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Regulation of Galactan Synthase Expression to Meodify Galactan Content

in Plants
CROSS-REFERENCE TO RELATED APPLICATIONS

[66861] This applcation claims benefit of U.S. provisional application no. 61/645,537, filed

May 16, 2012, which application is hergin incorporated by reference.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UUNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

[66862] This invention was made with government support ander Contract No. DE-ACQ2-
GSCH11231 awarded by the U.S. Department of Encrgy. The government has certain vights

i this invention.
BACKGROUND OF THE INVENTION

[6643]  Plant cell wall is the only source of cellulose for the paper mdustry andis a
promising source of sugar for hignocellulosic biofuels. The vtilization of plants to convert
solar energy into transportable and storable energy will have a positive impact on the
enviromuent, since using plants can help to drastically reduce the milization of fossil-derived
fuels, can reduce carbon emission into the atmosphere, and even can contribute 1o carbon
sequestration. However, even if ignocellulosic biofuels will be beneficial for the
environment, the cost 10 produce them is still not cost-effective, mainly due to the expensive
raw sugar derived from plant cell wall. The low density, recalcitrance to enzymatic
hydrolysis, and low ratio of hexoses to pentoses in the biomass are the main contributors to
the sugar cost because they lmpact transportation cost and require high amount of cnergy and
chemicals. Therefore, improving the digestibility of the raw biomass and improving recovery
of sugars that are more readily fermentable from biomass will have an tmportant beneficial

mmpact on the cost of hignocelulosic biofaels production

[66364]  Plant cell walls are predonyinantly composed of different polysaccharides, which
can be grouped into cellulose, hemicelhidoses and pectin. Pectin is a class of polysaccharide
characterized by a high content of galacturonic acid residues and counsists of two major types:
homogalacturonan entirely composed of alpha-1,4-linked galacturonosyl residues, and
rhamnogalacturonan [ (RGI) composed of a backbone of alternating rhamnose and

galacturonic acid residucs with sidechains composed of arabinan and beia-1,4-galactan
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{Mohnen, 2008; Harholt et al., 2010}, Other domains of pectin inchude RG1L, a complex
structure with numerous different sugars, and xylogalacturonan, which is a type of HG with
sidechains consisting of single xylosyl residues. It has been estimated that as many as 67
difterent transterases are required for bioynthesis of pectin (Mobnen, 2008; Harholt et al,,
2010) but so far only one has been unambiguously indentified, namely the homogalacturonan
galacturonosyltransferase GAUTT (Sterling ot al,, 2006). A likely xylogalacturonan
xylosyltransferase designated XGD1 has also been described but the final proof of activity of
the isolated XGD protein has not been provided (Jensen et al., 2008). Biosynthesis of the
arabinan sidechains on RCGI involves the ARAD and ARAD?2 proteins, but if they are
arabinosy lransferases or work in a different way bas not been determined (Harholt et al,
2006; Harholt et al,, 2012). Beta-1,4-galactan constitutes a large part of pectin and of the
total cell wall, However, ittle is known about the enzymes in plants responsible for its

synthesis,
BRIEF SUMMARY OF THE INVENTION

[6865] This invention is based, in part, on the discovery that enzymes in the
glycosyltransferases family 92 play a role in modulating galactan levels in plant cell wall.
Plants harboring loss-of function mutations in genes enceding the GT92 family members of
the mvention, showed a decreased content of beta-1,4-galactan. The plants did not have an
apparent growth phenotype, but pectin was more casily extracted from the cell walls of the
mutants, and saccharification was improved.  Overexpression of galactan synthase increased
galactan content of cell walls. The invention thus provides methods employing plant G792
family members for modulating galactan content in plants; and compuositions and method of

using such conmpositions.
BRIEF DESCRIPTION OF THE DRAWINGS

[8886] Figure | provides an alignment of various GT92 family members. The polypeptide
sequence for cach protein extends across the Figure | continuation pages. The SEQ ID NG
for the protein is provided on the first page of Figure 1.

[8847] Figure 2 provides a schematic ilfostration of inserts in mutant lines.

[0888] Figure 3 provides illustrative data of the sugar composition m mutant and wildtype

plans.

1668469 Figure 4 provides illustrative data using an antibody specific for beta-1,4-galactan

{LM5) that showed less galactan in the mutants compared to wildtype plants and that peticles
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had sigmificantly less LMS labeling in the nustants. Petioles were evaluated because the

GT92 enzymes are relatively highly expressed in this tissue.

[6618]  Figure S shows illustrative data demonstrating galactosyltvansferase activity.
Activity assays were performed with a beta-1,4-galacto-pentacse acceptor and microsome

{(left panel) or affinity purified GALS! protemn (right panel).

[B811] Figure 6 provides illustrative data showing monosaccharide composition of leaf cell
wall of plants overcxpressing (GaiS1 or expressing NST1-2A-AtUGE? under the fiber
specific plRXS promoter in a Col-0 background. ‘2A” 15 a sequence from foot-and-mouth-
disease virus that can be used 1o express multiple proteins from the same ORF. Sugar levels
are described as molar percentage, + SE (u=6). From left to right for cach sugar, the bars are:

Col-0, GalS1 OF, pIRXS:UGE2#7; pIRX5:UGEZ#21, and pIRXS5:UGE2#2S

{8812 Figure 7 provides illustrative data showing monosaccharide composition of leaf cell
wall of plants coexpressing GalS1 and NSTI-2A-AfUGEZ under the control of the fiber
specific pIRXS promoter or the constitutive 355 promoter. Asterisks mark the three lines that
have significantly different galactose molar percentages (t-test, pBonf < 0.0083). Sugar
levels are described as molar percentage, + SE (w=6). From left to right for cach sugar, the
bars are: Col-0, GalS1 OF, 3585:F-UGEZ + GalS1 #1, 358:F-UGE2 + GalS1 #2, 355:F-UGEZ
+ GalS1#5, pIRXS-UGE2 + GalS1 #4, pIRXS5-UGEZ + GalS1 #3, pIRXS5-UGE2 + GalS1
#14.

1B613]  Figure 8 provides illustrative data showing monosaccharide composition of cell
walls of stems of plants coexpressing GaslS1 and AtUGE2. As in Figures 7 and &,
expression of UGEZ under the pIRXS promoter was done with a construct that
simultancously expresses the NST1 fiber-specific transcription factor, separated from UGEZ
with 2 2A domain. From left to right for cach sugar, the bars arc: Col-0, Gal31 OF,

pIRXS:UGE2Z + GalS1, 35S F-UGE2 + GalS], pirX5:UGHE2

18014}  Figure 9 proivdes data showing monosaccharide composition incell walls of stems
omitting xylose from the data. From left o right for cach sugar, the bars are: Col-0, GalS1

OFE, pIRX5:UGE2 + GalS1, 358:F-UGEZ + GalS1, phkXS:UGE2

s
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DETAILED DESCRIPTION OF THE INVENTION
i Definitions

[8015]  As used herein, the term "galactan synthase” or “beta-1,4, galactan synthase™ or
“GALS” arc used interchangeably to refer to an enzyme that is involved in the elongation of
beta-1,4-galactan and has bota-1,4 galactosyltransferase activity. In the current invention, a
galactan synthase 1s a glycosyltransferase in the family G792, The term encompasses
polymorphic variants, alleles, mutants, and imterspecics homaologs to the specific polypeptides
described herein. A nucleic acid that encodes a galactan synthase refers to a gene, pre-
mRNA, mRNA, and the like, including nucleic acids encoding polymorphic variants, alleles,
mutants, and interspecics homologs of the particular amino acid seqoences described herein.
Thus, in some embodiments, a galactan synthase encodes a polypeptide baving an amino acid
sequence that has at least 50% aroino acid sequence deutity, or at least 55%, 60%, 65%,
T0%, 75%, 80%, 85%, 90%, preferably 91%, 92%, 93%, 94%, 95%, 96%, 97%, Y8% or 99%
or greater amino acid seqoence identity, preferably over a region of at least about 25, 50, 100,
260 or more amino acids, or over the length of the entire polypeptide, to any one of the amino
acid sequences shown in SEQ [D NOS:1, 2, or 3; or to any one of the plant amine acid
sequences SEQ ID NOS:1-39 shown in Figore 1; or to any one of the amino acid sequence
SEQ ID NO:1-27 shown in Figure 1. Examples of gene ids and accession numbers of
galactan synthases arc shown in the annotation for SEQ 1D NOS:42-44. SEQ 1D NOS:42-44

provide lustrations of GALS nucleic acids suitable for use 1o the mvention.

[66816]  As used herein, the term “transcription factor that regulates the production of

)

components of a biosynthetic pathway” or “master transeription factor” refers to a
transcription factor that regulates expression of one or of multiple genes in a biosynthetic

pathway.

[8817] The term "downstream target,” when used in the context of a downstream target of a
transcription factor that reguiates a component of a biosyuthetic pathway of interest refers to
& geue or profein whose cxpression is divectly or indirectly regulated by the transcription
factor. In some embodiments, the downstream target 1s a gene or protein that s divectly or
indirectly upregulated by the transeription factor. In some embodiments, the downstream
target is a gene or protein that is direcily or indirectly downregulated by the transcription

factor.

18018} The terms "increased level of activity,” or "increased activity” refer interchangeably

1o an increase in the amount of activity of GALS protein in a plant enginecred 10 increase

4
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GALS compared to the amount of activity in a wild-type (.., naturally occurring) plant. In
some cmbodiments, increased activity results from increased expression levels. An inereased
evel of activity or increased level of expression can be an increase in the amount of activity
or expression of GALS in a plant genetically modified 1o overexpress GALS of at least 10%,
280%, 30%, 40%, 50%, 60%, 70%, 80%, or 0% or greater compared to a wildtype plant. In
some embodiments, the increased GALS activity or expression is localized to one or more
tissucs of the engincered plant, such as the xylem cells with secondary cell walls. Increased
expression or activity of a GALS gene or protein can be assessed by any number of assays,
melading, but not limited {0, measuring the level of RNA encoded by the GALS gene, the
level of protein GALS protein, the icvels of GALS enzymatic activity, or by measuring
galactan content of a plant tissue.

5

(8619} The terms "reduced lovel of activity,” "reduced activity” and "decreased activity”
refer interchangeably to a reduction in the amount of activity of GALS protein in a plant
engineered to decrease GALS compared to the amount of activity in a wild-type {i.e.,
naturally occurring) plant. In some cmbodiments, reduced activity vesults from reduced
expression levels. A reduced level of activity or a reduced level of expressioncanbe a
reduction in the amount of activity or expression of GALS ot at feast 10%, 20%, 30%, 40%,
50%, 60%, 70%, 8%, or 0% or greater. In some embodiments, the reduced level of activity
or reduced level of expression occurs, throughout all the tissues of the engineered plant. In
some embodiments, the reduction in the amount of activity or expression is localized to one
or more tissues of the engineered plant, such as the cell wall. In some embodiments, the
GALS is not reduced i amount, but s modified in amine acid sequence so that the
enzymatic activity is reduced directly or indirectly. Decreased expression or activity of a
GALS gene or protein can be assessed by any number of assays, focluding, but not Himited to,
measuring the level of RNA encoded by the GALS gene, the level of protein GALS protem,

the levels of GALS enzymatic activity, or by measuring galactan content of a plant tissue.

[8828] The terms "polynucleotide” and "nucleic acid” are used interchangeably and refer to
a single or dovble-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 sore cases, nucleic acid analogs may be used that may
have alternate backbones, comprising, e g., phosphoramidate, phosphorothioate,
phosphorodithivate, or O-methylphophoroamidite Hnkages (see Eckstein, Oligonucleotides
and Analogues: A Practical Approach, Oxford University Press); positive backboues; non-

ionic backbones, and non-ribose backbones. Thus, nucleic acids or polynucleotides may alse
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melude modified nucleotides that permit correct read-through by a polymerase.
"Polynuoclestide sequence” or "mucleic acid seqoence” inchides 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 heremn also provide the complement
of the sequence. Unless otherwise indicated, a particular nucleie acid sequence also
implicitly encompasses varianis thercof {e.g., degenerate codon substitutions) and
complementary sequences, as well as the sequence explicitly indicated.  The nucleic acid
may be DNA, both genomic and ¢cDNA, RNA or a hybrid, where the nocleic acid may
contain combinations of deoxyribe- and ribo-nucleotides, and combinations of bases,
meluding uracil, adenine, thyroine, cytosing, guaning, inosing, xanthine hypoxanthine,

isocytosine, isoguanine, etc.

{80211 The term "substantially identical,” used in the context of two nucleic acids or
polypeptides, refers to a sequence that has at least 50% scquence identity with a reference
sequence. Percent identiiy can be any integer from 50% to 100%. Some cmbodiments
inchude at least: 50%, 55%, 60%, 65%, 70%, 75%. 80%, 85%, 90%, 91%, 92%, 93%, 94%,
G5%, 96%, 7%, 98%, or 99%, compared fo a reference sequence using the programs
described herein; preferably BLAST using standard parameters, as described below. For
example, a polynuclectide encoding a GALS polypepitde may have a sequence that is at least
0%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,

089, or 99% identical to a sequence of SEQ 1D NG:42, SEQ 1D NO:43, or SEQ 1D NO:44,

#6227 Two nucleic acid sequences or polypeptide sequences are said to be "identical” if
the sequence of nucleotides or amine acid residues, respectively, in the two sequences is the
same when aligned for maximum correspondence as described below. The terms "identical”

ik

or percent "identity,” in the context of two or more nucleic acids or polypeptide sequences,
refer to two or moTe sequences or subsequences that are the same or have a specified
percentage of aminoe acid residues or mucleotides that are the same, when compared and
aligned for maxinnmm correspondence over a comparison window, as measured using one of
the following sequence comparison algorithms or by manual alignment and visual inspection.
When percentage of sequence iderdity is used in reference to proteins or peptides, it 1s
recognized that residue positions that are not identical often differ by conservative amino acid
substitutions, where amino acids residucs are substituted for other amino acid residucs with
sinilar chemical propertics (e.g., charge or hydrophobicity) and therefore do not change the

fumctional properties of the molecule. Where scquences differ m conservative substitutions,
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the percent sequence identity may be adjusted upwards to correct for the conservative nature
of the substitation. Means for making this adjustment are well known to those of skill in the
art. Typicaily 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 nov-conservative substitution 18 given a score
of zero, a conservative substitution is given a score between zero and 1. The scoring of
conservative substitutions 1 calculated according 1o, e.g., the algorithm of Meyers & Miller,
Computer Applic. Biol. Sci. 4:11-17 (1988) e.g., as implemented in the program PC/GENE

{Intelligenetics, Mountain View, California, USA).

