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(57) ABSTRACT 

Expression of recombinant polysaccharide degrading 
enzymes in plants is described. In one embodiment, expres 
sion of the enzyme is preferentially directed to the seed of the 
plant. Expression may also be preferentially targeted to spe 
cific locations within the plant cell. Expression of cellulases 
in corn is shown. The result is the capacity to produce 
polysaccharide degrading enzymes in plants at commercially 
acceptable levels in a reliable manner. Methods of using same 
in production of ethanol is also described, including use of the 
plant-produced enzymes in the ethanol production process. 
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Figure 2 

El cellulase gene sequence 

GCCGGCGGTGGCTACTGGCACACCAGCGGCAGGGAGATCCTGGACGCCAAC 
AATGTGCCGGTGAGGATCGCCGGCATCAACTGGTTTGGGTTCGAAACCTGCA 
ATTACGTCGTGCACGGTCTCTGGTCACGCGACTACCGCAGCATGCTCGACCA 
GATAAAGTCGCTCGGCTACAACACAATCCGGCTGCCGTACTCTGACGACATT 
CTCAAGCCGGGCACCATGCCGAACAGCATCAATTTTTACCAGATGAATCAGG 
ACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATCGTCGCGTACGC 
CGGTCAGATCGGCCTGCGCATCATTCTTGACCGCCACCGACCGGATTGCAGC 
GGGCAGTCGGCGCTGTGGTACACGAGCAGCGTCTCGGAGGCTACGTGGATTT 
CCGACCTGCAAGCGCTGGCGCAGCGCTACAAGGGAAACCCGACGGTCGTCG 
GCTTTGACTTGCACAACGAGCCGCATGACCCGGCCTGCTGGGGCTGCGGCGA 
TCCGAGCATCGACTGGCGATTGGCCGCCGAGCGGGCCGGAAACGCCGTGCTC 
TCGGTGAATCCGAACCTGCTCATTTTCGTCGAAGGTGTGCAGAGCTACAACG 
GAGACTCCTACTGGTGGGGCGGCAACCTGCAAGGAGCCGGCCAGTACCCGGT 
CGTGCTGAACGTGCCGAACCGCCTGGTGTACTCGGCGCACGACTACGCGACG 
AGCGTCTACCCGCAGACGTGGTTCAGCGATCCGACCTTCCCCAACAACATGC 
CCGGCATCTGGAACAAGAACTGGGGATACCTCTTCAATCAGAACATTGCACC 
GGTATGGCTGGGCGAATTCGGTACGACACTGCAATCCACGACCGACCAGACG 
TGGCTGAAGACGCTCGTCCAGTACCTACGGCCGACCGCGCAATACGGTGCGG 
ACAGCTTCCAGTGGACCTTCTGGTCCTGGAACCCCGATTCCGGCGACACAGG 
AGGAATTCTCAAGGATGACTGGCAGACGGTCGACACAGTAAAAGACGGCTAT 
CTCGCGCCGATCAAGTCGTCGATTTTCGATCCTGTCGGCGCGTCTGCATCGCC 
TAGCAGTCAACCGTCCCCGTCGGTGTCGCCGTCTCCGTCGCCGAGCCCGTCGG 
CGAGTCGGACGCCGACGCCTACTCCGACGCCGACAGCCAGCCCGACGCCAAC 
GCTGACCCCTACTGCTACGCCCACGCCCACGGCAAGCCCGACGCCGTCACCG 
ACGGCAGCCTCCGGAGCCCGCTGCACCGCGAGTTACCAGGTCAACAGCGATT 
GGGGCAATGGCTTCACGGTAACGGTGGCCGTGACAAATTCCGGATCCGTCGC 
GACCAAGACATGGACGGTCAGTTGGACATTCGGCGGAAATCAGACGATTACC 
AATTCGTGGAATGCAGCGGTCACGCAGAACGGTCAGTCGGTAACGGCTCGGA 
ATATGAGTTATAACAACGTGATTCAGCCTGGTCAGAACACCACGTTCGGATT 
CCAGGCGAGCTATACCGGAAGCAACGCGGCACCGACAGTCGCCTGCGCAGC 
AAGTTAA 
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Figure 3 
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Figure 4A 

