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(57) Abstract: The present invention provides an expression cassette comprising a polynucleotide that encodes a protein that diverts

a monolignol precursor from a lignin biosynthesis pathway in the plant, which is operably linked to a heterologous promoter. Also
provided are methods of engineering a plant having reduced lignin content, as well as plant cells, plant parts, and plant tissues from



10

15

20

CA2940141

TISSUE SPECIFIC REDUCTION OF LIGNIN

[0001] [deleted]

[0002] [deleted]

BACKGROUND OF THE INVENTION

[0003] Plant lignocellulosic biomass is used as a renewable feedstock for biofuel production and is a
promising alternative to fossil fuel consumption. However, a major bottleneck in biofuel production is
the quality of available feedstocks. Available feedstocks have a high resistance (recalcitrance) to being
reduced into simple sugars that can in turn be converted into fuel. Therefore, improving the
composition and/or digestibility of the raw biomass will have an important beneficial impact on

lignocellulosic biofuels production.

[0004] Lignocellulosic biomass is mainly composed of secondary cell walls, which comprise
polysaccharide polymers embedded in lignin. The embedding of the polysaccharide polymers in lignin
reduces their extractability and accessibility 1o hydrolytic enzymes, resulting in cell wall recalcitrance to
enzymatic hydrolysis. Lignin content and saccharification efficiency of plant cell wall usually are
highly negatively correlated. See, e.g., Chen and Dixon, Nat. Biotechnol. 25:759-761 (2007); Jorgensen
et al., Biofuel Bioprod. Bior. 1:119-134 (2007); and Vinzant et al., Appl. Biochem. Biotechnol. 62:99-
104 (1997). However, most attempts at reducing lignin content during plant development have resulted
in severe biomass yield reduction (Franke ef al., Plant J. 30:33-45 (2002); Shadle et al., Phytochemistry
68:1521-1529 (2007); and Voelker et al., Plant Physiol. 154:874-886 (2010)) and therefore, there are

few crops having significant lignin reduction. Although silencing
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strategies have been used to reduce the amount of lignin in plants, there remains a need for
mathods of reducing lignin in specific cell and tissue types that reduce cell wall recalcitrance,

thus improving the extractability and hydrolysis of fermentable sugars from plant biomass.

BRIEF SUMMARY OF THE INVENTION

{10651  In one aspect, the present invention provides methods of engineering a plant having

reduced lignin confent. In some embodiments, the method comprises:

introducing into the plant an expression cassetie comprising a poelynueleotide
that encodes a protein that diverts a monoligool precursor from a lignin biosynthesis pathway
(e.g., a p-coumary! alcohol, sinapyl alcohol, and/or coniferyl aleohol biosynthesis pathway)
in the plant, and wherein the polynucleotide is operably linked to a heterologous promoter;
and

culturing the plant under conditions in which the protein that diverts the

monolignol precursor from the lignin biosynthesis pathway is expressed.

[0606] In some embodiments, the protein reduces the amount of cytosolic and/or plastidial
shikimate that is available for the lignin blosynthesis pathway. In some embodiments, the
protein is shikimate kinase (AroK), pentafunctional AROM polypeptide (ARO1),
dehydroshikimate dehydratase (DsDH}, or dehydroshikimate dehydratase (QsaB). In some
embodiments, the protein is substantislly identical to an amino acid sequence of S8EQ 1D

NO:2, SEQ ID NO:4, SEQ ID NO:s, or SEQ 1D NGHS,

{88071  In some embodiments, the protein reduces the amoumi of cytosolic and/or plastidial
phenylalanine that is available for the lignin biosynthesis pathway. In some embodiments,
wherein the protein is phenylacetaldebyde synthase (PAAS) or phesylalanine aminomutase
(PAM). In some embodiments, the protein is substantially identical to an amino acid

sequence of SEQ 1D NO:10 or SEQ 1D NO:29.

[{3608] In some embodiments, the protein reduces the amount of cinnamate and/or
coumarate that is available for the lgnin biosynthesis pathway. In some ecmbodiments, the
protein is p-coumarate/cinnamate carboxylmethltransferase (CCMT1) or phenylacrylic acid
decarboxylase (PDC). In some erpbodiments, the protein is substantially identical to an

amino acid sequence of SEQ 10 N2 or SEQ ID NCG:38.

[B809]  In some embodiments, the protein reduces the amount of coumaroyl-CoA, caffeoyl-

CodA, andfor feruloyl-CoA that is available for the lignin biosynthesis pathway. In some
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embodiments, the protein is 2-oxoglutarate-dependent dioxygenase (C2'H), chalcone synthase
(CHS), stilbeng synthase (SPS), cocuminoid synthase (CUS), or benzalacetone (BAS). In
some embodiments, the protein is substantially identical to an amine acid sequence of SEQ
IDNO4, SEQ ID NG, SHQ ID NG:32, SEQ IDNG:33, SEQ ID NO:34, SEQ 1D NO;35,

or SEQ ID NG:36.

[6618] In some embodiments, the protein activates or potentiates s metabolic pathway that
competes with the lignin biosynthesis pathway for the use of monolignol precursors. In some
embaodiments, the metabolic pathway s a stilbene biosynthesis pathway, a flavonoid
biosynthesis pathway, 2 curcumineid biosynthesis pathway, or a bensalacetone biosynthesis
pathway. In some embodiments, the protein is a transcription factor that activates or
potentiates the flavonoid biosynthesis pathway. To serue embodiments, the protein is
substantially identical to an amino acid sequence of SEQ ID NG:37, SEQ 1D NO:38, SEQ 1D
N(39, SEQ ID NOMO, 8EQ 1D NO:4 L, SEQ ID NG:4Z, SEQ ID NOM3, SEQ 1D NG44, or
SEQ D NOu4s,

{3011] In some embodiments, the promoter is a tissue-specific promoter. Insome
embodiments, the promoter is a secondary cell wall-specific promoter or a fiber cell-specific
promoter. In some embodiments, the promoter is an IRXS promoter. In some embodiments,
the promoter is from a gene that is co-expressed in the lignin biosynthesis pathway
{phenylpropanoid pathway), e.g., a promoter from a gene expressed in the pathway shown in
Figure 1. In some embodiments, the promeoter is a C4H, C3H, HCT, CCR1, CAD4, CADS,
F5H, PALL PALZ, 4CLL, or CCoAMT promoter.

[6012] In some embodiments, the protein that diverts a monoligool precursor from a lignin
hiosynthesis pathway is targeted to a plastid in the plant. In scine embodiments, the

Y £ >
polynucleotide comprises a plastid targeting signal that is substantially identical to the

polynuclectide sequence of SEQ ID NO:1s,

[0013] In some embodiments, the protein diverts a monolignol precursor from a sinapyl
alcohol and/or coniferyl alcohol bicsynthesis pathway. In some embodiments, the plant has

reduced content of gualacyl {G) and syringyl (8) lignin units.

{0014] In some embodiments, the plant {or plant part, or seed, flower, leaf, or fruit from the
plant) is selected from the group consisting of Arabidopsis, poplar, cucalyptus, rice, corn,
switchgrass, sorghum, miilet, miscanthus, sugarcane. pine, alfalfa, wheat, soy, barley,

turfgrass, tobacco, hemp, bamboo, rape, sunflower, willow, and Brachypodium.
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[6815] In another aspect, the present mvention provides a plant cell comprising a
polynuclestide that encodes a protein that diverts a monolignol precursor from a lignin
biosynthesis pathway in the plant, wherein the polynucleotide is operably linked to a

heterclogous promuoter.

(6016} In some embodiments, the plant cell comprises a polynucleatide that encodes a
protein that reduces the amount of eytosolic and/or plastidial shikimate that is available for
the lignin biosynthesis pathway. In some embodiments, the protein is shikimate kinase
{Arck), pentafunctional AROM polypeptide (ARO1), debydroshikimate dehydratase
(sDH), or dehydroshikimate debydratase (QsuB). In some embodiments, the protein is
substantially identical to an amino acid sequence of SEQ 1D NO:2, SEQ ID NO:4, SEQ ID
NO:6, or SEQ [D NOiR.

[88171 Tn some embodiments, the plant cell comprises a polynuclcotide that encodes a
protein that reduces the amount of cytosolic and/or plastidial phenylalanine that is available
for the lignin biosynthesis pathway. In some embodiments, wherein the protein is
phenylacetaldehyde synthase (PAAS) or phenylalanine aminomutase (PAM). In some
embodiments, the protein is substantially identical to 2n amino acid sequence of SEQ 1D

NO:I6 or SEQ ID NG:ZS.

[6018] In some embodiments, the plant cell comprises a polynucleotide that encodes a
protein that reduces the amount of cinnamate and/or coumarate that is available for the lignin
biosynthesis pathway. In some embodiments, the protein is p-coumarate/cinnamate
carboxylmethhransferase (CCMT 1) or phenylacrvlic decarboxylase (PDC). In some
embodiments, the protein is substantially identical to an amine acid sequence of 3EQ 1D

NG:12 or SEG 1D NO:30.

[6019] In some embodiments, the plant cell comprises a polynucleotide that encodes a
protein that reduces the amount of coumaroyl-CoA, caffeoyl-Cod, and/or feruloyl-CoA that
is available for the lignin biosynthesis pathway. In some embodiments, the proteinis 2-
oxoglutarate-dependent dioxygenase (C2'H), chalcone synthase (CHS), stilbene synthase
{SPS), cucuminoid synthase (CUS), or benzalacetone (BAS). In some embodiments, the
protein is substaniially identical to an amino acid sequence of SEQ ID NO:14, SEQID

NO:31, SEQIDNO:32, SEQ 1D NO:33, SEQ ID NO:34, SEQ ID NG;35, or SEQ I NQG:36.

10028} In some embodiments, the plant cell comprises a polynucleotide that encodes a
protein activates or potentiates a metabolic pathway that competes with the lignin

biosynthesis pathway for the use of monolignol precursors. In some embodiments, the

4
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metabolic pathway is a stilbene biosynthesis pathway, a flavonoid biosynthesis pathway, a
curcuminoid biosynthesis pathway, or a bensalacetone biosynthesis pathway. In some
embodiments, the protein is a transcription factor that activates or potentiates the flavonoid
biosynthesis pathway. In some embodiments, the protein is substantially identical to an
amine acid sequence of SEQ 1D NO:37, SEQ ID NOG:38, SEQ 1D NO:39, SEQ [0 NO:4S,
SEQ 1D MNOu41, SEQ ID NOi42, S8EG D NO:43, SEQ 1D NOG:d4, or SEQ ID NO:A435.

[8621] In some embodiments, the plant cell comprises a tissue-specific promoter. In some
embodiments, the promoter is a secondary cell wall-specific promoter or a fiber cell-specific
promoter. In some embodiments, the promoter is an IRXS promoter. In some embodiments,
the plant cell comprises a promoter from a gene that is co-expressed in the lignin biosynthesis
pathway (phenylpropanoid pathway}, e.g., a promoter from a gene expressed in the pathway
shown in Figure 1. In some embodiments, the promoter is a C4H, C3H, HCT, CCRI, CAD4,

CADS, FSH, PALIL, PALZ, 4CL1, or CCoAMT promoter.

{00221  In some embodiments, the plant cell comprises a polynucletide encoding a protein
that diveris a monolignol precursor from a lignin biosynthesis pathway that is targeted to a
plastid in the plant. In some embodiments, the polynucleotide comprises a plastid targeting

signal that is substantially identical to the polynuclentide sequence of SEQ 1D N(O:135.

(38231 In another aspect, the present fnvention provides planis comprising a plant cell as
deseribed herein. In some embodiments, the plant has reduced lignin content that is

substantially localized 1o secondary cell wall tissue or fiber cells of the plant.

[6624] In yet another aspect, the present invention provides methods of engineering a plant
having reduced Henin content by expressing or overexpressing a competitive inhibitor of a

lignin biosynthesis pathway enzyme. In some embodiments, the method comprises:

introducing into the plant an expression cassette comprising a polynuclectide
that encodes a protein that produces a competitive inhibitor of hydroxycinnamoyl-CoA
shikimate/quinate hydroxycinnamoylransferase (HCT) in the plant, wherein the
polynucteotide is operably linked to a heterologous promoter; and

culturing the plant under conditions in which the protein that produces a

competitive inhibitor of HCT is expressed.

[0025] In some embodiments, the protein produces one or more of the competitive
inhibitors protocatechuate, gentisate, catechol, 2,3-dihydroxybenzoate, 3,6-

dihydroxybenzoate, or 3-hydroxy-2-aminobenzoate. In some embodiments, the protein

LN
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produces the competitive inhibitor of HCT protocatechuate. In some embodiments, the
protein is dehydroshikimate dehydratase (QsuB8), dehydroshikimate dehydratase (DsDH),

isochorismate synthase (JUS), salieylic acid 3-hydroxylase (S3H), salicylate hydroxylase

{nah(3), or salicylate S-hydroxylase {(nag(GH).

(06267 In some embodiments, the polynuciectide that encodes a protein that produces &
competitive nhibitor of HCT is aperably linked to a tissue-specific promoter. In some
embodiments, the promoter is a secondary cell wall-specific promotar or a fiber cell-specific
promoter. In some embodiments, the promoter is an IRXS promoter. In some embodiments,
the promoter is from a gene that is expressed in the lignin biosynthesis pathway
{phenylpropanoid pathway), e.g., a promoter from a gene expressed in the pathway shown in
Figore §. In some embodiments, the promoter is a C4H, C3H, HCT, CCR1, CAD4, CADS,
F5H, PALL, PALZ, 4CL1, or CCoAMT promoter.

{0027]  In stiil another aspect, the present invention provides a plant, plant part, or seed,
flower, leaf, or fruit from the plant, or a plant cell comprising a polynuclectide that encodes a
protein that produces a competitive inhibitor of HCT in the plant, wherein the polynuclectide

is operably linked to a heterologous promoter.

[0628] Tn still another aspect, the present invention provides biomass comprising plant

tissue from a plant or part of a plant as described herein,

[8829] In yet another aspect, the present invention provides methods of obtaining an
increased amount of soluble sugars from a plant in a saccharification reaction. In some
embodiments, the method comprises subjecting a plant as described herein to a
saccharification reaction, thereby increasing the amount of soluble sugars that can be
obtained from the plant as compared to a3 wild-type plant.

[0630]  In still another aspect, the present invention provides methods of increasing the
digestibility of the biomass for ruminants. In some embodiments, the method comprises
introducing an expression cassette as described herein into a plant; culturing the plant under
conditions in which the protein that diverts the monolignol precursor from the fignin
biosynthesis pathway, or the protein that produces a competitive inhibitor of HCT, i
expressed; and obtaining biomass from the plant, thereby increasing the digestibility of the

hiomass for ruminants.
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[0030A]  Aspects of the disclosure relate to a method of engineering a plant having reduced lignin
content, the method comprising: introducing into the plant an expression cassette comprising a
polynucleotide that encodes: a bacterial dehydroshikimate dehydratase or a Podospora anserina
dehydroshikimate dehydratase (DsDH); a bacterial shikimate kinase; a pentafunctional AROM
polypeptide (ARO1) a phenylacetaldehyde synthase (PAAS) or phenylalanine aminomutase (PAM); a
p-coumarate/cinnamate carboxylmethltransferase (CCMT1) or phenylacrylic acid decarboxylase (PDC);
a 2-oxoglutarate-dependent dioxygenase (C2'H), chalcone synthase (CHS), stilbene synthase (SPS),
cucuminoid synthase (CUS), or benzalacetone (BAS); or a transcription factor that activates or
potentiates the flavonoid biosynthesis pathway; wherein the polynucleotide is operably linked to a
heterologous promoter and wherein the heterologous promoter is a secondary cell wall-specific
promoter or a fiber cell-specific promoter; and culturing the plant under conditions in which the protein
that diverts the monolignol precursor from the lignin biosynthesis pathway is expressed.

[0030B]  Aspects of the disclosure relate to a plant cell comprising an expression cassette comprising
a polynucleotide that encodes: a bacterial dehydroshikimate dehydratase or a Podospora anserina
dehydroshikimate dehydratase (DsDH); a bacterial shikimate kinase; a pentafunctional AROM
polypeptide (ARO1)-a phenylacetaldehyde synthase (PAAS) or phenylalanine aminomutase (PAM); a
p-coumarate/cinnamate carboxylmethltransferase (CCMT1) or phenylacrylic acid decarboxylase (PDC);
a 2-oxoglutarate-dependent dioxygenase (C2'H), chalcone synthase (CHS), stilbene synthase (SPS),
cucuminoid synthase (CUS), or benzalacetone (BAS); or a transcription factor that activates or
potentiates the flavonoid biosynthesis pathway; wherein the polynucleotide is operably linked to a
heterologous promoter and wherein the heterologous promoter is a secondary cell wall-specific
promoter or a fiber cell-specific promoter.

[0030C]  Aspects of the disclosure relate to a plant cell comprising a polynucleotide that encodes a
protein that diverts a monolignol precursor from a lignin biosynthesis pathway in the plant, wherein the
polynucleotide is operably linked to a heterologous promoter, wherein the plant cell is from secondary
cell wall or fiber that diverts a monolignol precursor from the lignin pathway is shikimate kinase
(AroK), pentafunctional AROM polypeptide (ARO1), dehydroshikimate dehydratase (DsDH),
dehydroshikimate dehydratase (QsuB), phenylacetaldehyde synthase (PAAS), phenylalanine
aminomutase (PAM), p-coumarate/cinnamate carboxylmethltransferase (CCMT1), ferulic acid
decarboxylase (FDC1), phenylacrylic decarboxylase (PDC), 2-oxoglutarate-dependent dioxygenase
(C2'H), chalcone synthase (CHS), stilbene synthase (SPS), cucuminoid synthase (CUS), or
benzalacetone (BAS); and the promoter is a secondary cell wall-specific promoter or a fiber cell-specific

promoter.

6a
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[0030D]  Various embodiments of the claimed invention relate to a method of engineering a plant
having reduced lignin content, the method comprising: introducing into the plant an expression cassette
comprising a polynucleotide that encodes an enzyme that diverts a monolignol precursor from the lignin
biosynthesis pathway, wherein the polynucleotide is operably linked to a heterologous secondary cell
wall-specific promoter or a heterologous fiber cell-specific promoter, and wherein the enzyme is: a
bacterial dehydroshikimate dehydratase, a Podospora anserina dehydroshikimate dehydratase (DsDH),
a bacterial shikimate kinase, a pentafunctional AROM polypeptide (ARO1), a phenylacetaldehyde
synthase (PAAS), a phenylalanine aminomutase (PAM), a p-coumarate/cinnamate
carboxylmethlytransferase (CCMT1), a phenylacrylic acid decarboxylase (PDC), a 2-oxoglutarate-
dependent dioxygenase (C2'H), a chalcone synthase (CHS), a stilbene synthase (SPS), a cucuminoid
synthase (CUS), or a benzalacetone synthase (BAS); and culturing the plant under conditions in which
the enzyme that diverts the monolignol precursor from the lignin biosynthesis pathway is expressed,
thereby reducing the plant lignin content.

[0030E]  Various embodiments of the claimed invention also relate to a plant cell comprising an
expression cassette comprising a polynucleotide that encodes an enzyme that diverts a monolignol
precursor from the lignin biosynthesis pathway, wheremn the polynucleotide is operably linked to a
heterologous secondary cell wall-specific promoter or a heterologous fiber cell-specific promoter, and
wherein the enzyme is a bacterial dehydroshikimate dehydratase, a Podospora anserina
dehydroshikimate dehydratase (DsDH), a bacterial shikimate kinase, a pentafunctional AROM
polypeptide (ARO1), a phenylacetaldehyde synthase (PAAS), a phenylalanine aminomutase (PAM), a
p-coumarate/cinnamate carboxylmethyltransferase (CCMT1), a phenylacrylic acid decarboxylase
(PDC), a 2-oxoglutarate-dependent dioxygenase (C2'H), a chalcone synthase (CHS), a stilbene synthase
(SPS), a cucuminoid synthase (CUS), or a benzalacetone synthase (BAS).

[0030F]  Various embodiments of the claimed invention also relate to a plant cell comprising a
polynucleotide that encodes an enzyme that diverts a monolignol precursor from a lignin biosynthesis
pathway in a plant, wherein: the polynucleotide is operably linked to a heterologous promoter; the plant
cell is a secondary cell wall or fiber cell; the enzyme is shikimate kinase (AroK), pentafunctional
AROM polypeptide (ARO1), dehydroshikimate dehydratase (DsDH), dehydroshikimate dehydratase
(QsuB), phenylacetaldehyde synthase (PAAS), phenylalanine aminomutase (PAM), p-
coumarate/cinnamate carboxylmethltransferase (CCMT1), ferulic acid decarboxylase (FDC1),
phenylacrylic decarboxylase (PDC), 2-oxoglutarate-dependent dioxygenase (C2'H), chalcone synthase
(CHS), stilbene synthase (SPS), cucuminoid synthase (CUS), or benzalacetone synthase (BAS); and the

heterologous promoter is a secondary cell wall-specific promoter or a fiber cell-specific promoter.

6b
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BRIEF DESCRIPTION OF THE DRAWINGS

[0831] Figurc 1. Representation of the lignin biosynthesis pathway. Modified lignin
biosynthesis pathway from Fraser and Chapple (2011). Enzyme descriptions: PAL:
phenylalanine ammonia-lyase; C4H: cinpamate-4-hydroxylase; 4CL: 4-hydroxycinnamate
CoA-ligase; HCT: hydroxyeinnamoyl-CoA shikimate/quinate hydroxycinnamoyliransferase;
C3'H: 4-hydroxycinnamate 3-hydroxylase; CCoAOMT: caffeoyl-CoA O-methyltransferase;
CCR: hydroxyeinnamoyl-CoA NADPH oxidoreductase; COMT: cafteate O-
methyltransferase; CAD: hydroxycinnamyl alechol dehydrogenase; FSH: ferulate 5-
hydroxylase. Name of the Hgnin precursors: 1, phenylalanine; 2, cinnamate; 3, p-coumarate;
4, p-coumaroyl-CoA; 5, p-coumaroyl-shikimate/quinate (R = shikimate/quinate}; 6, caffeoyl-
shikimate/quinate; 7, caffeoyl-CoA; &, feruloyh-CoA; 9, p-coumaraldehyde; 10,
coniferaidehyde; 11, S-hydroxy- coniferaldehyde; 12, sinapaldehyde; 13, p-coumaryl aleohol;

14, coniferyl alechel; 15, sinapyl alcohol.

[6032] Figure 2. Lignin reduction via depletion of shikimate (HCT co-substrate}.

Strategies for reducing or depleting the amount of shikimate that is available for the lignin
biosynthesis pathway are shown. (1) The amount of cytosolic shikimate that is available for
the lignin biosynthesis pathway can be reduced or depleted by expressing a shikimate kinase
such as M ruberculosis shikimate kinase ("MtAroK"\. {2} The amount of plastidial shikimate
that is available for the lignin biosynthesis pathway can be reduced or depleted by expressing
a pentafunctional arom protein such as 8. cereviziae pentafunctional arom protein
{"ScArol™). Plastidial expression of the protein can be accomplished via a plastid targeting

signal, e.g., as described herein.

[0033] Figure 3. Lignin reduction via depletion of shikimate and production of new
stoppers. Strategies for reducing or depleting the amount of shikimate that is available for the
lignin biosynthesis pathway are shown. For example, the amount of plastidial shikimate that
is available for the Hgnin biosynthesis pathway can be reduced or depleted by expressing a
dehydroshikimate dehydratase such as C. glufamicum delydroshikimate dehydratase
("CgsuB™ or P. anserina dehydroshikimate debydratase ("PaDsDH"™). Plastidial expression

of the protein can be accomplished via a plastid targeting signal, e.g, as described hergin,

[6034]  Figure 4, Lignin reduction via depletion of phenylalanine (PAL substrate).
Strategies for reducing or depleting the amount of phenylalanine that is available for the
lignin biosynthesis pathway are shown. For example, the arnount of (1) cytosolic and/or (2)

plastidial phenylalanine that is available for the lignin biosynthesis pathway can be reduced
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or depleted by expressing a phenylacetaldshyde such as £ iydrida phenylacetaldehyde
svnthase ("PhPAAS™). Plastidial expression of the protein can be accomplished via a plastid

targeting signal, e.g., as described herein.

{8035} Figure 8. Ligain reduction via depletion of phenylalanine {PAL substrate).
Strategies for reducing or depleting the amount of phenylalanine that is available for the
lignin biosynthesis pathway are shown. For example, the amount of (13 cytosolic and/or (2)
plastidial phenvialanine that is available for the lignin biosynthesis pathway can be reduced
or depleted by expressing a phenylalanine aminomutase such as 7. canadensis phenylalanine
aminomutase {"TcPAM™). Plastidial expression of the protein can be accomplished via a

plastid targeting signal, e.g., as described herein.

[8038] Figure 6. Ligain reduction via depletion of cinnamate {C4H substrate} and
coumarate {4CL substrate). Strategies for reducing or depleting the amount of cinnamate
and/or p-coumarate that is available for the lignin biosynthesis pathway are shown. For
example, the amount of cytosolio cinnamate and/or p-coumarate that is available for the
lignin biosynthesis pathway can be reduced or depleted by expressing a cinnamate/p-
coumarate carboxyl methylransferase such as O basificum cinnamate/p-coumarate carboxyl

methyltransferase ("ObCCMTIT).

{00371 Figure 7. Ligain reduction via depletion of cinnamate {C4H substrate) and
coumarate (4CL substrate). Strategies for reducing or depleting the amount of cinnamate
and/or p-coumnarate that is available for the lignin biosynthesis pathway are shown. For
example, the amount of cytosolic cinnamate and/or p-coumarate that is available for the
tignin biosynthesis pathway can be reduced or depleted by expressing a phenylacrylic

decarboxylase (PR or PADY).

[0838] Figure 8. Ligain reduction via depletion of coumaroyl-CoA (HUT substrate}.
Strategies for reducing or depleting the amount of coumaroyl-CoA that is available for the
lignin biosynthesis pathway are shown. For example, the amount of cytosolic coumaroyl-
CoA that is available for the lignin biosynthesis pathway can be reduced or depleted by
expressing a 2-oxogiutarate-dependent dioxygenase such as R graveolens C2H (2-

oxoghitarate-dependent dioxygenase) ("RbCZ'H").

[803%] Figure 8, Lignin reduction via depletion of coumaroyi-CoA (HCT substrate).
Straiegies for reducing or depleting the amount of coumaroyl-CoA that is available for the
lignin biosynthesis pathway are shown. For example, the amount of cytosolic coumaroyl-

CoA that is available for the Hguin biosynthesis pathway can be reduced or depleted by

&
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expressing a chalcone synthase (CHS), stilbene synthase (SP8), cucuminoid synthase (CUS),

or benzalacetone (BAS),

80401 Figure 10, Lignin reduction via depletion of feruloyl-CoA {CCR substrate).
(S & J AN
Strategies for reducing or depleting the amount of feruloyi-CoA that is available for the lignin
& 1) 2 g
biosynthesis pathway are shown. For example, the amount of cytosolie feruloyh-CoA that is
available for the lignin biosynthesis pathway can be reduced or depleted by expressing a 2-
oxoglutarate-dependent dioxygenase such as R graveoleas C2'H (2-oxoglutarate-dependent

dioxygenase) ("RbC2H"}.

[41] Tigure 11, Lignin reduction via depletion of caffeoyl-Coa feruloyl-CoA (CCR
substrate), Strategies for reducing or depleting the amount of caffeoyl-CoA and/or feruloyi-
CoA that is available for the lignin blosynthesis pathway are shown. For example, the
amount of eytosolic caffecyl-CoA and/or feruioyl-CoA that is available for the lignin
biosynthesis pathway can be reduced or depleted by expressing 4 chalcone synthase (CHS),

synthase (8PS}, cocuminoid synthase (CUS), or benzalacetone (BAS).

[0842] Figuve 12. Growth phenotype analysis of 3-QsuB lines. Picture of 3 weeks-ald
plants at rosette stage. No phenotypic differences could be observed between 5-Qsull lines

and WT plants at the roseite stage.

[8043] Figwre 13, Total reducing-sugars released from stern biomass of 8-0Osull lines and
WT planis alter 72h incubation with a ceilulolytic enzyme cocktail. Total reducing-sugars
released from biomass after hot-water pretreatment (1h at 120C) and incubation with a
cellulolytic enzyme cocktail (Novozymes Cellic® CTec2) at a loading of §.88% (g enzyme /
¢ biomass) were measured using the 3,5-Dinitrosalicvlic acid assay as deseribed in Eudes o¢

al. 2012 (Plawr Bictech Journad 10(51:609-620).

[3044] Figure 14. Time course for total reducing-sugars released from stem biomass of S-
(suB Hnes and WT plants after incubation with different loadings of a celluloytic enzyme
cocktail. Time course for total reducing-sugars released from biomass after hot-water
pretreatment (1h at 120C) and incobation with different loadings (0.88%, 0.176% or 0.088%;
g of enzyme / g of biomass) of a cellulolytic enzyme cocktail Novorymes Cellic® CTec2} .
Measurements were performed as described in (Eudes of ol 2012 Plant Biotech Journal

053 609-620),

[6045] Figare 13, Total reducing-sugars released from stem biomass of S-DsDH lines after

72h incubation with a cellulolytic enzyme cocktail. Time course for total reducing-sugar
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released from biomass after hot-water pretreatment {1h at 120C) and incubation with a
cellulolytic enzyme cockiail (Novozymes Cellic® CTec2) at a loading of 0.88% (g enzyme /
g biomass). Measurements were performed as described in (Budes ez o/, 2012 Plant Biotech

Fournal 16(5).609-620).

[6048] Figure 16, QsuB expression in Arabidopsis sterns. Detection by Western blot of
UsuB tagged with the AtB2 peptide {approximate size 70 kDa} using the “universal
antibody” and stem proteins from nine independent 6-wk-old pC4H: schi::qsuB (C4H: :qsul)
T2 transformants. A stem protein extract from wild type was used as a negative control {(WT)

and a Ponceau staining of Rubisco large subunit {rbel} is shown as a loading control,

[#047] Figure 17. Partial short-range C—"H (H5QC) spectra {aromatic region) of cell-wall
material from mature senesced stems of wild-type (WT), pCdH wschiqsuB- I ({C4H :gsull-1)
and pCaH: skl :qgsul-9 (C4H: :qsuB-9) plants. Lignin monomer ratios are provided on the

figures.

16648} Figure 18. Polydispersity of cellulolyvtic enzyme Hgnins from wild-type and
C4H: qsud lines. Cellulolytic enzyme Hgnins were purified from mature senesced stems of
wild-type (WT, black tine), pC4H: schil: qsuB-1 (C4H:qsuB-1, red line) and

pC4H: schizgsub-9 ({C4H: »qsuB-9, purple line) plants and analyzed for polydispersity by
size-exclusion chromatography (SEC) SEC chromatograms were obtained using UV-F

fluorescence (Fxgse/Emyse). oy, molecular weight.

[6049] Figure 19, Saccharification of biomass from mature senesced stems of wild-type
(W)Y and pO4H: schigeuB (C4H: gsul) lines. {A) Amounts of sugars released from
biomass after various pretreatments and 72-h enzymatic digestion with cellulase (1% wiw).
Values are means & SE of four biological replicates (i = 4). Asterisks indicate significant
differences from the wild type using the unpaired Student’s t-test (F£ <0.05; **F <0.005).
{(B) Amounts of sugars released from biomass after hot water prefreatment and 72-h
enzymatic digestion using two different cellulase loadings (1% or 0.2% w/w). Values are
means & 8E of four biclegical replicates (# = 4). Asterisks indicate significant differences
from the wild tvpe at 1% cellulase loading using the unpaired Student’s ttest (¥F < (.05; **pP
< 0.0053.

{0858] Figure 28, The lignin biosynthetic pathway. Abbreviations: DAHPS, 3-deoxy-13-
arabino-heptulosonate 7-phosphate synthase; DHQS, 3-dehydroquinate synthase; DHOQD/SD,
3-dehvdroquinate dehydratase; SK, shikimate kinase; ESPS, 3-phosphoshikimate 1-

carboxyvinyltransferase; €S, chorismate synthase; CM, chorismate mutase; PAT, prephenate

10
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aminctransferase; ADT, arogenate deliydratase; PAL, phenyialanine ammonia-lyase; C4H,
cinnamate 4-hydroxylase; CSE, catfeoy! shikimate esterase; 4CL, 4-coumarate CoA ligase;
CAD, cinnamyl alcohol dehydrogenase; FSH, ferulate 5-hydroxylase; C3H, coumarate 3-
hydroxyiase; COMT, caffeie acid 3-O-methyliransferase; CCR, cinnamoyl-CoA reductase;
HCT, hydroxyoinnamoyl-Coenzyme A shikimate/quinate hydroxycinnamoyltransferase;
CCoAOMT, caffeoyl/CoA-3-O-methyltransforase; qsuB3, 3-dehydroshikimate dehydratase

from Corvnebocterium glutamicum.

[06051] Figure 21. Subcellular localization of SCHL-QsuB. The left panel displays the
transient oxprossion of SCHL-QsuB-YFP fusion protein expressed under the control of the
355 promoter in epidermat cells of N. denthamiona and imaged by confocal laser scanning
microscopy. The central panel displays fluorescing chioroplasts and the right panel shows the

merged images (colocalizations are visible as yellow dots). Scale bars = 20 um.

[(052] Figure 22. Sununary of the fold changes observed for the methanol-soluble

metabolites extracted from plants expressing QsuB.

[6053] Figure 23. Partial shortrange PO-"H (HSQC) spectra (aliphatic region) of cell wall
material from mature senesced sterns of wild-type (WT), pCU4H :sohlcgsuB-1 (C4H: 'qsuB-1}
and pC4H: schi: :qsuB-9 (C4H: gsuB-9) plants.

[8634] Figure 24. Lignin staining by phloroghieinel-HCT of stem sections from S-wk-old

wild-type (W) and pC4H cschicqsulB (C4H: :gsul) plants.

[6658] Figure 35, LC-MS chromatograms from AHCT in-vive activity assays. LO-MS
shromatograms of coumnarate conjugates produced by AtHCT after feeding a recombinant
yeast strain co-expressing At4CLS and AGHCT with p-coumarate and (A} shikimate, (B) 3,6-
dihydroxybenzoate, (C) 3-hydroxy-2-amino benzoate, () 2,3-dihydroxybenzoate, (E)
catechel, or {F) protocatechuate are presented. Structures of coumarate-dihydroxybenzoate
esters are arbitrary shown with an ester lnkage af the 3-hydroxy position of the
dihydroxybenzoate ring. The stractare of coumaroyl-3-hydroxyanthranilate (C) is

represented as determined in Moghia et al. (34).

[00%56] Figure 26. LC-MS chromatogram of p-coumaraldehyde detecied in methancl-
solubie extracts of stems from lines expressing QsubB.

[6057] Figure 27. Competitive inhibitor pathways.

[0658] Figure 28. Characteristics and relative molar abundances (%) of the compounds
released after pyro-GC/MS of extractive-free senesced mature stems from wild-type (WT)

1§
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and pC4H: schiz qaul (C4H: - gsuB) plants. Values in brackets are the SE from duplicate

analyses. nd, not detected.

DETAILED DESCRIPTION OF THE INVENTION
L Definitions

{0659]  As used herein, the term "lignin biosynthesis pathway” refers to an enzymatic
pathway (the phenyipropanoid pathway) in plants in which the lignin monomers (p-coumaryl
{(4-hydroxycinnamyf) alcohol, coniferyl (3-methoxy 4-hydroxyeinnamyl) alcohol, and sinapyl
(3,5-dimethoxy 4-hydroxycinnamyl) alecohol} are synthesized from phenylalanine. The lignin
biosynthesis pathway and enzymatic components of the pathway are depicted, for example, in

Figure 1.

