ID NO: 17.

In some embodiments, the PPTS enzyme comprises one or more substitutions (e.g.,
at least 2, 3, 4, or 5 substitutions) with respect to SEQ ID NO: 17 selected from: I98L, I98V,
198A, A113S, A120S, A120T, K146R, F147Y, S166K, S166R, E176K, E176R, W185R,
WI185K, L187F, L187Y, L187W, L2151, F217L, F2171, F217V, F217A, V2391, V239L,
V239A, R244K, K247L, K247V, K2471, K247A, Q249E, Q249D, T250P, K252Q, K252N,
M259L, M2591, M259V, V2781, G294T, G294S, A323P, E324G, E324A, S328N, S328Q,
R334K, V358E, V358D, V359A, V359G, K362D, K362E, S364T, N367G, N367A, 1369T,
13698, K391P, M407A, M407G, F409Y, 1412V, F426Y, V4311, V431L, N463K, N463R,
and C472H.

An exemplary engineered PPTS enzyme is represented by SEQ ID NO: 84. Thus, in
some aspects and embodiments the heterologous biosynthetic pathway comprises a PPTS
enzyme that comprises the amino acid sequence of SEQ ID NO: 84, or comprises a PPTS
enzyme comprising an amino acid sequence that is at least 90%, or at least 95%, or at least
97%, or at least 98%, or at least 99% identical to SEQ ID NO: 84. In some embodiments,
the PPDS enzyme comprises an amino acid sequence that has from 1 to 10 or from 1 to 5
amino acid modifications from SEQ ID NO: 84, the modification being independently

selected from substitutions, insertions, and deletions.

In some embodiments, the PPTS enzyme comprises at least 2, or at least 3, or at least
4, or at least 5, or at least 8, or at least 10 amino acid substitutions with respect to SEQ ID
NO: 17 listed in Table 4. Exemplary PPTS enzymes comprise at least 2, at least 3, at least 4,
at least 5, or all amino acid substitutions (with respect to SEQ ID NO: 17) selected from:
G294T, S166K, C472H, K252Q, V2391, A323P, 1412V, 1369T, K362D, and T250P,

In some embodiments, the heterologous enzyme pathway further comprises one or

more uridine diphosphate-dependent glycosyltransferase (UGT) enzymes, thereby
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producing one or more glycosides of dammarenediol, protopanaxadiol or protopanaxatriol
that are shown in FIG. 1. The dammarenediol glycosides, protopanaxadiol glycosides or
protopanaxatriol glycosides may have from 1 to about 6 glycosyl groups. In other
embodiments, one or more glycosylations occur in vitro (e.g., using a cell free reaction), or
is conducted using a bioconversion reaction in which the dammarenediol, protopanaxadiol
or protopanaxatriol substrate is fed to a cell culture that expresses the one or more UGT

enzymes.

In some embodiments, dammarenediol is monoglycosylated. In some embodiments,
the dammarenediol is diglycosylated. In some embodiments, dammarenediol is glycosylated
at C3-OH and/or C20-OH. In some embodiments, the dammarenediol glycosides comprise
3B-0 glucosylation and/or 20S-O glucosylation. In some embodiments, the dammarenediol

glycosides comprise one or more branching glycosylations.

In some embodiments, protopanaxadiol is monoglycosylated. In some embodiments,
the protopanaxadiol is diglycosylated. In some embodiments, protopanaxadiol is
glycosylated at C3-OH and/or C20-OH. In some embodiments, the protopanaxadiol

glycosides comprise one or more branching glycosylations.

In some embodiments, protopanaxatriol is monoglycosylated. In some embodiments,
the protopanaxatriol is diglycosylated. In some embodiments, the protopanaxatriol is
triglycosylated. In some embodiments, protopanaxatriol is glycosylated at C3-OH, C6-OH,
and/or C20-OH. In some embodiments, the protopanaxatriol glycosides comprise one or

more branching glycosylations.

In some embodiments, the microbial host cell is capable of producing
dammarenediol, protopanaxadiol or protopanaxatriol as a substrate for glycosylation by one
or more UGT enzymes. In some embodiments, the UGT enzyme(s) are capable of catalyzing
glycosylation of C3-OH and/or C2-OH of dammarenediol. In some embodiments, the UGT
enzyme(s) are capable of catalyzing glycosylation of C3;-OH and/or C-OH of
protopanaxadiol. In some embodiments, the UGT enzyme(s) are capable of catalyzing
glycosylation of C3-OH, Cs-OH, and/or C20-OH of protopanaxatriol. For example, in some

embodiments, the microbial cell expresses at least one, or at least two, or at least three UGT
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enzymes, resulting in glucosylation of dammarenediol, protopanaxadiol or protopanaxatriol.
Exemplary UGT enzymes that can glycosylate a triterpenoid core include those described in
WO 2021/126960, which is hereby incorporated by reference in its entirety. In some
embodiments, the UGT enzyme(s) further catalyze one or more branching glycosylations,
such 1-2, 1-3, and 1-6 branching glycosylations. In various embodiments, the glycosylation
reaction transfers monosaccharide units selected from glucosyl, arabinosyl, furanosyl,

rhamnosyl, and xylosyl.

In some embodiments, the heterologous biosynthetic pathway further comprises a
squalene synthase (SQS) enzyme, catalyzing synthesis of squalene from farnesyl
diphosphate. In some embodiments, the SQS comprises an amino acid sequence having at
least 70%, or at least 80%, or at least 85%, or at least 90%, or at least 95%, or at least 98%,
or at least 99% sequence identity to an amino acid sequence selected from SEQ ID NOs: 1

and 23-38.

In some embodiments, the SQS comprises an amino acid sequence that is at least
70% identical to Artemisia annua SQS (SEQ ID NO: 1). For example, the SQS may
comprise an amino acid sequence that is at least 80%, or at least 85%, or at least 90%, or at
least 95%, or at least 98%, or at least 99% identical to SEQ ID NO: 1. In some embodiments,
the SQS comprises an amino acid sequence having from 1 to 20 amino acid modifications
or from 1 to 10 amino acid modifications with respect to SEQ ID NO: 1, the amino acid
modifications being independently selected from amino acid substitutions, deletions, and
insertions. Amino acid modifications may be made to increase expression or stability of the
enzyme in the microbial cell, or to increase productivity of the enzyme. AaSQS has high
activity in E. coli.

In some embodiments, the SQS comprises an amino acid sequence that is at least
70% identical to Siraitia grosvenorii SQSa (SEQ ID NO: 23). For example, the SQS may
comprise an amino acid sequence that is at least 80%, or at least 85%, or at least 90%, or at
least 95%, or at least 98%, or at least 99% identical to SEQ ID NO: 23. In some
embodiments, the SQS comprises an amino acid sequence having from 1 to 20 amino acid
modifications or from 1 to 10 amino acid modifications with respect to SEQ ID NO: 23, the

amino acid modifications being independently selected from amino acid substitutions,
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deletions, and insertions. Amino acid modifications may be made to increase expression or
stability of the enzyme in the microbial cell, or to increase productivity of the enzyme.

SgSQSa has high activity in E. coli.

In some embodiments, the SQS comprises an amino acid sequence that is at least
70% identical to Siraitia grosvenorii SQSb (SEQ ID NO: 24). For example, the SQS may
comprise an amino acid sequence that is at least 80%, or at least 85%, or at least 90%, or at
least 95%, or at least 98%, or at least 99% identical to SEQ ID NO: 24. In some
embodiments, the SQS comprises an amino acid sequence having from 1 to 20 amino acid
modifications or from 1 to 10 amino acid modifications with respect to SEQ ID NO: 24, the
amino acid modifications being independently selected from amino acid substitutions,
deletions, and insertions. Amino acid modifications may be made to increase expression or
stability of the enzyme in the microbial cell, or to increase productivity of the enzyme.

SgSQSb has high activity in £. coli.

Amino acid modifications to the SQS enzyme can be guided by available enzyme
structures and homology models, including those described in Aminfar and Tohidfar, In

silico analysis of squalene synthase in Fabaceae family using bioinformatics tools, .J. Genetic

Engineer. and Biotech. 16 (2018) 739-747. The publicly available crystal structure for
HsSQE (PDB entry: 6C6N) may be used to inform amino acid modifications.

In some embodiments, the heterologous biosynthetic pathway further comprises a
squalene epoxidase (SQE) producing 2,3-oxidosqualene. In some embodiments, the SQE
comprises an amino acid sequence having at least 70%, or at least 80%, or at least 85%, or
at least 90%, or at least 95%, or at least 98%, or at least 99% sequence identity to an amino
acid sequence selected from SEQ ID NOs: 2 and 39-70. In some embodiments, the SQE
enzyme comprises an amino acid sequence having at least 70%, or at least 80%, or at least
85%, or at least 90%, or at least 95%, or at least 98%, or at least 99% sequence identity to
the amino acid sequence of SEQ ID NO: 2.

Amino acid modifications can be guided by available enzyme structures and

homology models, including those described in Padyana AK, et al., Structure and inhibition

mechanism of the catalytic domain of human squalene epoxidase, Nat. Comm. (2019) Vol.

10(97): 1-10; or Ruckenstulh et al., Structure-Function Correlations of Two Highly
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Conserved Motifs in Saccharomyces cerevisiae Squalene Epoxidase, Antimicrob. Agents

and Chemo. (2008) Vol. 52(4): 1496-1499.

In some embodiments, the microbial host cell expresses an enzymatic pathway that
produces iso-pentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). In some
embodiments, the enzymatic pathway is a methylerythritol phosphate (MEP) pathway and/or
a mevalonic acid (MVA) pathway.

In some embodiments, the host cell is a bacterial host cell engineered to increase
production of IPP and DMAPP from glucose as described in US 10,480,015 and US
10,662,442, the contents of which are hereby incorporated by reference in their entireties.
For example, in some embodiments the host cell overexpresses MEP pathway enzymes, with
balanced expression to push/pull carbon flux to IPP and DMAPP. In some embodiments, the
host cell is engineered to increase the availability or activity of Fe-S cluster proteins, so as
to support higher activity of IspG and IspH, which are Fe-S enzymes. In some embodiments,
the host cell is engineered to overexpress IspG and IspH, so as to provide increased carbon
flux to 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (HMBPP) intermediate, but with
balanced expression to prevent accumulation of HMBPP at an amount that reduces cell
growth or viability, or at an amount that inhibits MEP pathway flux and/or terpenoid
production. In some embodiments, the host cell exhibits higher activity of IspH relative to
IspG. In some embodiments, the host cell is engineered to downregulate the ubiquinone
biosynthesis pathway, e.g., by reducing the expression or activity of IspB, which uses IPP
and FPP substrate.

The microbial cell will produce MEP or MV A products, which act as substrates for
the heterologous enzyme pathway. The MEP (2-C-methyl-D-erythritol 4-phosphate)
pathway, also called the MEP/DOXP (2-C-methyl-D-erythritol 4-phosphate/l-deoxy-D-
xylulose 5-phosphate) pathway or the non-mevalonate pathway or the mevalonic acid-
independent pathway refers to the pathway that converts glyceraldehyde-3-phosphate and
pyruvate to IPP and DMAPP. The pathway, which is present in bacteria, typically involves
action of the following enzymes: 1-deoxy-D-xylulose-5-phosphate synthase (Dxs), 1-deoxy-
D-xylulose-5-phosphate  reductoisomerase (IspC), 4-diphosphocytidyl-2-C-methyl-D-
erythritol synthase (IspD), 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE), 2C-
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methyl-D-erythritol 2,4-cyclodiphosphate synthase (IspF), 1-hydroxy-2-methyl-2-(E)-
butenyl 4-diphosphate synthase (IspG), and isopentenyl diphosphate isomerase (IspH). The
MEP pathway, and the genes and enzymes that make up the MEP pathway, are described in
US 8,512,988, which is hereby incorporated by reference in its entirety. For example, genes
that make up the MEP pathway include dxs, ispC, ispD, ispE, ispF, ispG, i1spH, 1di, and ispA.
In some embodiments, the host cell expresses or overexpresses one or more of dxs, ispC,
ispD, ispE, ispF, 1spG, ispH, idi, ispA, or modified variants thereof, which results in the
increased production of IPP and DMAPP. In some embodiments, the FPP substrate is
produced at least in part by metabolic flux through an MEP pathway, and wherein the host
cell has at least one additional gene copy of one or more of dxs, ispC, ispD, ispE, ispF, ispG,

ispH, id1, ispA, or modified variants thereof.

The MVA pathway refers to the biosynthetic pathway that converts acetyl-CoA to
IPP. The mevalonate pathway, which will be present in yeast, typically comprises enzymes
that catalyze the following steps: (a) condensing two molecules of acetyl-CoA to
acetoacetyl-CoA (e.g., by action of acetoacetyl-CoA thiolase); (b) condensing acetoacetyl-
CoA with acetyl-CoA to form hydroxymethylglutaryl-CoenzymeA (HMG-CoA) (e.g., by
action of HMG-CoA synthase (HMGS)); (¢) converting HMG-CoA to mevalonate (e.g., by
action of HMG-CoA reductase (HMGR)); (d) phosphorylating mevalonate to mevalonate 5-
phosphate (e.g., by action of mevalonate kinase (MK)); (e) converting mevalonate 5-
phosphate to mevalonate 5-pyrophosphate (e.g., by action of phosphomevalonate kinase
(PMK)); and (f) converting mevalonate S-pyrophosphate to isopentenyl pyrophosphate (e.g.,
by action of mevalonate pyrophosphate decarboxylase (MPD)). The MV A pathway, and the
genes and enzymes that make up the MVA pathway, are described in US 7,667,017, which
is hereby incorporated by reference in its entirety. In some embodiments, the host cell
expresses or overexpresses one or more of acetoacetyl-CoA thiolase, HMGS, HMGR, MK,
PMK, and MPD or modified variants thereof, which results in the increased production of
IPP and DMAPP. In some embodiments, FPP substrate is produced at least in part by
metabolic flux through an MVA pathway, and wherein the host cell has at least one
additional gene copy of one or more of acetoacetyl-CoA thiolase, HMGS, HMGR, MK,
PMK, MPD, or modified variants thereof.
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In various embodiments, the microbial cells further express one or more farnesyl
diphosphate synthase (FPPS) enzymes. An exemplary enzyme is shown herein as SEQ ID
NO: 80. Numerous other FPPS enzymes are well known in the art and the selection of which

is not critical.

In still other embodiments, microbial cells expressing the heterologous biosynthesis
pathway co-express an isoprenol utilization pathway as described in US 2019/0367950,
which is hereby incorporated by reference in its entirety. Such cells can produce IPP and

DMAPP precursors from prenol and/or isoprenol substrate provided to the culture.

The microbial host cell in various embodiments may be prokaryotic or eukaryotic.
In some embodiments, the microbial host cell is a bacterium, and which can be optionally
selected from Fscherichia spp., Bacillus spp., Corynebacterium spp., Rhodobacter spp.,
Zymomonas spp., Vibrio spp., and Pseudomonas spp. For example, in some embodiments,
the bacterial host cell is a species selected from FEscherichia coli, Bacillus subtilis,
Corynebacterium  glutamicum, Rhodobacter capsulatus, Rhodobacter sphaeroides,
Zymomonas mobilis, Vibrio natriegens, or Pseudomonas putida. In some embodiments, the
bacterial host cell is £. coli. Alternatively, the microbial cell may be a yeast cell, such as but
not limited to a species of Saccharomyces, Pichia, or Yarrowia, including Saccharomyces

cerevisiae, Pichia pastoris, and Yarrowia lipolytica.

In some embodiments, the microbial host cell is cultured in a carbon source
comprising glucose, sucrose, fructose, xylose, and/or glycerol. In some embodiments,
culture conditions are selected from aerobic, microaerobic, and anaerobic. In some
embodiments, the microbial host cell is cultured at a temperature in the range of about 22°
C to about 37° C, or about 27° C to about 37° C, or about 30° C to about 37° C. In some
embodiments, dammaranediol, protopanaxadiol, protopanaxatriol or glycosylated

derivatives thereof are recovered from the culture.

In various embodiments, the microbial host cell may be cultured at a temperature
between 22° C and 37° C. While commercial biosynthesis in bacteria such as F. coli can be
limited by the temperature at which overexpressed and/or foreign enzymes (e.g., enzymes
derived from plants) are stable, recombinant enzymes may be engineered to allow for

cultures to be maintained at higher temperatures, resulting in higher yields and higher overall
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productivity. In some embodiments, the culturing is conducted at about 22° C or greater,
about 23° C or greater, about 24° C or greater, about 25° C or greater, about 26° C or greater,
about 27° C or greater, about 28° C or greater, about 29° C or greater, about 30° C or greater,
about 31° C or greater, about 32° C or greater, about 33° C or greater, about 34° C or greater,

about 35° C or greater, about 36° C or greater, or about 37° C.

In some embodiments, the microbial host cells are further suitable for commercial
production, at commercial scale. In some embodiments, the size of the culture is at least
about 100 L, at least about 200 L, at least about 500 L, at least about 1,000 L, or at least
about 10,000 L, or at least about 100,000 L, or at least about 500,000 L, or at least about
600,000 L. In an embodiment, the culturing may be conducted in batch culture, continuous

culture, or semi-continuous culture.

In various embodiments, methods further include recovering the product from the
cell culture or from cell lysates. In some embodiments, the culture produces at least about
100 mg/L, or at least about 200 mg/L, or at least about 500 mg/L, or at least about 1 g/L, or
at least about 2 g/L, or at least about 5 g/L, or at least about 10 g/L, or at least about 20 g/L,
or at least about 30 g/L, or at least about 40 g/L of the terpenoid or terpenoid glycoside
product.

In some embodiments, the production of indole (including prenylated indole) is used
as a surrogate marker for terpenoid production, and/or the accumulation of indole in the
culture is controlled to increase production. For example, in various embodiments,
accumulation of indole in the culture is controlled to below about 100 mg/L, or below about
75 mg/L, or below about 50 mg/L, or below about 25 mg/L, or below about 10 mg/L. The
accumulation of indole can be controlled by balancing protein expression and activity using
the multivariate modular approach as described in U.S. Pat. No. 8,927,241 (which is hereby

incorporated by reference), and/or is controlled by chemical means.

Manipulation of the expression of genes and/or proteins, including gene modules,
can be achieved through various methods. For example, expression of the genes or operons
can be regulated through selection of promoters, such as inducible or constitutive promoters,
with different strengths (e.g., strong, intermediate, or weak). Several non-limiting examples

of promoters of different strengths include Trc, TS and T7. Additionally, expression of genes
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or operons can be regulated through manipulation of the copy number of the gene or operon
in the cell. In some embodiments, expression of genes or operons can be regulated through
manipulating the order of the genes within a module, where the genes transcribed first are
generally expressed at a higher level. In some embodiments, expression of genes or operons

is regulated through integration of one or more genes or operons into the chromosome.

Optimization of protein expression can also be achieved through selection of
appropriate promoters and ribosomal binding sites. In some embodiments, this may include
the selection of high-copy number plasmids, or single-, low- or medium-copy number
plasmids. The step of transcription termination can also be targeted for regulation of gene

expression, through the introduction or elimination of structures such as stem-loops.

Expression vectors containing all the necessary elements for expression are
commercially available and known to those skilled in the art. See, e.g., Sambrook et al.,
Molecular Cloning: A Laboratory Manual, Second Edition, Cold Spring Harbor Laboratory
Press, 1989. Cells are genetically engineered by the introduction into the cells of
heterologous DNA. The heterologous DNA 1is placed under operable control of

transcriptional elements to permit the expression of the heterologous DNA in the host cell.

In some embodiments, endogenous genes are edited, as opposed to gene
complementation. Editing can modify endogenous promoters, ribosomal binding sequences,
or other expression control sequences, and/or in some embodiments modifies trans-acting
and/or cis-acting factors in gene regulation. Genome editing can take place using
CRISPR/Cas genome editing techniques, or similar techniques employing zinc finger
nucleases and TALENs. In some embodiments, the endogenous genes are replaced by

homologous recombination.

In some embodiments, genes are overexpressed at least in part by controlling gene
copy number. While gene copy number can be conveniently controlled using plasmids with
varying copy number, gene duplication and chromosomal integration can also be employed.
For example, a process for genetically stable tandem gene duplication is described in US

2011/0236927, which is hereby incorporated by reference in its entirety.
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The terpene or terpenoid product can be recovered by any suitable process. For
example, the aqueous phase can be recovered, and/or the whole cell biomass can be
recovered, for further processing. The desired product can be produced in batch or

continuous bioreactor systems.

For example, products may be recovered from the reaction or culture, which can
include adjusting the pH and/or temperature of the reaction or culture, and optionally adding
one or more solubilizers, followed by enzyme or biomass removal. Biomass and/or enzymes
can be removed by centrifugation, thereby preparing a clarified broth. An exemplary process
for biomass removal employs a disc stack centrifuge to separate liquid and solid phases. The
clarified broth (liquid phase) is recovered for further processing. In some embodiments,
products are crystallized from the clarified broth, and/or may be purified from the clarified
broth using one or more processes selected from filtration, ion exchange, activated charcoal,
bentonite, affinity chromatography, and digestion, which can optionally be conducted prior
to crystallization and/or prior to recrystallization. In some embodiments, the recovery
process can include one or more steps of tangential flow filtration (TFF). Exemplary
processes for recovery of glycosylated products are described in WO 2022/115527, which
is hereby incorporated by reference in its entirety. Other process for product recovery,
including for recovery of triterpenoids (such as squalene derivatives) is described in US

2021/0207078, which is hereby incorporated by reference in its entirety.

The similarity of nucleotide and amino acid sequences, i.e. the percentage of
sequence identity, can be determined via sequence alignments. Such alignments can be
carried out with several art-known algorithms, such as with the mathematical algorithm of
Karlin and Altschul (Karlin & Altschul (1993) Proc. Natl. Acad. Sci. USA 90: 5873-5877),
with hmmalign (HMMER package, http://hmmer.wustl.edu/) or with the CLUSTAL
algorithm (Thompson, J. D, Higgins, D. G. & Gibson, T. J. (1994) Nucleic Acids Res. 22,
4673-80). The grade of sequence identity (sequence matching) may be calculated using e.g.
BLAST, BLAT or BlastZ (or BlastX). A similar algorithm is incorporated into the BLASTN
and BLASTP programs of Altschul et al (1990) J. Mol. Biol. 215: 403-410. BLAST
polynucleotide searches can be performed with the BLASTN program, score=100, word

length=12.
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BLAST protein searches may be performed with the BLASTP program, score=50,
word length=3. To obtain gapped alignments for comparative purposes, Gapped BLAST is
utilized as described in Altschul et al (1997) Nucleic Acids Res. 25: 3389-3402. When
utilizing BLAST and Gapped BLAST programs, the default parameters of the respective
programs are used. Sequence matching analysis may be supplemented by established
homology mapping techniques like Shuffle-LAGAN (Brudno M., Bioinformatics 2003b, 19
Suppl 1:154-162) or Markov random fields.

“Conservative substitutions” may be made, for instance, on the basis of similarity in
polarity, charge, size, solubility, hydrophobicity, hydrophilicity, and/or the amphipathic
nature of the amino acid residues involved. The 20 naturally occurring amino acids can be
grouped into the following six standard amino acid groups:

(1) hydrophobic: Met, Ala, Val, Leu, Ile;

(2) neutral hydrophilic: Cys, Ser, Thr; Asn, Gln;

(3) acidic: Asp, Glu;

(4) basic: His, Lys, Arg;

(5) residues that influence chain orientation: Gly, Pro; and
(6) aromatic: Trp, Tyr, Phe.

As used herein, “conservative substitutions” are defined as exchanges of an amino
acid by another amino acid listed within the same group of the six standard amino acid
groups shown above. For example, the exchange of Asp by Glu retains one negative charge
in the so modified polypeptide. In addition, glycine and proline may be substituted for one
another based on their ability to disrupt a-helices. Some preferred conservative substitutions
within the above six groups are exchanges within the following sub-groups: (1) Ala, Val, Leu

and Ile; (i1) Ser and Thr; (i1) Asn and Gln; (iv) Lys and Arg; and (v) Tyr and Phe.

As used herein, “non-conservative substitutions” are defined as exchanges of an
amino acid by another amino acid listed in a different group of the six standard amino acid

groups (1) to (6) shown above.
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Modifications of enzymes as described herein can include conservative and/or non-
conservative mutations. In some embodiments, an Alanine is substituted or inserted at

position 2, to increase stability.

