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PRODUCTION OF STEVIOL GLYCOSIDES IN RECOMBINANT HOSTS
BACKGROUND OF THE INVENTION

Field of the Invention

[0001] This disclosure relates to recombinant production of steviol glycosides and steviol
glycoside precursors in recombinant hosts. In particular, this disclosure relates to production of
steviol glycosides comprising steviol-13-O-glucoside (13-SMG), rubusoside, rebaudioside B
(RebB), rebaudioside A (RebA), rebaudioside D (RebD), and rebaudioside M (RebM) in

recombinant hosts comprising genes involved in uridine diphosphate (UDP)-glucose formation.

Description of Related Art

[0002] Sweeteners are well known as ingredients used most commonly in the food,
beverage, or confectionary industries. The sweetener can either be incorporated into a final
food product during production or for stand-alone use, when appropriately diluted, as a tabletop
sweetener or an at-home replacement for sugars in baking. Sweeteners include natural
sweeteners such as sucrose, high fructose corn syrup, molasses, maple syrup, and honey and
artificial sweeteners such as aspartame, saccharine, and sucralose. Stevia extract is a natural
sweetener that can be isolated and extracted from a perennial shrub, Stevia rebaudiana. Stevia
is commonly grown in South America and Asia for commercial production of stevia extract.
Stevia extract, purified to various degrees, is used commercially as a high intensity sweetener in
foods and in blends or alone as a tabletop sweetener. Extracts of the Stevia plant generally
comprise steviol glycosides that contribute to the sweet flavor, although the amount of each

steviol glycoside often varies, inter alia, among different production batches.

[0003] Chemical structures for several steviol glycosides are shown in Figure 2, including
the diterpene steviol and various steviol glycosides. Extracts of the Stevia plant generally
comprise steviol glycosides that contribute to the sweet flavor, although the amount of each

steviol glycoside often varies, inter alia, among different production batches.

[0004] As recovery and purification of steviol glycosides from the Stevia plant have proven
to be labor intensive and inefficient, there remains a need for a recombinant production system
that can accumulate high yields of desired steviol glycosides, such as RebM. There also

remains a need for improved production of steviol glycosides in recombinant hosts for
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commercial uses. As well, there remains a need for increasing UDP-glucose formation in

recombinant hosts in order to produce higher yields of steviol glycosides, including RebM.

SUMMARY OF THE INVENTION

[0005] It is against the above background that the present invention provides certain

advantages and advancements over the prior art.

[0006] Although this invention as disclosed herein is not limited to specific advantages or
functionalities, the invention provides a recombinant host cell capable of producing one or more

steviol glycosides or a steviol glycoside composition in a cell culture, comprising:

@) a recombinant gene encoding a polypeptide capable of synthesizing uridine 5-
triphosphate (UTP) from uridine diphosphate (UDP);

(b) a recombinant gene encoding a polypeptide capable of converting glucose-6-
phosphate to glucose-1-phosphate; and/or

© a recombinant gene encoding a polypeptide capable of synthesizing uridine

diphosphate glucose (UDP-glucose) from UTP and glucose-1-phosphate.
[0007] In one aspect of the recombinant host cell disclosed herein:

@) the polypeptide capable of synthesizing UTP from UDP comprises a polypeptide
having at least 60% sequence identity to the amino acid sequence set forth in
SEQ ID NO:123;

(b) the polypeptide capable of converting glucose-6-phosphate to glucose-1-
phosphate comprises a polypeptide having at least 60% sequence identity to the
amino acid sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ ID
NO:143 or a polypeptide having at least 55% sequence identity to the amino acid
sequence set forth in SEQ ID NO:141, SEQ ID NO:145, or SEQ ID NO:147;
and/or

© the polypeptide capable of synthesizing UDP-glucose from UTP and glucose-1-
phosphate comprises a polypeptide having at least 60% sequence identity to the
amino acid sequence set forth in SEQ ID NO:121, SEQ ID NO:127, a polypeptide
having at least 55% sequence identity to the amino acid sequence set forth in
SEQ ID NO:125, SEQ ID NO:129, SEQ ID NO:133, SEQ ID NO:135, SEQ ID
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NO:137, or SEQ ID NO:139 or a polypeptide having at least 70% sequence
identity to the amino acid sequence set forth in SEQ ID NO:131.

[0008] In one aspect, the recombinant host cell disclosed herein further comprises:

@) a gene encoding a polypeptide capable of glycosylating steviol or a steviol
glycoside at its C-13 hydroxyl group thereof;

(b) a gene encoding a polypeptide capable of beta 1,3 glycosylation of the C3’ of the
13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol
glycoside;

© a gene encoding a polypeptide capable of glycosylating steviol or a steviol
glycoside at its C-19 carboxyl group thereof; and/or

(d) a gene encoding a polypeptide capable of beta 1,2 glycosylation of the C2’ of the
13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol

glycoside.
[0009] In one aspect, the recombinant host cell disclosued herein further comprises:

(e) a gene encoding a polypeptide capable of synthesizing geranylgeranyl
pyrophosphate (GGPP) from farnesyl diphosphate (FPP) and isopentenyl
diphosphate (IPP);

4] a gene encoding a polypeptide capable of synthesizing ent-copalyl diphosphate
from GGPP;

(9) a gene encoding an a polypeptide capable of synthesizing ent-kaurene from ent-
copalyl diphosphate;

(h) a gene encoding a polypeptide capable of synthesizing ent-kaurenoic acid from

ent-kaurene;

(i) a gene encoding a polypeptide capable of reducing cytochrome P450 complex;
and/or
@) a gene encoding a polypeptide capable of synthesizing steviol from ent

kaurenoic acid.
[0010] In one aspect of the recombinant host cell disclosed herein:

@) the polypeptide capable of glycosylating steviol or a steviol glycoside at its C-13
hydroxyl group thereof comprises a polypeptide having at least 55% sequence

identity to the amino acid sequence set forth in SEQ ID NO:7;
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(b)

(€)

(d)

(e)

(f)

)

(h)

(i

the polypeptide capable of beta 1,3 glycosylation of the C3’ of the 13-O-glucose,
19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside
comprises a polypeptide having at least 50% sequence identity to the amino acid
sequence set forth in SEQ ID NO:9;

the polypeptide capable of glycosylating steviol or a steviol glycoside at its C-19
carboxyl group thereof comprises a polypeptide having at least 55% sequence
identity to the amino acid sequence set forth in SEQ ID NO:4;

the polypeptide capable of beta 1,2 glycosylation of the C2’ of the 13-O-glucose,
19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside
comprises a polypeptide having 80% or greater identity to the amino acid
sequence set forth in SEQ ID NO:11; a polypeptide having 80% or greater
identity to the amino acid sequence set forth in SEQ ID NO:13; or a polypeptide
having at least 65% sequence identity to the amino acid sequence set forth in
SEQ ID NO:16;

the polypeptide capable of synthesizing GGPP comprises a polypeptide having
at least 70% sequence identity to the amino acid sequence set forth in SEQ ID
NO:20, SEQ ID NO:22, SEQ ID NO:24, SEQ ID NO:26, SEQ ID NO:28, SEQ ID
NO:30, SEQ ID NO:32, or SEQ ID NO:116;

the polypeptide capable of synthesizing ent-copalyl diphosphate comprises a
polypeptide having at least 70% sequence identity to the amino acid sequence
set forth in SEQ ID NO:34, SEQ ID NO:36, SEQ ID NO:38, SEQ ID NO:40, SEQ
ID NO:42, or SEQ ID NO:120;

the polypeptide capable of synthesizing ent-kaurene comprises a polypeptide
having at least 70% sequence identity to the amino acid sequence set forth in
SEQ ID NO:44, SEQ ID NO:46, SEQ ID NO:48, SEQ ID NO:50, or SEQ ID
NO:52;

the polypeptide capable of synthesizing ent-kaurenoic acid comprises a
polypeptide having at least 70% sequence identity to the amino acid sequence
set forth in SEQ ID NO:60, SEQ ID NO:62, SEQ ID NO:117, SEQ ID NO:66,
SEQ ID NO:68, SEQ ID NO:70, SEQ ID NO:72, SEQ ID NO:74, or SEQ ID
NO:76;

the polypeptide capable of reducing cytochrome P450 complex comprises a

polypeptide having at least 70% sequence identity to the amino acid sequence
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[0011]

[0012]

(k)

(a)

(b)

(€)

(@)

(b)

(©)

(d)

set forth in SEQ ID NO:78, SEQ ID NO:80, SEQ ID NO:82, SEQ ID NO:84, SEQ
ID NO:86, SEQ ID NO:88, SEQ ID NO:90, SEQ ID NO:92; and/or

the polypeptide capable of synthesizing steviol comprises a polypeptide having at
least 70% sequence identity to the amino acid sequence set forth in SEQ ID
NO:94, SEQ ID NO:97, SEQ ID NO:100, SEQ ID NO:101, SEQ ID NO:102, SEQ
ID NO:103, SEQ ID NO:104, SEQ ID NO:106, SEQ ID NO:108, SEQ ID NO:110,
SEQ ID NO:112, or SEQ ID NO:114.

In one aspect, the recombinant host cell disclosued herein comprises:

a gene encoding a polypeptide capable of synthesizing uridine 5-triphosphate
(UTP) from uridine diphosphate (UDP) having at least 60% sequence identity to
the amino acid sequence set forth in SEQ ID NO:123;

one or more genes encoding a polypeptide capable of converting glucose-6-
phosphate to glucose-1-phosphate, each having at least 60% sequence identity
to the amino acid sequence set forth in SEQ ID NO:2 and/or SEQ ID NO:119;
and

a gene encoding a polypeptide capable of synthesizing UDP-glucose from UTP
and glucose-1-phosphate having at least 60% sequence identity to the amino
acid sequence set forth in SEQ ID NO:121.

In one aspect, the recombinant host cell disclosued herein comprises:

a gene encoding a polypeptide capable of synthesizing uridine 5-triphosphate
(UTP) from uridine diphosphate (UDP);

a gene encoding a polypeptide capable of converting glucose-6-phosphate to
glucose-1-phosphate;

a gene encoding a polypeptide capable of synthesizing UDP-glucose from UTP
and glucose-1-phosphate having at least 60% sequence identity to the amino
acid sequence set forth in SEQ ID NO:121;

a gene encoding a polypeptide capable of synthesizing UDP-glucose from UTP
and glucose-1-phosphate having at least 55% sequence identity to the amino
acid sequence set forth in SEQ ID NO:125, SEQ ID NO:129, SEQ ID NO:133,
SEQ ID NO:135, SEQ ID NO:137, or SEQ ID NO:139; at least 60% sequence
identity to the amino acid sequence set forth in SEQ ID NO:127; or at least 70%

sequence identity to the amino acid sequence set forth in SEQ ID NO:131; and
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one or more of:

(€)

(b)

(©)

(d)

[0013]

(a)

(b)

(€)

a gene encoding a polypeptide capable of glycosylating steviol or a steviol
glycoside at its C-13 hydroxyl group thereof having at least 55% sequence
identity to the amino acid sequence set forth in SEQ ID NO:7;

a gene encoding a polypeptide capable of beta 1,3 glycosylation of the C3’ of
the 13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a
steviol glycoside having at least 50% sequence identity to the amino acid
sequence set forth in SEQ ID NO:9;

a gene encoding a polypeptide capable of glycosylating steviol or a steviol
glycoside at its C-19 carboxyl group thereof having at least 55% sequence
identity to the amino acid sequence set forth in SEQ ID NO:4;

a gene encoding a polypeptide capable of beta 1,2 glycosylation of the C2’ of
the 13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a
steviol glycoside comprises a polypeptide having 80% or greater identity to the
amino acid sequence set forth in SEQ ID NO:11; a polypeptide having 80% or
greater identity to the amino acid sequence set forth in SEQ ID NO:13; or a
polypeptide having at least 65% sequence identity to the amino acid sequence
set forth in SEQ ID NO:16.