{0060]  As used herein, the term "monolignol precursor” refers to a substrate of the lignin
biosynthesis pathway that is directly or indirectly synthesized into a lignin monomer. In
some embodiments, a monolignol precursor is a substrate of the lignin biosynthesis pathway

that is identified in any of Figares 111

[G061]  As used herein, the term "protein that diverts a monolignol precursor from a ligain
biosynthesis pathway" refers to a protein that activates, promaotes, potentiates, or enhances
expression of an enzymatic reaction or metabolic pathway that decreases the amount of
monclignol precursor that is available for the synthesis of a lignin monomer. The term
includes polymorphic variants, alleles, mutants, and interspecies homologs to the specific
proteins {e.g.. enzymes) described herein. A nucleic acid that encodes a protein that diverts a
monoligno! precursor from a ligain biosynthesis pathway (or a nucleic acid that encodes a
protein that diverts a monolignol precursor from a p-coumaryl alcohol, sinapyl alcohol,
and/or conifervl alcohol pathway) refers to a gene, pro-mRNA, mRNA, and the like,
including nucleie acids encoding polymorphic varianis, alleles, mutante, and interspecies
homelogs of the particular proteins (e.g., enzymes) described herein. In some embodiraents,
a nucleic acid that encodes a protein that diverts a monoligno! precursor from a lignin
biosynthesis pathway (1) has a nucleic acid sequence that has greater than about 50%
nucleotide sequence identity, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, preferably 91%,
0284, §3%, 94%, 95%, 06%, 97%, 98% or 99% or higher nucleotide sequence identity,
preferably over a region of at least about 10, 15, 20, 25, 54, 100, 204, 500 or more
nucleotides or over the length of the entire polynuclectide, to a nucleic acid sequence of any

of SEQID NOs:1,3,5,7,9, 11, or 13; or (2) encodes a polypeptide having an amino acid
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sequence that has greater than about 50% amino acid sequence identity o, 60%, £65%,
T0%, 75%, 8%, 85%%, 90%, proferably 1%, 92%, 939, 94%, 95%, 96%, 97%, 98% or 99%
or greater amino acid sequence identity, preferably over a region of at least about 25, 50, 100,
200 or more amino acids or over the length of the entire pelypeptideg o a polypeptide
encoded by a nucieic acid sequence of any of SEQ D NOs:1,3,5,7, %, 11, or 13, orto an
amino acid sequence of any of SEQ IDNOs:2, 4, 6, 8, 10, 12, 14, 29, 30, 31, 32, 33, 34, 35,
36,37,38, 39,40, 41, 42, 42, 43, 44, or 45, In some cmbodiments, a pm’tein that diverts a
monoligno! precursor from a lignin biosynthesis pathway bas an amino acid sequence having
greater than about 30% amino acid sequence identity, 55%, 60%, 65%, 70%, 75%, 80%

85%, 90%, preferably 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98% or 99% or greater amino
acid sequence identity, preferably over a region of at least about 25, 50, 100, 200 or more
amino acids or over the length of the entire poiypeptideg to an amine acid sequence of any of
SEGIDNOs:2, 4, 6,8, 14, 12, 14, 29, 30, 31, 32, 33,34, 35, 36, 37, 38, 39, 44, 41, 42, 42,
43,44, or 45

{8062] The term "protein that produces 3 competitive inhibitor of HCT" refers to a protein
that directly or indirectly produces a molecule that can compete with p-coumaroybCoA
and/or shikimate as a substrate for hydroxyeinnamoyl-Coa shikimate/quinate
hydroxycinnamoyltransferase (HCT), thereby acting as a competitive inhibitor of HCT, Non
fimiting examples of molecules {e.g.. metabolites} that can act as competitive inhibitors of
HCT are shown in Figure 27, In some embodiments, the competitive inhibitor of HCT 15
protocatechuate, catechol, 3,6-dilyydroxybenzoate, 3-hydroxy-Z-aminobenzoate, or 2,3-
dihvdroxybenzoate. Thus, in some embodiments, the protein that produces a competitive
inhibitor of HCT is a protein {e.g., an snzyme) that directly or indirectly produces
protocatechuate, catechol, 3,6-dihydroxybenzoate, 3-hydroxy-2-aminobenzoate, or 2,3-
dihydroxybenzoate, including but not limited to the enzymes dehydroshikimate dehydratase
(QsuB), dehydroshilimate dehydratase (DsDH), isochorismate synthase (ICS), salieylic acid
3-hydroxylase (S3H}, salicylate hydroxylase (nahG), and salicylate 3-hydroxylase (nagGH).
In sonme embodiments, an in vivo enzymatic assay, for example as described in the Examples
section below, can be used to determine whether a molecule can compete with p-coumaroyl-

CoA and/or shikimate as a substraie for HCT.

[8063] The terms "polynucieotide” and "nucleic acid” are used interchangeably and refer to
a single or double-stranded polymer of deoxyribonucleotide or ribonucleotide bases read
from the 5 to the 3" end. A nucleic acid of the present invention will generally contain

phosphodiester bonds, although in some cases, nucleic acid analogs may be used that may
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have alternate backbones, comprising, .z, phosphoramidate, phosphorothioate,
phosphorodithioate, or O-methylphophoroamidite linkages (see Eckstein, Oligonucleotides
and Analogues: A Practical Approach, Oxford University Press); positive backbones; non-
tonic backbones, and non-ribose backbones. Thus, nucleic acids or polynucleotides may also
include modified nuclestides that perinit correct read-through by a polymerase,
"Polynucleotide sequence” or “nucleic acid sequence” includes both the sense and antisense
strands of a nucleic acid as either individual single strands or in a duplex. As will be
appreciated by those in the art, the depiction of a single strand also defines the sequence of
the complementary strand; thus the sequences described herein also provide the complement
of the sequence. Unless otherwise indicated, a particalar nucleic acid sequence also
implicitly encompasses variants thereof (e.g., degenerate codon substitutions) and
complementary sequences, as well as the sequence explicitly indicated.  The nucleic acid
may be DINA, both genomic and ¢cDNA, RNA or a hybrid, where the nucleic acid may
contain combinations of deoxyribo- and ribo-nucleotides, and combinations of bases,
including uracil, adenine, thymine, cytosine, guanine, inosine, xanthine hypoxanthine,

isocytosine, isoguanine, ete.

[0064] The term "substantially identical,” used in the context of two nueleic acids or
polypeptides, refers to a sequence that has at Jeast 50% sequence identity with a reference
sequence. Percent identity can be any integer from 50% to 100%. Some embodiments
include at least: 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%. 92%, 93%, 94%,
D5%%. 96%, 97%, 98%%, or 99%, compared to a reference sequence using the programs
described herein; preferably BLAST using standard parameters, as described below. For
examaple, & first polynucleotide is substantially identical (o a second polynucleotide sequence
if the {irst polynucieotide sequence is at loast 50%, 55%, 68%, 65%, 70%, 75%, 80%, 85%,
0094, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% identical to the second

polymicleotide sequence.

[68653] Two nucleic acid ssquences or polypeptide sequences are said 1o be "idertical" if

the sequence of nucleotides or amino acid residues, respectively, in the two sequences is the

1 1

same when aligned for maximum correspondence as described below. The terms "identical
or percent "identity,” in the context of two or more nucleie acids or polypeptide sequences,
refer to two or more sequences or subsequences that are the same or have a specified
percentage of amino acid residuss or nuclectides that are the same, when compared and
aligned for maximum correspondence over a comparison window, as measured using one of

the following sequence comparison algorithms or by manual alignment and visual inspection.

4
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When percentage of sequence identity is used in reference to proteins or peptides, it is
recognized that residue positions that are not identical often differ by conservative amino acid
substitutions, where amino acids residues are substituted for other amino acid residues with
similar chemical propesties {e.g., charge or hivdrophobicity) and therefore do not change the
functional properties of the molecule. Where sequences differ in conservative substitutions,
the percent sequenoe identity may be adjusted upwards to correct for the conservative nature
of the substitution. Means for making this adjustment are well known to those of skill in the
art. Typically this involves scoring a conservative substitution as a partial rather than a full
mismatch, thereby increasing the percentage sequence identity. Thus, for example, where an
identical amino acid is given a score of | and a non-conservative substitution is given a score
of zero, a conservative substitation is given a score between zero and 1. The scoring of
conservative substitutions is calculated according to, e.g., the algorithim of Meyers & Miller,
Computer Applic. Biol. Sci. 4:11-17 {1988} e.g., as implemented in the program PC/GENE

(Iutelligenetics, Mountain View, California, USA).

[6066] For sequence comparison, typically one sequence acts as a reference sequence, to
which test sequences are compared, When using a sequence comparison algorithm, test and
reference sequences are enfered into a computer, subsequence coordinates are designated, if
necessary, and sequence algorithm program parameters are designated. Default program
parameters can be used, or aliernative parameters can be designated. The sequence
comparisen algorithm then calculates the percent sequence identitics for the fest sequences

relative to the reference sequence, based on the program parameters.

[6067] A "comparison window,” as used herein, includes reference to a segment of any one
of the number of contiguous positions selected from the group consisting of from 20 to 600,
usually about 50 to about 200, more usoally sbout 100 to about 150 in which a sequence may
be compared to a reference sequence of the same number of contiguous positions after the
{wo sequences are optimally aligned. Methods of aligninent of sequences for comparison are
well-known in the art. Optimal alignment of sequences for comparison ean be conducted,
e.g., by the local homology algorithim of Smith & Waterman, 4dv. dppl. Math. 2:482 (1981),
by the homology alignment algorithm of Needleman & Wunsch, J Mol Biol 48:443 {1870},
by the search for similarity method of Pearson & Lipman, Proc. Nat'l deod. Sci USA

FHIT,

§5:2444 (1988), by computerized implementations of these algorithms (GAP, BES
FASTA, and TFASTA in the Wisconsin Genetics Software Package, Genetics Computer

Group, 375 Science Dr., Madison, W1, or by manual aligmment and visual inspection.
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[6068]  Algorithms that are suitable for determining percent sequence identity and sequence
similarity are the BLAST and BLAST 2.6 algorithms, which are described in Altschul et ol
{1990y J Mol Binl. 215: 403-410 and Altschul ef of. (1877) Nucleic Acids Res. 25: 3389~
3402, respectively. Software for performing BLAST analyses is publicly available through
the National Center for Biotechnology Information (NCBI) web site. The algorithm involves
first identifying high scoring sequence pairs (HSPs) by identifying short words of length W in
the query sequence, which either match or satisfy some positive-valued threshold score T
when aligned with a word of the same length in a database sequence. T is referred to as the
neighborhood word score threshold (Altschul ef of, supra). These initial neighborhood word
hits acts as seeds for initinting searches to find longer HSPs containing them. The word hits
are then extended in both divections along each sequence for as far as the cumulative
alignment score can be increased. Cumulative scores are calculated using, for nucleotide
sequences, the parameters M (reward score for a pair of matching residues; always >0) and N
(penalty score for mismatching residues; always <0). For amino acid sequences, a scoring
matrix is used o calculate the cumulative seore. Extension of the word hits in each direction
are halted when: the cumulative alignment score falls off by the quantity X from its
maximum achieved value; the cumulative score goes to zero or below, doe to the
accumulation of one or more negative-scoring residue alignments; or the end of either
sequence is reached. The BLAST algorithm parameters W, T, and X determine the sensitivity
and speed of the alignment. The BLASTN program (for nucleotide sequences) uses as
defaults a word size (W) of 28, an expectation (E) of 10, M=1, Ne=-2, and a comparison of
both strands. For amino acid sequenees, the BLASTP program uses as defaults a word size
(W) af 3, an expectation (F) of 10, and the BLOSUMGZ scoring matrix {see Henikott &
Henikoff, Proc. Natl Acad Sci. USA 89:10915 (1989,

[B069] The BLAST algorithm also performs a statistical analysis of the similarity between
two sequences (see, e.z., Karlin & Altschul, Proc. Nat'l Acad, Sci, USA 90:5873-3787
{19933). One measure of similarity provided by the BLAST algorithm is the smallest sum
probability {(P(N)), which provides an indication of the probability by which a match between
tevo nucleotide or amino acid sequences would occur by chance. For example, a nucleic acid
is considered similar to a reference sequence if the smallest sum probability in a comparison

of the test nucleic acid to the reference pucleic acid is less than about .01, more preferably

loss than about 107, and most preferably less than about Tia

[3076]  Nucleic acid or protein seguences that are substantially identical to a reference

sequence include "conservatively modified variants.” With respect to particular nucleic acid

16
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sequences, conservatively modified variands refers to those nucleis acids which encode
identical or essentially identical amino acid sequences, or where the nucleic acid does not
encode an amino acid sequence, to essentially identical sequences. Because of the
degeneracy of the genatic code, a large number of functionally identical nucleic acids encode
any given protein. For instance, the codons GCA, GCC, GCG and GCU all encode the aming
acid alanine. Thus, at every position where an alasing is specified by a codon, the codon can
be altered to any of the correspounding codons described without altering the encoded
polypeptide. Such nucleic acid variations are "silent variations,” which are one species of
conservatively moditied variations. Every nucleic acid sequence herein which encodes a
polypeptide also describes every posaible silent variation of the nucleie acid. One of skill
will recognize that each codon in 4 nucleic acid {except AUG, which is ordinarily the only
codon for methionine} can be modified to yield a functionally identical molecule.
Accordingly, each silent variation of a nucleic acid which encodes a polypeptide is implicit in

each described sequence.,

[B073]  Asto amino acid sequences, one of skill will recognize that individual substitutions,
in a pucleic acid, peptide, polypeptide, or protein sequence which alters a single amino acid
or a small perceniage of aminoc acids in the encoded sequence is a "conservatively modified
variant” where the alteration results in the substitution of an amino acid with a chemically
simifar amino acid. Conservative substitution tables providing functionally similar amine
acids are well known in the art,

(00721 The following six groups each contain amino acids that are conservative
substitutions for one another:

1 Alanine (A), Serine (8}, Threonine {T);
23 Aspartic acid (D), Glutamic acid (E);
3} Asparagine (N}, Glutamine {(Q);

4 Arginine (R}, Lysine (K}

3 isoleucine (1), Lencine (L), Methionine (M), Valine {V}; and
6} Phenylalanine (F), Tyrosine (¥}, Tryptophan {W).

{sez, e.g., Creighton, Profeins (1984},

[88731 Another indication that nucleotide sequences are substantially identical is if two
molecules bybridize to each other, or a third nucleic acid, under stringent conditions.
Stringent conditions are sequence dependent and will be different in different cireumstances.
Generally, stringent conditions are selected to be about $°C lower than the thermal melting

point (Tm) for the specific sequence at a defined jonic strength and pH. The Tm is the
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ternperature (under defined tonic strength and pH) at which 50% ot the target sequence
hivbridizes to a perfectly matched probe. Typically, siringent conditions will be those in
which the salt concentration is about 0.02 molar at pH 7 and the temperature is at least about
60°C. For example, stringent conditions for hybridization, such as RNA-DNA bybridizations
in a biotting technique are those which include at least one wash in §.2X SSC at 55°C for 20

minutes, or equivalent conditions.

[0874] As used herein, the term "promoter” refers o a polynucleotide sequence capable of
driving transeription of a DNA sequence in a cell. Thus, promoters used in the
polynucleotide constructs of the invention include cis~ and trans- acting transeriptional
conirol elements and regulatory sequences that are involved in regulating or modulating the
tisning and/or rate of transcription of a gene. For example, a promoter can be a cis-acting
transcriptional control element, including an enhancer, a promoter, a transcription terminator,
an origin of replication, a chromosomal integration sequence, 5' and 3" untransiated regions,
or an intronic sequence, which are involved in transcriptional regulation. These cis-acting
sequences typically interact with proteins or other biomolecules to carry out (fum on/oft,
reguiate, modulate, efc.) gene transcription. Promoters are located 5 to the transeribed gene,
and as used herein, include the sequence 5' from the translation start codon (i.e., including the
5" untranslated region of the mRNA, typically comprising 100-200 bp). Most often the core
promoter sequences le within 1-5 kb of the translation start site, more often within | kbp and
often within 500 bp of the translation start site. By convention, the prorsoter sequence is

usually provided as the sequence on the coding strand of the gene it controls,

{8075 A "constitutive promoter” is one that is capable of initiating transcription in nearly
all cell types, whereas a "cell type-specific promoter” initiates transeription only inone or a
few particular cell types or groups of cells forming a tissue. In some embodiments, the
promoter is secondary cell wall-specific and/or fiber cell-specific. A "fiber cell-specific
promoter” relers to a promoter that initiates substantially higher fevels of transcription in
fiber cells as compared to other non-fiber cells of the plant. A "secondary cell wall-specific
promoter” refers to a promoter that initiates substantially higher levels of transcription in cell
types that have secondary cell walls, e g, lignitied tissues such as vessels and fibers, which
may be found in wood and bark cells of a tree, as well as other parts of plants such as the leaf
stalk. In some embodiments, a promoter is fiber celi-specific or secondary cell wall-specific
if the transcription levels initiated by the promoter in fiber cells or secondary cell walls,
respectively, are at least 3-fold, 4-fold, 5-fold, 6-fold, 7-fold, B-fold, 9-fold, 10-fuld, 50-fold,

100-fold, 500-fold, 1000-fold higher or more as compared to the transcription levels initiated
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by the promoter in other tissues, resulting in the encoded protein substantially localized in
plant cells that possess fiber cells or secondary cell wall, e.g., the stem of a plant. Non-
limiting examples of fiber cell and/or secondary cell wall specific promoters include the
promoters directing expression of the genes IRX1, IRX3, IRXS, IRX7, IRXE, IRXS, IRX140,
IRX14, NST1, NST2, NST3, MYB46, MYB38, MYB63, MYBE3, MYBE3, MYBI103,
PALL PAL2, C3H, CcOAMT, CCR1, FSH, LAC4, LAC17, CADg, and CADd. See, e.g.,
Turner ef al 1997; Mever ot al 1998; Jones et al 2001; Franke et al 2002; Ha et al 2002;Robde
et al 2004; Chen et al 2003; Stobout et al 2003; Brown et al 2005, Mitsuda et a] 20035; Zhong
et al 2006; Mitsuda et al 2007; Zhoug et al 2007a, 2007b; Zhou et al 2009; Brown et al 2009,
MeCarthy ot al 2009; Ko et al 2009; Wu ot al 2010; Berthet et al 2011, In some
embodiments, a promoter is substantislly identical 1o a promoter from the Hgnin biosynthesis
pathway {e.z., 4 promoter for a gene encoding a protein shown in Figure 1). Non-limiting
examples of promoder sequences are provided herein as SEQ 1D NOs:17-28. A promoter
originated from one plant species may be used to divect gene expression in another plant

species.

(89761 A polynucleotide is "heterclogous” to an organism or a second polynucieotide
sequence If it originates from a foreign species, or, if from the same species, 1s modified from
its original form. For example, when a polynucleotide encoding a polypepiide sequence is
said to be operably linked to a heterologous promuoter, it means that the polynucleotide
coding sequence encoding the polypeptide is derived from one species whereas the promoter
sequence is derived from another, different species; or, if both are derived from the same
species, the coding sequence is not naturally associated with the promoter (e.g,, 52
genetically engincered coding sequence, e.g., from a different gene in the same species, or an
allele from & different ecotype or variety, or a gene that is not naturally expressed i the target

fissuel.

[8077] Tthe term "operably linked” refers to a functional relationship between two or more

., DNAY segments. Typically, it refers to the functional relationship of a

b

polvnuclestide (e
transcriptional regulatory sequence to a transeribed sequence. For example, a promoter ot
enhancer sequencs is operably linked to a DNA or RNA sequence if it stimulates or
modulates the transcription of the DNA or RNA sequence in an appropriate host cell or other
expression system. Generally, promoter transcriptional regulatory sequences that are
operably linked to a transcribed sequence are physically contiguous to the transcribed

sequence, i.e., they are cis-acting. However, some transcriptional regulatory sequences, such
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as enhancers, nced not be physically contiguous or located n close proximity fo the coding

sequences whose transcription they enhance.

{8078] The term "expression cassetie” refers to a nucleic acid constroct that, when
introduced into a host cell, results in transcription and/or translation of an RNA or
polypeptide, respectively. Antisense or sense constructs that are not or camnot be translated
are expressly moluded by this definition. In the case of both expression of transgenes and
suppression of endogencus genes {e.g., by antisense, RNA|, or sense suppression} one of skill
will recognize that the inserted polynucleotide sequence need not be identical, but may be
only substantially identical to a sequence of the gene from which it was derived. As
explained herein, these substantially identical variants are specifically covered by reference to

a specific nucleic acid sequence.

{00791 The term "plant,” as used herein, refers to whole plants and includes plants of a
variety of a ploidy levels, including aneuploid, polyploid, diploid, and haploid. The term
"plant part," as used herein, refers to shoot vegetative organs and/or structures {e.g., leaves,
stems and tubers), branches, roots, flowers and floral organs {e.g., bracts, sepals, petals,
stamens, carpels, anthers), ovules (including egg and central cells), seed (including zygote,
embryo, endosperm, and seed coat), fruilf {e.g, the mature ovary), scedlings, and plant tissue
{e.g., vascular tissue, ground tissue, and the like}, as well as individual plant cells, groups of
plant cells {e.g., cultured plant cells), protoplasts, plant extracts, and seeds. The class of
plants that can be used in the methods of the invention is generally as broad as the class ¢
higher and fower plants amenable 1o fransformation technigues, including angiosperms

{monocatyledonous and dicotyledonous plants), gymnosperms, forns, and multiceilular algae

{0080] The term "biomass,” as used herein, refers to plant material that is processed to
provide a product, e.g., a biofuel such as ethanol, or livestock feed, or a cellulose for paper
and pulp industry producis. Such plant material can include whole plants, or parts of plants,

e.g., stems, leaves, branches, shoots, roots, tubers, and the like.

[6681] The term "reduced lignin content” encompasses reduced amount of lignin polymer,
reduced amount of either or both of the guaiacyl (G) and/or syringy! {S) lignin units, reduced
size of a lignin polymer, e.g., a shorter lignin polymer chain due to 2 smaller number of
monolignols being incorporated into the polymer, a reduced degree of branching of the lignin
polymer, or a reduced space filling {(also called a reduced pervaded volume). In some
embodiments, a reduced Hgnin polymer can be shown by detecting a decrease in the

molecular weight of the polymer or a decrease in the number of monoclignols by at teast 2%,
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5%, 1094, 20%, 25%, 30%, 40%, 50%, or more, when compared to the average lignin
molecule in a control plant {e.g., a non-transgenic plant). In some embodiments, reduced
lignin content can be shown by detecting a decrease in the number or amount of guaiacyl (G)
and/or syringy! {S) Hgnin units in the plant as compared to a control plant {e.g., a non-
transgenic plant). In some embodiments, a plant as described herein has reduced lignin
content if the amount of guatacyl (G and/or syringyl (S} lignin units b1 the plant is decreased
by at least about 2%, 5%, 10%, 20%, 25%, 30%, 40%, 50% or more, as compared to a

controf plant. Methods for detecting reduced lgnin content are described in detail below.

II. Introduction

{60821 Plant cell walls constitute a polysaccharidic network of cellnlose microfibrils and
hemicellulose embedded in an aromatic polvmer known as lignin. This ramified polymer is
mainly composed of three phenylpropansid-derived phenobics (e, monolignols) named p-
coumaryl, coniferyl, and sinapy! alcohols which represent the p-hydroxyphenyl (H), guaiacy!
{G) and syringyl (8) lignin units (Boerjan e of,, 2003). Monolignols have a CoCs carbon
skeleton which consists of a phenyl ring (Cg) and a propase (Ca) side chain. Lignin is crucial
for the development of terrestrial plants as it confers recalcitrance to plant cell walls. {talso
provides mechanical strength for upright growth, confers hydrophobicity to vessels that
fransport water, and acts as a physical barrier against pathogens that degrade celt walls
{Boudet, 2007). Notably, lignin content and composition are finely regulated in response to
environmental biotic and abiotic stresses (Moura ef of., 2010).

1 M

{08831  Economically, Hgnocellulosic lromass from phm ceil walls is widely used as raw
material for the production of pulp in paper industry and as ruminant livestock feed. Plant
feedstocks also represent a source of fermentable sugars for the production of synthetic
molecules such as pharmaceuticals and transportation fuels using engineered microorganisms
{Keasling, 2010). However, negative correlations exist between lignin content in plant
biomass and pulp yield, forage digestibility, or polysaccharides enzymatic hydrolysis {de
Vrije ef al., 2002; Reddy et al,, 2005; Dien e/ o/, 2006; Chen and Dixon, 2007; Dien ef ol
2009; Taboada er of |, 2010; Blissetche ef od, 2011; Studer ef of, 2011}, Consequently,
reducing lignin recalcitrance in plant foedstocks is a major focus of interest, especially in the
lignoeeliulosic biofuels field for which efficient enzymatic conversion of polysaccharides
into monosaccharides s crucial to achieve economically and environmentally sustainable

produstion (Carroll and Somerville, 2009).
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[0084]  Lignin biosynthesis is well characterized and well conserved across land plants
(Weng and Chapple 2010). Genetic modifications such as silencing of genes involved in
particular steps of this pathway or its regulation have been employed to reduce lignin content
(Simmons ef al., 2010, Umezawa, 2010) but this approach often results in undesired
phenotypes such as dwarfism, sterility, reduction of plant biomass, and increased susceptibly
to enviromnental stress and pathogens (Bonawitz and Chapple, 2010). These pleiotropic
effects are generally the consequenses of a loss of secondary cell wall integrity, accumulation
of toxic intermediates, constitutive activation of defense responses, or depletion of other
phenyipropanoid-derived metabolites which are essential for plant development and defense
{Li et al,, 2008; Naowmkina et al,, 2010, Gallego-Giraldo et al,, 2011). Alternatively,
changing the recalcitrant structure and physico-chermical properties of lignin can be achieved
by modifying its monomer composition. For example, incorporation of coniferyl ferulate into
tignin improves eazymatic degradation of cell wall polysaccharides {Grabber et al, 2008).
Recently, it has been demonstrated that enrichment in 5-hydroxy-G units and reduction in 3
units in lignin contribute o enhanced saccharification efficiencies without affecting
drastically biomass vields and lignin content {Weng et al,, 2018; Dien et al., 2011; Fu et al,,

2611

[GO85]  The present invention provides an alternative strategy to reduce lignin content {e.z.,
reducing the amount of p-hydroxyphenyt (H), geaiacyl ((3) and/or syringyl (S) lignin units, or
any combination of H-lignin, G-lignin, and S-lignin units). In this strategy, the plant is
engineered t0 express one or more profeins that diverts or shunts a monolignol precursor from
a lignin biosynthesis pathway (e.g., a p-coumaryl aicohol, sinapyl aleohol, and/or coniferyt
aleohol biosyntbesis pathway) into a competitive pathway. By diverfing or shunting the
production of monolignol precursors from p-hydroxypheny! (H), guaiacyl (G) and/or syringyl
{5} lignin unit production to the production of alternative products (e.g., stilbenes, flavonoids,
curcuminoids, or bensalacetones, protocatechuates, arcmatic amino acids, vitamins, quinones,
or volatile compounds) as described herein, the amount of lignin content or iis composition,
e.g., n specific cell or tssue types such as in secondary cell wall, can be altered in order to
enhance saccharification efficiencies without dramatically affecting biomass yield. The
present invention also provides plants that are engineered by the method described herein, as
well as a plant cell from such a plant, a sced, fower, leaf, or fruit from such a plant, a plant
cell that contains an expression cassette described herein for expressing a protein diverts or

shunts a monolignol precursor from a lignin biosynthesis pathway into a competitive
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pathway, and biomass comprising plant tissue from the plant or part of the plant described

herein,
1fi.  Plants Having Reduced Lignin Content

A. Expression of a Protein That Biverts a Monolignol Precursor From a
Lignin Biosynthesis Pathway

[8886] In one aspsct, the present invention provides a method of engineering a plant having
veduced lignin content (e.g, reduced amount of lignin polymers, reduced size of lignin
polymers, reduced degree of branching of lignin polymers, or reduced space filling). fo some
embodiments, the plant has reduced lignin content that is substantially Jocalized to specific

cell andfor tissue types in the plant. For example, in some embodiments the plant has

reduced lignin content that is substantially localized to secondary cell walls and/or fiber cells.

In some embaodiments, the method comprises:

introducing into the plant an expression cassette comprising a polynucleotide
that encodes a protein that diverts a monolignol precursor from a Hgnin biosynthesis pathway
{e.g., a p-coumary! alcohol, sinapyl alcohol, and/or coniferyl alcohol biosynihesis pathway)
in the plant, and wherein the polynucleotide is operably linked to a heterologous tissue-
specific promoter; and

cuituring the plant under conditions in which the protein that diverts the
monchignol precursor from the lignin biosynthesis pathway {e.g.. the p-coumaryl! alcohol,

sinapyl alcohol, or coniferyl aleohol biosynthesis pathway) is expressed.

[3687]  In some embodiments, the gene that encodes a protein that diverts a monelignol
precursor from a lignin biosynthesis pathway {e.g., a p-coumary] alcohol, sinapy] alcohol,
and/or conifery! alcobol biosynthesis pathway) reduces the amount of eytosolic and/or
plastidial shikimate that is available for the p-coumaryt alcohol, sinapy!} alcohol, or coniferyl
alcohol biosynthesis pathway; reduces the amount of cytosolic and/or plastidial phenylalanine
that is available for the p-coumaryi alcobol, sinapyl alcobol, or coniferyl alcohol biosynthesis
pathway; reduces the amount of cinnamate and/or coumarate that is available for the p-
coumary} aleohol, sinapyl aleohol, or coniferyl aloohol biogynthesis pathway; and/or reduces
the amount of coumaroyh-CoA, caffecy-Coa, and/or feruloyl-CoA that is available for the p-
coumaryl alcohel, sinapyl alcohol, or coniferyl alcohol biosynthesis pathway. In some
embodiments, the gene that encodes a protein that diverts a roonelignol precursor from a
Hgnin osynthesis pathway (2. g., a p-coumary} aleohol, sinapyl alcohol, and/or coniferyi

alcohol biosynthesis pathhway) activaies or potentiates a metabolic pathway that competes

k)
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with the p-coumary! alcohol, sinapyl alcchol, or coniferyl alcohol biosynthesis pathway
hiosynthesis pathway for the use of monolignol precursors, including but not imited to a
metabolic pathway selected from a stilbene biosynthesis pathway, a flavonoid biosynthesis

pathway, and an anthocyanin biosynthesis pathway.

[0888]  An expression cassette as described herein, when introduced into a plant, results in

the plant having reduced lignin content {e.g., reduced amount of lignin polymers, reduced

size of lignin polymers, reduced degree of branchiog of Hgnin polymers, or reduced space
iling) that is specifically localized to certain cell and/or tissue types {e.g., specifically

focalized to sccondary cell walls and/or fiber cells), thus reducing cell wall recalcitrance to

enzymatic hydrolysis while avoiding defects in plant growth or reductions in biomass yield.

{66891  One of skill in the art will understand that the protein that diverts a monolignol
precursor from a lignin biosynthesis pathway that is introduced into the plant by an
expression cassette described herein does not have 1o be identical to the protein sequences
described herein {e.gz., the profein sequences of SEQ ID NOs:2, 4,6, 8, 10, 12, or 14}, In
some embodiments, the protein that is introduced into the plant by an expression cassette is
substantially identical {e.g., at least 50%, at loast 55%, at least 60%, at least 63%, at least
70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at least 99%
identical) Lo a profein sequence described herein (eg, a protein sequence of SEQ 1D NOs:2,
4, 6, 8, 10, 12, or 14}, In some cmbodiments, the protein that is introduced into the plant b
an expression cassette is a homolog, ortholog, or paralog of a protein that diverts a

monoligno! precursor from a lignin biesynthesis pathway as deseribed herein {e.g, 2 protein

sequence of SEQ 1D NOUs:2, 4, 6, %, 18, 12, or i4).

[8090]  Gene and profein sequences for enzymes that divert a monolignol precursor from a
Hignin biosynthesis pathway are described in the Sequence Listing herein. Additionally, gene
and protein sequences for these proteins, and methods for obtaining the genes or proteins, are
known and described in the art. One of skill in the art will recognize that these gene or
protein sequences known in the art and/or as described herein can be modified to mmake
substantially identical enzymes, e.g., by making conservative substitutions at one or more
aming acid residues. One of skill will also recagnize that the known sequences provide
guidance as to what amino acids may be varied to make a substantially identical enzyme, For
example, using an amino acid sequence alighment between two or more protein sequences
one of skill will recognize which amino acid residues are not highly conserved and thus can
hikely be changed withoot resulting in a significant effect on the function of the enzyms.

24



(%]

o
N

N
(¥4

CA 02940141 2016-08-18

WO 2014/150504 PCT/US2014/023443

Proteins that Reduce the Amount of Shikimate

[8091)  In some embodiments, a protein that diverts a monolignol precursor from a lignin
biosynthesis pathway reduces the amount of cytosolic and/or plastidial shikimate that 1s
available for the lignin biosynthesis pathway. Examples of such a protein are shown in
Figures 2 and 3. In some embodiments, the protein is an enzyme that modifies a shikimate
substrate, 2.z., a shikimate kinase or a pentafunctional arom protein. In some embodiments,
the pmtein is an enzyme that utilizes shikimate in the synthesis of another compound {e.g., a
protocatechuate, an aromatic amine acid, a vitamin, or a quinone), e g, a dehydryoshikimate

dehydratase.

{00921 Non-limiting examples of a shikimate kinase enzyme are deseribed in Gueral, J
Mol Biod 319773788 (2002). In some embodiments, the protein is a Mycobacterium
nberculosis shikimate kinase (AroX) having the aminc acid sequence set forth in SEQ ID
NG:2. In some embodiments, the protein is substantially identical {e.g., at least 50%, at least
55%, at least 60%, at least 63%, at least 70%, at least 75%, at least 80%, at least 85%, at least
G%%, at least 9194, at least 92%, at least 83%, at feast $4%, at least 95%, at least 6%, at least
7%, at least $8%, or at least 99% identical) to the amino acid sequence of SEQ IDMNO:2. In
some embodiments, the protein is a homolog of a Mycobacterium fuberculosis shikimate
kinase {Arck) having the amino acid sequence set forth in SEQ ID NG:Z. In some
ernbodiments, a polynucleotide encoding the shikimate kinase comprises a pelynucieotide
sequence that is identical or substantially identical (e.g, at least 50%, at least 55%, at least
60%, at least 659, at least 709, at least 75%, at least 80%, at least 85%, at least 90%, at least
1%, at least 92%, at least 93%, at least 34%, at least 95%, at least 96%, at least 97%, at least

Q8%%, or at least 99% identical) to SEQ ID NO:1.

[6693] Non-limiting examples of a pentafumctional arom protein are described in Duncan ef
al., Biochem. J. 246:375-386 {1987}, In some embodiments, the protein is a Saccharomyees
cerevisive pentafunctional arom enzyme (Arol) having the amino acid sequence sof forth in
SEQ ID NO:4. In some embodiments, the protein is substantially identical {e.g., at least
50%, at least $5%¢, at least 60%, at least 65%, at least 70%, at least 75%, at ieast 80%, at least
85%, at least 90%, at least 1%, at least 92%, at least 93%, at least 94%, at least 93%, at least
Q6%, at least 97%, at least 98%, or at least 99% identical) to the amino acid sequence of SEQ
ID NG:4. In some embodiments, the protein is a homolog of a Saccharomyces cerevisice
pentafunctional arom enzyme {Arol) having the amino acid seqguence set forth in SEQ ID
N4, In some embodiments, a polynucieotide encoding the pentafunctional arom protein
comprises a polynucleotide sequence that is identical or substantially identical {e.g., at lcast
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50%, at least 559, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least
855, at least $0%, at least 91%, at least 92%, at ieast 93%, at least 94%, at least 95%, at least

Q5%5, at least 97%, at least 98%, or at least 99% identical) to SEQ ID NO3.

(31941 Non-limiting examples of a dehydryoshikimate debyvdratase are deseribed in
Teramoto et al., Appl. Faviron, Microbiol. 75:3461-3468 {2009) and Hansen ef ol Appl.
Environ, Microbiol 75:2765-2774 (2009). In some embodiments, the protein is a
Corynebacterivm glhutamicum dehydryoshikimate dehydratase (QsuB) having the amino acid
sequence set forth in SEQ ID NO:6 or a Podospora ansering debydryoshikimate dehydratase
(DsDIH) having the amino acid sequence sot forth is SEQ IR NO:8. In some embodiments,
the protein is substantially identical {e.g., at loast 50%, at feast 55%, at least 60%%, at least
65%, at least 70%, at least 75%, at least 80%, at least 85%, a st 90%, at least 9194, at least
G2%, at keast 93%, at least 94%, at least 95%, at lcast 96%, at least 97%, at least 98%%, or at
least 99% identical) to the amine acid sequence of SEQ ID NG:6 or SEQ ID NG:8. In some
embodiments, the protein is a homolog of a Corynebacterium ghutamicum debydryoshikimate
dehydratase ((suB) having the amino acid sequence set forth in SEQ 1D NO:6 or a homolog
of the Podospora ansering dehydryoshikimate dehydratase (DsDH) having the amino acid
sequence set forth in SEQ ID NO:8. In some embodiments, a polynuclestide encoding the
dehvdryoshikimate dehydratase comprises a polynucleotide sequence that is identical or
substantially identical (e g, at least 50%, at least 53%, at least 60%, at least 65%, at least
70%, at least 75%, at least §0%, af least 85%, at least 90%, at least 91%%, at least 92%, at least
0399, at least 94%, at least 95%, at least 96%, at least 7%, at least 989, or at least 99%

identical) to SEQ 1D NO:S5 or SEQ ID NG:7

Proteins that Reduce the Amount of Phenvialanine

[60958] In some embodiments, a protein that diverts a monolignol precursor from a lignin
binsynthesis pathway reduces the amount of cytosolic and/or plastidial phenylalanine that is
available for the lignin biosynthesis pathway. Examples of such a protein are shown in
Figures 4 and 5. Tn some embodiments, the protein is an enzyme that modifies a
phenylalanine substrate. In some embodiments, the protein is an enzyme that utiliz
phenyialanine in the synthesis of another compound (e.g., a volatile compound), e.g, 2

phenylacetaldehivde synthase or a phenylalanine amminomutase.