Vacuole targeting sequence 

ATGGCCCACGCCCGCGTCCTCCTCCTGGCGCTCGCCGTCCTGGCCACGGCCGC 
CGTCGCCGTCGCCTCCTCCTCCTCCTTCGCCGACTCCAACCCGATCCGGCCGG 
TCACCGACCGCGCCGCGTCCACC 

Figure 4B 

Barley alpha amylase signal sequence 

ATGGCGAACAAGCACCTGAGCCTTAGCCTCTTCCTCGTGCTCCTGGGCCTCTC 
CGCCTCCCTCGCCTCCGGC 
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Figure 5 
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Figure 6 

CBH I gene sequence 

CAGAGCGCCTGCACCCTGCAGAGCGAGACCCACCCGCCACTGACCTGGCAGA 
AATGCTCGTCTGGTGGCACGTGCACTCAACAGACAGGCTCCGTGGTCATCGA 
CGCCAACTGGCGCTGGACTCACGCTACGAACAGCAGCACGAACTGCTACGAT 
GGCAACACTTGGAGCTCGACCCTATGTCCTGACAACGAGACCTGCGCGAAGA 
ACTGCTGTCTGGACGGTGCCGCCTACGCGTCCACGTACGGAGTTACCACGAG 
CGGTAACAGCCTCTCCATTGGCTTTGTCACCCAGTCTGCGCAGAAGAACGTTG 
GCGCTCGCCTTTACCTTATGGCGAGCGACACGACCTACCAGGAATTCACCCT 
GCTTGGCAACGAGTTCTCTTTCGATGTTGATGTTTCGCAGCTGCCGTGCGGCT 
TGAACGGAGCTCTCTACTTCGTGTCCATGGACGCGGATGGTGGCGTGAGCAA 
GTATCCCACCAACACCGCTGGCGCCAAGTACGGCACGGGGTACTGTGACAGC 
CAGTGTCCCCGCGATCTGAAGTTCATCAATGGCCAGGCCAACGTTGAGGGCT 
GGGAGCCGTCATCCAACAACGCGAACACGGGCATTGGAGGACACGGAAGCT 
GCTGCTCTGAGATGGATATCTGGGAGGCCAACTCCATCTCCGAGGCTCTTACC 
CCCCACCCTTGCACGACTGTCGGCCAGGAGATCTGCGAGGGTGATGGGTGCG 
GCGGAACTTACTCCGATAACAGATATGGCGGCACTTGCGATCCCGATGGCTG 
CGACTGGAACCCATACCGCCTGGGCAACACCAGCTTCTACGGCCCTGGCTCA 
AGCTTTACCCTCGATACCACCAAGAAATTGACCGTTGTCACCCAGTTCGAGA 
CGTCGGGTGCCATCAACCGATACTATGTCCAGAATGGCGTCACTTTCCAGCA 
GCCCAACGCCGAGCTTGGTAGTTACTCTGGCAACGAGCTCAACGATGACTAC 
TGCACAGCTGAGGAGGCAGAATTCGGCGGATCCTCTTTCTCAGACAAGGGCG 
GCCTGACTCAGTTCAAGAAGGCTACCTCTGGCGGCATGGTTCTGGTCATGAGT 
CTGTGGGATGACTACTACGCCAACATGCTGTGGCTGGACTCCACCTACCCGA 
CAAACGAGACCTCCTCCACACCCGGTGCCGTGCGCGGAAGCTGCTCCACCAG 
CTCCGGTGTCCCTGCTCAGGTCGAATCTCAGTCTCCCAACGCCAAGGTCACCT 
TCTCCAACATCAAGTTCGGACCCATTGGCAGCACCGGCAACCCTAGCGGCGG 
CAACCCTCCCGGCGGAAACCCGCCTGGCACCACCACCACCCGCCGCCCAGCC 
ACTACCACTGGAAGCTCTCCCGGACCTACCCAGTCTCACTACGGCCAGTGCG 
GCGGTATTGGCTACAGCGGCCCCACGGTCTGCGCCAGCGGCACAACTTGCCA 
GGTCCTGAACCCTTACTACTCTCAGTGCCTGTAA 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 