In one aspect, the recombinant host cell disclosued herein comprises:

a recombinant gene encoding a polypeptide capable of synthesizing uridine 5-
triphosphate (UTP) from uridine diphosphate (UDP) having at least 60%
sequence identity to the amino acid sequence set forth in SEQ ID NO:123;

one or more recombinant genes encoding a polypeptide capable of converting
glucose-6-phosphate to glucose-1-phosphate, each having at least 60%
sequence identity to the amino acid sequence set forth in SEQ ID NO:2 and/or
SEQ ID NO:119; and/or

a recombinant gene encoding a polypeptide capable of synthesizing UDP-
glucose from UTP and glucose-1-phosphate having at least 60% sequence
identity to the amino acid sequence set forth in SEQ ID NO:121;

wherein the gene encoding a polypeptide capable of synthesizing uridine 5-

triphosphate (UTP) from uridine diphosphate (UDP), the one or more genes encoding a

polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate, and/or

the gene encoding a polypeptide capable of synthesizing UDP-glucose from UTP and
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glucose-1-phosphate are overexpressed relative to a corresponding host cell lacking the

one or more recombinant genes.

[0014] In one aspect of the recombinant host cell disclosed herein, the gene encoding a
polypeptide capable of synthesizing uridine 5-triphosphate (UTP) from uridine diphosphate
(UDP), the one or more genes encoding a polypeptide capable of converting glucose-6-
phosphate to glucose-1-phosphate, and/or the gene encoding a polypeptide capable of
synthesizing UDP-glucose from UTP and glucose-1-phosphate are overexpressed by at least
10%, or at least 15%, or at least 20%, or at least 30%, or at least 40%, or at least 50%, or at
least 60%, or at least 70%, or at least 80%, or at least 90%, or at least 100%, or at least 125%,
or at least 150%, or at least 175%, or at least 200% relative to a corresponding host cell lacking

the one or more recombinant genes.

[0015] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes increase the amount of UDP-glucose accumulated by the cell relative

to a corresponding host lacking the one or more recombinant genes.

[0016] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes increases the amount of UDP-glucose accumulated by the cell by at
least about 10%, at least about 25%, or at least about 50%, at least about 100%, at least about
150%, at least about 200%, or at least about 250% relative to a corresponding host lacking the

one or more recombinant genes.

[0017] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes increases an amount of the one or more steviol glycosides or the
steviol glycoside composition produced by the cell relative to a corresponding host lacking the

one or more recombinant genes.

[0018] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes increases the amount of the one or more steviol glycosides produced
by the cell by at least about 5%, at least about 10%, at least about 25%, at least about 50%, at
least about 75%, or at least about 100% relative to a corresponding host lacking the one or

more recombinant genes.

[0019] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes increases the amount of RebA, RebB, Reb D, and/or RebM produced

by the cell relative to a corresponding host lacking the one or more recombinant genes.
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[0020] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes decreases the one of one or more steviol glycosides or the steviol
glycoside composition accumulated by the cell relative to a corresponding host lacking the one

or more recombinant genes.

[0021] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes decreases the amount of the one or more steviol glycosides
accumulated by the cell by at least about 5%, at least about 10%, at least about 25%, or at least

about 50% relative to a corresponding host lacking the one or more recombinant genes.

[0022] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes decreases the amount of RebB, RebD, and/or 13-SMG accumulated

by the cell relative to a corresponding host lacking the one or more recombinant genes.

[0023] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes increases or decreases the amount of total steviol glycosides
produced by the cell by less than 5%, less than 2.5%, or less than 1% relative to a

corresponding host lacking the one or more recombinant genes.

[0024] In one aspect of the recombinant host cell disclosed herein, expression of the one or
more recombinant genes increases the amount of total steviol glycosides produced by the cell
by at least about 5%, at least about 10%, or at least about 25% relative to a corresponding host

lacking the one or more recombinant genes.

[0025] In one aspect of the recombinant host cell disclosed herein, the one or more steviol
glycosides is, or the steviol glycoside composition comprises, steviol-13-O-glucoside (13-SMG),
steviol-1,2-Bioside, steviol-1,3-Bioside, steviol-19-O-glucoside (19-SMG), 1,2-Stevioside, 1,3-
stevioside (RebG), rubusoside, rebaudioside A (RebA), rebaudioside B (RebB), rebaudioside C
(RebC), rebaudioside D (RebD), rebaudioside E (RebE), rebaudioside F (RebF), rebaudioside
M (RebM), rebaudioside Q (RebQ), rebaudioside | (Rebl), dulcoside A, and/or an isomer

thereof.

[0026] In one aspect of the recombinant host cell disclosed herein, the recombinant host

cell is a plant cell, a mammalian cell, an insect cell, a fungal cell, an algal cell or a bacterial cell.

[0027] The invention also provides method of producing one or more steviol glycosides or a
steviol glycoside composition in a cell culture, comprising culturing the recombinant host cell

disclosed herein, under conditions in which the genes are expressed, and wherein the one or

8
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more steviol glycosides or the steviol glycoside composition is produced by the recombinant

host cell.

[0028] In one aspect of the methods disclosed herein, the genes are constitutively

expressed and/or expression of the genes is induced.

[0029] In one aspect of the methods disclosed herein, the amount of UDP-glucose
accumulated by the cell is increased by at least by at least about 10% relative to a

corresponding host lacking the one or more recombinant genes.

[0030] In one aspect of the methods disclosed herein, the amount of RebA, RebB, RebD,
and/or RebM produced by the cell is increased by at least about 5% relative to a corresponding

host lacking the one or more recombinant genes.

[0031] In one aspect of the methods disclosed herein, the amount of RebB, RebD, and/or
13-SMG accumulated by the cell is decreased by at least about 5% relative to a corresponding

host lacking the one or more recombinant genes.

[0032] In one aspect of the methods disclosed herein, the amount of total steviol glycosides
produced by the cell is increased or decreased by less than about 5% relative to a

corresponding host lacking the one or more recombinant genes.

[0033] In one aspect of the methods disclosed herein, the amount of total steviol glycosides
produced by the cell is increased by at least about 5% relative to a corresponding host lacking

the one or more recombinant genes.

[0034] In one aspect of the methods disclosed herein, the recombinant host cell is grown in
a fermentor at a temperature for a period of time, wherein the temperature and period of time
facilitate the production of the one or more steviol glycosides or the steviol glycoside

composition.

[0035] In one aspect of the methods disclosed herein, the amount of UDP-glucose present
in the cell culture is increased by at least about 10%, at least about 25%, or at least about 50%,
at least about 100%, at least about 150%, at least about 200%, or at least about 250% at any

point throughout the period of time.

[0036] In one aspect, the methods disclosed herein further comprise isolating the produced

one or more steviol glycosides or the steviol glycoside composition from the cell culture.

[0037] In one aspect of the methods disclosed herein, the isolating step comprises:

9
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(a)

(b)

(€)

(d)

(a)

(b)

(€)

(d)

(a)

(b)

(€)

providing the cell culture comprising the one or more steviol glycosides or the
steviol glycoside composition;

separating a liquid phase of the cell culture from a solid phase of the cell culture
to obtain a supernatant comprising the produced one or more steviol glycosides
or the steviol glycoside composition;

providing one or more adsorbent resins, comprising providing the adsorbent
resins in a packed column; and

contacting the supernatant of step (b) with the one or more adsorbent resins in
order to obtain at least a portion of the produced one or more steviol glycosides
or the steviol glycoside composition, thereby isolating the produced one or more
steviol glycosides or the steviol glycoside composition;

or

providing the cell culture comprising the one or more steviol glycosides or the
steviol glycoside composition;

separating a liquid phase of the cell culture from a solid phase of the cell culture
to obtain a supernatant comprising the produced one or more steviol glycosides
or the steviol glycoside composition;

providing one or more ion exchange or ion exchange or reversed-phase
chromatography columns; and

contacting the supernatant of step (b) with the one or more ion exchange or ion
exchange or reversed-phase chromatography columns in order to obtain at least
a portion of the produced one or more steviol glycosides or the steviol glycoside
composition, thereby isolating the produced one or more steviol glycosides or the
steviol glycoside composition;

or

providing the cell culture comprising the one or more steviol glycosides or the
steviol glycoside composition;

separating a liquid phase of the cell culture from a solid phase of the cell culture
to obtain a supernatant comprising the produced one or more steviol glycosides
or the steviol glycoside composition;

crystallizing or extracting the produced one or more steviol glycosides or the
steviol glycoside composition, thereby isolating the produced one or more steviol

glycosides or the steviol glycoside composition.
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[0038] In one aspect, the methods disclosed herein further comprise recovering the one or

more steviol glycosides or the steviol glycoside composition from the cell culture.

[0039] In one aspect of the methods disclosed herein, the recovered one or more steviol
glycosides or the steviol glycoside composition has a reduced level of Stevia plant-derived

components relative to a plant-derived Stevia extract.

[0040] The invention also provides a method for producing one or more steviol glycosides or
a steviol glycoside composition, comprising whole-cell bioconversion of plant-derived or
synthetic steviol and/or steviol glycosides in a cell culture medium of a recombinant host cell

using:

@) a polypeptide capable of synthesizing UTP from UDP having at least 60%
sequence identity to the amino acid sequence set forth in SEQ ID NO:123;

(b) a polypeptide capable of converting glucose-6-phosphate to glucose-1-
phosphate having at least 60% sequence identity to the amino acid sequence set
forth in SEQ ID NO:2, SEQ ID NO:119, or SEQ ID NO:143; at least 55%
sequence identity to the amino acid sequence set forth in SEQ ID NO:141, SEQ
ID NO:145, or SEQ ID NO:147; and/or

© a polypeptide capable of synthesizing UDP-glucose from UTP and glucose-1-
phosphate having at least 60% sequence identity to the amino acid sequence set
forth in SEQ ID NO:121, SEQ ID NO:127; at least 55% sequence identity to the
amino acid sequence set forth in SEQ ID NO:125, SEQ ID NO:129, SEQ ID
NO:133, SEQ ID NO:135, SEQ ID NO:137, or SEQ ID NO:139; or at least 70%
sequence identity to the amino acid sequence set forth in SEQ ID NO:131; and

one or more of:

(d) a polypeptide capable of glycosylating steviol or a steviol glycoside at its C-13
hydroxyl group thereof;

(e) a polypeptide capable of beta 1,3 glycosylation of the C3’ of the 13-O-glucose,
19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside;

4] a polypeptide capable of glycosylating steviol or a steviol glycoside at its C-19
carboxyl group thereof; and/or

(9) a polypeptide capable of beta 1,2 glycosylation of the C2’ of the 13-O-glucose,

19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside;

11
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wherein at least one of the polypeptides is a recombinant polypeptide expressed
in the recombinant host cell; and producing the one or more steviol glycosides or the

steviol glycoside composition thereby.
[0041] In one aspect of the methods disclosed herein:

(d) the polypeptide capable of glycosylating steviol or a steviol glycoside at its C-13
hydroxyl group thereof comprises a polypeptide having at least 55% sequence
identity to the amino acid sequence set forth in SEQ ID NO:7;

(e) the polypeptide capable of beta 1,3 glycosylation of the C3’ of the 13-O-glucose,
19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside
comprises a polypeptide having at least 50% sequence identity to the amino acid
sequence set forth in SEQ ID NO:9;

4] the polypeptide capable of glycosylating steviol or a steviol glycoside at its C-19
carboxyl group thereof comprises a polypeptide having at least 55% sequence
identity to the amino acid sequence set forth in SEQ ID NO:4;

(9) the polypeptide capable of beta 1,2 glycosylation of the C2’ of the 13-O-glucose,
19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside
comprises a polypeptide having 80% or greater identity to the amino acid
sequence set forth in SEQ ID NO:11; a polypeptide having 80% or greater
identity to the amino acid sequence set forth in SEQ ID NO:13; or a polypeptide
having at least 65% sequence identity to the amino acid sequence set forth in
SEQ ID NO:16.