163961  Non-limiting examples of a phenviacetaldehyde synthase are described in .Kaminaga
et al., J. Biol Chem. 281:23357-23366 (2006) and in Fachi er al., Pianr Mol Biol 72:233-245

(2010). In some embodimenis, the profein is a Pefunia hybrida phenylacetaldelyde synthase
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{PAAS) having the aming acid sequence set forth in SEQ 1D NO:10, In some embodiments,
the protein is substantially identical {e.g., at least 50%, at least 55%, at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, at least 85%4, at least 90%, at least $1%, at least
G2%%. at feast 93%, at jeast 94%, at least 95%, at least 96%, at least 97%, at least Y8%, or at
Jeast 99% identical) to the amino acid sequence of SEQ ID NO:10. In some embodiments,
the protein is & homolog of g Pequnia hvbrida phenylacetaldehyds synthase (PAAS) having
the amino acid sequence set forth in 8EQ ID NOG: 14, In some embodiments, a polynucleotide
encoding the phenylacetaldehyde synthase comprises a polynucleotide sequence that is
identical or substantially identical {e. g, at least 50%, at least 55%, at least 60%, at least 65%,
at least 70%. at least 75%, at least 80%, at least 85%%, at least 909, at least 91%, at least 92%,
at feast 93%, a1 feast 34%, at least 95%, at least 6%, at least 97%, at least 98%, or at least

99% identical) to SEQ 1D NG:9.

[8697] Non-limiting sxamples of a phenylalanine aminomutase are described in Feng ef
al., Biockemistry 50:2919-2930 (2011}, 1o some embodiments, the protein is a 7. canadensis
phenylalanine aminomutase (PAM) having the amino acid sequence set forth in SEQ 1D
W29, In some embodiments, the protein is substantially identical (e.g., at least 507, at
feast 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at
ieast 90%, at least 91%, at least 9254, at least 93%, at least 94%, at least 9556, at least 86%, a
least 97%, at least 98%, or at least 99% identical) to the amino acid sequence of SEQ 1D
NO:29. In some embodiments, the protein is a homolog of a T canadensis phenylalanine

aminomutase (PAM) having the aminoe acid sequence set torth in SEQ 1D NO:29.

Proteins that Reduce the Amount of Cinnamate and/or Coamaraie

{6898]  In some embodiments, a protein that diverts a monolignol precursor from a lignin
biosynthesis pathway reduces the amount of cinnamate and/or coumarate that is available for
the lgnin biosynthesis pathway. Examples of such a protein are shown in Figures 6 and 7. In
some smbodiments, the protein is an enzyme that modifies a cinnamate and/or coumarate
subsirate, e.g., a cinnamate/p-coumarate carboxy! methyltransferase. In some embodiments,
the protein is an enzyme that utilizes cinnamate and/or cowmarate in the synthesis of another
compound (e.g., a volatile compound, e.g., styrene or p-hydroxystyrene), e.g., phenylacrylic

acid decarboxylase or ferulic acid decarboxylase

[0099] MNon-limiting examples of a cinnamate/p-coumarate carboxyl methyhransterase
enzyme are described in Kaptoyn er of, Plan: Celf 19:3212-3229 (2607}, In some

embodiments, the protein is a Ooimuen basificum cinnamate/p-coumarate carboxyl

]
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methylransferase ({CCMT) having the amino acid sequence set forth in SEQ ID NG:12, In
some embodiments, the protein is substantially identical (e.g., at least 30%, at least 55%, at
least 60%, at least 65%, at least 7%, at least 75%, at least 805, at least 85%, at feast ¥0%, at
lcast 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%%, at
least 98%, or at least $9% identical) to the amino acid sequence of SEQ D NO:Z. Insome
embodiments, the protein is & homelog of a Ocimum basilicum ciunamate/p-coumarate
carboxyl methyltransferase (CUMT) having the amino acid sequence set forth in SEQ ID
NO:12, In some embodiments, a polynuclectide encoding the cinnamate/p-coumarate
carboxyl methyltransferase comprises a poi ynucleotide sequence that is identical or
substantiafly identical (e.g. at least 50%, at least 55%, at least 60%, at least 65%, atf least

704 /s at least 75%, at least 80%, at least 85%, at least 90%, at least 91%4, at least 92%, at least
0394, at least 9495, at least 95%, at least 96%, at least 97%, at least 98Y%, or at least 99%

identical) to SEQ ID NO:H

[#166] Non-limiting examples of a phenylacrylic acid decarboxylase are deseribed in
McKenna ef o, Metab Eng 13:344-554 {2011). In some embodiments, the protein isa P,
penosaceus phenylacrylic aled decarboxylase (PDC) having the amino acid sequence set
forth in SEQ ID NO:30. In some embodiments, the protein is subsﬁan’tiaiiy identical {e.g., at
least 50%, at least 55%, at least 60%, at least 5%, at least 70%, at least 7 af least 80%, at
least 85%, at least 90%, at jeast 91%, at least 92%, at least 93%, at least 94%,, at least 95%, at
teast 9696, at least 97%, at jeast 98%, or at least 99% identical} to the amino acid sequence of
SEQID NO:3E. In some embodiments, the protein is a homolog of a P, penosaceus
phenylacrylic acid decarboxylase (PDC) having the amino acid sequence set forth in SEQ ID

NG30.

Proteins that Reduce the Amount of Coumarevi-Cod, Caffeovi-CoA, and/or Feruloyl-

CoA

[0181] Insome embodiments, a protein that diverts a monolignol precursor from a lignin
biosynthesis pathway reduces the amount of coumarayl-CoA and/or feruloyl-CoA that is
available for the lignin biosynthesis pathway. Examples of such a protein are shown in
Figures &-11. In some embodiments, the protein is an enzyme that modifies a coumaroyl-
CoA and/or feruloyvl-CoA substrate. In some enthodiments, the protein is an enzyme that
utilizes coumarcyl-CoA and/or feruloyl-CoA in the synthesis of another compound {e.g
umbeliiferone, a volatile compound, scopoletin, chalcone, trihydroxychalcone, stitbene,
curuminoid, or benzylacetone), e.g., Z-oxoglutarase-dependent dioxygenase, chaloone
synthase, stifbene synthase, cucuminoid synthase, or benzalacetone synthase.
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18162] A non-limiting example of a Z-oxoghutarase-dependent dioxygenase enzyms is
described in Vialart ef ol,, Plon: J 70:460-470 (2012). In some ernbodiments, the protein is a
Ruta graveolens 2-oxoglutarase-dependent dioxygenase (C2'H) having the amino acid
sequence set forth in SEQ D NO: 14, In some embodiments, the protein is substantially
identical {e. g., at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least
74%, at least 80%%, at least B5%%, at least 90%; at least 31%, at least 9294, at least 93%, at least
4954 st least 95%, at least 56%, at least 97%, at least 98%, or at least 99596 identical) to the
amino acid sequence of SEQ 1D NO: 14, In some embodiments, the protein is a homolog of'a
Ruta graveoiens 2-oxoghitarase-dependent dioxygenase (C2'H) baving the amino acid
sequence set forth in SEQ 1D NO:14. In some embodiments, a polynuclectide encoding the
oxoglutarase-dependent dioxygenase comprises a polynucleotide sequence that is identical ot
substantially identical {e.g,, at least 509, at least 55%, at least 60%, at least 65%, at least
7%, at least 75%, at least 80%, at least 5%, at least 90%, at least 91%, at feast 92%, at least
Q3% at least 94%:, at least 95%, at least 6%, at least 97%, at least 98%, or at least 99%

identical) to SEQ 1D NG 13,

[8103] Other non-limiting examples of proteins that reduce the amount of coumaroyl-CoA,
caffeoyl-CoA, and/or feruloyl-CoA that is available for the lignin biosynthesis pathway
chalcone synthase {CHS), stilbene synthase (SPS), cucurmninoid synthase (CUS), or
benzalacetone synthase (BAS), described in Katsuyama of gl J. Biol. Chem. 282:37702

37709 (2607Y; Sydor et al., Appl. Environ. Microbiol 76:3361-3363 (2010); hiang ef vi.,
Phytochemistry 67:2531-2540 (2006); Abe and Morita, Nat. Prod. Rep. 27:809 (2010}, Dao
et al., Phyrochem Rev. 10:397-412 (2011); Suh ez o, Biochem J. 350:229-235 (2000); Tropf
et al., J Biol Chem. 270:7922-7928 (1993); Knogge ef af., Arch. Bicchem. Biophys,
250:364-372 (1986); Ferrer ¢f al., Nat. Struct. Biel 6:775-784 (1999); Mivazono et af.,
Proteins 79:669-673 (2010); and Abe ef ¢, Eur. J. Biochem. 268:3354-3359 (2001). In
some embodiments, the protein is a Physcomitrella patens CHS having the amino acid
sequence set forth in SEQ 10 NO:3 1, an drabdidopsis thaliana CHS having the amino acid
sequence set forth in SEQ ID NO:32; a Viris vinifera SPS having the amino acid sequence set
forth in SEQ 1D NG:33; an Oryza saiive CUS having the amino acid sequence set forth in
SEQ 1D NO:34 or SEQ 1D NO:3S; or a Rheum padmatum BAS having the amino acid
sequence set forth in SEQ 1D NO:36; or 3 homolog thereof. In some smbodiments, the
protein is substantially identical (e.g, at least 50%, at least 55%, at least 60%, at least 65%, at

least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, ar least 92%, at



10

15

20

25

30

CA2940141

least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at least 99% identical)
to the amino acid sequence of any of SEQ ID NOs:31, 32, 33, 34, 35, or 36.

Proteins that Activate a Competitive Metabolic Pathway

[0104] In some embodiments, a protein that diverts a monolignol precursor from a lignin
biosynthesis pathway activates, upregulates, or potentiates a metabolic pathway that competes with the
lignin biosynthesis pathway biosynthesis pathway for the use of monolignol precursors. Non-limiting
examples of metabolic pathways that are competitive with the lignin biosynthesis pathway include the
stilbene biosynthesis pathway, the flavonoid biosynthesis pathway, the curcuminoid biosynthesis
pathway, and the bensalacetone biosynthesis pathway. Thus, in some embodiments, the protein that
diverts a monolignol precursor from a lignin biosynthesis pathway is a protein (e.g., a transcription
factor, a TALE-based artificial transcription factor (see Zhang ef al., Nat. Biotechnol. 29:149-153
(2011)), or an enzyme) that activates, upregulates, induces, or potentiates a stilbene biosynthesis
pathway, a flavonoid biosynthesis pathway, a curcuminoid biosynthesis pathway, or a bensalacetone

biosynthesis pathway

[0105] As one non-limiting example, a protein can be expressed that activates, upregulates, induces, or
potentiates a flavonoid biosynthesis pathway. The flavonoid biosynthesis pathway utilizes monolignol
precursors such as coumaroyl-CoA, caffeoyl-CoA, and feruloyl-CoA from the lignin biosynthesis
pathway for the synthesis of flavonoids such as chalcones, flavonones, dihydroflavonols, flavonols, and
anthocyanins. See Figures 9 and 11. In some embodiments, the protein that diverts a monolignol
precursor from a lignin biosynthesis pathway is a protein that activates, upregulates, induces, or
potentiates the expression and/or activity of an enzyme in the flavonoid biosynthesis pathway (e.g., an
enzyme such as chalcone synthase or flavonol synthase). In some embodiments, the protein that diverts
a monolignol precursor from a lignin biosynthesis pathway is a transcription factor. Transcription
factors in the flavonoid biosynthesis pathway are known in the art. See, e.g., Bovy et al., Plant Cell
14:2509-2526 (2002); Tohge et al., Plant J. 42:218-235 (2005); Peel et al., Plant J. 59:136-149 (2009);
Pattanaik et al., Planta 231:1061-1076 (2010); and Hichri et al., J Exp Botany 62:2465-2483 (2011).
Non-limiting examples of transcription factors in the flavonoid biosynthesis pathway include MYB
transcription factors, basic helix-loop-helix (bHLH) transcription factors, and WD40 transcription
factors. In some embodiments, the protein is an Arabidopsis thaliana PAP1 R2R3 MYB transcription
factor having the amino acid sequence set forth in SEQ ID NO:37; an Arabidopsis thaliana PAP2 R2R3

MYB transcription factor having the amino acid
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sequence set forth in SEQ 1D NO3S; an Arabidopsis thaliona TT2 R2R3 MYB transcription
factor having the amino acid sequence set forth in SEQ ID NO:39; 2 Nicoriana iabacum
NtAn2 R2R3 MYB transcription factor having the amino acid sequence set forth in SEQ ID
WNO:40; a Medicago truncatula LAPL R2ZR3 MY B transcription factor having the amino acid
sequence set forth in SEQ ID NO:41; a Zea mays MYB-C R2R3 transcription factor having
the amnine acid sequence set forth in SEQ 1D NO42; a Zea mays MY C-Le BHLH
transcription factor having the amino scid sequence set forth in SEQ ID NG:43; an
Arabidopsis thaliona TT8 BHLH transcription factor having the amino acid sequence set
forth in SEQ 1D NO:44; or a Vitis vinifera Mycl BHLH transcription factor having the amino
acid sequence set forth in SEQ 1D N0O:4S; or a homolog thereof. In some embodiments, the
protein is substantially identical (e.g., at least 50%, at least 55%, at least 60%, at least 5%, at
least 70%, at least 75%, at least 80%, at least 85%%, at least 90%, at least 919, at least 92%, at
least 93Y%, at Jeast 94%, at least Y5%, at least 96%, at least 97%, at least 98%, or at least 99%
identical) to the amino acid sequence of any of SEQ 1D NOs:37, 38,39, 40, 41,42, 43, 44, or

45

[#1¢6] In some embodiments, a plant is engineered to express two, three, fowr or more
proteins as described herein. In some embodiments, the plant expresses two or more
proteins, each of which is identical oy substantially identical to SEQID NOs:2, 4, 6, 8, 10, 12,
14,29, 30, 31,32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 42, 43, 44, or 45. In some
embodiments, the two or more proteins utilize different substrates or activate different
pathways; for example, in some embodiments the plant expresses a first protein that reduces
the amount of shikimate that is available for the lignin biosynthesis pathway and a second
protein that reduces the amount of phenylalanine that is available for the lignin biosynthesis
pathway. In some embodiments, the two or more proteins potentiate or activate the same
pathway; for example, it some embodiments the plant expresses a first transcription factor
and a second franscription factor that function cooperatively to induce the flavonoid

biosynthesis pathway.

Proteins that Produce a Competifive Inlubitor of HCT

[8167] In some embodiments, a plant having reduced lignin content is engineered by
expressing or overexpressing a competitive inthibitor of a lignin binsynthesis pathway enzyme
{e.g., a molecule that competes with p-coumaroyt-CoA and/or shikimate as a substrate for

hydroxycinnamoyl-CoA shikimate/quinate hydroxyeinnamoyltransferase (HCT)). In some

embodiments, the method comprises:
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¥

introducing into the plant an expression cassette comprising a polynucleotide
that encodes a protein that produces a competitive inhibitor of hydroxycinnamoyl-CoA
shikimate/quinate hydroxycinnamoyltransferase (HCT) in the plant, wherein the
polynucleotide is operably linked to a heterologous promoter; and

culturing the plant under conditions in which the protein that produces a

competitive inhibitor of HCT is expressed.

[6108] 1o some embodiments, the protein divectly or indirectly produces one or imore of the
competitive inhibitors protocatechuate, gentisate, catechol, 2,3-dihydroxybenzoate, 3,6-
dihydroxybenzoate, or J-hydroxy-2-aminobenzoate (e. g, by catalyzing the formation of the
competitive inhibitor or by catalyzing the formation of a precursor to the competitive

inhibitor). Examples of pathways to produce competitive inhibitors of HCT are shown in

{6109} As a non-limiting example, in some embodiments, the competitive inhibitor of HCT
is protocatechuate. As shown in Figure 27, protocatechuate can be produced by the enzyme
dehydroshikimate dehydratase (QsuB) or by the enzyme dehydroshikimate dehydratase
{DsDH). In some embodiments, the protein that produces a competitive inhibitor of HCT s a
Corynebacterivm glitamicum dehydryoshikimate dehydratase (QsuB}) having the amino acid
sequence set forth in SEQ 1D NO:6 or a Podospora ansering dehydryoshikimate dehydratase
{DsDH) having the amino acid sequence set forth in SEQ ID NO:8. i some einbodiuents,
the protein 1s substantially identical {e.g., at leasi 50%, at least 55%, at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least
G2%%, at least 93%%, at least 94%, at least 95%, at least 96%, at least §7%, at least 98%, or at
feast 9996 identical) to the amine acid sequence of SEQ 1D NO:6 or SEQ 1D NO:E. In some
embodiments, the protein is a homolog of a Corynebacterium glutmmicum dehydryoshikimate
dehydratase {QsuB3) having the amino acid sequence set forth in SEQ 1D NO:6 or a homolog
of the Podospora ansering dehydryoshikimate dehydratase (DsDH) having the amino acid
sequence set forth in SEQ ID NO:8. Tn some embodiments, a polynuclestide encoding the
dehydryoshikimate dehydratase comprises a polynucieotide sequence that is identical or
substaniially identical (e.g., ai least 50%. at least 55%, at least 60%, at least 65%, at least
70%, at least 75%%, at least §0%, at least 859, at least 90%, at Jeast 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 7%, at least 98%5, or at least 99%

identical) to SEQ 1D NOS or SEQ ID NG,

8]
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B. Plastidial Expression of Proteins

[0110] In some embodiments, the protein that diverts a monolignol precursor from a lignin
biosynthesis pathway as described herein is expressed in one or more specific organclles of the plant,
e.g., in the plastid of the plant. The polynucleotide sequence encoding the protein that diverts a
monolignol precursor from a lignin biosynthesis pathway (e.g., a polynucleotide encoding shikimate
kinase (AroK), pentafunctional AROM polypeptide (ARO1), dehydroshikimate dehydratase (DsDH),
dehydroshikimate dehydratase (QsuB), phenylacetaldehyde synthase (PAAS), or phenylalanine
aminomutase (PAM), e.g., a polynucleotide comprising a sequence that is identical or substantially
identical to a polynucleotide sequence of SEQ ID NO:1, 3, 5, 7, or 9, or a polynucleotide comprising a
sequence that encodes a polypeptide is identical or substantially identical to an amino acid sequence of
SEQ ID NO:2, 4, 6, 8, 10, or 29) can be engineered to include a sequence that encodes a targeting or
transit signal for the organelle, e.g., a targeting or transit signal for the plastid. Targeting or transit
signals act by facilitating transport of proteins through intracellular membranes, e.g., vacuole, vesicle,

plastid, and mitochondrial membranes.

[0111] In some embodiments, the plastid targeting signal is a targeting signal described in US Patent
No. 5, 510,471. In some embodiments, the plastid targeting signal is identical or substantially identical
(e.g., at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at
Ieast 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, or at least 99% identical) to an amino acid sequence of SEQ ID NO:16. In
some embodiments, the plastid targeting signal is identical or substantially identical (e.g., at least 50%,
at least 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at
least 98%, or at least 99% identical) to a polynucleotide sequence of SEQ ID NO:15. In some
embodiments, the organelle targeting signal (e.g., the plastid targeting signal) is linked in-frame with the

coding sequence for the protein that diverts a monolignol precursor from a lignin biosynthesis pathway.
C. Promoters

[0112] In some embodiments, the polynucleotide encoding the protein that diverts a monolignol
precursor from the lignin biosynthesis pathway, or the protein that produces a competitive inhibitor of
HCT, is operably linked to a heterologous promoter. In some embodiments, the promoter is a cell- or

tissue-specific promoter as described below. In some
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embodiments, the promoter is from a gene in the lignin biosynthesis pathway {e.g., a
promoter from a gene expressed in the pathway shown in Figure 1), In some embodiments,
the promoter is from a gene in the lignin biosynthesis pathway, with the proviso that the
promoter is not the native promoter of the polynucleotide encoding the protein that diverts a
monolignol precursor from the lignin biosynthesis pathway or the native promoter of the
polynucleotide encoding the protein that produces a competitive mhibitor of HCT to be
expressed in the plant. In some embodiments, the promoter is a C4H, C3H, HCT, CCR1,
CAD4, CADS, F5H, PALY, PALZ, 4CL1, or CCoAMT promoter. In some embodiments, the
promoter is identical or substantially identical to a polynucleotide sequence of any of SEQ ID

Ns:18,19, 20,21, 22,23, 24,25,26,27, or 28,

Cell- or Tissue-Specific Promoters

{01131  In some embodiments, the polynucieotide encoding the protein that diveris a
monoligno! precursor from the lignin biosynthesis pathway, or the protein that produces a
competitive inhibitor of HCT, is operably linked to a tissue-specific or cell-specific promoter.
In some embodiments, the promoter is a secondary cell wall-specific promoter or a fiber cell-
specific promoter. The secondary cell wall-specific promoter is heterologous 1o the
polynuclectide encoding the protein that diverts a monolignol precursor from the lignin
biosynthesis pathway, e.g., the promoter and the promoter coding sequence are derived from
two different species. A promoter is suitable for use as a secondary cell wall-specific
promoter if the promoter is expressed strongly in the secondary cell wall, e.g., in vessel and
fiber cells of the plant, but is expressed at a much lower level or not expressed in cells
without the secondary cell wall. A promoter is suitable for use as a f{iber cell-specific
promoter if the promoter is expressed strongly in {iber cells as compared to other non-fiber

cells of the plant.

8114] In some embodiments, the promoter is an IRXS promoter. IRXS is a gene encoding
a secondary cell wall celluiose synthase Cesa4 / IRXD, (Genbank Accession Ne.
AF458083 1). In some embodiments, the promoter is identical or substantially identical to

the pIRXS polynucleotide sequence of SEQ D NO:17.

{#118] Secondary cell wall-specific promoters are also deseribed in the art. See, for
example, Mitsuda ef af, Plant Cell 17:2993-3006 (2005); Mitsuda ef al, Plant Cell 19:270-
280 (2007); and Ohtani ef al, Plant Journal 67:499-512 (2011).

[0116] It will be appreciated by one of skill in the art that a prometer region can tolerate

considerable variation without diminution of activity. Thus, in some embodiments, a
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., & promoter from the lignin biosynthesis pathway, a secondary cell wall-

&

promoter {e.
specific promoter, or a fiber cell-specific promoter) is substantially identical {e.g., at least
5%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least
85%, at loast 90%, at least 91%, at least 92%, at least 83%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, or at least 99% identical} to a polynucleotide sequence of
any of SEQ IDNOs:17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, or 28. The effectiveness of a

promoter may be confinmed using a reporter gene (e.g., P-glucuronidase or GUS) sssay

known in the art.
B, Preparation of Recombivant Expression Vectors

{61177 Once the promeoter sequence and the coding sequence for the gene of interest {e.g.,
coding for a protein that diverts a monoligneol precursor from the lignin biosynthesis
pathway) are obtained, the sequences can be used to prepare an expression cassette for
expressing the gene of inferest in a transgenic plant. Typieally, plant transformation vectors
include one or more cloned plant coding sequences {gevomic or ¢cDNA)Y under the
transeriptional control of §' and 3 regulatory sequences and a dominant selectable marker.
Such plant transformation vectors may also contain 3 promoter {e.g., a secondary cell wall-
specific promaoter or fiber cell-specific promoter as described berein), a transeription
initiation start site, an RNA processing signal (such as intron splice stles), a transcription

termination site, and/or a polyadenylation signal.

[0118] The plant expression vectors ay include RNA processing signals that may be
positioned within, upstream, or downstream of the coding sequence. In addition, the
expression vectors may include repulatory sequences from the 3'-untransiated region of plant
genes, e.g., a3’ terminator region to mcrease mRNA stability of the mRNA, such as the PI-i

terminator region of potato or the octopine or nopaline synthase 3' terminator regions.

[B119} Plant expression vectors routinely also include dominant selectable marker genes to
allow for the ready selection of transformants. Such genes include those encoding antibiotic
resistance genes {e.g., resistance 1o hygromyein, kanamycein, bleomycin, G418, streptomycin
or spectinomyein), berbicide resistance genes (2. g, phosphinothricin acetyltransferase), and

genes encoding positive selection enzymes (6.2 mannose isomerase).

[81206] Once an expression cassefte comprising a polynucleotide encoding the protein that
diverts a monolignol precursor from the lignin biosynthesis pathway and operably linked to a
promoter as described herein has been constructed, standard techniques may be used to

o

introduce the polynucleotide into a plant in order to modify gene expression. See, e.g,
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protocols described in Ammirato et al. (1984} Handbook of Plant Cell Culture--Crop Species
Macmillan Publ. Co. Shimamoto et al. (1989) Nature 338:274-276; Fromm et al. (1990}
Bio/Technology 8:833-839; and Vasil et al. {1990} Bio/Technology 8:429-434.

{01211 Transformation and regeneration of plants are known in the art, and the selection of
the most appropriate transfurmation techpique will be determined by the practitioner.
Suitable methods may mclude, but are not Himited to: electroporation of plant protoplasts;
liposome-mediated transformation; polvethylene ghycol (PEG) mediated transformation;
transformation using viruses; micro-injection of plant eells; micro-projectile bombardment of
plant colls; vacuum inflitration; and Agrobacterium tumeficiens mediated transformation.
Transformation means introducing a nucleotide sequence in a plant in a manner to cause
stable or transient expression of the sequence. Examples of these methods in various plants
include: U.S, Pat. Nos. 5,571,706, 5,677,175, 5,510,471, 5,750,386; 5,597,945; 5,589,615;
5,750,871, 5,268,526; 5,780,708; 3,538,880; 5,773,269; 5,736,369 and 5,610,042,

{61221 Following trassformation, plants can be selected using a dominant selectable marker
incorporated into the transformation vector. Typically, such a marker will confer antibiotic
or herbicide resistance on the transformed plants or the ability to grow on a specific subsirate,
and selection of fransformants can be accomplished by exposing the plants o appropriate

concentrations of the antibiotic, herbicide, or substrate

{81231 The polynucleotides coding for a protein that diverts a monolignol precursor from
the Hignin biosynthesis pathway, as well as the polynucleotides comprising promoter
sequences for secondary cell wall-specific promoters or fiber cell-specific promoters, can be
obiained according to any method known in the art. Such metbods can jnvolve amplification

reactions such as PFCR and other hybridization-based reactions or can be directly synthesized.
E. Plants in Which Lignin Content Can Be Reduced

[0824]  An expression cassette comprising a polynucleotide encoding the protein that
diverts a monolignol precursor from the lignin biosynthesis pathway and operably linked to s
promoter, or comprising a polynueleotide encoding the protein that produces a competitive
inhibitor of HCT and operably linked 1o a promoter, as described herein, can be expressed in
various kinds of plants. The plant may be a monocotyledonous plant or a dicotyledonous
plant. To some embodiments of the invention, the plant is a green field plant. In some

embodiments, the plant is a gymnosperm or conifer,
101251  1n some embodiments, the plant {s a plant that is suitable for generating biomass.

Examples of suitable plants include, but are not limited to, Arabidopsis, poplar, cucalypius,
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rice, corn, switchgrass, sorghum, millet, miscanthus, sugarcane, pine, alfalfa, whest, soy,
barley, turfprass, tobacco, hemp, bamboo, rape, sunflower, willow, Jatropha, and

Brachypodium,

{8126}  In some embodiments, the plant into which the expression cassetie is introduced is
the same species of plant as the promoter and/or as the polynuclectide encoding the protein
that diverts a monolignol precursor from the lignin biosynthesis pathway or encoding the
protein that produces a competitive inhibitor of HCT {e. gz, a polynucieotide enceding the
protein that diveris a monolignol precursor from the lignin biosynthesis pathway and a
secondary cell wall-specific or fiber sell-specific promoter from Arabidopsis is expressed in
an Arabidopsis plant). In some embodiments, the plant into which the expression cassette is
introduced is a different species of plant than the prometer and/or than the polynucleotide
encoding the protein that diverts a monolignel precursor from the lignin biosynthesis pathway
{e.z., a polynucleotide encoding the protein that diverts a monolignol precursor from the
tignin biosynthesis pathway and/or a secondary cell wall-specific or fiber cell-specific
promoter from Arabidopsis is expressed in a poplar plant), See, e.g., McCarthy ¢f of., Plant

Cell Physiol 31:1084-90 (2010); and Zhong er af., Plany Physiol, 152:1044-55 (2010).
F. Sereening for Plants Having Reduced Lignin Content

[0127]  After transformed plants are selected, the plants or parts of the plants can be
evaluated to determine whether expression of the protein that diverts a monolignol precursor
from the Henin biosynthesis pathway, or expression of the protein that produces a competitive
inhibitor of HUT, e.g., snder the control of a secondary cell wall-specific promoter or a fiber
cefl-specific promoter, can be detected, e.g., by evaluating the level of RNA or protein, by
measuring enzymatic activity of the protein, and/or by evaluating the size, molecular weight,
content, or degree of branching in the lignin molecules found in the plants. These analyses

can be performed using any number of methods known in the art.

[6128] In some embodiments, plants are screened by evaluating the level of KNA or
protein. Methods of measuring RNA expression are known in the art and include, for
example, PCR, northern analysis, reverse-transcriptase polymerase chain reaction (RT-PCR),
and microarrays. Methods of measuring protein levels are also known o the art and include,
for example, mass spectroscopy or antibody-based techniques sach as ELISA, Western

blotting, flow cytometry, immunofluorescence, and immunchistochemistry.

[6123]  In some embodiments, plants are screened by assessing for activity of the protein

being expressed, and also by evaluating lignin size and composition. Enzymatic assays for
£ > 3 &g F 3
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the proteins described herein (e.g., shikimate kinase (AroK), pentafunctional AROM polypeptide
(ARO1), dehydroshikimate dehydratase (DsDH), dehydroshikimate dehydratase (QsuB),
phenylacetaldehyde synthase (PAAS), phenylalanine aminomutase (PAM), p-coumarate/cinnamate
carboxylmethltransferase (CCMT1), ferulic acid decarboxylase (FDC1), phenylacrylic acid
decarboxylase (PDC1), 2-oxoglutarate-dependent dioxygenase (C2'H), chalcone synthase (CHS),
stilbene synthase (SPS), cucuminoid synthase (CUS), or benzalacetone (BAS)) are well known in the
art. Lignin molecules can be assessed, for example, by nuclear magnetic resonance (NMR),
spectrophotometry, microscopy, klason lignin assays, thioacidolysis, acetyl-bromide reagent or by

histochemical staining (e.g., with phloroglucinol).

[0130] As anon-limiting example, any of several methods known in the art can be used for
quantification and/or composition analysis of lignin in a plant or plant part as described herein. Lignin
content can be determined from extract free cell wall residues using acetyl bromide or Klason methods.
See, e.g., Eudes et al., Plant Biotech. J. 10:609-620 (2012); Yang ef al., Plant Biotech. J. (2013) (in
press); and Dence et al. (eds) Lignin determination. Berlin: SpringerVerlag (1992). Extract free cell wall
residues correspond to raw biomass, which has been extensively washed to remove the ethanol soluble
component. Eudes et al., Plant Biotech. J. 10:609-620 (2012); Yang et al., Plant Biotech. J. (2013) (in
press); Sluiter ef al., Determination of structural carbohydrates and lignin in biomass. In: Laboratory
Analytical Procedure. National Renewable Energy Laboratory, Golden, CO, USA; and Kim ef al,, Bio.
Res. 1:56-66 (2008). Lignin composition analysis and G/S lignin subunit determination can be
performed using any of various techniques known in the art such as 2D 13C-H1 HSQC NMR
spectroscopy (Kim and Ralph, Org. Biomol. Chem. 8:576-591 (2010); Kim ef al., Bio. Res. 1:56-66
(2008)); thioacidolysis method (Lapierre ef al., Plant Physiol. 119:153-164 (1999); Lapierre et al_, Res.
Chem. Intermed. 21:397-412 (1995); Eudes ef al., Plant Biotech. J. 10:609-620 (2012)); derivatization
followed by reductive cleavage method (DFRC method; Lu and Ralph, J. Agr. Food Chem 46:547-552
(1998) and Lu and Ralph, J. Agr. Food Chem 45:2590-2592 (1997)) and pyrolysis-gas chromatograph
method (Py-GC method; Sonoda ef al., Anal. Chem. 73:5429-5435 (2001)) directly from extract free
cell wall residues or from cellulolytic enzyme lignin (CEL lignin). CEL lignin derives from cell wall
residues, which were hydrolyzed with crude cellulases to deplete the polysaccharide fraction and enrich
the lignin one (Eudes ef al., Plant Biotech. J. 10:609-620 (2012)).
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1V,  Methods of Using Plants Having Reduced Lignin Content

{6331] Plants, parts of plants, or plant biomass material from plants haviog reduced
Hgnification due to the expression of 2 protein that diverts a monolignol precursor from the
Hgnin biosynthesis pathway or due to the expression of a protein that produces a competitive
inhibitor of HCT, e.g., under the contiol of a secondary cell wall-specitic promoter or a fiber
celi-specific promoter, can be used for a variety of methods. In some embodiments, the
plants, parts of plants, or plant biomass material generate less recalcitrant biomass for use in a
conversion reastion as compared to wild-type plants. In some embodiments, the plants, parts
of plants, or plant biomass snaterial are used in a saccharification reaction, e.g., enzymatic
saccharification, to generate sohuble sugars at an increased level of efficiency as compared to
wild-type plants. In some embodiments, the plants, parts of plants, or plant biomass material
are used to increase bicmass vield or simplify downstreai processing for wood industries
(such as paper, pulping, and construction} as compared to wild-type plants. In some
embodiments, the plants, parts of plants, or plant biomass material are used to increase the
guality of wood for construction purposes. In some embodimenis the plants, parts of plants,
or plant biomass materiad can be ysed in a combustion reaction, gasification, pyrolysis, oy
polysaccharide hydrolysis {enzymatic or chemical). In some embodiments, the plants, parts of

plants, or plant biomass material are used as feed for animals {e.g., raminants).

[8132] Mcthods of conversion, for example biomass gasification, arc known in the art.
Briefly, m gasification plants or plant biomass material {e. g, leaves and stems) are ground

2 5 P } <
into small particles and enter the gasifier along with a2 controlled amount of air or oxygen and
steam. The heat and pressure of the reaction break apart the chemical bonds of the biomass,
forming syngas, which is subsequently cleaned to remove tmpurities such as sulfur, mercury,
particulates, and trace materials, Syngas can then be converted to products such as ethanol or

other biofuels.

(61331 Methods of enzymatic saccharification are also knows iu the art. Briefly, plants or
plant biomass material {e.g., leaves and stems) are optionally pre-treated with hot water,
difute alkaline, AFEX (Ammonia Fiber Explosion), ionic Haquid or dilute acid, followed by
enzymatic saccharification using a mixture of cell wall hydrolytic enzymes (such as
hemicellulases, cellulases and beta-glucosidases) in buffer and incubation of the plants or
plant biomass material with the enzymatic mixture. Following incubation, the yield of the
saccharification reaction can be readily determined by measuring the amount of reducing
sugar refeased, using a standard method for sugar detoction, e.g. the dinitrosalicylic acid

method well known to those skilled in the art. Plants engineered in accordance with the

fad
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invention provide a higher saccharificaton efficiency as compared to wild-type plants, while

the plants’ growth, development, or disease resistance is not negatively impacted.

EXAMPLES

[8134] The following examples are provided to illustrate, but not limited the claimed

invention.
Example 1: Strategies for Diveriing a Monolionol Precursor from the Lignin

Biosyathesis Pathway

[3135]  The engineered plants of the present invention express one or more genes encoding
a protein that diverts a precursor component from the lignin biosynthesis pathway (Figure 1)
to a competitive pathway, This diversion reduces the amount of lignin that is produced and

increases the amount of product produced by the competitive pathway.