Globulin 1 
- glob for 

E1.F8.Ncol 
E1.F3 
E1.R3 
E1.F4 
E1beta-1 4-endoglucanas 

COLE1" 9150 (E1.opt1.cytoP12370) 
11043 bp partial dihydrofolate reductase (3' end). 

streptothricin acetyltransferase w E1.R1 .Hpal 

, Pinac. Rev 
streptomycin/spectinomycin nucleolydyltransferase '. PINI 

X. Multiple-PTUMCSB v3 

, CAMV35S(ACK) 
mopAT 

CAMV35S 
LB 

  

  



Patent Application Publication Aug. 13, 2009 Sheet 14 of 24 US 2009/0205086 A1 

Figure 14 

Globulin 
N glob for 

- TKCBH.F6.Bbs 
... CBHI.F3 

CBH1 Cds 
D346 
D386 
CBH1.R3 
TKCBH.R5 Hpal 
PinCC.Rev 

'PINI 
Multiple-PTUMCSB 

CAMV35S(ACK) 
moPAT 

CAMV35S 
LB 

partial dihydrofolate reductase (3' end) 

streptothricin acetyltransferase T 

streptomycin/spectinomycin nucleotydyltransferase 

  

  

  





Patent Application Publication Aug. 13, 2009 Sheet 16 of 24 US 2009/0205086 A1 

Figure 16 

extended globulin-1 promoter 

cggtatgaatttggaaacaaattcagtacttittaaaaaaatttgttgtagggagcaaataatacataaaataattitatgcattattttatttittatttgtaataat 
atgcttgaaacgataatticagtatgcatgttgtgccagigtactacacgggcggggggaggggattgagtgggccagogcggtgcgtagggtagat 
gggctgaaattgataactcaagtccgactaggttctictttittatttccctitccttittctatttitcctttcttittaattittcatgctttcaaactaaattcaaatticgagt 
tttgaatttcagcttctaaattgtacactaaaattatatgataaggtaaccCctactattacttittaatttittttattotaccccatattgtttact taggggagaat 
aattgacttaatcacattcttcctaggttcaattcticaatctttcaaatccacatttittagatttctattittgaatttaaataccagtttggatttagagttcaattitc 
aaaatacacaaccaaaataccagcatgaatgcaaatatatttitatgtttatgtatttacttittcttittatactittgctcaaaatagttatttitcatgtatgaaactic 
aataagcaaggaacticacgttattatataacctaataggaataatttaggtaacataatttatcatcctottgatttaaaagagatatgccticcagaataag 
acacatactaaaaataactictaatattgaataactaaagtcgtacaaatctotactattattoctataaaataataaagaactagotacaacttctittaaggc 
attattoagggitttacagcttgagaggcatgaaccoatcctgtatacticctggacttggaagacaaaatgtcaaccaaagtgaaaggttctatggttg 
ctgctaagagatagattgaacactagatctotcctaagacgtcagggcatgcgtttagacticcitacacatgcgaaaactgcatcttacagttggaagaa 
actatatctoaccactitcctgcggtgtaactttgcccaaagatgttggctcactgttggaatcactCcgccccgaactttggatctaacgcttgcagtgct 
acatatagagcaagactaacaatgccgtggagaatggaaggtatataaccatgtcatggtgcatatggaaatgtcgaaataactggatattogaaaa 
cataccgc.caacggtggcggcctgcaaggaaatgttcaagactgaaatgaactacatctgctaccaagttaagcticgagacaggagctaaaagtag 
aaactggatacaacactttgtaacatagtgacactCccctttitcctittcttittaccttagaactatacatacaatcCacattcaataaaaatttgtaggtacgc 
catacacactaccggaatccggctctg.ccgagtgtgaggcgctttgtcgagtgcttitttgtccagcactcggcaaaaaagtictittgccatgtgcc.gc 
acticggcaaagtCctgctictoggtaacgaccgcgtttaccgagagcaggactictogacacagaaatacacticgacaaagaaatctittgccgagagc 
caaacactcggCgaacggCagcgcticggcaaagggtogtoagcCgCCgtctaaagctgacggtcgttatctttgtcgagtgCCCCCtcgtc.cgaca 
cticagtagagcaagcttgccgagtgccatcCttggacacticgataaagtatattittatttittttittattittgccaaccaaacttitttgtggtatgttcctacacta 