[0042] In one aspect of the methods disclosed herein, the recombinant host cell is a plant

cell, a mammalian cell, an insect cell, a fungal cell, an algal cell or a bacterial cell.

[0043] In one aspect of the methods disclosed herein, the one or more steviol glycosides is,
or the steviol glycoside composition comprises, steviol-13-O-glucoside (13-SMG), steviol-1,2-
Bioside, steviol-1,3-Bioside, steviol-19-O-glucoside (19-SMG), 1,2-stevioside, 1,3-stevioside
(RebG), rubusoside, rebaudioside A (RebA), rebaudioside B (RebB), rebaudioside C (RebC),
rebaudioside D (RebD), rebaudioside E (RebE), rebaudioside F (RebF), rebaudioside M
(RebM), rebaudioside Q (RebQ), rebaudioside | (Rebl), dulcoside A, and/or an isomer thereof.

[0044] The invention also provides a cell culture, comprising the recombinant host cell

disclosed herein, the cell culture further comprising:
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(a)

(b)

(€)

the one or more steviol glycosides or the steviol glycoside composition produced
by the recombinant host cell;

glucose, fructose, sucrose, xylose, rhamnose, UDP-glucose, UDP-rhamnose,
UDP-xylose, and/or N-acetyl-glucosamine; and

supplemental nutrients comprising trace metals, vitamins, salts, YNB, and/or
amino acids;

wherein the one or more steviol glycosides or the steviol glycoside composition is

present at a concentration of at least 1 mg/liter of the cell culture;

wherein the cell culture is enriched for the one or more steviol glycosides or the

steviol glycoside composition relative to a steviol glycoside composition from a Stevia

plant and has a reduced level of Stevia plant-derived components relative to a plant-

derived Stevia extract.

[0045]

The invention also provides a cell culture, comprising the recombinant host cell

disclosed herein, the cell culture further comprising:

(a)

(b)

(€)

the one or more steviol glycosides or the steviol glycoside composition produced
by the recombinant host cell;

glucose, fructose, sucrose, xylose, rhamnose, UDP-glucose, UDP-rhamnose,
UDP-xylose, and/or N-acetyl-glucosamine; and

supplemental nutrients comprising trace metals, vitamins, salts, YNB, and/or
amino acids;

wherein UDP-glucose is present in the cell culture at a concentration of at least

100 uM;

wherein the cell culture is enriched for UGP-glucose relative to a steviol

glycoside composition from a Stevia plant and has a reduced level of Stevia plant-

derived components relative to a plant-derived Stevia extract.

[0046]

The invention also provides cell lysate from the recombinant host cell disclosed

herein grown in the cell culture, comprising:

(a)

(b)

the one or more steviol glycosides or the steviol glycoside composition produced
by the recombinant host cell;
glucose, fructose, sucrose, xylose, rhamnose, UDP-glucose, UDP-rhamnose,

UDP-xylose, and/or N-acetyl-glucosamine; and/or
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© supplemental nutrients comprising trace metals, vitamins, salts, yeast nitrogen
base, YNB, and/or amino acids;
wherein the one or more steviol glycosides or the steviol glycoside composition
produced by the recombinant host cell is present at a concentration of at least 1 mg/liter

of the cell culture.

[0047] The invention also provides one or more steviol glycosides produced by the

recombinant host cell disclosed herein;

wherein the one or more steviol glycosides produced by the recombinant host
cell are present in relative amounts that are different from a steviol glycoside
composition from a Stevia plant and have a reduced level of Stevia plant-derived

components relative to a plant-derived Stevia extract.

[0048] The invention also provides one or more steviol glycosides produced by the method

disclosed herein;

wherein the one or more steviol glycosides produced by the recombinant host
cell are present in relative amounts that are different from a steviol glycoside
composition from a Stevia plant and have a reduced level of Stevia plant-derived

components relative to a plant-derived Stevia extract.

[0049] The invention also provides a sweetener composition, comprising the one or more

steviol glycosides disclosed herein.

[0050] The invention also provides a food product comprising, the sweetener composition

disclosed herein.

[0051] The invention also provides a beverage or a beverage concentrate, comprising the

sweetener composition disclosed herein.

[0052] These and other features and advantages of the present invention will be more fully
understood from the following detailed description taken together with the accompanying claims.
It is noted that the scope of the claims is defined by the recitations therein and not by the

specific discussion of features and advantages set forth in the present description.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0053] The following detailed description of the embodiments of the present invention can
be best understood when read in conjunction with the following drawings, where like structure is

indicated with like reference numerals and in which:

[0054] Figure 1 shows the biochemical pathway for producing steviol from geranylgeranyl
diphosphate using geranylgeranyl diphosphate synthase (GGPPS), ent-copalyl diphosphate
synthase (CDPS), ent-kaurene synthase (KS), ent-kaurene oxidase (KO), and ent-kaurenoic

acid hydroxylase (KAH) polypeptides.

[0055] Figure 2 shows representative primary steviol glycoside glycosylation reactions
catalyzed by suitable UGT enzymes and chemical structures for several of the compounds

found in Stevia extracts.

[0056] Figure 3 shows representative reactions catalyzed by enzymes involved in the UDP-
glucose biosynthetic pathway, including uracil permease (FUR4), uracil
phosphoribosyltransferase (FUR1), orotate phosphoribosyltransferase 1 (URAS), orotate
phosphoribosyltransferase 2 (URA10), orotidine 5’-phosphate decarboxylase (URA3), uridylate
kinase (URAB), nucleoside diphosphate kinase (YNK1), phosphoglucomutase-1 (PGM1),
phosphoglucomutase-2 (PGM2), and UTP-glucose-1-phosphate uridylyltransferase (UGP1).
See, e.g., Daran et al., 1995, Eur J Biochem. 233(2):520-30.

[0057] Skilled artisans will appreciate that elements in the Figures are illustrated for
simplicity and clarity and have not necessarily been drawn to scale. For example, the
dimensions of some of the elements in the Figures can be exaggerated relative to other

elements to help improve understanding of the embodiment(s) of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0058] All publications, patents and patent applications cited herein are hereby expressly

incorporated by reference for all purposes.

[0059] Before describing the present invention in detail, a number of terms will be defined.

o

As used herein, the singular forms “a,” “an,” and “the” include plural referents unless the context
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clearly dictates otherwise. For example, reference to a “nucleic acid” means one or more

nucleic acids.

[0060] It is noted that terms like “preferably,” “commonly,” and “typically” are not utilized
herein to limit the scope of the claimed invention or to imply that certain features are critical,
essential, or even important to the structure or function of the claimed invention. Rather, these
terms are merely intended to highlight alternative or additional features that can or cannot be

utilized in a particular embodiment of the present invention.

[0061] For the purposes of describing and defining the present invention it is noted that the
term “substantially” is utilized herein to represent the inherent degree of uncertainty that can be
attributed to any quantitative comparison, value, measurement, or other representation. The
term “substantially” is also utilized herein to represent the degree by which a quantitative
representation can vary from a stated reference without resulting in a change in the basic

function of the subject matter at issue.

[0062] Methods well known to those skilled in the art can be used to construct genetic
expression constructs and recombinant cells according to this invention. These methods
include in vitro recombinant DNA techniques, synthetic techniques, in vivo recombination
techniques, and polymerase chain reaction (PCR) techniques. See, for example, techniques as
described in Green & Sambrook, 2012, MOLECULAR CLONING: A LABORATORY MANUAL,
Fourth Edition, Cold Spring Harbor Laboratory, New York; Ausubel et al.,, 1989, CURRENT
PROTOCOLS IN MOLECULAR BIOLOGY, Greene Publishing Associates and Wiley
Interscience, New York, and PCR Protocols: A Guide to Methods and Applications (Innis et al.,
1990, Academic Press, San Diego, CA).

»oou »oou

[0063] As used herein, the terms “polynucleotide,” “nucleotide,” “oligonucleotide,” and
“nucleic acid” can be used interchangeably to refer to nucleic acid comprising DNA, RNA,
derivatives thereof, or combinations thereof, in either single-stranded or double-stranded

embodiments depending on context as understood by the skilled worker.

» o

[0064] As used herein, the terms “microorganism,” “microorganism host,” “microorganism
host cell,” “recombinant host,” and “recombinant host cell” can be used interchangeably. As
used herein, the term “recombinant host” is intended to refer to a host, the genome of which has
been augmented by at least one DNA sequence. Such DNA sequences include but are not
limited to genes that are not naturally present, DNA sequences that are not normally transcribed

into RNA or translated into a protein (“expressed”), and other genes or DNA sequences which
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one desires to introduce into a host. It will be appreciated that typically the genome of a
recombinant host described herein is augmented through stable introduction of one or more
recombinant genes. Generally, introduced DNA is not originally resident in the host that is the
recipient of the DNA, but it is within the scope of this disclosure to isolate a DNA segment from
a given host, and to subsequently introduce one or more additional copies of that DNA into the
same host, e.g., to enhance production of the product of a gene or alter the expression pattern
of a gene. In some instances, the introduced DNA will modify or even replace an endogenous
gene or DNA sequence by, e.g., homologous recombination or site-directed mutagenesis.

Suitable recombinant hosts include microorganisms.

[0065] As used herein, the term “recombinant gene” refers to a gene or DNA sequence that
is introduced into a recipient host, regardless of whether the same or a similar gene or DNA
sequence may already be present in such a host. “Introduced,” or “augmented” in this context,
is known in the art to mean introduced or augmented by the hand of man. Thus, a recombinant
gene can be a DNA sequence from another species or can be a DNA sequence that originated
from or is present in the same species but has been incorporated into a host by recombinant
methods to form a recombinant host. It will be appreciated that a recombinant gene that is
introduced into a host can be identical to a DNA sequence that is normally present in the host
being transformed, and is introduced to provide one or more additional copies of the DNA to
thereby permit overexpression or modified expression of the gene product of that DNA. In some
aspects, said recombinant genes are encoded by cDNA. In other embodiments, recombinant

genes are synthetic and/or codon-optimized for expression in S. cerevisiae.

[0066] As used herein, the termm “engineered biosynthetic pathway” refers to a biosynthetic
pathway that occurs in a recombinant host, as described herein. In some aspects, one or more
steps of the biosynthetic pathway do not naturally occur in an unmodified host. In some
embodiments, a heterologous version of a gene is introduced into a host that comprises an

endogenous version of the gene.