186231 For sequence comparison, typically one sequence acts as a reference sequence, 1o
which test sequences are compared. When using a sequence comparison algorithm, test and
reforence sequences are entered into a computer, subsequence coordinates are designated, if
necessary, and sequence algorithm program parameters are designated. Default program
parameters can be used, or alternative parameters can be designated. The sequence
comparison aigorithm then calculates the percent sequence identitics for the tost sequences

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

(80247 A "comparison window,” as used herein, includes reference to a segment of any one
of the number of contiguous positions sclected from the group consisting of tfrom 20 1o 600,
usually abowut 30 to about 200, more usually about 100 to about 130 in which a sequence may
be compared to a reference sequence of the same number of contiguous positions after the
two sequences are optimally aligned. Methods of alignment of sequences for comparison are
well-known in the art. Optimal alignment of sequences for comparison can be conducted,
e.g., by the local homology algorithm of Smith & Waterman, Adv. Appl. Math. 2:482 (1981},
by the homology alignment algorithim of Needleman & Wuounsch, /. Mol Biol. 48:443 (1970),
by the search for stmilarity method of Pearson & Lipman, Proc. Nat'l. Acad. Sci. /84
85:2444 (198R), by computerized implementations of these algorithms {GAP, BESTFIT,
FASTA, and TFASTA in the Wisconsin Genetics Software Package, Genetics Computer

Group, 575 Science Dr., Madison, W), or by mamual alignment and visual inspection.

[8825] Algorithms that are suttable for determining percent sequence identity and sequence
similarity are the BEAST and BLAST 2.0 algorithims, which are described in Alischul er o/,
(1990 J. Mol. Biol. 215: 403-410 and Altschul ef al. (1977) Nucleic dcids Res. 25: 3389-
3402, respectively. Software for performing BLAST analyses is publicly available through
the Mational Center for Biotechnology Information (NCBI) web site. The algorithm involves
first identifying high scoring sequence pairs (HSPs) by iderdifying short words of length W in

~
I3
/
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the query sequence, which either match or satisfy some posttive-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 af, supra). These initial neighborbood word
hits acts as seeds for initiating searches 1o 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 vsed to caleglate the cumulative score. Extension of the word hits i each direction
are halted when: the cumulative alignment score falls oft by the quantity X from its
maximum achieved value; the cumulative score goes to zero or below, due to the
accumulation of one or more negative-scoring residue alignments; or the end of either
sequence is reached. The BLAST algorithm parameters W, T, and X determine the sensitivity
and speed of the alignment. The BLASTN program (for nucleotide sequences) uses as
defaulis a word size (W) of 28, an expectation (E) of 10, M=1, N=-2, and a comparison of
both strands. For amino acid sequences, the BLASTP program uses as defaults a word size
(W) of 3, an expectation (B} of 10, and the BLOSUMG®62 scoring matrix {see Hentkoff &
Hentkoff, Proc. Natl, Acad. Sci. US4 89:10915 (1989)).

[6826] The BLAST algorithin also performs a statistical analysis of the similarity betwee
two sequences {see, e.g., Karlin & Alischul, Proc. Nat'l. Acad. Sci. US4 90:5873-5787
{1993)). Oune 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 betwee
two nucleotide or amino acid sequences would occur by chance. For example, a nucleic acid
is considered similar to a veference sequence 1f the smallest sam probability in a comparison
of the test nucleic acid to the reference nucleic acid is less than about 0.01, more preferably

-5 -70
fess than about 10 |, and moost preferably less than about 10 .

{86271 Nucleic acid or protein sequences that are substantially identical to a reference
sequence inclade "conservatively modified varianis.” With respect to particular nucleic acid
sequences, conservatively modified variants refers to those nucleic 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
degencracy of the genetic code, a large number of functionally identical nucleic acids encode
any given protein. For instance, the codons GCA, GCC, GCQ and GCU all encode the amine

acid alanine. Thus, at every position where an alanine is specified by a codon, the codon can

8



e

10

24

LN

30

WO 2013/170201 PCT/US2013/040632

be altered to any of the corresponding codons described without altering the encoded
polypeptide. Such nucleic acid variations are "silent variations,” which are one species of
conservatively modified variations. Every nucleic acid sequence hevein which encodes a
polypeptide also describes every possible silent variation of the nucleic acid. One of skill
will recognize that cach codon in a nucleic acid {except AUG, which is ordinarily the only
codon for methionine) can be modified to yield a fumctionally identical molecule.
Accordingly, each silent variation of a nucleic acid which encodces a polypeptide is truplicit in

cach described sequence.

18028} As to amino acid sequences, one of skill will recognize that individual substitutions,
n a nucleic acid, peptide, polypeptide, ot protein sequence which alters a single amino acid
or a small percentage of aming acids in the encoded sequence is a "conservatively modified
variant” where the altcration results in the substitution of an amine acid with a chemically
similar amino acid. Conservative substitution tables providing functionally similar agdno

acids are well known in the art.

16629]  The following six groups cach contain amine acids that arc ilusisrative conscrvative

substitutions for one another:

Iy Alanine (A}, Serine (8), Threonine (T}

2} Aspartic acid (1), Glutamic acid (£);

3 Asparagine (N}, Glutamine (Q);

43 Arginine (R}, Lysine (K);

) Isoleucine (1), Leucine (L), Methionine (M), Valine (V); and

6) Phenylalanine (F), Tyrosine (Y}, Tryptophan (W)

(see, e.g., Creighton, Profeins (1984)).

18038} Ancther indication that nucieotide sequences are substantially identical is if two
molecules hybridize to cach other, or a third nucleic acid, under stringent conditions,
Stringent conditions are sequence dependent and will be different in different circumstances.
Generally, stringent conditions are selected to be about 5°C lower than the thermal melting
point {Tm) for the specific sequence at a defined ionic strength and pH. The Tm is the
temperature (under defined ionic strength and pH) at which 30% of the target sequence
hybridizes to a perfectly matched probe. Typically, stringent 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 hybridizations
i a blotting techuique are those which include at least one wash in 0.2X SSC at 55°C for 20

minutes, or equivalent conditions.
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(80311 The term "promoter,” as used herein, refers to a polynucleotide sequence capable of
driving transeription of a DNA sequence in a cell. Thus, promoters used in the
polymucleotide constructs of the invention inclhude cis- and trans- acting transcriptional
control clements and regulatory sequences that are involved in regulating or modulating the
timing and/or rate of transcription of a gene. For example, a promoter can be a ¢is- acting
transcriptional control clement, inchiding an enhancer, a promoter, a franscription torminator,
an origin of replication, a chromosomal idegration sequence, §' 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 (turn on/off,
regulate, modulate, efc.} gone transcription. Promoters are located 5' to the transcribed gene,
and as used herein, include the scquence 5' from the translation start codon (Le., including the
§" untranslated region of the mRNA, typically comprising 160-200 bp). Most often the core
promoter sequences lic within 1-2 kb of the trapslation start site, move often within 1 kbp and
often within 500 bp of the translation start site. By convention, the promoter sequence is
usually provided as the sequence on the coding strand of the gene it controls. In the context
of this application, a promoter is typically referred to by the name of the gene for which it
naturally regulates cxpression. A promoter used in an expression construct of the nvention is
referred to by the name of the gene. Reference to a promoter by name includes a wildtype,
native promoter as well as variants of the promoter that retain the ability to indoce
expression. Reference to a promoter by name is not resiricted to a particular plants species,

but also encompasses a promoter from a corresponding zene in other plant species.
= O

[6832] A "constitutive promoter” in the context of this mvention refers to a promoter that is
capable of inttiating transcription in nearly all cell types, whereas a "cell type-specific
promoter” or “tissuc-specific promoter” nitiates transcription only in one or a few particular
cell types or groups of cells forming a tissue. In some embodiments, a promoter is tissue -
specific if the transcription levels initiated by the promoter in the cell wall arc at least 2-fold,
3-fold, 4-fold, 5-fold, o-fold, 7-fold, 8-fold, 9-fold, 1G-fold, 50-fold, 100-fold, 560-fold,
1000-fold higher or more as compared to the transeription levels initiated by the promoter in

non-cell wall tissues

[8833] A polynucleotide is "heterologous”™ {o an organism or a second polynuocleotide
sequence if it originates from a foreign species, or, if from the same species, 1s modified from
its original form. For example, when a pelyoucleotide encoding a polypeptide sequence is
said to be operably linked to a heterclogons promoter, 1t means that the polynucleotide

coding sequence encoding the polypeptide is derived from one species whereas the promoter
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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., 1s a
genetically enginecred coding sequence, ¢.g., from a different gene in the same species, or an

allele from a different ecotype or varicty).

[6834] The torm "operably linked” refers to a functional relationship between two or more
polynucleotide (e.g.. DNA) segments. Typically, it refers to the functional relationship of 2
transcriptional regulatory sequence to a transcribed sequence. For example, a promoter or
enhancer sequence 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
cxpression system. Generally, promoter transcriptional regulatory sequences that are
operably Hinked to a transcribed sequence are physically contiguous to the transeribed
sequence, i.6., they are cis-acting. However, some transcriptional regulatory sequences, such
as crnhancers, need not be physically contiguous or located in close proximity 1o the coding

sequences whose transcription they enhance.

18035}  The term "expression cassette” or “DNA counstruct” or “expression construct” refers
10 a micleic acid construct 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 cannot be translated are expressly inchuded by this definition. In the case of both
expression of transgenes and suppression of endogenous goues {e.g., by autiscnse, RNAJ, 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 variands are specitically
covered by reference to a specific nucleic acid sequence. One example of an expression
cassette is a polynucleotide construct that comprises a polynucleotide sequence encoding a
3ALS protein operably linked to a heterologous promoter. In some embodiments, an
expression cassette comprises a polynucleotide sequence encoding a GALS protein that is
targeted {0 a position in a plant genome such that expression of the polymucleotide sequence

is driven by a promoter that is present in the plant

[8836] The term "plant” as used herein can refer to a whole plant or part of a plant, e.g.,
sceds, and includes planis of a variety of ploidy levels, including ancuploid, 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., bracis, sepals, petals, stamens, carpels, anthers), ovules {ncluding egg and central
cells), seed {including zygote, embryo, endosperm, and seed coat), fruit (e g, the mature
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ovary), seedlings, and plant tissue {e.g., vascular fissue, ground tissue, and the like), as well
as individual plant cells, groups of plant cells {e.g., cultured plant cells), protoplasts, plant
extracts, and sceds. The class of plants that can be used in the methods of the tnvention is
generally as broad as the clasgs of higher and lower plants amenable to transformation
techniques, including angiosperms (monocotyledonous and dicotyledonous plants),

gymnosperms, ferns, bryophytes, and mubticellular algae.

{80371 The term "biomass,” as used herein, refers to plant material that is processed to
provide a product, e.g., a bicfuel such as ethanol, or livestock feed, or a cellulose for paper
and pulp industry products. Such plant material can include whole plants, or parts of planis,

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

[6838] The term "increased cell wall deposition” in the coniext of galactan deposition refers
to an increased amount of galactan in a cell wall that 1s produced in an engincered plant of the
present invention as compared to a wild-type (i.e., naturally occurring) plant. In the current
vention, galactan deposition is typically considered to be increased when the amount of
galactan in the cell wall is increased by at least 10%, at least 20, 30%, 40%, 50%, 60%, 70%,
R0%, 90% or more relative to the amount of galactan in the cell wall in a wild-type plant.

The amount of galactan can be assessed using any method known in the art, including using

an anfibody that specifically binds galactan or enzymatic or chomical analyses.

[883%] The term "saccharification reaction” refers to a process of converting bismass,
usually cellulosic or lignocellulosic biomass, into monomeric sugars, such as glucose and

xylose.

{8048}  The term "soluble sogar” refers to monomeric, dimeric, or trimeric sugar that is

produced from the saccharification of biomass.

[#841] The term "increased amount,” when referring to an amount of sugar or soloble sugar
obtained from an enginecred plant of the present invention, refers to an increase in the
amount or vield of sugar that 1s obtained from saccharification of biomass per amount of
starting material, in comparison to corresponding biomass from a wild-type (i.e., naturally
occurring) plant. In the context of the present mvention, "corresponding biomass from a
wild-type plant” refers to plant material that is from the same part of the plant as the biomass
from 4 plant engineered to have modified galactan levels. As understood in the art, increased
amount or nereased yield is based upon comparisons of the same amount of corresponding

plant material,
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(3842} The term "conversion reaction,” as used herein, refers to a reaction that converts
biomass into a form of bioenergy. Examples of conversion reactions include, bat are not
fmited to, combustion (burning), gasification, pyrolysis, and polysaccharide hydrolysis

{enzymatic or chemical),

[6843] The torm "increased production,” when referring fo an amount of biocnergy
production obtained from an engincered plant of the present invention, refers to an jncreased
amount of bioenergy that is produced from subjecting biomass from an engineered plantto a
conversion reaction {(e.g., combustion, gasification, pyrolysis, or polysaccharide hydrolysis)
as compared to the amount of bioenergy that is produced from corresponding biomass from a

wild-type {i.e., naturally occurring) plant.
H. Introduction

[#844] Galactan 1s one of the major cell wall polysaccharides. Galactans are composed of
hexoses that arc easily fermented, which is in contrast to the hemiceliulose xylan, which is
the naturally most abundant non-cellulesic compounent of biomass. In addition, beta-1,4-
galactan is likely 1o be more easily degraded by enzymes than xylan, which has a more
complex structure and is crosslinked with other cell wall components. Prior to this invention,
0o biosynthetic enzyme has been identified for galactan. In one aspect, the invention
provides a method of engincering plants to increase galactan content, e.g., to improve biofuel
potential.  Plants can be engineered to overexpress galactan by genctically modifying a plant
t0 overexpress one or more GALS genes as described herein. Typically, overexpresson is
targeted to cell wall using a tissue-specific promoter. An example of a method for fine-
tming GALS expression to increase expression in the cell wall 1s taught in

PCT/US2012/023182, which is incorporated by reference.