tgtagatctacatgtaccatttggcacaattacaaaaatgttttctataactattagatttagttcgtttatttgaatttcttcggaaaattcacatatgaactgc 
aagtcacticgaaacatgaaaaaccgtgcatgcaaaataaatgatatgcatgttatctageacaagttacgaccgaattcagaagcagaccagaatctt 
caagcaccatgctcactaaacatgaccgtgaacttgttatcCagttgtttaaaaattgtataaaacacaaataaagticagaaattaatgaaacttgtccac 
atgtcatgatatcatatatagaggttgtgataaaaatttgataatgttcggtaaagttgtgacgtactatgtgtagaaacctaagtgacctacacataaaat 
catagagttcaatgtagttcacticgacaaagactttgtcaagtgtccgataaaaagtattoagcaaagaagccgttgtcgatttactgttcgtcgagatc 
totttgccgagtgtcacactaggcaaagtictttacggagtgttcaggctttgacacticggcaaagcgctcgatticcagtagtgacagtaatttgcatc 
aaaaatagccgagagatttaaaatgagtcaactaatagaccaactaattattagctattagtcgttagcttctittaatctaagetaaaaccaactaatagct 
tatttgttgaattacaattagctcaacggaattctotgttttittctataaaaaaaagggaaactg.cccctcatttacagcaaactgtc.cgctgcctgtcgtcc 
agatacaatgaacgtacctagtaggaactCttttacacgcticggtc.gctcgcc.gcggat.cggagtCccaggaacacgacaccactgtggaacacga 
caaagtctgcticagaggcggccacaccCtggcgtgcaccgagccggagcc.cggataagcacggtaaggagagtacggcgggacgtggcgacc 
cgtgttgtctgctgccacgcagocttcCtcCacgtagccgc.gcggcc.gcgccacgtacCagggcc.cggcgctggtataaatgcgcgccacctCcgc 
tittagttctgcatacagccaa.cccaacacacaccCgagcatatoacagtgacagacactacacgATG 
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Figure 17 
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Figure 19 
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Figure 21 
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Figure 23 
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COMMERCIAL PRODUCTION OF 
POLYSACCHARDE DEGRADING ENZYMES 
IN PLANTS AND METHODS OF USING SAME 

0001. This application is a continuation of previously filed 
and co-pending application U.S. Ser. No. 1 1/219,180, filed 
Sep. 2, 2005, which claims benefit under 35 U.S.C.S 119(e) to 
previously filed and co-pending application U.S. Ser. No. 
60/607.098, filed Sep. 3, 2004 and which application U.S. 
Ser. No. 1 1/219,180 is also a continuation-in-part of U.S. Ser. 
No. 10/310,292, filed Dec. 5, 2002, which claims benefit 
under 35 U.S.C.S 119(e) to U.S. Ser. No. 60/340,035, filed 
Dec. 6, 2001, the contents of all such prior filings are incor 
porated herein by reference. 

GOVERNMENT INTEREST 

0002 The work of this invention was funded in part by a 
grant from the USDA and the government has certain rights 
therein. 

FIELD OF THE INVENTION 

0003. The present invention relates to commercial produc 
tion of heterologous proteins in plants. More specifically, the 
invention is to novel methods of expressing a heterologous 
polysaccharide degrading enzyme in plants, particularly in 
grains, and to methods of targeting expression to cell 
organelles and the cell wall to achieve high levels of expres 
Sion. Methods of using Such enzymes in saccharification 
methods and in production of ethanol from crop residues are 
also provided. 