[0067] As used herein, the term “endogenous” gene refers to a gene that originates from
and is produced or synthesized within a particular organism, tissue, or cell. In some
embodiments, the endogenous gene is a yeast gene. In some embodiments, the gene is
endogenous to S. cerevisiae, including, but not limited to S. cerevisiae strain S288C. In some
embodiments, an endogenous yeast gene is overexpressed. As used herein, the term

“overexpress” is used to refer to the expression of a gene in an organism at levels higher than
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the level of gene expression in a wild type organism. See, e.g., Prelich, 2012, Genetics
190:841-54. See, e.g., Giaever & Nislow, 2014, Genetics 197(2):451-65. In some aspects,
overexpression can be performed by integration using the USER cloning system; see, e.g.,
Nour-Eldin et al., 2010, Methods Mol Biol. 643:185-200. As used herein, the terms “deletion,”
“deleted,” “knockout,” and “knocked out” can be used interchangeably to refer to an endogenous
gene that has been manipulated to no longer be expressed in an organism, including, but not

limited to, S. cerevisiae.

[0068] As used herein, the terms “heterologous sequence” and “heterologous coding
sequence” are used to describe a sequence derived from a species other than the recombinant
host. In some embodiments, the recombinant host is an S. cerevisiae cell, and a heterologous
sequence is derived from an organism other than S. cerevisiae. A heterologous coding
sequence, for example, can be from a prokaryotic microorganism, a eukaryotic microorganism,
a plant, an animal, an insect, or a fungus different than the recombinant host expressing the
heterologous sequence. In some embodiments, a coding sequence is a sequence that is native
to the host.

[0069] A “selectable marker” can be one of any number of genes that complement host cell
auxotrophy, provide antibiotic resistance, or result in a color change. Linearized DNA fragments
of the gene replacement vector then are introduced into the cells using methods well known in
the art (see below). Integration of the linear fragments into the genome and the disruption of the
gene can be determined based on the selection marker and can be verified by, for example,
PCR or Southern blot analysis. Subsequent to its use in selection, a selectable marker can be
removed from the genome of the host cell by, e.g., Cre-LoxP systems (see, e.g., Gossen ef al.,
2002, Ann. Rev. Genetics 36:153-173 and U.S. 2006/0014264). Alternatively, a gene
replacement vector can be constructed in such a way as to include a portion of the gene to be
disrupted, where the portion is devoid of any endogenous gene promoter sequence and

encodes none, or an inactive fragment of, the coding sequence of the gene.

[0070] As used herein, the terms “variant” and “mutant” are used to describe a protein
sequence that has been modified at one or more amino acids, compared to the wild-type

sequence of a particular protein.

[0071] As used herein, the term “inactive fragment” is a fragment of the gene that encodes a
protein having, e.g., less than about 10% (e.g., less than about 9%, less than about 8%, less

than about 7%, less than about 6%, less than about 5%, less than about 4%, less than about
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3%, less than about 2%, less than about 1%, or 0%) of the activity of the protein produced from
the full-length coding sequence of the gene. Such a portion of a gene is inserted in a vector in
such a way that no known promoter sequence is operably linked to the gene sequence, but that
a stop codon and a transcription termination sequence are operably linked to the portion of the
gene sequence. This vector can be subsequently linearized in the portion of the gene sequence
and transformed into a cell. By way of single homologous recombination, this linearized vector

is then integrated in the endogenous counterpart of the gene with inactivation thereof.

[0072] As used herein, the term “steviol glycoside” refers to rebaudioside A (RebA) (CAS #
58543-16-1), rebaudioside B (RebB) (CAS # 58543-17-2), rebaudioside C (RebC) (CAS #
63550-99-2), rebaudioside D (RebD) (CAS # 63279-13-0), rebaudioside E (RebE) (CAS #
63279-14-1), rebaudioside F (RebF) (CAS # 438045-89-7), rebaudioside M (RebM) (CAS #
1220616-44-3), Rubusoside (CAS # 63849-39-4), Dulcoside A (CAS # 64432-06-0),
rebaudioside | (Rebl) (MassBank Record: FUO00332), rebaudioside Q (RebQ), 1,2-Stevioside
(CAS # 57817-89-7), 1,3-Stevioside (RebG), Steviol-1,2-Bioside (MassBank Record:
FU000299), Steviol-1,3-Bioside, Steviol-13-O-glucoside (13-SMG), Steviol-19-O-glucoside (19-
SMG), a tri-glycosylated steviol glycoside, a tetra-glycosylated steviol glycoside, a penta-
glycosylated steviol glycoside, a hexa-glycosylated steviol glycoside, a hepta-glycosylated
steviol glycoside, and isomers thereof. See Figure 2; see also, Steviol Glycosides Chemical
and Technical Assessment 69th JECFA, 2007, prepared by Harriet Wallin, Food Agric. Org.

[0073] As used herein, the terms “steviol glycoside precursor” and “steviol glycoside
precursor compound” are used to refer to intermediate compounds in the steviol glycoside
biosynthetic pathway. Steviol glycoside precursors include, but are not limited to,
geranylgeranyl diphosphate (GGPP), ent-copalyl-diphosphate, ent-kaurene, ent-kaurenol, ent-
kaurenal, ent-kaurenoic acid, and steviol. See Figure 1. In some embodiments, steviol
glycoside precursors are themselves steviol glycoside compounds. For example, 19-SMG,

rubusoside, 1,2-stevioside, and RebE are steviol glycoside precursors of RebM. See Figure 2.

[0074] Also as used herein, the terms “steviol precursor” and “steviol precursor compound”
are used to refer to intermediate compounds in the steviol biosynthetic pathway. Steviol
precursors may also be steviol glycoside precursors, and include, but are not limited to,
geranylgeranyl diphosphate (GGPP), ent-copalyl-diphosphate, ent-kaurene, ent-kaurenol, ent-
kaurenal, and ent-kaurenoic acid. Steviol glycosides and/or steviol glycoside precursors can be

produced in vivo (i.e., in a recombinant host), in vitro (i.e., enzymatically), or by whole cell
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bioconversion. As used herein, the terms “produce” and “accumulate” can be used
interchangeably to describe synthesis of steviol glycosides and steviol glycoside precursors in

vivo, in vitro, or by whole cell bioconversion.

[0075] As used herein, the terms “culture broth,” “culture medium,” and “growth medium”
can be used interchangeably to refer to a liquid or solid that supports growth of a cell. A culture
broth can comprise glucose, fructose, sucrose, trace metals, vitamins, salts, yeast nitrogen base
(YNB), and/or amino acids. The trace metals can be divalent cations, including, but not limited
to, Mn** and/or Mg®". In some embodiments, Mn*" can be in the form of MnCl, dihydrate and
range from approximately 0.01 g/L to 100 g/L. In some embodiments, Mg* can be in the form
of MgSO, heptahydrate and range from approximately 0.01 g/L to 100 g/L. For example, a
culture broth can comprise i) approximately 0.02-0.03 g/L MnCl, dihydrate and approximately
0.5-3.8 g/L MgSO, heptahydrate, ii) approximately 0.03-0.06 g/L MnCl, dihydrate and
approximately 0.5-3.8 g/L MgSO, heptahydrate, and/or iii) approximately 0.03-0.17 g/L MnCl,
dihydrate and approximately 0.5-7.3 g/L MgSQO, heptahydrate. Additionally, a culture broth can

comprise one or more steviol glycosides produced by a recombinant host, as described herein.

[0076] Recombinant steviol glycoside-producing Saccharomyces cerevisiae (S. cerevisiae)
strains are described in WO 2011/153378, WO 2013/022989, WO 2014/122227, and WO
2014/122328, each of which is incorporated by reference in their entirety. Methods of producing
steviol glycosides in recombinant hosts, by whole cell bio-conversion, and in vitro are also
described in WO 2011/153378, WO 2013/022989, WO 2014/122227, and WO 2014/122328.

[0077] In some embodiments, a recombinant host comprising a gene encoding a
polypeptide capable of synthesizing geranylgeranyl pyrophosphate (GGPP) from farnesyl
diphosphate (FPP) and isopentenyl diphosphate (IPP) (e.g., geranylgeranyl diphosphate
synthase (GGPPS)); a gene encoding a polypeptide capable of synthesizing ent-copalyl
diphosphate from GGPP (e.g., ent-copalyl diphosphate synthase (CDPS)); a gene encoding a
polypeptide capable of synthesizing ent-kaurene from ent-copalyl diphosphate (e.g., kaurene
synthase (KS)); a gene encoding a polypeptide capable of synthesizing ent-kaurenoic acid, ent-
kaurenol, and/or ent-kaurenal from ent-kaurene (e.g., kaurene oxidase (KO)); a gene encoding
a polypeptide capable of reducing cytochrome P450 complex (e.g., cytochrome P450 reductase
(CPR) or P450 oxidoreductase (POR); for example, but not limited to a polypeptide capable of
electron transfer from NADPH to cytochrome P450 complex during conversion of NADPH to

NADP®, which is utilized as a cofactor for terpenoid biosynthesis); a gene encoding a

20



WO 2017/178632 PCT/EP2017/059028

polypeptide capable of synthesizing steviol from entkaurenoic acid (e.g., steviol synthase
(KAH)); and/or a gene encoding a bifunctional polypeptide capable of synthesizing ent-copalyl
diphosphate from GGPP and synthesizing ent-kaurene from ent-copalyl diphosphate (e.g., an
ent-copalyl diphosphate synthase (CDPS) — ent-kaurene synthase (KS) polypeptide) can
produce steviol in vivo. See, e.g., Figure 1. The skilled worker will appreciate that one or more
of these genes can be endogenous to the host provided that at least one (and in some

embodiments, all) of these genes is a recombinant gene introduced into the recombinant host.

[0078] In some embodiments, a recombinant host comprising a gene encoding a
polypeptide capable of glycosylating steviol or a steviol glycoside at its C-13 hydroxyl group
(e.g., UGT85C2 polypeptide); a gene encoding a polypeptide capable of beta 1,3 glycosylation
of the C3’ of the 13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a
steviol glycoside (e.g., UGT76G1 polypeptide); a gene encoding a polypeptide capable of
glycosylating steviol or a steviol glycoside at its C-19 carboxyl group (e.g., UGT74G1
polypeptide); and/or a gene encoding a polypeptide capable of beta 1,2 glycosylation of the C2’
of the 13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol
glycoside (e.g., UGT91D2 and EUGT11 polypeptide) can produce a steviol glycoside in vivo.
The skilled worker will appreciate that one or more of these genes can be endogenous to the
host provided that at least one (and in some embodiments, all) of these genes is a recombinant

gene introduced into the recombinant host.

[0079] In some embodiments, steviol glycosides and/or steviol glycoside precursors are
produced in vivo through expression of one or more enzymes involved in the steviol glycoside
biosynthetic pathway in a recombinant host. For example, a recombinant host comprising a
gene encoding a polypeptide capable of synthesizing geranylgeranyl pyrophosphate (GGPP)
from farnesyl diphosphate (FPP) and isopentenyl diphosphate (IPP); a gene encoding a
polypeptide capable of synthesizing ent-copalyl diphosphate from GGPP; a gene encoding a
polypeptide capable of synthesizing ent-kaurene from ent-copalyl diphosphate; a gene encoding
a polypeptide capable of synthesizing ent-kaurenoic acid, ent-kaurenol, and/or ent-kaurenal
from ent-kaurene; a gene encoding a polypeptide capable of reducing cytochrome P450
complex; a gene encoding a bifunctional polypeptide capable of synthesizing ent-copalyl
diphosphate from GGPP and synthesizing ent-kaurene from ent-copalyl diphosphate; a gene
encoding a polypeptide capable of glycosylating steviol or a steviol glycoside at its C-13
hydroxyl group (e.g., UGT85C2 polypeptide); a gene encoding a polypeptide capable of beta

1,3 glycosylation of the C3’ of the 13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-
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glucose of a steviol glycoside (e.g., UGT76G1 polypeptide); a gene encoding a polypeptide
capable of glycosylating steviol or a steviol glycoside at its C-19 carboxyl group (e.g., UGT74G1
polypeptide); and/or a gene encoding a polypeptide capable of beta 1,2 glycosylation of the C2’
of the 13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol
glycoside (e.g., UGT91D2 and EUGT11 polypeptide) can produce a steviol glycoside and/or
steviol glycoside precursors in vivo. See, e.g., Figures 1 and 2. The skilled worker will
appreciate that one or more of these genes can be endogenous to the host provided that at
least one (and in some embodiments, all) of these genes is a recombinant gene introduced into

the recombinant host.

