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ABSTRACT

The present invention provides transgenic plants
expressing one or more cell wall degrading enzymes that
can degrade lignocellulose to fermentable sugars. These

fermentable sugars can further be fermented to ethanol or

other products. The enzymes are directed to the plastids
or the apoplasts or the transgenic plant for storage.
When the transgenic plants are harvested, the plants are
ground to release the enzymes which then are used to
degrade the 1lignocellulose of plant material to produce
the fermentable sugars. The transgenic plants express the
flowering locus ¢ gene so that flowering is delayed and

the plant biomass 1is 1ncreased.
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PRODUCTION OF PB-GLUCOSIDASE, HEMICELLULASE AND LIGNINASE
IN E1 AND FLC-CELLULASE-TRANSGENIC PLANTS

STATEMENT REGARDING FEDERALLY SPONSORERD RESEARCH OR DEVELOPMENT
{0002] Not Applicable.

REFERENCE TO A “NUCLEOTIDE/AMINO ACID SEQUENCE LISTING APPENDIX
SUBMITTED ON A COMPACT DISC” .

[0003]} The application contains nucleotide and amino
acid sequences which are identified with SEQ ID NOs. A
compact disc 1is provided which contains the Sequence

Listings for the sequences. - The GSequence Listiﬁg on the

compact disc and is identical to the paper copy of the

Sequence Listing provided with the application.

BACKGROUND OF THE INVENTION

(1) Field of the Invention

[0004] The present invention relates to transgenic
plants. The transgenic plants are capable of expressing
one or more cell wall degrading enzymes and a flowering
locus ¢ gene coding region. The cell wall degrading
enzyme are directed to a plastid, vacuole, vesicle,
cytosol or apoplast of the transgenic plant. The flowering
locus c gene delays flowering while increasing biomass and

enabling isolation of increased amounts of the hydrolyzing
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enzyme from the transgenic plant as compared to a non-
transgenic plant from which the transgenic plant 1s
derived.

(2) Déscription of Related Art

[0005] If human economies are to become more truly
sustalnable, we will need to learn how to use the solar
energy and carbon fixed in plant biomass to meet a much
larger fraction of our energy and raw material needs.
The potential of plant biomass to help these needs 1is
certainly real: approximately 180 billion tons of new
plant matter 1is produced annually across the globe, or

about 30 tons per person on the f)lanet per vear. (Khan,

A., Jameel, A.M., Jameel, M. (1984). Energy from Biomass:
Resources and expectations. In: Renewable Energy Sources:
International Progress, Part B, ed. T.N. Veziroglu, pp.
87-98). The energy value of this plant matter is roughly
equivalent to 10 times the total human use of all types of
energy. However, because of the difficulty in extracting
the energy .from plant biomass, most o©of the energy
potential of the biomass goes unused.

[0006] Much research and engineering remains to be done
to actually realize the potential of plant matter to meet
a greater portion of our fuel and raw material needs.
Specifically, cellulose and hemicellulose are polymers of
five and six carbon sugars that represent approximately
70-80% of most plant matter. These could be converted
into fermentable sugars, and the rest be used for other
purposes. These sugars could form the raw material and
energy basis for a renewable chemical and fuel industry if

the sugars could be made available at significantly lower

cost.
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[O007] It 1s encouraging that 1in recent vyears, much
progress has been made toward realizing this goal of

reduced cost of production of sugars from biomass. In

particular, hydrolysis methods have been improved
(Vlasenko E. and Cherry J. (2005). Improving cellulose
hydrolysis with the new cellulase compositions.

Proceedings of the 27th Symposium on Biotechnology for
Fuels and Chemicals. Denver, May 1-4, 2005. Page 6: 1B-03)
and recombinant microorganisms have been developed that
can ferment the mixed five and six carbon sugars from

plant biomass to ethanol in high yield (Moniruzzaman M.,

Dien B. 5., Ferrer B., Hespel R. B. Dale B. E., Ingram L.

O., and Bothast R. J. (1996). Ethanol production from AFEX

pretreated corn fiber by recombinant bacteria.
Biotechnology Letters. 18 (8) : 985-990) and theilr
efficiency has been increased (Cherry J. R. (2005) .

Progress on enzymes for biomass utilization and prospects
for the future. Proceedings of the 27th Symposium on
Biotechnology for Fuels and Chemicals. Denver, May 1-4,
2005. Page 35: CA-11). Also, different promising
pretreatments have been developed and compared that make
the cellulose and hemicellulose much more reactive and
accessible to hydrolytic enzymes.

[0008] Sclientists have made 1important strides in
reducing the costs of production of hydrolysis enzymes
through molecular enzymology and other molecular
techniques. However the costs of these enzymes produced
from microbes 1in conventional deep tank fermentation
systems 1s still far too high to meet the economics of the
commercial production of biofuels from plant biomass. An

alternative technology to be tested is production of high

-3 =
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levels of biologically active hydrolysis enzymes directly

1n biomass plants.

[0009] Much of the cellulose in plant biomass is 1n the

form of lignocellulose. Lignin 1s a complex macromolecule
consisting of aromatic units with several types of inter-
unit linkages. In the plant, the 1lignin physically

protects the cellulose polysaccharides in complexes called

lignocellulose. To degrade the cellulose 1in the
lignocellulose complexes, the lignin must first Dbe
degraded. While lignin can be removed in chemi-mechanical

processes that free the cellulose for  subsequent
conversion to fermentable sugars} the chemi-mechanical
processes are expensive and inefficient. Ligninase and
cellulase enzymes, which are  produced by various
microorganisms, have been used to convert the lignins and
cellulose, respectively, 1in plant biomass to fermentable
sugars. However, the cost for these enzymes is expensive.
As long as the cost to degrade plant biomass remains
expensive, the energy locked up in the plant biomass will
largely remain unused.