BACKGROUND OF THE INVENTION 

0004 Polysaccharide degrading enzymes are useful in a 
variety of applications, such as in animal feed, industrial 
applications, and, in particular, in ethanol production. 
0005 Fossilized hydrocarbon-based energy sources, such 
as coal, petroleum and natural gas, provide a limited, non 
renewable resource pool. Because of the world's increasing 
population and increasing dependence on energy sources for 
electricity and heating, transportation fuels, and manufactur 
ing processes, energy consumption is rising at an accelerating 
rate. The US transportation sector alone consumes over 100 
billion gallons of gasoline per year. Most (-60%) of the oil 
used in the US today is imported, creating a somewhat pre 
carious situation in today's political climate because Supply 
disruptions are highly likely and would cripple the ability of 
the economy to function. Fossil petroleum resources, on 
which our standard of living currently depends, will likely be 
severely limited within the next 50-100 years. 
0006. The production of ethanol from lignocellulosic bio 
mass can utilize large Volumes of agricultural resources that 
are untapped today. Ethanol is key to partially replacing 
petroleum resources, which are limited. Ethanol fuels burn 
cleanly and because of this, ethanol replacement of petroleum 
fuels at any ratio will have a positive impact on the environ 
ment. Production of ethanol from domestic, renewable 
Sources also ensures a continuing Supply. For these reasons, 
the production of ethanol fuels from lignocellulosic biomass 
are being developed into a viable industry. High yields of 
glucose from cellulose (using cellulase enzymes) are required 
for any economically viable biomass utilization strategy to be 
realized. The US is one country involved in ethanol produc 
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tion and currently manufactures approximately over three 
billion gallons of ethanol from corn grain-derived starch. 
(American Coalition of Ethanol Production, www.ethanol. 
org; also, Sheehan, J. “The road to bioethanol: A strategic 
perspective of the US Department of Energy's National Etha 
nol Program” Himmel M. E. Baker J. O. Saddler J N eds., 
Glycosyl Hydrolases for Biomass Conversion, 2-25). Ethanol 
that is produced from corn starch, however, has not been 
cost-effective alternative to fossil fuels. 

0007 Unharvested residues from agricultural crops are 
estimated at a mass approximately equal to the harvested 
portion of the crops. Specifically for the corn crop, if half of 
the residue could be used as a feedstock for the manufacture 
of ethanol, then about 120 million tons of corn stover would 
be available annually for biomass conversion processes 
(Walsh, Marie E. Biomass Feedstock Availability in the 
United States. State Level Analysis. 1999). Assuming that 
mature, dry corn Stover is approximately 40% cellulose on a 
dry weight basis then 48 million tons of cellulose/year would 
be available for hydrolysis to glucose. Using today’s technol 
ogy, a ton of cellulose will yield approximately 100 gallons of 
ethanol. 