[0080] In some embodiments, a steviol-producing recombinant microorganism comprises
heterologous nucleic acids encoding a polypeptide capable of glycosylating steviol or a steviol
glycoside at its C-13 hydroxyl group; a polypeptide capable of beta 1,3 glycosylation of the C3
of the 13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol
glycoside; a polypeptide capable of glycosylating steviol or a steviol glycoside at its C-19
carboxyl group; and a polypeptide capable of beta 1,2 glycosylation of the C2’ of the 13-O-

glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside.

[0081] In some embodiments, a steviol-producing recombinant microorganism comprises
heterologous nucleic acids encoding a polypeptide capable of glycosylating steviol or a steviol
glycoside at its C-13 hydroxyl group, a polypeptide capable of beta 1,3 glycosylation of the C3
of the 13-O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol
glycoside, and a polypeptide capable of beta 1,2 glycosylation of the C2’ of the 13-O-glucose,
19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside polypeptides.

[0082] In some aspects, a polypeptide capable of glycosylating steviol or a steviol glycoside
at its C-13 hydroxyl group, a polypeptide capable of beta 1,3 glycosylation of the C3’ of the 13-
O-glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside, a
polypeptide capable of glycosylating steviol or a steviol glycoside at its C-19 carboxyl group,
and/or a polypeptide capable of beta 1,2 glycosylation of the C2’ of the 13-O-glucose, 19-O-
glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside, transfers a glucose

molecule from uridine diphosphate glucose (UDP-glucose) to steviol and/or a steviol glycoside.

[0083] In some aspects, UDP-glucose is produced in vivo through expression of one or
more enzymes involved in the UDP-glucose biosynthetic pathway in a recombinant host. For
example, a recombinant host comprising a gene encoding a polypeptide capable of transporting
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uracil into the host cell (e.g., uracil permease (FUR4)); a gene encoding a polypeptide capable
of  synthesizing uridine monophosphate (UMP) from uracil (e.g., uracil
phosphoribosyltransferase (FUR1)); a gene encoding a polypeptide capable of synthesizing
orotidine  monophosphate (OMP) from orotate or orotic acid (e.g., orotate
phosphoribosyltransferase 1 (URAS) and orotate phosphoribosyltransferase 2 (URA10)); a gene
encoding a polypeptide capable of synthesizing UMP from OMP (e.qg., orotidine 5’-phosphate
decarboxylase (URA3)); a gene encoding a polypeptide capable of synthesizing uridine
diphosphate (UDP) from UMP (e.g., uridylate kinase (URAB)); a gene encoding a polypeptide
capable of synthesizing uridine 5-triphosphate (UTP) from UDP (i.e., a polypeptide capable of
catalyzing the transfer of gamma phosphates from nucleoside triphosphates, e.g., nucleoside
diphosphate kinase (YNK1)); a gene encoding a polypeptide capable of converting glucose-6-
phosphate to  glucose-1-phosphate (e.g., phosphoglucomutase-1 (PGM1) and
phosphoglucomutase-2 (PGM2)); and/or a gene encoding a polypeptide capable of synthesizing
UDP-glucose from UTP and glucose-1-phosphate (e.g., UTP-glucose-1-phosphate
uridylyltransferase (UGP1) can produce UDP-glucose in vivo. See, e.g., Figure 3. The skilled

worker will appreciate that one or more of these genes may be endogenous to the host.

[0084] In some embodiments, a recombinant host comprises a gene encoding a polypeptide
capable of synthesizing UTP from UDP. In some aspects, the gene encoding a polypeptide
capable of synthesizing UTP from UDP is a recombinant gene. In some aspects, the
recombinant gene comprises a nucleotide sequence native to the host. In other aspects, the
recombinant gene comprises a heterologous nucleotide sequence. In some aspects, the
recombinant gene is operably linked to a promoter. In some aspects, the recombinant gene is
operably linked to a terminator, for example but not limited to, tCYC1 (SEQ ID NO:154) or
tADH1 (SEQ ID NO:155). In some aspects, the promoter and terminator drive high expression
of the recombinant gene. In some aspects, the recombinant gene is operably linked to a strong
promoter, for example but not limited to, pTEF1 (SEQ ID NO:148), pPGK1 (SEQ ID NO:149),
pTDH3 (SEQ ID NO:150), pTEF2 (SEQ ID NO:151), pTPI1 (SEQ ID NO:152), or pPDC1 (SEQ
ID NO:153). In some aspects, the recombinant gene comprises a nucleotide sequence that
originated from or is present in the same species as the recombinant host. In some aspects,
expression of a recombinant gene encoding a polypeptide capable of synthesizing UTP from
UDP results in a total expression level of genes encoding a polypeptide capable of synthesizing

UTP from UDP that is higher than the expression level of endogenous genes encoding a
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polypeptide capable of synthesizing UTP from UDP, i.e., an overexpression of a polypeptide

capable of synthesizing UTP from UDP.

[0085] In some aspects, the gene encoding the polypeptide capable of synthesizing UTP
from UDP is a gene present in the same species as the recombinant host, /.e., an endogenous
gene. In some embodiments, the wild-type promoter of an endogenous gene encoding the
polypeptide capable of synthesizing UTP from UDP can be exchanged for a strong promoter. In
some aspects, the strong promoter drives high expression of the endogenous gene (ie.,
overexpression of the gene). In other embodiments, the wild-type enhancer of an endogenous
gene encoding a polypeptide capable of synthesizing UTP from UDP can be exchanged for a
strong enhancer. In some embodiments, the strong enhancer drives high expression of the
endogenous gene (i.e., overexpression of the gene). In some embodiments, both the wild-type
enhancer (i.e., operably linked to the promoter) and the wild-type promoter (i.e., operably linked
to the endogenous gene) of the endogenous gene can be exchanged for a strong enhancer and
strong promoter, respectively, resulting in overexpression of a polypeptide capable of
synthesizing UTP from UDP (i.e., relative to the expression level of endogenous genes operably
linked to wild-type enhancers and/or promoters). The endogenous gene operably linked to the
strong enhancer and/or promoter may be located at the native loci, and/or may be located

elsewhere in the genome.

[0086] For example, in some embodiments, a recombinant host comprising an endogenous
gene encoding a polypeptide capable of synthesizing UTP from UDP, operably linked to a wild-
type promoter, further comprises a recombinant gene encoding a polypeptide capable of
synthesizing UTP from UDP, comprising a nucleotide sequence native to the host, operably
linked to, e.g., a wild-type promoter, a promoter native to the host, or a heterologous promoter.
In another example, in some embodiments, a recombinant host comprising an endogenous
gene encoding a polypeptide capable of synthesizing UTP from UDP, operably linked to a wild-
type promoter, further comprises a recombinant gene encoding a polypeptide capable of
synthesizing UTP from UDP, comprising a heterologous nucleotide sequence, operably linked
to, e.g., a wild-type promoter, a promoter native to the host, or a heterologous promoter. In yet
another example, in some embodiments, a recombinant host comprises an endogenous gene
encoding a polpeptide capable of synthesizing UTP from UDP, operably linked to, e.g., a strong

promoter native to the host, or a heterologous promoter.
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[0087] The person of ordinary skill in the art will appreciate that, e.g., expression of a
recombinant gene encoding a polypeptide capable of synthesizing UTP from UDP; expression
of a recombinant gene and an endogenous gene encoding a polypeptide capable of
synthesizing UTP from UDP, and expression of an endogenous gene encoding a polypeptide
capable of synthesizing UTP from UDP, wherein the wild-type promoter and/or enhancer of the
endogenous gene are exchanged for a strong promoter and/or enhancer, each result in
overexpression of a polypeptide capable of synthesizing UTP from UDP relative to a
corresponding host not expressing a recombinant gene encoding a polypeptide capable of
synthesizing UTP from UDP and/or a corresponding host expressing only a native gene
encoding a polypeptide capable of synthesizing UTP from UDP, operably linked to the wild-type
promoter and enhancer—ie., as used herein, the term “expression” may include

“overexpression.”

[0088] In some embodiments, a polypeptide capable of synthesizing UTP from UDP is
overexpressed such that the total expression level of genes encoding the polypeptide capable
of synthesizing UTP from UDP is at least 5% higher than the expression level of endogenous
genes encoding a polypeptide capable of synthesizing UTP from UDP. In some embodiments,
the total expression level of genes encoding a polypeptide capable of synthesizing UTP from
UDP is at least 10%, or at least 15%, or at least 20%, or at least 30%, or at least 40%, or at
least 50%, or at least 60%, or at least 70%, or at least 80%, or at least 90%, or at least 100%, or
at least 125%, or at least 150%, or at least 175%, or at least 200% higher than the expression

level of endogenous genes encoding a polypeptide capable of synthesizing UTP from UDP.

[0089] In some embodiments, a recombinant host comprises a gene encoding a polypeptide
capable of converting glucose-6-phosphate to glucose-1-phosphate. In some aspects, the gene
encoding a polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate is a
recombinant gene. In some aspects, the recombinant gene comprises a nucleotide sequence
native to the host. In other aspects, the recombinant gene comprises a heterologous nucleotide
sequence. |n some aspects, the recombinant gene is operably linked to a promoter. In some
aspects, the recombinant gene is operably linked to a terminator, for example but not limited to,
tCYC1 (SEQ ID NO:154) or tADH1 (SEQ ID NO:155). In some aspects, the promoter and
terminator drive high expression of the recombinant gene. In some aspects, the recombinant
gene is operably linked to a strong promoter, for example but not limited to, pTEF1 (SEQ ID
NO:148), pPGK1 (SEQ ID NO:149), pTDH3 (SEQ ID NO:150), pTEF2 (SEQ ID NO:151), pTPI1

(SEQ ID NO:152), or pPDC1 (SEQ ID NO:153). In some aspects, the recombinant gene
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comprises a nucleotide sequence that originated from or is present in the same species as the
recombinant host. In some aspects, expression of a recombinant gene encoding a polypeptide
capable of converting glucose-6-phosphate to glucose-1-phosphate results in a total expression
level of genes encoding a polypeptide capable of converting glucose-6-phosphate to glucose-1-
phosphate that is higher than the expression level of endogenous genes encoding a polypeptide
capable of converting glucose-6-phosphate to glucose-1-phosphate, i.e., an overexpression of a

polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate.