In some embodiments “rational design” is involved in constructing specific
mutations in enzymes. Rational design refers to incorporating knowledge of the enzyme, or
related enzymes, such as its reaction thermodynamics and kinetics, its three dimensional
structure, its active site(s), its substrate(s) and/or the interaction between the enzyme and
substrate, into the design of the specific mutation. Based on a rational design approach,
mutations can be created in an enzyme which can then be screened for increased production
of a terpene or terpenoid relative to control levels. In some embodiments, mutations can be
rationally designed based on homology modeling. As used herein, “homology modeling”
refers to the process of constructing an atomic resolution model of one protein from its amino

acid sequence and a three-dimensional structure of a related homologous protein.

The dammarenediol, protopanaxadiol, protopanaxatriol, or ginsenoside derived
therefrom obtained according to this disclosure can be incorporated into pesticide or
insecticide compositions. In some embodiments, the product is incorporated into a
pharmaceutical composition for use as an active pharmaceutical agent having anti-
inflammatory, anxiolytic, anti-stress, and anti-tumor activity. In some embodiments, the

product is incorporate into food products (including beverages) and nutraceutical products.

2 29

As used in this specification and the appended claims, the singular forms “a”, “an
and “the” include plural referents unless the content clearly dictates otherwise. For example,

reference to “a cell” includes a combination of two or more cells, and the like.

As used herein, the term “about” in reference to a number is generally taken to
include numbers that fall within a range of 10% in either direction (greater than or less than)

of the number.
EXAMPLES
Example 1. The Biosynthetic Pathway of Protopanaxatriol

Protopanaxatriol can be produced by biosynthetic fermentation processes using

microbial strains that produce high levels of MVA or MEP pathway products, along with
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heterologous expression of the biosynthesis enzymes. For example, in bacteria such as .
coli, isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) can be
produced from glucose or other carbon substrates, and converted to farnesyl diphosphate
(FPP) by recombinant farnesyl diphosphate synthase (FPPS). FIG. 2 illustrates a
biosynthetic pathway for production of protopanaxatriol in microbial cells from FPP. Two
FPP molecules are converted to squalene via a condensation reaction, which is performed
by a squalene synthase (SQS). Epoxidation of squalene by squalene epoxidase (SQE) forms
2,3-oxidosqualene. Cyclization of 2,3-oxidosqualene by dammarenediol synthase (DDS)
forms the dammarenediol-II core. Successive hydroxylations form protopanaxadiol (via
protopanaxadiol synthase, PPDS) and protopanaxatriol (via protopanaxatriol synthase,
PPTS). PPDS and PPTS are cytochrome P450 enzymes that are regenerated by reductase
partners (CPR).

An E. coli strain that has high MEP pathway flux may be used (see US 10,662,442
and US 10,480,015, which are hereby incorporated by reference), to direct the MEP pathway

products to protopanaxatriol.
Example 2. Production of Squalene, Oxidosqualene and Dammarenediol

In these experiments, an SQS enzyme and a SQE enzyme were co-expressed with a
DDS enzyme in an £ coli strain producing farnesyl pyrophosphate (FPP), and the production
of squalene, 2,3-oxidosqualene and dammarenediol was quantified by GC-FID
chromatography using authentic standards of each compound. Dammarenediol productions
were verified by GC-MS spectrum analysis. The SQS enzyme (designated SQS1) is shown
herein as SEQ ID NO: 1. The SQE enzyme (designated SQE1) is shown herein as SEQ ID
NO: 2. The FPPS enzyme is shown herein as SEQ ID NO: 80. Candidate DDS enzymes
include those designated as DDS1 (SEQ ID NO: 3) and DDS7 (SEQ ID NO: 9).

E. coli strains were incubated at 30 °C for 72 hr. The titers of squalene,
oxidosqualene, dammarenediol and total triterpenoids were plotted. Dammarenediol-II
productions were verified by GC-MS spectrum analysis. As shown in FIG. 3A, only the

strains expressing DDS1 or DDS7 produced dammarenediol (center and right).

Two DDS enzymes, DDS2 (SEQ ID NO: 4) and DDS1 (SEQ ID NO: 3), were

expressed in the £. coli strain and levels of the dammarenediol and intermediates were
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compared. These strains were incubated at 30 °C for 72 hr, and squalene, oxidosqualene and
dammarenediol were quantified. The titers of squalene, oxidosqualene, dammarenediol and
total triterpenoids were plotted. As shown in FIG. 3B, the strains expressing DDS2 or DDS1
produced dammarenediol. Dammarenediol productions were verified by GC-MS spectrum

analysis.

These results demonstrate that a bacterial strain co-expressing FPPS, a squalene
synthase (SQS), a squalene epoxidase (SQE) and a dammarenediol synthase (DDS) can

produce dammarenediol.

To improve the production of dammarenediol, DDS1 enzyme was engineered for
improved production of dammarenediol. Specifically, the following DDS derivatives were

constructed:

(1) a derivative of DDS1 harboring the following substitutions: N606I, T628A, and
F632L (DDS3, SEQ ID NO: 5);

(2) a derivative of DDS1 harboring the following substitutions: T365E, F369Y, and
R461S (DDS4, SEQ ID NO: 6);

(3) a derivative of DDS1 harboring the following substitutions: Q30D, M64L, and
R68M (DDS5, SEQ ID NO: 7);

(4) aderivative of DDS1 harboring the following substitutions: L465K, C468Y, and
1425A (DDS6, SEQ ID NO: 8).

These derivatives were expressed in MEP-pathway engineered £. coli expressing
FPPS, SQS, and SQE enzymes. These strains were incubated at 30 °C for 72 h, and squalene,
oxidosqualene and dammarenediol were quantified by GC-FID chromatography using
authentic standards. As shown in FIG. 3C, strains expressing each of DDS3 to DDS6
produced higher titers of dammarenediol as compared to a strain expressing DDS1 (FIG.
3C). Dammarenediol productions were verified by GC-MS spectrum analysis. Engineered
DDS derivatives (DDS3-6) in FIG. 3C show improvements of enzyme stability in the
strains. In particular, DDSS5 exhibits a substantial increase of dammarenediol titer relative

to DDS1.
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The DDS1 derivative (Pq.DDS1) (SEQ ID NO: 80) was tested alongside DDSS.
Pq.DDSI incorporates the mutations T364E, F368Y, R460S, L464K, C467Y, and 1424A
relative to DDSS. E. coli strains expressing SQS1, SQE1 and Pq.DDS1 (or DDSS5) were
incubated at 37 °C for 72 hrs. The relative titer of strains expressing SQS1-SQE1-Pq.DDS1
is shown relative to strains expressing SQS1-SQE1-DDSS (FIG. 3D). Pq.DDSI1 leads to a

nearly 20-fold improvement in dammarendiol titer.

Derivatives of Pq.DDS1 were created. Strains expressing SQS1, SQEI, and
Pq.DDS1 derivatives were incubated at 37 °C for 72 hours. Dammarendiol levels were
quantified by GC-FID chromatography using authentic standards. The fold improvement
relative to Pq.DDSI for each derivative is shown in Table 1. L195Del3 refers to the deletion
of 3 residues (L195-E197) in Pq.DDS1.

The DDS1 derivative (Pq.DDS2) (SEQ ID NO: 81) was tested alongside Pq.DDSI.
Pq.DDS2 incorporates the mutations Y49F, S181T, L195Del3, S198P, E238S, 1407V,
DS07E, R637K, and M695I relative to Pq.DDS1. E. coli strains expressing SQS1, SQE1 and
Pq.DDS2 (or Pq.DDS1) were incubated at 37 °C for 72 hrs. The relative titer of strains
expressing SQS1-SQE1-Pq.DDS2 is shown relative to strains expressing SQS1-SQE]1-
Pq.DDS1 (FIG. 3E). Pq.DDS2 leads to an approximately 2-fold improvement in
dammarendiol titer over Pq.DDSI.

Derivatives of Pq.DDS2 were created. Strains expressing SQS1, SQEI, and
Pq.DDS2 derivatives were incubated at 37 °C for 72 hours. Dammarendiol levels were
quantified by GC-FID chromatography using authentic standards. The fold improvement

relative to Pq.DDS2 for each derivative is shown in Table 2.

The DDSI1 derivative (Pq.DDS3) was tested alongside Pq.DDS2. Pq.DDS3
incorporates the mutations F649L, L548F, Q149E, A120S, G573A, S380A, and A256G
relative to Pq.DDS2. E. coli strains expressing SQS1, SQE1 and Pq.DDS3 (or Pq.DDS2)
were incubated at 37 °C for 72 hrs. The relative titer of strains expressing SQS1-SQE1-
Pq.DDS3 is shown relative to strains expressing SQS1-SQE1-Pq.DDS2 (FIG. 3F).
Pq.DDS3 leads to a greater than 2-fold improvement in dammarendiol titer over Pq.DDS2.
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Example 3. Production of Protopanaxadiol by the Microbial Strains

The strain producing dammarenediol (expressing DDS2) was further engineered to
express a protopanaxadiol synthase (PPDS). Seven different PPDS enzymes PPDSI1 to
PPDS7 (SEQ ID NOs: 10-16) were expressed along with a cytochrome P450 reductase
(CPR1). PPDS enzymes contained a truncation of the native N-terminus, which was replaced
by an £. coli membrane anchor as described in US 10,774,314, which is hereby incorporated
by reference. The strains were incubated at 30°C for 72 hr, and dammarenediol and
protopanaxadiol were quantified by GC-FID chromatography using authentic standards of
each compound. Titers of dammarenediol and protopanaxadiol produced by each strain were
plotted. As shown in FIG. 4A, several strains expressing a PPDS produced protopanaxadiol.
Productions of protopanaxadiol were verified by GC-MS spectrum analysis. PPDSI,
PPDS2, PPDS3, and PPDS7 all demonstrated productions of protopanaxadiol. These results
demonstrate that bacterial strains engineered to co-express a squalene synthase (SQS), a
squalene monooxygenase (SQE), a dammarenediol synthase (DDS) and a protopanaxadiol

synthase (PPDS) can produce protopanaxadiol.

To improve the production of protopanaxadiol, PPDS1 enzyme substitutions were
screened, as shown in Table 3 (“PPDS1 derivatives”). Strains were incubated at 37°C for
72 h, and protopanaxadiol levels were quantified by GC-FID chromatography using
authentic standards. The fold improvement relative to PPDS1 (wild type) is shown in Table
3. A PPDSI1 variant was produced (Pg.PPDS1) which incorporated the mutations T108N,
1212F, K338G, DI135E, S68P, V150P, F167H, L283M, H482R, R347Q, M390L, R243K,
L2921, V329M, Q278E, and NS8E relative to PPDS1. Strains expressing SQS1, SQE],
Pq.DDS3, CPR1, Pg PPDS1 (or PPDS1) were incubated at 37 °C for 72 hrs. As shown in
FIG. 4B, the strain expressing Pg.PPDS1 was approximately 20-fold better for producing

protopanaxadiol than the strain expressing PPDS1.
Example 4. Production of Protopanaxatriol by the Microbial Strains

An L. coli strain producing protopanaxadiol was further engineered to express a
protopanaxatriol synthase (PPTS). Like with PPDS, PPTS was engineered to include an N-
terminal membrane anchor from an £. coli inner membrane protein. Two different PPTS

enzymes PPTS1 (SEQ ID NO: 17) and PPTS2 (SEQ ID NO: 18) were expressed along with
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a cytochrome P450 reductase (CPR1). The strains expressing (1) PPDS1, CPR1 and PPTS1
and (2) PPDS1, CPR1 and PPTS2 were incubated at 30 °C for 72 hr. Dammarenediol,
protopanaxadiol and protopanaxatriol were quantified by GC-FID chromatography using
authentic standards of each compound and plotted. As shown in FIG. 5A, the strain
expressing PPDS1, CPR1 and PPTS1 produced protopanaxatriol. Production of
protopanaxatriol were verified by GC-MS spectrum analysis. These results demonstrate that
a bacterial strain engineered to co-express a farnesyl diphosphate synthase (FPPS), a
squalene synthase (SQS), a squalene epoxidase (SQE) and a dammarenediol synthase
(DDS), a protopanaxadiol synthase (PPDS), and a protopanaxatriol synthase (PPTS)

produced protopanaxatriol.

To improve the production of protopanaxatriol, PPTS1 enzyme was engineered by
screening amino acid substitutions as shown in Table 4 (“PPTS1 derivatives”). Strains were
incubated at 37 °C for 72 h, and protopanaxatriol levels were quantified by GC-FID
chromatography using authentic standards. The fold improvements relative to PPTS1 (wild
type) are shown in Table 4. A Pg PPTS2 was created incorporated the mutations G294T,
S166K, C472H, K252Q, V2391, A323P, 1412V, 1369T, K362D, and T250P relative to
PPTSI1. Strains expressing SQS1, SQE1, Pq.DDS3, CPR1, Pg PPDS1, and Pg PPTS2 (or
PPTS1) were incubated at 37 °C for 72 hours. As shown in FIG. 5B, Pg. PPTS2 resulted in
substantial improvements in protopanaxatriol relative titer (approximately 9-fold better than

PPTS1).
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SEQUENCES

Farnesyl Diphosphate Synthase

Saccharomyces cerevisiae FPPS (SEQ ID NO: 80)

MASEKETIRRERFLNVEPKLVEELNASLLAYGMPKEACDWYAHSLNYNTPGGKLNRGLSVVDTYATL
SNKTVEQLGQEEYEKVAILGWCIELLOQAYFLVADDMMDKSITRRGOQPCWYKVPEVGETIAINDAFML
EAATYKLLKSHEFRNEKYYIDITELFHEVTFOQTELGOQLMDLITAPEDKVDLSKESLKKHSEFIVTEKT
AYYSEYLPVALAMYVAGITDEKDLKQARDVLIPLGEYFQIQDDYLDCEFGTPEQIGKIGTDIQDNKC
SWVINKALELASAEQRKTLDENYGKKDSVAEAKCKKIEFNDLKIEQLYHEYEESIAKDLKAKISQVD
ESRGFKADVLTAFLNKVYKRSK

Squalene Synthases

Artemisia annua squalene synthase (S0S1) (SEQ ID NO: 1)

MASSLKAVLKHPDDEFY PLLKLKMAAKKAEKQIPSQPHWAESY SMLHKVSRSFALVIQQLNPQLRDA
VCIFYLVLRALDTVEDDTSIAADIKVPILIAFHKHIYNRDWHFACGTKEYKVLMDOQFHHVSTAEFLE
LKRGYQEATEDITMRMGAGMAKEFICKEVETVDDYDEYCHYVAGLVGIGLSKLEFHSSGTEILEFSDST
SNSMGLEFLOKTNIIRDYLEDINEIPKSRMFWPREIWSKYVNKLEDLKYEENSEKAVOCLNDMVTNA
LIHIEDCLKYMSQLKDPATIFRFCATPQIMATGTLALCYNNIEVFRGVVKLRRGLTAKVIDRTKTMA
DVYQAFSDEFSDMLKSKVDMHDPNAQTTITRLEAAQKICKDSGTLSNRKSY IVKRESSYSAALLALL
FITTLATLYAYLSANRPNKIKETL

Siraitia grosvenorii SQSa (SEQ ID NO: 23)

MGSLGATILRHPDDFYPLLKLKMAARHAFEKQIPPEPHWGFCYTMLHKVSRSFALVIQQLAPELRNAT
CIFYLVLRALDTVEDDTSIQTDIKVPILKAFHCHIYNRDWHESCGTKDYKVLMDQFHHVSTAFLEL
GKGYQEATEDITKRMGAGMAKEFICKEVETVDDYDEYCHYVAGLVGLGLSKLEFHASDLEDLAPDSLS
NSMGLLLOKTNIIRDYLEDINEIPKSRMEFWPREIWGKYADKLEDEKY EENSVKAVOCLNDLVTNAL
NHVEDCLKYMSNLRDLSTIFRFCAIPQIMATIGTLALCYNNVEVFRGVVKMRRGLTAKVIDRTQTMAD
VYGAFFDFSVMLKAKVNSSDPNATKTLSRIEATIQKTCEQSGLLNKRKLYAVKSEPMENPTLIVILE
SLLCITILAYLSAKRLPANQPV

Siraitia grosvenorii SQSb (SEQ ID NO: 24)

MGSLGATILRHPDDFYPLLKLKMAARHAFEKQIPPEPHWGFCYTMLHKVSRSFALVIQQLAPELRNAT
CIFYLVLRALDTVEDDTSIQTDIKVPILKAFHCHIYNRDWHESCGTKDYKVLMDQFHHVSTAFLEL
GKGYQEATEDITKRMGAGMAKEFICKEVETVDDYDEYCHYVAGLVGLGLSKLEFHASDLEDLAPDSLS
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NSMGLLLOKTNIIRDYLEDINEIPKSRMEFWPREIWGKYADKLEDEKY EENSVKAVOCLNDLVTNAL
NHVEDCLKYMSNLRDLSTIFRFCAIPQIMATIGTLALCYNNVEVFRGVVKMRRGLTAKVIDRTQTMAD
VYGAFFDFSVMLKAKVNNSDPNATKTLSRIEATIQKTCEQSGLLNKRKLYAVKSEPMENPTLIVILE
SLLCITILAYLSAKRLPANQPV

Cucumis sativus (SEQ ID NO: 25)

MGSLGATILKHPDDFYPLLKLKIAARHAEKQIPPEPHWGFCY TMLHKVSRSFALVIQQLKPELRNAV
CIFYLVLRALDTVEDDTSIQTDIKVPILKAFHCHIYNRDWHESCGTKDYKVLMDEFHHVSTAFLEL
GKGYQEATEDITKRMGAGMAKEFICKEVETVDDYDEYCHYVAGLVGLGLSKLFHAAELEDLAPDSLS
NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPREIWGKYADKLEDEKY EENSVKAVOCLNDLVTNAL
NHVEDCLKYMSNLRDLSTIFRFCAIPQIMATIGTLALCYNNVEVFRGVVKMRRGLTAKVIDRTKTMAD
VYGAFFDFSVMLKAKVNSNDPNASKTLSRIEATQKTCKQSGILNRRKLYVVRSEPMENPAVIVILE
SLLCITILAYLSAKRLPANQSV

Cucumis melo (SEQ ID NO: 26)

MGSLGATILKHPDDFYPLLKLKMAARHAEKQIPPESHWGFCY TMLHKVSRSFALVIQQLKPELRNAV
CIFYLVLRALDTVEDDTSIQTDIKVPILKAFHCHIYNRDWHESCGTKDYKVLMDEFHHVSTAFLEL
GKGYQEATEDITKRMGAGMAKEFICKEVETVDDYDEYCHYVAGLVGLGLSKLFHAAELEDLAPDSLS
NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPREIWGKYADKLEDEKY EENSVKAVOCLNDLVTNAL
NHVEDCLKYMSNLRDLSTIFRFCAIPQIMATIGTLALCYNNVEVFRGVVKMRRGLTAKVIDRTKTMAD
VYGAFFDFSVMLKAKVNSNDPNASKTLSRIEATIQQOTCQQSGLMNKRKLY VVRSEPMYNPAVIVILE
SLLCITILAYLSAKRLPANQSV

Cucumis melo (SEQ ID NO: 27)

MGSLGATILKHPDDFYPLLKLKMAARHAEKQIPPESHWGFCY TMLHKVSRSFALVIQQLKPELRNAV
CIFYLVLRALDTVEDDTSIQTDIKVPILKAFHCHIYNRDWHESCGTKDYKVLMDEFHHVSTAFLEL
GKGYQEATEDITKRMGAGMAKEFICKEVETVDDYDEYCHYVAGLVGLGLSKLFHAAELEDLAPDSLS
NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPREIWGKYADKLEDEKY EENSVKAVOCLNDLVTNAL
NHVEDCPKYMSNLRDLSIFRFCAIPQIMATIGTLALCYNNVEVFRGVVKMRRGLTAKVIDRTKTMAD
VYGAFFDFSVMLKAKVNSNDPNASKTLSRIEATIQQOTCQQSGLMNKRKLY VVRSEPMYNPAVIVILE
SLLCITILAYLSAKRLPANQSV

Cucurbita moschata (SEQ ID NO: 28)

MGSLGATILRHPDDIYPLLKLKMAARHAEKQIPPESHWGFCYTMLHKVSRSFALVIQQLKPELRNAV
CIFYLVLRALDTVEDDTSIQTDIKVPILKAFHCHIYNRDWHESCGTKDYKVLMDEFHHVSTAFLEL
GRGYQEATEDITKRMGAGMAKEFICKEVETVEDYDEYCHYVAGLVGLGLSKLEFHASKSENLAPDSLS
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NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPREIWSKYADKLEDEKY EKNSVKAVOCLNDLVTNAL
THVEDCLEYMSNLKDLSTIFRFCAIPQIMATIGTLALCYNNVDVEFRGVVKMRRGLTAKVIYRTKTMAD
VYGAFFDFSVMLKAKVNSSDPNASKTLTRIEATIQKTCKOSGLLNKRELYAVRSEPMCNPAATIVVLE
SLLCITILAYLSAKLLPANQPV

Sechium edule (SEQ ID NO: 29)

MGSLGAILSHPDDLYPLLKLKMAAKHAEKQIPPDPHWGFCESMLHKVSRSFALVIQQLKPELRNAV
CIFYLVLRALDTVEDDTGIHPDIKVPILOAFHCHIYNRDWHESCGTKHYKVLMDEFHHVSTAFLEL
GKGYQEATEDVTERMGAGMAKFICKEVETVDDYDEYCHYVAGLVGLGLSKLFHAAELEDLAPDSLS
NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPREIWNKYADKLEDEKY EENSVKAVOCLNDLVTNAL
NHVEDCLKYMSNLKDLSTFRFCAIPQIMATIGTLALCYDNVEVFRGVVKMRRGLTAKIIDRTKKIAD
VYGAFFDFSVMLKAKVNSSDPNAAKTLSRIEATEKTCKESGLLNKRKLYVIRSEPLEFNPAVLVILE
SLICILLAYLSAKRLPANQPV

Panax quinquefolius (SEQ ID NO: 30)

MGSLGATILKHPDDFYPLLKLKFAARHAEKQIPPEPHWAFCY SMLHKVSRSFGLVIQQOLGPQLRDAV
CIFYLVLRALDTVEDDTSIPTEVKVPILMAFHRHIYDKDWHESCGTKEYKVLMDEFHHVSNAFLEL
GSGYQEATEDITMRMGAGMAKEFICKEVETIDDYDEYCHYVAGLVGLGLSKLEFHASGAEDLATDSLS
NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPROIWSKYVDKLEDLKYEENSAKAVOCLNDMVTDAL
VHAEDCLKYMSDLRDPATFRFCAIPQIMATIGTLALCENNTQVEFRGVVKMRRGLTAKVIDRTKTMSD
VYGAFFDFSCLLKSKVDNNDPNATKTLSRLEAIQKTCKESGTLSKRKSY ITESESGHNSALIATITE
ITLATLYAYLSSNLLLNKOQ

Malus domestica (SEQ ID NO: 31)

MGALSTMLKHPDDIYPLLKLKIASRQIEKQIPAEPHWAFCYTMLOKVSRSFALVIQQOLGTELRNAV
CLEYLVLRALDTVEDDTSVATDVKVPILLAFHRHIYDPDWHFACGTNNY KVLMDEFHHVSTAFLEL
GTGYQEATEDITKRMGAGMAKFILKEVETIDDYDEYCHYVAGLVGLGLSKLFHAAGKEDLASDSLS
NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPROIWSKYVNKLEDLKY EENSEKAVOCLNDMVTNAL
IHMEDCLKYMAALRDPATFKEFCAIPQIMATIGTLALCYNNIEVFRGVVKMRRGLTAKVIDRTKSMDD
VYGAFFDFSSILKSKVDKNDPNATKTLSRVEAVOQKLCRDSGALSKRKSY IANREQSYNSTLIVALE
ITLATIYAYLSASPRI

Glycine soja (SEQ ID NO: 32)

MDORSEDEFYPLLKLKIVARNAEKQIPPEPHWAFCY TMLHKVSRSFALVIQQLGIELRNAVCIEFYL
VLRALDTVEDDTSIETDVKVPILIAFHRHIYDRDWHESCGTKEYKVLMGOQFHHVSTAFLELGKNYQ
EATEDITKRMGAGMAKFICKEVETIDDYDEYCHYVAGLVGLGLSKLFHASGSEDLAPDDLSNSMGL
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FLOKTNITIRDYLEDINETIPKSRMEFWPROQIWSEYVNKLEDLKYEENSVKAVQCLNDMVTNALMHAED
CLTYMAALRDPPIFRFCAIPQIMATIGTLALCYNNIEVFRGVVKMRRGLTAKVIDRTKTMADVYGAF
FDFASMLEPKVDKNDPNATKTLSRLEATQKTCRESGLLSKRKSYIVNDESGYGSTMIVILVIMVSTI
IFAYLSANHHNS

Diospyros kaki (SEQ ID NO: 33)