[6845] A plaot that is engincered to overexpress GALS may also be coginecred to
overexpress a UDP-galactose epimerase (more commonly referred to as a UDP-glacose
epimerase}. Such epimerases are well known in the art. Examples of epimerase gones are
described by Barber et ¢f., J. Biol. Chem. 2811727617285, 2006 and Kotake ef al,
Biochem. J. 424169177, 2009, each of which is incorporated by reference. An example of

an epimerase polypeptide sequence (Kotake ef ¢f.,) 1s provided in SEQ ID NG:45.

[8846]  In = further aspect, a plant may be further modified to alter the enzymes that
synthesize galactan substrates. Such enzymes could include UDP-glucese pyrophosphorylase

and other non-specific UDP-sugar pyrophosphorylases.
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{80471  In a further aspect, the invention provides a method of decreasing beta-1,4-galactan
m a plant, e.g., to increase pectin yield in a plant usch as a tuber. Decreasing galactan content

can be achicved by inhibiting cxpression of at least one GALS genc in the plant.

[6848] The invention additionally provides methods of using genetically modified plants

that overexpress or have reduced levels of GALS activity and methods of using such plants,
GALS nucleie acid sequences

13849  The invention coploys various routine recombinant nucleic acid technigues.
Generally, the nomenclature and the laboratory procedures in recombinant DNA technology
described below are those well known and conumonly employed in the art. Many mamuals
that provide direction for performing recombinant DNA manipulations are available, e.g.,
Sambrook & Russell, Molecular Cloning, A Laboratory Manual (3rd Ed, 2001); and Current

Protocols in Molecular Biology (Ausubel, er o/, John Wiley and Sons, New York, 2009).

1B6638]  GALS nucleic acid and polypeptide sequences suitable for use in the invention
melude GALS nucleie acid sequences that encode a plant GALS polypeptide as llustrated in
any of SEQ NO:1-39, or 2 substantially identical variants. Such a variant typically has at
least 60%, often at least 70%, or at least 75%, 80%, 83%, or 90% identity to any one of SEQ
D NOS:1-39. Insome embodiments, the nucleic acid encodes a GALS polypepnde of one
of SEQ D NOS:1-28, or a substantially identical variant thereof. Suoch a variant typically has
at least 60%, often at least 70%, or at leaset 75%, 801%, 85%, or 90% identity to any ong of
SEQ 1D NOS:1-28. In some embodiments, the nucleic acid encodes a GALS polypeptide of
one of SEQ 1D NOS:1-3, or a substantially identical variant thereof. Such a variant typically
has at feast 60%, often at least 70%, or at least 75%, 8%, 8S%, or 90% identity to SEQ 1B

NO:1, SEQ [D NO:2, or SEQ ID NO:3.

[8851] A companson of GALS sequences is provided in Figure 1. As shown in Figure |,
there are highly conserved regions of the polypeptide sequences. For example, the sequence
(FY NGNS/ TIAAALEV{L/AQMGAYRGGP (the comresponding sequence is shaded and
underhined n SEQ 1D NO:1 of Figure 1) is highly conserved throughout diverse plant GALS
sequences. Additional highly conserved sequences include SKPIHVYGKPWYKCEWISN,
KIEPDWOYYGRVYTYVVYNCTE, GGIK/RLIEL/V/D, YID/E)WLYCGISLY/FYG,
REWMAYHAWEFFG, SHFVFHDAGG, QNIRDQ,
GYYYNQFLIVNDCLHRYRYAANWITFDVDEY, FTIEQNPMS, WGFEKLLFK,
RRDRKYAND, RYYHYHNS, and ELCRE all of which are indicaied in with reference to
SEG 1D NO: 1 showr in Figure | by underlining and shading of SEQ 1D NO:1. These

14
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conserved sequences are not strictly conserved 1005 across the various plant protein
seqaences. One of skill can obtain 8 GALS variant by using the sequence alignments to
identify residues within the conserved sequences that would be expected to retain GALS
function as well as residues outside of the conserved regions that would be tolerant to

substitution.

(68521  GALS activity can be assessed using any number of assays, including assays that
evaluate wwansfer of galactose onto an acceptor. A convenient assay incubates an enzyme
preparation in the presence of UDP-Gal and beta-1,4-galacto-oligosacchanides, e. g, beta-1,4-
galactopentaose. The products consisting of the acceptor with addition of one or more
galactose units can then be characterized by any number of methods. The sinplest is to
remove unincorporated UDP-Gal by ion exchange chromatography and analyze the produt by
lquid scintitlation counting (provided that radiclabelled UDP-Gal was used). An alternative
method is to use mass spectrometry, paper chromatography or thin layer chromatography. 1 £
a charged group is hnked to the reducing end of the acceptor or product, it can also be
analyzed by capillary electrophoresis or gel electrophoresis. If the charged group is also
fluorescent it can be easily detected. A non-charged fiucrescent labeled galacto-
oligosaccharide has been used as acceptor n such assays where the products were separated

by HPLC and detected by the fluorescent group (Ishii er af, Planta 219:310-318, 2004).

[6853]  Gonetic modification of a plant to overexpress GALS is often performed in
conjunction with modifying the plant to overexpress UDP-galactose epimerase (UGE) (EC
5.1.3.2). UbP-galactose epimerase nucleic acid and polypeptide seugences are well known
in the art. Examples of UGE sequences that can be overexpressed ave provided in U.S. Patent
Application Publication Nos. 20030073828; 20070028332; and described by Barber et al. J.
Biol Chem. 281:17276-17285, 2006; and Kotake e al., Biochem J. 424:169-177, 2009; and

Comen ef af. Plant Science166:1097-1104, 2004, each of which is incorporated by reference.

[B854] Isolation or generation GALS polynucleotide sequences {or UGE sequences) can be
accomplished by a number of technigques. Cloning and expression of sach technique will be
addressed 1o the context of GALS genes. However, the same technigues can be used to
isolate and express UGE family. In some embdoiments, oligonucieotide probes based on the
sequences disclosed here can be used to identify the desired polynacleotide in a ¢cBNA or
genomic DNA library from a desired plant species. Probes may be used to hybridize with
genomic DNA or cDNA sequences to isolate homologous genes o the same or different plant

species.
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(80551  Alternatively, the nucleic acids of interest can be amphified from nucleic acid
samples using routine amplification techniques. For instance, PCR may be used to amplify
the sequences of the genes dircctly from mRNA, from cDNA, from genomic libraries or
¢IONA libraries. PCR and other in vitre amplification methods may also be useful, for
example, to clone mucleic acid sequences that code for proteins to be expressed, to make
micleic acids to use as probes for detocting the presence of the desired mRNA in samples, for

pucleic acid sequencing, or for other purposes.

[8856]  Appropriate primers and probes for identifying a GALS gene from plant cells such
as moss or spikemoss, can be generated from comparisons of the sequences provided herein,
For a general overview of PCR see PCR Protecols: A Guide to Methods and Applications.

(Jnms, M, Gelfand, D, Sninsky, I and White, T., eds.), Academic Press, San Dego (1990).

[6857]  GALS nucleic acid sequences for use in the wvention includes genes and gene
products identified and characterized by techniques such as hybridization and/or sequence

¢., SEQ 1D NO:42, SEQ ID NO:43, o

&

analysis using exemplary nucleic acid sequences, .

SEQ 1D NG44,
Preparation of recombinant vectors

[B058]  To use isolated sequences in the above techniques, recombinant DNA vectors
suttable for transformation of plant cells such as crop plant cells are prepared. Techniques for
transformation are well known and described in the technical and scientific literatore. For
cxaraple, a DNA sequence encoding a GALS polypepitde (described fo further detail below),
can be combined with transcriptional and other regulatory sequences which will direct the
transcription of the sequence from the gene in the intended cells, e.g., grass or other crop
plant cells. In some embodimenis, an expression vector that comprises an expression cassctic
that coraprises the GALS gene further comprises a promoter operably linked to the GALS
gene. [n other embodiments, a promoter and/or other regulatory elements that direct
transcription of the GALS genc are endogenous to the plant and an expression cassetie
comprising the GALS gene s indroduced, e.g., by homologous recombination, such that the
heterologous GALS gene 1s operably linked to an endogenous promoter and is expression

driven by the endogenous promodier.

[B85¢] Regulatory seguences include promoters, which may be either constitutive or

mducible, or tissue-specific.
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Tissue-Specific Promoters

[6868] In some embodiments, a plant promoter to direct expression of a GALS genc ina
specific tissue 1s emploved (tissue-specific promoters). Tissue specific promoters are
transcriptional control elements that are only active in particular cells or tissues at specific

times during plant development, such as in vegetative tissues or reproduoctive tissucs.

[B861] Examples of tissue-specific promoters under developmental control inchude
promoters that initiate transcription only {(or primarily only) in certain tissues, such as
vegetative fissucs, ccll walls, including ¢.g., roots or leaves. A varicty of promoters
specifically active in vegetative tissues, such as leaves, stems, roots and tubers are known.
For example, promoters controlling patatin, the major storage protein of the potato tuber, can
be used (see, e.g., Kim, Plant Mol Biol. 26:603-615, 1994; Martin, Plans J. 11:53-62, 1997).
The ORF13 promoter from Agrobacterisim rhizogenes that exhibits kigh activity in roots can
also be used (Hansen, Mol Gen, Genet. 254:337-343, 1997). Other useful vegetative tissue-
specific promoters include: the tarin promoter of the gene encoding a globelin from a major
taro (Colocasia esculenia L. Schoity corm protein family, tavin (Bezerra, Plant Mol Biol.
28:137-144, 1995); the curculin promoter active during taro corm development {de Castro,

N7

Plant Cell 4:1549-1559, 1992) and the promoter for the tobacco root-specific gene TobRE7,
whose expression is 1ocalized to root meristem and immature ceniral cylinder regions

(Yamamoto, Plant Cell 3:371-382, 1991,

18662} Leafspecific promoters, such as the ribulose biphosphate carboxylase (RBCS)
promoters can be used. For example, the tomato RBCS1, RBCS? and RBCS3A genes are
expressed n leaves and light-grown seedlings, only RBCS1 and RBCS2 are expressed in
developing tomato fruits (Meier, FEBS Lerr. 415:91-95, 1997). A ribulose bisphosphate
carboxylase promoters expressed almost exclusively in mesophyli cells in leaf blades and leaf
sheaths at high levels (e.g., Matsuoka, Plans.J 6:311-319, 1994}, can be used. Another feaf
spectfic promoter is the Hght harvesting chlorophyll a/b binding protein gene promoter (see,
e.g., Shiina, Plant Physicl 115:477-483, 1997 Casal, Plant Physicol 116:1533-1538, 1998},
The Arabidopsis thaliana rayh-related gene promoter (AtmybS) (14, ef @i, FEBS Left.
379:117-121 1996}, 1s leaf-specitic. The AtmybS promoter is expressed in developing leaf
trichomes, stipules, and epidermal cells on the margins of young rosette and cauline leaves,
and in immature sceds. Atmybd mRNA appears between fertilization and the 16 cell stage of
erabryvoe development and persists beyond the heart stage. A leaf promoter identified in maize

{e.g., Busk et al., Plant 7. 11:1285-1295, 1997} can also be used.
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[8863] Another class of uscfisl vegetative tissue-specific promoters are meristematic (root
tip and shoot apex) promoters. For example, the “SHOOTMERISTEMLESS” and
“SCARECROW” promoters, which are active in the developing shoot or root apical
meristerns, (e.g., Di Lavrenzio, ef af., Cell 86:423-433, 1996; and, Long, ot al., Nature
379:66-69, 1996); can be used.  Another usetid promoter is that which controls the expression
of 3-hydroxy-3- methylglutaryl coenzyme A reductase HMGZ gene, whose expression is

restricted to meristomatic and floral (secretory zone of the stigma, mature pollen grains,

~~1
)

gynoecium vascular tissue, and fertilized ovules) tissues {see, e.g., Enjuto, Plant Cell. 7:51
527, 1995). Also uscful are knl-related genes from maize and other species which show
meristem-specific expression, (see, e.g., Granger, Plani Mol Biol. 31:373-378, 199¢6;
Kerstetter, Plant Cell 6:1877-1887, 1994; Hake, Philos. Trans. R, Soc. Lond. B, Biol. Sci,
350:45-51, 1995). For example, the 4rabidopsis thaliana KNAT! promoter (see, e.g.,

i

Lincoln, Plant Cell 6:1859-1876, 1994) can be used.

[8864] In some embodiments, the promoter is substantially identical to the native promoter
of a promoter that drives expression of a gene involved in secondary wall deposition.
Examples of such promoters are promoters from RX, IRX3, IRXS, IRXE, IRXS, IRX 14,
IRX7,IRX10, GAUTI3, or GAUTI4 genes. Specific expression in fiber colis can be
accomplished by using a promoter such as the NSTI promoter and specific expression in
vessels can be accomplished by using a promoter such as VIND6 or VND7, (See, eg,,

PCT/USZ012/023182 for illustrative promoter sequences).