[0010] An attractive means for reducing the cost of
degrading plant biomass 1is to make transgenic plants that
contain cellulases. For example, WO 98/11235 to Lebel et
al. discloses transgenic plants that express cellulases in
the chloroplasts of the transgenic plants or transgenic
plants wherein the cellulases are targeted to the
chloroplasts. Preferably, the cellulases are operably
linked to a chemically-inducible promoter to restrict
expression of the cellulase to an appropriate time.
However, because a substantial portion of the cellulose in

plants 1s 1n the form of lignocellulose, extracts from the

-4 -
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transgenic plants are 1nefficient at degrading the
cellulose 1in the lignocellulose.

[0011] U.5. Patent Nos. 5,981,835 and 6,818,803 to
Austin'-—-Phillips et al. discloses transgenic tobacco and
alfalfa which express the cellulases E2Z2, or E3 from
Thermomononospora fusca. The genes encoding the EZ2 or E3,
which were modified to remove their leader sequence, were
placed under the control of a constitutive promoter and
stably 1ntegrated 1into the plant genome. Because the
leader sequence had been removed, the E2 or E3 product
preferentially accumulated in the <cytoplasm of the
transgenic plants. However, when produced at high level

1n cytoplasm, the heterologous enzyme will interact with

normal cytoplasmic metabolic activities and the growth of

the transgenic plants can be impaired.

[0012] U.S. Patent No. 5,536,655 to Thomas et al.
discloses a gene encoding Acidothermus cellulolyticus E1
endoglucanase and correponding protein seqguences. U.S.
Patent No. 6,013,860 to Himmel et al. discloses transgenic

plants which express the cellulase E1 from Acidothermus

ol

cellulolyticus. The gene encoding El, which was modified

to remove the leader region, was placed under the control
of a plastid specific promoter and preferably integrated
into the plastid genome. Because the leader sequence had
peen removed, the E1 product accumulated in the plastid.
U.S. Patent Application Publication Nos. 2003/0109011 and
2006/0026715 to Hood et al. teach expression of

-

recomblnant polysaccharide degrading enzymes in plants.

[0013] The accumulation of hydrolytic enzymes 1in the

cytoplasm of a plant 1s undesirable since there 1is the

risk that the cellulase will interfere with cytoplasmic

-5
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biochemical activities causing harm to the plant growth
and development. For example, research has shown that
plants such as the avocado, bean, pepper, peach, poplar,
and orange also contain cellulase genes, which are
activated by ethylene during ripening and leaf and fruit
abscission. Therefore, transgenic plants which contain
large quantities ’of cellulase 1n the cytoplasm are
particularly prone to damage. Furthermore, the cellulases
accumulate 1n all tissues of the plant which can be
undesirable. Restriction of cellulase expression to
plastids or apoplast 1s desirable because 1t reduces the

risk of plant damage due the cellulases interfering with

the cytoplasmic chemical reactions. However, for most
crop plants, it has been difficult to develop a
satisfactory method for introducing heterologous genes
into the genome of plastids.

[0014] For production of ligninases to use 1n degrading
lignins, the ligninases of choice are from the white-rot
fungus Phanerochaete chrysosporium. One of the major
lignin-degrading, extracellular enzymes produced by P.
chrysosporium 1s lignin peroxidase (LIP). Potential
applications of LIP include not only lignin degradation
but also biopulping of wood and biodegradation of toxic
environmental pollutants. To produce large quantities of
LIP, the fungus can be grown 1n large reactors and the
enzyme 1solated from the extracellular fluids. However,
the vyields have been low and the process has not been
cost-effective. Production of recombinant LIP in E. coli,
in the fungus Trichoderma reesei, and baculovirus have
been largely unsuccessful. Heterologous expression of

lignin-degrading manganese peroxidase 1n alfalfa plants

-6 —
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has been reported; however, the transgenic plants had
reduced growth and expression of the enzyme was poor

(Austin et al., Euphytica 85: 381-393 (199)5)).
[0015] Finally, U.S. Patent No. 6,693,228 to Amasino et

al., discloses Flowering Locus C (flc) genes, and

teaches the use of flc to delay flowering in transgenic

plants as compared to non-transgenic plants. Amasino et
al. disclose Flowering Locus C (flic) genes from
Arabidopsis thaliana and B. rapa. Amasino et al. also

teach overexpression of the A. thaliana gene under control
of the constitutive 35S promoter in A. thaliana 1is
sufficient to delay flowering in transformed plants. U.S.
Patent Application Publication No. 2004/0126843 Al to
Demmer et al. suggest that the ability to control
flowering in C3 monocotyledonous plants, such as forage
grasses and cereals has wide ranging applications. Demmer
et al. propose that controlling flowering offers the
ability to control the spread .of genetically modified
organisms. Demmer et al. mentions genes such as flc as
one of a number of genes important in regulating flowering
time. U.S. Patent Application Publication No.
200470045049 Al to Zhang generally teaches flc and
transgenic plants having modified traits.