[0090] In some aspects, the gene encoding the polypeptide capable of converting glucose-
6-phosphate to glucose-1-phosphate is a gene present in the same species as the recombinant
host, ie., an endogenous gene. In some embodiments, the wild-type promoter of an
endogenous gene encoding the polypeptide capable of converting glucose-6-phosphate to
glucose-1-phosphate can be exchanged for a strong promoter. In some aspects, the strong
promoter drives high expression of the endogenous gene (i.e., overexpression of the gene). In
other embodiments, the wild-type enhancer of an endogenous gene encoding a polypeptide
capable of converting glucose-6-phosphate to glucose-1-phosphate can be exchanged for a
strong enhancer. In some embodiments, the strong enhancer drives high expression of the
endogenous gene (i.e., overexpression of the gene). In some embodiments, both the wild-type
enhancer (i.e., operably linked to the promoter) and the wild-type promoter (i.e., operably linked
to the endogenous gene) of the endogenous gene can be exchanged for a strong enhancer and
strong promoter, respectively, resulting in overexpression of a polypeptide capable of converting
glucose-6-phosphate to glucose-1-phosphate (i.e., relative to the expression level of
endogenous genes operably linked to wild-type enhancers and/or promoters). The endogenous
gene operably linked to the strong enhancer and/or promoter may be located at the native loci,

and/or may be located elsewhere in the genome.

[0091] For example, in some embodiments, a recombinant host comprising an endogenous
gene encoding a polypeptide capable of converting glucose-6-phosphate to glucose-1-
phosphate, operably linked to a wild-type promoter, further comprises a recombinant gene
encoding a polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate,
comprising a nucleotide sequence native to the host, operably linked to, e.g., a wild-type
promoter, a promoter native to the host, or a heterologous promoter. In another example, in
some embodiments, a recombinant host comprising an endogenous gene encoding a
polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate, operably linked

to a wild-type promoter, further comprises a recombinant gene encoding a polypeptide capable
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of converting glucose-6-phosphate to glucose-1-phosphate, comprising a heterologous
nucleotide sequence, operably linked to, e.g., a wild-type promoter, a promoter native to the
host, or a heterologous promoter. In yet another example, in some embodiments, a
recombinant host comprises an endogenous gene encoding a polpeptide capable of converting
glucose-6-phosphate to glucose-1-phosphate, operably linked to, e.g., a strong promoter native

to the host, or a heterologous promoter.

[0092] In some embodiments, a polypeptide capable of converting glucose-6-phosphate to
glucose-1-phosphate is overexpressed such that the total expression level of genes encoding
the polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate is at least
5% higher than the expression level of endogenous genes encoding a polypeptide capable of
converting glucose-6-phosphate to glucose-1-phosphate. In some embodiments, the total
expression level of genes encoding a polypeptide capable of converting glucose-6-phosphate to
glucose-1-phosphate is at least 10%, or at least 15%, or at least 20%, or at least 30%, or at
least 40%, or at least 50%, or at least 60%, or at least 70%, or at least 80%, or at least 90%, or
at least 100%, or at least 125%, or at least 150%, or at least 175%, or at least 200% higher than
the expression level of endogenous genes encoding a polypeptide capable of converting

glucose-6-phosphate to glucose-1-phosphate.

[0093] In some embodiments, a recombinant host comprises a gene encoding a polypeptide
capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate. In some aspects,
the gene encoding a polypeptide capable of synthesizing UDP-glucose from UTP and glucose-
1-phosphate is a recombinant gene. In some aspects, the recombinant gene comprises a
nucleotide sequence native to the host. In other aspects, the recombinant gene comprises a
heterologous nucleotide sequence. In some aspects, the recombinant gene is operably linked
to a promoter. In some aspects, the recombinant gene is operably linked to a terminator, for
example but not limited to, tCYC1 (SEQ ID NO:154) or tADH1 (SEQ ID NO:155). In some
aspects, the promoter and terminator drive high expression of the recombinant gene. In some
aspects, the recombinant gene is operably linked to a strong promoter, for example but not
limited to, pTEF1 (SEQ ID NO:148), pPGK1 (SEQ ID NO:149), pTDH3 (SEQ ID NO:150),
pTEF2 (SEQ ID NO:151), pTPI1 (SEQ ID NO:152), or pPDC1 (SEQ ID NO:153). In some
aspects, the recombinant gene comprises a nucleotide sequence that originated from or is
present in the same species as the recombinant host. In some aspects, expression of a
recombinant gene encoding a polypeptide capable of synthesizing UDP-glucose from UTP and

glucose-1-phosphate results in a total expression level of genes encoding a polypeptide capable
27



WO 2017/178632 PCT/EP2017/059028

of synthesizing UDP-glucose from UTP and glucose-1-phosphate that is higher than the
expression level of endogenous genes encoding a polypeptide capable of synthesizing UDP-
glucose from UTP and glucose-1-phosphate, i.e., an overexpression of a polypeptide capable of

synthesizing UDP-glucose from UTP and glucose-1-phosphate.

[0094] In some aspects, the gene encoding the polypeptide capable of synthesizing UDP-
glucose from UTP and glucose-1-phosphate is a gene present in the same species as the
recombinant host, /.e., an endogenous gene. In some embodiments, the wild-type promoter of
an endogenous gene encoding the polypeptide capable of synthesizing UDP-glucose from UTP
and glucose-1-phosphate can be exchanged for a strong promoter. In some aspects, the strong
promoter drives high expression of the endogenous gene (i.e., overexpression of the gene). In
other embodiments, the wild-type enhancer of an endogenous gene encoding a polypeptide
capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate can be exchanged
for a strong enhancer. In some embodiments, the strong enhancer drives high expression of
the endogenous gene (i.e., overexpression of the gene). In some embodiments, both the wild-
type enhancer (i.e., operably linked to the promoter) and the wild-type promoter (i.e., operably
linked to the endogenous gene) of the endogenous gene can be exchanged for a strong
enhancer and strong promoter, respectively, resulting in overexpression of a polypeptide
capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate (i.e., relative to the
expression level of endogenous genes operably linked to wild-type enhancers and/or
promoters). The endogenous gene operably linked to the strong enhancer and/or promoter may

be located at the native loci, and/or may be located elsewhere in the genome.

[0095] For example, in some embodiments, a recombinant host comprising an endogenous
gene encoding a polypeptide capable of synthesizing UDP-glucose from UTP and glucose-1-
phosphate, operably linked to a wild-type promoter, further comprises a recombinant gene
encoding a polypeptide capable of synthesizing UDP-glucose from UTP and glucose-1-
phosphate, comprising a nucleotide sequence native to the host, operably linked to, e.g., a wild-
type promoter, a promoter native to the host, or a heterologous promoter. In another example,
in some embodiments, a recombinant host comprising an endogenous gene encoding a
polypeptide capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate, operably
linked to a wild-type promoter, further comprises a recombinant gene encoding a polypeptide
capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate, comprising a
heterologous nucleotide sequence, operably linked to, e.g., a wild-type promoter, a promoter

native to the host, or a heterologous promoter. In yet another example, in some embodiments,
28



WO 2017/178632 PCT/EP2017/059028

a recombinant host comprises an endogenous gene encoding a polpeptide capable of
synthesizing UDP-glucose from UTP and glucose-1-phosphate, operably linked to, e.g., a

strong promoter native to the host, or a heterologous promoter.

[0096] In some embodiments, a recombinant host comprising a polypeptide capable of
synthesizing UDP-glucose from UTP and glucose-1-phosphate is overexpressed such that the
total expression level of genes encoding the polypeptide capable of synthesizing UDP-glucose
from UTP and glucose-1-phosphate is at least 5% higher than the expression level of
endogenous genes encoding a polypeptide capable of synthesizing UDP-glucose from UTP and
glucose-1-phosphate. In some embodiments, the total expression level of genes encoding a
polypeptide capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate is at
least 10%, or at least 15%, or at least 20%, or at least 30%, or at least 40%, or at least 50%, or
at least 60%, or at least 70%, or at least 80%, or at least 90%, or at least 100%, or at least
125%, or at least 150%, or at least 175%, or at least 200% higher than the expression level of
endogenous genes encoding a polypeptide capable of synthesizing UDP-glucose from UTP and

glucose-1-phosphate.

[0097] In some aspects, a recombinant host comprising one or more genes encoding one or
more polypeptides capable of synthesizing UTP from UDP, one or more genes encoding one or
more polypeptides capable of converting glucose-6-phosphate to glucose-1-phosphate, and/or
one or more genes encoding one or more polypeptides capable of synthesizing UDP-glucose
from UTP and glucose-1-phosphate may further comprise a recombinant gene encoding a
polypeptide capable of transporting uracil into the host cell; a recombinant gene encoding a
polypeptide capable of synthesizing uridine monophosphate (UMP) from uracil; a recombinant
gene encoding a polypeptide capable of synthesizing orotidine monophosphate (OMP) from
orotate or orotic acid; a recombinant gene encoding a polypeptide capable of synthesizing UMP
from OMP; and/or a recombinant gene encoding a polypeptide capable of synthesizing uridine
diphosphate (UDP) from UMP. In some embodiments, a recombinant host comprising one or
more genes encoding one or more polypeptides capable of synthesizing UTP from UDP, one or
more genes encoding one or more polypeptides capable of converting glucose-6-phosphate to
glucose-1-phosphate, and/or one or more genes encoding one or more polypeptides capable of
synthesizing UDP-glucose from UTP and glucose-1-phosphate may overexpress a gene
encoding a polypeptide capable of transporting uracil into the host cell;, a gene encoding a
polypeptide capable of synthesizing uridine monophosphate (UMP) from uracil; a gene

encoding a polypeptide capable of synthesizing orotidine monophosphate (OMP) from orotate
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or orotic acid; a gene encoding a polypeptide capable of synthesizing UMP from OMP; and/or a

gene encoding a polypeptide capable of synthesizing uridine diphosphate (UDP) from UMP.

[0098] In some aspects, the polypeptide capable of synthesizing UTP from UDP comprises
a polypeptide having the amino acid sequence set forth in SEQ ID NO:123 (which can be
encoded by the nucleotide sequence set forth in SEQ ID NO:122).

[0099] In some aspects, the polypeptide capable of converting glucose-6-phosphate to
glucose-1-phosphate comprises a polypeptide having the amino acid sequence set forth in SEQ
ID NO:2 (which can be encoded by the nucleotide sequence set forth in SEQ ID NO:1), SEQ ID
NO:119 (encoded by the nucleotide sequence set forth in SEQ ID NO:118), SEQ ID NO:141
(encoded by the nucleotide sequence set forth in SEQ ID NO:140), SEQ ID NO:143 (encoded
by the nucleotide sequence set forth in SEQ ID NO:142), SEQ ID NO:145 (encoded by the
nucleotide sequence set forth in SEQ ID NO:144), or SEQ ID NO:147 (encoded by the
nucleotide sequence set forth in SEQ ID NO:146).

[00100] In some aspects, the polypeptide capable of synthesizing UDP-glucose from UTP
and glucose-1-phosphate comprises a polypeptide having the amino acid sequence set forth in
SEQ ID NO:121 (which can be encoded by the nucleotide sequence set forth in SEQ ID
NO:120), SEQ ID NO:125 (encoded by the nucleotide sequence set forth in SEQ ID NO:124),
SEQ ID NO:127 (encoded by the nucleotide sequence set forth in SEQ ID NO:126), SEQ ID
NO:129 (encoded by the nucleotide sequence set forth in SEQ ID NO:128), SEQ ID NO:131
(encoded by the nucleotide sequence set forth in SEQ ID NO:130), SEQ ID NO:133 (encoded
by the nucleotide sequence set forth in SEQ ID NO:132), SEQ ID NO:135 (encoded by the
nucleotide sequence set forth in SEQ ID NO:134), SEQ ID NO:137 (encoded by the nucleotide
sequence set forth in SEQ ID NO:136), or SEQ ID NO:139 (encoded by the nucleotide
sequence set forth in SEQ ID NO:138).