[8865]  One of skill will recognize that a tissue-specific promoter may drive expression of
operably linked sequences in tissues other than the target tssue, Thus, as used hereina
tissug-specific prometer is one that drives expression preferentially n the target tissue, but

may also lead 10 some expression in other tissues as well.
Constitutive Promoters

[6866] A promoter, or an active fragment thercof, can be employed which will divect
expression of a macleic acid encoding a fusion protein of the nvention, in all ot most
wansformed cells or tissues, e.g. as those of a regenerated plant. Such promoters ave referred
to herein as "constitutive” promoters and are active under most envirenmental conditions and
states of development or cell differentiation. Examples of constitutive promaoters inchude
those from viruses which infect plants, such as the canliflower mosaic virus (CaMV) 358
transcription Initiation region {see, e.g., Dagless, Arch. Virol 142:183-191, 1997); the I'- or

2'- promoter derived from T-DINA of dgrobacterium tumefaciens {see, e.g., Mongiste supra

18
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{1997y, O'Grady, Plant Mol. Biol. 29:99-108, 1995); the promoter of the tobacco mosaic
virnus; the promoter of Figwort mosaic virus (see, e.g., Maiti, Transgenic Res. 6:143-136,
19977}; actin promoters, such as the Arabidopsis actin gene promoter {see, e.g., Huang, Flan
Mol Biol 33:125-139, 1997); alcohol debydrogenase {Adh) gene promoters (sce, e.g., Millar,
Plant Mol Biol 31:897-904, 1996); ACT11 from 4rabidopsis (Huang ef al., Plant Mol. Biol.
33:125-139, 1996}, Cat3 from Arabidopsis (GenBank No. U43147, Zhong er al, Mol Gen.
Gener. 251:196-203, 1996}, the gene encoding stearoyl-acyl carrier protein desaturase from
Brassica napus {Genbank No. X74782, Selocombe et al., Plani Physiol, 104:1167-1176,
19943, GPcl from maize (GenBank No. X15596, Martinez ef al., J. Mol Biol 208:551-565,
19893, Gpe? from maize {GonBank No, U45855, Manjunath ef af., FPlant Mol Riol, 33:97-
112, 1997), other ranscription initiation regions from various plant genes known to those of
skill. See alse Holtorf, “Comparison of different constitutive and inducible promoters for the

overexpression of transgenes in drabidopsis thaliona,” Plant Mol Biol. 29:637-646, 1995).
Inducible Promoters

168671  In some embodiments, a plant promoter may dircct expression of the mucleic acids
under the inthience of changing environmental conditions or developmental conditions.
Examples of environmental conditions that may effect transcription by inducible promoters
include anaerobic conditions, ¢levated femperature, drought or other environmental stress, or
the presence of hight. Examples of developmental conditions that may offect transcription by
mducible promoters include senescence and embryogenesis. Such promoters are referred to
herein as "inducible” promoters. For example, the invention can incorporate drought-specific
promoter such as the drought-inducible promoter of maize (Busk er af,, PlanzJ, 11: 1285-95,
1997); or alternatively the cold, drought, and high salt inducible promoter from potato (Kich

Plant Mol. Biol 33:897-909, 1997).

[G868] Suitable promoters responding to biotic or abiotic stress conditions melade the
pathogen indacible PRP1-gene promoter (Ward et all, Flani. Mol. Biol 22:361-366, 1993),
the heat inducible hsp8Q-promoter from tomato (1.8, Pat. No. §,187,267), cold inducible
alpha-amylase promoter from potato (PCT Publication No. WO 96/12814) or the wound-
mducible pmil-promoter (European Patent No. 373091). For other examples of drought,
cold, and salt-inducible promoters, such as the RD29A promoter, see, e.g., Yamaguchi-

Shinozalei ef af., Mol Gen. Genet. 236:331-340, 1993 are also known,

[B86%] Alternatively, plant promoters which are inducible upon exposuore to plant

hormones, such as auxins, may be used to express GALS genes. For example, the invention
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can use the auxin-response elements Bl promoter fragment (AuxREs) in the soybean

{(Glycine max L) (L, Plant Physiel, 115:397-407, 1997}; the auxin-responsive drabidopsis
GST6 promoter (also respounsive to salicylic acid and hydrogen peroxide) (Chen, Plant J. 10:
G53-966, 1996); the auxin-inducible parC promoter from tobacco (Sakai, 37:906-913, 1996);
a plant biotin response element (Strent, Mol Plant Microbe fnteract. 10:933-937, 1997); and,
the promoter responsive to the stress hormone abscisic acid (Sheen, Science 274:1900-1902,

1996).

[8878] Plant promoters indocible upon exposure to chemicals reagents that may be apphied
to the plant, such as herbicides or antibiotics, are also uscful for expressing a GALS gene in
accordance with the ivvention. For example, the maize In2-2 promoter, activated by
benzenesulfonamide herbicide safeners, can be used (De Veylder, Plant Cell Physiol. 38.568-
577, 19997); application of different herbicide safeners induces distinet gene expression
patteros, including expression in the root, hydathodes, and the shoot apical meristem. A
GALS coding sequence can also be under the control of, e.g., a tetracycline-inducible
promuoter, such as described with transgenic tobacco plants containing the dvena sativa L.
{vat) arginine decarboxylase gene (Masgrau, Plani J. 11:465-473, 1997); or, a salicylic acid-
respounsive clement (Stange, Planr J. 11:1315-1324, 1997; Uknes ef ¢, Plant Cell 5:159-169,

1993, Biet al, Plant J. 8:238-245, 1993).

{6871  FExamples of useful inducible regulatory elements joclude copper-inducible
regulatory elements (Mett et al., Proc. Natl Acad. Sci. US4 90:4567-4571, 1993); Furst et
al., Cell 55:7705-717, 1988); tetracycline and chlor-tetracycline-induocible regulatory elements
(Gatz et al., Plant J. 2:397-404, 1992); Réder ef al,, Mol Gen. Genet. 243:32-38, 1594);
Gatz, Meth. Cell Biol, 50:411-424, 1995); ecdysone inducible regulatory elements
(Christopherson et al., Proc. Natl. Acad. Sci. US4 89:6314-6318, 1992; Kreutzweiser of al.,
Ecotoxicol, Environ. Safety 28:14-24, 1994); heat shock inducible regulatory elements
{Takahashi ef al., Plani Physiol. 99:383-390, 1992; Yabe ¢t al., Plan: Cell Physiol. 35:1207-
1219, 1994; Ueda ef al., Mol Gen. Gener. 250:533-539, 1996); and lac operon elements,
which are used in combination with a constitutively expressed lac repressor to confer, for
example, IPTG-inducible expression (Wilde ef af,, EAMBO J. 11:1251-1259, 1992). An
mducible regulatory clement useful in the transgeuic plants of the invention also can be, for
example, a nitrate-mducible promoter derived from the spinach nitrite reductase gene (Back
et al,, Plant Mol Biol. 17:9 (1991}) or a light-inducible promoter, such as that associated with
the small subunit of RuBP carboxylase or the LHCP gene familics {Feinbaum et al., Mol

Gen. Genet, 226:449 (1991); Lam and Chua, Scicnce 248:471 (1990)).
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Expression using a positive feed back loop

[6872] In further cobodiments, a plant can be engineered to overexpress GALS using a
positive feedback loop to express GALS in a desired tissue. In such an embodiment, a
promoter for use in a GALS expression construct is responsive to a transcription factor that
mediates expression in the desired tissue. The GALS expression construct isused in a
genentically modified plard comprising an expression construct encoding a transceription
factor where expression is alse driven by a promoter that is responsive to the transeription
factor. Examples of such expression systems are provided in PCT/US2012/023182,

168731  In some embodiments in which a positive feed back loop is employed, the plant is
genctically modified to express a transcription factor that regulates the production of
secondary cell wall, Examples of such transcription factors include NST1, NST2, NST3,
SND2Z, SND3, MYB103, MBYSS, MYB46, MYBR3, MYB3E, and MYBG63 (Seg, e.g.,
Mitsuda ef af., Plant Cell 17:2993-3006 (2005); Mitsuda ef al., Plant Cell 19:270-80 (2007);
Ohashi-ito et al,, Plang Cell 22:3461-73 (2010); Zhong ef al., Plant Cell 20:2763-82 (2008});
Zhong ef ai., Plant Cell 19:2776-92 (2007}, Ko ef al., Plant 1. 60:649-65 (20{(9}; and
MeCarthy ef al., Plant Cell Physiol. 50:1950-64 (2009)).

[66874] Ilustrative examples of gene and protein sequences and/or accession numbers for
NSTI, NSTZ, N5T3, SND2, SND3, MYB103, MBY#¥45, MYB46, MYBS3, MYBSS, and
MY B63 arc provided o PCT/USZ2012/023182.

[B875]  In some embodiments, the polymucleotide encoding the transcription factor that
regulates secondary cell wall production is operably hinked to a promoter that s a
downstream target of the transeription factor. Simtlarly, the GALS nucleie acid sequence is
also linked to a promoter that is a downstream target of the transcription factor. The
promoter may be the same promoter or different promoters. In such an embodiment, 2
promoter is suitable for use with the travscription factor that regulates secondary cell wall
production it expression of the promoter 1s nduced, directly or indivectly, by the transcription
factor to be expressed, and if the promoter is expressed in the desired location, e.g., the stem

of the plant.

{8076} Insome embodiments, a native IRX1T, IRX3, IRXS, IRXE, IRX9, IRX 14, IRX7, or
IRX140, GAUTI3, or GAUTH4 promoter, or active variant thereof, is employed.
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Additional embodimens for expressing GALS

168771  In enother embodiment, the GALS polynucleotide is expressed through a
wansposable element. This allows for constinutive, yet periodic and infrequent expression of
the constitutively active polypeptide. The invention also provides for use of tissue-specific
promoters derived from viruses including, e.g., the tobamovirus subgenomic promoter
{(Kumagai, Proc. Natl. dcad. Sci. USA 92:1679-1683, 19935); the rice tungro bacilliform virgs
(RTBYVY, which replicates only 1o phloem cells in infected rice plants, with its promoter
which drives strong phloem-specific reporter gene expression; the cassava vein mosaie virus
(CVMV) promoter, with highest activity in vascular ciements, in leaf mesophyll cells, and in

root ips (Verdaguer, Plant Mol Riol. 31:1129-113%9, 1996).

[8878] A vector comprising GALS nucleic acid sequences will typically comprise a marker
gene that confors a selectable phenotype on the cell to which it is introduced. Such markers
arc known. For example, the marker may encode antibiotic resistance, such as resistance to

kanamycin, G418, bleomycin, hygromyein, and the like.

186791  GALS nucleic acid sequences of the invention are expressed recombinantly in plant
cells as described. As appreciated by one of skill in the art, expression constracts can be
designed taking into account such propertics as codon usage froquencics of the plant in which
the GALS nucleic acid is to be expressed. Codon usage frequencics can be tabulated using
known methods (see, e.g., Nakamura ef al. Nucl Acids Res. 28:292, 2000). Codon usage
frequency tables are available in the art (e g., from the Codon Usage Database at the internet

site www.kazusa.or jp/codon/.)

{80887 When two or more of GALS, UGE or franscription factors are expressed in
combination, they can be expressed from individual promoters. In some embodiments, two
or more proteins are cupressed from a single promoter, e.g, by incorporating 2 2A domain

between the two coding sequences.

[B6881]  Additional sequence modifications may be made that are also known to enhance
gene expression in a plant. These inclade elimination of sequences encoding spuricus
polvadenylation signals, exon-intron splice site signals, trapsposon-like repeats, and other
such wel-characterized sequences that may be deleterious to gene expression. The G-C
content of the sequence may be adjusted to levels average for a given cellular host, as
calculated by reference to known genes expressed in the host cell. When possible, the

sequence may alse be modified to avoid predicted hatrpin sccondary mRNA structures.

)
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Production of Transgenic Plants

[6882] As detailed herein, the present invention provides for transgenic plants comprising
recombinant expression cassettes either for expressing heterologous GALS. §t should be
recognized that the term “transgenic plants” as vsed here encompasses the plant or plant cell
in which the expression cassctic is introduced as well as progeny of such plants or plant celis
that contain the expression cassette, including the progeny that have the expression cassette

stably mntegrated in a chromosome.

18831 Ounce an expression casscite comprising a polynucleotide encoding a GALS (ora
polynucleotide sequence designed to suppress or inhibit GALS expression as describe
below) has been constructed, standard technigues may be used to introduce the
polynucleotide fnto a plant in order to modify gene expression. See, e.g., protocols described
in Ammirato ef al. (1984} Handbook of Plant Cell Culture--Crop Species. Macmillan Publ.
Co. Shimamoto et al. (1989) Nature 338:274-276; Fromum et al. (1990) Bio/Technology

8:833-839; and Vasil et al. (1990) Bio/Technology 8:425-434,

18684}  Transformation and regeneration of plants 15 known mn the art, and the selection of
the most appropriate transformation technigue will be determined by the practitioner.
Suitable methods may include, but are not limited to: electroporation of plant protoplasts;
liposome-mediated transformation; pelyethylene glycel {(PEG) mediated transformation;
transformation using viruses; micro-injection of plant cells; micro-projectile bombardment of
plant cells; vacuum wfiltration; and Agrobacterium fumeficiens mediated transformation.
Transformation means introducing a nucleotide sequence in a plant 1n a manner to cause
stable or ransient expression of the sequence. Examples of these methods in various plants
inchude: U.S. Pat. Nos. §,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; 5,538,880; 5,773,269; 5,736,369 and 5,610,042.