MGSLAAMLRHPDDVYPLVKLKMAARHAEKQIPPEPHWAFCY TMLHKVSRSFGLVIQQOLGTELRNAV
CIFYLVLRALDTVEDDTSIATEVKVPILLAFHHHIYDRDWHESCGTREYKVLMDEFHHVSTAFLEL
GKGYQEATEDITMRMGAGMAKEFICKEVETIDDYDEYCHYVAGLVGLGLSKLEFHASGLEDLAPDSLS
NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPROIWSKYVNKLEDLKY EKNSVKSVOQCLNDMVTNAL
IHVDDCLKYMSALRDPATFREFCAIPQIMATIGTLALCYNNIEVFRGVVKMRRGLTAKVIDQTKTISD
VYGAFFDFSCMLKSKVEKNDPNSTKTLSRIEATIQKTCRESGTLSKRKSY ILRSKRTHNSTLIFVLE
ITILATLFAYLSANRPPINM

Euphorbia lathyris (SEQ ID NO: 34)

MGSLGATILKHPDDFYPLLKLKMAAKHAEKQIPAQPHWGEFCY SMLHKVSRSFSLVIQQOLGTELRDAV
CIFYLVLRALDTVEDDTSIPTDVKVPILIAFHKHIYDPEWHESCGTKEYKVLMDOQIHHLSTAFLEL
GKSYQEATEDITKKMGAGMAKEFICKEVETVDDYDEYCHYVAGLVGLGLSKLEDASGFEDLAPDDLS
NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPROIWSKYVNKLEDLKY EENSVKAVOCLNDMVTNAL
ITHMDDCLKYMSALRDPATFREFCAIPQIMATIGTLALCYNNVEVFRGVVKMRRGLTAKVIDRTRTMAD
VYRAFFDEFSCMMKSKVDRNDPNAEKTLNRLEAVOKTCKESGLLNKRRSY INESKPYNSTMVILLMI
VLATILAYLSKRAN

Camellia oleifera (SEQ ID NO: 35)

MGSLGATILKHPDDFYPLMKLKMAARRAEKNIPPEPHWGEFCY SMLHKVSRSFALVIQQOLDTELRNAV
CIFYLVLRALDTVEDDTSIATEVKVPILMAFHRHIYDRDWHESCGTKEYKVLMDEFHHVSTAEFSEL
GRGYQEATEDITMRMGAGMAKFICKEVETIDDYDEYCHYVAGLVGLGLSKLEFHASGSEDLASDSLS
NSMGLFLOVEFLLTCIKTNIIRDYLEDINEIPKSRMEFWPRQIWSKYVNKLEDLKDKENSVKAVECLN
DMVTNALIHVEDCLTYMSALRDPSIFRFCAIPQIMAIGTLALCYNNIEVERGVVKMRRGLTAKVID
RTKTMSDVYGGEFEDESCMLKSKVNKSDPNAMKALSRLEATQKICRESGTLNKRKSYITKSEPRYNS
TLVEVLFIILATILFAYL

Eleutherococcus senticosus (SEQ ID NO: 36)

MGSLGATILKHPDDFYPLLKLKFAARHAEKQIPPEPHWAFCY SMLHKVSRSFGLVIQQOLDAQLRDAV
CIFYLVLRALDTVEDDTSIPTEVKVPILMAFHRHIYDKDWHESCGTKEYKVLMDEFHHVSNAFLEL
GSGFQEATEDITMRMGAGMAKEFICKEVETIDDYDEYCHYVAGLVGLGLSKLEFHASGAEDLATDSLS
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NSMGLFLOKTNIIRDYLEDINEIPKSRMEFWPROIWSKYVDKLENLKY EENSAKAVOCLNDMVTNAL
LHAEDCLKYMSNLRDPATFRFCAIPQIMATIGTLALCENNIQVFRGVVKMRRGLTAKVIDRTKTMSD
VYGAFFDFSCLLKSKVDNNDPNATKTLSRLEAIQKTCKESGTLSKRKSY ITESKSAHNSALIATITE
ITLATLYAYLSSNLPNNQ

Flavobacteriales bacterium (SEQ ID NO: 37)

MLNNSLESRLEEIPALLKLKLGSKDYYKNNNSETLTCDNLRYCEFDTLNKVSRSEFATVIKQLPNELG
NNVCVEYLILRALDSIEDDMNLPKELKIKLLREFHKKNY ESGWNISGVGDKKEHVELLENYDKVIQ
SFLAIDQKNQLITITDICRKVGAGMANFVKAETESVEDYNLYCHHVAGLVGIGLSRMFISSGLENDD
FINODEISNSMGLEFLOKTNIVRDYREDLDEGRMEWPKDIWHVYGSKINDFAINPTHDQSVLCLNHM
LNNALTHATDCLAY LKHLRNENIFKEFCAIPQVMAMATLCKIYSNPDVEIKNVKIRKGLAAKLILNT
TSMDEVIKVYKDMLLVIESKISSDNNPVSAETIQLLKQIREYFNDETLIVRKIA

Bacteroidetes bacterium (SEQ ID NO: 38)

MILNSSLESRLEETIPALLKLKLGSINNYKNNNSENLTSKNLRYCEDTLNKVSRSFASVIKQLPNELM
VNVCLEYLILRALDSIEDDMNLPKDFKINLLREFLDKNY EPGWKISGVGDKKEYVELLENYDKVIQ
VFLDIDPKNQLIITDICRKMGAGMAHFVEAEINSVKDYNLYCYHVAGLVGIGLSKMFLASGLENCD
YLNQEEISSSMGLELOKTNIVRDYKEDMEENRIFWPKEIWRTYASKESDESINPOHETSTISCLNHM
VNDALGHVIDCLEYLRHLRNENIFKFCAIPQVMAMATLCKVYNNPDVEFIKTVKIRKGLAAKLILNT
TSMDEVIKVYKGLLLDIENKIPLHNPTSDETLRLIKNIRSYCNNETMVVSKTA

Squalene Epoxidase

Methylomonas lenta (SQEl) (SEQ ID NO: 2)

MAKEEFDICIIGAGMAGATISAYLAPKGIKIALIDHCYKEKKRIVGELLOQPGAVLSLEQMGLSHLL
DGFEAQTVKGYALLOGNEKTTIPYPSQOHEGIGLHNGRFLOQIRASALENSSVTQIHGKALQLLENE
RNETIGVSYRESITSQIKSIYAPLTITSDGEFESNEFRAHLSNNQKTVTSY FIGLILKDCEMPEPKHG
HVFLSGPTPFICYPISDNEVRLLIDFPGEQLPRKNLLOEHLDTNVTPYIPECMRSSYAQATIQEGGE
KVMPNHYMAAKPIVRKGAVMLGDALNMRHPLTGGGLTAVESDIQILSAHLLAMPDEFKNTDLIHEKT
EAYYRDRKRANANLNILANALYAVMSNDLLKTAVEKYLOCGGANAQESIAVLAGLNRKHESLIKQF
CFLAVEFGACNLLOQSISNIPKALKLLKDAFVITIKPLIKNELS

Siraitia grosvenorii SQE1 (SEQ ID NO: 39)

MVDQCALGWILASALGLVIALCFEFVAPRRNHRGVDSKERDECVQSAATTKGECRENDRDVDVIVVG
AGVAGSALAHTLGKDGRRVHVIERDLTEPDRIVGELLOPGGYLKLIELGLODCVEEIDAQRVYGYA
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LEFKDGKNTRLSYPLENFHSDVSGRSEFHNGREIQRMREKAASTPNVRLEQGTVT SLLEEKGT IKGVQ
YKSKNGEEKTAYAPTLTIVCDGCESNLRRSLCNPMVDVPSYEFVGLVLENCELPFANHGHVILGDPSP
ILEFYQISRTEIRCLVDVPGOKVPSIANGEMEKYLKTVVAPQVPPQIYDSFIAATDKGNIRTMPNRS
MPAAPHPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLKDLSDASTLCKYLESEFYTLR
KPVASTINTLAGALYKVFCASPDOQARKEMROACEFDYLSLGGIEFSNGPVSLLSGLNPRPLSLVLHEF
AVATYGVGRLLLPEFPSVKGIWIGARLIYSASGITFPITRAEGVROMEFFPATVPAYYRSPPVEKPIV

Siraitia grosvenorii SQE2 (SEQ ID NO: 40)

MVDQCALGWILASVLGAAALY FLFGRKNGGVSNERRHESTIKNIATTNGEYKSSNSDGDIITIVGAGV
AGSALAYTLGKDGRRVHVIERDLTEPDRIVGELLOQPGGY LKLTELGLEDCVDDIDAQRVYGYALFEK
DGKDTRLSYPLEKFHSDVAGRSFHNGREIQRMREKAASLPKVSLEQGTVTSLLEENGITIKGVQYKT
KTGOQEMTAYAPLTIVCDGCESNLRRSLCNPKVDVPSCEFVGLVLENCDLPYANHGHVILADPSPILE
YRISSTETIRCLVDVPGOKVPSISNGEMANYLKNVVAPQIPSQLYDSEFVAATDKGNIRTMPNRSMPA
DPYPTPGALLMGDAFNMRHPLTGGGMTVALSDVVVLRDLLKPLRDLNDAPTLSKYLEAFYTLRKPV
ASTINTLAGALYKVEFCASPDOQARKEMRQACEFDYLSLGGIEFSNGPVSLLSGLNPRPISLVLHEFAVA
IYGVGRLLIPFPSPKRVWIGARIISGASATIIFPIIKAEGVROMEFFPATVAAYYRAPRVVKGR

Momordica charantia (SEQ ID NO: 41)

MVDECALGWILAAALGAVIALCLEVAPKTNNQDGGVDSKATPECVQTTNGECRSDGDSDVIIVGAG
VAGSALAHTLGKDGRRVHVIERDLTEPDRIVGELLOQPGGYLKLIELGLADCVEEIDAQRVYGYALEF
KDGKNTRLSYPLEKFHSDVSGRSEFHNGREIQRMREKADSLPNVRLEQGTVTSLLEEKGTIKGVQYK
SKDGKEKTAYAPLTIVCDGCESNLRRSLCNPMVDVPSCEVGLVLENCOQLPFANHGHVVLGDPSPIL
FYPISSTEIRCLVDVPGQKVPSISNGEMEKYLKTVVAPQVPPOQIYDAFIAATDKGNIRTMPNRSMP
AAPHPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLKDLHDAPTLCKYLESEYTLRKP
VASTINTLAGALYKVECASPDQARKEMROACEDYLSLGGMESNGPVSLLSGLNPRPLSLVLHEFEFAV

ATYGVGRLLFPFPSPKGIWIGARLIYSASGITFPITKAEGVROMFFPATVPAYYRSPPALKPVA
Cucurbita maxima (SEQ ID NO: 42)

MVDYCAFGWILAAVLGLATIALSEFFVSPRRNRRGGADSTPRSEGVRSSSTTNGECRSVDGDADVIIV
GAGVAGSALAHTLGKDGRLVHVIERDLTEPDRIVGELLQPGGY LKLIELGLODCVEEIDAQKVYGY
ALFKDGKNTQLSYPLEKFQSDVSGRSFHNGREIQRMREKAASTLPNVRLEQGTVTSLLEEKGTIKGV
QYKSKNGEEKTAYAPLTIVCDGCESNLRRSLCKPMVDVPSCEVGLVLENCQLPFANHGHVVLGDPS
PILFYPISSTEIRCLVDVPGOKIPSISNGEMEKYLKTIVAPQVPPQIHDAFIAATDKGNIRTMPNR
SMPAAPQPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLKDLNDAPTLCKYLESFYTL
RKPVASTINTLAGALYKVFCASPDOARKEMRQACEFDYLSLGGIEFSNGPVSLLSGLNPRPLSLVLHE
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FAVATIYGVGRLLLPFPSPRKGIWIGARLVYSASGIIFPITKAEGVROMEEFPATVPAYYRSPPVHKST
A

Cucurbita moschata (SEQ ID NO: 43)

MVDYCAFGWILAAVLGLATIALSEFFVSPRRNRRGGADSTPRSEGVRSSSTTNGECRSVDCDADVIIV
GAGVAGSALAHTLGKDGRLVHVIERDLTEPDRIVGELLQPGGY LKLIELGLODCVEEIDAQKVYGY
ALFKDGKNTQLSYPLEKFQSDVSGRSFHNGREIQRMREKAASTLPNVRLEQGTVTSLLEEKGTIKGV
QYKSKNGEEKTAHAPLTIVCDGCESNLRRSLCKPMVDVPSCEVGLVLENCQLPFANHGHVVLGDPS
PILFYPISSTEIRCLVDVPGOKVPSISNGEMEKYLKTIVAPQVPPQIHDAFIAATDKGNIRTMPNR
SMPAAPQPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLKDLNDAPTLCKYLESFYTL
RKPVASTINTLAGALYKVFCASPDOARKEMRQACEFDYLSLGGIEFSNGPVSLLSGLNPRPLSLVLHE
FAVATIYGVGRLLLPEFPSPRKGIWIGARLVYSASGIIFPITKAEGVROMEEFPATVPAYYRSPPVLKTI
A

Cucurbita moschata (SEQ ID NO: 44)

MMVDHCAFAWILDVVLGLVVAVTFEVAAPRRNRRGGTDSTASKDCVISTAIANGECKPDDADAEVT
IVGAGVAGSALAYTLGKDGRRVHVIERDLTEPDRIVGEFLOPGGY LKLIELGLGDCVEEIDAQKLY
GYALFKDGKNTRVSYPLGNEFHSDVSGRSFHNGREIQRMREKAASTLPNVRLEQGTVTSLLETKGTIK
GVQYKSKNGEEKTAYAPLTIVCDGCESNLRRSLCKPMVDVPSCEFVGLVLENCQLPFANHGHVVLGD
PSPILEFYPISSTEIRCLVDVPGOKVPSISNGDMEKY LKTVVAPQVPPOQIHDAFIAATEKGNVRTMP
NRSMPAAPHPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLKDLNDASTLCKYLESEY
TLRKPVASTINTLAGALYKVEFCASPDQARKEMROQACEDYLSLGGVESNGPISLLSGLNPRPSSLVL
HFFAVAIYGVGRLLLPFPSLKGIWIGARLIYSASGIILPITKAEGVROMEEFPATVPAYYRSPPVHK
PIT

Cucumis sativus (SEQ ID NO: 45)

MVDHCTEGWIFSAFLAFVIAFSFFLSPRKNRRGRGTNSTPRRDCLSSSATTNGECRSVDGDADVIT
VGAGVAGSALAHTLGKDGRRVHVIERDLTEPDRIVGELLOQPGGYLKLIELGLODCVEEIDAQKVYG
YALFKDGKSTRLSYPLENFQSDVSGRSFHNGREFIQRMREKAAFLPNVRLEQGTVT SLLEEKGTITG
VOYKSKNGEQKTAYAPLTIVCDGCESNLRRSLCNPMVDVPSCEVGLVLENCQLPYANLGHVVLGDP
SPILEYPISSTEIRCLVDVPGQKVPSISNGEMEKYLKTVVAPQVPPOIHDAFIAATEKGNIRTMPN
RSMPAAPQPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLKDLNDAPTLCKYLESEYT
LRKPVASTINTLAGALYKVECASSDQARKEMROQACEFDYLSLGGIFSNGPVSLLSGLNPRPLSLVLH
FFAVAIYGVGRLLLPFPSPKGIWIGARLVYSASGITIFPITIKAEGVROMEFPATVPAYYRTPPVENS

Cucumis melo (SEQ ID NO: 46)
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MVDHCAFGWIFSALLAFPIALSLFLSPWRNRRVRGTDSTPRSASVSSSATTNGECRSVDGDADVVI
VGAGVAGSALAHTLGKDGRRVHVIERDLTEPDRIVGELLOQPGGYLKLIELGLODCVEEIDAQKVYG
YALFKDGKNTRLSYPLENFHSDVSGRSFHNGREFIQRMREKAASLPNVRLEQGTVTSLLEEKGTITG
VOYKSKNGEQKTAYAPLTIVCDGCESNLRRSLCTPMVDVPSY FVGLVLENCQLPYANLGHVVLGDP
SPILEYPISSTEIRCLVDVPGQKVPSISNGEMEKYLKTVVAPQVPPOIHDAFIAATEKGNIRTMPN
RSMPAAPQPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLKDLNDAPTLCKYLESEYT
LRKPVASTINTLAGALYKVECASPDQARKEMROQACEFDYLSLGGIFSNGPVSLLSGLNPRPLSLVLH
FFAVAIYGVGRLLLPFPSLKGIWIGARLVYSASGITIFPITIKAEGVROMEFPATVPAYYRTPPVLNS

Cucurbita maxima (SEQ ID NO: 47)

MMVEHCAYGWILAAVLGLVVAVTEFEVAVPRRNRRGGTDSTASKDCVISPATIANGECEPEDADADAD
VIIVGAGVAGSALAHTLGKDGRRVHVIERDLTEPDRIVGEFLOPGGHLKLIELGLGDCVEEIDAQK
LYGYALFKDGKNTRVSYPLGNFHSDVSGRSFHNGREFIQRMREKAASLPNVRLEQGTVTSLLEKKGT
IKGVOYKSKNGEEKTAYAPLTIVCDGCESNLRRSLCKPMVDVPSCEVGLVLENCRLPEFANHGHVVL
GDPSPILEFYPISSTEIRCLVDVPGOKVPSIPNGDMEKYLKTVVAPQVPPOQIHDAFIAATEKGNIRT
MPNRSMPAAPHPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLKDLNDAPTLCKYLES
YYTLRKPVASTINTLAGALY KVFCASPDOQARKEMRQACEDY LSLGGVESNGPISLLSGLNPRPSCL
VLHFFAVATIYGVGRLLLPFPSLKGIWIGARLIYSASGIILPITIKAEGVROMEEFPATVPAYYRSPPV
HKPIT

Ziziphus jujube (SEQ ID NO: 48)

MLDQCPLGWILASVLGLEVLCNLIVKNRNSKASLEKRSECVKSTIATTNGECRSKSDDVDVIIVGAG
VAGSALAHTLGKDGRRLHVIERDLTEPDRIVGELLOQPGGYLKLIELGLODCVEEIDAQRVEGYALEF
KDGKDTRLSYPLEKFHSDVSGRSEFHNGREIQRMREKSASLPNVRLEQGTVTSLLEEKGTIKGVQYK
TKTGQELTAFAPLTIVCDGCESNLRRSLCNPKVDVPSCEVGLVLENCELPYANHGHVILADPSPIL
FYPISSTEVRCLVDVPGQKVPSISNGEMAKYLKSVVAPQIPPOQIYDAFIAAVDKGNIRTMPNRSMP
ASPFPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRDLLKPLGDLNDAATLCKYLESEYTLRKP
VASTINTLAGALYKVECASPDQARKEMROACEFDYLSLGGIFSTGPVSLLSGLNPRPLSLVLHEFEFAV
ATYGVGRLLLPFPSPKRIWIGARLISGASGIIFPIIKAEGVROMFFPATVPAYYRAAPVE

Morus alba (SEQ ID NO: 49)

MADPYTMGWILASLLGLFALYYLEVNNKNHREASLOESGSECVKSVAPVKGECRSKNGDADVIIVG
AGVAGSALAHTLGKDGRRVHVIERDLAEPDRIVGELLOPGGYLKLIELGLODCVEEIDSQRVYGYA
LEFKDGKDTRLSYPLEKFHSDVSGRSEFHNGREIQRMREKAASTPNVOLEQGTVT SLLEENGT IKGVQ
YKTKTGOQELTAYAPTLTIVCDGCESNLRRSLCIPKVDVPSCEVGLVLENCNLPYANHGHVVLADPSP
ILEFYPISSTEVRCLVDVPGOKVPSISNGEMAKYLKTVVASQIPPQIYDSEVAAVDKGNIRTMPNRS
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MPAAPHPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRDLLKPLRDLNDSVTLCKYLESEFYTLR
KPVASTINTLAGALYKVFCASPDOQARKEMREACEFDYLSLGGVESEGPVSLLSGLNPRPLSLVCHEF

AVATIYGVGRLLLPFPSPKRLWIGARLISGASGIIFPIIRAEGVROMFFPATIPAYYRAPRPN
Juglans regia (JrSQEl) (SEQ ID NO: 50)

MVDPYALGWSFASVILMGLVALY ILVDKKNRSRVSSEARSEGVESVITTTTSGECRLTDGDADVIIVG
AGVAGSALAHTLGKDGRRVHVIERDLTEPDRIVGELLOPGGYLKLIELGLEDCVEDIDAQRVEGYA
LEFKDGKNTRLSYPLEKFHSDVSGRSEFHNGREIQRMREKAASTLNVRLEQGTVT SLLEENGTVKGVQ
YKTKDGNELTAHAPLTIVCDGCESNLRRSLCNPQVDVPSSEVGLVLENCELPYANHGHVILADPSP
ILEFYPISSTEVRCLVDVPGKKVPSIANGEMEKYLKNMVAPQLPPEIYDSEVAAVDRGNIRTMPNRS
MPAAPHPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRDLLKPLRDLNDAPTLCKYLESEFYTLR
KPVASTINTLAGALYKVFCASPDRARKEMROACFDYLSLGGVESMGPVSLLSGLNPRPLSLVLHEF

AVAVYGVGRLLVPFPSPSRIWIGARLISGASAIIFPIIKAEGVROMEFFPATVPAYYRAPPVKRDH
Cucumis melo (SEQ ID NO: 51)

MVDQCALGWILASVLGASALYLLFGKKNCGVLNERRRESLKNIATTNGECKSSNSDGDIITIVGAGV
AGSALAYTLAKDGROQVHVIERDLSEPDRIVGELLOQPGGY LKLTELGLEDCVDDIDAQRVYGYALFEFK
DGKDTRLSYPLEKFHSDVSGRSFHNGRETIQRMREKAASLPNVRLEQGTVTSLLEENGTIKGVQYKN
KSGOQEMTAYAPLTIVCDGCESNLRRSLCNPKVDVPSCEVGLILENCDLPYANHGHVILADPSPILE
YPISSTETIRCLVDVPGOKVPSISNGEMANY LKNVVAPQIPPOQLYNSFIAATDKGNIRTMPNRSMPA
DPYPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRDLLKPLRDLNDAPTLCKYLEAFYTLRKPV
ASTINTLAGALYKVEFCASPDOQARKEMRQACEFDYLSLGGIEFSNGPVSLLSGLNPRPLSLVLHEFAVA

IYGVGRLLIPFPSPKRVWIGARLISGASAITIFPITIKAEGVROMFFPKTVAAYYRAPPVVRER
Cucumis sativus (SEQ ID NO: 52)

MVDQCALGWILASVLGASALYLLFGKKNCGVSNERRRESLKNIATTNGECKSSNSDGDIITIVGAGV
AGSALAYTLAKDGROQVHVIERDLSEPDRIVGELLOQPGGY LKLTELGLEDCVDEIDAQRVYGYALFEFK
DGKDTRLSYPLEKFHSDVSGRSFHNGRETIQRMREKAASLPNVRLEQGTVTSLLEENGTIRGVQYKN
KSGOQEMTAYAPLTIVCDGCESNLRRSLCNPKVDVPSCEVGLILENCDLPHANHGHVILADPSPILE
YPISSTETIRCLVDVPGOKVPSISNGEMANY LKNVVAPQIPPOQLYNSFIAATDKGNIRTMPNRSMPA
DPYPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRDLLKPLRDLNDAPTLCKYLEAFYTLRKPV
ASTINTLAGALYKVEFCASPDOQARKEMRQACEFDYLSLGGIEFSNGPVSLLSGLNPRPLSLVLHEFAVA

IYGVGRLLIPFPSPKRVWIGARLISGASATIIFPIIKAEGVROMFFPKTVAAYYRAPPIVRER

Juglans regia (JrSQE2) (SEQ ID NO: 53)
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MVDQYALGLILASVLGEVVLYNLMAKKNRIRVSSEARTEGVQTVITTTNGECRSIEGDVDVIIVGA
GVAGSALAHTLGKDGRKVHVIERDLSEPDRIVGELLOQPGGY LKLVELGLODSVEDIDAQRVEGYAL
FKDGKNTRLSYPLEKFHSDVSGRSEFHNGREIQRMREKAASLPNIRLEQGTVTSLLEENGTIKGVQY
KTKDGKELAAHAPLTIVCDGCESNLRRSLCNPQVDVPSSEFVGLVLENCELPYANHGHVVLADPSPT
LEYPISSTEVRCLVDVPGOKVPSISNGEMAKY LKTMVAPQVPPEIYDSEVAAVDRGNIRTMPNRSM
PAAPQPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRDLLRPLRDLNDAPTLCKYLESEYTLRK
PVASTINTLAGALYKVEFCASPDRARNEMROACFDYLSLGGVESTGPVSLLSGLNPRPLSLVLHEFFEFA
VAVYGVGRLLVPEFPSPSRMWIGARLISGASAITFPITKAEGVROMEFFPATVPAYYRAPPVNCQARS
LKPDALKGL