[0016] Thus, a need remains for improved transgenic
plants exXpressing enzymes that degrade cellulose,
hemicellulose, and/or lignin in lignocellulose to
fermentable sugars. The ability to control the spread of

the transgenic plants is important.
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SUMMARY OF THE INVENTION

[0017] The present invention provides transgenic plants
expressing cell wall degrading enzymes that degrade
cellulose, hemicellulose and/or lignin 1in 1lignocellulose
to fermentable sugars and 1lignin to aromatic compounds.
The fermentable sugars can further be fermented to ethanol
or other products. When the transgenic plants are
harvested, the plants are ground to release the cellulase,
hemicellulase, and/or ligninase enzymes which then can be
used to degrade the lignin and cellulose of the transgenic
plants or other plants to produce the fermentable sugars.
[0018] Therefore, the present°“invention provides a
transgenic plant capable of expressing one or more cell

wall degrading enzymes comprising: at least one DNA

comprising a cell wall degrading enzyme coding region
operably linked to a nucleotide sequence encoding a signal
peptide directing the cell wall degrading enzyme encoded
by the DNA to an apoplast, plastid or vacuole of the
transgenic plant; and at least one DNA comprising a
flowering locus ¢ gene coding region operably linked to a
constitutive promoter, wherein the transgenic plant
expresses the one or more cell wall degrading enzymes and
a transcription factor encoded by the flowering locus cC
gene that delays flowering while 1ncreasing biomass and
enabling isolation of increased amounts of the hydrolyzing
enzyme from the transgenic plant as compared to a non-

transgenic plant from which the transgenic plant is

derived.
[0019] In further embodiments, the transgenic plant is
a monocot. In further embodiments, the monocot 1is

switchgrass and other perennial grasses, rice or maize.

...8....
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In further embodiments, the one or more cell wall
degrading enzymes are selected from the group consisting
of a cellulase, a hemicellulase and a 1ligninase. In

further embodiments, the cellulase is an endoglucanase, an

exoglucanase or a P-glucosidase. In further embodiments,
the DNA encoding the cellulase is selected from the group
consisting of an el gene from Acidothermus cellulyticus, a
cbhl gene from Trichoderma reesei, a dextranase gene from
Streptococcus salivarius, and a B-glucosidase gene from
Actinomyces naeslundi. In further embodiments, the el
gene comprises the nucleotide sequence set forth in SEQ ID
NO:4, the cbhl gene comprises the nucleotide sequence set
forth in SEQ ID NO:10, the dextranase gene comprises the
nucleotide sequence set forth in SEQ ID NO:8, and the pB-

glucosidase gene comprises the nucleotide sequence set

forth 1n SEQ ID NO:0. In further embodiments, the DNA
encodes a p-glucosidase from Butyrivibrio fibrisolvens.
In further embodiments, the DNA encoding the B-glucosidase
comprises the nucleotide sequence set forth in SEQ 1ID

NO:23. In further embodiments, the DNA encodes a

ligninase from Phanerochaete chrysosporium. In still

further embodiments, the DNA encoding the 1ligninase 1is
ckg4 comprising the nucleotide sequence set -forth in SEQ
ID NO:11 or ckg5 comprising the nucleotide sequence set
forth 1n SEQ ID NO:13. In still further embodiments, the
DNA encodes a xylanase from Cochliobolus carbonum. In
further embodiments, the DNA encoding the xylanase
comprises the nucleotide sequence set forth in SEQ 1ID

NO:24, SEQ ID NO:33, SEQ ID NO:34 or SEQ ID NO:35. In

further still embodiments, the transgenic plant further

comprises at least one DNA encoding a selectable marker

b b
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operably linked to a constitutive promoter.

]

[0020] In further still embodiments, the at least one

DNA comprising a cell wall degrading enzyme coding region

1S opérably linked to a leaf-specific promoter. In further
still embodiments, the leaf-specific promoter 1is a
promoter for rbcS. In further still embodiments, the at
least one DNA comprising a cell wall degrading enzyme
coding region 1is operably linked to a Cauliflower Mosaic
Virus 35S promoter. In further still embodiments, the at
least one DNA comprising a cell wall degrading enzyme
coding region is operably linked to a Tobacco Mosaic Virus
Q translational enhancer. In further still embodiments,
the nucleotide sequence encoding the signal peptide
encodes a signal peptide of rbcS. In further still

embodiments, the rbcS comprises the nucleotide seguence

set forth 1n SEQ ID NO:1. In further still embodiments, the
nucleotide sequence encoding the signal peptide encodes a
signal peptide of tobacco pathogenesis-related protein 1la
(Prla). In further still embodiments, the transgenic
plant further comprises at least one DNA encoding a
selectable marker operably 1linked to a constitutive
promoter. In furth‘er embodiments, the DNA encoding the
selectable marker provides the transgenic plant with
resistance to an antibiotic, an herbicide, or to
environmental stress. In further still embodiments,
- wherein the DNA encoding resistance to the herbicide is a
DNA encoding phosphinothricin acetyl transferase which
confers resistance to the herbicide phosphinothricin.

[0021] The present 1invention provides a transgenic
plant capable of expressing cell wall degrading enzymes

comprising: at least one DNA encoding a RB-glucosidase as a

-10-
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first cell wall degrading enzyme which is operably linked
to a nucleotide sequence encoding a signal peptide
directing the (-glucosidase to an apoplast, plastid or
vacuole of the transgenic plant; at least one DNA encoding
a ligninase as a second cell wall degrading enzyme which
1s operably linked to a nucleotide sequence encoding a
signal peptide dir.ecting the 1ligninase to an apoplast,
plastid or vacuole of the transgenic plant, at least one
DNA encoding a xylanase as a third cell wall degrading
enzyme which 1s operably linked to a nucleotide sequence
encoding a signal peptide directing the xylanase to an
apoplast, plastid or vacuole of the transgenic plant; and
at least one DNA comprising a flowering locus c¢ gene
coding region operably linked to a constitutive promoter,
whereln the transgenic plant expresses the cell wall

degrading enzymes and a transcription factor encoded by

the flowering locus c¢ gene that delays flowering while
increasing biomass and enabling isolation of increased
amounts of the cell wall degrading enzymes from the
transgenic plant as compared to a non-transgenic plant
from which the transgenic plant is derived.