[B885]  Transformed plant cells derived by any of the above transformation techniques can
be cultured to regencrate a whole plant that possesses the transformed genotype and thos the
desired phenotype such as enhanced drought-resistance. Such regeneration technigues rely
on manipulation of certain phytohormones in a tissue culture growth medium, typically
relying on a biocide and/or herbicide marker which has been introduced together with the
desired nucleotide sequences. Plant regeneration from cultured protoplasts is described in
Evaus ¢t al., Protoplasts Isolation and Culture, Handbook of Plant Cell Cultare, pp. 124-176,
MacMillian Publishing Company, New York, 1983; and Binding, Regeneration of Plants,

Plant Protoplasts, pp. 21-73, CRC Press, Boca Raton, 1985, Regeneration can also be

-]
(8]
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obtained from plant callus, explants, organs, or parts thercof. Such regencration techmiques

are described generally, e.g., in Klee ef ol Ann. Rev. of Plant Phvs. 38:467-486, 1987,

[66886] Ome of skall will recognize that after the expression cassette is stably mcorporated in
transgenic plants and confirmed to be operable, it can be introduced nto other plants by
sexual crossing. Any of a number of standard breeding techniques can be used, depending

upon the species to be crossed.

[B887] The techniques described herein for obtaining and expressing GALS nucleic acid
sequences in plant cells can also be employed 1o express nucleic acid sequences that encode

UGE family members in order to modify plants to overexpress UGE proteins.

(8088} The expression consiructs of the invention can be used to increase the galactan
condent of cell walls of essentially any plant. The plant may be a monocotyledonous plant or
a dicotyledonous plant. Tn some embodiments of the invention, the plant is a green field
plant. In some cmbodiments, the plant 1s a gymmosperm or conifer. Thus, the invention has
use over a broad range of plants, including species from the genera Asparagus, Atropa,
Avena, Brassica, Cannabis, Citrus, Citrullus, Camelina, Capsicum, Cucumis, Cucurbita,
Daucus, Fragaria, Glycine, Gossypium, Helianthus, Heterocallis, Hordeom, Hyvoscyamus,
Lactoca, Linum, Lolitum, Lycopersicon, Malus, Manihot, Maiorana, Medicago, Nicotiana,
Oryza, Panicum, Pannecsetum, Persea, Pisum, Pyrus, Prunus, Raphanus, Secale, Senecio,
Sinapis, Solanum, Sorghoem, Trigonella, Triticum, Vitis, Vigna, and, Zea. In some
embodiments, the plant is corn, switchgrass, sorghum, miscanthus, sugarcane, poplar, pine,
wheat, tice, soy, cotion, barley, turf grass, tobacco, potato, bamboo, rape, sugar beet,
sunflower, willow, and eucalyptus. In further embodiments, the plant is reed canarygrass
{(Phalaris arundinacea), Miscanthus x giganieus, Miscanthus sp., sericea lespedera
{Lespedeza cuneaia)y, millet, ryegrass (Lofium mudtifiorum, Lofium sp.), timothy, Kochia
{Kochia scoparia), forage soybeans, alfalfa, clover, sunn hemp, kenat, bahiagrass,
bermudagrass, dallisgrass, pangolagrass, big bluestem, indiangrass, fescue (Festuca sp.),
Dactylis sp., Brachypodium distachvon, smooth bromegrass, grchardgrass, or Kentucky
bluegrass among others. In some embodiments, the plant is an ornamental plant. In some
embodiment, the plant is a vegetable- or fruit-producing plant. In some embodiments, the
plant is a plant that is suitable for gencrating blomass, inclading plants as noted above, e.g,,
Arabidopsis, poplar, cucalyptus, rice, corn, switchgrass, sorghum, millet, miscanthus,
sugarcane, ping, alfalfa, wheat, soy, barley, turfgrass, tobacco, hemp, bamboo, rape,

sunflower, willow, Jatropha, and Brachypodium.
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(BRG]  In some embodiments, the plant into which the expression construct comprising a
nucleic acid sequence that encodes GALS (or that is designed to mhibit expresson of GALS)
is introduced is the same species of plant from which the GALS sequence, and/ or the
promeder driving expression of the GALS sequence, is obtained. In some embodiments, the
plant into which the expression construct is introduced 1s a different species of plant

compared to the species from which the GALS and/or promoter sequence was obtained.

[B08%¢] Planis that overexpress GALS can be identified using any known assay, including
analysis of RNA| protein, or galactan composition With respect to this aspect of the
vention, the planis have enhanced galactan levels. Galactan levels can be determined
directly or indirectly. For example, o somae embodiments, galactan is assessed using an
nmumoassay employing an antibody that specifically binds beta-1,4, galactan to determine
galactan levels. In some embodiments, GALS enrymatic activity can be divectly measured in

a plant by defermining the activity of the enzyme to transfer galactose to an acceptor.
Modgification of plants to decrease galactan production

1668911 In ove aspect, the invention also provides a plant in which expression of GALS 15
inhibited, thereby resulting in reduced elvels of galactan m the plant. In some embodiments,
the plant is modified to have a level of GALS activity that is reduced throughout the entire
plant. In some emboduments, the plant is modified to reduce GALS activity in a subset of
cells or tissaes of the plant. The genetic background of the plant can be modified according
to any method known in the art, such as antisense, siIRNA, microRNA, dsRNA, sense
suppression, mutagenesis, or use of a dominant negative inhibition sirategy. In some

embodiments, the level of expression of the protein is reduced.
Gene silencing technigues

(#0827  In some embodiments, expression of a GALS 15 inhibited by an antisense
oligonucieotide. In antiscuse technology, a nucleic acid scgment from the desired gene is
cloned and operably linked to a promoter such that the antisense strand of RNA will be
wanscribed. The expression cassette 1s then transformed mio plants and the antisense strand
of RNA is produced. Tn plant cells, it has been suggested that antisense RNA inhibits gene
expression by preventing the accunmlation of mRNA which encodes the enzyme of interest,
see, e.g., sheehy er al., Proc. Nat. Acad. Sci. US4, R5:8805-3809 (198R); Pnucli er @/, The
Plant Cell 6:175-186 {1994 ); and Hiatt of o/, 1.5, Patent No. 4,801,340,

Al
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[8893] The antisense nucleic acid sequence transformed into plants will be substantially
identical to at least a portion of the endogenous gene or genes 1o be repressed. The sequence,
however, does not have to be perfectly identical to inhibit expression. Thus, an antisense or
sense nucleic acid molecule encoding only a portion of & GALS-cocoding sequence can be
useful for producing a plant in which expression of GALS is inhibited. For aptisense
suppression, the introduced sequence also need not be full length relative to either the
primary transcription product or fully processed mRNA. Generally, higher homology can be
used to compensate for the use of a shorter sequence. Furthermore, the introduced sequence
need not have the same intron or exon pattern, and homology of non-coding segments may be
equally effective. In some embodiments, a sequence of at least, e.g,, 20, 25, 30, 50, 100, 200,
or more continuous nucicotides (up to mBRNA full length) substantiaily identical to a GALS

mRNA, or a complement thereof, can be used.

[6894] Catalytic RNA molecules or ribozyraes can also be used to inhibit expression of a

with virtually any target RNA and cleave the phosphodiester backbone at a specific location,
thereby functionally inactivating the target RNA. In carrying out this cleavage, the ribozyme
is not itself altered, and is thus capable of recyeling and cleaving other molecules, making it a
wrue enzyme. The inclusion of ribozyme sequences within antisense RMNAs confers RNA-

cleaving activity upon them, thereby increasing the activity of the constructs.

(80951 A number of classes of ribozymes have been identified. One class of vibozymes is
derived from a number of small cirealar RNAs that are capable of self-cleavage and
replication in plants. The RNAs roplicate cither alone {viroid RINAs} or with a helper virus
(satellite RNAs). Examples include RNAs from avocado sunblotch vivoid and the satellite
RNAs from tobacco ringspot virus, lucerne transient streak virus, velvet tobaceo mottle virus,
solanum nodiflorum mottle virus and subterranean clover mottle virus. The design and use of

target RNA-specific ribozymes is described in Haseloff ef 4l Nasure, 334:585-591 (1948).

[88%6] Anocther method by which expression of a gene encoding a GALS polypeptide can
be inhibited is by sense suppression (also known as co-suppression). Iotroduction of
expression cassettes in which a nucleic acid is configured in the sense orientation with respect
to the promoter has been shown to be an effective means by which to block the transcription
of target genes. For an example of the use of this method to modulate expression of
endogenous genes, see Napoli ef al,, The Plant Cell 2:279-289 (1990); Flavell, Proc. Nail,
Aead. Sei., USA 91:3490-3496 (1994); Kooter and Mol, Current Opin. Biol 4:166-171
{(1993); and U.S. Patents Nos. 5,034,323, 5,231,020, and 5,283,184,

26
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[8897]  Generally, where inhibition of expression is desired, some transcription of the
mirodaced sequence occurs. The effect may occur where the introduced sequence contains
no coding sequence per se, but only intron or untranslated sequences homologous to
sequences present in the primeary transeript of the endogenous sequence. The introduced
sequence generally will be substantially identical to the endogenous GALS sequence
intended to be repressed. This minimal identity will typically be greater than abouat 65%, but
a higher dentity can cxert a more effective repression of expression of the endogenous
sequences. In some embodiments, sequences with substantially greater identity are used, e.g.,
at lgast about B(%, at least about 85%, or 100% identity are used. As with antisense
regulation, further discussed below, the effect can be designed and tested to apply to any

other proteins within 2 strailar faraily of genes exhibiting homology or substantial homology.

(8098} For sense suppression, the introduced sequence in the expression casseite, needing
less than absolute identity, also need not be full length, relative to cither the primary
transcription product or fully processed mRBRNA. Furthermore, the introduced sequence need
not have the same intron or exon pattern, and identity of non-coding segmenis will be gqually
effective. In some embodiments, a sequence of the size ranges noted above for antisense

regulation is used, 1.e., 30-40, or at least about 20, 50, 100, 200, 500 or more nucleotides.

[889%] Eandogenous gene expression may also be suppressed by means of RNA interference
{RMNA1) {and indeed co-suppression can be considered a type of RNAZ), which uses a double-
stranded RNA having a sequence identical or similar to the sequence of the target gene.
RNAG is the phenomenon in which when a double-stranded RNA having a sequence identical
or similar to that of the target gene is introduced into a cell, the expressions of both the
inserted exogenous gene and target endogenous gene are suppressed. The double-stranded
RNA may be formed from two separate complementary RNAs or may be a single RNA with
internally complementary sequences that form a doable-stranded RNA. Although complete
details of the mechanism of RNAI1 are still unknown, it is considered that the indroduced
double-stranded RNA is mnitially cleaved into small fragments, which then serve as indexes of
the target gene in some manner, thereby degrading the target gene. RNAI is known to be also
effective in plants (see, e.g., Chuang, C. F. & Meyerowitz, E. M., Froc. Nail. Acad. Sci. USA
G7: 4985 (2000); Waterhouse ef al., Proc. Nail. Acad. Sci. US4 95:13959-13064 (1998);
Tabara et al. Science 282:430-431 (1998); Matthew, Comp Funct Genom 5: 243-244 (2004);
Lu, et al, Nucleic Acids Res. 322112171 2004)).

[#106] Thus, in some embodiments, inhibition of a4 gene encoding a GALS polypeptide s
accomplished using RNAI techniques. For example, to achieve suppression of the expression

T
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of a DNA encoding a protein using RNAL a double-stranded RNA having the sequence of a
DNA encoding the protein, or a substantially similar sequence thereof (including those
engincered not to translate the protein) or fragmoent thereof, is introduced into a plant of
mterest. As used heorein, RNAT and dsRNA both refer to gene-specific silencing that is
induced by the introduction of a double-stranded RNA molecule, see e.g., U.S. Pat. Nos.
6,506,559 and 6,573,099, and includes reference to 8 molecule that has a region that is
double-stranded, e.g., a short hairpin RNA molecule. The resulting plants may then be
screencd for 4 phenotype associated with the target protein, for example, sereening for an
merease in the extractability of sugar from the plants as compared to wild-type plants, and/or
by monitoring steady-siate RNA levels for transcripis encoding the protein. Although the
genes used for RNA1 need not be completely identical to the target gene, they may be at least
70%, 80%, 90%, 95% or more identical to the target gene sequence. See, e.g., LS. Patent
Pablication No. 2004/0029283. The constructs encoding an RNA molecule with a stem-loop
structure that is unrelated to the target gene and that is positioned distally to a sequence
specific for the gene of interest may also be used to inhibit target gene expression. See, e.g.,

1.8, Patent Publicanion No. 2003/0221211.

[#161]  The RNAI polynucieotides may encompass the full-length target RNA or may
correspond to a fragment of the target RNA. In some cases, the fragment will have fewer
than 100, 200, 300, 400, 500 600, 700, 804, 904 or 1,000 nucleotides corresponding to the
target sequence. In addition, in some embodiments, these fragments are at least, e.g., 50, 100,
130, 200, or more mucleotides i length. [n some cases, fragments for use in RNA1 will be at
least substantially similar to regions of a target protein that do not occor in other proteins in
the organism or may be selected to have as little similarity o other organism transcripts as
possible, e.g., selected by comparison to sequences in analyzing publicly-available sequence

databases.

[0162] FExpression vectors that continually express siRINA in transierdly- and stably-
transfected have been engineered to express small hatrpin RNAs, which get processed in vivo
mto siRNAs molecules capable of carrying out gene-specific silencing (Brummelkamp ef ¢/,
Science 296:550-553 {(2002), and Paddison, et al., Genes & Dev, 16:948-958 (2002}). Post-
transcriptional gene silencing by double-stranded RNA is discussed in further detail by
Hammond et al. Nature Rev Gen 2: 110-119 (2001}, Five ef al. Noture 391: R06-811 (1998}

and Timmons and Fire Nature 395: 854 (1998},
(81831 Yot another way to suppress expression of an endogenous GALS gene 15 by
recombinant expression of a microRNA that suppresses a target GALS. Artificial
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microRNAs are single-stranded RMNAs (e.g., between 18-25-mers, generally 2 {-mers), that
are not normally found in plants and that are processed from endogenous miRNA precursors.
Their sequences are designed according to the determinants of plant miRNA target selection,
such that the artificial microRNA specifically silences its intended target gene(s) and are
generally described in Schwab ef af, The Plant Cell 18:1121-1133 (2006) as well as the
internet-based methods of designing such microRNAs as described therein. See also, US

Patent Publication No. 2008/0313773.