Theobroma cacao (SEQ ID NO: 54)

MADSYVWGWILGSVMTLVALCGVVLKRRKGSGISATRTESVKCVSSINGKCRSADGSDADVIIVGA
GVAGSALAHTLGKDGRRVHVIERDLTEPDRIVGELLOPGGY LKLIELGLEDCVEEIDAQQVEGYAL
FKDGKHTRLSYPLEKFHSDVSGRSEFHNGREIQRMREKSASLPNVRLEQGTVTSLLEEKGTIRGVQY
KTKDGRELTAFAPLTIVCDGCESNLRRSLCNPKVDVPSCEVGLVLENCNLPYSNHGHVILADPSPT
LEYPISSTEVRCLVDVPGOKVPSIANGEMANY LKTIVAPQVPPEIYNSEVAAVDKGNIRTMPNRSM
PAAPYPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRDLLRPLRDLNDAPTLCKYLESEYTLRK
PIASTINTLAGALYKVEFCASPDOQARKEMROACEFDYLSLGGVESTGPISLLSGLNPRPVSLVLHEFFEFA
VATYGVGRLLLPFPSPKRIWIGARLISGASGIIFPITKAEGVROMEFPATVPAYYRAPPVE

Cucurbita moschata (SEQ ID NO: 55)

MMVDHCAFAWILDVVLGLVVAVTFEVAAPRRNRRGGTDSTASKDCVISTAIANGECKPDDADAEVT
IVGAGVAGSALAYTLGKDGRRVHVIERDLTEPDRIVGEFLOPGGY LKLIELGLGDCVEEIDAQKLY
GYALFKDGKNTRVSYPLGNEFHSDVSGRSFHNGREIQRMREKAASTLPNVRLEQGTVTSLLETKGTIK
GVQYKSKNGEEKTAYAPLTIVCDGCESNLRRSLCKPMVDVPSCEFVGLVLENCQLPFANHGHVVLGD
PSPILEFYPISSTEIRCLVDVPGOKVPSISNGDMEKY LKTVVAPQVPPOQIHDAFIAATEKGNVRTMP
NRSMPAAPHPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLKDLNDASTLCKYLESEY
TLRKPVASTINTLAGALYKVEFCASPDQARKEMROQACEDYLSLGGVESNGPISLLSGLNPRPSSLVL
HFFAVAIYGVGRLLLPFPSLKGIWIGARLIYSASGIILPITKAEGVROMEEFPATVPAYYRSPPVHK
PIT

Phaseolus vulgaris (SEQ ID NO: 56)

MLDTYVEGWIICAALSVEVIRNEVEFAGKKCCASSETDASMCAENITTAAGECRSSMRDGEEFDVLIV
GAGVAGSALAYTLGKDGROQVLVIERDLSEPDRIVGELLQPGGY LKLIELGLEDCVDKIDAQQVEGY
ALFKDGKHIRLSYPLEKFHSDVAGRSFHNGREIQRMREKAASLPNVRLEQGTVTSLLEEKGVIKGV
QYKTKDSQELSVCAPFTIVCDGCESNLRRSLCDPKVDVPSCEVGLVLENCELPCANHGHVILGEPS
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PVLEYPISSTEIRCLVDVPGOKVPSISNGEMAKYLKTVIAPQVPHELHNAFIAAVDKGSIRTMPNR
SMPAAPYPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLRPLRDLNDAPSLCKYLESFYTL
RKPVASTINTLAGALYKVFCASSDPARKEMROQACEFDYLSLGGQFSEGPISLLSGLNPRPLTLVLHE
FAVATYGVGRLLLPEFPSPKRMWIGLRLISSASGIIMPITKAEGVROMEFEFPATVPAYYRNPPAA

Hevea brasiliensis (SEQ ID NO: 57)

MKMADHYLLGWILASVMGLEFAFYYIVYLLVKPEEDNNRRSLPOQPRSDEVKTMTATNGECRSDDDSD
VDVIIVGAGVAGAALAHTLGKDGRRVHVIERDLTEPDRIVGELLOQPGGYLKLIELGLEDCVEEIDA
QRVFGYALFKDGKHTQLAY PLEKFHSEVAGRSEFHNGRFIQRMREKAASLPSVKLEQGTVTSLLEEK
GTIKGVLYKTKTGEELTAFAPLTIVCDGCESNLRRSLCNPKVDVPSCEVGLVLENCRLPYANNGHV
ILADPSPILFYPISSTEVRSLVDVPGQKVPSVSSGEMANYLKNVVAPQVPPEIYDSEVAAVDKGNTI
RTMPNRSMPASPYPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRDLLKPLRDLHDAPTLCRYL
ESEFYTLRKPVASTINTLAGALYKVFCASPDEARKEMROQACEFDYLSLGGVESTGPVSLLSGLNPRPL
SLVLHFFAVATIYGVGRLLLPFPSPHRIWVGARLISGASGIIFPITIKAEGVROMFFPATVPAYYRAP
PIKCN

Sorghum bicolor (SEQ ID NO: 58)

MAAAAAAASGVGEFQLIGAAAATLLAAVLVAAVLGRRRRRARPOQAPLVEAKPAPEGGCAVGDGRTDV
IIVGAGVAGSALAYTLGKDGRRVHVIERDLTEPDRIVGELLOQPGGYLKLIELGLEDCVEEIDAQRV
LGYALFKDGRNTKLAY PLEKFHSDVAGRSFHNGREFIQRMROKAASTLPNVQLEQGTVT SLLEENGTV
KGVOQYKTKSGEELKAYAPLTIVCDGCESNLRRALCSPKVDVPSCEVGLVLENCQLPHPNHGHVILA
NPSPILEFYPISSTEVRCLVDVPGQKVPSIASGEMANYLKTVVAPQIPPEIYDSFIAATDKGSIRTM
PNRSMPAAPHPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLHNLHDASSLCKYLESE
YTLRKPVASTINTLAGALYKVESASPDOARNEMROACFDYLSLGGVESNGPIALLSGLNPRPLSLV
AHFFAVATYGVGRLMLPLPSPKRMWIGARLISGACGIILPITKAEGVROMFFPATVPAYYRAAPMG
E

Zea mays (SEQ ID NO: 59)

MRKNLEEAGCAVSDGGTDVIIVGAGVAGSALAYTLGKDGRRVHVIERDLTEPDRIVGELLOPGGYL
KLIELGLODCVEEIDAQRVLGYALFKDGRNTKLAY PLEKFHSDVAGRSEFHNGRETIQRMROKAAST.P
NVOLEQGTVTSLLEENGTVKGVQYKTKSGEELKAYAPLTIVCDGCESNLRRALCSPKVDVPSCEVG
LVLENCQLPHPNHGHVILANPSPILEYPISSTEVRCLVDVPGOKVPSTIATGEMANYLKTVVAPQIP
PEIYDSFIAATDKGSIRTMPNRSMPAAPHPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLL
KPLRNLHDASSLCKYLESEFYTLRKPVASTINTLAGALYKVESASPDOQARNEMROQACEFDYLSLGGVE
SNGPIALLSGLNPRPLSLVAHFFAVAIYGVGRLMLPLPSPKRMWIGARLISGACGIILPITKAEGV
ROMEFPATVPAYYRAAPTGEKA
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Medicago sativa (SEQ ID NO: 60)

MDLYNIGWILSSVLSLEFALYNLIFSGKRNYHDVNDKVKDSVTSTDAGDIQSEKLNGDADVIIVGAG
IAGAATAHTLGKDGRRVHITIERDLSEPDRIVGELLOPGGYLKLVELGLODCVDNIDAQRVEGYALFE
KDGKHTRLSYPLEKFHSDVSGRSEFHNGREFIQRMREKAASTLPNVNMEQGTVISLLEEKGTIKGVQYK
NKDGOALTAYAPLTIVCDGCESNLRRSLCNPKVDNPSCEVGLILENCELPCANHGHVILGDPSPIL
FYPISSTEIRCLVDVPGTKVPSISNGDMTKYLKTTVAPQVPPELYDAFIAAVDKGNIRTMPNRSMP
ADPRPTPGAVLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPMRDLNDAPTLCKYLESEYTLRKP
VASTINTLAGALYKVESASPDEARKEMROACEFDYLSLGGLEFSEGPISLLSGLNPRPLSLVLHEFEFAV
AVFGVGRLLLPFPSPKRVWIGARLLSGASGIILPITIKAEGIRQMFEFPATVPAYYRAPPVNAF

Bathymodiolus azoricus Endosymbiont (SEQ ID NO: 61)

MHTTSEHNDLEDICIVGAGMAGATIATYLAPRGIKIALIDRDYAEKRRIVGELLOPGAVQTLKKMG
LEHLLEGFDAQPIYGYALEFNKDCEFSIEYNODKSTNYRGVGLHNGRELOKIREDALKQPSITQIHG
TVSELIEDENHVVTGVKYKEKY TRELKTVNAKLTITSDGEFESSFRKDLTNNVKTVTSEFEFVGIILKD
CELPYPHHGHVEFLSAPTPFICYPISSTESRLLIDFPGDQAPKKEAVKHHIENNVIPFLPKEFRLCL
DOALRENDYKIMPNHYMPAKPVLKKGVVLLGDALNMRHPITGGGLTAVENDVYLLSTHLLAMPDEN
DTKLIHEKVNLYYNDRYHANTNVNIMANALYGVMSNDLLKQSVEFEYLRKGGDNSGGPISLLAGLNR
NPTILIKHEEFSVALLCLRNLFKAHKMSLTNAFYVIKDAFCIIVPLAINELRPSSFLKKNIHN

Methyloprofundus sediment (SEQ ID NO: 62)

MNTSPEHNDLEDICIVGVGMAGATIAAY LAPRGLKIALIDREYTEKRRIVGELLOPGAVQTLKKMG
LEHLLEGFDAQPIYGYALEFNNDKEEFSISYNSDDSTEYHGVGLHNGRELOKIREDVEKNETVTQIHG
TVSELIEDKKGVVKGVTYREKHTREY KTVKAKLTVTSDGEFESNFRKDLSNNVKTVTSEFFIGLVLND
CNLPEFPNHGHVEFLSAPTPFICYPISSTETRLLIDYPGDKAPKKDEIREHILNKVAPFLPEEFKECE
ANAMEDDDFKVMPNHYMPAKPVLKEGAVLLGDALNMRHPLTGGGLTAVENDVYLLSTHLLAMPDEN
DPKLLHEKLELYYQDRYHANTNVNIMANALYGVMSNDLLKOQGVEFEYLRKGGDNSGGPITLLAGLNR
NPTLLIKHEEFSVAFLCICNLSGNNKMNEFTNVEFRVMKDAFCITIKPLAVNELRPSSEFYKKNIQL

Methylomicrobium buryatense (SEQ ID NO: 63)

MESNEDICITIGAGMAGATIAAYTAPKGINIALIDHCYKEKKRIVGELLOQPGAVLSLEQLGLGHLLD
GIDAQPVEGYALLQGNEQTTIPYPSPNHGMGLHNGRELOQIRASALONSSVTQIQGKALSLLENEQ
NETITIGVNYRDSVSNEIKSIYAPLTITSDGEEFSNFRELLSNNEKTVTSYFIGLILKDCEIPVPKHGH
VEFLSGPTPEFICYPISSNEVRLLIDEFPGGOQFPRKAFLOAHLETNVTPY IPEGMOTSYRHALQEDRLK
VMPNHYMAAKPKIRKGAVMLGDALNMRHPLTGGGLTAVESDIEILSGHLLAMPDENNNDLIYQKTIE
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AYYRDRQYANANLNILANALYGVMSNELLKNSVEKY LORGGVNAKESTATLAGLNKNHY SLMKOQE'F
FVALFGAYTLVRENITNLPKATKILSDALTIIKPLAKNELSLVGIFSDY FKR

Ononis spinosa SQE1 (SEQ ID NO: 64)

MVDPYAVGWIICSLTTIVALYNEVEYRONRSDKTTPTTTENITTATGDCRSLNPNGDVDIVIVGAG
VAGSALAYTLGKDGRRVLVIERDLNEPDRIVGELLOQPGGYLKLIELGLEDCVEKIDAQOVEGYALEF
KDGKHTRLSYPLEKFHSDIAGRSEFHNGREFIQRMREKAASTLPNVQLVQGTVTSLLEENGTIKGVQYK
TKDAQELSACAPLTIVCDGCESNLRRNLCNPKVEVPSCEVGLVLENCELPCANHGHVILGDPSPVL
FYPISSTEIRCLVDVPGQKVPSISNGEMAKYLKEVVAPQVPPELHDAFIAAVDKGNIRTMPNRSMP
AAPYPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLRDLNDAPSLCKYLESEYTLRKP
VASTINTLAGALYKVEFCASPDPARKEMROACEFDYLSLGGLEFSEGPVSLLSGLNPRPLSLVLHEFEFAV
ATYGVGRLLLPFPSPKRIWIGVRLIASASGIILPIIKAEGIROMFEFPATVPAYYRTPPAA

Ononis spinosa SQEZ2 (SEQ ID NO: 65)

MDLYLLGWILSSVLSLEFALYCLVEDGNRSRANAEKQIQRGY SVITDAGDVKSEKLNGDADVIIVGA
GIAGAALAHTLGKDGRRVRVIERDLSEPDRIVGELLOQPGGY LKLVELGLADCVDNIDAQKVEGYAL
FKDGKHTRLSYPLEKFHADVSGRSFHNGREIQRMREKAASLLNVNLEQGTVTSLLEEKGTIKGVQY
KNKDGQOELTAYAPLTIVCDGCESNLRRSLCNPKVDNPSCEFVGLVLENCELPCANHGHVILGDPSPT
LEYPISSTEIRCLVDVPGOKVPSISNGDMTKY LKLTVAPQVPPELYDAFIAAVDKGNIRTMPNKSM
PADPCPTPGAVLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLRPLRDLNDAPALCKYLESEYTLRK
PVASTINTLAGALYKVESSSPDOQARREMROACEFDYLSLGGLEFSEGPISLLSGLNPRPLSLVLHEFFEFA
VAVFGVGRLLLPFPSPKRVWIGARLLSAASGIILPITKAEGIROMEFPVTVPAYYRAPPTSQE

Medicago truncatula SQEI1 (SEQ ID NO: 66)

MIDPYGEFGWITCTLITLAALYNFLESRKNHSDSTTTENITTATGECRSENPNGDVDIITIVGAGVAG
SALAYTLGKDGRRVLITIERDLNEPDRIVGELLOPGGYLKLIELGLDDCVEKIDAQKVEGYALFKDG
KHTRLSYPLEKFHSDIAGRSEFHNGREFILRMREKAASLPNVRLEQGTVTSLLEENGTIKGVQYKTKD
AQEFSACAPLTIVCDGCEFSNLRRSLCNPKVEVPSCEVGLVLENCELPCADHGHVILGDPSPVLEYP
ISSTEIRCLVDVPGQKVPSISNGEMAKY LKTVVAPQVPPELHAAFTAAVDKGHIRTMPNRSMPADP
YPTPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLRDLNDASSLCKYLESFYTLRKPVAS
TINTLAGALYKVFCASPDPARKEMRQACFDYLSLGGLESEGPVSLLSGLNPCPLSLVLHEFAVATY
GVGRLLLPFPSPKRLWIGIRLIASASGIILPITKAEGIROMEFFPATVPAYYRAPPDA

Medicago truncatula SQE2 (SEQ ID NO: 67)
MDLYNIGWILSSVLSLEFALYNLIFAGKKNYDVNEKVNOREDSVTSTDAGEIKSDKLNGDADVIIVG

AGIAGAALAHTLGKDGRRVHITERDLSEPDRIVGELLOPGGYLKLVELGLODCVDNIDAQRVEGYA
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LEFKDGKHTRLSYPLEKFHSDVSGRSEFHGREFIQRMREKAASTLPNVNMEQGTVISLLEEKGTIKGVQY
KNKDGOALTAYAPLTIVCDGCESNLRRSLCNPKVDNPSCEVGLILENCELPCANHGHVILGDPSPT
LEYPISSTEIRCLVDVPGTKVPSISNGDMTKY LKTTVAPQVPPELYDAFIAAVDKGNIRTMPNRSM
PADPRPTPGAVLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPMRDLNDAPTLCKYLESEYTLRK
PVASTINTLAGALYKVESASPDEARKEMROACFDYLSLGGLEFSEGPISLLSGLNPRPLSLVLHEFFEFA
VAVFGVGRLLLPFPSPKRVWIGARLLSGASGIILPITKAEGIROMEFFPATVPAYYRAPPVNAF

Hypholoma sublateritium SQE (SEQ ID NO: 68)

MSKSRSNYDVIIVGAGIAGCALAHGLSTLSRATPLRIAIVERSLAEPDRIVGELLOQPGGVMALQRL
GMEGCLEGIDAVKVHGYCVVENGTSVHIPYPGVHEGRSFHHGRFIMKLREAARAARGVELVEATVT
ELIPREGGKGIAGVRVARKGKDGEEDTTEALGAATLVVVADGCESNFRAAVMGGAAVKPETKSHEVG
ATLKDARLPIPNHGTVALVKGFGPVLLYQISEHDTRMLVDVKAPLPADLKVCAHILSNIVPQLPAA
LHLPIQRALDAERLRRMPNSFLPPVEQGATRGAVLVGDAWNMRHPLTGGGMTVALNDVVVLRDLLG
SVGDLGDWRQVASTVNILSVALYDLFGADGELQVLRTGCEFKY FERGGDCIDGPVSLLSGIAPSPML
LAYHFEFSVAFYSIYVIAVGAQNGSAKQVLAVPGALQYPALCVKGLRVEYTACVVEFGPLLWTELRW

Hypholoma sublateritium SQE2 (SEQ ID NO: 69)

MHPTHYDVVIVGAGVAGSSLAHALATLPREKPLOIALIERSFEEPDRIVGELLOPGGVDALKTLKM
TSSVEGIDAITVTGYILVESGDMVRIPY PKGKEGRSFHHGREFIMGLRRVALENPNVHPIEATAADL
IECPCTGQVIGVRATSKTAPAPSSIDAQQTPPAPFSVYGDLVIVADGCESNFRNVVMGKAACKATT
KSYEFVGTILKDAVLPVAGHGTVILPQGSGPVLLYQISEHDTRMLIDIQHPLPSDLRAHILTNILPQ
LPASTOGVVSDAFTKDRIRRMPNSEFLPSVQQOGSPLSKKGVILLGDSWNMRHPLTGGGMTVALNDVV
YLRSIFASIONLDDWDEIRYALRHWHWGRKPLSSTINILSGTLYGLEEKDDDDYRALRKGCEKYFQ
LGGKCIDDPVSLLSGLSPSPLLLSSHEFFAVILYATIWVVETHPRVGSSMSANPADVKRVYDIPSADE

YPOLTLKGIRMESQACGVFLPVLWSEIRWWAPCESS
Hypholoma sublateritium SQE3 (SEQ ID NO: 70)

MSKSRSNYDVIIVGAGIAGCALAHGLSTLSRATPLRIAIVERSLAEPDRIVGELLOQPGGVMALQRL
GMEGCLEGIDAVKVHGYCVVENGTSVHIPYPGVHEGRSFHHGRFIMKLREAARAARGVELVEATVT
ELIPREGGKGIAGVRVARKGKDGEEDTTEALGAATLVVVADGCESNFRAAVMGGAAVKPETKSHEVG
ATLKDARLPIPNHGTVALVKGEFGPVLLYQISEHDTRMLVDVKAPLPADLKAHILSNIVPQLPAATLH
LPIQRALDAERLRRMPNSFLPPVEQGATRGAVLVGDAWNMRHPLTGGGMTVALNDVVVLRDLLGSV
GDLGDWRQVRRALHRWHWDRKPLASTVNILSVALYDLFGADGEELQVLRTGCEKY FERGGDCIDGP
VSLLSGIAPSPMLLAYHEEFSVAFYSIYVMEAHPQPVAQSKAVGAQNGSAKQVLAVPGALQY PALCV

KGLRVEFYTACVVEGPLLWTELRWWTAAEASRGRLLVMSLVPLLLLLGAANYGIPGMGLLGVL
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Dammarenediol-IT Synthases

Panax quinquefolius DDS (DDS1) (SEQ ID NO: 3)

MAWKLKVAQGNDPYLY STNNEVGRQYWEFQPDAGTPEEREEVEKARKDY VNNKKLHGIHPCSDMLM
RROLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAENAGSLLYTPPL
IIALYISGTIDTILTKOHKKELIREVYNHONEDGGWGSY IEGHSTMIGSVLSY VMLRLLGEGLAES
DDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCNPLPPEFWLFPSSFPFHPAKMWIY
CRCTYMPMSYLYGKRYHGPITDLVLSLROEIYNIPYEQIKWNQORHNCCKEDLYYPHTLVQDLVWD
GLHYEFSEPFLKRWPEFNKLRKRGLKRVVELMRYGATETREITTGNGEKALOIMSWWAEDPNGDE FKH
HLARIPDFLWIAEDGMTVQOSEFGSQLWDCILATQATITATNMVEEYGDSLKKAHFFIKESQIKENPRG
DFLKMCRQFTKGAWTESDODHGCVVSDCTAEALKCLLLLSOQMPODIVGEKPEVERLYEAVNVLLYL
QSRVSGGFAVWEPPVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHROQKETIED
SVAKATRYLERNQMPDGSWYGEFWGICFLYGTFFTLSGEFASAGRTYDNSEAVRKGVKFELSTONEEG
GWGESLESCPSEKEFTPLKGNRTNLVQTSWATILGLMEGGQAERDPTPLHRAAKLLINAQMDNGDEPQ
QEITGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHOQQLKT

Panax ginseng DDS (DDS2) (SEQ ID NO: 4)

MAWKLKVAQGNDPYLY STNNEVGRQYWEFQPDAGTPEEREEVEKARKDY VNNKKLHGIHPCSDMLM
RROLIKESGIDLLSIPPLRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAENAGSLLYTPPL
IIALYISGTIDTILTKOHKKELIREVYNHONEDGGWGSY IEGHSTMIGSVLSY VMLRLLGEGLAES
DDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCNPLPPEFWLFPSSFPFHPAKMWIY
CRCTYMPMSYLYGKRYHGPITDLVLSLROEIYNIPYEQIKWNQORHICCKEDLYYPHTLVQDLVWD
GLHYEFSEPFLKRWPEFNKLRKRGLKRVVELMRYGATETREITTGNGEKALOIMSWWAEDPNGDE FKH
HLARIPDFLWIAEDGMTVQOSEFGSQLWDCILATQATITATNMVEEYGDSLKKVHEFIKESQIKENPRG
DFLKMCRQFTKGAWTESDODHGCVVSDCTAEALKCLLLLSOQMPODIVGEKPEVERLYEAVNVLLYL
QSRVSGGFAVWEPPVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHROQKETIED
SVAKATRYLERNQMPDGSWYGEFWGICFLYGTFFTLSGEFASAGRTYDNSEAVRKGVKFELSTONEEG
GWGESLESCPSEKEFTPLKGNRTNLVQTSWAMLGLMEGGQAERDPTPLHRAAKLLINAQMDNGDEPQ
QEITGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHOQQLKT

DDS3 (SEQ ID NO: 5)

MAWKLKVAQGNDPYLY STNNEVGRQYWEFQPDAGTPEEREEVEKARKDY VNNKKLHGIHPCSDMLM
RROLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAENAGSLLYTPPL
IIALYISGTIDTILTKOHKKELIREVYNHONEDGGWGSY IEGHSTMIGSVLSY VMLRLLGEGLAES
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DDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCNPLPPEFWLFPSSFPFHPAKMWIY
CRCTYMPMSYLYGKRYHGPITDLVLSLROEIYNIPYEQIKWNQORHNCCKEDLYYPHTLVQDLVWD
GLHYEFSEPFLKRWPEFNKLRKRGLKRVVELMRYGATETREITTGNGEKALOIMSWWAEDPNGDE FKH
HLARIPDFLWIAEDGMTVQOSEFGSQLWDCILATQATITATNMVEEYGDSLKKAHFFIKESQIKENPRG
DFLKMCRQFTKGAWTESDODHGCVVSDCTAEALKCLLLLSOQMPODIVGEKPEVERLYEAVNVLLYL
QSRVSGGFAVWEPPVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHROQKETIED
SVAKATIRYLERIQMPDGSWYGEFWGICFLYGTFFALSGLASAGRTYDNSEAVRKGVKFELSTONEEG
GWGESLESCPSEKEFTPLKGNRTNLVQTSWATILGLMEGGQAERDPTPLHRAAKLLINAQMDNGDEPQ
QEITGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHOQQLKT

DDS4 (SEQ ID NO: 6)

MAWKLKVAQGNDPYLY STNNEVGRQYWEFQPDAGTPEEREEVEKARKDY VNNKKLHGIHPCSDMLM
RROLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAENAGSLLYTPPL
IIALYISGTIDTILTKOHKKELIREVYNHONEDGGWGSY IEGHSTMIGSVLSY VMLRLLGEGLAES
DDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCNPLPPEFWLFPSSFPFHPAKMWIY
CRCTYMPMSYLYGKRYHGPITDLVLSLROEIYNIPYEQIKWNQORHNCCKEDLYYPHTLVQDLVWD
GLHYEFSEPFLKRWPEFNKLRKRGLKRVVELMRYGAEETRY ITTGNGEKALOIMSWWAEDPNGDE FKH
HLARIPDFLWIAEDGMTVQOSEFGSQLWDCILATQATITATNMVEEYGDSLKKAHFFIKESQIKENPSG
DFLKMCRQFTKGAWTESDODHGCVVSDCTAEALKCLLLLSOQMPODIVGEKPEVERLYEAVNVLLYL
QSRVSGGFAVWEPPVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHROQKETIED
SVAKATRYLERNQMPDGSWYGEFWGICFLYGTFFTLSGEFASAGRTYDNSEAVRKGVKFELSTONEEG
GWGESLESCPSEKEFTPLKGNRTNLVQTSWATILGLMEGGQAERDPTPLHRAAKLLINAQMDNGDEPQ
QEITGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHOQQLKT

DDS5 (SEQ ID NO: 7)

MAWKLKVAQGNDPYLY STNNEVGRQYWEFDPDAGTPEEREEVEKARKDY VNNKKLHGIHPCSDLLM
RMOLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAENAGSLLYTPPL
IIALYISGTIDTILTKOHKKELIREVYNHONEDGGWGSY IEGHSTMIGSVLSY VMLRLLGEGLAES
DDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCNPLPPEFWLFPSSFPFHPAKMWIY
CRCTYMPMSYLYGKRYHGPITDLVLSLROEIYNIPYEQIKWNQORHNCCKEDLYYPHTLVQDLVWD
GLHYEFSEPFLKRWPEFNKLRKRGLKRVVELMRYGATETREITTGNGEKALOIMSWWAEDPNGDE FKH
HLARIPDFLWIAEDGMTVQOSEFGSQLWDCILATQATITATNMVEEYGDSLKKAHFFIKESQIKENPRG
DFLKMCRQFTKGAWTESDODHGCVVSDCTAEALKCLLLLSOQMPODIVGEKPEVERLYEAVNVLLYL
QSRVSGGFAVWEPPVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHROQKETIED
SVAKATRYLERNQMPDGSWYGEFWGICFLYGTFFTLSGEFASAGRTYDNSEAVRKGVKFELSTONEEG

46



10

15

20

25

30

WO 2023/039518 PCT/US2022/076194

GWGESLESCPSEKEFTPLKGNRTNLVQTSWATILGLMEGGQAERDPTPLHRAAKLLINAQMDNGDEPQ
QEITGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHOQQLKT

DDS6 (SEQ ID NO: 8)

MAWKLKVAQGNDPYLY STNNEVGRQYWEFQPDAGTPEEREEVEKARKDY VNNKKLHGIHPCSDMLM
RROLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAENAGSLLYTPPL
IIALYISGTIDTILTKOHKKELIREVYNHONEDGGWGSY IEGHSTMIGSVLSY VMLRLLGEGLAES
DDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCNPLPPEFWLFPSSFPFHPAKMWIY
CRCTYMPMSYLYGKRYHGPITDLVLSLROEIYNIPYEQIKWNQORHNCCKEDLYYPHTLVQDLVWD
GLHYEFSEPFLKRWPEFNKLRKRGLKRVVELMRYGATETREITTGNGEKALOIMSWWAEDPNGDE FKH
HLARIPDFLWIAEDGMTVQOSEFGSQLWDCALATQATITATNMVEEYGDSLKKAHFFIKESQIKENPRG
DFKKMYRQFTKGAWTESDODHGCVVSDCTAEALKCLLLLSOQMPODIVGEKPEVERLYEAVNVLLYL
QSRVSGGFAVWEPPVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHROQKETIED
SVAKATRYLERNQMPDGSWYGEFWGICFLYGTFFTLSGEFASAGRTYDNSEAVRKGVKFELSTONEEG
GWGESLESCPSEKEFTPLKGNRTNLVQTSWATILGLMEGGQAERDPTPLHRAAKLLINAQMDNGDEPQ
QEITGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHOQQLKT

Panax vietnamensis DDS (DDS7) (SEQ ID NO: 9)

MAWKLKVAQGNDPYLY STNNEVGROQYWEFLPEAGTPEEREEVEKARKDY VNNKKLHGIHPCSDMLM
RROLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAENSGSLLYTPPL
IIALYISGTIDTTLTKOHKKELIRYVYNHONEDGGWGSY IEGSSTMIGSVLSYVMLRLLGEGSAES
DDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCNPLPPEFWLFPSEFFPFHPAKMWIY
CRCTYMPMSYLYGKRYHGPITDLVLSLROEIYNIPYEQIKWNLORHNCCKEDLYYPHTLVQDLVWD
GLHYEFSEPFLKRWPEFNKLRKRGLKRVVELMRYGATETREITTGCGEKALOIMSWWAEDPNGDE FKH
HLARVPDEFLWIAEDGMTVQOSEFGSQLWDCILATQATITATNMVEEYGDSLKKAHFYTIKESQIKENPRG
DFLKMCRQFTKGAWTESDODHGCVVSDCTAEALKCLLLLSOQMPODIVGEKPEVERLYEAVNVLLYL
QSRVSGGFAVWEPPVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHROQKETIEN
SVVKAIRYLERNOQMPDGSWYGEFWGICFLYGTFFTLSGEFASAGRTYDNSEAVRKGVKFELSTONEEG
GWGESLESCPSEKEFTPLKGNRTNLVQTSWAMLGLMEGGQAERDPTPLHRAAKLLINAQMDNGDEPQ
QEITGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHOQQLKT

Panax quinquefolius DDS (Pg.DDS1) (SEQ ID NO: 81)

MAWKLKVAQGNDPYLY STNNEVGRQYWEFDPDAGTPEEREEVEKARKDY VNNKKLHGIHPCSDLLM
RMOLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAENAGSLLYTPPL
IIALYISGTIDTILTKOHKKELIREVYNHONEDGGWGSY IEGHSTMIGSVLSY VMLRLLGEGLAES
DDGNGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWEGCNPLPPEFWLFPSSFPFHPAKMWIY
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CRCTYMPMSYLYGKRYHGPITDLVLSLROEIYNIPYEQIKWNQORHNCCKEDLYYPHTLVQDLVWD
GLHYEFSEPFLKRWPEFNKLRKRGLKRVVELMRYGAEETRY ITTGNGEKALOIMSWWAEDPNGDE FKH
HLARIPDFLWIAEDGMTVQOSEFGSQLWDCALATQATITATNMVEEYGDSLKKAHFFIKESQIKENPSG
DFKKMYRQFTKGAWTESDODHGCVVSDCTAEALKCLLLLSOQMPODIVGEKPEVERLYEAVNVLLYL
QSRVSGGFAVWEPPVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHROQKETIED
SVAKATRYLERNQMPDGSWYGEFWGICFLYGTFFTLSGEFASAGRTYDNSEAVRKGVKFELSTONEEG
GWGESLESCPSEKEFTPLKGNRTNLVQTSWATILGLMEGGQAERDPTPLHRAAKLLINAQMDNGDEPQ
QEITGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHOQQLKT

Pg.DDS2 (SEQ ID NO: 82)

MAWKLKVAQGNDPYLY STNNEVGRQYWEFDPDAGTPEEREEVEKARKDEVNNKKLHGIHPCSDLLM
RMOLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPAENAGSLLYTPPL
IIALYISGTIDTILTKOHKKELIREVYNHONEDGGWGSY IEGHSTMIGTVLSY VMLRLLGEGPDDG
NGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWSGCNPLPPEFWLEFPSSEFPFHPAKMWIYCRC
TYMPMSYLYGKRYHGPITDLVLSLROQEIYNIPYEQIKWNQOQRHNCCKEDLYYPHTLVQODLVWDGLH
YESEPFLKRWPENKLRKRGLKRVVELMRYGAEETRY ITTGNGEKALOIMSWWAEDPNGDEFKHHLA
RIPDFLWVAEDGMTVQSFGSQLWDCALATQAT IATNMVEEYGDSLKKAHFFIKESQIKENPSGDEK
KMYRQFTKGAWTFSDQDHGCVVSDCTAEALKCLLLLSOQMPOQEIVGEKPEVERLYEAVNVLLYLOSR
VSGGFAVWEPPVPKPYLEMLNPSEIFADIVVEREHIECTASVIKGLMAFKCLHPGHRQKEIEDSVA
KAIRYLERNOQMPDGSWYGFWGICFLYGTFFTLSGEFASAGKTYDNSEAVRKGVKEFLSTONEEGGWG
ESLESCPSEKFTPLKGNRTNLVQT SWATILGLIFGGOAERDPTPLHRAAKLLINAQMDNGDEFPQOET
TGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHQQLKT

Pg.DDS3 (SEQ ID NO: 85)

MAWKLKVAQGNDPYLY STNNEVGRQYWEFDPDAGTPEEREEVEKARKDEVNNKKLHGIHPCSDLLM
RMOLIKESGIDLLSIPPVRLDENEQVNYDAVTTAVKKALRLNRAIQAHDGHWPSENAGSLLYTPPL
IIALYISGTIDTILTKEHKKELIREVYNHONEDGGWGSY IEGHSTMIGTVLSY VMLRLLGEGPDDG
NGAVERGRKWILDHGGAAGIPSWGKTYLAVLGVYEWSGCNPLPPEFWLEFPSSEFPFHPGKMWIYCRC
TYMPMSYLYGKRYHGPITDLVLSLROQEIYNIPYEQIKWNQOQRHNCCKEDLYYPHTLVQODLVWDGLH
YESEPFLKRWPENKLRKRGLKRVVELMRYGAEETRY ITTGNGEKALQ IMAWWAEDPNGDEFKHHLA
RIPDFLWVAEDGMTVQSFGSQLWDCALATQAT IATNMVEEYGDSLKKAHFFIKESQIKENPSGDEK
KMYRQFTKGAWTFSDQDHGCVVSDCTAEALKCLLLLSOQMPOQEIVGEKPEVERLYEAVNVLLYLOSR
VSGGFAVWEPPVPKPYLEMENPSEIFADIVVEREHIECTASVIKALMAFKCLHPGHRQKEIEDSVA
KAIRYLERNOQMPDGSWYGFWGICFLYGTEFFTLSGEFASAGKTYDNSEAVRKGVKELLSTONEEGGWG
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ESLESCPSEKFTPLKGNRTNLVQT SWATILGLIFGGOAERDPTPLHRAAKLLINAQMDNGDEFPQOET
TGVYCKNSMLHYAEYRNIFPLWALGEYRKRVWLPKHQQLKT

Protopanaxadiol Synthase

Panax ginseng PPDS (PPDS1) (SEQ ID NO: 10)

MAQDLRLILIIVGAIAITALLVHGFWSYTKRIPQKENDSKAPLPPGQTGWPLIGETLNYLSCVKSG
VSENFVKYRKEKYSPKVERTSLLGEPMATILCGPEGNKEFLY STEKKLVQVWEPSSVEKMEPRSHGE S
NADNEFSKVRGKMMEFLLKVDGMKKY VGLMDRVMKQEFLETDWNRQOQQINVHNTVKKY TVIMSCRVEMS
IDDEEQVTRLGSSIONIEAGLLAVPINIPGTAMNRATIKTVKLLTREVEAVIKQRKVDLLENKQASQ
PODLLSHLLLTANQDGQFLSESDIASHLIGLMOGGY TTLNGTITEFVLNY LAEFPDVYNQVLKEQVE
IANSKHPKELLNWEDLRKMKY SWNVAQEVLRITIPPGVGTFREAITDFTYAGYLIPKGWKMHLIPHD
THRKNPTYFPSPEKEDPTRFEGNGPAPYTEFTPEFGGGPRMCPGIEYARLVILIFMHNVVTNEFRWEKLT
PNEKILTDPIPRFAHGLPIHLHPHN

Panax notoginseng PPDS (PPDS2) (SEQ ID NO: 11)

MAQDLRLILIIVGAIATITIALLVHGFAYESYTKRIPOKENDSKAPLPPGOTGWPLIGETLNYLSCVK
SGESENEFVKYRKEKYSPKVFRTSLLGEPMATILCGPEGNKEFLYSTEKKLVQTWEPSSVEKMEPRSHG
ESNADNESKVRGKMMELLKVDGLKKY VGLMDRVMKQ FLETDWNRQOQ INVHNTVKKYTVIMSCRVE
MSIDDEEQVRRLGSSIQNIEAGLLAVPINIPGTAMNRATIKTVKLLSREVEAVIKQRKVDLLENKQA
SOQPODLLSHLLLTANQDGQFLSESDIASHLIGLMOQGGYTTLNGTITEVINYLAEFPDVYNQVLKEQ
VEIANSKHPKELLNWEDLRKMKY SWNVAQEVLRITPPGVGTFREAITDFTYAGYLIPKGWKMHLIP
HDTHKNPTYEFPNPEKEDPTREFEGNGPAPYTEFTPFGGGPRMCPGIEYARLVILIFIHNVVINEFRWEK
LIPSEKILTDPIPRFAHGLPIHLHPHN

Panax notoginseng PPDS (PPDS3) (SEQ ID NO: 12)

MAQDLRLILIIVGAIATITALLVHGFMAAAMVLEFESLSLLLLPLPLLLFAYFSYTKRIPQKENDSKA
PLPPGOTGWPLIGETLNYLSCVKSGESENFVKYRKEKY SPKVEFRTSLLGEPMATILCGPEGNKELY S
TEKKLVOQTWEPSSVEKMEPRSHGE SNADNESKVRGKMMELLKVDGLKKY VGLMDRVMKQEFLETDWN
ROOQINVHNTVKKYTVIMSCRVEMSIDDEEQVRRLGSSIONIEAGLLAVPINIPGTAMNRATIKTVK
LLSREVEAVIKOQRKVDLLENKQASQPODLLSHLLLTANQDGQFLSESDIASHLIGLMOQGGY TTLNG
TITEFVINYLAEFPDVYNQVLKEQVEIANSKOPKELLNWEDLRKMKY SWNVAQEVLRITIPPGVGTER
EATITDFTYAGYLIPKGWKMHLIPHDTHKNPTY FPNPEKFDPTREFEGNGPAPYTEFTPEFGGGPRMCPG
IEYARLVILIFIHNVVINFRWEKLIPSEKILTDPIPRFAHGLPIHLHPHN

Kalopanax septemlobus PPDS (PPDS4) (SEQ ID NO: 13)
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MAQDLRLILIIVGAIAITALLVHGFAYESYQLFITKHOQGNDSKTPRLPPGRTGWPLIGESLNYIST
IKSGLLENEFVTYRMGKYSPKVERTSIFGETMAVLCGPEGNKLIFSNERKLVRVWEPSSVDKIEFPRS
HGETNAENFEKVRKMMEVLKVDALKKYVGLMDTAMKQFLRTDWNHRHQQINVYETVKKY TVMMACR
VEMSIDDAEQLGKISNLIQHIEAGLFAVPINLPGTAMNRAIKTVELLSKDLEAVVKQRKVDLLNNK
ASPTODLLSHLLLTANDDGRFLSESDIASHLLGLMOGGY STLNVTITFIMNYLAELPDVYNQVLKE
QVEIANSKSPKELLNWEDLRKMKY SWNVAQEVLRIRSPGVGTFREVIADFTYAGYLIPKGWKIPLT
POSTFKNPAYYPNPEKEFDPTRFEGNGPAPY SYTPFGGGPRMCPGVEYARLATILIFMHNVVTNEKWE
KLIPNEKIFTYPAPKFAHGLPIQLHPHNL

Eleutherococcus senticosus PPDS (PPDS5) (SEQ ID NO: 14)

MAQDLRLILIIVGAIATITIALLVHGFAYEFSHQIFITKHRNTDSKIPLPPGPTGWPLIGESLNYLSTV
KSGLLENEVTYRKEKYSTKVEFRTSLEGESVAILCGAEGNKEFLESNERKLVRVWEPRSVEKIFAQSH
AESNAESFYKIRKMMEILKADALKKYVGLMDT IMKOQFLOTHWNHHLOTQINVHNTVMNY SLMLSCR
VEMSIDDAEQVRKIGNSTHHIEAGLFAVPINLPGTAMNRAIKTVKLLSKEFEAVVKQRKADLLENK
QAPPTODLLSHLLLTPNEDGRFMSESDIARQLLGLVQGAY STLNVVIAFIINYLAELPDVYDQVLK
EQVEIAKSKNPKELLNWEDLSKMKYSWNVVQEVLRIRSPAIGVFREAINDFTYAGYLIPKGWKLHL
IPVATHKNPTYFPNPEKFDPTRFEGSGPAPYTEFTPEFGGGPRMCPGVEYARLATLTFMHHAVTNERW
EKLIPNEQIFTFPVLSFANGLPIHLHPHNP

Camellia sinensis PPDS (PPDS6) (SEQ ID NO: 15)

MAQDLRLILIIVGAIAITIALLVHGESYLISGHTPRRANENISSENFPLPPGRTGWPLIGESLDYFL
KLRNCIPEKEVADRRDRY STKVEKTSLLGEPMATIFCGVEGNKEFLESSETKLVOQLWWPKATISKIEFPK
SSADYMKEDSTKVRKILOQPFLKADALQKHVGVMDMLMKQHLDMDWNCREVKVSPAVTKYTEFMLACR
LFLSIEDLERVEELGKSEFGY ITAGIVSMAINVPGTAFNRATIKASKIMRRELEAMIQQRKIDLTENR
SLAAQDLLSHMLLANDENDRFMTEFDIASHIVGLLHAATHTLNVALTFIVMYLAELPDVYNEVLRE
OMGIAESKEPEDLLNWKDIKKMKY SWNVANEVLRLRPPSFGTFREAITDFTYAGYMIPKGWKLHLT
AQTTHKNPEY FPNPETEFDPSRFEGNGPPPFTEVPEFGGGPRMCPGNEY ARLVMLVEMHNMVTKERWK
KVIPNEKVVIDPLPRPTQGLPVHLHPHKP

Panax quinquefolius PPDS (PPDS7) (SEQ ID NO: 16)

MAQDLRLILIIVGAIATITIALLVHGFAYESYTKRIPOKENDSKAPLPPGOTGWPLIGETLNYLSCVK
SGVSENEFVKYRKEKYSPKVFRTSLLGEPMATILCGPEGNKEFLYSTEKKLVOQVWEPSSVEKMEPRSHG
ESNADNESKVRCKMMELLKVDGMKKY VGLMDRVMKQ FLESDWNRQOQ INVHNTVKKYTVIMSCRVE
MSIDDEEQVTRLGSSIQNIEAGLLAVPINIPGTAMNRATIKTVKLLTREVEAVIKQRKVDLLENKQA
SOQPODLLSHLLLTANQDGQFLSESDIASHLIGLMOQGGYTTLNGTITEVLNY LAEFPDVYNQVLKEQ
VEIANSKHPKELLNWEDLRKMKY SWNVAQEVLRITPPGVGTFREAITDFTYAGYLIPKGWKMHLIP

50



10

15

20

25

30

WO 2023/039518 PCT/US2022/076194

HDTHKNPTYEFPSPEKEDPTREFEGNGPAPYTEFTPFGGGPRMCPGIEYARLVILIFMHNVVTNEFRWEK
LIPNEKILTDPIPRFAHGLPIHLHPHN

Pg.PPDS1 (SEQ ID NO: 83)

MAQDLRLILIIVGAIAITALLVHGFWSYTKRIPQKENDSKAPLPPGQTGWPLIGETLEYLSCVKSG
VPENFVKYRKEKYSPKVERTSLLGEPMATILCGPEGNKELY SNEKKLVQVWEPSSVEKMEPRSHGE S
NAENFSKVRGKMMFLLKPDGMKKY VGLMDRVMKOQHLETDWNRQOQQINVHNTVKKY TVIMSCRVEMS
IDDEEQVTRLGSSFONIEAGLLAVPINIPGTAMNRATIKTVKLLTKEVEAVIKQRKVDLLENKQASQ
PODLLSHLLLTANEDGQFMSESDIASHI IGLMOGGY TTLNGTITEFVLNY LAEFPDVYNQVLKEQME
IANSKHPGELLNWEDLOKMKY SWNVAQEVLRITIPPGVGTFREAITDFTYAGYLIPKGWKLHLIPHD
THRKNPTYFPSPEKEDPTRFEGNGPAPYTEFTPEFGGGPRMCPGIEYARLVILIFMHNVVTNEFRWEKLT
PNEKILTDPIPRFAHGLPIRLHPHN

Protopanaxatriol Synthase

Panax ginseng PPTS (PPTS1) (SEQ ID NO: 17)

MAQDLRLILIIVGAIAITALLVHGEFWNEKPSSONKLPPGKTGWPIIGETLEFISCGOQKGNPEKEVT
QRMNKYSPDVETTSLAGEKMVVECGASGNKEIEFSNENKLVVSWWPPATISKILTATIPSVEKSKALR
SLIVEFLKPEALHKFISVMDRTTROQHFEDKWNGSTEVKAFAMSESLTFELACWLLESINDPVOVQOK
LSHLFEKVKAGLLSLPLNFPGTAFNRGIKAANLIRKELSVVIKQRRSDKLOTRKDLLSHVMLSNGE
GEKFESEMDIADVVLNLLIASHDTTSSAMGSVVY FLADHPHIYAKVLTEQMETIAKSKGAEELLSWE
DIKRMKYSRNVINEAMRLVPPSQGGEFKVVTSKESYANFITPKGWKIFWSVY STHKDPKY FKNPEEEF
DPSRFEGDGPMPEFTFIPFGGGPRMCPGSEFARLEVLIFMHHLVINFKWEKVEPNEKIIYTPEPEFPE
NGLPIRLSPCTL

Panax quinquefolius PPTS (PPTS2) (SEQ ID NO: 18)

MAQDLRLILIIVGAIAITALLVHGEFWNEKPSSONKLPPGKTGWPIIGETLEFISCGOQKGNPEKEVT
QRMKKYSPDVETTSLAGEKMVVECGASGNKEIEFSNENKLVVSWWPPATISKILTATIPSVEKSKALR
SLIVEFLKPEALHKFISVMDRTTROQHFEDKWNGSTEVKAFAMSESLTFELACWLLESINDPVOVQOK
LSHLFEKVKAGLLSLPLNFPGTAFNRGIKAANLIRKELSVMIKQRRSDKLOTRKDLLSHVMLSNGE
GEKFESEMDIADVVLNLLIASHDTTSSAMGSVVY FLADHPHIYAKVLTEQMETIAKSKGAGELLSWE
DIKRMKYSRNVINEAMRLVPPSQGGEFKVVTSKESYANFITPKGWKIFWSVY STHKDPKY FKNPEEEF
DPSRFEGDGPMPEFTFIPFGGGPRMCPGSEFARLEVLIFMHHLVINFRWDKVEPNEKIIYTPEPSTE
NSRTIRLSPCTL

Panax notoginseng PPTS (PPTS3) (SEQ ID NO: 19)
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MAQDLRLILIIVGAIATITIALLVHGEEWNEFKPSSONKLPPGKTGWPIIGETLEFISCGQKGNPEKEYV
TORMKKYSPDVETTSLAGEKMVVECGASGNKE ITFSNENKLVVSWWPPAISKILTATIPSVEKSKAL
RSLIVEFLKPEALHKEISVMDRTTROQHFEAKWNGSTEVKAFAMSETLTEFELACWLLESISDPVQOVQ
KLSHLFEKVKAGLLSLPLNFPGTAFNRGIKAANLIRKELSVVIKQRRSDKSETRKDLLSHVMISNG
EGEKFFSEMDIADVVLNILIASHDTTSSAMGSVVY FLADHPHIYAKVLAEQME TAKSKGAGELLSW
EDIKRMKY SRNVINEAMRLVPPSQGGEFKVVTSKESYANFITIPKGWKIFWSVYSTHKDPKYFKNPEE
FDPSRFEGDGPMPFTFIPFGGGPRMCPGSEFARLEVLIFMHHLVINFRWEKVEPNEKIIYTPEFPEP
ENGLPIRLSPCTL

Eleutherococcus senticosus PPTS (PPTS4) (SEQ ID NO: 20)