[0022] In further embodiments, the transgenic plant
further comprises at least one DNA encoding.a selectable
marker operably linked to a constitutive promoter. In
further embodiments, the DNA encoding the selectable
marker provides the transgenic plant with resistance to an
antibiotic, an ;herbicide, or to environmental stress. In
further embodiments, the DNA encoding resistance to the
herbicide 1s a DNA encoding phosphinothricin acetyl
transferase which confers resistance to the herbicide

phosphinothricin. In still further embodiments, the DNA

—-11-
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i

encoding the B-glucosidase 1S f rom Butyrivibrio

fibrisolvens. In further still embodiments, the DNA
encoding the f-glucosidase comprises the nucleotide
sequence set forth in SEQ ID NO:23. In further
embodiments, the DNA encoding the ligninase 1s from
Phanerochaete chrysosporium. In sti1ll further
embodiments, the DNA encoding the 1ligninase 1s ckg4
comprising the nucleotide sequence set forth in SEQ 1ID
NO:11 or ckg5 comprising the nucleotide sequence set forth
in SEQ ID NO:13. In further embodiments, the DNA encoding
the xylanase encodes an endoxylanase from Cochliobolus
carbonum. In further embodiments, the DNA encoding the
Xylanase comprises the nucleotide sequence set forth in

SEQ ID NO:24, SEQ ID NO:33, SEQ ID NO:34 or SEQ ID NO:35.

[0023] The present invention provides a method for
making an enzyme extract comprising one or more cell wall
degrading enzymes comprising: providing a transgenic plant
capable of expressing one or more cell wall degrading
enzymes comprising at least one DNA comprising a cell wall
degrading enzyme coding region operably linked to a
nucleotide sequence encoding a signal peptide directing

the cell wall degrading enzyme encoded by the DNA to an

apoplast, plastid or vacuole of the transgenic plant; and
at least one DNA comprising a flowering locus ¢ gene
coding region operably linked to a constitutive promoter,
wherein the transgenlic plant expresses the one or more
cell wall degrading enzymes and a transcription factor
encoded by the flowering 1locus ¢ gene that delays
flowering while 1ncreasing biomass and enabling isolation
of 1increased amounts of the hydrolyzing enzyme from the

transgenic plant as compared to a non-transgenic plant

~12-
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from which the transgenic plant 1is derived;, growling the
transgenic plant for a time to accumulate the one or more
cell wall degrading enzymes;harvesting the transgenic
plant which has accumulated the one or more cell wall
degrading enzymes; grinding the transgenic plant to
provide an enzyme extract comprising the one or more cell

wall degrading enzymes that accumulated 1n the transgenic

plant.

[0024] The present 1nvention provides a method for
converting lignocellulosic material to fermentable sugars
comprising: providing a transgenic plant - capable of
expressing one or more cell wall degrading enzymes
comprising at least one DNA encoding the one or more cell
wall degrading enzymes which 1s operably linked to a
nucleotide sequence encoding a signal peptide directing a
cellulose, 1lignin or lignocellulose hydrolyzing enzyme
encoded by the DNA to an apoplast, plastid or vacuole of
the transgenic plant; and at least one DNA comprising a
flowering locus ¢ gene coding region operably linked to a
constitutive promoter, wherein the transgenic plant
expresses the one or more cell wall degrading enzymes and
a transcription factor encoded by the flowering locus cC
gene that delays flowering while 1increasing biomass and
enabling 1solation of increased amounts of the hydrolyzing
enzyme from the transgenic plant as compared to a non-
transgenic plant from which the transgenic plant is
derived; growing the transgenic plant for a time
sufficient for the transgenic plant to accumulate the one
or more cell wall degrading enzymes; harvesting the
transgenic plant which has accumulated the one or more

cell wall degrading enzymes; grinding the transgenic plant

—-13-
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to provide an enzyme extract comprising the one or more
cell wall degrading enzymes that accumulated in the
transgenic plant; incubating the lignocellulosic material

in the enzyme extract to produce the fermentable sugars

from the lignocellulose 1n the plant material; and

extracting the fermentable sugars produced from the

lignocellulosic material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Figure 1 1s a diagram of a plasmid
containing a heterologous gene - expression cassette
containing cbhl operably 1linked to the rbcS promoter and
DNA encoding the rbcS signal peptide and a heterologous
gene expression cassette containing the bar gene operably
linked to the Actl promoter. rbcSP 1s the rbcS gene
promoter, SP 1s DNA encoding the rbcS signal peptide,
pin3' 1s the 3' untranslated region of the potato
inhibitor II-chloramphenicol acetyltransferase gene, Actl
1s the promoter for the actl gene, and nos 1is the 3
untranslated region of the Agrobacterium nopaline synthase
gene.

(0026] Figure 2 1S a diagram of a plasmid
containing a heterologous gene expression cassette
containing el operably linked to the rbcS promoter and DNA
encoding the rbcS signal peptide and a ‘heterologous gene
expression cassette containing the @ bar gene operably
linked to the Actl promoter. The terms in the diagram are
as 1n Figure 1.

[0027] FFigure 3 1s a diagram of a heterologous

gene expression cassette containing the bar gene in

-14~
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plasmid pDM30Z2. Actl 1s the promoter for the actl gene

and nos 1s the 3' untranslated region of the Agrobacterium

nopaline synthase gene.

[0028] Figure 4 1s a diagram of plasmid pSMF13

which 1s plasmid pSK containing a heterologous gene

expression cassette containing cbhl operably linked to the

rbcS promoter. The terms in the diagram are as in Figure
1.
[0029] Figure 5 1s a diagram of plasmid pMSF14

which 1s plasmid pSK containing a heterologous gene
expression cassette containing cbhl operably linked to the
rbcS promoter and DNA' encoding the rbcS signal peptide.
The terms 1n the diagram are as 1n Figure 1.