[#184] Ancther example of 2 method to reduce levels of GALS employs riboswitch
echniques (see, o.g., U.S. Patent Application Publication Nos, US20100286082, and
US20110245326).

Planis having mutant backgrounds

[#185]  In some embodiments, the level of expression of GALS is reduced by generating a
plant that has a mutation in a gene cncoding the GALS enzyme. Une method for abolishing
or decreasing the expression of a gene encoding GALS is by insertion mutagenesis using the
T-DNA of Agrobacierium mwmefaciens. Afier generating the insertion mutants, the mutants
can be screened to identify those containing the insertion in the gene of interest. Mutants
coniaining a single mutation event at the desired gene may be crossed to gencrate
homozygous plants for the mutation (Kouez ot al. (1992) Methods in Arabidopsis Research.

World Scientific).

1#166] Alicmatively, random mutagenesis approaches may be used to generate new allcles
that will generate truncated or defective (non-functional or poorly active) enzymes or
vnstable RNA, or to disrupt or "knock-out” the expression of a gene encoding a GALS
enzyme using cither chemical or insertional mutagenesis or irradiation. For example, a
procedure known as TILLING (see, e.g. Colbert ef al,, Plant Physiol V16:480-484, 2001;
MeCallum ef al, Nature Bivtechnology 18:455-457, 2000). may be used. In this method,
mutations are induced in the sced of a plant of interest. The resulting plants are grown and
selt-fertilized, and the progeny are assessed, e.g., by PCR, to identify whether a vutated plant
has a mutation in the gene of interest, or by evaluating whether the plant has reduced galactan
content in a part of the plant that expressed the gene of interest.

[B187]  An expression cassetie comprising a polynucleotide encoding the GALS, or
transcription factor regulating the production of secondary cell wall and operably linked to a

promuoter, as described herein, can be expressed in various kinds of plants. The plant may be
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a monocotyledonous plant or a dicotyledonous plant. In some embodiments of the invention,

the plant is a green field plant. In some embodiments, the plant is a gymmosperm or conifer.

[6168]  In some embodiments, the plant is a plant that is suitable for gencrating biomass,
Examples of suitable plants include, but are not imited to, Arabidopsis, poplar, sucalyptus,
rice, corn, switchgrass, sorghum, millet, miscanthus, sugarcane, ping, alfalfa, wheat, soy,
barley, turfgrass, tobacco, hemp, bamboo, rape, sunflower, willow, Jatropha, and

Brachypodiom.

1169 In some embodiments, the plant tuto which the expression cassette is introduced is

transcription factor {e.g., a vessel-specific promoter, GALS enzyme, and/or transcription
factor from Arabidopsis is expressed 1o an Arabidopsis plant). In some embodiments, the
plant into which the expression cassetic is jntroduced is a different species of plant than the
promoter and/or than the polymucleotide encoding GALS or transcription factor {e.g., 2
vessel-specific promoter, GALS enzyme, and/or transeription factor from Arabidopsis is
expressed in a poplar plant). See, e.g., McCarthy er of., Plant Cell Fhysiol 51:1084-90

(2010Y; and Zhong ef al., Plant Physiol. 152:1044-55 (2010).
Metheods of Using Plants Having Modified GALS expression

[#118]  Plants, parts of plants, or plant biomass material from plants having modified GALS
expression can be used for a varicty of purposes. In embodiments, in which GALS is
overexpressed, the plands, parts of plants, or plant biomass material may be usedin a
conversion reaction to generate an increased amount of bicenergy as compared to wild-type
plants. For example, the plants, parts of plants, or plant blomass material can be used ina
saccharification reaction to gonerate an increased amount of soluble and fermentable sugar
comparcd to wild-type plants. 1o some embodiments, the plants, parts of plants, or plant
biomass material are used to increase biomass vield or simplify downstream processing for
wood industries (such as paper, pulping, and construction) as compared to wild-type plants.
In some cmbodiments, the plants, parts of plands, or plant biomass material are used to
merease the guality of wood for constraction purposes. In some embodiments the plants, or
parts of plants are used to improve the quality of textile fiber or simplify the downstream
processing for textile industry. In some embodiments the plants, or parts of plants, are used as

a vaw material for pectin production.

#3111} Mothods of conversion, for example biomass gasification, are known in the art,

Briefly, tn gasification plants or plant biomass material {e.g., leaves and stoms) are ground
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mto small particles and enter the gasifier along with a 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 subsequenily cleancd to remove impurities such as solfur, mercury,
particulates, and trace materials. Syngas can then be converted to products such as ethanol or

gther bicfuels.

[8112]  Methods of enzymatic saccharification are also known in the art, Brictly, plauts or
plant biomass material (e g, leaves and stems) are optionally pre-treated with hot water,
dilite acid, alkali, or ionic Hquid followed by enzymatic saccharification osing a mixture of
cellulases and hemicellulases and pectinases in buffer and incubation of the plants or plant
hiomass material with the enzymatic mixture. Following tncubation, the yield ofthe
saccharification reaction can be readily determined by measuring the amount of reducing
sugar released, using a standard method for sugar detection, e.g. the dinitrosalicylic acid
method well known to those skilled in the art. Plants enginecred in accordance with the
mvention provide a higher sugar yield as compared to wild-type plants.

#3131 In some embodiments, plants in which GALS expression is inhibited that have
decreased levels of galactan relative to wild type plants can be used in applications in which
it may be desirable to increase the pectin yield and quality. For example n some
embodiments, tubers may be genetically modified to inhibit expression of one or more GALS
genes, thereby decreasing levels of galactan,

EXAMPLES

§114} The following examples are provided to illustrate, but not limit the claime
g p p

invention.

1. Idennification and expression of GALS

13118]  Plant cell walls are predoninantly composed of ditferent polysaccharides, which
can be grouped into cellulose, hemicelluloses and pectin. Pectin is a class of polysaccharide
characterized by a high content of galactironic acid residues and consists of two major types:
homogalacturonan entirely composed of alpha- 1,4-linked galacturonosyl residues, and
rhamnogalacturonan | (RG) composed of & backbone of aliernating thammnose and
galacturonic acid residues with sidechains composed of arabinans and galactans, [n example
1, we identified galactan synthase enzymes in paluts. In this example, we investigated
enzymes in glycosyliransferases family 92 {(GT92), which has threc members in Arabidopsis.

Loss-of-function mutants in the corresponding gones showed a decreased content of beta-1 4-
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galactan. The plants did not have an obvious growth phenotype but pectin was more easily
extracted from the cell walls of the wmutants, and saccharification was improved. The GT92
enzymes were shown to be ubiquitously expressed and iocated in the Golgi apparatus,
Heterologous expression of one of the proteins showed a high activity in transferring
galactose residues from UDP-Gal onto beta- | 4-galactopentacse, confirming the identity of

the GT92 enzyme as beta-1,4-galactan synthase.
Results
Glyeosyltransferase family GT92 containg beta-1,4-galactosyltransferases

[8116] To identify candidate enzymes for beta-1,4-galactan synthase, we explored the
CAZy database of carbohydrate active enzymes (www.cazy.org) (Cantarel ot al., 2009).
Glycosyltransterases in CAZy are divided nto 91 families, 47 of which are represented in
angiosperms. Many glycosyltransfases in a range of families have alrcady been investigated
m loss-of-function mutants, in many cases without clear indication of the role of the speeific
glycosyltransferases under study, and previous studies have not led to identification of good
candidates for beta-1,4-galactan synthase. GT family 92 was added to CAZy recently with
the identification of beta-1,4-galactosyransferases in animals. The GT92 proteins are
reported from pigeon, but not from chicken and not from mammals, where they catalyze the
transfer of beta-1,4-linked galactose unto heta-1,4-Hoked galactose o N-giyean structures. Io
C. elegans, a member of GT92 has been shown to be a beta-1,4-galactosyltransferase that
adds galactose onto core fucose in N-linked glycans. All planis that have had their genomes
sequenced have members of GTY2, but beta-1,4-galactose is not known from plant
glycoproteins. Furthermove, GT92 genes have been identified in transcriptonue studies of
tension wood, which is known to be rich in galactan. We investigated the role of GT92

proteins in Arabidopsis. In this specics there are three members of GT92.

Arabidopsis loss-of-function mutanis in G192 genes are deficient in beta-1,4-galacian

#3117} Mutants with T-DNA insertions in exons were identified for all three genes and
required from the Arabidopsis Biological Resource Center {abre.osu.edu) and the Furopean
Arabidopsis Stock Centre {arabidopsis.info). Homozygous mutants were identified by PCR.
Based on the results shown below, the enzymes were designated Galactan Synthase |

(GALSI, At2g33570), GALS? (AtSg44670) and GALS3 (At4g20170).

[#118] None of the mutants showed any obvious growth or developmental alteration. Cell

walls were prepared from leaves and stems and analyzed for sugar composition. Mutards in
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any of the three genes resulted in a decrease in total cell wall galactose content whereas no
other sugar was changed (Fig. 2). Galactose is a component of several different cell wall
componenis besides galactan. However, dot blots using the LMS antibody, which is specific
for beta-1,4-galactan, showed an effect in the mutants (Fig. 4), whereas an antibody
recognizing arabinogalactan proteins did not show any difference in binding. The specific
effect on beta-1,4-galactan was further shown by mmumnofhucrescence microscopy of
petioles, which bad significantly less LMS3 labeling in the mutanis {(Fig. 4). These data
mdicated that the GT92 enzymes were specifically involved in biosynthesis of beta-1,4-

galactan.
GALST, GALS? and GALS3 are Golgi localized enzymes with overlapping expression patiern

[811%] The GALS proteins are predicted to be Type I membrane proteins targeted to the
secretory pathway. The subcellular localization was fnvestigated by heterologous expression
of YFP fusion proteins in Nicotiana benthamiana and contocal laser scanning microscopy.
This analysis showed that GALS proteins were targeted to Golgi vesicles, consistent with a

role in pectin biosynthesis.

[8128] To investigate the expression of GALS in more detail we expressed the beta-
glucuronidase gene under control of the native promoters of the three genes. The data
confirmed that all three genes are expressed in several different tissues, but alse showed some

mmportant differences in expression pattern.
GALST is a beta-1.4-galactosyltransferase

[8121] Because the animal G792 enzymes include beta- 1,4-glactosyltransferases and the
Arabidopsis purtants had specific deficiency i beta-1,4-galactan, the Arabidopsis GT92
enzymes were strong candidates for beta-1,4-galactan synthase. To further investigate this,
the GALST protein was heterologously expressed in N. benthamiana as fusion protein with
N-terminal FLAG or YFP tags. Galactan synthasc assays using microsomal proteins and
endogenous acceptors showed a very high activity. The wdentity of the product as beta-1,4-
galactan was confivmed by digestion with beta-1,4-galactanase. To further characterize the
galactosy Hransferase activity we chemically synthesized beta-1,4-galactopentaose. The
purity and identity of the beta-1,4-galactopentaose were confirmed by NMR (data not
shown), After solubibization of microsomal membranes with Triton X-100 and incubation in
the presence of the acceptor, the unincorporated UDP-Galactose was removed by anion
exchange chromatography. The results showed a highly significant activity of transfer of

galactose onto the acceptor with microsomes from plants expressing GALS1 (Fig. 53 The
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galactan synthase activity was high, but not very stable as seen from the comparison of 20

min and | hr incubation times.

16122] While the data using microsomal protein strongly indicated that GALS T was indeed
beta-1 4-galactan synthase, it must always be considered that microsomes contain many
proteins, including endogenous galactan synthase, and that the cxpression of a heterologous
protein could alter the background of endegenous enzyme activities, This 18 not normaliy 2
problem for this type of assay, but must nevertheless be considered. We therefore atfinity
purified the FLAG-GALST fusion protein. The purifed protein retained acceptor dependent
activity, whereas the control reactions (mock purified protein from pl9 expressing

microsomes) had no detectable activity (Fig, 5).

(88237 Evlauation of GALST overexpressors demonstrated that the plants have 250%

galactose in the cell wall compared to the control {data not shown).
Discussion

[6124] Pectin synthesis vequires many different proteins for it synthesis and identifying
these proteins has been very challenging. Only one enzyme ~ GAUT! - has had its activity
uvonambiguously shown previously (Sterling et al., 2006). The XGD1 protein appears to add
xylose to the backbone of homogalaturonan, but the activity was only shown with crude
membrane preparations and not with isolated protein (Jensen et al,, 2008}, Here we provide
clear biochemical evidence that glycosyltransterases of family GT92 in plants are beta-1.4-
galactan synthases. The GALST enzyme showed a high activity with galactooligosaccharide
acceptors and 1s hence capable of clongating beta-1,4-galactans. 1t is not clear it the same
enzymes will add the first galactose residue onto the RGI backbone, but we find that unlikely
due to the very different properties of the acceptor polysaccharide. Maost likely one or two as
yet unidentified galactosyltransterases are required to initiate the beta-1,4-galactan

sidechains.

1#128] G192 proteins are encoded 1o the genomes of all plants that have been fnvestigated
and are found in a lmited range of animal species. They are not found in fongi, nor in green
algae such as Chlamydomonas reinhardiiy, but they are reported in apicomplexan of the
Cryptaosporidium genus, In andmals the proteins are known to add beta-1,4-galactose to
varions N-glycans, but this particular decoration is not well conserved and the phylogeny
mdicates that G792 members have been lost in many taxonomic groups. In plants, the
proteins are also beta-1,4-galactosyhtransferases but have evolved specifically (o synthesize

pectic beta-1,4-galactans. The GT92 proteius contain Domain of Unknown Fuoction 23
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{DUF23), which is alse found in a few bacteria. However, these bacterial proteins are quite

divergent form the egkaryotic proteins and none of them have been characterized.