{0136] Figures 2-11 provide exemplary strategies for diverting a precursor component from
the lignin hiosynthesis pathway. In one strategy (Figures 2 and 3), the monolignel precursor
shikimate can be reduced or depleted. For example, the amount of cytosolic and/or plastidial
shikimate that is avaitable for the Hgnin biosynthesis pathway can be reduced or depleted by
expressing a shikimate kinase such as M rubercufosis shikimate kinase ("MitAroK"), a
pentafunctional arom protein such as 8 cerevisive pentafunctional arom protein {"ScArol™),
a debydroshikimate debydratase such as C. glufamicum dehydroshikimate dehydratase

("CgQsuB™, or a P, ansering dehydroshikimate dehydratase ("PaDsDH™),

[0137] In another strategy {Figures 4 and §}, the monolignol precursor phenylalanine can
be reduced or depleted. For example, the amount of eytosolic and/or plastidial phenylalanine
that is available for the lignin blosynthesis pathway can be reduced or depleted by expressing

a phenylacetaldehyde soch as P hvbrido phenylacetaldshyde synthase ("PhPAAS " ora

X

phenyialanine aminomutase such as 70 canadensis phenylalanine aminomutase ("TcPAM™).
{68381 In another strategy (Figores 6 and 7), the monelignol precursors cinnamate and/or p-
coumarate are reduced or depleted. For example, the amount of cytosolic cinnamats and/or p-
coumarate that is availabie for the Hgnin biosynthesis pathway can be reduced or depleted by
expressing a cinnamate/p-coumarate carboxy! methvitransferase such as O, dasificum
cinnamate/p-coumarate carboxyl methyvliransferase ("ObCCMT1") or a phenylacrylic acid

decarboxylase such as P pentosaceus phenyiaceylic decarboxylase ("PRIC™).
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{8139] 1o another strategy (Figures 8-11), the monolignol precursors coumaroyl-CoA,
caffeoyvl-Cod, and/or feruloyi-CoA are redused or depleted. For example, the amount of
cytosolic coumaroyi-CoA, caffeoyi-CoA, and/or feruloyl-CoA that is available for the ignin
biosynthesis pathway can be reduced or depleted by expressing a 2-oxoghutarate-dependent
dioxygenase such as R. graveolens C2U'H (2-oxoglutarate-dependent dioxygenase)
{"RbC2'H"), a chaleone synthase (CHB), a stilbense synthase (SPS), a cucuminod synthase

(CUS), or a benzalacetone (BAS).

Fxample 2: Generation of Transeenic Lines Expressing OsuB or DsBH in plastids

[$3148] The promoter (pC4R) of the lignin C4H gene from drabidopsis was synthesized
with flanking Smal and AvtTl restriction sites at the 3’ and 5 ends sespectively {Genscript).
The encoding sequence of the chloroplastic targeting signal peptide sequence {ctss; Patent US
5510471) was codon optimized and synthesized (Genscript), then amplified by PCK and
ingserted into the Avril restriction site located at the 5 end of pC4H using In-Fusion cioning
{Clontech). The pC4Hetss DMNA fusion was then used to rf:piace the IRXS promoter from
piTKan- pil{xb {Eudes et al. Plant Biotechnol J 10, 60962 23} using Gateway
technology (Invitrogen) and to generate a new pThan-pC4Hetss-GWR3RZ vecior. This
vector is designed to clone in-frame with the otss sequence any gene of interest previously
cloned into a pDONRZ21.P3-P2 vector according to the manufacturer instruction

{Invitrogen).

31411 Codon-optimized nucleotide sequences encoding for the dehydroshikimate
dehydratases QsuB from Corynebacterium ghuamicum (accession mimber A4QB63) and
DsDH from Podospora anserina (accession number CAD60599) were synthesized for
expression in Arabidopsis {Genescript), cloned in pDONKR221. P3-P2 gateway vector
according the manuafacturer instruction {Invitrogen}, and transferred into pTkan-pC4Hotss-
GWRSIR2 by LR clonase reaction (Invitrogen) to generate the pTRan-pC4Hetss-Qsull and
pTKan-pC4Hetss-DisDH binary vectors respectively. The in-frame fusions of ctiss with QsuB

and DsDH encoding sequences were verified by sequencing.

{31421 Both constructs were introduced independently into Wl Arabidopsis plants
{ecotype Col0) via dgrobacterium tumefaciens-mediated transformation (Bechiold and
Pelletier, Methods Mol Biol 82:259-266 (1998)) and several independent 5-QsuB and S-

DsH lines barboring etss::QeuB and clss:DeDH gene fusions respectively were generated.

Resuliy
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[8143] Nine independent flines resistant to kanamyein and therefore harboring the pTKan-
pCaHetss-QsuB constract (S-0sub lines) were selected and analyzed at the T2 generation.
These Hnes express the dehydroshikimate dehydratase QsubBl protein from Corynebacterium
glutomicum fused to a plastid targeting signal peptids to address the QsuB protein in their
plastids. At the rosetie stage (3-week-old), S-(JsuB lines were phenotypically
indistinguishable from wild-type (WT) plants (Figure 11). The biomass from dried senesced
stems collected from S-QsuB lines and WT plants was used to perform saccharification
analysis. As shown on Figure 12, the amount of reducing sugars released from the biomass of

all the 8-QseB lines was higher compared to the arnount released from WT plants. In
particular, using similar amount of cellulolytic enzyme, the 5-QeuB lines #1, 4, and 9 showed
improved saccharification efficiencies of up to 3.0 fold compared o WT plants (Figure 12).
Moreover, the amount of reducing sugars refeased from the biomass of S-(Jsubl lines {(#1, #4,
#9) and WT plants using different loadings of cellulolytic enzyme cockiail was investigated.
As shown on Figure 13, the saccharification efficiency was on average 75% higher for the

three S-Qsub lines although 10 times less enzyme was used compared to WT biomass. This

/

result shows that much less cellulolytic enzyme is required to release similar amount of

sugars from the biomass of 8-QsuB lines compared to that of WT plants.

[6144] Alternatively, five independent lines resistant to kanamycio and therefore harboring
the pTKan-pC4Hetss-DsDH construct (S-DsDH lines) were selected and analyzed at the T2
generation. These lines expross the dehydroshikimate dehydratase DsDH protein from
Podospora anserire fused to a plastid targeting signal peptide to address the OsuB protein in
their plastids. The biomass from dried senesced stems collected from S-DsDH lines and WT
planis was used to perform saccharification analysis. As shown on Figure 14, ysing identical
amount of cellulolytic enzyme, the amount of reducing sugars released over time from the
biomass of all the S-DsDH lines was higher compared to the amount released from WT
plants, representing an improvement of up fo 1.4 fold after 72 h of hydralysis, Stmiarty to
the S-(QsuB lines, this result indicates that the biomass of 5-DsDH lines s less recaleitrant to

polysaccharide enzymatic digestion compared to WT plants,

Exambpie 3: Expression of a bacteriagd 3-debvdroshikimate dehvdratase reduges Henin

content and improves biomass saccharification efficiency

ABSTRACT

[0145] Lignin confers recalcitrance to plant biomass used as feedstocks in agro-processing
industries or as a source of renewable sugars for the production of bioproducts, The

wetabolic steps for the synthesis of lignin building blocks belong to the shikimate and
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phenylpropanocid pathways. Genetic engineering efforts to reduce lignin content typically
employ gene-knockout or gene-silencing technigues to constitutively repress one of these
metabolic pathways. In this study, we report that expression of a 3-dehydroshikimate
dehydratase (QsuB from Corynebacterium ghaamicim) reduces Hgnin deposition in
Arabidopsis cell walls. QsuB was targeted to the plastids to convert 3-dehydroshikimate —
an intormediate of the shikimate pathway — into protocatechuate. Compared to wild-type
plants, lines expressing Qsul} contain higher amounts of protocatechuate, cinnamate, p-
coumarate, p-coumaraldehyde, and coumaryl alcohol. 2D-NMR spectroscopy, thivacidelysis,
and pyrolysis-gas chromatography/mass spectromeiry {pyro-GC/MS) reveal an increase of p-
hydroxyphenyl units and a reduction of guaiacyl units in the Hgnin of QsuB lines, while size-
exclusion chromatography indicates a lower degree of lignin polymerization. Our data show
that the expression of QsuB primarily affects one of the key enzymatic steps within the lignin
biosynthetic pathway. Finally, biomass from these lines exhibits more than a twofold
improvement in saccharification efficiency. We conchude that the expression of (QsuB in
plants, in combination with specific promoters, is a promising gain-of-function strategy for

spatio-temporal reduction of Henin in plant biomass.

SIGNIFICANCE

{3146}  Lignin is a complex aromatio polymer found in plant cells walls that is largely
responsibie for the strength and toughness of wood. These properties also confer
“recalcitrance” to biomass, so materials high in Hgnin content are more difficult to break
down in processes such as production of biofuels. Efforts to reduce lignin content through
altering plant gene expression often result in reduced biomass yield and corpromise plant
fitness. In this study, we present an effective alternative strategy: reducing Hgnin content and
biomass recalcitrance through expression of a bacterial 3—dehydroshikimaie dehydratase in
plants. We demonstrate that this strategy achieved dramatic changes in the lignin composition
and structure in ransgoenic plants, as well as improved conversion of biomass into

fermentable sugars.

INTRODUCTION

[8147] Plant cells walls are the primary source of terresirial biomass and mainly consist of
cellulosic and hemicellulosic polysaccharides impregnated with iignins. Lignins are polyyoers
of p-hydroxycinnanmyl aleohols {i e, monolignols), which are synthesized inside the cells,
exported to the cell wall, and ulimately undergo oxidative polymerization via faccase and

peroxidase activities. The main monolignols - p-coumaryl, coniferyl, and sinapyl alcohols

NaN
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—— give rise to the p-hydroxyphenyl (H), guaiacyl (G}, and syringyl {8) lignin units,
respectively (1) Lignification generally confers mechanical strength and hydrophobicity in
tissues that develop secondary cell walls, such as sclerenchyma (ie., fibers) and xylem
vessels. In addition 1o its essential role for upright growth, lignin also serves as a physical

barrier against pathogens that degrade cell walls (2.

{0148} LignoceHulosic biomass is used for pulp and paper manufacture, ruminant livestock
feeding, and more recently has been considered an important source of simple sugars for
fermentative production of intermediate or specialty chemicals and biofuels (3). It is well-
dooumented that lignin in plant bicmass negatively affects pulp yield, forage digestibility,
and polysaccharide saccharification {4-6). This has prompied major interest in developing a
etter understanding of lignin biosynthesis to reduce biomass recalcitrance by modifying

Hgnin content and/or composition.

{61491  The shikimate pathway, which is located in plastids in plants, provides a carbon
skeleton for the synthesis of phenylalanine, the precursor of the eytosolic phenylpropanoid
pathway responsible for the biosynthesis of monolignols (Fig. 20}, All the metabolic steps
and corresponding enzymes for both pathways are known and well-conserved across land
plants (7-10). Classic approaches to lignin reduction have relied on genetic modifications,
such as ranseript reduction and alielic variation of specific genes from the phenylpropanoid
pathway (11, 12). However, these stratogios often result in undesived phenotypes — incloding
dwarfism, sterility, and increased susceptibly to environmental siresses —— due to loss of cell
wall integrity, depletion of other phenyipropanocid-related metabolites, accumulation of
pathway intermediates, or the constitutive activation of defense responses (13, 14). Such
negative effects are unfortunately difficult to avoid because of the non-tissue speciﬁcity of
the strategies employed: allelic variations are transmiited to every cell of the plant during cell
divisions, and small interfering RNAs generated for gene silencing generally move from celi-

to-cell and over long distance in vegetative tissues (13},

[81807  Alternatively, there are novel and promising gain-of-function steategies that invalve
expression of specific proteins to reduce the production of the three main monolignols or

icied expression patterns, these

change their ratios. Using specific promoters with rest
strategies would enable the alteration of lignin at later developmental stages or, for example,
only it certain tissues such as fibers — without compromising the functionality of conductive
vessels for the transport of water {14). Examples of such expressed proteins are {ranscripiion
factors that act as negative regulators of Hgnin biosynthesis (16-19); enzymes that use
intermediates of the lgnin pathway for the synthesis of derived metabolites (20-22);
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engineered enzymes that modify monolignols into their non-oxidizable forms (23% or
proteins that mediate the post-transeriptional degradation of enzymes from the lignin
biosynthetic pathway (24).

[§158] In this study, we report for the first time on the expression of a bacterial 3-

el

dehydroshikimate dehydratase in drobidopsis (25). We selected QsuB from C. glutamicum
and targeted it to the plastids to convert the shikimate precursor 3-dehydroshikimaie into
protocatechuate, with the aim of reducing lignin content and medifying its composition and
structure in the biomass of transgenic lines. Metabolomic analysis of plants expressing QsuB
revealed higher amournts of cinnamate, p-coumarate, and of the two direct precursors of H-
lignin units: p-coumaraldehyde and p-coumary! alcohol Conversely, the direct precursors of
G and S units — coniferaldehyde, coniferyl aloohol, sinapaldehyde, and sinapyl alcohol —

1in content was severely reduced in these transgenic lines and exhibited an

were reduced. Lig
enrichment of H units at the expense of G units and a lower polymerization degree.
Compared to those of wild-type plants, cell walls from lines expressing Qsub3 released
significantly higher amounts of simple sugars after cellulase treatment and required less
enzyme for saccharification. Collectively, these results support the hypothesis that expression

of a plastidic QsuB affects one of the enzymatic steps within the lignin biosynthetic pathway.

RESULTS

Targeted expression of QsuB in Arabidopsis

[8152] A sequence encoding OsuB was cloned downstream of the sequence encoding for a
plastid-targeting signal peptide { SCHL) for expression in plastids. Using transient expression
in tobacco, we first confirmed that QsuB was correctly targeted to the plastids by analyzing
its subcellular jocalization when fused at the C-terminus to a YFP marker (Fig. 21). The schl-
gsuB sequence was cloned downstream of the Arabidopsis C4H promoter for expression in
lignifying tissues of drabidopsis. Western blot analysis confirmed that QsuB was expressed
in stems of several T2 plants homozygous for the pC4Hschi  gsul construct (Fig. 16).
Based on the migration of molecular weight markers, QsuB was detected at around 70 kDag,
which corresponds to the theoretical size of its native sequence after cleavage of the
chloroplast transit peptide (Fig. 16). Five lines with different QsuB expression levels

(C4H :qsuB-1, -3, -6, -7, and -9} were selected for biomass measurement. Although a height
reduction was observed for these lines, only two of them (C4H gsuf-7 and -93 showed a

slight decrease of biomass vield (stem dry weight) by 18% and 21%, respectively (Table 1)
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Plant line Height {em} Bry weight (mg) n
Meax + SE Mean = SE

W 473+ 0.8 2710+ 111 24
C4H: qsuB-1 36,6+ 1.0%*% 2213 & 11.0%% 20
C4H gsuB-3 3884 g 7xEx 2444134 20
C4H qsuf-6 3594 ok 2541 %127 20
CH4H. qsuB-7 41.0 4 §.oww* 2513+174 20
C4H: gsuB-9 31,8 Q7 214.4 & 14 2%% 20

n = number of plants analyzed. Asterisks indicate significant differences from the wild-type
using the unpaired Student's t-test (FP < 0.05; ** P < 0.005; ***pP <0.001).

Metabolite analysis of G4 rgsul lines
{8153}

lines were extracted for analysis {Table 2, Fig. 22}, Compared to wild-type plants,

Methano! scluble metabolites from stems of the C4H:gsuB-1 and C4H qsuB-9

protocatechuate content was increased 53- and 485-fold in those two transgenic lines,
respectively. However, except for tyrosine in line C4H::gsuB-2, no significant reduction was
chserved for the conient of several meiabolites derived from the shikimate pathway in
plastids such as salicylate and aromatic amino acids. Instead, salicylate was slightly
increased, 1.3-1.4-fold, in both lines and phenylalanine was 1.6-fold higher in line
C4H: qsuB-1. Interestingly, several metabolites from the phenylpropanoid pathway weore
increased in the transgenic Hnes. Cinpamate and p-coumaraldehyde were detected only in
transgenic lines; while p-coumarate and p-coumaryl alcobol contents were increased,
compared to those of wild type, 14-18-fold and 3.5-30-fold, respestively. Kaempferol and
vercetin, two flavonols derived from p-coumaroyl-CoA, were also found in higher amounts
in both C4H:-gsuB lines. The divect precursors of G- and S-lignin units were negatively
altered; coniferaldehyde was reduced ~40% in both transgenic lines, while coniferyi alcohol,

sinapaldehyde, and sinapyl alcohol were decreased twofold in C4F gsul-9 (Table 2),

{8154 Cell wall-bound metabolites refeased from cell wall residues by mild alkaline
hydrolysis were also anajyzed (Table 3). Protocatechuate was found in cell walls of the
CdH: gsuB Hines but not in those from wild-type plants. The content of p-coumarate was
significantly increased in line C4H . gsuf-1, whereas ferulate was reduced in both transgenic

Hines.

Table 2. Quantitative analysis of methanobscluble metabolites in stems from 6-wh-old

wild-type (WT) and pC4H:ischlnngseB (C4H::qsuB) plants.

Mean + SE
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Metabolites WT CdHgsuB-1 CEH gsaB-9
Protocatechuate” 204+ 04 10803 24 grrss 901.9 4 g, 7HA**
Tryptophan® EN L 34402 1402
Phenylalanine” 292072 4.7 & (Q200H 33x0.2
Tyrosine” 5011 4.2 %0.6 2.7 0.2%

Sinapy! alcoho}” 4.1 403 5.7 4§ 4% 1.9 g 4%%%
Quercetin® 161236 12,8206 246+ 1.8

Kaempferoi®

1584316

239§ 4 9 7¥¥

2600 & § §F#

- 3
p—(,c»umarateL

6.8+ 12

1231 4 9. g¥kxs

93.7 & 12 grwax

p~-Coumaryl alechol?

76419

26.8% 4.8

220 6k 3D gFEkEE

Conifery! aldehyde”

28618

18.1£2.3%*

16.6 £ | §#**

I IR} U
Coniferyl alcohol

82859972

671.0+£63.2

45704 62.2%%

Sinapyl aldehyde®

562439

68.1+ 87

36.4 4 3.154%

Salicylate”

6553 +30.7

85444 63.1%*

805,77+ 111.5%

F I
Cinnamate”

nd®

97724 389

i443 4505

o {(pg/g fresh weight}
B {ug/g fresh weight)

¢ Using a detection limit of 34 ng/g fresh weight
Values are means of four biclogical replicates (1 = 4}. nd, not detected. Asterisks indicate

significant differences from the wild type using the unpaired Student’s t-test (*P <Q.1; **P <
0.05; #*%P < 0.005; ¥ P < 4.001).

Table 3. Quantitative analysis of cell wall-bound aromatics in stesss from extractive-free

senesced mature wild-type (WT) and pCyiischingsuB (C1H: :qsuB) plants,
Mean + SE (ug/z dry weight)
Metabslite WT CEFgsuB-1 C4H::qsuB-8
Protocatechuate nd 6304 6.7+1.4
p-Coumarale 15.8+3.0 32.4+2.5% 204£1.0
Ferulate 18107 7.8 (5% 53 40.1%

Vaiues are means of four biclogical replicates {n = 3. nd, not detected. Asterisks indicate
significant differences from the wild type using the unpatyed Student’s t-test (¥P < (.05, ¥*P
< (.005; ¥ P <4001

Compositional analysis of cell wall from Caf:gsuf Hnes

{81551 Using the Kiason method, the lignin content measured in the stem of lines

C4H: -qsuB-1 and C4H: :gsuB-9 was reduced 50% and 64%, respectively, compared to that of
wild type (Table 4). Analysis of the cell-wall monosaccharide composttion showed higher
amounts of ghucose (+ 4-16%%), xylose (+ 13-19%), and other less abundant sugars in the
iransgenic lines, resulting in 8% increase in total cell-wall sugars for the C4H gsuB-1 line

and an 119 increase for C4H qsuB-9 line (Table 4}

N
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Table 4. Chemical composition of senesced mature stems from wild-fype (WT) and

pCOAH rschicqsuB (C4H  :gsaB) plants,

Mean + SE (mg/g cell wall)

Component WT C4H qsuB-1 C4H g5u8-3
Glucose 3767450 39164 2.9% 416.0 & 0.9%%
Xylose 173.0+£ 2.0 199,54 2.2%% 2129 (.2%%
Galacturonic acid &.84+20 708+ 0.5% 731 =08
Galactose 205+£05 233+ 0.3% 202+ 0.3
Arabinose 17.1 £ 04 1944 Q1% 16803
Rhamnose 12.1+03 14,1 & 0, 2%% 13002

Fucose 1.8 01 2301 2.0+ 0.

Glucuronic 71+01 R2 L (0%

Klason fignin 91595 08 4 &

Acid soluble lignin 4504 50207 4.7+ 09

W

NG

Lo

Values are means & SE of triplicate analyses (n = 3). Asterisks indicate significant
differences from the wild type using the onpaired Student’s t-test (¥P <005, ¥¥2 < (.005).

Lignin monomeric composition and structure in C4H rgsul lines

[8186] Determination of the lignin monomer composition, using thioacidolysis, indicated
an increase in the relative amownt of H units in transgenic Hues. H units represented 12.7%
and 27.9% of the total lignin monomers in lines C4H  gsul-1 and C4H:qsuB-8, which
corresponds to 2§~ and 46-fold increases compared to that of wild type, respectively (Table
5. The relative amounnt of G units in transgenics {(~45%) was also reduced compared to wild
type (~64%), whereas S vnits were higher in C4H  qauR-1 and fower in C4H :qsuB-9 (Table
5).

[0I57F NMR (2D Be-TH-correlated, HSQU) spectra of cell-wall material from C4H  gsul-
I and C4H:gsuB-9 Hines were also obiained for determination of lignin composition and
structure. Apalysis of the aromatic region of the spectra confivmed the higher relative amoont
of H units in both C4H gsud lines {29% and 64.4% respectively) compared to that in wild
type (3.6%), as well as a reduction of G units {Fig. 17). Moreover, analysis of the aliphatic

region of the spectra indicated a strong reduction of phenylcoumaran (§-5) and resinol (B-B)

linkages in the lignin of the transgenic lines (Fig. 23).

{0188} Finally, cell-wall material from stems of wild-type and C4H rgsuB lines were
analyzed by pyro~-GC/MS. For each line, identification and relative guantification of the
pyroiysis products derived from H, G, or S units allowed determination of H/G/S ratios
{Figure 28). Compared to wild type, H units were increased 3.5- and 10-fold, and G units

K

were reduced 1.4- and 2.2-fold, in hines C4H  gsult-1 and C4H igsub-9, respectively.
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Table 5. Main H, G, and 5§ lignin-derived monomers obtained by thisacidolysis of
extractive-free senesced mature stems from wild-type (WT) and pCaHischigsuB

{(CH4HgsuB) plants,

WT C4H::qsuB-1 C4H::qsubB-9
Total yield (pmol/g CWR} 263.5 (22.7) 116.3 (11 8)% 73.5 (2 1) F
Total yield (umolig K1) 13725 (118.5) | 1211.8(122.6) 10812 30.7)%
AT 0.6 (0.03) 12.7 (0.78)% 27.5(0.38 ,»k*
%G 63.7 (0.46) 46.5 (1.94)F 44.9 (040
AN 357 (0.43) 10.8 (1.16)" 272(0.02)*

Values in parentheses are the SE from duplicate analyses. Asterisks indicate significant
differences from the wild type using the unpaired Student’s t-test (¥P < 0.05; **P < 0.01}.

Lignins from C4H::gsul8 lines bave a lower polymerization degree

181597 Lignin fractions were isolated from wild-type and C4Hgsudl lines for analysis of
their polydispersity using size-exclusion chromatography (SEC). Elution profiles acquired by
monitoring UV-F fluorescence of the dissolved lignin revealed differences between wild-type
and transgenic lnes (Fig. 18). The total arca of the three mass peaks, corresponding to the

giments detected between 7.8 min and 12.5 min, was significantly reduced in

largest lignin frag
C4H: gsuB lines compared to wild type. Similarly, intermediate molecular mass material,
which elutes in a fourth peak between 12.5 min and 18 min, was also less abundant in
C4H: gsub lines. Conversely, the area corresponding to the smallest 1 gnin fragments,
detected between 18 min and 23.5 min, was increased in the transgenic lises. These results
demonstrate a reduction in the degree of polymerization of lignins purified from plants

expressing QsuB compared to that of wild type.

Biomass from C4H: :qruB lines shows improved saccharification
[3166]  Saccharification assays on stem material were conducted to evaluate the cell-wall
recalcitrance of the Odi: gsul lines. As shown in Fig. 194, higher amounts of sugars were

~ry

released after 72 hr enzymatic hydrolysis of biomass from the C4H rgsub lines {-1, -3, -6, -7

and -9} compared to those of wild type in all pretreatiments tested. Saccharification

improvements ranged between 79-130% after hot water; 63—104% after dilute atkali; and 26—

40% after difute acid pretreatments (Fig. 19A). Moreover, similar saccharification

experiments using hot water pretreated biomass, at ¥ lower cellulase Joadings, revealed that

biomass from all C4HgsuB lines releases more sugar than that of wild type hydrolyzed with
a typical enzyme loading (Fig. 19B). Taken together, these data demonstrate that cellufose

from the C4H, :qsuB lines is less recaleitrant to cellulase digestion and requires a lower

amount of enzyme to be converted into high vields of fermentable sugars.
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DISCUSSION

[0161] Gain-of-function strategies have several advantages for the manipulation of
metabolic pathways. For example, they can be used to bicengineer hgnin deposition in plants
via better spatio-temporal control of monolignol production in lignifying cells, and to adjust
lignin composition and its biophysical properties (26}, Therefore, identification of proteins in
which in plania-expression results in modifications of lignin content or composition is of
particular interest and presents novel opportunities. In this work, we demonstrate that
exprassion of the 3-dehydroshikimate dehydratase (JsuB in plastids leads to drastic reduction
and compositional changes of Hgnin in Arabidopsis (Table 4). As a result, biomass from these
transgenic plants exhibits much higher saccharification effictency after pretreatment (Fig.
1GA)Y, which is a highly desired trait for several agro-industries and the bivenergy sector.
Moreover, the efficiency of this approach to decrease lignin content in plant biomass allows a
reduction of hydrolytic enzyme loadings by at least five-fold, while retaining greater
saccharification potential than control plants hydrolyzed at standard enzyme Joading (Fig.
198). Consequently, the transfor of this techuology to energy erops should have a great
impact on the cost-effectiveness of cellulosic biofuels production, since enzyme cost is the

major barrier in this process (27},

[6162] In this study, as a proof of coneept, we used the promoter of the A+C4H gene (o
ensure strong QsuB expression in all Hignifying tissues of the plant. This resulted in a slight
decrease of plant height for all the lines; but no significant reductions in biomass yield except
for that of two transgenic lines, which expressed (QsuB very strongly (Table 1; Fig. 16) and

fvessel collapse that

exhibited —- in some siem transverse sections (Fig. 24)
could impair xylem conductivity {14). Nevertheless, our strategy offers the potential 1o
overcome these defects by selecting more stringent promoters (e.g., fiber-specific) that would
exchide QsuB expression from xylem-conductive elemeants (26, 28} Moreover, transiation of
our technology from model plant to crops is expected to be straightforward: it 1s based solely
on the expression of QsuB, does not require any particular genetic backgrounds, and the

lignin and shikimate pathways are well-conserved among vascular plants.

[6163] A direct consequence of (suB expression is the accumulation of protocatechuate in
the biomass of fransgenic plants (~1% dry weight in ine C4HrgsuB-9; Table 2). Considering
the beneficial properties of protocatechuate in the bio-based polymer industry and human
health sector, such de novo production adds extra commercial value to the biomass of plants
expressing QsuB (29, 30} Much higher amounts of mrotocatechuate were recovered after acid

treatment of the methancl-soluble extracts from transgenic plants {data not shown), which
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suggests its conjugation in the cytosol after export from the plastids. Interestingly, QsuB
expression did not affect substantially the level of metabolites derived from the shikimate
pathway, such as aromatic amino acids and salicylate, suggesting that plastidic 3-
dehydroshikimate is not limiting {Table 2). On the other hand, a buildup of cinnamate and p-
coumarate was observed in these lines, accompanied by an accumulation of p-

coumaraldehyde and p-coumaryi alcohol pools (Table 2 and Fig. 22).

[0164} Analysis of the lignin monomeric composition —— using 213 NMR speciroscopy,
thioacidolysis, and pyro-GC/AAMS — unequivocally demonstrated an increase in H units in
plants expressing QsuB (Fig. 17 and Fig. 28; Table 5). These data could explain the reduced
degree of polymerization of these lignins, which has been previously observed in various
lignin mutants that exhibit high content of H units, incorporation of which typically slows or
stops Hegnin-chain elongation (31, 32; Fig. 18). Therefore, reduced lignin-polysaccharide
crosstinking within the blomass of the transgenic lines is expected, and this could contribute

to its superior enzymatic digestibility.

18165] A low lignin content rich in H-units corresponds to a phenotype previously
characierized in plants down-regulated for hydroxycinnamoyli-CeA shikimate/quinate
hydroxycinnamaoyl transferase (HCT), p-coumarate 3-hydroxvlase (C3H), or caffeoyl
shikimate esterase ({CSE). This suggests that an alteration of these biosyuthetic steps has
occurred in the CY4H gsuB lines (10, 32, 33). A possible explanation is that QsuBl activity in
plastids affects the export of shikimate from the plastids to the cytosel. This would indirectly
firnit the availability of cvtosolic shikimate used for the enzymatic step catalyzed by HCT.
The distribution of shikimate hetween plastids and the cytosol is still poorly understood, and
shikimate levels were below the detection limit in our stem extracts from wild-type and
fransgenic plants. Alternatively, because previous studies reported a subsirate flexibility of
HCTs (34, 35), the large accumulation of protochatechuate could act as inhibitor of AtHCT,
which couples p-coumaroyl-CoA and shikimate. Using an i1 vive enzymatic assay 1o
determine the substrate preference of AtHCT, we confirmed s affinity for p-coumaroyl-CoA
and shikimate, but also demonstrated its capacity to aceept protocatechuate and several other
substrates such as catechol, 3.6-dihydroxybenzoate, 5-hydroxy-2-aminchenzoate, and 2,3~
dihydroxybenzoate {Fig. 25). Therefore, we cannot exclude the possibility that the
protocatechuate pool accumulated in C4H  gsull plants exerts a competitive inhibition of
HCT and limits the synthesis of coumarey! shikimaie required for the production of G- and

S-lignin units.
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MATERIALS AND METHODS

Plant material and growth conditions

[0166] Arabidopsis thaliana (ecotype Columbia, Col-0) seeds were germinated directly on soil.
Growing conditions were 150 pmol/m?/s, 22 °C, 60% humidity, and 10 h of light per day for the first 4-
5 wk, followed by 14 h of light per day until senescence. Selection of T1 and T2 transgenic plants was
made on Murashige and Skoog vitamin medium (PhytoTechnology Laboratories, Shawnee Mission,

KS), supplemented with 1% sucrose, 1.5% agar, and 50 pg/mL kanamycin.

Generation of binary vectors

[0167] The promoter p33S, with a single enhancer, was amplified by PCR from pRT100 with
phosphorylated primers F-p35S (5’-GTCAACATGGTGGAGCACGACAC-3’) and R-p35S (5°-
CGAGAATCTAGATTGTCCTCTCCAAATGAAATGAACTTC-3’), and cloned into a Smal-digested
dephosphorylated pTkan vector (36) to generate a pTKan-p35S vector. Subsequently, a GW-YFP
cassette was extracted from the pX-YFP vector (37) by Xhol/Spel digestion, and ligated into a
Xhol/Spel-digested pTKan-p33S vector to generate the pTkan-p355-GWRI1R2-YFP vector.

[0168] A chimeric DNA construct was synthesized (GenScript, Piscatway, NJ): it was flanked by the
gateway sequences attB4r (5’-end) and attB3r (3’-end), and contained, in the following order, the tG7
terminator; the restriction sites Smal, Kpnl, HindIll and Xhol; a 2.9-Kb sequence corresponding to the
Arabidopsis C4H promoter (pC4H); and a sequence encoding a plastid targeting signal (SCHL; 38).
This attB4r-tG7-pC4H-schi-attB3r construct was then subcloned into the Gateway pDONR221-P4rP3r
entry vector by BP recombination (Life technologies, Foster City, CA, USA) to generate pENTR-L4-
tG7-pC4H-schil-L3. An LR recombination reaction was performed with pTkan-p/RX5-GW (21),
pENTR-L1-pLac-lacZalpha-L4 (Life technologies, Foster City, CA, USA), pENTR-L3-pLac-Tet-L2
(Life technologies, Foster City, CA, USA), and pENTR-L4-1G7-pC4H::schi-L3. The obtained construct
was subsequently digested by Smal to remove the pLac-lacZalpha and 1G7 fragments. The pLac-Tet
fragment was replaced by the gateway cassette using BP recombination to generate the pTKan-

pC4H::5chl-GWR3R?2 vector.

Generation of a pTkan-pC4H::schl-qsuB plasmid and plant transformation
[0169] A gene sequence encoding QsuB from C. gluramicum (GenBank accession number
YP 001137362.1) without stop codon and flanked with the Gateway™ a#/B3 (5’-end) and at/B2 (3°-

end) recombination sites was synthesized for expression in Arabidopsis (GenScript,
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Piscatway, NJ) and cloned into the Gateway pDONR221-P3P2 entry vector by BP recombination (Life
technologies, Foster City, CA, USA). A sequence-verified entry clone was LR recombined with the
pTKan-pC4H::schl-GWR3R2 vector to generate the pTKan-pC4H: :schl-gsuB construct, which was
mtroduced into wild-type Arabidopsis plants (ecotype Col-0) via Agrobacterium-mediated

transformation (39).

‘Western blot analysis

[0170] Proteins from Arabidopsis stems were extracted using a buffer containing 250 mM Tris-HCl
pH8.5,25 mM EDTA, 2 mM DTT, 5 mM B-mercaptoethanol, and 10% sucrose; and were quantified
using the Bradford method (40). Proteins (15 pg) were separated by SDS-PAGE, blotted, and

immunodetected using a universal antibody, as previously described (41).

Methanol-soluble metabolites extraction

[0171] Arabidopsis stems of 6-wk-old wild-type and transgenic lines were collected in liquid
nitrogen and stored at -80 °C until further utilization. Prior the metabolite extraction, collected stems
were pulverized in liquid nitrogen. For extraction of methanol-soluble metabolites, 700—1,000 mg of
frozen stem powder was mixed with 2 ml of 80% (v/v) methanol-water and mixed (1,400 rpm) for 15
min at 70 °C. This step was repeated four times. Pooled extracts were cleared by centrifugation (5 min,
20,000 x g, at room temperature), mixed with 4 mL of analytical grade water and filtered using
Amicon™ Ultra centrifugal filters (10,000 Da MW cutoff regenerated cellulose membrane; EMD
Millipore™, Billerica, MA). Filtered extracts were lyophilized and the resulting pellets dissolved in
50% (v/v) methanol-water prior to LC-MS analysis. An acid-hydrolysis of the samples was performed
for the quantification of protocatechuate, salicylate, and flavonols; an aliquot of the filtered extracts was
dried under vacuum, resuspended with 1 N HCI and incubated at 95 °C for 3 h. The mixture was
subjected to three ethyl acetate partitioning steps. Ethyl acetate fractions were pooled, dried in vacuo,

and resuspended in 50% (v/v) methanol-water prior to LC-MS analysis.

Cell-wall bound aromatics extraction

[0172]  Senesced stems were ball-milled using a Mixer Mill™ MM 400 (Retsch Inc., Newtown, PA)
and stainless steel balls for 2 min at 30 s!. Extractive-free cell-wall residues (CWR) were obtained by
sequentially washing 60 mg of ball-milled stems with 1 mL of 96% cthanol at 95 °C twice for 30 min
and mixing with 1 mL of 70% ethanol twice for 30 sec. The resulting CWR were dried in vacuo
overnight at 30 °C. The CWR (6 mg) were mixed with
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500 pL of 2 M NaOH and shaken at 1,400 rpm for 24 h at 30 °C. The mixture was acidified with 100
uL of concentrated HCI, and subjected to three ethyl acetate partitioning steps. Ethyl acetate fractions

were pooled, dried in vacuo, and suspended in 50% (v/v) methanol-water prior to LC-MS analysis.