[00101] In some embodiments, a recombinant host comprises a recombinant gene encoding
a polypeptide capable of synthesizing UTP from UDP and a recombinant gene encoding a
polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate. In some
embodiments, a recombinant host comprises a recombinant gene encoding a polypeptide
capable of synthesizing UTP from UDP and a recombinant gene encoding a polypeptide
capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate. In some
embodiments, a recombinant host comprises a recombinant gene encoding a polypeptide

capable of converting glucose-6-phosphate to glucose-1-phosphate and a recombinant gene
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encoding a polypeptide capable of synthesizing UDP-glucose from UTP and glucose-1-
phosphate. In some embodiments, a recombinant host comprises a recombinant gene
encoding a polypeptide capable of synthesizing UTP from UDP, a recombinant gene encoding a
polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate, and a
recombinant gene encoding a polypeptide capable of synthesizing UDP-glucose from UTP and

glucose-1-phosphate.

[00102] In some embodiments, a recombinant host comprises two or more recombinant
genes encoding a polypeptide involved in the UDP-glucose biosynthetic pathway, e.g., a gene
encoding a polypeptide capable of converting glucose-6-phosphate having a first amino acid
sequence and a gene encoding a polypeptide capable of converting glucose-6-phosphate
having a second amino acid sequence distinct from the first amino acid sequence. For
example, in some embodiments, a recombinant host comprises a gene encoding a polypeptide
having the amino acid sequence of PGM1 (e.g., a polypeptide having the amino acid sequence
set forth in SEQ ID NO:2) and a gene encoding a polypeptide having the amino acid sequence
of PGM2 (e.g., a polypeptide having the amino acid sequence set forth in SEQ ID NO:119, SEQ
ID NO:141, SEQ ID NO:143, SEQ ID NO:145, or SEQ ID NO:147). In certain such
embodiments, the two or more genes encoding a polypeptide involved in the UDP-glucose
biosynthetic pathway comprise nucleotide sequences native to the recombinant host cell (e.g., a
recombinant S. cerevisiae host cell comprising a gene encoding a polypeptide having the amino
acid sequence set forth in SEQ ID NO:2 and a gene encoding a polypeptide having the amino
acid sequence set forth in SEQ ID NO:119). In other such embodiments, one of the two or
more genes encoding a polypeptide involved in the UDP-glucose biosynthetic pathway
comprises a nucleotide sequence native to the recombinant host cell, while one or more of the
two or more genes encoding a polypeptide involved in the UDP-glucose biosynthetic pathway
comprises a heterologous nucleotide sequence. For example, in some embodiments, a
recombinant S. cerevisiae host cell expressing a recombinant gene encoding a polypeptide
capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate having the amino
acid sequence set forth in SEQ ID NO:121 (i.e., a recombinant host overexpressing the
polypeptide) further expresses a recombinant gene encoding a polypeptide capable of
synthesizing UDP-glucose from UTP and glucose-1-phosphate having the amino acid sequence
set forth in, e.g., SEQ ID NO:125, SEQ ID NO:127, SEQ ID NO:129, SEQ ID NO:131, SEQ ID
NO:133, SEQ ID NO:135, SEQ ID NO:137, or SEQ ID NO:139. In another example, in some
embodiments, a recombinant S. cerevisiae host cell expressing a recombinant gene encoding a
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polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate having the
amino acid sequence set forth in SEQ ID NO:119 (i.e., a recombinant host overexpressing the
polypeptide) further expresses a recombinant gene encoding a polypeptide capable of
converting glucose-6-phosphate to glucose-1-phosphate having the amino acid sequence set
forth in, e.g., SEQ ID NO:141, SEQ ID NO:143, SEQ ID NO:145, or SEQ ID NO:147.
Accordingly, as used herein, the term “a recombinant gene” may include “one or more

recombinant genes.”

[00103] In some embodiments, a recombinant host comprises two or more copies of a
recombinant gene encoding a polypeptide involved in the UDP-glucose biosynthetic pathway or
the steviol glycoside biosynthetic pathway. In some embodiments, a recombinant host is
preferably transformed with, e.g., two copies, three copies, four copies, or five copies of a
recombinant gene encoding a polypeptide involved in the UDP-glucose biosynthetic pathway or
the steviol glycoside biosynthetic pathway. For example, in some embodiments, a recombinant
host is transformed with two copies of a recombinant gene encoding a polypeptide capable of
synthesizing UTP from UDP (e.qg., a polypeptide having the amino acid sequence set forth in
SEQ ID NO:123). The person of ordinary skill in the art will appreciate that, in some
embodiments, recombinant genes may be replicated in a host cell independently of cell
replication; accordingly, a recombinant host cell may comprise, e.g., more copies of a
recombinant gene than the number of copies the cell was transformed with. Accordingly, as
used herein, the term “a recombinant gene” may include “one or more copies of a recombinant

gene.”

[00104] In some aspects, expression of a polypeptide capable of synthesizing UTP from
UDP, a polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate, and/or
a polypeptide capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate in a
recombinant host cell increases the amount of UDP-glucose produced by the cell. In some
aspects, expression of a polypeptide capable of synthesizing UTP from UDP, a polypeptide
capable of converting glucose-6-phosphate to glucose-1-phosphate, and/or a polypeptide
capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate in a recombinant host
cell maintains, or even increases, the pool of UDP-glucose available for, e.g., glycosylation of
steviol or a steviol glycoside. In some aspects, expression of a polypeptide capable of
synthesizing UTP from UDP, a polypeptide capable of converting glucose-6-phosphate to
glucose-1-phosphate, and/or a polypeptide capable sunthesizing UDP-glucose from UTP and

glucose-1-phosphate in a recombinant host cell increases the speed which which UDP-glucose
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is regenerated, thus maintaining, or even increasing, the UDP-glucose pool, which can be used

to synthesize one or more steviol glycosides.

[00105] In some embodiments, expression of a recombinant gene encoding a polypeptide
capable of synthesizing UTP from UDP (e.g., a polypeptide having the amino acid sequence set
forth in SEQ ID NO:123), a recombinant gene encoding a polypeptide capable of converting
glucose-6-phosphate to glucose-1-phosphate (e.g. a polypeptide having the amino acid
sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:141, SEQ ID NO:143, SEQ ID
NO:145, or SEQ ID NO:147), and a recombinant gene encoding a polypeptide capable of
synthesizing UDP-glucose from UTP and glucose-1-phosphate (e.g., a polypeptide having the
amino acid sequence set forth in SEQ ID NO:121, SEQ ID NO:125, SEQ ID NO:127, SEQ ID
NO:129, SEQ ID NO:131, SEQ ID NO:133, SEQ ID NO:135, SEQ ID NO:137, or SEQ ID
NO:139) in a recombinant host cell increases the amount of UDP-glucose produced by the cell
by at least about 10%, e.g., at least about 25%, or at least about 50%, or at least about 75%, or
at least about 100%, or at least about 125%, or at least about 150%, or at least about 175%, or
at least about 200%, or at least about 225%, or at least about 250%, or at least about 275%, or
at least about 300%, calculated as an increase in intracellular UDP-glucose concentration

relative to a corresponding host lacking the recombinant genes.

[00106] In certain such embodiments, one or more of the recombinant gene encoding a
polypeptide capable of synthesizing UTP from UDP, the recombinant gene encoding a
polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate, and the
recombinant gene encoding a polypeptide capable of synthesizing UDP-glucose from UTP and
glucose-1-phosphate comprise a nucleotide sequence native to the host cell. For example, in
some embodiments, expression of a recombinant gene encoding a polypeptide capable of
synthesizing UTP from UDP having the amino acid sequence set forth in SEQ ID NO:123, a
recombinant gene encoding a polypeptide capable of converting glucose-6-phosphate to
glucose-1-phosphate having the amino acid sequence set forth in SEQ ID NO:2 and/or SEQ ID
NO:119, and a recombinant gene encoding a polypeptide capable of synthesizing UDP-glucose
from UTP and glucose-1-phosphate having the amino acid sequence set forth in SEQ ID
NO:121 in a steviol glycoside-producing S. cerevisiae host cell (i.e., providing a recombinant
host overexpressing the polypeptides) increases the amount of UDP-glucose produced by the
cell by at least about 10%, e.g., at least about 25%, or at least about 50%, or at least about
75%, or at least about 100%, or at least about 125%, or at least about 150%, or at least about

175%, or at least about 200%, or at least about 225%, or at least about 250%, or at least about
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275%, or at least about 300%, calculated as an increase in intracellular UDP-glucose

concentration relative to a corresponding host lacking the recombinant genes.

[00107] In some aspects, expression of a polypeptide capable of synthesizing UTP from
UDP, a polypeptide capable of converting glucose-6-phosphate to glucose-1-phosphate, and/or
a polypeptide capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate in a
steviol-glycoside producing recombinant host cell further expressing a gene encoding a
polypeptide capable of glycosylating steviol or a steviol glycoside at its C-13 hydroxyl group; a
gene encoding a polypeptide capable of beta 1,3 glycosylation of the C3’ of the 13-O-glucose,
19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside; a gene encoding a
polypeptide capable of glycosylating steviol or a steviol glycoside at its C-19 carboxyl group;
and/or a gene encoding a polypeptide capable of beta 1,2 glycosylation of the C2’ of the 13-O-
glucose, 19-O-glucose, or both 13-O-glucose and 19-O-glucose of a steviol glycoside, increases
the amount of one or more steviol glycosides produced by the cell, and/or decreases the
amount of one or more steviol glycosides produced by the cell. In some embodiments, the
steviol glycoside-producing host further expresses a gene encoding a polypeptide capable of
synthesizing GGPP from FPP and IPP; a gene encoding a polypeptide capable of synthesizing
ent-copalyl diphosphate from GGPP; a gene encoding a polypeptide capable of synthesizing
ent-kaurene from ent-copalyl diphosphate; a gene encoding a polypeptide capable of
synthesizing ent-kaurenoic acid, ent-kaurenol, and/or ent-kaurenal from entkaurene; a gene
encoding a polypeptide capable of reducing cytochrome P450 complex; and a gene encoding a
polypeptide capable of synthesizing steviol from ent-kaurenoic acid; and/or a gene encoding a
bifunctional polypeptide capable of synthesizing ent-copalyl diphosphate from GGPP and

synthesizing ent-kaurene from ent-copalyl diphosphate.