16126] The three drabidopsis GALS show overlapping but not identical expression. This
explains why biochemical phenotypes could be observed for mutants in all three genes while
all the mutants retained significant amounts of residual galactan, Mutanis with combinations
of two or three gene mutations can be generated 1o observe larger reductions 1o galactan. T he

mutants did not show any obvious phenotype on growth,

2. Overexpression of galactan synthase and epunerase increases galactan acoumulation in

plants

[8127] Overexpression of galactan synthase (GALST and homologs of this) led to increased
galactan accumulation in plants. This example provides iHustrative data showing that even
higher accumulation can be achieved by coexpressing galactan synthase and an enzyme that

produces the substrate of galactan synthase, i.e. UDP-glucose 4-epimerase (UGE).

18128} Plants have different isoforms of UGE, which may differ in substrate specificity
{some also convert UDP-xylose} and in specificity for certain polysaccharide produocts. For
example, the Arabidopsis thaliana genome encodes five soforms of UGE. These belongto 2
larger family of epimerases that also include UDP-glacuronic acid epimerases and UDP-
xylose epimerases. The sequence of Arabidopsis UGE2 {see, e.g., Kotake ef al, Biochem. J.
2009, supra) is provided as SEQ 1D NG4S, Similar, although not necessarily identical,
results with respect to further increasing galactan accunwlation can be expected with
different soforms of UGE, e.g. UGEL, UGE2, UGE3, UGE4 and UGES from drabidopsis
thaliena. UGE2 was chosen for this example becaose it has low activity with UDP-xylose
and because it has previously been implicated in poctin biosynthesis (whereas, e.g. UGE4

which has been implicated in arabinogalactan and xyloglucan biosynthesis).

#3128} Since an optimal biofuel feedstock would contain less xylose {poniose} and fess
fignin (recalcitrant), it would be desirable to generate a pland where hexoses, such as galactan,
replace the xvlans. Plants with a decrease m xylan have been engineered by expressing xylan
GTs under control of vessel-specific promoters in xylan deficient mutants (see, e g., Petersen
et af., 2012}, Simtlary, plands with reduced lignin levels have been engincered by replacing
the promoter of a key lignin gene {C4H) with a vessel-specific promoter (Yang ef af, 2012},
These low-hgnin plants additionally contain an artificial positive feedback loop, with the
WNST1 transcription factor under control of the fiber-specific pIRXS promoter, which it

mduces. This positive feedback foop resubts 1o plants with enhanced polysaccharide
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deposition in stems. An approach to add galactan to fibers cells of plants was therefore
employed i this example where AtUGEZ was expressed in combination with the mentioned

positive feedback loop, onder control of the fiber-specific piRXS promoter.

[8138] Thus, two different strategies were employed to ncrease galactan (and thereby
hexose) levels beyond what could be achieved by overexpression of GALST alone:
Simultancous overexpression of a UGE with GalS1, and tissuc-specific cxpression of a UGE

combined with a positive feedback loop for increased polysaccharide deposition.
Cloning strategy — consiruction of transformation veciors

18131  Arabidopsis thaliona UGE2 was overexpressed in A, thafiana. In order to track the
expression of the transgenic protein, constructs were designed to contain an N-terminal
Fi.AG-tag or an N-terminal GFP-tag as well as the N-terminal FLAG-tag. The FLAG-tag
was introduced by a PCR reaction using overlapping primers, while the GFP tag is part of the
vector pMDC43. Both vectors pMDC32 and pMDC43 contain two conseeutive copies of the
Cauliflower Mosaic Virus 355 promoter. An empty vector conirol was generated by
mserting a non-coding 15bp sequence in the pMDPC32 vector. Finally, a construct for fiber-
specific expression of AtUGEZ was created with the pIRXS promoter. IRXS5 18 a component
of the ccllulose synthase complex, and thus expression under s promoter leads fo secondary
cell wall expression (Taylor, 2003). The construct was designed so that after the promoter is
the coding sequence of the transcription factor NAC Secondary Wall Thickening Promoting
Factor 1 (NST1), followed by the autoproteolytic peptide ZA {(Halpin ot al., 1999), and then
AfUGE2, NSTT is an important factor for activation of secondary wall biosynthesis
mcluding the deposition of cellulose in the interfascicular fibers, and affects several cellulose
synthesis related genes, inchiding inducing pIRXS5. Therefore, by expressing this construct, a
positive feedback loop is created, where cxpression of NST1 leads to an increased cxpression
of the secondary cell wall synthesizing genes including piR5X, which i tum leads to higher

NSTY expression and as a result increased cell wall deposition.

~

18332} Al ofthe 358 constructs were transformed into Col-0 plants as controls. The 358
promoter FLAG-tagged AtUGE2 was also transformed in GalS1-overexpressing
transformants in a Col-0 background. Likewise, the IRXS promoter construct was
transformed into GalS1 overexpressors. The GalS1 overexpressing lines containing BASTA

resistance and YFP tagged GalS1 are described in Liwanag et al, (2012),
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Monosaccharide composition

1#133] The monosaccharide composition of the cell wall was determined by high-
performance anion exchange chromatography (HPAEC) as described (Harholt e 4, 2006).
Destarched, TFA-hydrolyzed, Alcchol Insoluble (ATR) samples were vun on an fon
Chromatography System 3000 (Dionex) using a CarboPac PA2( anion exchange column
{Dienex) and gold electrode to determine the monosaccharide composition. Sugar standard
solutions of §, 10, 2§, 56, 100, 150 and 200 uM of glucose, fucose rhammose, arabinose,
galactose, xylose, galacturonic acid and glocwronic acid (Sigma-Aldrich) were ron as
references. A Na(OH gradient program from 10 mM to 45mM NaOH was used to clute the

sugars.
Resulis

[#134] Transformants were selected on plates with the appropriate antibiotic and
transtorred to soil. Among several recovered transformants, plants with high expression of
the transgene were identificd by RT-PCR. The selected plants were grown to maturity and

the sceds harvested for analysis of cell wall composition in the subsequent plant generation.

[8135]  The cell walls of control plants expressing only UGE?2 under the 35S promoter or
the pIRXCNSTI-2A-UGE? construct were analyred and compared to wild-type plants and
GALS! overexpressor plants. Only GALST overexpressing plants showed an increase in cell
wall galactose (Fig. 6). Thus, under these conditions, expression of UGEZ or NST1-2A-

UGE? alone did not result in increased galactan deposition in [eaves.

[#136] When lcaves were analyred from plants that coexpressed GALS] and UGE2, no
increase was observed above that achieved with GALST alone (Fig. 7). However, leaves
from plants coexpressing GALST and the NSTI1-2A-UGE? constract had significantly higher

galactose content in the cell walls over what was observed with GALS1 alone.

161371  The pIRX5 promoter is not very active in leaves, and we therefore investigated cell
walls of stems, which is also more relevant for biofuel and biorefinery applications. The
results (Fig. 8) showed that coexpression of both UGEZ and GALS! and of NST1-2A-UGE2
and GALS] lead to increased cell galactose comaprred to expression of GALST alone. The
plants responded by mcorporating relatively less xylose in the cell walls. To better see the
change in cell wall monosaccharides besides xylose, the data was also shown without xylose
(Fig. 9). Clearly, the coexpression increased the galactose content substantially over that

achicved with GALSY overexpression alone. GALS1 overcxpression alone with the 358
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promoter does not lead to significant increase in galactose in stem cell walls. The figures
also show that overexpression of the pIRXS:NSTI-2A-UGEZ construct alone did not fead to

ncreased galactose in stems,

[8138] The GALSI gene in these experiments was expressed with the 358 promoter. Fora
higher exprossion in fiber cells and improved galactan accomulation in this cell type, the
GALST gene or a horologous GALS gene is expressed under 2 promoter with high activity
m fiber cells, c.g. pIRXE, pIRXS, or other as described in Logue D, Scheller HV (2012)
Spatially modified gene expression in plants. PCT/US2312/023182. The GALS gene is
expressed under a separate promoter distinet from the NSTI-2A-UGEZ scquence of in one
construct such as pIRXS:GALST-2A-NSTI-2A-UGE2 where all three open reading frames

are transcribed from the same promoter.
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BLLUSTRATIVE SEQUENCES

SEQ 1D NG GALST (ARABIDOPSIS THALIANA_ATGIG3357¢)
ACCESSION NUMBER: NP_565768.1 GENE ID: 817922

MRKEVLPPVLSTTTVCFEKKPHATLLALSLVMIVWNLPPYYHNLISTARPCSAVTTTTTTTLLESSNFTS
AENFTTSLSTTTAAASQKYDSTPSDPNKRVFQPFGNAAALFVLGLY CEAYRGGPTTFSVIGLASKPIH

VY GKPWYKCEWISNNGTSIRAKAQKILPDWGYGRVYTVVVVNCTFNSNPNSDNTGGKLILNAYYNES
PKLFERFTTLEESAGIYDESKYSPPYQYDYLYCGSSLYGNVSASRMREWMAY HAWFFGDKSHFVEH
DAGGVEPEVRKVLEPWIRAGRVTVONIRDOQSQYDGYYYNQFLIVNDCLHRY RYAANWTFFFDVDEY]
YLPHGNTLESVLDEFSVNTQFTIEQNPMSEVLCINDSSQDYPROWGFEKLLFKDERTKIRRDRKYAIQ
AKNAFATGVHMSENIVOKTLHKTETKIRYYHY HNTITVHEELCREMLPNSAKKKVTLYNKLPYVYDDN

MKKLVETIKEFEQKKLGTDVKNFS®

SEQ ID NO:2 GALS2 (ARABIDOPSIS THALIANA_ATSG44670)

ACCESSION NO: NP_199280.1 GENE ID: 834496
MAKERDONTKDKNLLICFLWNFSAELKLALMALLVLCTLATLLPFLPSSFSISASELRFCISRIAVNSTSY
NETTVWEKPVLDNAVEKLTEKPVLDNGVTKOPLTEEKVENNGVIKRTFTGY GWAAYNFVLMNAYRGGY
NTFAVIGLSSKPLHVYSHPTYRCEWIPLNQSDNRILTDGTKILTDWEGYGRVYTTVVVNCTERSNTVINP
KNTGGTLLLHATTGDTDRNITDSIPVLTETPNTVDFALYESNLRRREKYDYLYCGSSLYGNLSPQRIRE
WIAYHVRFFGERSHFVLHDAGGITEEVRFEVLKPWIELGRVTVHDIREQERFDGY YHNQOQFMVVNDCLH
RYRFMAKWMFFFDVDEFIYVPAKSSISSVMVSLEEYSQFTIEQMPMSSQLCYDGDGPARTYRKWGE
EKLAYROVKKVPRRORKYAVOPRNVFATGVHMSQHLQGKTYHRAEGKIRYFHYHGSISQRREPCRH
LYNGTRIVHENNPYVY LDTTMRDIGLAVKTFEIRTIGDRLLRTRG™

SEQ ID N3 GALS3 (ARABIDOPSIS THALIANA AT4GI817H)

PROTEIN ACCESSION NO: NP_193758.1 GENE ID: 827763
MAMVKEKEQNTHKDKKLLYGVIWNEFSAELKLTFMALLVLCTLATLLPRIPSSFSLESTSDERFCISRESSAY
PLNTTTTVEECSSSSPESPEKNLDRVLDNGVIKRTFTGYGSAAYNFVSMSAYRGGVNSFAVIGLSSKPLH
VYGHPSYRCEWVSLDPTODPISTTGRFKILTOWGYGRIYTTVVVNCTFSSISAVNPONSGGTLILHATT
GDPTLNLTDSISVLTEPPKSVDFDLYNSTKKTKKYDYLYCGSSLY GNLESPQRVREWIAYHVRFFGERS
HEVLHDAGGIHEEVFEVLKPWIELGRVTLHDIRDQERFDGYYHNGFMIVNDCLHRYRFMTKWMEFFD
VDEFLHVPVKETISSYMESLEEY SQFTIEQMPMSSRICYSGDGPARTYRKWGIEKLAYRDVEKVPRR
DRKYAVOPENVFATOVHMIGNLOGKTYHKAESKIRYFHYHGSISQRREPCROLFNDSRVYVFENTRY
VEDTTICDVGLAVRTF ELRTIGDRLLRTRO"

SEQ ID NO: 42 GALSY (ARABIDOPSIS THALIANA AT2G335876)
ACCESSION NUMBER: NM_128917° 1838 BP MRRNA

i CTAATTTCTA CACGCCGTGET CGGCAAAGCT TCTCETCACT TITCTCTGAC GOTTGTCGTC
61 ACTTTTGAAT TTTTTTAATT TTTAAATAAT TGATAACCGA AACGGTGCGT TTTACTCACC
121 GTCCTCGGGA AAAAAAACAT GAGGAAGGAA GTTTTGCCGC CGGTGTTATC AACCACCACA
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181 GTATGETTTCG AGAAGAAACC AATAATTGCT ACATTACTAG CTCTCTCTCT CGTCATGATT
241 GTCTGGAACC TTCCTCOTTA CTACCACAAC CTCATCTCCA CCGCTCETCC CTGCTCCGCC

GECEGA

GTCACCA

361  TTCACCAC TTCAACTCCC

oo

[

Vil
i
28]

TCAGATCCGA ACAAACGCGET ATTCGTACTA

ATGGGAGCTT ACCGCGGCGG GTCGARACCG

=8

W
0
[

ATCCACGTTT ACGGAARACC

(%]

u
[l
—

ISR, A NS GATTOTACCE PO CIT R ITE T B ES R OO TI £ Ty ( (YerT
ATTCGAGCTA AAGCACAGAA GATTCTAC GATTCGGGGEAT ACGGACGAGT CTACACCGTC