[0030] Figure 6 is a diagram of plasmid pMSF15
which 1s plasmid pBIZ21 containing a heterologous gene
expression cassette containing syn-cbhl operably linked to
the rbcS promoter and DNA encoding the rbcS signal
peptide. The terms in the diagram are as in Figure 1.
(0031)] Figure 7 1s a diagram of plasmid pTZAS8
which 1s plasmid pBI121 containing a heterologous gene
expression cassette containing el operably linked to the
CaMV35S promoter and DNA encoding the SSU signal peptide.
SSU 1s the glycine max (soybean) rbcS signal peptide.
CaMV35S 1s the cauliflower mosaic virus 35S promoter. The
remainder of the terms are as in the diagram are as in

Figure 1.
[0032] Figure 8 1is a diagram of plasmid pZA9 which

1s plasmid pBI121 containing a  heterologous gene
expression cassette containing el operably linked to the
CaMV35S promoter and DNA encoding the VSP signal peptide.

VSP 1s the soybean vegetative storage protein beta-leader

....15_
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sequences. The remailnder of the terms in the diagram are
as in Figure 7.

[0033] Figure 9 1s a diagram of plasmid pZAl0
which is plasmid pBI12]1 containing a heterologous gene
expression cassette containing el operably linked to the
CaMV355 promoter. = The remainder of the terms in the
diagram are as in Figure 7.

[0034] Figure 10 1s a diagram of a plasmid

containing a heterologous gene expression cassette
containing ckg4 operably linked to the rbcS promoter and
DNA encoding the rbcS signal peptide and a gene expression
cassette containing the bar gene operably linked to the
Actl promoter. The remainder of the terms in the diagram
are as 1in Figure 1.

[0035] Figure 11 1s a diagram of a plasmid
contalning a heterologous gene  expression cassette
containing ckgb5 operably linked to the rbcS promoter and

DNA encoding the rbcS signal peptide and a gene expression

cassette containing the bar gene operably linked to the

Actl promoter. The remainder of the terms in the diagram

are as 1n Figure 1.

[0036] Figure 12 1s a diagram of plasmid pSMF18
containing a heterologous gene expression cassette
containing ckg4 operably linked to the rbcS promoter. The
remainder of the terms in the diagram are as in Figure 1.
[0037] Figure 13 1is a diagram of plasmid pSMF19
containing a heterologous gene  expression cassette
containing ckgb operably linked to the rbcS promoter. The
remainder of the terms in the diagram are as in Figure 1.
[0038] Figure 14 1s a diagram of plasmid pSMF16

contalining a heterologous gene  expression cassette

......16..
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containing ckgd4 operably linked to the rbcS promoter and
DNA encoding the rbcS signal peptide. The remainder of

the terms in the diagram are as 1n Figure 1.

[0039] Figure 15 is a diagram of plasmid pSMF17
containing a heterologous gene expression cassette
containing ckgd> operably linked to the rbcS promoter and
DNA encoding the rbcS signal peptide. The remainder of
the terms 1in the diagram are as i1n Figure 1.

[0040] Figure 16 1s an RNA gel blot analysis of
FLL 1n TO and T1 tobacco plants. Lanes 1-5 are transgenic
lines; Lane C 1s a negative Contrbl.

[0041] Figure 17 illustrates FLC  transgenic
tobacco plants delayed flowering two (Z2) or more weeks.
Figure 17A: Right plant 1s FLC transgenic and left plant
1s untransformed control. Figure 17B: Plants from Line 4
(right) compared to control plants (left). Figure 17C: FLC
transgenic versus control flowers from the same age.
(A=anther, S=stigma). Note the pollen grains on control
anthers and stigma.

[0042] Figure 18 1s a restriction map of the
plasmid pGreen. RB= T-DNA right border; LB= T-DNA left
border; FLC= FLC coding region (0.59 kb); 35S= CaMV 35S

promoter; Dbar= phosphinothricin acetyltransferase gene;

Nos= nopaline synthase terminator. Plasmid size: about 6
kb.
[0043] Figure 19 i1s an RNA-blot analysis of FLC in

Elcd-FLC transgenic plants. Lanes: 1 to 6 transgenic
lines; C, Elcd control.

[0044)] Figure 20 1s an Elcd-FLC transgenic tobacco
(line 1) plant (right) compared to control Elcd plant

(left). Note the short stem and larger leaves of

~17-
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transgenic plant.

f0045] Figure 21 1s a schematic representation of
ApoEl binary vector containing the Acedothermus
cellulolyticus El1 catalytic domain driven by Cauliflower
Mosaic Virus 35S Promoter (CaMV 35S), tobacco Mosaic Virus
translational enhancer (Q), and the sequence encoding the
tobacco pathogenesis-related protein 1la (Prla) signal
peptide for apoplast-targeting of the El1 enzyme, and the
polyadenylation signal of nopaline synthase (nos).

[0046] Figure 22A 1llustrates Gus expression in
plantlets of transgenic rice as compared to the
untransformed control. Figure 22B 'illustrates greenhouse
grown A. cellulolyticus El transgenic rice plants.

[0047] Figures 23A-D 1llustrate a PCR (A),

Southern (B), Northern (C) and Western (D) Blot analysis
that show the ©presence o0f the transgenes 1n five
transgenic rice lines. Figures 23A 1llustrates Left; PCR
amplification of the bar (0.59 kb), and right; E1 (1 kb)
(b) genes 1n 5 transgenic rice lines. M: Ladder marker 100
bp (a) and 1 kb (b), P: Plasmid (positive control), C:
Non-transformed (negative control), 1-5: Transgenic
lines. Figures 23B 1llustrates a Southern blot analysis
for E1 transgene showing different bands for the five
transgenic rice lines. P: plasmid; C: non-transgenic
control; 1-5: Transgenic lines. Figures 23C 1illustrates a
Northern blot analysis showing 1 kb bands for the five
transgenic rice 1lines. +: positive control; C: non-
transgenic control; 1-5: Transgenic lines. Figures 23D
1llustrates a Western blot analysis showing 40 kDa bands
for the five transgenic rice lines. +: ©positive control;

C: non-transgenic control; 1-5: Transgenic lines.
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[0048] Figures 24A and Figures 24B 1llustrate
immunofluorescence confocal microscopy for the transgenic
(Figures 24A) and untransformed (Figures Z24B) rice showing
apoplaét localization of the El1 enzyme 1in transgenic rice

leaves.