[00108] In some aspects, the polypeptide capable of synthesizing geranylgeranyl
pyrophosphate (GGPP) from farnesyl diphosphate (FPP) and isopentenyl diphosphate (IPP)
comprises a polypeptide having an amino acid sequence set forth in SEQ ID NO:20 (which can
be encoded by the nucleotide sequence set forth in SEQ ID NO:19), SEQ ID NO:22 (encoded
by the nucleotide sequence set forth in SEQ ID NO:21), SEQ ID NO:24 (encoded by the
nucleotide sequence set forth in SEQ ID NO:23), SEQ ID NO:26 (encoded by the nucleotide
sequence set forth in SEQ ID NO:25), SEQ ID NO:28 (encoded by the nucleotide sequence set
forth in SEQ ID NO:27), SEQ ID NO:30 (encoded by the nucleotide sequence set forth in SEQ
ID NO:29), SEQ ID NO:32 (encoded by the nucleotide sequence set forth in SEQ ID NO:31), or

SEQ ID NO:116 (encoded by the nucleotide sequence set forth in SEQ ID NO:115). In some
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embodiments, a recombinant host comprising a gene encoding a polypeptide capable of
synthesizing geranylgeranyl pyrophosphate (GGPP) from farnesyl diphosphate (FPP) and
isopentenyl diphosphate (IPP) further comprises one or more genes encoding one or more
polypeptides capable of synthesizing UTP from UDP (e.g., a polypeptide having the amino acid
sequence set forth in SEQ ID NO:123), one or more genes encoding one or more polypeptides
capable of converting glucose-6-phosphate to glucose-1-phosphate (e.g., a polypeptide having
the amino acid sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:141, SEQ ID
NO:143, SEQ ID NO:145, and/or SEQ ID NO:147), and/or one or more genes encoding one or
more polypeptides capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate
(e.g., a polypeptide having the amino acid sequence set forth in SEQ ID NO:121, SEQ ID
NO:125, SEQ ID NO:127, SEQ ID NO:129, SEQ ID NO:131, SEQ ID NO:133, SEQ ID NO:135,
SEQ ID NO:137, and/or SEQ ID NO:139). In some embodiments, the recombinant host is an S.
cerevisiae host cell overexpressing one or more genes encoding one or more polypeptides
involved in the UDP-glucose biosynthetic pathway (e.g., a polypeptide having the amino acid
sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:121, and/or SEQ ID NO:123).

[00109] In some aspects, the polypeptide capable of synthesizing ent-copalyl diphosphate
from GGPP comprises a polypeptide having an amino acid sequence set forth in SEQ ID NO:34
(which can be encoded by the nucleotide sequence set forth in SEQ ID NO:33), SEQ ID NO:36
(encoded by the nucleotide sequence set forth in SEQ ID NO:35), SEQ ID NO:38 (encoded by
the nucleotide sequence set forth in SEQ ID NO:37), SEQ ID NO:40 (encoded by the nucleotide
sequence set forth in SEQ ID NO:39), or SEQ ID NO:42 (encoded by the nucleotide sequence
set forth in SEQ ID NO:41). In some embodiments, the polypeptide capable of synthesizing ent-
copalyl diphosphate from GGPP lacks a chloroplast transit peptide. In some embodiments, a
recombinant host comprising a gene encoding a polypeptide capable of synthesizing ent-copalyl
diphosphate from GGPP further comprises one or more genes encoding one or more
polypeptides capable of synthesizing UTP from UDP (e.g., a polypeptide having the amino acid
sequence set forth in SEQ ID NO:123), one or more genes encoding one or more polypeptides
capable of converting glucose-6-phosphate to glucose-1-phosphate (e.g., a polypeptide having
the amino acid sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:141, SEQ ID
NO:143, SEQ ID NO:145, and/or SEQ ID NO:147), and/or one or more genes encoding one or
more polypeptides capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate
(e.g., a polypeptide having the amino acid sequence set forth in SEQ ID NO:121, SEQ ID
NO:125, SEQ ID NO:127, SEQ ID NO:129, SEQ ID NO:131, SEQ ID NO:133, SEQ ID NO:135,
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SEQ ID NO:137, and/or SEQ ID NO:139). In some embodiments, the recombinant host is an S.
cerevisiae host cell overexpressing one or more genes encoding one or more polypeptides
involved in the UDP-glucose biosynthetic pathway (e.g., a polypeptide having the amino acid
sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:121, and/or SEQ ID NO:123).

[00110] In some aspects, the polypeptide capable of synthesizing ent-kaurene from ent
copalyl diphosphate comprises a polypeptide having an amino acid sequence set forth in SEQ
ID NO:44 (which can be encoded by the nucleotide sequence set forth in SEQ ID NO:43), SEQ
ID NO:46 (encoded by the nucleotide sequence set forth in SEQ ID NO:45), SEQ ID NO:48
(encoded by the nucleotide sequence set forth in SEQ ID NO:47), SEQ ID NO:50 (encoded by
the nucleotide sequence set forth in SEQ ID NO:49), or SEQ ID NO:52 (encoded by the
nucleotide sequence set forth in SEQ ID NO:51). In some embodiments, a recombinant host
comprising a gene encoding a polypeptide capable of synthesizing ent-kaurene from ent-copalyl
diphosphate further comprises one or more genes encoding one or more polypeptides capable
of synthesizing UTP from UDP (e.qg., a polypeptide having the amino acid sequence set forth in
SEQ ID NO:123), one or more genes encoding one or more polypeptides capable of converting
glucose-6-phosphate to glucose-1-phosphate (e.g., a polypeptide having the amino acid
sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:141, SEQ ID NO:143, SEQ ID
NO:145, and/or SEQ ID NO:147), and/or one or more genes encoding one or more polypeptides
capable of synthesizing UDP-glucose from UTP and glucose-1-phosphate (e.g., a polypeptide
having the amino acid sequence set forth in SEQ ID NO:121, SEQ ID NO:125, SEQ ID NO:127,
SEQ ID NO:129, SEQ ID NO:131, SEQ ID NO:133, SEQ ID NO:135, SEQ ID NO:137, and/or
SEQ ID NO:139). In some embodiments, the recombinant host is an S. cerevisiae host cell
overexpressing one or more genes encoding one or more polypeptides involved in the UDP-
glucose biosynthetic pathway (e.g., a polypeptide having the amino acid sequence set forth in
SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:121, and/or SEQ ID NO:123).

[00111] In some embodiments, a recombinant host comprises a gene encoding a bifunctional
polypeptide capable of synthesizing ent-copalyl diphosphate from GGPP and synthesizing ent-
kaurene from ent-copalyl diphosphate. In some aspects, the bifunctional polypeptide comprises
a polypeptide having an amino acid sequence set forth in SEQ ID NO:54 (which can be
encoded by the nucleotide sequence set forth in SEQ ID NO:53), SEQ ID NO:56 (encoded by
the nucleotide sequence set forth in SEQ ID NO:55), or SEQ ID NO:58 (encoded by the
nucleotide sequence set forth in SEQ ID NO:57). In some embodiments, a recombinant host

comprising a gene encoding a bifunctional polypeptide capable of synthesizing ent-copalyl
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diphosphate from GGPP and synthesizing ent-kaurene from ent-copalyl diphosphate further
comprises one or more genes encoding one or more polypeptides capable of synthesizing UTP
from UDP (e.g., a polypeptide having the amino acid sequence set forth in SEQ ID NO:123),
one or more genes encoding one or more polypeptides capable of converting glucose-6-
phosphate to glucose-1-phosphate (e.g., a polypeptide having the amino acid sequence set
forth in SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:141, SEQ ID NO:143, SEQ ID NO:145,
and/or SEQ ID NO:147), and/or one or more genes encoding one or more polypeptides capable
of synthesizing UDP-glucose from UTP and glucose-1-phosphate (e.g., a polypeptide having
the amino acid sequence set forth in SEQ ID NO:121, SEQ ID NO:125, SEQ ID NO:127, SEQ
ID NO:129, SEQ ID NO:131, SEQ ID NO:133, SEQ ID NO:135, SEQ ID NO:137, and/or SEQ ID
NO:139). In some embodiments, the recombinant host is an S. cerevisiae host cell
overexpressing one or more genes encoding one or more polypeptides involved in the UDP-
glucose biosynthetic pathway (e.g., a polypeptide having the amino acid sequence set forth in
SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:121, and/or SEQ ID NO:123).

[00112] In some aspects, the polypeptide capable of synthesizing ent-kaurenoic acid, ent-
kaurenol, and/or ent-kaurenal from ent-kaurene comprises a polypeptide having an amino acid
sequence set forth in SEQ ID NO:60 (which can be encoded by the nucleotide sequence set
forth in SEQ ID NO:59), SEQ ID NO:62 (encoded by the nucleotide sequence set forth in SEQ
ID NO:61), SEQ ID NO:117 (encoded by the nucleotide sequence set forth in SEQ ID NO:63 or
SEQ ID NO:64), SEQ ID NO:66 (encoded by the nucleotide sequence set forth in SEQ ID
NO:65), SEQ ID NO:68 (encoded by the nucleotide sequence set forth in SEQ ID NO:67), SEQ
ID NO:70 (encoded by the nucleotide sequence set forth in SEQ ID NO:69), SEQ ID NO:72
(encoded by the nucleotide sequence set forth in SEQ ID NO:71), SEQ ID NO:74 (encoded by
the nucleotide sequence set forth in SEQ ID NO:73), or SEQ ID NO:76 (encoded by the
nucleotide sequence set forth in SEQ ID NO:75). In some embodiments, a recombinant host
comprising a gene encoding a polypeptide capable of synthesizing ent-kaurenoic acid, ent-
kaurenol, and/or ent-kaurenal from ent-kaurene further comprises one or more genes encoding
one or more polypeptides capable of synthesizing UTP from UDP (e.g., a polypeptide having
the amino acid sequence set forth in SEQ ID NO:123), one or more genes encoding one or
more polypeptides capable of converting glucose-6-phosphate to glucose-1-phosphate (e.g., a
polypeptide having the amino acid sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ
ID NO:141, SEQ ID NO:143, SEQ ID NO:145, and/or SEQ ID NO:147), and/or one or more
genes encoding one or more polypeptides capable of synthesizing UDP-glucose from UTP and
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glucose-1-phosphate (e.g., a polypeptide having the amino acid sequence set forth in SEQ ID
NO:121, SEQ ID NO:125, SEQ ID NO:127, SEQ ID NO:129, SEQ ID NO:131, SEQ ID NO:133,
SEQ ID NO:135, SEQ ID NO:137, and/or SEQ ID NO:139). In some embodiments, the
recombinant host is an S. cerevisiae host cell overexpressing one or more genes encoding one
or more polypeptides involved in the UDP-glucose biosynthetic pathway (e.g., a polypeptide
having the amino acid sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ ID NO:121,
and/or SEQ ID NO:123).

[00113] In some aspects, the polypeptide capable of reducing cytochrome P450 complex
comprises a polypeptide having an amino acid sequence set forth in SEQ ID NO:78 (which can
be encoded by the nucleotide sequence set forth in SEQ ID NO:77), SEQ ID NO:80 (encoded
by the nucleotide sequence set forth in SEQ ID NO:79), SEQ ID NO:82 (encoded by the
nucleotide sequence set forth in SEQ ID NO:81), SEQ ID NO:84 (encoded by the nucleotide
sequence set forth in SEQ ID NO:83), SEQ ID NO:86 (encoded by the nucleotide sequence set
forth in SEQ ID NO:85), SEQ ID NO:88 (encoded by the nucleotide sequence set forth in SEQ
ID NO:87), SEQ ID NO:90 (encoded by the nucleotide sequence set forth in SEQ ID NO:89), or
SEQ ID NO:92 (encoded by the nucleotide sequence set forth in SEQ ID NO:91). In some
embodiments, a recombinant host comprising a gene encoding a polypeptide capable of
reducing cytochrome P450 complex further comprises one or more genes encoding one or
more polypeptides capable of synthesizing UTP from UDP (e.g., a polypeptide having the amino
acid sequence set forth in SEQ ID NO:123), one or more genes encoding one or more
polypeptides capable of converting glucose-6-phosphate to glucose-1-phosphate (e.g., a
polypeptide having the amino acid sequence set forth in SEQ ID NO:2, SEQ ID NO:119, SEQ
ID NO:141