LC-MS analysis

[0001] As previously described in Bokinsky ef al. (42) and Eudes ef al. (43) — aromatic amino acids,
and aromatic acids and aldehydes, respectively — were analyzed using high-performance liquid
chromatography (HPLC), electrospray ionization (ESI), and time-of-flight (TOF) mass spectrometry
(MS). Aromatic alcohols were analyzed by HPLC — atmospheric pressure chemical ionization (APCI)
— TOF MS. Their separation was conducted on an Agilent 1200 Series Rapid Resolution HPLC system
(Agilent™ Technologies Inc., Santa Clara, CA, USA) using a Phenomenex Kinetex™ XB-C18 (100
mm length, 2.1 mm internal diameter, and 2.6 um particle size; Phenomenex, Torrance, CA, USA). The
mobile phase was composed of 0.1% formic acid in water (solvent A) and methanol (solvent B). The
clution gradient was as follows: from 5%B to 25%B for 6 min, 25%B to 5%B for 1 min, and held at
5%B for a further 3 min. A flow rate of 0.5 mL/min was used throughout. The column compartment and
sample tray were set to 50 °C and 4 °C, respectively. The HPLC system was coupled to an Agilent
Technologies 6210 LC/TOF mass spectrometer with a 1:4 post-column split. Mass spectrometric
detection was conducted using APCI in the positive ion mode. MS experiments were carried out in the
full scan mode, at 0.86 spectra/second, for the detection of [M—H,O+H]" ions. Drying and nebulizing
gases were set to 10 L/min and 25 psi, respectively, and a drying gas temperature of 330 °C was used
throughout. The vaporizer and corona were set to 350 °C and 4 pA respectively, and a capillary voltage
of 3,500 V was also used. Fragmentor and OCT 1 RF voltages were each set to 135 V, while the
skimmer voltage was set to 50 V_ Data acquisition and processing were performed by the MassHunter™
software package (Agilent™ Technologies Inc., Santa Clara, CA, USA). Metabolites were quantified
via 10-point calibration curves of authentic standard compounds for which the R? coefficients were >
0.99. The p-coumaraldehyde content was estimated by integrating the area of the mass peak eluting at
Rt= 8.6 min ([M-H} = 131.050238) and for which the ratio [theoretical mass/observed mass] was less
than +5 ppm (Fig. 26).

Carbohydrate and lignin assays
[0002] For each genotype (wild type, C4H::gqsuB-1, and C4H::gsuB-9), samples consisted of equal

mixtures of stem material from three independent cultures. Biomass was extracted
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sequentially by sonication (20 min) with 80% ethanol (three times), acetone (one time), chloroform-
methanol (1:1, v/v, one time) and acetone (one time). For determination of carbohydrate composition,
the biomass was acid-hydrolyzed as previously described (44). After CaCOs; neutralization, monomeric
sugars from the biomass hydrolyzates were separated by high-performance anion exchange
chromatography with pulsed amperiometric detection using a PA20 column (Dionex, Sunnyvale, CA,
USA) and quantified as previously described (45). A calibration curve of monosaccharide standards was
run for verification of response factors. The standard NREL biomass protocol was used to measure
lignin and ash (46). All carbohydrate and lignin assays were conducted in triplicate. The thioacidolysis
procedure was carried out as described (47, 48) and the lignin-derived monomers were identified by

GC-MS as their trimethyl-silylated derivatives.

2D BC-'H heteronuclear single quantum coherence (HSQC) NMR spectroscopy

[0175]  For each genotype (wild type, C4H::qsuB-1 and C4H::gsuB-9), samples consisted of equal
mixtures of stem material from three independent cultures. Samples were extracted and ball milled as
previously described (49, 50). The gels were formed using DMSO-ds/pyridine-ds (4:1) and sonicated
until homogenous in a Branson™ 2510 table-top cleaner (Branson Ultrasonic Corporation, Danbury,
CT). The temperature of the bath was closely monitored and maintained below 55 °C. The
homogeneous solutions were transferred to NMR tubes. HSQC spectra were acquired at 25 °C using a
Bruker™ Avance-600 MHz instrument equipped with a 5 mm inverse-gradient 'H/**C cryoprobe using
a hsqcetgpsisp2.2 pulse program (ns = 400, ds = 16, number of increments = 256, d; = 1.0 s) (53).
Chemical shifts were referenced to the central DMSO peak (8¢/0u 39.5/2.5 ppm). Assignment of the
HSQC spectra was described elsewhere (51, 54). A semi-quantitative analysis of the volume integrals of
the HSQC correlation peaks was performed using Bruker’s Topspin 3.1 (Windows) processing software.
A Guassian apodization in F, (LB = -0.50, GB = 0.001) and squared cosine-bell in F; (LB =-0.10, GB =

0.001) were applied prior to 2D Fourier Transformation.
Isolation of cellulolytic enzyme lignin

[0176] For each genotype (wild type, C4H::qsuB-1 and C4H::gsuB-9), samples consisted of equal
mixtures of stem material from three independent cultures. The extracted biomass was ball-milled for 3
h per 500 mg of sample (in 10 min on/10 min off cycles) using a PM100 ball mill (Retsch, Newtown,
PA) vibrating at 600 rpm in zirconium dioxide vessels (50 mL) containing ZrO, ball bearings (10 x 10

mm). Ball-milled walls were digested four
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times over 3 d at 50 °C with the polysaccharidases Cellic CTec2 and HTec2 (Novorymes,
Davis, CA) and pectinase from dspergilius niger (Sigma-Aldrich, St. Louis, MO} in sodiom
citrate buffer (pH 5.0). The obtained cellulolytic lignin was washed with deionized water and

ivophilized overnight.

Size exclusion chromatography

{01771  Lignin solutions, 1% (w/v), were prepared in analytical-grade I-methyl-2-
pyerolidinone (NMP). The polydispersity of dissolved Honin was determined using analytical
technigues involving SEC UV-Fasouoe as previously described (53). An Agilant 1200 series
binary LC system (G1312B) equipped with diode-array (G1315D) and fluorescence
{G1321A) detectors was used. Separation was achleved with a Mixed-D colamn (5 um
particle size, 300 mm x 7.5 mun i.d., linear molecular mass range of 200 to 400,000 u, Agilent
Technologies Inc.) at 80 °C using a mobile phase 6f NMP at a flow rate of 0.5 m/min.
Absorbance of materials eluting from the column was detected using UV-F fluorescence
{Esaso/Fogse). Spectral intensities were area-normalized and molecular mass estimates were

determined after calibration of the system with polystyrens standards.

Cell wall pretreatments and saecharification

[0178] Ball-milled senesced stems (10 mg) were mixed with 340 g1, of water, 340 pl. of
HaSG, (1.2%, wiv), or 340 pL, of NaOH (0.25%, w/v} for hot water, dilute acid, or dilute
alkali pretreatments, respectively; shaken at 1,400 rpo (30 °C, 30 min), and autoclaved at
120 °C for | h. Samples pretreated with dilute acid were nevtralized with 5 N NaOH {25 pL).
Saccharification was Initiated by adding 650 pL of 100 mM sodium citrate buffer pH 5 (for
hot water- and dilute alkali-pretreated samoples) or 625 ul of 80 mM sodium citrate buffer pH
6.2 (for dilute acid-pretreated samples) containing 80 pg/mL tetracychine and 1% wiw or
0.2% wiw Cellic CTec? cellolase (Novozymes, Davis, CA). After 72 h of incubation at 50 °C
with shaking (800 rpm), samples were centrifuged (20,000 x g, 3 min) and 10 ul of the
supernatant was collected for measurement of reducing sugars using the 3,5-dinitrosalicylic

acid assay and glucose solutions as standards {(54).

Subcellular localization of QsuB
[0178]  The schl-gsud nucieotide sequence from the pTkan-pU4H: schi-gsuB construct was
amplified using oligonucleotides 5'-

GGGGACAAGTITGTACAAAAAAGCAGGCTTICATGGCTTCGATCTCCTCCT-3

{attB1 site underlined) and 5'-
GGGUACCACTTTCTACAAGAAAGCTGGGTCOTTTGGCATACCTCTCTCTAAATCY
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C-3' {attB2 site underlined) and cloned into the Gateway pDONR221-f1 entry vector
{Lalonde S, et al. (2010} Fronz Physiol 1:24). A sequence-verified entry clone was LR
recombined with the pTRan-p35S-GWRIRZ-YFP vector o generate the pTKan-pI33S-schi-
gsul3-YEP construct, Infiltration of 4-wo N. benthamiana leaves was done using the
Agrobacterium strain GV3101, following the method described by Sparkes ef al. (Nat Protoc
1(4):2019-2025). Plants transiently expressing the SCHL-QsuB-YFP fusion protein were
analyzed by confocal laser scanning microscopy 2 d after the infiltration. The microscopy
was performed using a Zeiss LAM 719 device (Carl Zetss Microscopy, Jena, Germany)

equipped with an argon laser {excitation at 514 nm and emission collected at 510 to 545 nm}.

Lignin histochemieal staining

[8180] Histochemical staining was performed as described by Pradhan-Mitra and Logué
{"Histochemical staining of drabidopsis thalioma secondary cell wall elements,” JoVE (in
pressy). Basal stem transverse sections (100 um thick) were obtained using a vibratome.
Sections were incubated for 3 min in phloroglacinoHCH reagent (VWR International,
Brisbane, CA), rinsed with water, and observed using bright field light microscopy (Leica

Microsystems Inc,, Buffalo Grove, L)

Pyrolysis-gas chromaiography mass spectrometry

[0181] Chemical composition of lignin in plant cell-wall samples were analyzed by
pyrolysis-gas chromatography {GCYmass spectrometry (MS) using a previously described
method with some modifications (Del Rio I, ef of 2012) 7 AgricFood Chem 60235922~
S935). Pyrolysis of plant cell walls was performed with a Pyroprobe 5260 {CDS Analytical,
ine.) connected with GC/MS {Thermo Blectron Corporation with Trace GC Ultra and Polaris-
Q MS) equipped with an Agilent HP-3MS colwun (30 m x 0.25 mm 1.4, 0.25 pm film
thickness). The pyrolysis was carried out at 550 °C. The cliromatograph was programmed
from 50 °C (1 min) to 306 °C at a rate of 30 "Clmin; the final temperature was beld for 10
min. Helivm was used as the carrier gas at a constand flow rate of 1 mE/min. The mass
spectrometer was operated in scan mode and the ion source was maintained at 300 °C. The
compounds were identified by comparing their mass speetra with those of the NIST library
and those previously reported (Bel Rie JC, Gutidrrez A, (2006} J Agric Food Chem
SA(13):4600-4610; Ralph J, Hatfield RD {1991} J Agric Food Chem 39(8):1426-1437). Peak
molar areas were calculated for the lignin degradation products, the summed areas were
normalized. Analyses on all samples were conducted in duplicate and data were averaged and

expressed as percentages.
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En vive HCT activity assay

[0182]  For the cloning of ABHCT, total dradidopsis RNA (1 ug) were extracied using the
Plant RNeasy extraction kit (Qiagen, Valencia, CA) and reverse-transcribed using the
Transcriptor First Strand ¢DNA Synthesis Kit (Roche Applied Science, Indianapolis, IN}.
The obtained cDNA preparation was used to amplify AtHCT (GenBank accession number
NP 199704, 7y using the following oligonucleotides 5-GGG GAC AAG TTT GTA CAA
AAAAGC AGG CTT C ATGAAAATTA ACATCAGAGA TTCC-3' (attB1 site underlined)
and -GGG GAC CACTTY GTA CAA GAA AGCTGG
GTCTCATATCTCAAACAAAAACTICTCAAALC-S (attB? site underlined) for cloning

into the Gateway pDDONRZ 2111 entry vector by BP recombination (Life Technologies,
Foster City, CA). A sequence-verified AZHCT entry clone was LR recombined with the

pDRFI-CLS-GW veotor {41) to generate the pDRE-4CLS-AHCT consinict.

[#183] For For HCT activity assays, the pDREV-4CLS-4rHCT and pDRI1-4CLS vectors
were transformed into the S cerevisive padl knockout (MATa his3AT leu2 A0 metiSAD
wra3Al Apadl, ATCC 40058335 as previously described (41}, Overnight cultures from
single celonies harboring the pDRIT-4CLF-AHCT apd pDRI1-4CLT veciors were grown in
2X yeast nitrogen base medium without amino acids (Difco, Detroit, MI) supplemented with
6% ghucose and 2X dropout mix without uracit (Sunrise Science Products, San Diego, CA).
Overnight cultures were used to inoculated 10 mb of fresh minimal moedium at an Olsge =
{3.1. Substrates {(p-coumarate, catechol or benzoates} were added to the medium 4 h later at a
final concentration of 1 mM and the caltures were grown for 22 h. For the detection of the
coumarate conjugate products, an aliquot of the culture medium was collected, cleared by
centrifugation {20,000 x g for 5 mn at 4 °C), mixed with an equal volume of 50% (v/v}
methanol water and filtered using Amicon Ultra centrifugal filters (3,600 Da MW cutoff
regenerated cellulose membrane; Millipore, Billerica, MA) prior to HPLC-ESI-TGF MS

analysis.
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ILEUSTRATIVE SEQUENCES

SEQIDNO:T - MfAroK pai\muaieotide sequence
A_L GGCACCAAAAGUTGTTTTAGTGGCGACTTCCTGGAAGTCGAAAGTCCACTATCCGGTAGAAG
GTTGGUTRAAGCATTAGGAGTTGGTTITCTTAGACACTGATCTCGCTATAGAACABLAGCACAG
GAAGATC! GCAGACATTTTTGCCTACAGATOGTGRAACAGGALS AGRAAGCATAGAAGAG
GATCGTTCTCGACACGCTGCATTGGCTGACCATGATGGTGTTCTTAGTTTGGETGOAGETGCAGT
TACTTCCCC ’“GAquAfACCTCCAC"‘ CCTCGOTCACACAGTTCTOTATTTCCAAATCTCAG
CTGCAGAGGGAGTGAGRAGGACAGGTCGTAACACCOTGAGACCACTTTTGGCAGGTCCTLAT
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AGGGCTGAARAAGTATAGAGCTTTGATGGCAARMAGGCGUTCCTTTATACAGAAGLGGTTGCTAC
TATCAGACTGCATACAAATAGAAGG FKL CAGGTGCAGTTGTTAGGCACATTTTATCCAGGET
TGCAGGTTCCATCTCCTTCTCAGCGCAGCTACT

SEQ ID NO:2 — MtAroK amino acid sequence (Mycobacterium tuberculosis shikimate
kinase; NP_217055)

MAPKAVLVGLP “?GK&“*"RRJAAA1VV“XLDTDVA[EOFT3R TADIFATDGEQEFRRIEER
DVVRAALADHDGVLSLGGGAVTS PCVRAALAGHTVVYLEISAARGVRRTGGNTVRPLLAGPD
RAER;RA:NAhRA?TYPR”A“MRV“TKRRNPGAV‘Qh‘ LSRLQVESPSERAAT

o5

;5

SEQ 1D NO3 - ScAro] polynucleotide sequence

ATGGTTCAGUTTGCTAAGSTGCCTATTITGGGTAACGACATCATTCACGTTGCGATATAACAT
V”"LbATCXF”TGGT”'AGAC CATTATCAAGCATTGTCCATCTTCTACTTATGTTATITGTA
ACGATACCAACUTI I CYAAGGTTCLUTTATTACCAACAGTTAGTGUTTCAGTTTAAGGCTICT

is I Lt%@&AGGﬁAGTAw/m”C"? Afimﬂwwmmbiﬂlﬁk'””LbﬁuAuACTTLTF&Ll ARG
GGAARCABRAAGCTCAATTGGAGGACTACCTTETGCTTCAAGCGATGTACCAGACGATACTLTGA
TGETTGCTATTGETGE PhGWGTTATAC"'CATATCAT'TGAﬁT CTCGCATCAACTTTCATG
AﬁAbGTGifﬁ‘”STT””C‘\AGTGCCA \AGTTTACTTGCTATGETTCACACTTCCATCGG
AGGAAAGACAGCAATAGATACCCCATTGGCAARAARACTTTATTGGTGCTTTCTGGCACCCTA
28 AGTTC ITTLTTGA ATC?\GTGGV'T(ﬂGAC“TTCGCTAAGRGAGAPTTTHTL‘“F”GP

: TATTTGGAACGCAGATGAGTTTACCAGATTGGAATC
ARATCCTAGTTTETTCTTAARACGTTGTGAACGETGCARAGAACGTGAA JTTALTAD AC
TTACAARCCGAGAT CCGATGAAATCTCARA? CﬁCﬁ””GAAwfJA“?CTTGATCAJ-CTTAL
AARCTTGCT T TTCCAG T TATCAAGETGAMAGCAGAAGTTETATOTTCAGATGAGRAGAGRAALG

15 TTCCTTGAGGRACT ACTTCGGTCATTCAATCGGRC C”““ﬁ“Pu“ALCAnTCmﬁAA
CTCCACAAGCTCTTCATGGAGAATGTGTTTCTATTGETATGGTGAAGGAGGCAGAATTGTCA
AGATACTTCGGARTATTAAGTCCTACACAGGTTCCARGGTTGTCCAL 4TTTTCLTTGCTT
CEETTTGCCAGTG mC”TGﬁTG}MAA“.CGT“Cn_ SGAATTAACACTTCATAARAAGACCC

CTTTAGACAT CTT””C@ GATGTCCATCGA AAnAGAnTuAGGGTTQTXRAAN&Q&

30 GTTGTGATCTTAGAAT ﬁ"GGAAA%TQVTAT SGAGACTCCGT ’AATTTGTTI”TUWT~
GGACCTTAGATTCATTTTGACAGATGAAACCCTTGTITACCCATTTAAAGATATACCTGE
ACCAACAGAAGGTTGTCGATYCCACCTGCGTAGTAAATCCATT! CTAACA:A?”“II'RI’MEF
GCTGCATTGGETCARGCACACTGTAAGATAARGAACCTTCTTCATTCAGATGACACTAAGCA
CATGCTTACAGCAGTTCATGAATTGAAACGTGCTACAATCTCTTGGGAGGATAAUGGAGAAA

35 CCETTGTGETTGAAGETCATGGAGGTTCCACTTTGTCTGCTTCCGCAGATCCACTTTATTITG
GGETAATGCTGGAACCGCATCAAGATTITTTAACTAGTCTTG CTLw_‘TGC“mFLLE”&ALTT“
TTCACAAS ‘"“AC TTGTGTTAARCTEGTAATGCAAGAATGCAA GA?LLLQA”CGCTCUTT
TAGTTGATTCTCTITA CAGCAA“CGGA‘,M-ALnTCCAG”ALCTTzK"AA‘Lﬂ GTTCACTT
"“T“m““AGbmmTACA TunTAuTwTUTTCAmAGG WGOTAGAATAGAATTAGCTGCAACAGT

40  TAGTTCCCAATATGIGICTTCAATTCTTATGTGTGCTICCATACGCAGAAGAGCCTETTACTT
TAGCTﬁTTGTGGCbCGAAAGCCAATCTCA \VAATTGTACCTTCGATATGCACAATCARGATGATG
GAAAAGTTCGGAATCAACGTTGAGACTTCTACTACAGAACCATACACATACTACATCCOTAA
SGGTCAMMACAT CARCCOTTCAGAGT AfLTm“mquAAGEC \TGCTAGTTCCGCRACTTATC

ATTAGITTTCGUTGCARTGACCGGAACCACTGTGACTGTTCCT *TPTTu&}TiTFAATﬂW

45 WT“FKACGT~AF”CTA’~ 'CGCAAGGGATGTTTTCGARGCCAATGEGETTGTAAAATCACTC
GRCAGCTRACCTCAACAACCGTTA u*uGTCCRC’TGTFGTAA”ﬂmm*QDGCF»p”Uuu&a”
TTGACATGGRAACCTATCACAGATGCTTTCTTGACCSCATGTETGLTIGCTGCAATTT CACAT
GATAGTGACCCAAATTCTGCTA AZACTACAHVV.TAGAC~CA““ACLAﬁACCAnﬁLAGTTAA
uJAnfbuﬁAxawu ’CTTGGUTAbeCﬂAJTGnuTTAGCTB GGTCTTAAAACTACAG

50 AATTACT A TGGAATCCAGGYGCACGETCT TAATTCAAT \JAAGGA STTGAAAGTTCCAAGT
GATTCTTC TCCTETGEGA S’T’“”.‘“Ui’l CTTATGATGACCATAGAGTCGCAATGCTCATTCAG

*”GTTM~-TGCTn» SGTTAATTCTCAAAACCGACAGCCATCAAGTGECTAACCCAGT TAGAR

TTTTGGARAGGCACTGCACTGGARAGACATGOCCTCCTTGOTGCCACGTTTTGCATAGT GAA

ATGCCAGAAGTTATCAA \GCTT

iV

CTGOTTA
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TTAGGAGCTAAACTTCGATGGTCCAGAGCCTTTAGAATGTACTTCTAAGAAAAATTCCAAGAR

ATCTGTGGTTATTATCGEAATGAGAGCTCCAGETAARACCACTATT CCAAATCwTU¢*LTT

PTGCATT“GGRM“C ATTT”mIfGAWTTAwATC \GCTTTTTGAACAACAGCCATAATAACCAA
TCAGT SAGRACGGTTGGGAAARATTTAG AFAAGA SGARAACTAGGAT
CTT”AA’QxA“m”A”C hAC'anCi GATGACGGATACGTTTICTCTACAGGAGGTGCAA
TTCTGGAGTCAGCTGARAG [A”AA@G&CFCTTAAA ATT?CGCTAFTTCCGGTGGA&ATGTG
TTGCATTTACACAGGCGACATTGAGGAR .fT SGTTTTCTTGCAATCTGATCCATCAAGACT
AGCTTATG TTLA?”AAAITAGAGP%(TC(CG \CAGAAGGGAGGGETTGGTACARAGGAATCTT
CAAACTTCTCTTTCTTTCCTCCACACTGCTCTGUTEAGGCAGAATTTCAAGCTCTTAGARAGS
TCCTTCTCTAAATACATCGCARCTATAACAGCGAGTTAGAGAGATCCARATACCATCCGGTAG
GTCTGCTTTIGTTTIGTTT L_TCTICGXEG%”TTA%“”GALngAC“C]APACTT AACTCCOTA
TATGGTTGCCGAGGCAGTGGRAGTTAGAGTGGACCATCTTG TAAF“ACT CAGCAGAT
TTTCCARGCAATTGTCTATCCTTAG \Aﬁu SCTACTGATAGTATCCCAATAATTTTCAC
GGACCATGAAACAGGGTGGAARCTTTCCTGACGAGGAATTTARGACACTTAGAGRAAT
GATATAGCTCTTAAGAATGGETCTTGAGT TTCTTIGACTIGGARTTAACTCTTCCTACA

TCCAATACGRAGTTATCAACAACAGAGGAAACACTAAGATCATAGGTTCCCATCACGA
.CA%GGAITKTACTCTTBJGRTGICGCTGAGTCGGﬁQAAT&G VT TCAACCAGGCATTGA
CCTTAGATGTTGACG PLTTA“” TTETGEGTACTSCTCTTAATTTCCACCGACAACCTTAGA
TTGEAACATTTITAGGCATACACACAAGARACAAGCCACTTATCOCAGTTAACATCACCTCAAA
AG SATCARTCAGTAGAGTG TTuAA ARCGTTTTARCCCCTGTGACTTCCGATCTTITGICAA
ANCTCTGECTGCACCTGETCAACTTACCGTTGCTCAGATCAACARGATCTACACTTCTATG
bGAAmm(AG,A AARAGAACTTTITCG i"GTTUGAFAGC“A&TLG”“CATTQEiGA’N%C
CTTGCATARCACTGGATACGAAATTTTAGGTCTTCCTCATAAGTTCCATAAATTCG
ARTCTGOTCAATTEETTAAGGARARAATTACTTEATGETAACA GQACPWFGF”iGAPFT SCA
GTTACTATCCCATTGARATTGGATATCATGCAGTACATGCATGARTTGACAGACGCTGCARAA
GGTTATTGETGCTGTGAATACCGTTATCCCACTTGEGA AALAAuAAGTT’AKbGCTGATA LA
CACACTC(CWTCuﬁATAﬁCA AATGCTCTTATCAACAACGEGTSTTCCTCGARTATCTGGGTCAC
ACTGCAGGATTGGTTATTGGTCCTGGTGGAACATCAAGAGCTCCATTATACGCTCTTCATAG
mm?Gw:TTPmAﬁC;AﬂATvTTTAMC \TCARCAGGACAACCTCTARGT TAAAACCACTTATCG
AGTCACTTCCTAGTGARTTTAACATCATCGGAATAGAGTCCACTAAGTCTATTGAGGAARTC
AAAGAACACGITGGTCTCGCAFm”mLCTGCG ‘CJAGCTC;IAAAW”J”MLCATuAQH GTT
GCTTTCAAAACTTGAAAGATTTTTGCTTAAGCGTCGCTCATGCTGLATTCGTGCCARCACTTT
TGGAARCGCTGCATATAAGCCAT C’WLDU“”C” (PAVGA”TAESTVT”A SEATAAGTACCAG
TGCCACGTGCTTCCTOGATCTCARAATG CAGGCTGTGCUTCAGTTTGAGAAGTG
GACAGGATTCAAACGACCATTTAAGCCTATITTTCGACGUAGTTACUAAGGAG

lashyy
L

T GETTCR

SEQ ID NOG:4 ~ ScArol amine acid sequence (Succharemyces cerevisivge Pentafimctional
arom }‘rﬁtein' (* AABE08)
MVOQLARVPILGNDITHVGY
LP:GSRLLI TVVKPGETSK
RGVRVVOVPTSLLAMVDS

ADHLVETITKHCPSSTYVICNDTNLSKVPY
'\{\ LTRAQLEDYLLVEGCTREOTVMVAIGGGVYE
SL IGGRTATDTPLGKNFIGAFWOPKEVLVDIKWLETLAKRELD
MAEVIKTACIWNADETT FLNVUNGAKNVEVTNGLTNEIDELS NTD EAMLDHTY
KLVLESIKVKAEVVSSD SSLRNLLNFGHSIGHAYEATILTPQALHGECVSIGMVKEAELS
RYFCILSPTOVARLSKILVAYGLRPVSPL EKNWKELTLT“KT?LDILLRKMSIEKR NEGSEKE
VlLLO'"KfX”‘QAQVVQDLOLsFlLTDETIVY“TRUTF \DOQKVVIPPGSKSISNRALIL
ARLGEGRCKIKNLLHESDDTKEMLTAVEELKGATISWEDNGETVVY JQPGCST””“CAJPLY*
-AJI\T/\G‘;’A“E\VL“‘SL AALVNSTSSOKYIV JTG?\?»)RMC‘QR TAPLVDSLRANCGTEIEYLNNEGSL
PIRVYTDSVERGGRIBLAARTVSEQYVES KM‘AyYAFﬁPJTLALTGGRPISKQYVDMTIKMM
EXKFGINVETSTIEPYTYYIPKGHYINPSEYVIESDASSATYPLAFARAMTGTTVIVENIGE
LOCGDARFARDVLKEPMGCKITOTATSTYVIGPPVGETLRPLKEVDMEPMTDAFLTACVVAALSH
DSDPNSANTITIEGIANQRVKECNRILAMATELARFGVKTTELFDGIQVHGLNS TKD uhV’
DSSGRYGVCTYDRDHRVAMS S LLAGMVNSONERDEVANPVRILERECTCRKTWRPCWWDVLHS
LGAKLDGAEPLECTSKENSKKSVVIIGMRAAGRTT ISKWCASALGYKLVDLDELFEQQHNN
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A\LRDFASSGGYY
SARARPQALRR
VDHLANYSAD

SLTLPT

s

LHLHRDIBETIVELOSDPERPAYV
TGVREIE TP%uRSAF
REKATDSIPITE F.TZ\'I'(QUL Jf
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SEQ I NO:5 - CgQGsuB polynucleotide sequence
ATGAGARCAARGTATTGCRAACCETTTGITITATCCGGAACTCTTGUTGAAR
TGCAGACGCAGGATTCGE _TGG”G“ TCAGATTTTTGAACAAGATTTGE E
CAGCTGAACRAATCAGACAGAGGGCACRAGATT TAGGTCTTACATTGGACTT ’\'”'] TCAbC N-‘T
TCAGAGATTTTGAAGCGACGTTGAAGAGCAACAATTCTTAAAGAATCTTCACALGTT

J SGPTGEALGGA
AE"-‘.M"?""?:}AC'T‘ AATGARCAGACTTGCTATCCGAAATSATCTTCCTTTCTTYCTAACGTTGGAA
CTACCAT ,PJ—“CGATGACGK’:LTTTTTQTG\JV&JZ ATTCGCATACAGCTCCAGATTTGSCT
G,E’-“.&c AGTACARACCTTAAGATCGCTTATGAAGCT GCTTL’"’(""APLAT"‘"(V“T""L‘\?\ TGATTT
TCGAGCATGCTCACGCATTGGTTCAARAAGTGE 7\””1\'??&2&( GCTTTGE ! CTTAGATA
CATTCCACATATTAAGTAGAGGATGGCGACGACTGATGA ”GTTGZ’LMU\CA”L’V*Z.» C'I GRAAAA
TTCETGCAATTGECTGATGCACCTAAGTTATCTATGOATATCCTTTCTITGGTCARG
GUATCACAGAGTTT TTCCAGGAGAGHGTGACTTCRATTTGETTAAR SCATOTTG
CTAAGACAGGATACGATGETCCTATATCTTTGEGAGATTTTCAACE TAGGARAGCT
GAAGTTGGARGRAACTGCAATTCATGSTTTARAGGTCTCTTAGATGCTTG :'mmui\‘ CCAARCATG
GCATGCACTTAACGCTGAAGATAGCCCATCAGCACTTIGAGTTGAGAGLTTTGC QZ\(.-Z‘ 'E\Gm”
CAGAGCCTGAGGETETGCATTTCATTGAGAT CGCTACAGGAAGGT TAGET G :
GTTTTACACCAGCTIGGTTTTACGACTTGGTGCGACATCACTETTCTAAGCAG
TTGGACTCAAGGAGATGTGAGCGATCSTICGTC GC‘GAL[\(; SGAGCAACAG TACCA
ATATCAGCTATGGETTTCGACACCCCACGATCCTCAGGUTGCACATSCTAGGGIAGARACTT
GAGAGCACAAACAATTGATAGACCACACATCGAGGCAGAA '"L’T [ A \HC(« .’”"’C’[ A
CGCTCCTGACGGAGTTGAATTGTTTTTCGCAGGACLE '”C" Cf‘?(z[‘ ]"
TACCTGAATTTGCTGTTGAGAAGCAAGAAGCTGGACT
TTTGCTCAGCCTTCGCAACACTTCOATCAGGCAG T
AGAAACTGTCGAGAGAGCATGAATTTCCATCACCTALT
GATCACCAAACGATCGCTCTTAGATTACTTTTGTICAL
GATTTCTTAAATCCTGCATACCCAGAACATATAGCTCTT ("“1\] E
GGCTGAARAGAG CTA:G»&I\PJ\GRGLTTMCC VETTCTTGE LZV‘"”‘(,( .'l”v/\‘\z’l\ ACT
ABTGTGCAGGCTACGATTCEATTTGCCTCAAGAGTTT CACACACTTAAGGARAACCATCTT
”TTTF;.-CALTGCGA ‘GAGAACGGT GAATi TETGCACTTCTACACTAGAACA {"" ZAAC;—\TT
e T"‘hTTCCZ—\LGT’TGT(‘GR7%3\(7?\?‘(33(5 TEGATTTGCTGGATGEGGTGRAACCAATGCACCTG
TTAGGCTTGCTGCTCAATATAGAGARAGTTAGAGAT T TAGAGAGAGGTATCCCAAAC
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SEQ ID NO:6 — CQsuBt amine acid sequence {Corymebacteriym ghitamicum
dehydroshikimate dehydratase; BAFA3460)
METSTIATVCLSGTLAEKLRAAADAGEFDGVEIFEQDLVVSPHEARQIRQRAQDLGLTLDLEQP
FRDFEGVEEEQFLENLHRLEEKFKIMNRLGIEMILLCSNVGTATINDDDLFVEQLERAADLA
EEKYNVEIAYEALAWGKEVNDFEHAHALVEKVNHRALGTCLDTFHILERGWETDEVENI PAEK
IFFVQLADAP K[ON”FLMJ ’E'T PGEGDFDLVKFMVHLAKTCYDPCGPISLEIFNDSFRKA
EJGPTn,.o' AEDRPEALELRALPEVAEPEGVDFIEIATGRLGETIR
LHOLGERLGG HCSKQ /WTVQDV?IJVCDRGAT APTTISAMGEFDTPDPEAAHARAEL
TPXUFIDRPHT%CHJDLRbVVAPDGVClFFAGPSPDCMFgNTPE GVEKQEAGLIEAIDHVN
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SEQ IDNO:7 - PaDsDH polynucleotide sequence
ATGCCTTCAAAACTTGCTATCACCTCAATGTCTCYTGCTAGATGCTATGCTGETCACTC
CACTACTAAATTGGATATGCCTAGCAAATATCETTACCAAGGACTTGA TGRGG
ATTTGGCTGACGTTGCATATAGACTTAGT GGTGAAAL CATCCCOTT GACCATCTCCT
GCTGCACAGTTGAGTGCTGCAAGACAAATACTTAGCATCTCTCAGCTTAGAARCATAGARAT
TETGTGCTTACAGCCATTTTCTCAATACCGATGETITCTTAGACACAGAACAGUATGAAAGAA
GGCTTGARCAATTGCAGCTTCTGCATAGAATTAGCTCACCGAGCTTGATACACGACATTIATCCAG
ATTCCAGCARATTTTCTTCC TGCT,BZGALGTTA CCAAGATATTTCTTIGATCGTTTICAGA
TPTGCAAGAGGTGGCTGACATGGGTTTGCAGCCAAACCCACCTATTAGATTCCTTTATGAAG
CTCTTTIGTTGGT AAC?AFAuTGuAT““ TGGCAAAGGAGTTGCCACGTTGTGCAAAGAGTT
AATAGGCCTRACTTTGGTGTGTGCCTTGATACATTCAATATCGCAGCGAAGAGT TTACGCTGA
CCCAACCGTGGCATCAGGTAGAACTCCTARCGCTCAAGAGGCAATTAGGRAAGTCAATCGCTA
GATTGGTTGAARGEGTTGATGTYAGTAARGTTTTCTATGTGCAACGTTGTGCACCCAGAGAAG
TTGAAA %ACL ATTAGTTCCTGGACACAGATTCTACGATCCACGAACAACCTGCTAGGATGTC
TTGGTCAAGAARITGCAGGTTGTTTTATCGGTGARAARAGATAGAGCGAGCTTACTTGCCAGTTA
AGGAGAT TGUTTGGECATTTTTCAATGGTTTGGEGATTTGRAAGGTTGGGTTITCCTTAGAGCTT
TTCAACAGAAGGATGTCTGATACTGCTTTTGGAGTGCCTGAAGAGTTAGCTAGAAGGGGAGC
AGTTTCCTGEC V’AA&CTTW_ubbAthA””AAKTTCACVGTTCFCTbA CAACTCARCAGC
AAGCTACACAGCAACCTATAAGAATGTTGAGTTTATCCGCTGCATTA

TGTT o

L

SEQ ID N8 - PaDsDH amino acid sequence (Podospora ansering dehyvdroshikimate
delyydratase; CADGI599)

MPSKLAITQVQLGRCYAGHSTTTKL'“ARKYGYQLQN@LNLUMFQVQY““
ARD SAAR JTLRMCOVRNIE “T”PMQWVﬁGmLDR”VHkBRLﬁQ(
IEPANE AEEVTLU_“LIVOLAULVADWC} ' :
NRPNF GJLI“TEIIAa? YWDﬁTVASGQ“PR
LKKPLVPGHRFYDPEQPARMSWIRNCRLEYG
FNREMSDTGFGVPEELARRGAVSWAKL VR DMK

RN

T”Eb%VoT”L

IRMLSLSAAL

‘%FQ 1D NG5 — PhPAAS polynucleotide sequence
TGGACACTATCAAGATCAACCCAGAGTTCGACGGACAGTTCTGCAAGACTACATCATTATT
AEACCCAbAthGTTCAmUAuGAP GGACATATGATGETTGATTTITCTTGCTCACTACTTCC
ACARCATCGARAAGTACCCAGTTAGAT CCCAAGTGCAACCTGGTTATT TCGCAGAGHET TGTTA
CCAGATTCAGCTCCTATACAGCCAGARCC uthAAz TTTTCARGCGATGTTAGATCAGA
CA”ATTTCCA&:G"TTAAAL,ACT T AR TTGCTTACTT """"“"(,f"l”“i‘“”
AGTACCL TCAAATGUTTITCAGCT TTGAATGTTG TTTTTCA
TGGATCGCTAGTCCAGUTGCAACTGAATTAG : TTATGGATTCGCTTGE %AAAYM