CCTAACTCCG ATAACACCGG AGGTAAACTC

Ty
&
Py

GTCGETCGETCA

10

~J
N
J

Z\ACTC AACGATTC TACGTTAGAA

GAATCGAAA TACTCGCCGC CGTATCAGTA CGATTACCTC

i
@}
9]
i
@}

841 TATTGET CTGTA CGGTAACETG AGCGCGTCGC GTATGAGAGA GTGGATGGEC

TACCACGCTT GGTTCTTTCG TGACAAATCG CATTTTGTTT TCCACGATGE TGETGGETGETG

61 T AGGAACT CACGATTOAS
is TOGGE NTCAGTCGOR TACTACTATA QT TAAT
1081 GATTGCTTGEC ATCGGTATCG AATTGGACCTT TCTTCTTCGA TGETCGATGAG

11431 TATATCTATT TGCCGCATGG GAATCCGTGC TCGATGAGTT CTCGGTTAAC

1201 ACCGCAGTTTA CGATTGAGCA TCTAGTETTC TTTGCATAAA CGAQTCTTCT

1 CAAGATTATC CAAGGCOAATC
1 CAAGATTATC CAAGGCAATG

GTTAT TTAAGEA

n N m v
rC AAGGACGAAG

240 1321 ATACGACGTG AACG CATTTGCTAC AGGAGTTCAT

1381 ATGTCTGAAA CARAACACTA CACAAGACAG AGACAAAGAT TCETTATTAC

CATAAC TGTGCATGAG GAGCTTTG

1441 CATTACCACA ACA GAGAGATGTT ACCAAATTCA

GTACAATAAG CTTCCGTA

TGTATGATGA CAACATGAAG

1501 GCCAAGAAGA

AGAGTTTGAG CAGAAAARAAC TTGGGACGGA TGOTGAAGAAT

STAATC

TOTGEATAAGE ATTITETOTE

~

ATCATTTTTC ATTCTGTTIT GT

ACTTGETETTT TCTTT

TTTGAAALT

TCAAGACCTT GGACATAC //

30
SEGQ 1D NG:43 GALSZ (ARABIDOPSIS THALIANA ATSG4467H)
ACCESSION NUMBER: NM_123834; 1983 BP MIRNA

Torere

N
e

CG

CACTT CrorelT

-

CGATTCGTCT TCTTCAATCA GTGAAGAAGA ACTCAAAAGA

I
N
-

[N
W
[

CCAA AACACTAAAG ACAAAAACCT CCTCATCTGT TTCTITATGGA

ACTTCTCCGC CGAGCTTAAG CTAGCTCTAA TGGCGTTACT CGTTCTCTGC ACTTTAGCTA

bt
s

s
e

TTOTACOT TOTTOTTTOT CCATOTCCRC TTCCGAACTC CATTTOTCCOA

[
S~

GAAAAGCCAG

(55}
<
i

CGCCGTARAC TCCACOTCCG TCAACTTCAC

CGCTGTCAAG TTAACTGAGA AGCCGGTETT GTTACGAAAC

G
[9)]

W
B
[ =

4{} AGCCGTTAAC TGAAGAGAAG GTGTTAAATA ACGGCGTTAT TTTACTGGTT

y
&

ACGGCTGGGEC AGCTTATAAC TTCGTGTTAA TGAACGCTTA CAGAGGCGGEC GTTAACACAT

TCTAAACCAC TTCACGTTTA CTCTCATICC

T

[62]
1=
—

TCGCCETTE

41
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601 GCGAATGGAT TCCACTAAAC CAATCCGATA ACCGGATTIT AACCGACGGT
661  TAACCGATTG GGGETTACGGET AGAGTTTACA CAACCGTCGET CGTAAACTGT
721 CAAACACCGET AAABACACCG GAGGTACTIT TITCC

781  GAGATACAGA CCGGAACATC ACCGATTCAA TTCCGGTACT

841 TCGATTTTGC TCTCTACGAA TCCAATCTCC GUCGGCGAGA

901 GTGGATCTTC TCTCTACGGC AACTTATCAC CACAGAGAAT CAGAGAATGG
9¢1 ATGTAAGGTT CTTCGGETGAA AGATCTCATT GTTCTACA TGACGCCGGA

AGTGTT TGAGGTTTTA AAGCCATGCGA TAGAGCTTGG GAGAGTTACT

1081 TTAGAGAACA AGAGAGATT ATTCATGETG

41 GTTTGCATAG GTATAGATTC ATGGCGAAGT CTTCGATGTT

1
1201 TTTATGTTCC GGCGAAGAGT TCGATTTCGT ATCTTTGGAG
2

61 AGTTTACTAT TGAACAGH

TG CCTATGAGTA TTACGACGGT

GGATTTGAGA

TAGAGATGTG

S
TETCG

TGAGAACAAT CCTTACGTGC TTGATACCAC

CUSCYTIR A I T A YA ACIR W AT T (MO ALY
CGGTGAAGAC GTTTGAGATT AGGRACGATTG GAGATCGCTT GCOTTAGGA

.\4
=
~N
p
~

1681 GGCAGGAGAA GAATGGTTAA TCATCATTAT GCGTTGTA

1741 TAGAGTATTA AR TRCATGETTT TTTET
1801 ATTGTATTAT CGTACATAGA GATCATCATA GCTCAGAT

1861 TAAGCATCTT TTTATAATTT TTTCCGTTAT TTATGGAAAA

1821 TAAATTAGTG

TGGTCTTCCA TGGATITTTG TCGTGTTAAT

is8x Ccac //

SEQ 1D NG44 GALS3 (ARABIDOPSIS THALIANA AT4G20178)
ACCESSION NUMBER: NM_1I8136 1993 BP MRNA

GACACACAACT TTCGGAGCGA ATCTATTCIT

1t
s
>
&
g
G2
s

]
e
)
g

&)
=

CCTCCGTTTT

TCATCTTC

TTCTCTGTTT CGAGAGATC

-
[
—

GRGTCAGCAC CATGGCCATG

OAAAGAGYE SACTR AN
CAAAGAGA AAGAACAALA CACTALAGAC

i
feal
—

TOGTOGQCAT CATTTOAA CTOCRCOE AGOTOAAS

T

K
o

CTOTTACCTT TCATAC T

301 C TCACGCTTCT CCTCCGCCGT COOTCTCAAC
381 CCGTAGAAGA ATCATCATCC TCACCGTCAC CGGAGAAGAA CCTAGATCGA
421  ACGGAGTTAT TAAACGGACG TTTACTGGECT ACGGCTCAGC AGCTTATAAC
481  TGAGTCGCOTTA CAGAGGLGEC GTTAACTCAT TCGCCGTTAT CGGATTATCA

541 TACACGTGTA CGGTCATCOT TCGTATAGAT CTCATTAGAC

601 ATCCGATTTC AACAACCGGG TTTARAATCT

6¢ CAACAGTCGT CGTTAACTGT ACTTTCTCAT CGTGAATCCA
721 GTGGAACTCT CATCCTCCAC GUCACCACCG TCTCAATCTC

781 TC

AGTCCT AACCGAACCT CCCAAATCOG TOTCTATAAC

PCT/US2013/040632

ATCGCTTACC

GGGATTACAG

ST

G

ANTGATA

AACGGTACCC
ATTGGETCTCG
AGACAATGAA

GTAANTCTTT
Ul

GTGCTTTATA

TAAAAGT

TTCTTCTTCT

ACTAGTEARR
DAARAAACTOC

et
TTACTTG

ZC

GATTCAA

i
T

Al

CACGAAGA
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541 AGACGAAGAA GTACGATTAT CTCTATTGCG GATCGTCCTT ATACGETAAC CTAAGTCTOGC

901  AACGAGTTAG AGAATGGATC GUTTACCACG TTAGATTCTT CGGTGAACLGGE TCACATTTCG

961  TGCTACACGA CCCCGEAGEG ATTCATGAGG AAGTGTTCGA GGTT CCATGGATTG
1021 AGCTAGGGAG AGTGACGTTA GAGATCAAGA FATATTATC
1081 ATAATCAGTT CATGATAGTG AATGATTGTT TGCATAGGTA TAGATTCATG ACGAAGTGGA
11431 TGTTCTTCOTT TGATGTTGAT GAGTTTTTAC ATGTTCCAGT GAAAGAGACG ATTTCGTITG

120

01 TGATGGAATC TATTCTCAGT TTACTATTGA ACAGATGCCT ATGAGTAGTC

GGATTTGTTA

GGTCCGGCEA GAACTTACAG

1321 AGACGTCAAG AAGGETTCCAA GAC ATCE AAAATACGCOT GTCCAGCCGG
1381 CGCGACAGGC GTACACATGT CTCAGAATC C G ACATACCACA
14471 TACTTCCACT ACCATGGETTC "GAGC
1501 CTTGTCGTCA ACTTTTTAAC GATTCTCGAG TCGTGTTCGA GI 4 TATGTGCTAG

ACACTACAAT G TTG TGAGAAC CGGETE
1621 CAATGAAGAG ATGGCAARAAL ATCAA
1681 AAGGTGTTAA GATGAGTTAC ATTAT TTTCTTTTGE
17413 TCATATAATT TGGGTAATGG GTTCATTAAT
1801 T GGTATATATA TTCTGTATGA TGTATGATTT AGAAAAAAGG
1861 TGATGATAAT AAGTAATATC
1521 GTACTCTTAG TTGACAAALAA GAAAATGTCA ATATCCATIG AGTAATCCAT
1981 ATGGAACGTT GAT //

SEQ ID NO:45 UDP-D-GLUCOSE/UDP-D-GALACTOSE 4-EPIMERASE 2
(ARABIDOPSIS THALIANA)
GIj332659427|GBIAEES4827.1

MAKSVLVTGGAGY TGSHTVLQLL

AVVVDNYDNSSAASLORVKKLAGENGNT

LSFHOVDLRDRPAL

EXI KNLVESSSATVYGWRKEVP

SETRFDAVIHFAGLKAVGESVEXKPLLYYNNNIVGTVITLLEVMAQYGC

CTEESPISATNPYGRTKLFIEEICRDVHRSDSEWKIILLRYENPVGAHPSGY IGEDPLGVPNNLMPYVQQ
VAVGRRPHLTVFGTDYKTKDGTGVRDY IHVMDLADGHIAALRKLDDLK I SCEVYNLGTGNGTSVLEMVAA

FEKASGKKIPLVMAGERPGDAEVVYASTEKAERELNWHKAKNGIEEMCRDLWNWASNNPYGYNSSSNGSSS
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WHAT IS CLAIMED IS:

1. A method of enginecring a plant 1o focrease the galactan content ina
desired tissue, the method comprising:

mtroducing an expression cassette into the plant, wherein the expression
cassette comprises a polymucicotide encoding a B-1,4-galactan synthase (GALS) operably
finked to a beterologous promoter, wherein the GALS has at least 70% identity to 2 sequence
selected from SEQ D NOS:1-27, and

culturing the plant under conditions in which the transcription factor is

expressed.

2. The method of claim 1, wherein the plant is genetically modified to
pverexpress a UDP-galactose epimerase in the same plant tissue in which GALS is

overexpressed.

3. The method of claim 1, wherein the plant is genetically modified to

overexpress a transcription factor that induces expression through the heterclogous promoter.

4. The method of claira 3, wherein expression of the franscription factor

is driven by a promoter that is activated by the transcription factor.

5. The method of claim 1, wherein the plant is genetically modified to
overexpress a UDP-galactose epimerase in the same plant tissue in which GALS is
overexpressed and is genetically modified to overcxpress a transcription factor that induces

cxpression through the heterologous promoter,

6. The method of ¢laim 5, whercin expression of the GALS, UDP-
galactose epimerase and the transcription factor is driven by a promoter that is activated by

the transcription factor.

7. The method of claim 1, wherein promoter is an IRX1, IRX3, [RXS,
IRXE, IRX9, IRX14, IRX7, IRX1G, GAUTI3, GAUTH4, or CESA4 promoter.

3. The method of claim 7, wherein the promoter is an IRX5 or IRXS

promaoter.

9. The method of any one of claims 1 to 8, wherein the transcription

factor is NSTH.

44
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10.  The method of 1, wherein whercin the GALS has at least 709 identity

1o SEQ 1D NO:I, SEQ D NO2, or SEQ 1D NO3.

11, The method of claim 10, wherein the GALS has at least 70% identity
to SEQ 1D NO:L

12. The method of any one of claims 1 o 11, wherein the plant is
Arabidopsis, poplar, cucalyptus, rice, corn, cotton, switchgrass, sorghum, millet, miscanthus,
sugarcane, pine, alfalfa, wheat, soy, barley, turfgrass, tobacco, hemp, bamboo, rape,

sunflower, willow, or Brachypodiom.

13. A plant engineered by the method of any of claims 1 to 12, ora

progeny of the plant,
4. A plaot cell from the plant of ¢laim 13,
15. Seed from the plant of claim 13.

16, A plant cell comprising a polymucleotide encoding a GALS operably

linked to a heterologous promoter,

17. Biomass comprising plant tissue from the plant of claim 13
18. A method of obtaining an increased amoumt of soluble sugars from a

plant in a saccharification reaction, the method comprising:
subjecting the plant of claim 13 to a saccharification reaction, thereby
mereasing the amovnt of soluble sugars that can be obtamned from the plant as compared to a

wild-type plant.

19, A method of engineering a plant having decrcased galactan content,
the method comprising:

fntroducing @ polynucieotide that inhibits expression of a gene encoding
GALS into the plant, wherein the polynucleotide is operably linked 10 a heterologous
promoter; and

culturing the plant under conditions in which the polynucleotide is expressed.

2. The method of claim 12, wherein the plant is a tuber.
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21, A plant comprising a polynucleotide that inhibits expression of a gene
encoding GALS futo the plant, wherein the polynucleotide is operably linkedto a

heterologous promoter,

22 A plant comprising a heterologous polynucleotide encoding a GALS

protein.
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wall galactose content,

All mutants shows a specific and significant deficiency in total cell
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