[0049] Figure 25 shows the detection of the EI1
enzyme activity using CMCase activity assay. Zones of CMC
hydrolysis were decolorized with washing 1leaving yellow

regions in the transgenic as compared to red background 1in

the control.

[0050] Figure 26 1llustrates 1in Fig-ure 26A the
amount of glucose released from the enzymatic hydrolysis
of CMC (1%, 5%, 10%) and Avicelm(l%, %, 10%) using total
protein extracted from El expressed rice straw. In Filgure
26B 1s shown the comparison of percentage of glucan
converted in the enzymatic hydrolysis of corn stover (CS)
and rice straw (RS). CE, commercial enzyme, UT, untreated
biomass, CS1, RS1, CS2, and RS2 represent, reaction done

using 0.5 ml and 4 ml of total protein (with 4.9% of E1)

and commercial f-glucosidase (6.5mg/15ml) respectively.
[0051] Figure 27 is a schematic drawing of the
plasmid pMZ766 used to produce transgenic maize plants. A

1.076~-kb Sac I restriction fragment was used as the probe

for Southern blot analysis.

[0052] Figure 28 is a PCR analysis of the DNA from
plants recovered after transformation with the pMZ766.
Lanes 1, untransformed malize control; 2-0, five
independent transgenic maize plants; 7, plasmid control,

and 8, 1-kb plus DNA ladder.
[0053] Figure 29 is a Southern Dblot analysis of

genomic DNA from maize plants, probed with the El-cd. Lane
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1, 10 pg of Sac I digest El-cd fragment from p MZ766;
Lanes 2-3, untransformed maize control (lane 2; DNA
undigested and lane3; DNA digested); Lanes 4-13; Five
indepe'ndent pMZ766 transformants; (4, o6, 8, 10, 12Z) DNA
not digested; (5, 7, 9, 11, 13) DNA digested with Sac TI.
Size of bands 1s 1lkb.

[0054] Figure 30 1s a Western blot of total
soluble protein from transgenic maize plants expressing
El-cd. Lanes  +C, positive tobacco control; -C,
untransformed maize control; 1-6; transgenic malze plants.

[0055] Figure 31 1llustrates a schematic
representation of plasmid vectors containing two

cassettes, one containing the Acedothermus cellulolyticus

FE1l catalytic domain or the 1ligninase (CGL4) driven by
malze rubilisco promoter (rbcS) or Cauliflower Mosaic Virus
358 Promoter (CaMV 355), tobacco Mosailc Virus
translational enhancer (Q), and the sequence encoding the
tobacco pathogenesis-related protein 1la (Prla) signal
peptide for apoplast-targeting or the maize rbcs signal

peptide for enzyme targeting, and the polyadenylation

signal of nopaline synthase (Nos).

[0056] Figure 32 1s an 1llustration of a plasmid

used 1n a 1:1 ratio with the plasmid of Figure 27 in maize

transformation experiments. In the two constructs, O
represents for the tobacco Mosalc Virus translational
enhancer, Prla SP for the sequence encoding the tobacco
pathogenesis-related protein la signal peptide for
apoplast-targeting of the El enzyme, Nos for the
polyadenylation signal of nopaline synthase, and bar for
the herbicide resistance sequences.

[0057] Figure 33A and B 11llustrates
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immunof luorescent confocal laser microscopy of apoplast-
targeted El1 transgenic maize leaf tissue (Figure 33A7)

using the El primary antibody and the FITC anti-mouse

secondary antibody. Figure 33B 1llustrates
1immunofluorescent confocal laser microscopy of leaf tissue
from an untransformed control maize plant.

[0058] Figure 34 1llustrates biological activity

and conversion ability of maize-produced E against corn

stover (CS), Avaell and CMC. As was performed in our rice

work, commercial PB-glucosidase (6.5 mg/15 ml) was added to

convert cellubiose into glucose.

[0059] Figure 35 1s i1mmunofluorescent localization
of PHBC. Immunofluorescent confocal laser microscopy of
choloroplast-targeted polyhydroxybutyrate C in transgenic
maize leaf tissue (left) using the PHBC primary antibody

and the FITC secondary antibody. Photo on the right 1is

leaf tissue from an untransformed control maize plant.

[0060] Figure 36 shows corn GFP-chloroplast
- embryos.
[0061] Figure 37 1s a Western Dblot of E1

transgenic maize as compared to El transgenic rice and
tobacco plants produced 1in the inventor’s 1laboratory.
Lane "+” = Transgenic tobacco as positive control. Lane

"-C” = Maize control (untransformed). Lanes 1 to 10

represent at least 5 different transformation events.

Lane 11 = El1 Transgenic rice as another positive control

[0062] Figure 38 1s a schematic of a plasmid
containing the Butyrivibrio fibrisolvens f-glucosidase
(Yao, 2004) cDNA regulated by the 35S promoter and
enhancer. This construct too contains the sequences

encoding the tobacco pathogenesis-related protein 1a
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(Prla) signal peptide for targeting of f—-glucosidase
enzyme 1nto plant apoplast.