GTTATGGATTGGECTT
GATTAATTTCCCTAAGACATATCTTTTCT

o
b3

IG¥¢. VWGGTGCAGGTGTCGATGCAGGETACTA
CATGCCAACTTATGCTTTCTACTATCCTGCCTGCAAGAGATARAATGTTCE AAAAGTTTuuA
AGGGAGAACATTGATAAGTTAGTTCTCTACGCATCACACCARACCCACTTTAGTTTCCAGAA
AGCTGTTRAAGATCTCAGCTATAAAACCACAAAACTTCACGACCTATACCTACCACTAAGCCAA
CAGAATTCTCCCTTAACCCAGAGTCTTTCACGAAGCGGCTATCCAAGAGCATARAARCGGCAGGA
CTTATCCCTTTGTTTTIATCGCACATCAATAGGTACAACCAGTACTACAGCAGTTCACCCACT
TAAACCTTTIGTGTGAAATAGCTGAAGAGTATGCAATTTGGCTTCATGTGGATGCTGCATACS
CTGGTICTGCATGCATTTGTCCTCAAT TTCAGCATTTCTTGCGACGGTGTTGAGCALGETAAT
TCCTTTTCTTTCAACGCACACRAAGTEGTTGTTTACTACTCTTGATTCTTGCTGTCTTTGETT
GAAAGACCCATCCTCTTTGACTAAGGCACTTTCARCAAACCCTGAAGTTTTCAGARACGATG
CTACCCGACACGTGAGCAAGT TGTGGATTATAAAGACTGGCAGATTACT TTATCCAGAAGGYTT
AGGTCICTTAAGCTTTIGGTTGETTCTTAAGTCCTACGGAGTGGCTAATCTTAGAANC T TCAT
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AAGGTCTCATATCOARATGGCTAAGCACTTTGAAGAGTTGCTTGCAATGGATGARAGATTCG
AGATCATGCCACCAACGARTITTTCCTTAGTT l‘”“"' TCAGAGTGTCTCTTTTG u,T TTGAA
AAGAAGTTTAATTTCETTGATGARACTCAAGTGAACGACTT TAACGLTY fé(‘"‘"l‘ TTGAATC
TATCATCTCAAGTGETAACGTTTACATGACACATACCGTTGTECAGGGAGTTTACATGATTA
CATTCGCTETGGGTGL A"”IT'"T’”‘ ”ALATTAI'CC’T‘CA&,ATL"}. GATATGGCTTGGAATCTTCTT
AGGAACCACGCTACTATGATGTTGAACGC

o

SEQ ID NO: 10— PhPAAS amnino acid sequence (Petunia hybrida Phenylacetaldehyde
svnthase; ABB72475)
10 MDTIKINPEFDGOFCKTTSLLDPEEFRRNGHMMVDFLADY FHNIEKYPVRSQVEPGYLERLL
PDSAPIQI’CPT-».K LEKDVRSDIFPPGLTHWOSPNFFAYFPCSSSTAGILGEMLSAGLNVVGES
LA LESIVMDWLGKLINLPRKTYLFSGGGGEEVMOGTTCEVM l;C’f‘JL'\'MART‘z’\'NTJEKF(}
RENIDKLVVYASDOTHFSFOKAVKISGIRKPENFRAIPTTKATEFSLNP R?Ai QED

')
U)T"] 2N
o)y

LIPLFLCTSII !"{‘»‘\""{‘A\/ PDPLEPLCEIAEEYGIWVHVDAAYAGSACICPENQHFLDGVEHAN
is SESFNAHKWLFTTLDCCCLWLKDPSSLTKALSTNPEVLENDATDSEQVY ].,.‘KDWQ PRF

UH

2

SLKLWLVLESYGV ANE%NFIR HIEMAKHFEELVAMDERFE IMAPRNFSLVCEFRVS
FNAKLLESTISSGNVYMTHTVVEGVYMIREA uAP}_‘T[/&i"HIN‘I“ PN

RS
EKENFVDETOVNE
RNHATMMLNA

,.4
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20 SEQID NG~ ObCOMTI polynuclestide sequence
ATGGCCAGARAAGAGAACTATGTTGTTTCTAACATGAATGTTCARACTETGTTGTGCATGAA
AGGTGGAARNAGGAGAACGATAGCTATCATAACRACTCTAAGATGCAGCGAGCARCATGCTU
CAGTGCTCCACCTTCIGATGCAAGCTCTY "’(gZ"-\.C‘%GC,G[C?GGCT&AGLTLUGTU GCG "’C,Lw() :
GOTTTCGTEETGECEEATCTCEGOTACTCCAGCGGARGARANGOCATARACACGATEGARTT

25 TATGATCAATCACCTGACTGAGCACTACACEGTG! :C(“C"‘GGmﬁGﬁGC‘CSCC6(-.?—\3\'1”“”(""“( IAG
COTTCTTCTGCGACCTCCCOTCCAACGACTTCAACACCCTCTTTCAGCTCCTTCLGICGTOT
GACGGCAGCAGCGETTCTTACTTCALTGCCGGUGTEGCCEGTTCGTITTACCGGAGGUTTTT
CCCGBOCAAGTCTOTTCATTTCTT TTACTCGGCATTTAGTTIGCACTGGETATCTCAGATAC
CARAGCACGTCATGCAGAAGGGATCLGUGGUTTACARCCAGGGCGAGAGTCACCATCAACGGT

30 GCARAAGAGAGCACCGTARATGCATACARGAARCAATTTICARAGTGATT TGGGTCTCTTCTT
GAGATCCAGATCCAALGAATTGALALCGGGAGGATCCATGTTCCTCATGCTCITGEETCGGEA
CCAGCCCCGACCCOGCAGATCAGGGCECATGEATTCTCACTTTCAGCACACGTTATCA ;A\:A.L
GCTTGGAATGATCTTCTCCARCAGCECTTAATTTCCAGLGAAAAACGGGATACGTTCAACAT
CCCGATATATACGCCCAGCUTAGAGCGAGTTCAAAGAGGETGG! A"’Z&?—‘;Q&Atvl‘{fGG'}’f—}k‘b""“"k‘ﬁ\

35 TAATCAARCAAGCTCCAACTTTTCCACGGETGGCAGCGCTCTCATCATCCGATGATCUCAACEATY

;
J>‘ G

J

GCGGTTGAGATTAGCCGTGLCTATGIC GCCT"‘"‘G"‘LCLA”‘CCT"ACC” AGGCTTAGTTGA
TGCCCACATAGGCGATCAGCT CGGCLATuAGCTCT“CTCCCGCTTAITTM‘»CCC!‘;}%U(“ SGTGG
TCAGGCTAAGGAGCTAATGGACCAGTTTCAGCTCCTCCATATAGTTGCATCCCTTACTTTA

o
&
H

44

SEQ 1D NO:12 — ObCCMTI amino acid sequence (Ocimum basificum cinnamate/p-

coumarate carboxyl methyltransferases; ABY91100)

MARKENYVVSNMNVESVLCMKGGHGEDSY DNNS [(PVTQFYQ%ARS’X'"
’\’23\ ‘r)f. GCSSGRNAINTMEFMINHLTERYTVAAEEPPRESA
AGSFYRRLFPARSVEFFYSAPSLHEW Ead QI [—‘KE‘JMZKLSAL—«\ NEGRVT
DEOSDLGY ZFLRSRQV%"IK“GGVME IMLLGRTSPDPADQGAWILTIFSTRY(QD
ISSE J<DmFNI CIYTESLEREFKEVVERDGAPTINKLOLFHGGSALIIDDPND
IDQFQLVEIVASLTL
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SEQ ID NO:13 - RgC2H polynucleotide sequence
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RTGGCACCARCCAAACATTCAGTTATTCACATGGGACCAGAGTCCTGEGATGAGATTTCCGR
TTC TTC

GTTICCGTTACTAAAAAGGHACACGETETT KGGQ*CTTTCTGHL“EZGGJ TTA \
CAAAGCAATTCCATCAGCCTOTTGAAGAGAGGTTCACGTGAGAAAAAGATTTTCGAR
TPAATLCCALTTPT“JA“%WGA:TAAGTGGBACTC CCTGAGGTTGTCGAAGTCTAT
TGCTGCAGAACATTGEGETTTCTLITCAARTAGTTAATCA CGQAGTCCCI’TGCAGNCT"A
AGAGAGTTAAAGAAGCTAC (“"}‘Z’-‘\CG‘"{"“""’TTGCTTT SCCTGCACAAGAGAMRARTARNS
T”ﬁAAC’AAHA&T“K””AATT%AWAA?GTTAGATTC:bTTCTTCATT”"TL(L”L“T
GAAAGCACTTGAATGGAAGGATT TTCTTAGTATGTTCTATGTTTCCGAAGAGGAAACT
CATACTSGCCACCTATTTGTAGAGACGAGATGT TAGAATACATGAGGAGTTCCGAGGTTCTT
nT\,P\r\, GATTGATGGARGTCTTACTTGTGARGECTCTTAARGTTAAGCAAATCGATGAGAT
QACEAC”“ T GTTCOTOGEATCAAGAAGRAT TAATTTCGAACTACTACCCTABRATGICCAR
nTpCTCAnCTTALATTGGGTG==GG:\GGCAT@&WGMLATTWLCALCTTTACTA”C’T(TTA
hA}vALuPARqu STGGACTTCATGTTAGAAAGTTGGATGACACTGGTAACACCTGEGTTCA
PGUTPACCCCAATATC GGTTC“ CTTATTA I’Q:M-X.[’ ATCGGAGATGUTTTGCAGATAATCTCTA
A .AQUT VAACT' ATAGAACACATEGTTGTGGCARATGGARCACAAGACAGRATCTCT
P“?Cpm’Tu=TTCT AMCC QAALCLTL“””.”“YA“‘?\GTCQACTCFLTuAquTTTF””
SGAGARARAACCAGTTTATAAGCCTETETTCTGCTCTGATTACTCAAGGCATTTCTACA
AMACCTCACGATGETAAAAAGACAGTGCGATTTCGCATTGATGAAL

SEQ IR NO:14 — ReC2'H amino acid sequence {Rufs graveolens 2-oxoglutarate-dependent
dioxygenase; Vialart ef of plant ] ?(H 2, T0:460-470)

MAPTKDEVIEMGRAESWDEISEFVTKRGHEVKGLSELGIKTLPRKQFHQPLEER
SIPLIDMSKEWDSPEVVKSICD lAbﬁ%G}FQ]WNH“VPUFTL RVKEATHRTF
SKENSPINNVRFGSSFVPHVEKA:
TERIMEVLVVEGLE VR“IDE‘BL”MLV~ RRINLNYY?K” NjFLTLbV(R
CDEIGGLEVRKLDDTGNTWVHVTPISGSLIINIGDALOIMSNGRYKS TEHY
VPLEFVNPKPOAILCPFPEVLANGERPVYRPVLCSDYSRHFYTKPHDGKRTVD

SEQ 1D NG: 15 — Plastid targeting signal polynucieotide sequence
ATGECTTCCATCTCCTCCTCAGTCGCGACCET TAGCUGGACCGECCCCTGUTCAGGLC
GGEIGGECTCCETT CACCGG“CTTAPC”LCPA GCCGCCTTOCCCCACCACCAAGAAGGCTAA
ACPTTCTCCACCCTTCCCAGCAACGGTGCAAGAGT TCAATGUATGCAGETGTGEICGED
GGC \?CAnGnACTT“hAGAFC”TGT“G”“*”WLCC«CCCCF”?CGLLCA¢CCZCCCCALL
GATGATGECCTCOTCEGCCACCGLCETCECTCCGTTCCAGEGGCICAAGTCCACCLCIAGCO
TCCCCETCGCCCECCECTCCTCCAGAAGCCT CGGECAACGTCAGCAACGGCGGAAGBATCCEG
TGCATGCAG

SEQ ID NO:16 — FPlastid targeting signal amino acid sequence
MASISSSVATVIRTAPAQANMVARFIGLKSNAAFPTTKEANDFSTLPSNGGRVQUMOVWPAY
SYLPPLSTMAPTVMMASIAT QV»&PFQLLK”' ASLPVARRISRISLEGNVINGGRIR

R
MO

SEQ 1D NO:17 ~ IRXS promoter polynucleotide sequence
ATCAAGCCATCCTCTACCTCGGARAALACTTGTTGCGAGAAGARGACATGCCATGGEATGGAT
GCTTGCATCTTTCGACATTGATGACACTCTTCY ACONTTCCTTACCACARCGAGCAACGE
TTGTTTCCGCTARATAAACTAAACTTAACT ;XTAVPTTQCCCTEGAZTCQGTTTTWGFWT“
GATTTATGCATATTARAGATCCGAATTATATTTGAACAARARAANATCATTATGCTCACATAA
AAAAAATTCCCTT”“T?T””SGFTWAPATCGCTTTAAATVTCTAC"TTTAAE”&T”MWQ[m
TETTTTCTGGTTAGC TTT\AIMP ST TTAGAATGAAACCGGGATTGACATCTTACATTGATT
TGARACAGTGGTGAGCRACTGARCACGACCARAGTTCGA CGAnTGGCAﬂéHTTCCGG“ANC(C
ACCAGCEGTTCCACAC ATGGTG\HGTT TACCATGAGATCAGAGAGACAGGTTTCAAGATCT
TTTTGATCTCTTCTCOTAAAGAGTATCTCAGATCTGCCACCGTLCEGAARATCTTATTGAAGTC

t
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GGTTACCACAGCTGH “TAACCT CT”””GAQUMTCEKF‘Cni%m”T&ATAﬂP“””BTWAAA
CCGAAATTTAAATTCTAATTTCACCAAAT CAAAARGTAARACTACGAACACTTCAGATAAR
PT”TCGm¢(TFTT“’CﬂTF TTTATTCTCTARACACAALGAACTATAGACCATAA CSK.*T
ARAAAACCCTAAARACCAAATTTATCTIATT TAAAACARACATTAGCTA TﬁTGALTTTmei
GGTARGTTATTTAAGCTTTIGGA ACTTTKAGATGJ?TT”BCC.”T ATGGTTGTGTCAT X
ATTTGTTTAGT TTAGTAAAGAAAGAAAAGATAGTAATTAAAGAGTTGCTTGTGARATCATAT
TTAAAACATTAATAGCTATMTAT””CTAATTTHGGGACAARFTAG”C(RA“TCTTTATP TA
TCTAGCTAGTTCTTATCGAGTTTGAACTCGGG T TATGAT TATGTTACATGCATTGGTCCATA
TARATCTATGAGCAATCAATA AATTFGRGFA”WZ“FGEQTAAL AATGAGCCAAGTATAA
CAAARAGTATCAAACCTAT CCAGUHvEUAAWAWQAMGA;%ﬁ ”AGT TGAGCCAATACRAAA
GCAG: h(CnCD [GGUTTACAAGTOTTGGEG LF”IITGGG GTGATGGGTGCACA
ATGGAACAGUTTCTCTGGTTGTCCAGT TCCCNAGAGANL‘TTC}AwLTCCCTRAC CCAﬂC
ACTATGYCGCUTG '&. "IZ«\ AATCTTATTTACTAARCARAACAATAAGATCAGAGTTTCATTCT
TTCTTGAGTCTTT T I TCTICTCTCCCTCTTTITCATITCTGGTTTATATARACCAATTO APAm
CCTTATCATCCATGCATCAACCATGATCATCTTIGIGTTITTTTITCCTTCTGTATTACCAT
TTTCEGCCT T GTGARATTGATTTTCCGCTTTTCTTATATAATCTICCTOTTTCTCTTICTCY
ACCTGATTGGATT AACATAGCCAGATTTGCTAAAGT TTATAACATACARARTATTAAG

_L

()

{E}

r\ r'nrn T

_._
AN

L/ Mo
TAAGACTAAAGTAGAPATACATAATAACTTGAAACCTACTCTAACTTATACAMATTCTAAAG
AACTCAARAGAATAACAAACAGTAGARGTTGGRAAGCTCAAGCARTTARATTAT '\’[ ABAAACH

20 CTAACTACACTGAGCTGTCTCCTTCTITCCACCARATCTTGTTCCIGTCTCTTGAAGCTTTCY
TATGACACARACCT TAGACCCAATTTCACTCACAGTTTGGTACAACCTCAGTTTTCTTCACA
ACAARTTCAAACATCTTACCCTTATATTACCTCTTTATCTCTTCAAT CATCAAARACATATAG
TCACATACATTTCTCTACCCCACCTTCTGCTCTGCTTCCGAGAGCTCAGTGTACCTCGCC

25 SEQID NG 18 ~ AtC4H promoter polynucleotide sequence
CGGAATGIXCACA\. GACAGCAATGTGUTAAGAGAAGAGATTGGGAAGAGAGAAGAGAAGATAA

; ATATGCAGCAGCTTCACATGEAGCAAGTGAGGCTGAGARAGACGETCA
AGTGAGCTTACGGAAGAAGTGGARAGGACGAGAGTGTCTGCATCGGARAATGGCTGAGCAGAR
N

'\AQP’XGT ACCTATAAGACAGCTTTGTATGTICTCTTGACCATTACAGAGATGOGTACCACAGAL
AGGACATAAGAGTAAGAGAGTAGTGGTCTTATCAACT TGAAGTGTA

AGAA‘V 3T CAATH GTGCAGGACATTGGACATACCGTGTGTTCTTTTIGGATTGA
AATGTTGTTTCGP«_AGGGC’ { STTGATGT TCAALATAGGT TGAAGTTCAATARTGCATGT
TCGATATACTAAATATCAATGCETAATATTTTCTCATTTCCCARRACTCAAATGATATCATTTA
ACTATAAACTAACGTAAACTGTTGACAATACACTTATGCTTARAAATTTCGAGTCTTET LYY

35 AGTATACGTATCAC Q.z_’C.C”( ACGGTTTCAAAACCACAT L\AT ‘GTAAATGTTATTGGAAAATA
GARCTCGCAATACGTATTGTATTTTGETARACATAGCTCTAAGCCICTAATATATAAGCTCY
f'%’”DATTCTGGCTABZ’ GGETCCCAAGTAAGRARAGCCCA C‘TA& TCTRAGGTCATCGATCTCA
AAAACGAGGETGAGGTGGAATACTAACATGAGGAGAARCTAAGGTEACAAATTTTTGEGGCA

m
S
(‘F
T
ATAGTGGTGCATATGCTGCGGEAGETAGGTAGCATCATTTCTCCAARSTCGCTGTCTTTCETGS
'
C
m
;

T3
-3
]
';w
G
]

TCATTEGTAAATTTCTTTTTTON

40 TAATGGTAGGTGTGTCTCTCTTTATATTATT TATTACTA
ACAATTTGTTTCTGACTCCARRATACGTCACARATATAATAC TAG"EC& AATAATTATTTTAT
TATAAGT CAATACAGCTGETTGTTETARAATTGATTTTTTGATATTGARAGAGTTCATGGACG
GATGTGTATGCGCCARATGGTAAGCCCT w"GTAC’I‘G'?‘GCCGCGCGTY”A””T”"T WACCACCACT
AGTTGTTTCTCTTTTTCARAAAACACARARARAAALAATAATTTGTIY TAACGGCGTCAAA

45 TCTGACGCCCTCTCAATACGTTCAATT] 3 PYTTCTTTCACATS wT”TC"’CAT”"“"”""‘*‘(;

CATTGACCATAGGTAAAGGGATAL uGA. TTCTCTTGTTICGTTTITATCCTTATT
ATTCARARAGGATAAARAAACAGTGATA CTPTCATTAARARAGTCATTGAAAT
TCATATTTGATTTTTTGCTAAA T"f?(*l\s;x\ JJ\,AKGZH' WCACAAACGTAATGCACTGTCGCCAAT

ATTCATGCATCATGA Cr’\u TARATATCACTAGAATAATT AATCACGTAGAATGCAAACANA
GCATTTTCTAACGTAAN ;G“Z”"l"[“‘" NTATTCACGTAATTGCAATTITCCTTTTTTTTTITETT
CTCCGTARTTGGAATTTCH "'I' PTATCAAACCCAAACTCCAARAACAATCGGCAATGTTTTGCARA
ATGTTCARARCTATTGEGCGE '”T' PEETICTATCCGAATTGARGATCTTTTCTCCATATGATAGA
CCAACGRRAATTCGGCATACE TTTTTTYTTTTCTTTTCAAAACCCTTTAAACAACTTTAAT

o
<

68
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TCAABATY ’f TAATGTAACTTTATTGAACGTGCATCTARAAATTTIGAACTTIGCTTTTGAGA
\nTc’l‘ T'\ ATGTACCAATAAAGAAGATCTAGTACATACATTATAATTAAATACARAARNAGGA
TAGTACATGGTAGACAAT GAARAARCTTY ‘&Z‘ CATATACAATCAATAATAC
E AACTTTTTTTGT ’"TCTCQ GTTTATS TACTTATACAAAMCTATTAGA
'[ ’3""‘ ";’\hﬁ’ TGTGCTCAGATACA -R\CTTAATPT"l‘A’i’A'?’Z\‘, AAGAGCACTCGAGTGTTGTCC
TPAAGTTAATCTTA AG?—\TATC TTLJA\JGTAZ‘«A TAGAAATAGTTCGACTCCTTTTTATCTTCTTC
””"T’ TTACCATGAGCARA WGATGAAATAAGTTC A}L\A( GTGACGRATCTATATGTTACT

ACTTAGTATGTGTCAZ \'?C”A"T' AAAT' GGGARARCTTCATCATTTCAGGAGTAT TACARAALT
CCTf AGAGTGAGAACGA \C"FAC‘ATAGTAF‘L«Tr\TTTTuZ—\T AABAGACTTGAAAACTTGCTAARA
CGAATTTGCGAAAATATAATCATACARGTGCCAGTGATTTTGATCGAATTATTCATAGCTTY
GTACGGATGAACTTARTTARAAT AA““TCfCAx’*AAAA TATTGACAGTAACCTAGTACTATACT
ATCTATGTTAGAATATGATTATCGATATAATTTATCCCOCTCACT TATTCATATCGATTITTITGAA
GCAACTACTTTCGTTTITTTAA C,."A’]",[""‘ CTTTTGTTGGTTATTG TiAﬁT GAGCATATTTAGT
CETITCTTAATTCCACT GAA?\’]‘ AGARAATACARAGAGAACTTTAGTTAATAGATATGAACAT
AATCTCACATCCTCCTCCTACCTTCACCARACACTTTTACATACACTTTGTGGTOTTTCTTT
ACCTACCACCATCAACAACE \4\ CACCAAGCC CCI‘J'T"AC‘Z—‘; CACACGCAATCACGTTAAATTTA

ACGCCCTTTATTATCTCATCATTCACCAACTCOCACGTACCTAACGCCGTTTACCTTTITGEC
GTTCGTCCTCATTTCTCAAACCAACCAARCCTCTCLCT QT‘I‘I&TAA" ATCCTCTCTCCCTTICT
w

T
TTATTTCTTCCTCAGCAGCTTCTTCTECT 'fETCAA.P’]?AL,I‘CT( GCC

»- 1-3

SEQ D NO:19 — AtU3H promoter poiymaciem‘idc scq‘lenco

ATCCTAAGT ,IT"""“"’“mGﬁGm TGTCTTAZ\(,:\L TGTACTCACTACTCACTGTTCCATATTTITIG
ATGTACGTATATCGARRBACATTCTGCCAACARATGCAAACATAACAAAAGTCARRAAACAATA
’J"’UJA COGEE AA'?"“FALAA(‘ ARATETAATTGCTTTTTATTAGTGTCAGGCCTTCTGUTTAA
AAATE ’Ifi.’" GCCCA G”’CCP«"’ TAACACCTATCTCAATTCATATTGAAGARRATGACTAT
ATTACTITGACAARAA CTTTALT ACI‘J&'&AZ\’FAl Lw SAATCTCTTTCGETACTGUTARGTGCTA
ACCTTAAATAGTATAGRATTICTTAGTTCATTCTCARAARCATAGCTATATGETRAGATTATAAA
AGTTCCATATTATTTCCTGCAARAAGAT ST TATAATET TACAACTTRACAAGRALARTGATGTAT
ACCOTARTTCATAARAGATGETGGTGGETATGTATCAGTAA
T TATTACTATGTCTATATGGTGTATTCCOTY ”“""E(‘I'gGAACAA
i TCTTATAGAATTTAAGGAATCAATTATTGGRATTTCTCAAG
GTGAARA ”'“GkaALT TTTGCACGCAAGETCTAGTTGCCGACTTGUCGTTGCAT """AZ! CATGA
TTGTTCARATARAG G "&i’ GAGAGAAGTTTGGCCAGACATTTTARATTTAACCCAARADDA
GTAGGGCCTAACACA ATAACCTCTICTTTGCTTCARAGEAAATAACACCTACGTCTTATA
ATTGAAC C‘Pu—\A(‘ATTGl‘QﬁT CATTGAACTCACCTATAATAATTATARTAACACGAATTCACAA
GACACCTAAAAGARAAAAGTTCACAAABACAAATAARAATTTACCTOTCACCARAACACACTCA
AACACCGACTCTCTCCCACACCAATTTTT

TTTTTTTTTCTTACCAACTGATTAATTCS

ES

o [.(’_\_r AGATTTTAT

-
CTTACATR
SGAACTTACATA

TC
].-( 2CA LIG”.’CA ACTT
& T

=3 G

=3
[}
B !-j [N PD]
=3
= H

o

CCTACCCGTCTGGETCCCACTCACCCCAACATAL
TTTTTTGCCCTTTTAAAACAARTARACTATCY
TGAATAATCTATTATCTTCTTCTTTTY NGTGACGGATGATTAGTGCG T\SGCGRAATCAAA
ATTTACAARATTTGGCATGATTOCGATITTTGC! CGATTAATTITTGGTTARARAGATATA
CTATTCATTCACCAAGTTTTCAGCATGAGTCTARAAL A?‘AA“"A’ICAT”.‘TCA TAGTCACTTAA
BAARAGGGTTARAAAGAACATCAATAATATCACTGETTTCCTTAGGTGACCCARARAARGARS
AAAAAG PCACTAGTTTCTTTTTGGAAATTTTACTGEGCATATAGACGRAGTTGTAATGAGTG
BGTTTARATTTATCTATGGCACGCAGCTACGTCTCETCGGACTATACCAAGTTACCAACTCT
CTCTACTTCATGTCGATTGCCAATAAN :”;Gu CGACGTCTCTCTOTC ]"""CA’“(“A*—\«”\“F'CAP\A\"C

.

ACTTTCCCCACT "GCTC TCAAAACGCTTGCCACT "‘Amzﬁ"’(""’Z\TGGCT’.""‘ CEGLGACATGTA

T AACAT TATCACTG GARAARAGAAGGETTTATTACCGTTGGACCAGTGRATCAARCE GTT

TATARAALATT T\;«JAZATTF’“ AARCATGATTTGACATTITTARTGATGGCAGCAGACGARACT
AACAACACTAAGTTTAACGTTCGTGEGAGTATACTTITICTATTTTCGAAGARGACATATARLCT

o~

AAGUTCGATTCTTATTCTTCAT /\UAJ TTCTTTTCACTGCGAATAAAAGTTTGTGAACATSETCA
CCETTTGAACACTCAACAATCATY "'C( TTTTACCTTTGTGGEGETEGAG "‘—‘LwAI‘GExCAATGA
CAARAGTCGTCCTACATATAATTI TAAGAAAATACTATTCTGACTCTGGAACGTGTAARTAATT
ATCTAAACAGATTGCGAATET C”‘Z“I‘A("[ TETTTTTTGTTTAC AF“AAAW—\T SCAAATTTTY

&Y
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‘ALnTTTmAﬁATCGCGTAAATA”T“”“GTT‘m““UmRTA“mm““‘bu‘ALFm“CTGAAAAR
AAzLAl””%bG”L“C( ACATCGTATTTCACCTCAACTTAGTAAATAACCAGTAAALATCCAAR
G”ApTTh”ﬁme'CTCT\ .AAMMT'CCTCnGTA:W“”A'uCC“CT”AﬁATTAﬂAACCTCAA
ATCTGAATGT AT "CAAGARATTTTCTCATTGCAATAARAGTTCAATCTGA

(CAMAATTTGATAT
5 ARATACGATATTICTCTACCTCTGRIITIEITITTICTCCACCAACTTTCCCCTACTTATCACT

ATCAATAATCGACATTATCCATCITITTTATTGTCTTGAACTTTGCAATTTAATTGCATACT

AGTTTC TTWm”m“RLQTAAAPGAHJITTbG‘:G""CA%FTATATATGT“TGAAATTUATTA

TTTAARAACARAAAAAGATAAATCGGTTCACCAACCCCUTCCCTAATATRARTCAAAGTCTC

CACCACATATAT “Tﬁ(ﬁhLAATTTTKCAAG’LK&NV“hh(TfACACfTTTTTTTGTCCTTTT
10 TTATTAATAAATCACTGACCCGAAAATAARAATAGAAGCAARACTTC

SEQ ID NO:20 —~ AtHCT promoter polynucleotide sequence

TTCTCTAGGTY TTCAAGCTTTCCTAGTTCTTTTGCGAAGCGTECCGGACARGTCATTGTCGTA
TAGAAACAGATTGATAAGTTCAGAGCAGTTTCCAAGCTCTTTAGGGATCTCACCTGAGAGTA

SM,TLVAATAGAC“hﬁTK \AGACTGGAGCTTGO fm“”TT&A“P”“QCGAAAL&GCQA&AGAZ

CCGOATATTTTCETTGCTGCTAACCCTAAGACCTTCGAGATTCCTACAGTTTCCGATCTCCTC

CEEEATCTTCCUTGRAAAGCTCTGA u¢TTCCTLCLvVMCTT9T S CTCTCAAGAGTCGAGATCT

-
[

TTCCGAGCTCUAACGGEAGATTCTCGGATRAAGTAGTTATCGAAAATCTCAACGATTCTTOAGS
CTAACCCAGTCGCLGAGTTCCGETGEEATCTITCOTGTGAGGCCATTGGACTTTAAACAAAG
Ia

TTA AA]CGA”‘ACTA”AfCUTCIGA“CAAMCM,vuAmCTCAuAAGATAT“w““”CGG
TTAGTETTGGAGATARCGAGTTTCTGRAGTGAAGTARACGAAGRAATGT TAGGAGGGE ﬂA:G
TARAGCTAACTGAACAGAGACGACATTGATCTCTGTAALC AGTT”CTTG CTGAGGAGGAAC
AACTAANTGTAAGGCCATTGACATGGHTCAGARATCAGRAAGGAT TCCAGOOGGAGAAGACTGAL
GGTGGCGGCGAGTTCGAGCTGTGRAGICAAGARATCARAGCTGAGACTTCATTGETTGATGE
AGXGGi‘”AGSAG\mGﬁA(hAAwCTAAAAﬁCﬂGAGACAAT TAATGGAARAATGAGAAACAG
TTAAGGCTTTITTTCTTGCAATCGGCATTTGCARAGACATAAGAGTTTTITTTCTTTGCATTT
GGCTCTCAAATCCARARACAAGCCTTCTTGETTCTGCATCGATCTGACTCCTTTGGLTTAGES
TTTAGEGAAGTTTTTECTTTAGAGATAAGCAATAACAAAGARTCGATATATTAAATATATARN]
30 AGTACTAAACTTCATGTGUTCTGTCTTTTITCTTTTACCTCEGOEGTTCTGTITOTA CTTLF
ATTAATTAATTACAGTCATTAACTTTTCTTTGARATATCTTTIGCCARGAGCCCGAGACATCTA
TCCATAGATGACAAAAGTCARTAGTTATATATACATAL TATLAL*A&ALRAUALGCﬁTrﬁ
GTTATATATATACAGAATCATTTCACTTAGTAGTGTITTTTCTTATAAGAT TATGATAGAAT
TATGCAR GCATG~AmCTCCT“TTUFATTGTTTTCCTCXETTKAGmLM””AI“"”LAGTTG&T
T”GT"TTCGAGACQTLAﬁC CGAGCGTTTAAGATTCTTICCTCOTTTCAAGTAAACTCUATAAT
TGTCCACACCTRAAGCTAAAAGAA GmAnTAALA“FTTTAAATAmm(PT SACAAGGAARATAT
TGCAT ‘V.GAAAATWCTTAALA CGAAGTAARCATTETTTTCAATCCCATGCCAATAGTITC
TAGCGGECATCARARGTCCACA “CTCLATACCT””GCGTAAAT AGCGAATGGGECCGETCCG
TTGTAG m@ACAAGAGAA TPGTCCTC AAA” CCATACTTCCATGRATTTTCTCTGTATAT
44 GITIGATGTATCGTATATTITGTITCCGCTCTAAATCATSACCAACCCAAGGTACTAAAT
_muC?TTGATTGGTA”TTCGTAUCATUQG "TACCATTGACCAACCCACGLTACT
AGT TTTTA ~TTTT GCTTTTGCTTTATTTTCTTAGAGAGTGGGAGCGACAAAAGET
TrG \TCA”' AGCCARTGAATGCTTCAAAGARATTCGAATTTITTATTAGATCCTCARACTAA
GTTGGATCATI QATAATUGC;“AC“" TAATTTTAGAACAGCARAGCARAGAARAGCTATCC
43 GCAACRACLARACCATTAGTTARTARATTAAAATGARLRTCTECARAMTTTATGACTAATTGAGETA
TETTTICATATAATATAGTATAGTTCEGA =ATBAATTLAAMLT VATTTATTTGCTGETGTACT
GAAAAABAGACTTTCTTGCATTCTGACGTAATTCTCTTAACACCTCAGTTTACGCCETTAGA
1&‘TAMWC“WPC FTGTTGTTATGUTCTGCTACGTGCTAATCGACTTAAGT TAACGCCAAACTTT
SGUATTCGATTGACTAARCTTGTACGGTAGUTATAACAATCARCTTGTCAATTTTTTITCCTY
50 CqT"F"ikaCC WACTTTZ @“‘mAlTTAAGCLCATmﬁCi TmAiTIGGGLtI“pGGACAGAG

280 TTCTTGAAGATTCTTCGAGCTICCCTAGACTCCAAGGTATTTCACCAACAAGALT ATTTGA?C

|3
Ao

Ll
(W}

g

GGAACGGGTTTACCAACCCCECATACGAAANGTAGGACCCAGTGATCAGATGGACTAATGATA
AACCTTCTGAGAGAGTTGCTCGACACATEGAGTAGGECGES T(LT‘GG"L”GmTGGTQAdua

70
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ATTACCACCTTTCCTTT T'i"”'f'i ,\"(‘[’A("{"]‘ TATCTACCCCTCCTCGCTTCTCACACA
ATTTCTCAGATCAAACTCARAAACAAMATITGTT ff’i\f’ TTTGATCTTTCTTAAAAAT

7]

SE(Q 1D NG:21 - AtCCR1 pmmoter polynucleotide sequence
TTGCTTICTCTETCCATGATATGAGCCATTGACTTCTCACCTGTATTCATATG
TTCAGGAGTCCARTACARAL ”‘(' AGCTTGETCARGAACTCGTTCETAA

&
3
ra
f)
£

TAGATTCCTH ““?"'i’
:

\3(“1’ GGC

v ak Tl
GARGAGTT

CTCGACAAGAAGTAAGTTTATTGTI TAARCTTACTAACTTCATT T T TGATACTA ARTGA T
CAATCTTACGATT ATTTGCACAGCTTTTATGAAGGTGTCATAAAATCT ”’T'“’thhn

g ]

PGORATAACTEGTTT

TCAAGAGCTTAATC
PCTTACATT

GATGCATCARAGTGAGTTRACTTCTCTATITG TTTTAAAATTCTCTATTT
ATATAGAATTTTCCCACTGATCETCTCCECAGGTAACATATTCTGRTGGCGATE
SAARAAAGARCGTTTTAAGCATAAT CGAGGA T?—P\ ,”"" "TCAGCCAGTGAGGTGARAATT
CTATCATTCACCATTCTTTATATTTACCADAN CRATGTATCTEETTTICCCTAARTARAMNTCTA

AGGATAAGGARGATG 'l‘L'”f‘C"‘¢uh\,~JTC"€T~“"T"’CTTTZ¥TFT(; SCTT VAGTGAALCTTCCATAGTTC
TATGATAACCCACAATTTATAATTTTAATTTAGCTTTAL TTYTGCTCTTATGTGCAGTA
"ACARAGGGAGRAATCCAAGAAG Mm VAARTTGTGTCTARGARATGTGCALACCGAGTAGTTCTCCAGAA
GTCAGGTATGAAAGTATATAACARTTCTAGTT TCGARTTAG

o ey

i
-
A

’.T"’ ALGTTTGATCCCTGAL

TPCACAATTATGG 'T’GTT\C“\TC'“T Tlu\?n, ARACAATGAAGARGAAAGACTCTGTAACAGACTCCATT
AAGCBAACARAANCAACCARAGGTGCACTGAAGGCTGTAAG CL&—\T‘ AACCAGAAAGCACTACAGCGAA
AALRTCTTARATCCTTGARAAAGCTGAATGETGAACCT BAAACARGAGGCAGAACTGECAARAAGT