MAQDLRLILIIVGAIATITIALLVHGEFLRPSSONKLPPGKTGWPIIGETLEYLSWGQKGCPEKEFITQR
MNKYSPHVFTTSLAGEKMATIFCGASGNKEMESNENKLVVSWWPPATISKIVNSTKPSVEKSKAVRNL
IVEFLKPEALHKFIPVMDRTTRLHFEAEWGGTTEVKAFALSEMLT FELACRLLCSIDDPVHVKTLS
CLFAKVKAGLMSLPIDFPGTAFNSGIKAANLIRKDLSVLIEQRRSDKLOIRGDLLSHILISNGEDE
KILSEMDIADVVLGLLIASHDTTSSVMASVVY FLTDHPGIYAKVLTEQMETAKSKRAGDLLTWENT
QRMKYSRNVINEVMRLVPPSQGGFKEVISEFSYADFITPKGWKIFWSVHSTHKDPKY FKNPEEEDP
PRFEGDGPMPFTFIPFGGGPRMCPGNEFARMEVLIFMHHLVMNEFRWEKVEPNEKITIYTSEFPEFPEKG
LPIRLSPCTL

Panax notoginseng PPTS (PPTS5) (SEQ ID NO: 21)

MAQDLRLILIIVGAIATITIALLVHGEEWNEFKPSSONKLPPGKTGWPIIGETLEFISWGQKGNPEKEYV
TORMKKYSPDVETTSLAGEKMVVECGASGNKE ITFSNENKLVVSWWPPAISKILTATIPSVEKSKAL
RSLIVEFLKPEALHKEISVMDRTTROQHFEAKWNGSTEVKAFAMSETLTEFELACWLLESINDPVOVQ
KLSHLFEKVKAGLLSLPLNFPGTAFNRGIKAANLIRKELSVVIKQRRSDKSETRKDLLSHVMISNG
EGEKFFSEMDIADVVLNILIASHDTTSSAMGSVVY FLADHPHIYAKVLTEQME TAKSKGAGELLSW
EDIKRMKY SRNVINEAMRLVPPSQGGEFKVVTSKESYANFITIPKGWKIFWSVYSTHKDPKYFKNPEE
FDPSRFEGDGPMPFTFIPFGGGPRMCPGSEFARLEVLIFMHHLVINFRWEKVEPNEKIIYTPEFPEP
ENGLPIRLSPCTL

Pg.PPTS2 (SEQ ID NO: 84)

MAQDLRLILIIVGAIAITALLVHGEFWNEKPSSONKLPPGKTGWPIIGETLEFISCGOQKGNPEKEVT
QRMNKYSPDVETTSLAGEKMVVECGASGNKEIEFSNENKLVVSWWPPATISKILTATIPSVEKSKALR
SLIVEFLKPEALHKFISVMDRTTROQHFEDKWNGKTEVKAFAMSESLTFELACWLLESINDPVOVQOK
LSHLFEKVKAGLLSLPLNFPGTAFNRGIKAANLIRKELSVITIKQRRSDKLOPRODLLSHVMLSNGE
GEKFESEMDIADVVILNLLIASHDTTSSAMTSVVY FLADHPHIYAKVLTEQMETIAKSKGPEELLSWE
DIKRMKYSRNVINEAMRLVPPSQGGEFKVVTSDESYANFTIPKGWKIFWSVY STHKDPKY FKNPEEEF
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DPSRFEGDGPMPEFTEVPFGGGPRMCPGSEFARLEVLIFMHHLVINFKWEKVEPNEKIIYTPEPEFPE
NGLPIRLSPHTL

Cytochrome P450 Reductases

Camptotheca acuminate Cytochrome P450 Reductase (CPR1) (SEQ ID NO:
22)

MAQSSSVKVSTFDLMSAILRGRSMDQTNVSFESGESPALAMLTIENRELVMILTTSVAVLIGCEVVL
LWRRSSGKSGKVTEPPKPLMVKTEPEPEVDDGKKKVSIFYGTOQTGTAEGFAKALAEEAKVRYEKAS
FKVIDLDDYAADDEEYEEKLKKETLTEFFFLATYGDGEPTDNAARFYKWEMEGKERGDWLKNLHYGV
FGLGNRQYEHFNRIAKVVDDTIAEQGGKRLIPVGLGDDDQCIEDDFAAWRELLWPELDQLLODEDG
TTVATPYTAAVLEYRVVEHDSPDASLLDKSEFSKSNGHAVHDAQHPCRANVAVRRELHTPASDRSCT
HLEFDISGTGLVYETGDHVGVYCENLIEVVEEAEMLLGLSPDTFFSIHTDKEDGTPLSGSSLPPPFE
PPCTLRRALTQYADLLSSPKKSSLLALAAHCSDPSEADRLRHLASPSGKDEYAQWVVASQRSLLEV
MAEFPSAKPPIGAFFAGVAPRLOPRYYSISSSPRMAPSRIHVITCALVFEKTPVGRIHKGVCSTWMK
NAVPLDESRDCSWAPTIFVROSNFKLPADTKVPVLMIGPGTGLAPFRGFLOERLALKEAGAELGPAT
LEFFGCRNROMDY IYEDELNNEVETGALSELIVAFSREGPKKEY VOQHKMMEKASDIWNMISQEGYTIY
VCGDAKGMARDVHRTLHT IVQEQGSLDS SKTESMVKNLOMNGRYLRDVW

Stevia rebaudiana (SrCPR1) (SEQ ID NO: 71)

MAQSDSVKVSPEFDLVSAAMNGKAMEKLNASESEDPTTLPALKMLVENRELLTLEFTTSFAVLIGCLV
FIMWRRSSSKKLVQDPVPQVIVVKKKEKESEVDDGKKKVSIEFYGTQTGTAEGFAKALVEEAKVRYE
KTSEFKVIDLDDYAADDDEYEEKLKKESLAFFFLATYGDGEPTDNAANEY KWEFTEGDDKGEWLKKLOQ
YGVFGLGNRQYEHENKIATIVVDDKLTEMGAKRLVPVGLGDDDQCIEDDEFTAWKELVWPELDQLLRD
EDDTSVITPYTAAVLEYRVVYHDKPADSYAEDQTHTNGHVVHDAQHPSRSNVAFKKELHTSQSDRS
CTHLEFDISHTGLSYETGDHVGVY SENLSEVVDEALKLLGLSPDTYEFSVHADKEDGTPIGGASLPP
PFPPCTLRDALTRYADVLSSPKKVALLALAAHASDPSEADRLKEFLASPAGKDEYAQWIVANQRSLL
EVMOSFPSAKPPLGVEFAAVAPRLOPRYYSISSSPKMSPNRIHVTCALVYETTPAGRIHRGLCSTW
MKNAVPLTESPDCSQASIEFVRTSNEFRLPVDPKVPVIMIGPGTGLAPFRGFLOERLALKESGTELGS
SIFFFGCRNRKVDFIYEDELNNEVETGALSELIVAFSREGTAKEYVOHKMSQKASDIWKLLSEGAY
LYVCGDAKGMAKDVHRTLHTIVQEQGSLDS SKAELY VKNLOMSGRYLRDVW

Arabidopsis thaliana CPR1 (AtCPR1) (SEQ ID NO: 72)
MATSALYASDLFKOLKSIMGTDSLSDDVVLVIATTSLALVAGEFVVLLWKKTTADRSGELKPLMIPK

SLMAKDEDDDLDLGSGKTRVSIFFGTQTGTAEGFAKALSEEIKARYEKAAVKVIDLDDYAADDDQY
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EEKLKKETLAFFCVATYGDGEPTDNAAREFYKWEFTEENERDIKLOOLAYGVEFALGNRQYEHFNKIGT
VLDEELCKKGAKRLIEVGLGDDDQSIEDDENAWKESLWSELDKLLKDEDDKSVATPYTAVIPEYRV
VTHDPRETTOQKSMESNVANGNTTIDIHHPCRVDVAVOKELHTHESDRSCIHLEFDISRTGITYETG
DHVGVYAENHVEIVEEAGKLLGHSLDLVESIHADKEDGSPLESAVPPPEFPGPCTLGTGLARYADLL
NPPRKSALVALAAYATEPSEAEKLKHLT SPDGKDEY SQWIVASQRSLLEVMAAFPSAKPPLGVEEFA
ATAPRLOQPRYYSISSSPRLAPSRVHVTSALVYGPTPTGRIHKGVCSTWMKNAVPAEKSHECSGAPT
FIRASNFKLPSNPSTPIVMVGPGTGLAPFRGFLOERMALKEDGEELGSSLLEFGCRNROMDETIYED
ELNNEVDQGVISELIMAFSREGAQKEYVOHKMMEKAAQVWDLIKEEGYLYVCGDAKGMARDVHRTL
HTIVQEQEGVSSSEAEAIVKKLOQTEGRYLRDVW

Arabidopsis thaliana CPR2 (AtCPR2) (SEQ ID NO: 73)

MASSSSSSSTSMIDLMAATITIKGEPVIVSDPANASAYESVAAELSSMLIENROFAMIVTTSIAVLIG
CIVMLVWRRSGSGNSKRVEPLKPLVIKPREEEIDDGRKKVT IFFGTQTGTAEGFAKALGEEAKARY
EKTRFKIVDLDDYAADDDEY EEKLKKEDVAFFEFLATYGDGEPTDNAAREYKWEFTEGNDRGEWLKNL
KYGVEFGLGNRQYEHENKVAKVVDDILVEQGAQRLVOVGLGDDDQCIEDDEFTAWREALWPELDTILR
EEGDTAVATPYTAAVLEYRVSIHDSEDAKENDINMANGNGY TVEDAQHPYKANVAVKRELHTPESD
RSCIHLEFDIAGSGLTYETGDHVGVLCDNLSETVDEALRLLDMSPDTYEFSLHAEKEDGTPISSSLP
PPEFPPCNLRTALTRYACLLSSPKKSALVALAAHASDPTEAERLKHLASPAGKDEY SKWVVESQRSL
LEVMAEFPSAKPPLGVEFAGVAPRLOPRFYSISSSPKIAETRIHVTCALVYEKMPTGRIHKGVCST
WMKNAVPYEKSENCSSAPTIFVROQSNFKLPSDSKVPIIMIGPGTGLAPFRGEFLOERLALVESGVELG
PSVLFEFGCRNRRMDFIYEEELQREVESGALAELSVAFSREGPTKEY VOHKMMDKASDIWNMISQGA
YLYVCGDAKGMARDVHRSLHTIAQEQGSMDSTKAEGEVKNLQT SGRY LRDVW

Arabidopsis thaliana (AtCPR3) (SEQ ID NO: 74)

MASSSSSSSTSMIDLMAATITIKGEPVIVSDPANASAYESVAAELSSMLIENROFAMIVTTSIAVLIG
CIVMLVWRRSGSGNSKRVEPLKPLVIKPREEEIDDGRKKVT IFFGTQTGTAEGFAKALGEEAKARY
EKTRFKIVDLDDYAADDDEY EEKLKKEDVAFFEFLATYGDGEPTDNAAREYKWEFTEGNDRGEWLKNL
KYGVEFGLGNRQYEHENKVAKVVDDILVEQGAQRLVOVGLGDDDQCIEDDEFTAWREALWPELDTILR
EEGDTAVATPYTAAVLEYRVSIHDSEDAKENDITLANGNGY TVEDAQHPYKANVAVKRELHTPESD
RSCIHLEFDIAGSGLTMKLGDHVGVLCDNLSETVDEALRLLDMSPDTYEFSLHAEKEDGTPISSSLP
PPEFPPCNLRTALTRYACLLSSPKKSALVALAAHASDPTEAERLKHLASPAGKDEY SKWVVESQRSL
LEVMAEFPSAKPPLGVEFAGVAPRLOPRFYSISSSPKIAETRIHVTCALVYEKMPTGRIHKGVCST
WMKNAVPYEKSEKLELGRPIFVROQSNFKLPSDSKVPIIMIGPGTGLAPFRGFLOERLALVESGVEL
GPSVLEFFGCRNRRMDFIYEEELOQREVESGALAELSVAFSREGPTKEY VOHKMMDKASDIWNMISQG
AYLYVCGDAKGMARDVHRSLHT IAQEQGSMDSTKAEGEVKNLOTSGRYLRDVW
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Stevia rebaudiana CPR2 (SrCPR2) (SEQ ID NO: 75)

MAQSESVEASTIDLMTAVLKDTVIDTANASDNGDSKMPPALAMMFEIRDLLLILTTSVAVLVGCEV
VLVWKRSSGKKSGKELEPPKIVVPKRRLEQEVDDGKKKVTIFEFGTQTGTAEGFAKALFEEAKARYE
KAAFKVIDLDDYAADLDEYAEKLKKETYAFFFLATYGDGEPTDNAAKEY KWEFTEGDEKGVWLOKLO
YGVFGLGNRQYEHENKIGIVVDDGLTEQGAKRIVPVGLGDDDO STIEDDEFSAWKELVWPELDLLLRD
EDDKAAATPYTAATPEYRVVEFHDKPDAFSDDHTQTNGHAVHDAQHPCRSNVAVKKELHTPESDRSC
THLEFDISHTGLSYETGDHVGVYCENLIEVVEEAGKLLGLSTDTY FSLHIDNEDGSPLGGPSLQPP
FPPCTLRKALTNYADLLSSPKKSTLLALAAHASDPTEADRLREFLASREGKDEYAEWVVANQRSLLE
VMEAFPSARPPLGVEFAAVAPRLOPRYYSISSSPKMEPNRIHVTCALVYEKTPAGRIHKGICSTWM
KNAVPLTESQDCSWAPTIFVRTSNFRLPIDPKVPVIMIGPGTGLAPFRGEFLOERLALKESGTELGSS
ILFFGCRNRKVDY IYENELNNEVENGALSELDVAFSRDGPTKEYVQHKMTOQKASE IWNMLSEGAY L
YVCGDAKGMAKDVHRTLHTIVQEQGSLDSSKAELYVKNLOMSGRYLRDVW

Stevia rebaudiana CPR3 (SrCPR3) (SEQ ID NO: 76)

MAQSNSVKISPLDLVTALESGKVLDTSNASESGESAMLPTIAMIMENRELLMILTTSVAVLIGCVV
VLVWRRSSTKKSALEPPVIVVPKRVOEEEVDDGKKKVTVEFGTQTGTAEGFAKALVEEAKARY EKA
VFKVIDLDDYAADDDEYEEKLKKESLAFFELATYGDGEPTDNAAREFY KWETEGDAKGEWLNKLQYG
VEFGLGNRQYEHFNKIAKVVDDGLVEQGAKRLVPVGLGDDDQCIEDDFTAWKELVWPELDQLLRDED
DTTVATPYTAAVAEYRVVFHEKPDALSEDY SYTNGHAVHDAQHPCRSNVAVKKELHSPESDRSCTH
LEFDISNTGLSYETGDHVGVYCENLSEVVNDAERLVGLPPDTYFSIHTDSEDGSPLGGASLPPPEP
PCTLRKALTCYADVLSSPKKSALLALAAHATDPSEADRLKFLASPAGKDEY SQWIVASQRSLLEVM
EAFPSAKPSLGVEFFASVAPRLOPRYYSISSSPKMAPDRIHVTCALVY EKTPAGRIHKGVCSTWMKN
AVPMTESQDCSWAPIYVRTSNERLPSDPKVPVIMIGPGTGLAPFRGFLOERLALKEAGTDLGLSTIL
FFGCRNRKVDFIYENELNNEVETGALSELIVAFSREGPTKEYVOHKMSEKASDIWNLLSEGAYLYV
CGDAKGMAKDVHRTLHTIVQEQGSLDSSKAELYVKNLOMSGRY LRDVW

Artemisia annua CPR (RaCPR) (SEQ ID NO: 77)

MAQSTTSVKLSPEFDLMTALLNGKVSEDTSNTSDTNIPLAVEMENRELLMILTTSVAVLIGCVVVLV
WRRSSSAAKKAAESPVIVVPKKVIEDEVDDGRKKVIVEEGTQTGTAEGFAKALVEEAKARYEKAVE
KVIDLDDYAAEDDEYEEKLKKESLAFFEFLATYGDGEPTDNAARFYKWETEGEEKGEWLDKLQYAVE
GLGNRQYEHFNKIAKVVDEKLVEQGAKRLVPVGMGDDDQCIEDDFTAWKELVWPELDQLLRDEDDT
SVATPYTAAVAEYRVVEFHDKPETYDODQLTNGHAVHDAQHPCRSNVAVKKELHSPLSDRSCTHLEF
DISNTGLSYETGDHVGVYVENLSEVVDEAEKLIGLPPHTYFSVHADNEDGT PLGGASLPPPEPPCT
LRKALASYADVLSSPKKSALLALAAHATDSTEADRLKFLASPAGKDEYAQWIVASHRSLLEVMEAF
PSAKPPLGVEFFASVAPRLOPRYYSTISSSPREFAPNRIHVICALVYEQTPSGRVHKGVCSTWMKNAVP
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MTESQODCSWAPIYVRTSNEFRLPSDPKVPVIMIGPGTGLAPFRGFLOERLAQKEAGTELGTAILEEG
CRNRKVDEFIYEDELNNEVETGALSELVTAFSREGATKEY VOHKMTOKASDIWNLLSEGAYLYVCGD
AKGMAKDVHRTLHTIVQEQGSLDSSKAELY VKNLOMAGRYLRDVW

CPR (PgCPR) (SEQ ID NO: 78)

MAQSSSGSMSPEFDEMTAI IKGKMEPSNASLGAAGEVTAMILDNRELVMILTTSIAVLIGCVVVEIW
RRSSSQTPTAVOQPLKPLLAKETESEVDDGKOKVT IFFGTOQTGTAEGFAKALADEAKARY DKVTFKV
VDLDDYAADDEEYEEKLKKETLAFFFLATYGDGEPTDNAAREFY KWEFLEGKERGEWLONLKEGVEGL
GNROYEHFNKIAIVVDEILAEQGGKRLISVGLGDDDQCIEDDFTAWRESLWPELDQLLRDEDDTTV
STPYTAAVLEYRVVFHDPADAPTLEKSY SNANGHSVVDAQHPLRANVAVRRELHTPASDRSCTHLE
FDISGTGIAYETGDHVGVYCENLAETVEEALELLGLSPDTYFSVHADKEDGTPLSGSSLPPPFPPC
TLRTALTLHADLLSSPKKSALLALAAHASDPTEADRLRHLASPAGKDEYAQWIVASQRSLLEVMAE
FPSAKPPLGVFFASVAPRLOPRYYSISSSPRIAPSRIHVTCALVYEKTPTGRVHKGVCSTWMKNSV
PSEKSDECSWAPTIFVROSNFKLPADAKVPIIMIGPGTGLAPFRGEFLOERLALKEAGTELGPSILEF
GCRNSKMDYIYEDELDNEVONGALSELVLAFSREGPTKEYVQHKMMEKASDIWNLISQGAYLYVCG
DAKGMARDVHRTLHTIAQEQGSLDSSKAESMVKNLOMSGRYLRDVW

Camptotheca acuminate CaCPR (SEQ ID NO: 79)

MAQSSSVKVSTFDLMSAILRGRSMDQTNVSFESGESPALAMLTIENRELVMILTTSVAVLIGCEVVL
LWRRSSGKSGKVTEPPKPLMVKTEPEPEVDDGKKKVSIFYGTOQTGTAEGFAKALAEEAKVRYEKAS
FKVIDLDDYAADDEEYEEKLKKETLTEFFFLATYGDGEPTDNAARFYKWEMEGKERGDWLKNLHYGV
FGLGNRQYEHFNRIAKVVDDTIAEQGGKRLIPVGLGDDDQCIEDDFAAWRELLWPELDQLLODEDG
TTVATPYTAAVLEYRVVEHDSPDASLLDKSEFSKSNGHAVHDAQHPCRANVAVRRELHTPASDRSCT
HLEFDISGTGLVYETGDHVGVYCENLIEVVEEAEMLLGLSPDTFFSIHTDKEDGTPLSGSSLPPPFE
PPCTLRRALTQYADLLSSPKKSSLLALAAHCSDPSEADRLRHLASPSGKDEYAQWVVASQRSLLEV
MAEFPSAKPPIGAFFAGVAPRLOPRYYSISSSPRMAPSRIHVITCALVFEKTPVGRIHKGVCSTWMK
NAVPLDESRDCSWAPTIFVROSNFKLPADTKVPVLMIGPGTGLAPFRGFLOERLALKEAGAELGPAT
LEFFGCRNROMDY IYEDELNNEVETGALSELIVAFSREGPKKEY VOQHKMMEKASDIWNMISQEGYTIY
VCGDAKGMARDVHRTLHT IVQEQGSLDS SKTESMVKNLOMNGRYLRDVW
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CLAIMS

1. A method for producing dammarenediol or a derivative thereof, comprising:

providing a microbial host cell expressing a heterologous biosynthetic pathway
producing dammarenediol or a derivative thereof, the heterologous biosynthetic pathway
comprising one or more of

a dammarenediol synthase (DDS) enzyme comprising an amino acid sequence that
has at least about 70% sequence identity to the amino acid sequence of SEQ ID NO: 3, SEQ
ID NO: 4, or SEQ ID NO: 9;

a protopanaxadiol synthase (PPDS) enzyme comprising an amino acid sequence that
has at least 70% sequence identity to the amino acid sequence of SEQ ID NO: 10, SEQ ID
NO: 11, SEQ ID NO: 12, SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID NO: 15, or SEQ ID
NO: 16 ; and

a protopanaxatriol synthase (PPTS) enzyme comprising an amino acid sequence that
has at least 70% sequence identity to the amino acid sequence of SEQ ID NO: 17, SEQ ID
NO: 18, SEQ ID NO: 19, SEQ ID NO: 20, and SEQ ID NO: 21.

2. The method of claim 1, wherein the DDS enzyme comprises an amino acid sequence
having at least 80% sequence identity, or at least 85% sequence identity, or at least 90%
sequence identity, or at least 95% sequence identity, or at least 97% sequence identity, or at
least 98% sequence identity, or at least 99% sequence identity to the amino acid sequence

of SEQ ID NO: 3, SEQ ID NO: 4, or SEQ ID NO: 9.

3. The method of claim 1, wherein the DDS enzyme comprises an amino acid sequence
having at least 70% sequence identity, or at least 80% sequence identity, or at least 85%
sequence identity, or at least 90% sequence identity, or at least 95% sequence identity, or at
least 97% sequence identity, or at least 98% sequence identity, or at least 99% sequence

identity to the amino acid sequence of SEQ ID NO: 3.

4. The method of claim 3, wherein the DDS enzyme comprises from 1 to 20, or from 1
to 10, or from 1 to 5 amino acid modifications independently selected from substitutions,

deletions, and insertions with respect to SEQ ID NO: 3.

5. The method of claim 3 or claim 4, wherein the DDS enzyme comprises one or more

substitutions at positions selected from 606, 628, and 632 with respect to SEQ ID NO: 3.
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6. The method of claim 5, wherein the DDS enzyme comprises one or more
substitutions selected from N606I, N606L, N606V, T628A, T628V, T628G, F632L, F6321,
F632V, and F632A with respect to SEQ ID NO: 3.

7. The method of claim 6, wherein the DDS enzyme comprises one or more
substitutions selected from N606I, T628A, and F632L with respect to SEQ ID NO: 3, and
wherein the DDS enzyme optionally comprises the amino acid sequence of SEQ ID NO: 5.

8. The method of claim 3 or claim 4, wherein the DDS enzyme comprises one or more

substitutions at positions selected from 365, 369, and 461 with respect to SEQ ID NO: 3.

9. The method of claim 8, wherein the DDS enzyme comprises one or more
substitutions selected from T365E, T365D, F369Y, R461T, and R461S with respect to SEQ
ID NO: 3.

10. The method of claim 9, wherein the DDS enzyme comprises one or more
substitutions selected from T365E, F369Y, and R461S with respect to SEQ ID NO: 3, and
wherein the DDS enzyme optionally comprises the amino acid sequence of SEQ ID NO: 6.

1. The method of claim 3 or claim 4, wherein the DDS enzyme comprises one or more

substitutions at positions selected from 30, 64, and 68 with respect to SEQ ID NO: 3.

12. The method of claim 11, wherein the DDS enzyme comprises one or more
substitutions selected from Q30D, Q30E, M64L, M641, M64V, M64A, and R68M with
respect to SEQ ID NO: 3.

13. The method of claim 12, wherein the DDS enzyme comprises one or more
substitutions selected from Q30D, M64L, and R68M with respect to SEQ ID NO: 3, wherein
the DDS enzyme optionally comprises the amino acid sequence of SEQ ID NO: 7.