[0063] Figure 39 is a schematic of a plasmid
containing the Xxylanase cDNA regulated by the 35S promoter
and enhancer. This construct contains the sequences
encoding the tobacco pathogenesis-related protein la
(Prla) signal peptide for targeting of Cochliobolus
carbonum endoxylanase (Apel et al., Mol. Plant-Microbe
Interact, 6:4¢67-473 (1993)) into plant apoplast.

[0064] Figure 40 1s a schematic of a plasmid
containing the Phanerochaete chrysosporium ligninase (de
Boer et al., 1988) gene regulated by the 35S promoter and
enhancer.

[0065] Figure 41 is a schematic of a more detailed
map of plasmid pGreen, which has the Arabidopsis Flowering
Locus C (FLC) coding sequences regulated by 35S promoter
and Nos terminator. The bar herbicide resistance
selectable marker 1is regulated by 35S promoter and Nos

terminator. The sizes of each are shown in kilobases
(kb) .

DETAILED DESCRIPTION OF THE INVENTION

[0067] The term “cell wall degrading enzyme” as

used herein refers to any cellulase, hemicellulase Or
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ligninase.

(0068] The term Ycellulase” as used herein 1s a
generic term that 1includes endoglucanases, exoglucanases
and B¥glucosidases. The term includes endoglucanases such
as the EI beta-1,4-endoglucanase precursor gene (el) of
Acidothermus cellulolyticus and exoglucanases such as the
cellobiohydrolase gene (cbhl) of Trichoderma reesei (also
classified by some as Trichoderma longibrachiatum), the

dextranase gene of Streptococcus salivarius encoding the

1,6-alpha~-glucanhydrolase gene, and the PB-glucosidase gene

from Butyrivibrio fibrisolvens or Actinomyces naeslundi.

Endoglucanases randomly <cleave cellulose chains into

smaller units. Exoglucanases 1include cellobiohydrolases,

which liberate glucose dimers (cellobiose) from the ends
of cellulose chains; glucanhydrolases, which 1liberate

glucose monomers from the ends of cellulose chains; and,

B-glucosidases, which liberate D-glucose from cellobiose

dimers and soluble cellodextrins. When all four of the
above enzymes are combined, they work synergistically to
rapidly decrystallize and hydrolyze cellulose to
fermentable sugars.

[0069] The term “hemicellulase” as used herein 1is
a generic term which encompasses all varieties of enzymes
that degrade any type of hemicellulose such as xylan,
glucuronoxylan, arabinoxylan, glucomannan and xyloglucan.
Some examples 1nclude, but are not limited to xylanase.
Examples of beta-1,4-xylanase genes 1include XYL1 (SEQ 1ID
NO:24), and XYLZ2 (SEQ ID NO:33), XYL3 (SEQ ID NO:34) and
XYL4d (SEQ ID NO:35) of Cochliobolus carbonum as described
by Apel-Birkhold et al., Applied and Environmental
Microbiology, Nov. 1996, pp. 4129-4135. Further examples
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of xylanases 1include those described 1n U.S. Patent No.

6,082,923 to Bentzien et al.

{0070] The term “lignin” 1s wused herein as a
generic term that includes both lignins and
lignocelluloses.

[0071] The term ™“ligninase” 1s used hereln as a

generic term that includes all varieties of enzymes which
degrade 1lignins such as the 1lignin peroxidase gene of
Phanerochaete chrysosporium. Ligninase enzymes degrade
lignin into phenolics, unlike cellulases that hydrolyse
cellulase 1nto sugars. Ligninase can be provided in the
transgenic plants of the present invention so that after
harvesting and grinding the plants, ligninase will remove
lignin of the lignicellulosic matter for better access of
cellulases to the cellulose in the plant matter. Thus,
the present invention reduces or eliminates the need for
expensive heat and/or chemical pretreatments to remove
lignin.

[0072] The term “monocot” as used herein refers to
all monocotyledonae plants including, but not limited to
cereal plants such as maize, wheat, barley, oats, rye,
rice, buckwheat, millet, and sorghumn. . Additionally

monocot plants include switchgrass, and other perennial

grasses. Other monocots 1nclude such plants as sugar
cane.
[0073] The term Y“Prla” as used herein refers to

tobacco pathogenesis-related protein 1la signal peptide

encoding a sequence for apoplast-targeting of proteins.

U.S. Patent No. 6,750,381 to Mitsuhara et al. teaches
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the Prla signal peptide.
[0074] A variety of fungi and bacteria produce

ligninase and cellulase enzymes, and based on evolutionary
pressures, these fungi are able to degrade 1lignin or
cellulose and hemicellulose of plant residues 1in the soil.

In the laboratory, cellulases have been used to hydrolyze

or convert cellulose and hemicellulose 1nto mixtures of
simple sugars that can be used i1n fermentation to produce
a wide variety of wuseful chemical and fuel products,
including but not limited to, ethanol, lactic acid, and

1, 3-propanediol, which 1s an important molecular building

block 1n the production of environmentally-friendly
plastics.

[0075] The biodegradation of lignin, which
comprises 20-30% of the dry mass of woody plants, 1s of
great economic 1mportance because this process 1s believed
to be an important rate-limiting step 1n the earth’s
carbon cycle. Furthermore, there 1s considerable
potential for the transformation of lignin into aromatic
chemical feedstock. Also, delignification of
lignocellulosic feeds has been shown to 1ncrease their
digestibility by cattle by  about 30%, therefore,
contributing to enhanced cost effectiveness for producing
milk and meat. Moreover, research on lignin
biodegradation has important 1implications in biopulping
and biobleaching in the paper 1industry.