AGAAGGTGACTCAAGT T‘nTG(‘ ACCTGGARRAT CGAZ%AF\GATT{ STGATGE G‘CAuuL AHGACCT(‘,GAPJ&
AAAGATGARAGAAGRACAGTCTGARATTGGGGARAGAAT CAGATGCAGAG
CCRAAGAATT ;CCTL—J\AKI-\TCA(’Z\T\ "GTAGAAANCCAARACTGATGL ~Ai:f-‘LA.JAtmmf‘ GF
AGCCR L\\;("r\‘h AGAGTCTAABACTAATGEAGAGGAGCCAAATGTAGARCCCCARACTGAT GLAL ’&GAG
CATAARTC GGAGCCARATGCE L:A(ak( CARBATCTG "“TT(;'A“, ALGAGCAGGAGGCAGCARARGA
GCCARATG AACTGATGGAGAARATCAGGAGGCAGCARAAGAGCTAACTGCAGAACECA
ARACTGATG ‘AGL‘TbA TGAGGCTACAG AGTCACACARACACACANNTCTA
; CAARAGT CAGTC CCABATGCAGAACCCRAGACCAAGGT
AGAAGE A&GAGACTCALL ALAAGAGCARACT GCAGACACARARTTCAT TCGAGRAGGAGCGATATGTCTA
GAC .m&hsab{:%’ AAGAGAFTGATA}’@‘ AARCATATTCARG "CCCTGAGACTGETARAGTAGGARAC
'\:AAC"".‘”A "G&.. .T“T‘Gh, CA ’\hCTGGP\}\G_ AGAL ""'"""CACZ\J—;CM JAL)AA(‘ ‘CAG
T T SGTARATCTTAATCCAGGAADD
A T “‘.(‘Tf’"‘ T k-‘T(‘(‘ T’TA\ AACT 'l“l A."’ v L Auk, GUELGTPTAGAGAL
TTTATGAGTAGATTCTTCTGACCTATG CTCGTTATGGJJACTAGTTT\JA CTTATGTCE :
CAGCAGATATIGA Ls]”]"’" ATATATTTARGAGACATG 'hZXTGZ%(-r?»\P\,' (GAGGGTATGGRARAGTCCATA
\GATGACACAL CGTATGTIGTAGTCACTTCTGCATTTCCAGTTTTGGACATARBATTCY
GATATTGCE T]ﬂa?‘ifs&l’(“‘""frl TTARATAACACTAATCCARACC ,N\Z\uT'; \ARATATCT TACATCATC
TACARRATGTATGCCTTCATCAAGAAT TCTAGATAATARTACCL GTTAMATGRTTETAGGTATTAT
TTCAGT 'F'ILZAM_AE TCTCCARATTTATGAGCTATATTAAAGRTAATATTTTCARN .?AAGG‘TG‘PGTA&T
TCTAAAT’f‘T‘T'""‘x’“’l"i""‘.’l‘TCTT’(“CAC”JZ‘J\CCCTCTCTTT" CATGTATGTTCTTTTTTCTAAARTAATTG
TTTGTTCTT T T T TAGATATATCAAAT TAARTATARARAATATTGACARAACTTATTTACCATTGTTY
GTGAACTTCGCAAGTETGTAAATATRAARGATAACATTCCTTTICEYTCTTTATATATACCARACGTAL
CACARATTTCTAACTARAGCAT TCATAGTCTCTCGRAAAGCCTCTTTTCAGRACCGARGCTCTTTACTT
C EVIVANN

GARA

CNACCCRT N TR
GAACCGHE SAGGCAGAAGA

e
B2,

AR

SEQ 1D NG:22 - AtCADA promoter polynucleotide sequence
AGAAAGGTCTICACACT CTGT TTTAGCTAGAGAGT TEIATCCATCTCAGT T TTTAGTCTATTTTGTT

F“’F‘("TA"CA z*TG:TTTGTm”*f’f‘cmf[?(‘: STCATIGCTTITTGCTGCTTTACTGGAGTCARATTT
GRAAGGTAAR
oA

ATATATGTTARAT AGCTGGETPETCCATGATCGGAAAATCTGAACGTATCALT
GTTAATGACAATGGAGAACT ZG TCAGCATGCTATCACCGAATACCGAGTCGATTGAATCT T
TACTGAG TCTATTCACTTAAACTTAAMACCARATGATTTTGCCT
ATTGT ACACATGELTTCGAGCTTCGCCCTTTAACCGGLAGRAAA
] ACTTTCTCO TC"TTTTTATGTTCTCT ATACTA
,” C’Ak,"f‘C‘]"I‘ CGTETACACTGCGCTCARGTGCTAGHEAACACCG

“r”}’ ACAAA l‘z’-\L ('"I"“Cf""ﬁ ~“'TC’ xTA/.\.. ,\,GG\H\L\& CTTTIETCTCT ‘(‘L\Ji" A
/ ,\,AZXTC ATCAT i 'GGAT CGARAC

AT
AR
] CLTOTCCATTCARS CATCTGOCR ACDECTC Tn— Ponlg

\ GGAGARARATG
(‘A(;\."IC‘I"'T'I "‘C‘ ACTCTGATATTT ATAGCCT

rDJ

[;J

SR T
CCACATGE

ANy
T RT RO AT AT TOR
CTATAGATA ], T t,,Z—t

CA :’Z’ZXG

ATZ‘\.CT IGS

e} 7\ v\r:ra( DAL

G (333&3:"

G
AACATATC
ABATTCGE

\CAC

AART C
GATCT

ATGOTCCATTGOCTAGTCA

-3
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TATGCARCTAANGCTTTARTTTG rf‘l ARATCTAGA
TTACCGAGCTTTCTTCTITCIC "TATTCAGGECH ,C‘AZ\‘
TACARAGATARATAATTAT AA[‘"'A f‘ﬂ'A: TTTTCGC
GTT SGTGTGATGACTGE TTFA\,ACZ‘J\
""’l‘“""'"”"“"" CTAAACAGCTARCTTG ’“CF\CTP\.GAGTT
CGATT ubLuA‘l WATTACAGATAGAGAGACAT
AARAGATCY “U“lb”” “T(“L\J\;AAZ’»\’—\ CGRAA
ATA“‘ ‘”CLL‘«_" ACRANGACTGET TGGAAAAARGAGATARA Z\T?\.AT GT
GARAT A‘TT A FC TGRAAGGETAAGET GA‘“”’Zl TATGGH TATAT "A""I‘ GGACGAGCTTCAGA
ACAA? AALAJIK A\ GT GZ»\?\ C?\AT‘”“‘ TTACCTACTACACTTTGAACTTTCAAGTACATTACCTACTT
CCTCCTTG AACCTCTTTTCTCAARACTATTTTATITCCCCAATTAAAGTACTGETGATAAATTC
ACAAT xF;Q"CT‘F?\.?-ACACTTTi \TTT T PGACCTCARRAACAARTACTTCTTTCARCAGGCTATTACAN A
PTTTTARGAARAAAGTARGCARRATAGTCCACAARCCARRATUTCTARCATATTARNCGATTTATGT

TTTTTTTTTTTTTCTTAACTAGAGAACAATTCGGGCTTITACTAAGGATGATGAGT \GmTz\C‘CCAz

TAGTGTATTCATATAATC TAATGAGCTTAAGATATGATATTATTTCCACTAAT CAGATARGAGTA
GTTAGATARTTTCCTAATAGAGCCRACTCTTTCCCAAATAARACCATTGTARACAT T\CTCNT%\TTAGT‘I‘T
T T GCTCAL! A(‘CZ—‘ ATTAG SPTTCTTCTATTTTATGRAAGTGCGTATTAMAGCTARC
ACAGTARCGCCACACA] TrLAA.“ ATAADAATARTTATCTACTTTATGGATTTATAGARAARAA
CTAT

LcAbAh}AG”,HCCAAAAATTGATTﬁ”"T“”m“T%TC“ TGTCAACTATT
GGAT? TGOS
AiCETL

AGATTTITTT
CTGAATATTCT
PATGATTARCACA
COTTTAATACTTGTCACTAG
ATCTGTTATTAATC
\GACAATCTTARAGTGTARACTA

."CZS'I CTAGUTATGAATATGATGA

CAC

|J

d

:4

S\CACA

G Lra o
"GGTA TTTA

SGA *CCARARTGTTAGACARARAACC HAEU A .‘".‘CA’TG CC‘I‘J&A
ATATC CCCTTTCAACG C'" TCTATTTAATTACCG
BTTCCAGGTIGETTITAGTTETTTTTACCARACTC T-&C"" g ACGW
TATTPETACCACCCCGARARANANGATAAGAGE (GETTGGTCGAGCTTA
ACGTCCACCAAATATTARAACAATATATCCCATTTTTCO ”’(‘] CTCETTIGGE
TATTATTTCCCCATTTGCTCTGTATATATARACAT \ITAGAGTGCCTC

ATAGACATAATCTCTCACCATTGTTTTTCTCTG, VACABRAN \1"'
“,AC CAAGARARANGAL

APy
ATGE

SEQ 1D NOG:2Z3 -~ AICADS p;or‘;om polyoucleotide sequence
CCTCGATARCTCTGAT TCTTGTATTGTCOC PCACTAARCAACT TTGUT ABARGAGAAGATGCT
GUTGGAGCAATTTCAGABGGT TTTAGCAC GCATTACCAGCTGUAATAGCT CCARTGACTGGCTC
SACAGACAATACTAAGGARRAARACAAR TGAAGACATATARACTTTAATAGT TTAGARATTG
AGACAADNATTOTCAATARATARAAT TCAGCTTACAGARAGGGARATTCCAGGLTGARATAACCAAARL
AACTCCARGCGGTTCTGAGACTAT T TG TGCAGACCAGGCARATCT TCTCACAGARGTTTTGACCTGAA
A@QTTCRMfCA AGAAARAGCAAGTGCTITTAGARAGGACACATATCARTGARGCAGCARRGCTTGAR
\COGTTTCTEGAGCCAT CCAGTTCTTTAACTC TTTGAT TGCARGCATACAGGATGATT
GAARTCTAARARACCGAGARPAATACCARAGAGAT TCAACAGT GG AGTGGARATGCAGT
m“x(,b’*—&uuc‘ CATTGAAATTATATARARALCCTCAGCTAGRAARAGT }.’C,.. el ‘1“1‘]—&GA_~LA
TCTTCGATACARAGCTTICGGTCGATGCATTTCTCCTTCTICATCAATCATCCTAGCARTGTTTTGA
ABATTCTCCACT COTAGUTOT TCET TOTGCCAGAGTIGARGTIGUTTCTIG “CW”A“hTA;AhU
cp$;GCIuvrTFTTTT:F\Fw,AAC TACCACAGCAGATAGTGTTGCATARG
AAGTACTGATTCAAGACACCARARCCGCAATGTCAGAGACTTTARGACTAAAA r‘\T‘ A‘l‘“GhTr\FXuZ\hT
AAAAAAACATGGATAAGTATCARCTETTIC ATTTATTCATACC! _.’“TAAA

S

CACCAT

~T SAGGE

GO

GAGE
J.h .

TCTCATGCETECTCCTT

L

ACGATTA

o\

Al ,\,(‘Z‘\,CTATA( ABRATAGAAAGGTAATCATCARARAATCACTATCTAAL] U‘f'.‘ C’A T ATARA
AAPATGGGTCARTAAR (,HA”’VGTGL- ACAATTTCARCC CA”AAGGGATACAAGL: TGCTG
~7 7

GCAACALRA
CCARATCATTITCACA
TATACAGGA
’]‘“SZ‘\ NCADS
TOGOAAAACRAA

NES 4[,}\;_1'_\.1\.

TGAATTGARTGARGES
TTGGCCCOATTTACAG

TACCACCRCGACGAGATATCCGARAAGETGAAGTIGE
SCORTTCATTARAATGGTACTAATTAGATCTAATCATATCATATTGARTG
ATCCATTGCTCCRATTAACATTCTAGACCAAATICAACTTARAGGETA
AGAMNACCGAAARCGCAATTCACATARALAGCAAS ‘TTGTTTG SAGAAG
TCAAACCCTGATGAGCAGCTTTTTCAAL AGRADAL
AGGETITCAATATCGATTRAATCTCTAGAAGCT T
GAGACATTATTGETGTTTATATATTTGAGAGAGAGAGCCAG ’XGA’\
’l‘(“‘u\:""CCf“AA AGARGACGTETAGAAGAGACGAGACRAGT
C ACAAGTCCGCTACAACAAATTATTTCCAACAAACTCIC ATGARAC

TETTCTCATTCGTEART TAGAGCTTTATCTITTGGE I T I TGAATGTTACTTAATT
A TT '}“'[‘(“1\,1 ACTG STGARATGTGRATGGGTCATTCATARTCGECTTTTGET

ACRCTCTTT

TCCAC

A5G

GZ'%JA =C

T

AGE

AGACGT
AAGCA
TRACGTCOT

&
e
L1
-
-

CTTCTTTTCTATTATTCATAACTGTCACTCTTTGTTY
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CTGECCCETAAAATTTCCATCGTTCTGGLARGTAL

STTTCATGTCAGAGAGA CAAGARATCARCACGTG

POTCGCE

GCCAAL

GATTTTARAL ZSCZ\»J;(,A ”ACG TTAGACCCCACATTETTTCTTCACCARCCCCCGTEGACCCTC
CTTTAGCCGA u”’““\" ACGTCAATAGTGETTTTTCTTCCTTTCAARGTACACABATTCCATTCTTTC

PACTTTTTEGAT TACHT PG TGI TATARACTGGTARAAT GART TAT fAATSP.AquAATTT
AAGTT TGGOTTCTAAT AT T T T T TTCACCTARAATTC TARTAAACTACACAGCCATGAG

NTGARARAGAACAAGAAAARABATCTCT T T CLAG AAGGATCTTTCARCCACTARABARGA T
mevAGﬁTTT'QACWAA*me"m““a“AAvATnc»aAUAT_ﬁ“a»wvchATr"vA‘“(AﬂhA“AquTG
TCCTATCCAGAANCACC QAT‘T' ATTTCATCACACATACGCATACGTTACGTTTCCAACTTPCTCTATAT
AT ATATATAGTAATACACACACATARACAGCARAAGCGTGARAGCAGCASATCARGATAAGABRAGAAG
BBAGRATCATCAARAR

POATT
CATTT
CATCG

5

SEQ 1D NG:24 - AF5H promoter polyaucleotide sequence
TCTGTGTCTTTTTGCEAGTAGT TETTGEUTTCAGACACTTCATACCSGACTTACTCTATACGCGAAGT
ACTTGTCTCAT ATTTICATGECAAT TAAGGCT T TAAAAGCTTAT "ATAACCA
TTTTATTCT .)GCALA”AAACATQAEAA’TF ACABATAGTGETTTTATTTTTTTAARTAT
ACAARAACTGTITARCCATTT TATTTCT TAGCARAATTTTGATATATTCTTARGABACTAATAT
TTTAGETTGATATATTGCAGT CACTARA '?AG‘T"' TTAARAGACACGAAGT TGGTAAGRACAGGCATATA
TTATTCCATTTAATTAGEAATGCTTATGTTANTCTGATT ACTATGAG
CTCATAGATGCETCCCA \CCLACT(“'—PCCC?\“TT\M CAAT ANTGARACTAATTAA
AARCGTGGTTAGATTAARAARATARAT TGTGCAGGTAGCS ATACTAGTRGGGETTARARA
TBARATAARACACCACAGTATTARATTTTTGTTTCABAAGTAT TATCARTAGT TP TTTTGCT TCAARA
ATATCACAAATTTTTGTATGARATATTTCTTTAACGARAATARAT TARATAAAAT TTAAAATTTATAT
TTGGAGTTCTATTTTTAATTTAGAGTTTTTATTGT 8 TGAATTATTCTAATAT "\7\'["?
TthT__TrATTACuAhAAFr?AJ““TKTG“TATT' AGAR PATCGATATTTGATATTATTG
ACCTTAGCTTTGTTTGGET CTOATTATCTTATT ACCTT T ATTCORT GARACTACAGAG
TTCGCCAGGTACCATACAT GCACRCACCCTCGTGAARCGAGCS CTTARTAT BAACTTAA
RT7\ STACTACTRATTGTCTCATTIGAACTTTCTCCTATGTCEGTTTCACTTCAT TCGCAGARCAL
GTGGAATACAGTGTCCTTGAGTTTCACCCAAATCGETCCAATTTTGTGATATA [GCGATACAGAC
AII'/-\CA SCCTACAGE "'l”l"““‘ "‘f“"“"”\wk.pCCZXU’”"CTT CU\/«AL GARATTGT CTTT’Z‘ VTP TTTATGTT
TEGTTGCTCAATCTG TTAATACATTTGTTAGTTTACAG
ATTATGCAGTGTARTC CTGATARTATARG ARARGTCTTGTGTAACGCACTGTAT
"’TAAA‘“'“" TEGAGTAACGRCAARATAATTARAATTARA ATTATTAGTATCTCTGTC
TA “”‘CAC GOTATTCAGTAATAGT AATARATAATTACT TG AT TAATATCTANTTACTRARC
CTTH .T(”_’C AACCTAART A WATCCAL xACC”AAA‘Nl C AAA(A TAARCT G»’{A‘l\ AGTCATTA
GAAAzu”AqA\AAAAAnAfC[ TGRARAGTC T CTAAR
TTTATTTAGT TTATTAARTACAAABATEGCGAGT T TCTGGAGTT AARAT ATATT'LTmTHGV:
ACTTTAGAAT TAAGATATATCGAGATAATGCGTTTATATCACCAATAT
TTTTECCARAIL TTCAACAGCTATCTTCACTANT ACCCACTGARS
GTCANTCATG? CGIC TATCCTCEAATTCACTAAAATCCGTTT ‘ ’
GPATAAGTATGTAATTCCACTAGATTTCCTTRAARCTABATTATATATTTACA
AAGTCTACARCAGTTATTARGTTATAGGARATTATTTCTT ,;meT
TPOCTTTPGCAACACATTTGTCAGTTTGCRARAACTTT TAARAGARART A
A’l“l‘l’”"CTTTP«TthMu'\”‘TTT’TMTT”\TCTAZ‘:C(“T(
ACCAARATATATTTGTGATCACAGTAARTCACGE CAALCGTE z—xiACTT
AGAATCCTATTAAATAARRCGARATT TTAGGARGRAA AQWVAALATmMTAu SAARCOATTTGAGCAR
umTﬂ AGAAGAT T TGARTCTT TART TARATAT ATTAATGCTAGTGS FAAMATA
ARATAAGTTCAAGTACATGATTARTTTC AATATATATATCTAGATTTIT
TATTTTCATATTTTC AAGAAATGOTG
\PAATACARAARTGTC ANCCACACAATT
CCABARTGGAGARCTT ACATTTCAGARR

CTEAT

THATAG

Y

ACTT AT RO I8
ACTARTTAGALACGA

914

ol

RGAL

CTTGET

N
AGTCC

Mp T
TAT

AAARAGGGE
CCTCCTCAC

DT o T g
CROCH SARTOC

ABDBAARABTACTCRAAT

SEQ ID NO25 - AtPALL pr omater polynucleotide sequence
bAAa Gmﬁ”Gh) STATTTAGTGATTTTAT TTATGTACT T TGTTCATTAAATTAGTCATAATTGTTCT

‘"T'[""”‘“‘““("\ACC CTTAGATCARAAGTTACCTTAATTGTTTTTIT 78\;\/”““\?\6 T L&" !
AGTTCTGATTGACTACTACTATAALGCAGACATCT

-
/3
i .
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JAYAYS

ATGCAATATTGCACATGCAYY CGACCARAAGAAGATGCAATG
GTTTTIGTAGTGTATAARRATE “"f”[”""l‘""‘AI TACK 1‘4]—‘5 '1?\1\7%(3?&,7-‘:8
TCAGCTTTTAAAARCAAR ARAGATATATATAACTACARAACCTACAGAAGATAAGCTCGATT
Ar*br'\xg\h‘;\k)x Al ATBRANTTGACCARAGCAARA 1Lbuf;fATr"TG“ ;,ATAT\' GTTTCC
b} Z\TT CACATTGACCT ?\P;F\TCC,ACCZlQ:Q}\'I“I”.['U}ML&AT./ AATATAATTTTTGTCTTTATAAT
ATATTC wf‘TCf\CQC ]”“’" ’ ATTTGGACCTTATCCTA '»& AGTCAAAACAGGTGAARRAAATGAGA
ATACALTTAACAL WOTGTTRAAACCGAARTCO "A”‘T(‘T“xo TETRAATCAATCOTTT
TOCCARTGATACAACTATAAATCAARALGAARARATGTACTCATARACGA TA
ATATATTTC “‘T“G,Tﬂf?'-\"]"li\]-\‘ AGGAGGCTTTTECCTECTA G””“TCFTA”??T
TTGC CC."S(U AR C\J‘J\CZ\C WCCACT

TP T ITRITUTIT Y 7 £ T
ATTGGETTTTGAGT T

TTABATCATTCAARCTGAT

ACTTACT
AAGTTACT

NIy
L3

i CACACATGACTACATGCA! GTTTCARTCAAGRCGCAT TC
CATTCCACCCATATTATTTATTTCTACCATTTTCTTTRATTTA GATTCA! t‘!ﬂ ACT

-573&.7‘\.’_"(% SATTT
TCCATGAC? ARTG

ARBAAACTT ’SA‘ GTGTT

CCCTTTCCACTAATATTAACGT ATA

ATTAGCATATAGATA AI‘(‘F’ ATGGCTTCATGCTTG
TTTGAATARANTCATARA mA'?‘(zF\.T’“]\T?LJTF‘xGT, €
CGETTTCTTCACTTTT TATATTTCTCET PTTTAGCGATGGATTATT
TTTTATTACTTTCTAARATTTTATTTA T‘-\’-n WCT PTTTAATATATTGACAR
ATCTTTTA AATARARARATTTGTRAAACTCTIGTAAACAGATCATAGTCACTA

GTTTATGACT,
f\”‘th AATTTTATT
CACAAGRTAN T TAY
T-" TG
TAGC
TCAATAARTCAGT

i

Lﬁ >
= ( D
3

53

LAGCOTAT AAGTTA ETT(;:TAGCT ATATTTTTTTATY VACTTAGGATAAGATACGAAAATG

SAGGTTATATTTACATARATGTCACCACATTGCCTTTC CARBCGGCETCTTGCETCACTCGCT

20 TCCTATTGGCARTCTTATAARTCGCCTGAATATTATTAL TTCCACGTAATACTTATC
TTTCACARATTTTATACTCAATTACAARATCAACGAA "1‘(;""1 TAACTAT

TTCAGT

PG TTTGGAS ACTTTTH
SCATGCATAC 1 ‘GTAAGCTAAGTGCA
TTATTPGTACA ’1‘74 ["”T_ TAGTTATALCAAARTGGTACAGT
CTGAACAC AATTTACATGAAAACARAACACTT
‘,7\]—‘\7\"""[\?%\}\1\}\2\”'& \CAATATACGARARRTACARAR
TGCARS GETGGEGACCTTAATTGACTCAATTA CCTTa ATACATTIAT
ACACACCTACTCCCATCACAATGARACGCTTTACTCCAARARAARARARARANCCACT ARARND
T’” TCGTAGTCTCACCAAC ?SCGARZLI GCARCTATCGTCAGCCACCAGCCACGATCA 3'1“'I"[""»">C CACCE

30 GACGTTGACGAARACCAAAGADATTCACC zx\,C’GTGT TAAAATCAAATTAAAAATAACTCTCTTTTTC
C SACTTARAN "(“‘Zl_i’—\g%‘l"CCACGAATTATM’\TC TCCACCACT? \/\D'\”'"’ ATCACTCACTCTCCATCTARCG
CRCATCATTAATTCTCAD 1 : ATAL TATATG
GAAGRAARAARGADA TATCTCTATACGCTTACCTACCARCAAACACTACCACCTTATTTAAAC
CACC [CA] \ TCOTCAGSAACARRATACAATTCCTTAACCAACARTATTACAAAT 7\4 3G
CTCCTATCTTCTTTCTTTCTT Y TAGAGATCTTGTA AI‘CT\’J CTCTTAGTTAATCTTCTATTCTAAANC

ARAGAT

TTTETTTACCTATCAACTITCAGTTAT
TTTCA }‘sATG TTGEGCATATACATA
TATGAACTGTTAGTCAARATTACGAR
AAATTAAACAGRACATCAAGAAAGTACARRAL 20\
AAARAATCATCCGATRARATC SATATC

ACHAALACAAALATATGCARAGA ST

-3

[
iy

CTECTT

(2
<

SEQ 1D N(O:26 — AtPALL promoter poiynucl eotide sequence
CATTGATCETTTAATAATCTGCCTCETGATACATGGTGTTATCTY
40 TCTAT TATAAAATARS AATATCATCARTCEGETCCTCTTAARAACARAAACAGATACA
CCTTT CE‘;L, TARTARADANAAT CAAGTCRAARL "‘.AATJ—\TCTG”ﬂGACAE’»\F‘?—‘.’-\ TGAAGAR
TGTTTAGTAAGAANTAGRAGATGTGETRAAGAGCCATACACACATGCAR Z—V‘;M,; WACCCA
TCTTF\.CCM‘“C“?\N["\C‘T”LL PTTTGAGCCATAATTCTTTGGTTCE
GCTTTA CCATTGATTTCTCTTARATTATGTTAG
45 AGCAA! TARAAGAGTGEETTCCATATCACCATCGARACTCT
C.CAA CADDAACABADARATTCGTCCGATCATCTAATA
? CCTZ—'\.-’.“ ACAH \CACTATCGATCGARATCATA
lf” TGGECTTTZ W TTETETGTC
-‘“,”‘T'T(;'i"'?‘l“l”"[‘CC _,z-iTTT \ AARGATCATTTAAL
ATGTCATGCT AATTAGTTC
'?‘Z\.-:" ‘P:J G T’"’Cmt\ ART Z\ SCCATTTCGETT
C TGGETETA G'E‘C; ATTAATATCCETTTACCTTCCTICC
IZ‘ VCARAT TCTTATTGAAATTTC ".‘IL B ""T‘TF'TAGGT AGCTCAAGGT ,T\,AI—\
ACCCTAL TTPGAATATCTATC “'7\’IAT“' W TARCAAGAGTTTTTCTGAGUTAGTTA
PTCTACATAAATBAATGACCCTCGARAGT TEC TAGGATCTGACTAR
CATTTTGE E‘AAC ARTTACGTTC “tﬁTU“T\("C‘f‘;TT TCGATTGACRAGCTTATTGTC

PTTTATGTTARAGTGACATCETCTTCACGTTARTTTGCATGTTA TAT

ALTOGTCTOTCARTTAGTOTT
E A PR

L‘\

elouy:
LA e

ACTETTACCEA

GATATTTTCTATATAAAR
SATTTCACGTTATGTTAT
CCTTTCAACGTAATACAR
TCCCTETTTTTTTTCCCCT
\CCTARCTCART TTTATTT TATT T TAARS
ATCGTTTCARTTTAGACCAGCARBACATTT
TCATGCRAACGETCTGTGTTICTTTACT

TGCTCTACGTAATGA

Ao

5 ’AAT TTAAAT

v
pand
3 s ¢
(
5 p-ﬂ

>4

T A

-3
N
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U

£

L
A

AMATTGTCACRGAGGETTCAATGTTACTTACATAGARAT CTCTTTACA
CCATTCTTCAT ACCGZ{’ 'CETATATATATCGACTATATATATETTACARGAA
ATTTPCTA? Z\AT’ATGJZ’ CPCATCCATGTCACTAGCTCATTGTGTATACATTTACT
TCTATTTCATTTCCTC AC‘ZEAAT ATTCCTTATATTTTCTCATGCTACTGAATTA
TCATA CZ"&(:/’\U(‘CAT7 TTTCCANACGTATATARTTITCTTTAATTGE
Z{"\. TATCATTAACAT 5 ACTARTTARATATATCTTTY
ACTGAARRARA TTF\TTGGTTR VTRAALATTTCARATARRAG
CNA\J TATAGATAAGAAANATATAATAAGATAARCRATTCA
] RGTTG”NTA GAATATATTTTTTTAATACATTTITTTTAGC
TATTRAC'?\Z\L(\.& VACCAARCTACAAATACCARC TAARAT
Z 32 "‘T’l““"[‘“‘dﬂj“j VACGAARTT ; ».CGAC(Y CGAATTGACTGAACTACATTCCTACGTTCCACAA
CTACTCCCATTTCATTCCCAAACCATAATCRARTCACTCL ”A"].’;WJ,,Z-\." PCCARDARGTCTC

RCCAACCGCARAACGCTTATTAGTTATTACCTTCTCAATTCCTCAGCCACCAGCCACGACTACCTTTY

DD DD
GRS

BTGTTC

AT

ATAATAR
AAACARABACTTA
PICTTT
TTATCRAAAARAACCTTTACAC
AGTCACCARARTTATACAE
GAGGTCRRATGTTCGE
GACAGGTCTTTOT
TECTCE TTGGTTOGACTT

CTITTGTTTTTGATACAT!

P‘:s

CGATGCTTGAG T ACACACAAATTTAACCARACCAAACCARARACCARAACGEGTT
TTAAATCTAAA T TTTTGCCACTCAAACC! Z‘\J‘ PCACGTITTCCATTATCCA
CCATTAGATCA CCLT%\ TCTTCATCCAACGE TCATCATTAAACT CICACCCACCCCICATACTTCACTTT
TTTTCTCCARARNARATCARRALZTIGTGTTCTCTCTTCTCTCT ‘CTC'I"I‘L—}TCC’I"I‘AL.L‘T ACAACAACAC
TARCATTGT OO CT TATTTAARCGTCTCPTCTCTCTTCTTCCTICCTCAGAARAACCAARARCTAL
IAATTCAAACTCTCTY TTCACCARACAATACAAGAG \AT"'T ATCTCATTCACCTAAACAC

e

AACTTCTTCAAARCCA
SEQ 1D NG:27 — AtdCH promoter polynucleotide sequence
GAGTTGAGAAGTTATATGAT CGCGRAACTCARAD
VTGACTTGGACTTCTTCACCATETGTGTTGETGIGGACCAY
ATGAS PTCATGTTTG G'L‘AAAGGT T
AGAGAGAGACATTOTOCARRCCTTTCT T THCATETTT
GT?\: (,*\‘ A xCZ\F—Tr’?CCGAE\Aﬁ T VAGAAATCTTACACAACATTCATATARTTY "LT"‘"‘L ZJM'I A"‘AA(‘
TATACTCTCAAGTARAATYGCCT A&ﬂ""""T"’"‘A“‘”D;AT'" GAHAAGALF\‘:CA ACACA

AAGCARTCGEETCTCGATACTTGCC! ?\“."I‘ ""“”'[1\

i /~u,\"1r\ m—\rva S A TTHT N T
ACATAAGA Ll‘su TTAT

CAGAGCCTCT

TARATC

T e 7 e
TTTGAGT

/‘\GC B TATCTTA l‘q 7‘CC& ACCCARC
PTTGAGAL C"’A“’ AARACATCACT ‘T’TGLJ%”.‘.‘\.? ATAGTCT CTAT
TARATAATTCCTAAGACTGG T -””'T’\( RTTCAC‘

TETTTGETCTATEGRATATAL TC CATGTAL
A;\T“,TGTTTTTQL,A \TACAAAT CTTG?‘E T T "CACTTTC

WATAMATGATTC RTCT CGAZ ', AGTARTAGTAT ey C(‘DT TAC' CTYGGCAT
ATAT T T T TT TT T C TCARRGCOTTACATTTGGCAT AT ‘Gl‘; SGAAGCA (;‘l‘ T ‘"'T GTATYTCACT 'T’A’l‘fl%‘l" T T
CTTTCACAARARTAART A L&'“A’E ATGATTATTATCCATTAATTETCTCT “I

ATATCCATAGC ‘LTT'I GTETGGTGAATC

i

,“' [ABATCT "r‘m':AC“ LA ‘"'&&C”"’AT"”’ACGA‘ \CRA ‘"’CA&BKZC%AGTTC‘

TAC \GTAGCCCETTTGAAATGTAGAAT T TTTG TTTACCGTTTTAT] F AGATT CAG
ABRBACARNAAAATTCTTCCATCTTC CA'Z"I‘T”“"G'F'“D. CTTARAAALGACC
CARATTCTTATTAATTTCAAAATTTTCGG TCTT\?\TZ‘«\,FF“"“C'CG TTT."-\F\ ARAD Z\!\.?\\,A %T‘““GTT
GAAGCATIGAGTTTGGTCGAAGCCTATAT Tt“.i CCATTGATTTTGGAGA ATZ\TG Z\TT?—‘C’G STCATGATT

ATTACCGRTTTITE 'A'I‘Z—LE Ar«b?‘C\T ’XT it ,:{7\1\.1‘» pr'G
AATATTTCAATTTTTACTTGGA g

AGCCCARTCAATATATCTCTCG
TTATTTCCAALC
AATGCGATTTCACTGGTCTCCAA
ARTT TCATATI ‘CCG'i"l‘C LCGTTCAATTGTTC
ACCARADTAGACCANNTCE U&CZ‘;Z‘\.C]U\.
TATACCCAAATATAGCATATATTTATAATATAACTT CTATGTCATTTTAC
CTATTARAAGT, "T”AT '\“AAH TGTTTTT TCTTA ;:1“-\.?-&'
CCCAAARTGGARAAGARCATATGCCAAGGTTCGATTTTATCGCTTATATGGTAARAATT
CATACARATCATTACTTTATTTAATTARATCATGTCAAGAAAL Z‘wa '; 7”'/&\1’"{‘2’\76(‘“\ ATACGTTAT
CARMADCATTTTTITTTTACATTAATTGT CATTCY
TTTTTTATTTACTATART TAACATARAANT AL, AATATARAC, '. TrCARCAR \ITTGUTTAT
GAAADATACARAAATCCAGTTAATTTTTCAGAR 7\7\n””>' AP CTAGT

™

A
T T A R e TR T ~7 v AGCTTACCABACGCAALGT
TTATGTGATTTTAARPAGARARGARATGCAGC ACCRBACGCARCGT

GGEETTGEOTCAR TTATCGTCA
ATATCGTCAACATGGEC ,c:;., CTTCCACCAD
CCARCCCACTCTTCTTCTCT TACCARACCCATTTCCT
TCICARGCTTTACACT T TTAGCCCATARCT T TCTTTTTATCCA
AT AAATGGTT BT AGAAATARAR TARAATTATACGGETTO
TTCCHTH """‘cr:'z Grfm

TGARCAMATTETTAGAS

TATALG

TATH

=1
(941
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CACCCTCAGCAAAATCATGARACRACAACACTRACATTTTCACCA
PGTCTATATGARCTCCT CATACRACTCCTGTTTCCTTCAGGC

ABABAACCAARCCTTTETTTTCCACCTAAATCTTTCAATATCACA

CABBAT

CGETGA

AT
i 7\\\ ACBAC

SEQ ID NO:28 - AtCeo ACMT promoter polynucleotide sequence
ACKCATTAARACAAAAACCATTTCCACATAARAA ACGATCCAGTARATGAAATALS CAAGACC
GATCGTCGAGCGETAGAGARAG TARACAAAACABAGACACAGAATT \;}mﬁz\l"x. CTGTGETACCTGCAAN
AATACCAATCACATEGS CT:’}C‘CCCM\JW‘ ARTCTGCTIAGAAGITITCTAACARBARACARTTARAG
GCGTITCATTTATTGAATTTTCCGETT GRTTCTCAGGATGAGAT TGCCTATT TCCTTCARARAS
CGAACTCLTTAATTTACACA GA?—\"\AG’“TC’, ARABRTTTCCACAGARAAL 7_‘.H\/JLC‘_JE\\JL\L/DLLAFALC‘JL\A\J:\GC/GTz}\t\
AAGGGGAAAG »xGA“"CT\,Py 1Ti3\§ ATTAARABRAAGAAGCAGTGGATGAGCCGARGAGAGCATTAAGAGS
CGTAGAL “TA‘TF"H(’I\"‘ GTGATGAATGATACTATCTTTTCTTACAAACACATTTTCGTGTAATTAARATTT
AATTTGGTTCCARA AGTTTGCCTARATICAAACACGCAGRCATAATTTATTGT
GTTTTTATTTATTTATTCATGACGT TGCTTGATGGTGCTTTACCARTTTTCTTCTICCTACGTT
FCACTTTTTTITTTGGTGTTTETARTAAATGTCAAAART GCACCGTTTAARAACTTARA
I BCTATATAAAGTARTTCTTTATAATAGARAGTTA “ET”‘AGZ STGARATGGTATART
TGTGTACACCGTAGCTCTCATGCAGTTTTA TATGGCTTGACTTG
CTATEAAAGTCCAARAACAGAGACCCCTC 'P CA A LA k.i CCATCT
CAAACTATARACGTETCCTCTCTCTCAATTARAT AN ATTCG
ACGTACTTCATAGCEGTAGGTTTAGATTTGTCTAARATAC T'f\f Z‘FJ\A N AGTTG
TTGTCCEGTTACRAAGTTTTITTCTTTGTGACAACTTGACAACAT TGACRAATAGAAARATAAATTTCG
ATCARACCTATGAAATECGCTATGGCCCAACTARAAAGAGT GGGARRTT .\}”:1[ TGGCATE "CAAG
TETATACTTCCARCTTCCCACATTAL ? G Tr'" TTARAAGGCRACCAT T IGTTCCACTTTCT
CGRACAAANACGAGCCAT , 2 ; GARATIY TTEITCETCATTGCTETAAAC
LCRAR (‘“_‘f'Pa’“T("(‘mJ“A e GTTZAJ_IG?’FC‘.CGT“{\,JJQ'I“ZA‘A’:"A’W\ SACGECCCATCOOACGOACATATTARG
o