14. The method of claim 3 or claim 4, wherein the DDS enzyme comprises one or more

substitutions at positions selected from 425, 465, and 468 with respect to SEQ ID NO: 3.

15. The method of claim 14, wherein the DDS enzyme comprises one or more
substitutions selected from L465K, L465R, L465H, C468Y, C468F, C468W, 1425G, 1424V,
and 1424A with respect to SEQ ID NO: 3.
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16. The method of claim 15, wherein the DDS enzyme comprises one or more
substitutions selected from L465K, C468Y, and 1425A with respect to SEQ ID NO: 3,
wherein the DDS enzyme optionally comprises the amino acid sequence of SEQ ID NO: 8.

17. The method of claim 3 or claim 4, wherein the DDS enzyme comprises one or more
substitutions at positions corresponding to positions selected from 30, 64, 68, 365, 369, 425,
461, 465, 468, 606, 628, and 632 with respect to SEQ ID NO: 3.

18. The method of claim 17, wherein the DDS enzyme comprises at least 2, or at least 3,
or at least 4 substitutions at positions corresponding to positions selected from 30, 64, 68,

365, 369, 425, 461, 465, 468, 606, 628, and 632 with respect to SEQ ID NO: 3.

19. The method of claim 3 or 4, wherein the DDS enzyme comprises an amino acid
sequence that is at least 90% identical to SEQ ID NO: 7, and has one or more substitutions
with respect to SEQ ID NO: 7 selected from: T364E, T364D, F368Y, R460S, R460T,
L464K, L464R, C467Y, and 1424A.

20. The method of claim 19, wherein the DDS enzyme comprises an amino acid
sequence that is at least 90% identical to SEQ ID NO: 7, and has two, three, or more
substitutions with respect to SEQ ID NO: 7 selected from: T364E, F368Y, R460S, L464K,
C467Y, and 1424A.

21. The method of claim 20, wherein the DDS enzyme comprises an amino acid
sequence that is at least 90% identical to SEQ ID NO: 7, and has at least the following
substitutions with respect to SEQ ID NO: 7: T364E, F368Y, R460S, L464K, C467Y, and
1424A, and wherein the DDS enzyme optionally has the amino acid sequence of SEQ ID
NO: 81.

22. The method of claim 3, wherein the DDS enzyme comprises an amino acid sequence
that is at least 90% identical, or at least 95% identical, or at least 97% identical, or at least

98% identical to SEQ ID NO: 81.

23. The method of claim 22, wherein the DDS enzymes comprises one or more mutations

with respect to SEQ ID NO: 81 listed in Table 1.

24. The method of claim 23, wherein the DDS enzyme comprises two, three, four, five,

or more mutations with respect to SEQ ID NO: 81 listed in Table 1.
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25. The method of claim 24, wherein the DDS enzyme has one or more of the following
mutations with respect to SEQ ID NO: 81: Y49F, S181T, deletion of amino acids L195-
E197, S198P, E238S, 1407V, D507E, R637K, and M6951, and the DDS enzyme optionally
comprises the amino acid sequence of SEQ ID NO: 82.

26. The method of claim 3, wherein the DDS enzyme comprises an amino acid sequence
that is at least 90% identical, or at least 95% identical, or at least 97% identical, or at least

98% identical to SEQ ID NO: 82.

27. The method of claim 26, wherein the DDS enzyme comprises one or more mutations

with respect to SEQ ID NO: 82 listed in Table 2.

28. The method of claim 27, wherein the DDS enzyme comprises two, three, four, five,

or more mutations with respect to SEQ ID NO: 82 listed in Table 2.

29. The method of claim 26, wherein the DDS enzyme comprises one or more mutations
with respect to SEQ ID NO: 82 selected from: F649L, F649V, F6491, F649A, L548F,
QI49E, Q149D, A120S, A120T, G573A, G573L, S380A, S380G, and A256G.

30. The method of claim 29, wherein the DDS enzyme comprises two, three, four, five,
or all mutations with respect to SEQ ID NO: 82 selected from: F649L, L548F, Q149E,
A120S, G573A, S380A, and A256G.

31 The method of claim 1, wherein the heterologous biosynthetic pathway comprises a
DDS enzyme comprising an amino acid sequence that is at least 90%, or at least 95%, or at

least 97%, or at least 98%, or at least 99% identical to SEQ ID NO: 85.

32. The method of any one of claims 1 to 31, wherein the heterologous biosynthetic
pathway comprises a PPDS enzyme comprising an amino acid sequence that has at least
70% sequence identity to the amino acid sequence of SEQ ID NO: 10, SEQ ID NO: 11,
SEQ ID NO: 12, SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID NO: 14, SEQ ID NO: 15, or
SEQ ID NO: 16.

33. The method of claim 32, wherein the PPDS enzyme comprises an amino acid
sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least

95%, or at least 98%, or at least 99% sequence identity to an amino acid sequence selected

from SEQ ID NOs: 10, 11, 12 and 16.
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34. The method of claim 33, wherein the PPDS enzyme comprises an amino acid
sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least
95%, or at least 98%, or at least 99% sequence identity to the amino acid sequence of SEQ

ID NO: 10.

35. The method of claim 34, wherein the PPDS enzyme comprises from 1 to 20, or from

1to 10, or from 1 to 5 amino acid substitutions with respect to SEQ ID NO: 10.

36. The method of claim 34 or claim 35, wherein the PPDS enzyme comprises one or
more substitutions selected from N58D, NS8E, S68P, R85K, 195V, L96F, LO6W, LI6Y,
T108N, T108Q, D135E, M144L, M144V, M 1441, V150P, G152A, G152L, G1521, G152V,
MI153L, M1531, M153V, M153A, F167H, S192A, S192G, E202P, 1212F, R243K, R243H,
V2481, V2481 ,N277D, N277E, Q278E, Q278D, L283M, L2921, L.292V, L.292A, F317L,
F3171, F317V, F317A, V329M, N333K, N333R, K338G, K338A, L3461, R347Q, R347N,
13621, 1362V, 1362A, M390L, M3901, M390V, M390A, H482R, and H482K with respect
to SEQ ID NO: 10.

37. The method of claim 36, wherein the PPDS enzyme comprises at least 2, or at least
3, or at least 4, or at least 5, or at least 8, or at least 10 amino acid substitutions at positions

disclosed in Table 3.

38. The method of claim 37, wherein the PPDS enzyme comprises at least one, two,
three, four, five, six, seven, eight, or all of the following mutations with respect to SEQ ID
NO: 10: T108N, 1212F, K338G, D135E, S68P, V150P, F167H, L283M, H482R, R347Q,
M390L, R243K, L2921, V329M, Q278E, and N58E.

39. The method of claim 38, wherein the PPDS comprises the amino acid sequence of
SEQ ID NO: 83, optionally with from 1 to 10 or from 1 to 5 amino acid modifications

independently selected from substitutions, insertions, and deletions.

40. The method of claim 1, wherein the heterologous biosynthetic pathway comprises a
PPDS enzyme comprising an amino acid sequence that is at least 90%, or at least 95%, or at

least 97%, or at least 98%, or at least 99% identical to SEQ ID NO: 83.

41. The method of any one of claims 1 to 40, wherein the heterologous biosynthetic

pathway comprises a PPTS enzyme comprising an amino acid sequence that has at least 70%
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sequence identity to an amino acid sequence selected from SEQ ID NO: 17, SEQ ID NO:
18, SEQ ID NO: 19, SEQ ID NO: 20 and SEQ ID NO: 21.

42. The method of claim 41, wherein the PPTS enzyme comprises an amino acid
sequence that has at least 70% sequence identity, or at least 80% sequence identity, or at
least 85% sequence identity, or at least 90% sequence identity, or at least 95% sequence
identity, or at least 97% sequence identity, or at least 98% sequence identity to an amino
acid sequence selected from SEQ ID NO: 17, SEQ ID NO: 18, SEQ ID NO: 19, SEQ ID
NO: 20 and SEQ ID NO: 21.

43, The method of claim 42, wherein the PPTS enzyme comprises an amino acid
sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least
95%, or at least 98%, or at least 99% sequence identity to the amino acid sequence of SEQ

ID NO: 17.

44. The method of claim 43, wherein the PPTS enzyme comprises from 1 to 20, or from

1to 10, or from 1 to 5 amino acid substitutions with respect to SEQ ID NO: 17.

45. The method of claim 43 or 44, wherein the PPTS enzyme comprises one or more
substitutions with respect to SEQ ID NO: 17 selected from: 1981, 198V, I98A, A113S,
A1208S, A120T, K146R, F147Y, S166K, S166R, E176K, E176R, W185R, W185K, L187F,
L187Y, L187W, L2151, F217L, F2171, F217V, F217A, V2391, V239L, V239A, R244K,
K247L, K247V, K2471, K247A, Q249E, Q249D, T250P, K252Q, K252N, M259L, M259I,
M259V, V2781, G294T, G2948S, A323P, E324G, E324A, S328N, S328Q, R334K, V358E,
V358D, V359A, V359G, K362D, K362E, S364T, N367G, N367A, 1369T, 1369S, K391P,
M407A, M407G, F409Y, 1412V, F426Y, V4311, V431L, N463K, N463R, and C472H.

46. The method of claim 45, wherein the PPTS enzyme comprises at least 2, or at least
3, or at least 4, or at least 5, or at least 8, or at least 10 amino acid substitutions with respect

to SEQ ID NO: 17 as listed in Table 4.

47. The method of claim 46, wherein the PPTS enzyme comprises at least two, at least
3, atleast 4, at least 5, or all amino acid substitutions selected from SEQ ID NO: 17 selected
from: G294T, S166K, C472H, K252Q, V2391, A323P, 1412V, 1369T, K362D, and T250P.

62



10

15

20

25

WO 2023/039518 PCT/US2022/076194

48. The method of claim 47, wherein the PPTS comprises the amino acid sequence of
SEQ ID NO: 84, optionally with from 1 to 10 or from 1 to 5 amino acid modifications

independently selected from substitutions, insertions, and deletions.

49. The method of claim 1, wherein the heterologous biosynthetic pathway comprises a
PPTS enzyme comprising an amino acid sequence that is at least 90%, or at least 95%, or at

least 97%, or at least 98%, or at least 99% identical to SEQ ID NO: 84.

50. The method of any one of claims 1 to 49, wherein the heterologous biosynthetic
pathway further comprises one or more uridine diphosphate-dependent glycosyltransferase
(UGT) enzymes that glycosylate one or more of dammaranediol, protopanaxadiol and

protopanaxatriol.

51.  The method of claim 50, wherein the UGT enzyme(s) are capable of catalyzing
glycosylation of C;-OH, C¢-OH, and/or C0-OH, and optionally one or more branching

glycosylations.

52. The method of any one of claims 1 to 51, wherein the heterologous biosynthetic

pathway further comprises a squalene synthase (SQS) enzyme.

53.  The method of claim 52, wherein the SQS comprises an amino acid sequence having
at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least 95%, or at least
98%, or at least 99% sequence identity to an amino acid sequence selected from SEQ ID

NOs: 1 and 23-38.

54.  The method of claim 53, wherein the SQS comprises an amino acid sequence having
at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least 95%, or at least
98%, or at least 99% sequence identity to an amino acid sequence selected from SEQ ID

NO: 1.

55. The method of any one of claims 1 to 54, wherein the heterologous biosynthetic

pathway further comprises a squalene epoxidase (SQE).

56.  The method of claim 55, wherein the SQE comprises an amino acid sequence having
at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least 95%, or at least
98%, or at least 99% sequence identity to an amino acid sequence selected from SEQ ID

NOs: 2 and 39-70.
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57. The method of claim 56, wherein the SQE enzyme comprises an amino acid sequence
having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least 95%, or at

least 98%, or at least 99% sequence identity to the amino acid sequence of SEQ ID NO: 2.

58.  The method of any one of claims 1 to 57, wherein the microbial host cell expresses
an enzymatic pathway that produces iso-pentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP).

59. The method of claim 58, wherein the enzymatic pathway is a methylerythritol
phosphate (MEP) pathway and/or a mevalonic acid (MVA) pathway.

60. The method of claim 59, wherein the microbial host cell is a bacterium that produces

increased MEP pathway products.

61. The method of claim 59 or 60, wherein the bacterium is selected from FEscherichia
coli, Bacillus subtilis, Corynebacterium glutamicum, Rhodobacter capsulatus, Rhodobacter

sphaeroides, Zymomonas mobilis, Vibrio natriegens, and Pseudomonas putida.
62. The method of claim 61, wherein the microbial host cell is £. coli.

63. The method of any one of claims 1 to 62, wherein the microbial host is a yeast,
optionally selected from a species of Saccharomyces, Pichia, or Yarrowia, and which is

optionally Saccharomyces cerevisiae, Pichia pastoris, and Yarrowia lipolytica.

64.  The method of any one of claims 1 to 63, wherein the microbial host cell is cultured

in a carbon source comprising glucose, sucrose, fructose, xylose, and/or glycerol.

65. The method of claim 64, wherein culture conditions are selected from aerobic,

microaerobic, and anaerobic.

60. The method of claim 65, wherein the microbial host cell is cultured at a temperature
in the range of about 22° C to about 37° C, or about 27° C to about 37° C, or about 30° C to
about 37° C.

67. The method of any one of claims 1 to 66, wherein dammaranediol, protopanaxadiol,

protopanaxatriol or a glycosylated derivative thereof is recovered from the culture.
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68. A microbial host cell producing dammarenediol or a derivative thereof, the microbial
host cell expressing a heterologous biosynthetic pathway producing dammarenediol or a
derivative thereof, the heterologous biosynthetic pathway comprising one or more of’

a dammarenediol synthase (DDS) enzyme comprising an amino acid sequence that
has at least about 70% sequence identity to the amino acid sequence of SEQ ID NO: 3, SEQ
ID NO: 4, or SEQ ID NO: 9;

a protopanaxadiol synthase (PPDS) enzyme comprising an amino acid sequence that
has at least 70% sequence identity to the amino acid sequence of SEQ ID NO: 10, SEQ ID
NO: 11, SEQ ID NO: 12, SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID NO: 14, SEQ ID NO:
15, or SEQ ID NO: 16 ; and

a protopanaxatriol synthase (PPTS) enzyme comprising an amino acid sequence that
has at least 70% sequence identity to the amino acid sequence of SEQ ID NO: 17, SEQ ID
NO: 18, SEQ ID NO: 19, SEQ ID NO: 20, and SEQ ID NO: 21.

69. The microbial host cell of claim 68, wherein the DDS enzyme comprises an amino
acid sequence having at least 80% sequence identity, or at least 85% sequence identity, or at
least 90% sequence identity, or at least 95% sequence identity, or at least 97% sequence
identity, or at least 98% sequence identity, or at least 99% sequence identity to the amino

acid sequence of SEQ ID NO: 3, SEQ ID NO: 4, or SEQ ID NO: 9.

70. The microbial host cell of claim 68, wherein the DDS enzyme comprises an amino
acid sequence having at least 70% sequence identity, or at least 80% sequence identity, or at
least 85% sequence identity, or at least 90% sequence identity, or at least 95% sequence
identity, or at least 97% sequence identity, or at least 98% sequence identity, or at least 99%

sequence identity to SEQ ID NO: 3.

71. The microbial host cell of claim 70, wherein the DDS enzyme comprises from 1 to

20, or from 1 to 10, or from 1 to 5 amino acid substitutions with respect to SEQ ID NO: 3.

72. The microbial host cell of claim 70 or claim 71, wherein the DDS enzyme comprises
one or more substitutions at positions selected from 30, 64, 68, 365, 369, 425, 461, 465, 468,
606, 628, and 632 with respect to SEQ ID NO: 3.
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73. The microbial host cell of claim 72, wherein the DDS enzyme comprises at least 2,
or at least 3, or at least 4, or more substitutions at positions selected from 30, 64, 68, 365,

369, 425, 461, 465, 468, 606, 628, and 632 with respect to SEQ ID NO: 3.

74. The microbial host cell of claim 73, wherein the DDS enzyme comprises one or more
substitutions selected from N606I, N606L, N606V, T628A, T628V, T628G, F632L, F6321,
F632V, and F632A with respect to SEQ ID NO: 3.

75. The microbial host cell of claim 74, wherein the DDS enzyme comprises one or more
substitutions selected from N606I, T628A, and F632L with respect to SEQ ID NO: 3, and
wherein the DDS enzyme optionally comprises the amino acid sequence of SEQ ID NO: 5.

76. The microbial host cell of any one of claims 71 to 75, wherein the DDS enzyme
comprises one or more substitutions at positions selected from 365, 369, and 461 with

respect to SEQ ID NO: 3.

77. The microbial host cell of claim 76, wherein the DDS enzyme comprises one or more
substitutions selected from T365E, T365D, F369Y, R461T, and R461S with respect to SEQ
ID NO: 3.

78. The microbial host cell of claim 77, wherein the DDS enzyme comprises one or more
substitutions selected from T365E, F369Y, and R461S with respect to SEQ ID NO: 3, and
wherein the DDS enzyme optionally comprises the amino acid sequence of SEQ ID NO: 6.

79. The microbial host cell of any one of claims 71 to 78, wherein the DDS enzyme
comprises one or more substitutions at positions selected from 30, 64, and 68 with respect

to SEQ ID NO: 3.

80. The microbial host cell of claim 79, wherein the DDS enzyme comprises one or more
substitutions selected from Q30D, Q30E, M64L, M641, M64V, M64A, and R68M with
respect to SEQ ID NO: 3.

81. The microbial host cell of claim 80, wherein the DDS enzyme comprises one or more
substitutions selected from Q30D, M64L, and R68M with respect to SEQ ID NO: 3, wherein
the DDS enzyme optionally comprises the amino acid sequence of SEQ ID NO: 7.
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82. The microbial host cell of any one of claims 71 to 81, wherein the DDS enzyme
comprises one or more substitutions at positions selected from 425, 465, and 468 with

respect to SEQ ID NO: 3.

83. The microbial host cell of claim 82, wherein the DDS enzyme comprises one or more
substitutions selected from L465K, L465R, L465H, C468Y, C468F, C468W, 1425G, 1425V,
and I1425A with respect to SEQ ID NO: 3.

84. The microbial host cell of claim 83, wherein the DDS enzyme comprises one or more
substitutions selected from L465K, C468Y, and 1425A with respect to SEQ ID NO: 3,
wherein the DDS enzyme optionally comprises the amino acid sequence of SEQ ID NO: 8.

85. The microbial host cell of claim 70 or 71, wherein the DDS enzyme comprises an
amino acid sequence that is at least 90% identical to SEQ ID NO: 7, and has one or more
substitutions with respect to SEQ ID NO: 7 selected from: T364E, T364D, F368Y, R460S,
R460T, L464K, L464R, C467Y, and 1424A.

86. The microbial host cell of claim 85, wherein the DDS enzyme comprises an amino
acid sequence that is at least 90% identical to SEQ ID NO: 7, and has two, three, or more
substitutions with respect to SEQ ID NO: 7 selected from: T364E, F368Y, R460S, L464K,
C467Y, and 1424A.

87. The microbial host cell of claim 86, wherein the DDS enzyme comprises an amino
acid sequence that is at least 90% identical to SEQ ID NO: 7, and has at least the following
substitutions with respect to SEQ ID NO: 7: T364E, F368Y, R460S, L464K, C467Y, and
1424A, and wherein the DDS enzyme optionally has the amino acid sequence of SEQ ID
NO: 81.

88. The microbial host cell of claim 68, wherein the DDS enzyme comprises an amino
acid sequence that is at least 90% identical, or at least 95% identical, or at least 97% identical,

or at least 98% identical to SEQ ID NO: 81.

89. The microbial host cell of claim 88, wherein the DDS enzymes comprises one or

more mutations with respect to SEQ ID NO: 81 listed in Table 1.

90. The microbial host cell of claim 87, wherein the DDS enzymes comprises two, three,

four, five, or more mutations with respect to SEQ ID NO: 81 listed in Table 1.
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91. The microbial host cell of claim 89, wherein the DDS enzyme has one or more of the
following mutations with respect to SEQ ID NO: 81: Y49F, S181T, deletion of amino acids
L195-E197, S198P, E238S, 1407V, D507E, R637K, and M695L, and the DDS enzyme
optionally comprises the amino acid sequence of SEQ ID NO: 82.

92. The microbial host cell of claim 68, wherein the heterologous pathway comprises
DDS enzyme comprising an amino acid sequence that is at least 90% identical, or at least

95% identical, or at least 97% identical, or at least 98% identical to SEQ ID NO: 82.

93. The microbial host cell of claim 92, wherein the DDS enzymes comprises one or

more mutations with respect to SEQ ID NO: 82 listed in Table 2.

94, The microbial host cell of claim 93, wherein the DDS enzymes comprises two, three,

four, five, or more mutations with respect to SEQ ID NO: 82 listed in Table 2.

95. The microbial host cell of claim 94, wherein the DDS enzyme comprises one or more
mutations with respect to SEQ ID NO: 82 selected from: F649L, F649V, F6491, F649A,
L548F, Q149E, Q149D, A120S, A120T, G573A, G573L, S380A, $380G, and A256G.

96. The microbial host cell of claim 95, wherein the DDS enzyme comprises two, three,
four, five, or all mutations with respect to SEQ ID NO: 82 selected from: F649L, L548F,
Q149E, A120S, G573A, S380A, and A256G.

97. The microbial host cell of claim 68, wherein the heterologous biosynthetic pathway
comprises a DDS enzyme comprising an amino acid sequence that is at least 90%, or at least

95%, or at least 97%, or at least 98%, or at least 99% identical to SEQ ID NO: 85.

98.  The microbial host cell of any one of claims 68 to 97, wherein the heterologous
biosynthetic pathway comprises a PPDS enzyme comprising an amino acid sequence that
has at least 70% sequence identity to the amino acid sequence of SEQ ID NO: 10, SEQ ID
NO: 11, SEQ ID NO: 12, SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID NO: 14, SEQ ID NO:
15, or SEQ ID NO: 16.

99. The microbial host cell of claim 98, wherein the PPDS enzyme comprises an amino
acid sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at

least 95%, or at least 98%, or at least 99% sequence identity to an amino acid sequence

selected from SEQ ID NOs: 10, 11, 12 and 16.
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100. The microbial host cell of claim 98, wherein the PPDS enzyme comprises an amino
acid sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at
least 95%, or at least 98%, or at least 99% sequence identity to the amino acid sequence of

SEQ ID NO: 10.

101.  The microbial host cell of claim 100, wherein the PPDS enzyme comprises from 1
to 20, or from 1 to 10, or from 1 to 5 amino acid substitutions with respect to SEQ ID NO:
10.

102. The microbial host cell of claim 100 or claim 101, wherein the PPDS enzyme
comprises one or more substitutions selected from N5S8D, NS8E, S68P, R85K, 195V, LI6F,
L96W, L96Y, T108N, T108Q, D135E, M144L, M144V, M1441, V150P, G152A, G152L,
G1521, G152V, M153L, M1531, M153V, M153A, F167H, S192A, S192G, E202P, 1212F,
R243K, R243H, V2481, V248L,N277D, N277E, Q278E, Q278D, L.283M, L2921, 1.292V,
L292A, F317L, F3171, F317V, F317A, V329M, N333K, N333R, K338G, K338A, L346I,
R347Q, R347N, 1362L, 1362V, 1362A, M390L, M390I, M390V, M390A, H482R, and
H482K with respect to SEQ ID NO: 10.

103. The microbial host cell of claim 102, wherein the PPDS enzyme comprises at least
2, or at least 3, or at least 4, or at least 5, or at least 8, or at least 10 amino acid substitutions

listed in Table 3.

104. The microbial host cell of claim 103, wherein the PPDS enzyme comprises at least
one, two, three, four, five, six, seven, eight, or all of the following mutations with respect to
SEQ ID NO: 10: T108N, 1212F, K338G, D135E, S68P, V150P, F167H, L283M, H482R,
R347Q, M390L, R243K, L2921, V329M, Q278E, and N58E.

105.  The microbial host cell of claim 104, wherein the PPDS comprises the amino acid
sequence of SEQ ID NO: 83, optionally with from 1 to 10 or from 1 to 5 amino acid

modifications independently selected from substitutions, insertions, and deletions.

106. The microbial host cell of claim 68, wherein the heterologous biosynthetic pathway
comprises a PPDS enzyme comprising an amino acid sequence that is at least 90%, or at

least 95%, or at least 97%, or at least 98%, or at least 99% identical to SEQ ID NO: 83.
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107.  The microbial host cell of any one of claims 68 to 106, wherein the heterologous
biosynthetic pathway comprises a PPTS enzyme comprising an amino acid sequence that
has at least 70% sequence identity to an amino acid sequence selected from SEQ ID NO: 17,

SEQ ID NO: 18, SEQ ID NO: 19, SEQ ID NO: 20 and SEQ ID NO: 21,

108.  The microbial host cell of claim 106, wherein the PPTS enzyme comprises an amino
acid sequence that has at least 70% sequence identity, or at least 80% sequence identity, or
at least 85% sequence identity, or at least 90% sequence identity, or at least 95% sequence
identity, or at least 97% sequence identity, or at least 98% sequence identity to an amino
acid sequence selected from SEQ ID NO: 17, SEQ ID NO: 18, SEQ ID NO: 19, SEQ ID
NO: 20 and SEQ ID NO: 21.