[0076] The present 1invention provides transgenic

plants which produce 1ligninases, cellulases, or both in
the 1leaves and straw/stalks of the plant. While the
transgenic plant can be any plant which 1s préctical for

commercial production, it 1S preferable that the
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transgenic plants be constructed from plants which are
produced 1n large quantities and which after processing
produce a substantial amount of leaves and stalks as a

byproduct. Therefore, it is desirable that the transgenic

plant be constructed from plants including, but not

limited to, maize, wheat, barley, rye, hops, hemp, rice,

potato, soybean, sorghum, sugarcane, clover, tobacco,
alfalfa, arabidopsis, coniferous trees, and deciduous
trees. Most preferably, the transgenic plant 1is

constructed from maize.

[0077] Maize 1s a preferred plant because it is a
major crop in the United States; approximately 60 million
acres of maize are produced per vyear. Further, there 1is
already a large industry built around the processing of
malze grain to 1industrial products, which includes the

production of over 1.2 billion gallons of fuel ethanol per

year. Thus, fermentable sugars produced by the hydrolysis
of maize stalks and leaves according to the present
invention can be utilized within the large existing maize
refining infrastructure. Leaves and stalks from
transgenic maize made according to the present invention
can be made available to this refining infrastructure 1in
large quantities, about tens of millions of tons annually)
at a current cost of about 30 dollars per ton. This cost
1s about one quarter of the cost of maize grain which
further enhances the value of the present invention for
the economical production of a wide variety of industrial
products from the residue of transgenic plants made
according to the present invention. Furthermore, maize 1is
preferred because 1t 1is a C-4 monocot that has very large

chloroplasts. The large chloroplasts enables  the
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chloroplasts of the transgenic maize of the present
invention to accumulate higher levels of 1ligninases and
cellulases than could be accumulated 1in the chloroplasts
of other transgenic plants, e.g., C-3 dicots and monocots.
Therefore, transgenic maize of the present invention is a
particularly useful source of ligninases and cellulases.

[0078] Thus, the transgenic plants of the present
invention provide a plentiful, inexpensive source of
fungal or bacterial ligninases and cellulases which can be
used to degrade 1lignins and cellulose in plants to
fermentable sugars for production of ethanol or for other
uses which require ligninases and cellulases such as pre-
treating" silage to 1ncrease the energy value of
lignocellulosic feeds for cows and other ruminant animals,
pre-treating lignocellulosic Dbiomass for fermentative
conversion to fuels and 1industrial chemicals, and

F

biodegradation of chloroaromatic environmental pollutants.

Because the transgenic plants of the present invention
produce the ligninases, cellulases, or both therein, the
external addition of ligninases and <cellulases for
degradation of the plant material is no longer necessary.
Therefore, the present 1nvention enables the plant
piomass, which 1is destined to become ethanol or other
products, to serve as the source of 1ligninase and

cellulase. Furthermore, the plant material from the

transgenic plants of the present invention can be mixed
with non-transgenic plant material. The ligninases,
cellulases, or both produced by the transgenic plants will
degrade the 1lignin and cellulose of all the plant
material, 1including the non-transgenic plant material.

Thus, ligninase and cellulase degradation of plant
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material can be carried out more economically.
[0079] The transgenic plants of the present
invention  comprise one Oor  more heterologous  gene

expres'sion cassettes containing DNA encoding at least one

fungal or bacterial ligninase, cellulase, or both inserted

into the plant’s nuclear genome. The preferred cellulase
1s encoded by a DNA from the microorganism Acidothermus
cellulolyticus, Thermomonospora fusca, and Trichoderma
reesel (Trichoderma longibrachiatum) . Other

microorganisms which produce cellulases suitable for the

present 1invention 1include Zymomonas mobilis, Acidothermus

cellulolyticus, Cloostridium 'thermocellum, Fiwlinia
chrysanthemi, Xanthomonas campestris, Alkalophilic

| ——

3accilus sp., Cellulomonas fimi, wheat straw mushroom
(Agaricus bisporus), Ruminococcus flavefaciens,
Ruminococcus albus, Fibrobacter succilnogenes, and

Butyrivibrio fibrisolvens.

[0080] The preferred ligninase 1S lignin
peroxidase (LIP) encoded 1n DNA from Phanerochaete
chrysosporium or Phlebia radiata. One of the major

lignin-degrading, extracellular enzymes produced by P.
chrysosporium is LIP. The LIPs are glycosylated heme
proteins (MW 38 to 46 kDa) which are dependent on hydrogen
peroxide for activity and catalyze the oxidative cleavage
of lignin polymer. At least six heme proteins (H1, H2,
Ho, H7, H8, and H10) with LIP activity have been
identified in P. chrysosporium strain BKMF-1767 of which
1sozymes H2, H6, H8, and H10 are the major LIPs in both
static and agitated cultures of P. chrysosporium.
However, other fungi which produce ligninases suitable for

use 1n the present invention include Bjerkandera adusta,
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Trametes hirsuta, Plebia radiata, Pleurotus Spp .-,
Stropharia aurantiaca, Hypholoma fasciculare, Trametes
versicolor, Gymnopilus penetrnas, Stereum hirsutum, Mycena

haematopus, and Armillaria mellea.

(0081] In the present 1nvention, the transgenic
plant comprises a DNA encoding one or more cellulase
fusion proteins wherein the DNA encoding the cellulases
are operably linked to a DNA encoding a signal peptide
which directs the cellulase fusion protein to a plant
organelle such as the nucleus, a microbody (e.g., a
peroxisome, or specialized version thereof, such as a
glyoxysome), an endoplasmic reticulum, an endosome, a
vacuole, a mitochondria, a chloroplast, or a plastid. By
sequestering the cellulase fusion proteins 1in the plant
organelle, the cellulase fusion protein 1is prevented from
leaking outside the cytoplasm to harm the ‘plant Py
degrading the cellulose in the plant’s cell wall while the
plant 1s being cultivated. In particular embodiments of
the present invention, the gen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>