I
GTTCAACTCCATAGAATATCATATGGGACA TART TTATAATCACCATTTAARATGETTTAR

%

felal
SLCAVANY

Py
AGL

CATT

v w(:rm:w

]

T

Z"xTG”.“T ATGCAARTTGGATGGCTTCTTCACACAACATTETATTTATTGEC (‘“'“TCATT“”F?'\TK,AF\
AARTAGCTTTTCAARTACATTATACTCTATACTCCT "_T_AC ATCTAAATAACCATATGCATATAT
T A"] AGGTCAACGCCATTTARTATAATTTTAAAL uZ—xATTTL».TTFG’GA]\A’\T

ARGATCCTG
TAGTATAT
CGARGGTTCCGCTATT

ATCTRARAG

CTAGACAAGCCTTETTACCACACARTGTATCAATAT GGCAAR
Fx(lh"‘f‘A AACGTTTAATTCTCATTTITCTCCAARTTTTATTTTTTATCTGA
ATATATATATACCARACTAGTGTGTTATGTTATCCGCARATGTTATATCAARL
GCAAT 7'\'i“T"‘E‘;I‘T&’XZV‘JE’T'T FTTCATACCAATACTATTTTTICTTTCTCTTTT! PPGTTTTTTAATAAATY
AAANGAL TAAGGATGATTAGTARGGRAGTCGCCTACCARGAGRTTCACCTACCACGGTACACTTCA
AGAGTTGTTGAATCCRCTTTTTATTCCCTTCTCTRATCTCTACTCACCAAGTCTCCAC
T r?.'"‘r!7\r." "ﬂT e TOTIN A

[P A

TATACATTTAAATTATS Z&M‘A’IACG SCAACTACATACATATCCAGTGTA

o
=3

o

ACGTCACACCCCTTTCGTAATCGT ATTTCAGAARARTATCCAGACGTTTAAATAC
A AT TAART CTAGACATAAACACATCAT ACTCACAALNT T TGGL k(‘ClA} CAGTTACTA

COn

CAGACCCATAAATGAARALACGTATTCACTTCTT TT"‘TL ACATAACCACTTCC ,TGF;GTTTGG

TCTCAATTTGATIGC C(‘("""’ZGAG(‘[‘PT'"A'“‘? ACGCCAAGTGCGATTAR sCCT'T‘"‘ C TGTARCG
(,\:z \CCCRCTATARGACAGCGACCCACCRAATTCCGTETTA GCZ\C‘J\( TT—’(M SCAACCCCGEACCEGETTY
T CGCAIAD—;}{C AGRACCGGTACGAARCCOGTCTCATTATCTTICCATCTTCTTT CCTCAT
CCC[‘ TEIGTCTGACTCACCAT :GZ&AZ»\./-\.ACACZ&:»CCCT. TARTCTCAC C,(N MAGABRGAC

AGAGAAAGAGAGAGA

G
TRTAL

ARABACACAGAG

SEQ 1D MO:29 — TePAM amino acid sequence {Taxus chinensis phenylalanine
aminontase; AAT47186)

MGFAVESRSHVEDILGLINTENEVKEITV DGTTPI‘JABVAF ARRHDVEVALEAEQURARY
ETCSSWVQRKAEDGADIYGVTTCGFGACSSRETNOQLSELCESLIRCLLAGVETKGCASSVDEL
PATATREAMLLRLNSFTYGCSGIRWEVMEALE KTINoﬂV PEVPLRGSVSASGRLIPLAYIA
LLGEPSVVARI uDD'“]PAPEiL EVGLRPPRLCAREGCLALVNGTSFATALASTVMYDAN
VLLLIVETLCGMFCEVIEFG ?EEFAHPLIEF\KPHFvCIESATJQMWL”RSS?F DLIREYYS
I DKLKEFPE 'QL)[\Y,“W REIPOWLAPLVQTIRDATTTVETEVNSANDNPI I DHAD ])P\?‘ L E"‘A% FEQ
GSAVGFYMDYVRIAVAGLGKLLFAQFTELMIEYYSNGLPGNLSLGPDLS
AYSSELGYLANPVTITHVHSAEQHNCGPINSLALISARKTEEALD I LEL

76
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ROLEEALVKVVENVVSTLADECGLPNDTRARLLYVAKAVEVYTYLESPCDPTLPLLLGLEQS
CEGSI T:} WGi”“lTTU?PIAV FRRLSDRLENEMTAVEVLYERKGEKTADNNDALVRI
OGSRE LOTGVMSARREQTPOEDVORVEDATADGRITVPLLHCLOGPLGOPNG
CANG

[

SEQ ID NO:36 — PDC amino acid sequence (Pedivcoccus pentosaceus Phenylacrylic

dec amﬂwias-s CALCIETO4)

MEKTFRKTLDDPLGTRFIVTYDNGWEYEWYARKNDHTVDY RIHGOMVAGRWVKDOEAHIAMLTE

GIYK /PN’L”T TDOVALDFVENEKKLNGTIFFPKWVEERHPEITVIFORNEHTI DLMEESRERYE
14 TYPKLVVPEFATITYMGDAGODNDEVIAERAPYEGMTDDIRAGEYFDENYRRINK

SEG 1D NO:31 — CHS amino acid sequence {Physcomitreéia patens chalcone synthase;
ABB8452T}
MASAGDVTRAALPRAQPRAEGPACVLGICGTAVPPARFLOSEYPDETEN lNCbeB”LKAKF
15  KRICDKSG MEPLTEEVLEANPGICTYMERPSLNVRY DTVVV“VPI.;A}AAQ&
GREKSDITHIVFATTSGVNMPGADEALAKLLC LIP VERVMMYQTGCFGCASVLRY
NEGARVLA ""“VTAV”YRﬁP%EN%LDGLVLSZ GDGAGVYVYGSDPKPEVERPLFEVHWA

™Y
R

(S AN

”ETTLPESDVRJOGHI“1AC]]- B]iEKfLXZARKP“GS?AW;FM}' AVHP
GGPALLDOVEAI ¥ '\C SSASVLEVLDOQIRHRIVKMGASTLGEGSE
20 FEPEIGFGPGLTLEV

SEQ 1D NO:32 — CHS amino acid sequence {Arabidopsis thafiona chalcone synthase;
AAA32TTL
MVMACASSLDEIRQAQRADGPAGILAI GTANPENHVLOAEYPDYYFRITNSENMTDLKEKFK
RMCDESTIRKRHMHLTEEFLEENPHMCAYMAPSLOTRODIVVVEVPKLGKEAAVKATEEWGD
PR KITH”V"CTTbuJDMPG DYQLTRLLGLRPSVRKRLMMYQQGCFAGGTVLRIAKDLAENN
VIVVCESEITAVIFRGPSD SLVHQﬁfP%)GAAALl GSDPDTSVGEKPIFEMVEA
?ﬁTLP SDGAIDGHLREVCGLT FHLLEDVPGLISKNIVKSLDEAFKPLGISDWNSLEWLAHP
GGPATILEQVEIKL CL&EEKARA"BH Loﬁ%C\PSSACVL?¢' SMRRESAKDEVATTGEGLE
30  WCEVLFGFGPGLTVETVYVLHSVEL

o
wh

SEQ ID NO:33 — SPS amino acid sequence { Viris vinifera stilbene synthase; ABECEE04)
MASVERFPRNAQRAKGPATILAIGTATPBHCVYQSDYARFYPRVTKSEHMTALKKKE RTCDK
SMIKEKRYIH MLEEHPNIGAYMAPSLNIRQEI I TAEVPRLGKEAALREALKEWGOPKSKI
THLVFCTTSGVEMPCADYKLAN L PSVRRVMLY T XLFKJLAF“NAG“RV
LVVCSET ITVVTFRGPSEDALDSLVGQALFGDGSAAVIVGSDPDISIERPLEFQLVSAAQTEIPR
NSAGATAGNLREVGLTE HLAFNV?TLISER_EKPLIQATDPu']SIM\SLFW}AF"GS ATL
DAVEAKLNLDKKKLEATREVLSEYGNMSSACVLFILDEMRKKSLEGERATTGEGLDWGVLEG
FGPGLTIETVVLHSIPMVTN

Iatalal

191610 ‘\" (J

[
N

40
SEQ D NO:34 -~ CUS amino acid sequence (Dryza sativa curcuminoid synthase short
version; 30IT _A)
MRRSORADGLAAVLAIGTANFPNCVTICEE I PDFYFRVINSDHLTALKDKFRRICQEMGVQORR
YLHHTEEMLSA JPZEVLRDHP LDARLDIAARDAVPELAAEAAKKATAEWCGRPAADITHLVVYE
45 TNQGAHV“Q FRLVPLLGLRPSVRETMLELNGCFAGCAALRLAKDLAENSROCARVLVVAAR
LTLMYFTG 'CCFRTLLVJQ]TG'CAMPVIVCA- \DDVERPLFET VSiA“TIIﬁ”"UJz N
ﬂRFmﬂQREDrJIGRQVP?u5$HVVTRCluPHLbPTLauFGGGCWNDLTV VHPGSSTIMDOV
DAATLGLE PGRLAASREVLSDYGNMSGATVIFALDELRRQRKEAAAAGEWPELGVMMAFGPGM
TYDAMLLHATSHVN

50
SEQ D NG:35 —~ CUS amino acid sequence {Oryza safive curcuminold synthase long
version; JALE &)
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MAPTTTMGSALYPLG hMBPQH?lDGLAAvlnTVFAB)PVC”“QELIP“IY“R”T*”U'

KDKFRRICOEMGVORRYLHHTEEMLSARPEFVDRDAPSLDARLDIAADAVPELL AHE

AFWGRPAADITHLVVTTNSGARVPGVDFRLVPLLGLRPSVRRTMLHLNGCEFAG *1 Li“ ]

LDAENSRGARVIA ”AA}EP(HVFTMULRGfFHTILVQGLTGDUAAPVIVC“DFDD‘LRE Bl
VSAAQTIIPESDHALNMREFTERRLDGVL H“VPwLIuDNVERCLLDM'uPLLGGLGGC ND

LEWAVHPGS ST IMD VLAAUIQUPuK;AASQRVLS (GNMSGATVIFALDELREQRKEAAAA
GEWPELGVMMAFGPCMTVDAMLLHATSHVN

SEQ ID NO36 — BAS amino acid sequence {Rheum palmatin benzalacetone synthase;
AAKE2824)

MATEEMRKLATVMATIGTANPPNCYYQADFPDFYFER VTNSDHLZNLKQKFKRL”}N\‘ﬁEYPV
LHVIEEILKENPNIAAYEAT SLNVRERMQVKGVAELGKEAALKATKEWGOPKSKITHLIVCC
LAGVDMPGADYQLTKLLDLDPSVKRFMFYHLGCYAGGTVLRLAKDIAENNKGARVLIVCSEM
TTTCEFRGPSETHLDSMIGRA 1y, VEADPDLTVERPIFELVSTAQTIVEESHGALE
CHLLESGLSE RIVPTLI KICLSDAFTPLNISDWNSLEFWIAHPGGPAILDQVTARY
GLEKERLEVTROVLEDYCG NM“?‘S[H VEFIMDEMREKSLENGQATTGEGLEWCGVLEGFGPGETV
ETVVLR3VPVIS

SEQ 1D NG:37 — APAPY amino acid sequence (dradidopsis thaliona R2R3 Myb
transcription factor, AtMyb75; AAG42001)

MEGSSRKGLREKGAWTTEE I)STILJRQLII\[\Y(;E KWHOVPVRAGLNRCERSCRLRWLNYLKPSIK
RGKLSSDEVDLLLRLARLLGNRWSLIAGRLPGRTANDVENYWNTHLSKKHEPCCKIKMKERD
ITPIPTTPALKNNVYKPRPREFTVNNDCNELNAPPREVDVNPPCLGLNINNVIDNSTIYNKDK
KEDOLVNNLIDGUNMWLEKFLEESQEVDILVEPEATTTERGDTLAFDVDOILWI LEFDGETVKED

SEQ ID NO:38 — AtPAP2 amino acid sequence (Arabidopsis thaliona RZR3 Myb
transcription factor, AtMybll; AAG42002)
MEGSSKGLRKGAWTABEDSLLRLCIDRYGREGRWHOVPLRAGLNRCRESCRLEWLNYLEKPS LK
RGRLSNDEVDLLLRLHELLGNRWSLIAGRLPGRTANDVENYWNTHLSKKE “QSCCKQKMB’I\K
NITSPETTPVORIGVFRPRPRSE *“""‘"NNG"’ SHLNGLPEVDLIPSCLGLEENNVCENSITCNK
DEKDDFVNNLMNGDNMWLENLLGENGEADALVPEATTAEHGATLAFDVEQLWSLE D"‘E”\'

D

SEQ ID NG9 — AtTT2 amine acid sequence (drabidopsis thadiong RIR3 Myb transeription
factor, AtMyb123; AEDS3I980)

S5 TESVRREELNRGAWTDHEDKILRDYIT
. SSDEBELI IRLHANLLGNRWSLE
PRRIKHSTNNENNVCOVIRTKAIRCSKTLLES
EPDFDRIHSEFHFPRDLMDEDGLDCONVTSLVS
DEDWLRDETC

GEGKWSTLPNCAGLERCGKSCRLRWENY
RLPGETDNEIKNHWNSNLREKRLPRTOQTK
SLOKKSSTSPLPLKEQEMDOGGESSTIMGD
NEILGELVPAQGNLDINRPEFTSCHHERGD

(%31 }-

Tt
Ny
P2
R o

1
G
L
SN

SEQ 1D NO44 -~ NtAn2 amino acid sequence (Nicofiona tabacum RIR3 Myb transcription

factor; ACOS52478)

MNICTNKSSSCEVRKGRAWTEREDVLLERCIERY (ﬂ* SKWHOVPLRAGLNRCRESCRLRWLNYLR

PHIKRGDFSFDEVDLILRLHRLLGNRWSLIAGRLPCGRTANDVENYWNSHLREKKLIAPHDOKE

”'KC‘KAKKIMIFRFRERTE SKTNTCVESNTN ].""“)KL)[ RGSSEIIRFNDNLEPTTEELTDDGLIO
WWADLLANNYNNNGIEEADNSSPTLLHEEMPLLS

SEGQ 1D NOG:41 — MiLAPE amino acid sequence (Medicago truncatula RIR3 Myb
transcription factor; ACNT954 1)

MENTGOVRRGAWT YREDELLKACINTYGEGKWNLVPQRSGLNRCRESCRLEWLNY LSPNINR
DEEDLILRUHKLLGNRWS LIAGRLEPGRTANDVKNYWHTNLAKKVVSERKEEERENDRY

.l
20
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KETMEAHEVIKPRPITLS

S
PCEMWCDSLWNLGEHVDSE

SHSNWLKGKNS IPRDLDYSENMASNQIGRECASTSKPDLGNART
KIGSCSSLOEENLMEFPNVDDDSEWDFNLCDLNSLWDLE

SEGQ ID NG:42 — VmMYB-C amino acid sequence (Zea mays R2R3 Myb
Lrans: xtion fac s Ai‘;/UC)V?é)

MGRRA BEVEKRGAW ALAAYVEAHGEGEWREVPQRAGLERCGKSCRLERWLNY LR
PNTRRHN[SY“PE[LIIRLHHQL—NRN“TIAURLE@R DNEIKNYWNSTLGRRAGAGAGAGG
SWVVVAPDTGSHATPAATSGACRTGONSARHRADPDSAGTTTTSARAVWAPKAVRCTCGLETR
FHRDTTPAHAGETATPMAGGGEGGGCEAGSSDDCSSAASVSLRVGSHDERPCEFSGDGDGDWMD
10 DVEALASFLESDEDWLRCQTAGQOLA

(9

SEQ D NO43 — ZmMY C-Le amino acid sequence {Zea mays BHLH transcription factor;
ABDTZ07)
MALSASRVOOARELLORPARRQLMREQLAARARS INWSYALFWSISDTQRPCGVLTWIDGEYNG
15 1VKTHQLQ[5V‘;TH’Q] VMORSDOLRELYEALLSGEGDRRAAPARPAGSLEFEDLGDTEWY
GRSFASDEHVWLCNAHLAG xA.LRAJIAKbB“"QGILpIFVMGFV
VERATAATWEPQCPSISPSGRAN GbﬁAﬁDZGTEAFEELDHNNFMU
L“]&“AlaT‘bDAbQFF'WKF_EEFY CDEMDLOALPLELEDGRWT
f?cs* POPRAPPPVDRATANVAADASRARPVY G\{\A"‘%E H‘HTRS SQOSSCEDDAAY
20 AﬂvaﬁI'LD~BMMAQVVAUHGAAh5KWGAJUPAChM\GTG PTRNHVMSERKREEKLNEMFLY

LKSLLPSIHRVNKASTILAETIAYLKELORRVOE SETTTRL PSRGNNES
{ ; . VLLEVQCRWEELLMTRVE

VEREV( GRDDVERPP
LA;KSLHLL\LSVQ%SA PDGEFMGLEKIRAQEA VPWMISEALRKAIGKR

L

[
wr

SEQ 1D NO:44 — ATTE amino acid sequence {(drabidopsis thalione BHLUH transeription
factor; AEER2802)
MDESSIIPAEKVAGAEKKELOGLLETAVOSVDWTYSVEWQFCIPOORVIVWGNGYY
KETQPARVTARRAALERSQULRELYETLLACGESTSEARACTALSPEDLTETREW EYLMC
FPPPSGMPCKAYARRKHVWLSGANEVDSKTFSRATILARSAKIQTVVC I PMLDGVVE]
30 VREDVEFVELTKIFFYDHCHKTNPKPALSEHSTYEVHEEAEDE ?VLFEMM
EDVSNONLHSDLHIESTHTLDTHMDMMNLMERGGNYSQTVTT 5
QSSFATWRVENGKEHCQVKTAPSSQUWVLEKOMIFRVPEFLHDNT
ERLNEEFITLRSMVPFVTEMDKVEILGDT IAYVNHLRRRVHELENTH
SEEVEVSIIENDVLLEMECEYRDGLLLDILOVLHELGIRTTAVHTSVN I
KKASTAEVKRATIHQVITHDTNL

Lo)'” SSYI
LSHVVAERERR
EQQHERTRTCKRKT
HDFEAERIRAKVRG

L
(9]

SEG ID NG:45 — VvMyel amine acld sequence (Viris vinifera BHLH transcription facior;
ACCOB685)
Mz APPNSRLOSMLOSAVOSVRWIYSLFWQICPOOGILVWGDGY YNGAIKTRKTVOPMEVIAE
40 \SLOFSQOLREL (ESLSAGETNQPARRE CARLS PEDLTESEWE (LMCVS FS FPPGVGLEGK
%YAKHU% CWLAGANEVDSKY ALILAKEARVQTVVCIPLY vGVUE:CmTWKVQLWLGFVQH
HALHENHPPKPALSE] FQ DHERFHEPPIQAAYAAADPPASNNQEEEEEE
BREREREEEEEEEEEEABSDS EAETGRNNERVRTQNTCTEGVAGSHTAAEPSELIQLEMS

STRN
"l )L\

1951

EGIRLGSPDDGENNLDSDPEMLAVIQPGSSVDHORRADSYRAESARRWPMLODPLCESGLOO
45 PPPOPPIGPPPLDELSQEDTHYSOTVSTILOL SQSATPAKWTTRC

B
1L
IOPNRWSESSSSGCIARYESQ
DHHHHEPMAVEGTSOWLLKYILESVPELH ] “K%vDGb:AuRF?KQT?DDEMVnNHV
LAERRRREKLNERYY RSLVEPEVTE N TKOLREKKIQDLEARTROMEVEQR
SRESDSVREKERRIGSGSVDRNRAVVA ,DDK&KL IVEGSTGAKPKVVDSPE APV"G”TTT
FVSTIR BTZ}RT)'«}’F/‘l(‘}J" REGLLLDVMOMLEELRLETTTVOSSLTNGVFVAELRARKVKENASG
50 KEASTMEVERAINQIIPQUC

S aty
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[0184] It is understood that the examples and embodiments described herein are for
illustrative purposcs only and that various modifications or changes in light thereof will be

suggested to persons skilled in the art and are to be included within the purview of this

application and scope of the appended claims.

[0185] This application contains a sequence listing in electronic form in ASCII text format.

A copy of the sequence listing in electronic form is available from the Canadian Intellectual

Property Office.
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WHAT IS CLAIMED IS:

1. A method of engineering a plant having reduced lignin content, the
method comprising:

introducing into the plant an expression cassette comprising a polynucleotide
that encodes an enzyme that diverts a monolignol precursor from the lignin biosynthesis
pathway, wherein the polynucleotide is operably linked to a heterologous secondary cell wall-
specific promoter or a heterologous fiber cell-specific promoter, and wherein the enzyme is: a
bacterial dehydroshikimate dehydratase, a Podospora anserina dehydroshikimate dehydratase
(DsDH), a bacterial shikimate kinase, a pentafunctional AROM polypeptide (ARO1), a
phenylacetaldehyde synthase (PAAS), a phenylalanine aminomutase (PAM), a p-
coumarate/cinnamate carboxylmethlytransferase (CCMT1), a phenylacrylic acid decarboxylase
(PDC), a 2-oxoglutarate-dependent dioxygenase (C2'H), a chalcone synthase (CHS), a stilbene
synthase (SPS), a cucuminoid synthase (CUS), or a benzalacetone synthase (BAS); and

culturing the plant under conditions in which the enzyme that diverts the
monolignol precursor from the lignin biosynthesis pathway is expressed, thereby reducing the

plant lignin content.

2. The method of claim 1, wherein the enzyme reduces the amount of

cytosolic and/or plastidial shikimate that is available for the lignin biosynthesis pathway.

3. The method of claim 2, wherein the polynucleotide encodes
Corynebacterium glutamicum pentafunctional AROM polypeptide (ARO1), dehydroshikimate
dehydratase (DsDH), or dehydroshikimate dehydratase (QsuB).

4, The method of claim 2, wherein the polynucleotide encodes a shikimate

kinase (AroK).

5. The method of claim 2, wherein the enzyme:
has shikimate kinase activity and comprises an amino acid sequence having at
least 95% identity to the amino acid sequence of SEQ ID NO:2,
has pentafunctional AROM enzyme activity and comprises an amino acid
sequence having at least 95% identity to the amino acid sequence of SEQ ID NO:4, or
81
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has dehydryoshikimate dehydratase activity and comprises an amino acid
sequence having at least 95% identity to the amino acid sequence of SEQ ID NO:6 or SEQ ID
NO:8.

6. The method of claim 5, wherein the enzyme comprises the amino acid

sequence of SEQ ID NO:2, SEQ ID NO:4, SEQ ID NO:6, or SEQ ID NO:8.

7. The method of claim 1, wherein the enzyme reduces the amount of

cytosolic and/or plastidial phenylalanine that is available for the lignin biosynthesis pathway.

8. The method of claim 7, wherein the enzyme is phenylacetaldehyde
synthase (PAAS) or phenylalanine aminomutase (PAM).

9. The method of claim 7, wherein the enzyme has phenylacetaldehyde
synthase activity and comprises an amino acid sequence having at least 95% identity to the
amino acid sequence of SEQ ID NO:10; or has phenylalanine aminomutase activity and
comprises an amino acid sequence having at least 95% identity to the amino acid sequence of

SEQ ID NO:29.

10. The method of claim 1, wherein the enzyme reduces the amount of

cinnamate and/or coumarate that is available for the lignin biosynthesis pathway.

11. The method of claim 10, wherein the enzyme is p-coumarate/cinnamate

carboxylmethltransferase (CCMT1) or phenylacrylic acid decarboxylase (PDC).

12. The method of claim 10, wherein the enzyme has p-coumarate/cinnamate
carboxylmethyltransferase activity and comprises an amino acid sequence having at least 95%
identity to the amino acid sequence of SEQ ID NO:12, or has phenylacrylic acid decarboxylase
activity and comprises an amino acid sequence having at least 95% identity to the amino acid

sequence of SEQ ID NO:30.

13.  The method of claim 1, wherein the enzyme reduces the amount of
coumaroyl-CoA, caffeoyl-CoA, and/or feruloyl-CoA that is available for the lignin biosynthesis
pathway.

82
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14.  The method of claim 13, wherein the enzyme is 2-oxoglutarate-
dependent dioxygenase (C2'H), chalcone synthase (CHS), stilbene synthase (SPS), cucuminoid
synthase (CUS), or benzalacetone synthase (BAS).

15.  The method of claim 13, wherein the enzyme:

has 2-oxoglutarase-dependent dioxygenase activity and comprises and amino
acid sequence having at least 95% identity to the amino acid sequence of SEQ ID NO:14,

has chalcone synthase activity and comprises an amino acid sequence having at
least 95% identity to the amino acid sequence of SEQ ID NO:31 or SEQ ID NO:32,

has stilbene synthase activity and comprises an amino acid sequence having at
least 95% identity to the amino acid sequence of SEQ ID NO:33,

has cucuminoid synthase activity and comprises an amino acid sequence having
at least 95% identity to the amino acid sequence of SEQ ID NO:34 or SEQ ID NO;35, or

has benzalacetone synthase activity and comprises an amino acid sequence

having at least 95% identity to the amino acid sequence of SEQ ID NO:36.

16.  The method of claim 1, wherein the metabolic pathway is a stilbene
biosynthesis pathway, a flavonoid biosynthesis pathway, a curcuminoid biosynthesis pathway,

or a benzalacetone biosynthesis pathway.

17.  The method of any one of claims 1 to 16, wherein the promoter is the
IRXS promoter.
18.  The method of any one of claims 1 to 16, wherein the promoter is a C4H,

C3H, HCT, CCR1, CAD4, CADS, F5H, PAL1, PAL2, 4CL1, or CCoAMT promoter.

19.  The method of claim 18, wherein the promoter has promoter activity and
comprises a nucleic acid sequence having at least 95% identity to the polynucleotide sequence

of SEQ ID NO:17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, or 28.

20.  The method of any of claims 1 to 19, wherein the enzyme that diverts a

monolignol precursor from a lignin biosynthesis pathway is targeted to a plastid in the plant.
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21.  The method of claim 20, wherein the polynucleotide comprises a
sequence encoding a plastid targeting signal that is at least 95% identical to the polynucleotide

sequence of SEQ ID NO:15.

22.  The method of any of claims 1 to 21, wherein the plant is selected from
the group consisting of Arabidopsis, poplar, eucalyptus, rice, corn, switchgrass, sorghum,
millet, miscanthus, sugarcane, pine, alfalfa, wheat, soy, barley, turfgrass, tobacco, hemp,

bamboo, rape, sunflower, willow, and Brachypodium.

23. A plant cell engineered by the method of any one of claims 1 to 22,

wherein the plant cell comprises the expression cassette.

24, A plant cell comprising an expression cassette comprising a
polynucleotide that encodes an enzyme that diverts a monolignol precursor from the lignin
biosynthesis pathway, wherein the polynucleotide is operably linked to a heterologous
secondary cell wall-specific promoter or a heterologous fiber cell-specific promoter, and
wherein the enzyme is a bacterial dehydroshikimate dehydratase, a Podospora anserina
dehydroshikimate dehydratase (DsDH), a bacterial shikimate kinase, a pentafunctional AROM
polypeptide (ARO1), a phenylacetaldehyde synthase (PAAS), a phenylalanine aminomutase
(PAM), a p-coumarate/cinnamate carboxylmethyltransferase (CCMTT1), a phenylacrylic acid
decarboxylase (PDC), a 2-oxoglutarate-dependent dioxygenase (C2'H), a chalcone synthase
(CHS), a stilbene synthase (SPS), a cucuminoid synthase (CUS), or a benzalacetone synthase
(BAS).

25. The plant cell of claim 24, wherein the enzyme reduces the amount of

cytosolic and/or plastidial shikimate that is available for the lignin biosynthesis pathway.

26.  The plant cell of claim 25, wherein the polynucleotide encodes
Corynebacterium glutamicum pentafunctional AROM polypeptide (ARO1), dehydroshikimate
dehydratase (DsDH), or dehydroshikimate dehydratase (QsuB).

217. The plant cell of claim 25, wherein the polynucleotide encodes a

shikimate kinase (AroK).
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28.  The plant cell of claim 25, wherein the enzyme:

has shikimate kinase activity and comprises an amino acid sequence having at
least 95% identity to the amino acid sequence of SEQ ID NO:2,

has pentafunctional AROM enzyme activity and comprises an amino acid
sequence having at least 95% identity to the amino acid sequence of SEQ ID NO:4, or

has dehydryoshikimate dehydratase activity and comprises an amino acid
sequence having at least 95% identity to the amino acid sequence of SEQ ID NO:6 or SEQ ID
NO:8.

29.  The plant cell of claim 28, wherein the enzyme comprises the amino acid

sequence of SEQ ID NO:2, SEQ ID NO:4, SEQ ID NO:6, or SEQ ID NO:8.

30.  The plant cell of claim 24, wherein the enzyme reduces the amount of

cytosolic and/or plastidial phenylalanine that is available for the lignin biosynthesis pathway.

31. The plant cell of claim 30, wherein the enzyme is phenylacetaldehyde
synthase (PAAS) or phenylalanine aminomutase (PAM).

32.  The plant cell of claim 30, wherein the enzyme has phenylacetaldehyde
synthase activity and comprises an amino acid sequence having at least 95% identity to the
amino acid sequence of SEQ ID NO:10; or has phenylalanine aminomutase activity and
comprises an amino acid sequence having at least 95% identity to the amino acid sequence of
SEQ ID NO:29.

33.  The plant cell of claim 24, wherein the enzyme reduces the amount of

cinnamate and/or coumarate that is available for the lignin biosynthesis pathway.

34. The plant cell of claim 33, wherein the enzyme is p-
coumarate/cinnamate carboxylmethltransferase (CCMT1) or phenylacrylic acid decarboxylase
(PDC).

35. The plant cell of claim 33, wherein the enzyme has p-

coumarate/cinnamate carboxylmethyltransferase activity and comprises an amino acid
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sequence having at least 95% identity to the amino acid sequence of SEQ ID NO:12, or has
phenylacrylic acid decarboxylase activity and comprises an amino acid sequence having at least

95% identity to the amino acid sequence of SEQ ID NO:30.

36.  The plant cell of claim 24, wherein the enzyme reduces the amount of
coumaroyl-CoA, caffeoyl-CoA, and/or feruloyl-CoA that is available for the lignin biosynthesis
pathway.

37.  The method of claim 36, wherein the enzyme is 2-oxoglutarate-
dependent dioxygenase (C2'H), chalcone synthase (CHS), stilbene synthase (SPS), cucuminoid
synthase (CUS), or benzalacetone synthase (BAS).

38.  The method of claim 36, wherein the enzyme:

has 2-oxoglutarase-dependent dioxygenase activity and comprises and amino
acid sequence having at least 95% identity to the amino acid sequence of SEQ ID NO:14,

has chalcone synthase activity and comprises an amino acid sequence having at
least 95% identity to the amino acid sequence of SEQ ID NO:31 or SEQ ID NO:32,

has stilbene synthase activity and comprises an amino acid sequence having at
least 95% identity to the amino acid sequence of SEQ ID NO:33,

has cucuminoid synthase activity and comprises an amino acid sequence having
at least 95% identity to the amino acid sequence of SEQ ID NO:34 or SEQ ID NO;35, or

has benzalacetone synthase activity and comprises an amino acid sequence

having at least 95% identity to the amino acid sequence of SEQ ID NO:36.

39.  The method of claim 24, wherein the metabolic pathway is a stilbene
biosynthesis pathway, a flavonoid biosynthesis pathway, a curcuminoid biosynthesis pathway,

or a benzalacetone biosynthesis pathway.

40.  The plant cell of any one of claims 24 to 39, wherein the promoter is the
IRXS promoter.
41.  The plant cell of any one of claims 24 to 39, wherein the promoter is a

C4H, C3H, HCT, CCR1, CAD4, CADS5, F5H, PAL1, PAL2, 4CL1, or CCoAMT promoter.
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42.  The plant cell of claim 41, wherein the promoter has promoter activity
and comprises a nucleic acid sequence having at least 95% identity to the polynucleotide

sequence of SEQ ID NO:17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, or 28.

43.  The plant cell of any of claims 24 to 42, wherein the enzyme that diverts

a monolignol precursor from a lignin biosynthesis pathway is targeted to a plastid in the plant.

44.  The plant cell of claim 43, wherein the polynucleotide comprises a
sequence encoding a plastid targeting signal that that is at least 95% identical to the
polynucleotide sequence of SEQ ID NO:15.

45.  The plant cell of any of claims 24 to 44, wherein the plant is selected
from the group consisting of Arabidopsis, poplar, eucalyptus, rice, corn, switchgrass, sorghum,
millet, miscanthus, sugarcane, pine, alfalfa, wheat, soy, barley, turfgrass, tobacco, hemp,

bamboo, rape, sunflower, willow, and Brachypodium.

46. A plant cell comprising a polynucleotide that encodes an enzyme that
diverts a monolignol precursor from a lignin biosynthesis pathway in a plant, wherein: the
polynucleotide is operably linked to a heterologous promoter; the plant cell is a secondary cell
wall or fiber cell; the enzyme is shikimate kinase (AroK), pentafunctional AROM polypeptide
(ARO1), dehydroshikimate dehydratase (DsDH), dehydroshikimate dehydratase (QsuB),
phenylacetaldehyde synthase (PAAS), phenylalanine aminomutase (PAM), p-
coumarate/cinnamate carboxylmethltransferase (CCMT1), ferulic acid decarboxylase (FDC1),
phenylacrylic decarboxylase (PDC), 2-oxoglutarate-dependent dioxygenase (C2'H), chalcone
synthase (CHS), stilbene synthase (SPS), cucuminoid synthase (CUS), or benzalacetone
synthase (BAS); and the heterologous promoter is a secondary cell wall-specific promoter or a

fiber cell-specific promoter.

47. The plant cell of claim 46, wherein the enzyme is comprises an amino
acid sequence having at least 95% identity to the amino acid sequence of any of SEQ ID
NOs:2,4,6,8,10, 12, 14,29, 30, 31, 32, 33, 34, 35, or 36; and has shikimate kinase,

pentafunctional AROM polypeptide, dehydroshikimate dehydratase, phenylacetaldehyde

synthase, penylalanine aminomutase, p-coumarate/cinnamate carboxylmethltransferase,
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phenylacrylic decarboxylase, 2-oxoglutarate-dependent dioxygenase, chalcone synthase,

stilbene synthase, cucuminoid synthase, or benzalacetone synthase activity.

48.  The plant cell of claim 46 or 47, wherein the promoter is an IRXS5

promoter.

49. The plant cell of claim 46 or 47, wherein the promoter is a C4H, C3H,
HCT, CCR1, CAD4, CADS, FSH, PAL1, PAL2, 4CL1, or CCoAMT promoter.

50. A method of obtaining an increased amount of soluble sugars from a
plant in a saccharification reaction, the method comprising:

subjecting a plant generated by the method of any one of claims 1 to 22 or a
plant comprising the plant cell of any one of claims 23 to 49 to a saccharification reaction,
thereby increasing the amount of soluble sugars that can be obtained from the plant as

compared to a wild-type plant.

51. A method of improving digestibility in ruminants, the method
comprising providing a plant generated by the method of any one of claims 1 to 22 or a plant

comprising the plant cell of any one of claims 23 to 49 to the ruminant.
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