109.  The microbial host cell of claim 107, wherein the PPTS enzyme comprises an amino
acid sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at

least 95%, or at least 98%, or at least 99% sequence identity to the amino acid sequence of

SEQ ID NO: 17.

110.  The microbial host cell of claim 109, wherein the PPTS enzyme comprises from 1 to

20, or from 1 to 10, or from 1 to 5 amino acid substitutions with respect to SEQ ID NO: 17.

111.  The microbial host cell of claim 109 or 110, wherein the PPTS enzyme comprises
one or more substitutions with respect to SEQ ID NO: 17 selected from: I98L, 198V, I98A,
AT113S, A1208, A120T, K146R, F147Y, S166K, S166R, E176K, E176R, W185R, W185K,
L187F, L187Y, L187W, L2151, F217L, F2171, F217V, F217A, V2391, V239L, V239A,
R244K, K247L, K247V, K2471, K247A, Q249E, Q249D, T250P, K252Q, K252N, M259L,
M2591, M259V, V2781, G294T, G294S, A323P, E324G, E324A, S328N, S328Q, R334K,
V358E, V358D, V359A, V359G, K362D, K362E, S364T, N367G, N367A, 1369T, 13698,
K391P, M407A, M407G, F409Y, 1412V, F426Y, V4311, V431L, N463K, N463R, and
C472H.

112.  The microbial host cell of claim 111, wherein the PPTS enzyme comprises at least
2, or at least 3, or at least 4, or at least 5, or at least 8, or at least 10 amino acid substitutions

with respect to SEQ ID NO: 17 as listed in Table 4.
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113.  The microbial host cell of claim 112, wherein the PPTS enzyme comprises at least
two, at least 3, at least 4, at least 5, or all amino acid substitutions selected from SEQ ID
NO: 17 selected from: G294T, S166K, C472H, K252Q, V2391, A323P, 1412V, 1369T,
K362D, and T250P.

114. The microbial of claim 113, wherein the PPTS comprises the amino acid sequence
of SEQ ID NO: 84, optionally with from 1 to 10 or from 1 to 5 amino acid modifications

independently selected from substitutions, insertions, and deletions.

115. The microbial host cell of claim 68, wherein the heterologous biosynthetic pathway
comprises a PPTS enzyme comprising an amino acid sequence that is at least 90%, or at

least 95%, or at least 97%, or at least 98%, or at least 99% identical to SEQ ID NO: 84.

116.  The microbial host cell of any one of claims 68 to 115, wherein the heterologous
biosynthetic pathway further comprises one or more uridine diphosphate-dependent
glycosyltransferase (UGT) enzymes that glycosylate one or more of dammaranediol,

protopanaxadiol and protopanaxatriol.

117. The microbial host cell of claim 116, wherein the UGT enzyme(s) are capable of
catalyzing glycosylation of C3-OH, Cs-OH, and/or C-OH, and optionally one or more

branching glycosylations.

118.  The microbial host cell of any one of claims 68 to 117, wherein the heterologous

biosynthetic pathway further comprises a squalene synthase (SQS) enzyme.

119. The microbial host cell of claim 118, wherein the SQS comprises an amino acid
sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least
95%, or at least 98%, or at least 99% sequence identity to an amino acid sequence selected

from SEQ ID NOs: 1 and 23-38.

120. The microbial host cell of claim 119, wherein the SQS comprises an amino acid
sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least
95%, or at least 98%, or at least 99% sequence identity to an amino acid sequence selected

from SEQ ID NO: 1.

121.  The microbial host cell of any one of claims 68 to 120, wherein the heterologous

biosynthetic pathway further comprises a squalene epoxidase (SQE).
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122, The microbial host cell of claim 121, wherein the SQE comprises an amino acid
sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at least
95%, or at least 98%, or at least 99% sequence identity to an amino acid sequence selected

from SEQ ID NOs: 2 and 39-70.

123.  The microbial host cell of claim 121, wherein the SQE enzyme comprises an amino
acid sequence having at least 70%, or at least 80%, or at least 85%, or at least 90%, or at
least 95%, or at least 98%, or at least 99% sequence identity to the amino acid sequence of

SEQ ID NO: 2.

124, The microbial host cell of any one of claims 68 to 123, wherein the microbial host
cell expresses an enzymatic pathway that produces iso-pentenyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate (DMAPP).

125.  The microbial host cell of claim 124, wherein the enzymatic pathway is a

methylerythritol phosphate (MEP) pathway and/or a mevalonic acid (MVA) pathway.

126.  The microbial host cell of claim 125, wherein the microbial host cell is a bacterium

that produces increased MEP pathway products.

127.  The microbial host cell of claim 125 or 126, wherein the bacterium is selected from
Escherichia coli, Bacillus subtilis, Corynebacterium glutamicum, Rhodobacter capsulatus,
Rhodobacter sphaeroides, Zymomonas mobilis, Vibrio natriegens, and Pseudomonas

putida.
128. The microbial host cell of claim 127, wherein the microbial host cell is £. coli.

129.  The microbial host cell of any one of claims 68 to 125, wherein the microbial host is
a yeast, optionally selected from a species of Saccharomyces, Pichia, or Yarrowia, and

which is optionally Saccharomyces cerevisiae, Pichia pastoris, and Yarrowia lipolytica.

130. A dammarenediol synthase (DDS) enzyme comprising an amino acid sequence that
is at least 90% or at least 95%, or at least 97%, or at least 98% identical to SEQ ID NO: 3,

wherein the DDS has one or more of:

one or more substitutions selected from N606I, N606L, N606V, T628A, T628V,
T628G, F632L, F6321, F632V, and F632A with respect to SEQ ID NO: 3;
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one or more substitutions selected from T365E, T365D, F369Y, R461T, and R461S
with respect to SEQ ID NO: 3;

one or more substitutions selected from Q30D, Q30E, M64L, M641, M64V, M64A,
and R68M with respect to SEQ ID NO: 3; and

one or more substitutions selected from L465K, L465R, L465H, C468Y, C468F,
C468W, 1425@G, 1425V, and 1425 A with respect to SEQ ID NO: 3.

131. The DDS enzyme of claim 130, wherein the DDS enzyme comprises an amino acid
sequence that is at least 90% identical to SEQ ID NO: 7, and optionally has at least the
following substitutions with respect to SEQ ID NO: 7: T364E, F368Y, R460S, L464K,
C467Y, and 1424 A, and wherein the DDS enzyme optionally has the amino acid sequence
of SEQ ID NO: 81.

132.  The DDS enzyme of claim 131, wherein the DDS enzymes comprises one or more
mutations with respect to SEQ ID NO: 81 listed in Table 1, optionally wherein the DDS
enzymes comprises two, three, four, five, or more mutations with respect to SEQ ID NO: 81

listed in Table 1.

133.  The DDS enzyme of claim 132, wherein the DDS enzyme has one or more of the
following mutations with respect to SEQ ID NO: 81: Y49F, S181T, deletion of amino acids
L195-E197, S198P, E238S, 1407V, D507E, R637K, and M695L, and the DDS enzyme
optionally comprises the amino acid sequence of SEQ ID NO: 82.

134. The DDS enzyme of claim 133, wherein the DDS enzymes comprises one or more
mutations with respect to SEQ ID NO: 82 listed in Table 2, optionally wherein the DDS
enzymes comprises two, three, four, five, or more mutations with respect to SEQ ID NO: 82

listed in Table 2.

135. The DDS enzyme of claim 134, wherein the DDS enzyme comprises one or more
mutations with respect to SEQ ID NO: 82 selected from: F649L, F649V, F6491, F649A,
L548F, Q149E, Q149D, A120S, A120T, G573A, G573L, S380A, S380G, and A256G,
optionally wherein the DDS enzyme comprises two, three, four, five, or all mutations with
respect to SEQ ID NO: 82 selected from: F649L, L548F, Q149E, A120S, G573A, S380A,
and A256G.
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136. The DDS enzyme of claim 130, wherein the DDS enzyme comprises an amino acid
sequence that is at least 95%, or at least 97%, or at least 98%, or at least 99% identical to

SEQ ID NO: 85.

137. A protopanaxadiol synthase (PPDS) enzyme comprising an amino acid sequence
having at least 90%, or at least 95%, or at least 98%, or at least 99% sequence identity to the
amino acid sequence of SEQ ID NO: 10, wherein the PPDS enzyme comprises one or more
substitutions selected from N58D, N58E, S68P, R85K, 195V, LO6F, LO6W, L96Y, T108N,
T108Q, D135E, M144L, M 144V, M1441, V150P, G152A, G152L, G1521, G152V, M153L,
M1531, M153V, M153A, F167H, S192A, S192G, E202P, 1212F, R243K, R243H, V2481,
V2481 N277D, N277E, Q278E, Q278D, L283M, L2921, L292V, L292A, F317L, F3171,
F317V, F317A, V329M, N333K, N333R, K338G, K338A, L3461, R347Q, R347N, 1362L,
1362V, I362A, M390L, M390L, M390V, M390A, H482R, and H482K with respect to SEQ
ID NO: 10.

138.  The PPDS enzyme of claim 137, wherein the PPDS enzyme comprises at least 2, or
at least 3, or at least 4, or at least 5, or at least 8, or at least 10 amino acid substitutions with

respect to SEQ ID NO: 10 listed in Table 3.

139.  The PPDS enzyme of claim 138, wherein the PPDS enzyme comprises at least one,
two, three, four, five, six, seven, eight, or all of the following mutations with respect to SEQ
ID NO: 10: T108N, 1212F, K338G, D135E, S68P, V150P, F167H, L283M, H482R, R347Q,
M390L, R243K, L2921, V329M, Q278E, and N58E.

140. The PPDS enzyme of claim 138, wherein the PPDS comprises the amino acid
sequence of SEQ ID NO: 83, optionally with from 1 to 10 or from 1 to 5 amino acid

modifications independently selected from substitutions, insertions, and deletions.

141. The PPDS enzyme of claim 137, wherein the PPDS enzyme comprises an amino acid
sequence that is at least 95%, or at least 97%, or at least 98%, or at least 99% identical to

SEQ ID NO: 83.

142. A protopanaxatriol synthase (PPTS) enzyme, comprising an amino acid sequence
having at least 90%, or at least 95%, or at least 98%, or at least 99% sequence identity to the

amino acid sequence of SEQ ID NO: 17, wherein the PPTS enzyme comprises one or more
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substitutions with respect to SEQ ID NO: 17 selected from: 1981, 198V, I98A, A113S,
A120S, A120T, K146R, F147Y, S166K, S166R, E176K, E176R, W185R, W185K, L187F,
L187Y, L187W, L2151, F217L, F2171, F217V, F217A, V2391, V239L, V239A, R244K,
K247L, K247V, K2471, K247A, Q249E, Q249D, T250P, K252Q, K252N, M259L, M2591,
M259V, V2781, G294T, G294S, A323P, E324G, E324A, S328N, S328Q, R334K, V358E,
V358D, V359A, V359G, K362D, K362E, S364T, N367G, N367A, 1369T, 1369S, K391P,
M407A, M407G, F409Y, 1412V, F426Y, V4311, V431L, N463K, N463R, and C472H, with
respect to SEQ ID NO: 17.

143.  The PPTS enzyme of claim 142, wherein the PPTS enzyme comprises at least 2, or
at least 3, or at least 4, or at least 5, or at least 8, or at least 10 amino acid substitutions with

respect to SEQ ID NO: 17 as listed in Table 4.

144,  The PPTS enzyme of claim 143, wherein the PPTS enzyme comprises at least two,
at least 3, at least 4, at least 5, or all amino acid substitutions selected from SEQ ID NO: 17
selected from: G294T, S166K, C472H, K252Q, V2391, A323P, 1412V, 1369T, K362D, and
T250P.

145.  The PPTS enzyme of claim 143 or 144, wherein the PPTS comprises the amino acid
sequence of SEQ ID NO: 84, optionally with from 1 to 10 or from 1 to 5 amino acid

modifications independently selected from substitutions, insertions, and deletions.

146. The PPTS enzyme of claim 142, wherein the PPTS enzyme comprising an amino
acid sequence that is at least 95%, or at least 97%, or at least 98%, or at least 99% identical

to SEQ ID NO: 84.
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Table 1: Pq.DDS1 Derivatives

Pq.DDS1 derivatives Fold improvement

L195Del3 1.70
Y49F 1.69
M695| 163
S181T 1.54
S198P 1.53
R637K 1.49
E238S 1.49
T268V 1.48
GB97A 1.47
G208A 1.39
1407V 1.33
D507E 1.30
F652L 1.29
D392P 1.27
V515P 1.26
A100T 1.23
1155L 1.23
G576A 1.22
V328L 1.21
G352A 1.18
NoaT 1.11
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Table 2: Pq.DDS2 Derivatives

Pq.DDS2 derivatives | Fold improvement
F649L 1.43
L548F 1.42

Q149E A120S 1.37
[155L 1.33
G573A 1.31
F244| 1.31
S380A 1.29
V325 1.28
E40A 1.28
A256G 1.27
G694A 1.26
C262S 1.26
F253V 1.26
V325L 1.25
V593 1.24
T147S 1.23
F244V 1.23
M258L 1.23
G349A 1.22
C262T 1.21
S551T 1.20
C579K 1.20
1688M 1.20
F251L 1.19
G372l 1.18
L78- 1.17
111L 1.17
A383V 1.15
V729A 1.13
V483P 1.12
SB685A 1.12
NO3T 1.11
G200P 1.10
C310A 1.09
D389P 1.08
V325M 1.07
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Table 3: PPDS1 Derivatives

PPDS1 derivatives Fold improvement

T108N 3.98
1212F 3.30
K338G 3.18
D135E 3.16
S68P 2.85
V150P 275
F167H 2.62
L283M 2.55
S192A 2.40
H482R 2.27
R347Q 212
M390L 212
R243K 2.01
L346l 1.97
L292] 1.97
V329M 1.91
Q278E 1.77
N58E 1.76
G152A 1.55
E202P 1.53
M153L 1.50
V2438| 1.47
195V 1.44
L96F 1.26
F317L 1.22
R85K 1.21
N333K 1.17
M144L 1.16
N277D 1.10
1362L 1.07
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Table 4: PPTS1 Derivatives

PPTS1 derivatives Fold improvement
G294T 3.10
S166K 1.89
C472H 1.83
K252Q 1.76
M259L 1.73
V2391 1.68
A323P 1.61
E324G 1.60
Q249E 1.52
V2781 1.48
1412V 1.44
R334K 1.43
V359A 1.41
1369T 1.40
V4311 1.39
R244K 1.38
K362D 1.35
T250P 1.34
N463K 1.31
K247L 1.29
S328N 1.26
V358E 1.23
E176K 1.20
M407A 1.20
N367G 1.20
5$364T 1.16
A120S8 1.16
F409Y 1.14
K391P 1.14
K146R 1.13
L187F 1.12
F147Y 1.1
A113S 1.10
L2151 1.09

198L 1.08
F217L 1.07
W185R 1.07
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Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was
carried out on the basis of a sequence listing:

a. forming part of the international application as filed.

b. D furnished subsequent to the international filing date for the purposes of international search (Rule 13ter.1(a)),
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international application as filed.

2. D With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this report has been
established to the extent that a meaningful search could be carried out without a WIPO Standard ST.26 compliant sequence
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2, I____I Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. % Claims Nos.: 32-39, 41-48, 50-67, 76-84, 98-105, 107, 109-114, 116-129 .
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No.III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See extra sheet(s).

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:I As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. [E No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

1-3, 68-70

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I___:I The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I::l No protest accompanied the payment of additional search fees.
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Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees need to be paid.

Group |+: claims 1-31, 40, 49, 68-75, 85-97, 106, 108, 115, 130-146 are drawn to methods for producing dammarenediol or a derivative
thereof, microbial host cells producing dammarenediol or a derivative thereof, dammarenediol synthase (DDS) enzymes thereof,
protopanaxadiol synthase (PPDS) enzymes thereof, and protopanaxatriol synthase (PPTS) enzymes thereof.

The first invention of Group I+ is restricted to a dammarenediol synthase (DDS) enzyme selected to be SEQ ID NO: 3, a protopanaxadiol
synthase (PPDS) enzyme selected to be SEQ ID NO: 10, and a protopanaxatriol synthase (PPTS) enzyme selected to be SEQ ID NO:
17, methods for producing dammarenediol or a derivative thereof, microbial host cells producing dammarenediol or a derivative thereof,
dammarenediol synthase (DDS) enzymes thereof, protopanaxadiol synthase (PPDS) enzymes thereof, and protopanaxatriol synthase
(PPTS) enzymes thereof. It is believed that claims 1-3 and 68-70 read on this first named invention and thus these claims will be
searched without fee to the extent that they read on a dammarenediol synthase (DDS) enzyme selected to be SEQ ID NO: 3, a
protopanaxadiol synthase (PPDS) enzyme selected to be SEQ ID NO: 10, and a protopanaxatriol synthase (PPTS) enzyme selected to
be SEQ ID NO: 17.

Applicant is invited to elect additional sequences to be searched in a specific combination by paying additional fee for each set of
election. An exemplary election would be a dammarenediol synthase (DDS) enzyme selected to be SEQ 1D NO: 3, wherein the DDS
comprises the substitutions N606I, T365E, Q30D and L465K with respect to SEQ ID NO: 3, a protopanaxadiol synthase (PPDS) enzyme
selected to be SEQ ID NO: 10, wherein the PPDS comprises the substitution selected to be N58D with respect to SEQ ID NO: 10, and a
protopanaxatriol synthase (PPTS) enzyme selected to be SEQ ID NO: 17, wherein the PPTS comprises the substitution 198L with
respect to SEQ ID NO: 17, methods for producing dammarenediol or a derivative thereof; microbial host cells producing dammarenediol
or a derivative thereof, dammarenediol synthase (DDS) enzymes thereof; protopanaxadiol synthase (PPDS) enzymes thereof, and
protopanaxatriol synthase (PPTS) enzymes thereof. Additional sequences in a specific combination will be searched upon the payment
of additional fees. Applicants must specify the claims that read on any additional elected inventions. Applicants must further indicate, if
applicable, the claims which read on the first named invention if different than what was indicated above for this group. Failure to clearly
identify how any paid additional invention fees are to be applied to the “+" group(s) will result in only the first claimed invention to be
searched/examined.

The Groups I+ formulas do not share a significant structural element, requiring the selection of alternative dammarenediol synthase
(DDS) enzymes, protopanaxadiol synthase (PPDS) enzymes, and protopanaxatriol synthase (PPTS) enzyme where “wherein the DDS
has one or more of: one or more substitutions selected from N606I, N606L, N606V, T628A, T628V, T628G, F632L, F632I, F632V, and
F632A with respect to SEQ ID NO: 3; one or more substitutions selected from T365E, T365D, F369Y, R461T, and R461S with respect to
SEQ ID NO: 3; one or more substitutions selected from Q30D, Q30E, M64L, M64l, M64V, M64A, and R68M with respect to SEQ ID NO:
3; and one or more substitutions selected from L465K, L465R, L465H, C468Y, C468F, C468W, 1425G, 1425V, and 1425A with respect to
SEQ ID NO: 3,” “wherein the PPDS enzyme comprises one or more substitutions selected from N58D, N58E, S68P, R85K, 195V, L96F,
L96W, LO6Y, T108N, T108Q, D135E, M144L, M144V, M1441, V150P, G152A, G152L, G1521, G152V, M153L, M153l, M153V, M153A,
F167H, S192A, S192G, E202P, 1212F, R243K, R243H, V248, V248L, N277D, N277E, Q278E, Q278D, L283M, L292I, 1.292V, L292A,
F317L, F3171, F317V, F317A, V329M, N333K, N333R, K338G, K338A, L3461, R347Q, R347N, 1362L, 1362V, 1362A, M390L, M390I,
M390V, M390A, H482R, and H482K with respect to SEQ ID NO: 10,” and “wherein the PPTS enzyme comprises one or more
substitutions with respect to SEQ ID NO: 17 selected from: 198L, 198V, 198A, A113S, A120S, A120T, K146R, F147Y, S166K, S166R,
E176K, E176R, W185R, W185K, L187F, L187Y, L187W, L2151, F217L, F2171, F217V, F217A, V239, V239L, V239A, R244K, K247L,
K247V, K2471, K247A, Q249E, Q249D, T250P, K252Q, K252N, M259L, M2591, M259V, V278, G294T, G294S, A323P, E324G, E324A,
S328N, 5328Q, R334K, V358E, V358D, V359A, V359G, K362D, K362E, S364T, N367G, N367A, 1369T, 1369S, K391P, M407A, M407G,
F409Y, 1412V, F426Y, V4311, V431L, N463K, N463R, and C472H, with respect to SEQ 1D NO: 17."

Additionally, even if Group I+ was considered to share the technical features of a method for producing dammarenediol or a derivative
thereof, comprising: providing a microbial host cell expressing a heterologous biosynthetic pathway producing dammarenediol or a
derivative thereof, the heterologous biosynthetic pathway comprising one or more of: a dammarenediol synthase (DDS) enzyme; a
protopanaxadiol synthase (PPDS) enzyme; and a protopanaxatriol synthase (PPTS) enzyme; a microbial host cell producing
dammarenediol or a derivative thereof, the microbial host cell expressing a heterologous biosynthetic pathway producing dammarenediol
or a derivative thereof, the heterologous biosynthetic pathway comprising one or more of: a dammarenediol synthase (DDS) enzyme; a
protopanaxadiol synthase (PPDS) enzyme; and a protopanaxatriol synthase (PPTS) enzyme; a dammarenediol synthase (DDS)
enzyme; a protopanaxadiol synthase (PPDS) enzyme; and a protopanaxatriol synthase (PPTS) enzyme, these shared technical features
do not represent a contribution over the prior art as disclosed by CN 108949601 to TIANJING UNIVERSITY (hereinafter, "Tianjing") and
US 2017/0121750 to Korea Advanced Institute Of Science And Technology et al. (hereinafter, "KAIST").

Specifically, Tianjing teaches a method for producing dammarenediol or a derivative thereof (Abstract, dammarenediol and
protopanoxadiol can be artificially synthesized by virtue of xylose), comprising: providing a microbial host cell expressing a heterologous
biosynthetic pathway producing dammarenediol or a derivative thereof (Claim 1, recombinant saccharomyces cerevisiae for producing
dammarenediol and protopanoxadiol ... (2) introducing ... a dammarenediol synthase gene DS expression cassette into the rDNA locus
of the recombinant saccharomyces).

Further, KAIST teaches a microbial host cell producing dammarenediol or a derivative thereof, the microbial host cell expressing a
heterologous biosynthetic pathway producing dammarenediol or a derivative thereof, the heterologous biosynthetic pathway comprising
one or more of: a dammarenediol synthase (DDS) enzyme; a protopanaxadiol synthase (PPDS) enzyme; and a protopanaxatriol
synthase (PPTS) enzyme (Paras. {0077] and [0078], transformed cell may be a yeast, but is not limited thereto. In another aspect, the
present invention provides an expression vector, which further includes polynucleotides encoding dammarenediol-ll synthase (DS) ...
protopanaxadiol synthase (PPDS) ... and protopanaxatriol synthase (PPTS) proteins); a dammarenediol synthase (DDS) enzyme (Para.
[0067], dammarenediol-ll synthase (DS), being a triterpenecyclase, refers to an enzyme which cyclizes oxidosqualene into
dammarenediol-ll. The DS may be defined by an amino acid sequence described my SEQ ID NO: 29); a protopanaxadiol synthase
(PPDS) enzyme (Para. [0071], protopanaxadiol synthase (PPDS) is a p450 enzyme which converts the C-12 position of
dammarenediol-ll to PPD by hydroxylation. The PPDS may be defined by an amino acid sequence described in SEQ ID NO: 34); and a
protopanaxatriol

Form PCT/ISA/210 (extra sheet) (July 2022)
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synthase (PPTS) enzyme (Para. [0081}], protopanaxatriol synthase (PPTS) is another p450 protein which converts the C-6 position of
PPDS to PPT by hydroxylation. The PPTS may be defined by an amino acid sequence described in SEQ ID NO: 39).

The inventions listed in Groups I+, therefore lack unity under Rule 13 because they do not share a same or corresponding special
technical features. '

Form PCT/ISA/210 (extra sheet) (July 2022)
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