0008 Because known technologies for ethanol production 
from plant biomass have been more costly than the market 
price for ethanol, ethanol will not become an important alter 
native to fossil fuels, unless the price of fossil fuels rises 
substantially. If, however, the cost of the production of etha 
nol from plant biomass could be reduced, then ethanol might 
become a cost-effective alternative to fossil fuels even at 
today's prices for fossil fuels. 
0009 Plant biomass is a complex matrix of polymers com 
prising the polysaccharides cellulose and hemicellulose, and 
a polyphenolic complex, lignin, as the major structural com 
ponents. Any strategy designed to Substitute lignocellulosic 
feedstocks for petroleum in the manufacture of fuels and 
chemicals must include the ability to efficiently convert the 
polysaccharide components of plant cell walls to Soluble, 
monomeric Sugar Streams. Cellulose, the most abundant 
biopolymer on earth, is a simple, linear polymer of glucose. 
However, its semi-crystalline structure is notoriously resis 
tant to hydrolysis by both enzymatic and chemical means. 
Yet, high yields of glucose from cellulose are critical to any 
economically viable biomass utilization strategy. 
0010 Nature has developed effective cellulose hydrolytic 
machinery, mostly microbial in origin, for recycling carbon 
from plant biomass in the environment. Without it, the global 
carbon cycle would not function. To date, many cellulase 
genes have been cloned and sequenced from a wide variety of 
bacteria, fungi and plants, and many more certainly await 
discovery and characterization (Schulein, M, 2000. Protein 
engineering of cellulases. Biochim. Biophys. Acta 1543:239 
252): Tomme Petal. 1995. Cellulose Hydrolysis by Bacteria 
and Fungi. Advances in Microbial Physiology 37:1-81). Cel 
lulases are a Subset of the glycosyl hydrolase Superfamily of 
enzymes that have been grouped into at least 13 families 
based on protein sequence similarity, enzyme reaction 
mechanism, and protein fold motif. 
0011. The economics of using corn stover or any other 
Source of lignocellulosic biomass to produce ethanol is omi 
nous at best and is the limiting step behind the attainment of 
Such a goal. The current cost of making ethanol from any 
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Source of lignocellulosic biomass with the current enzyme 
production systems and the biomass collection and pretreat 
ment technology is in the order of about $1.50 per gallon. This 
is due to the high operation costs of collecting and transport 
ing the lignocellulosic raw material to destination plants, 
producing the polysaccharide-degrading enzymes and the 
high cost of pretreating the lignocellulosic raw material to 
facilitate its enzymatic degradation. To become economical, 
the processes for ethanol production have to be integrated into 
the cultivation of agricultural crops. In particular, the process 
of producing the enzymes required for ethanol production as 
well as the collection of lignocellulosic raw material have to 
be integrated into the normal operations of crop cultivation. 
The crop market will generate the revenues necessary to 
economically justify its cultivation and the production of 
ethanol will be a by-product of this operation. 
0012. At present enzyme production is primarily by sub 
merged culture fermentation. The scale-up of fermentation 
systems for the large Volumes of enzyme required for biomass 
conversion would be difficult and extremely capital intensive. 
For purposes of comparison, a single very large (1 million 
liter), aerobic fermentation tank could produce 3,091 tons of 
cellulase protein/yr in continuous culture. Currently, how 
ever, fermentation technology is practiced commercially on a 
significantly Smaller scale and in batch mode, so production 
capacities are closer to 10% of the theoretical 3,091 tons 
calculated above. Thus, using these assumptions, current 
practices would yield 3000 times less than the 1.2 mM tons of 
enzyme needed to convert the cellulose content from 120 MM 
tons per year of corn Stover. Capital and operating costs of 
Such a fermentative approach to producing cellulases are 
likely to be impractical due to the huge scale and capital 
investment that will be required. 
0013 Several recombinant systems are available for pro 
tein production. Foreign proteins have been produced in ani 
mal cell cultures and transgenic animals. However, these 
methods are very expensive and time intensive, particularly in 
the scale-up of cultures or herds large enough for industrial 
enzyme production, making them highly impractical. Bacte 

Enzyme 

Endo-1,4-B-D- 
glucanase 

Endo-1,4-B-D- 
glucanase 

Endo-1,4-B-D- 
glucanase 
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ria and fungi are relatively simple systems but require a large 
initial investment for capital equipment. On the other hand, 
crop-based production systems may offer an attractive and 
cost-effective alternative for industrial enzyme production at 
the scale required for biomass conversion. Transgenic plants 
require the lowest capital investment (mainly for dedicated 
harvesting equipment and storage) of all production systems. 
The cost of producing crude recombinant protein in plants 
could be three orders of magnitude lower than that of the 
mammalian cell system, and 10 fold less than microbial fer 
mentation (Elizabeth E. Hood and Susan L. Woodard. Indus 
trial Proteins Produced from Plants. Molecular Farming. 
2002. In: Plants as Factories for Protein Production. E. E. 
Hood and JA Howard, Eds., Kluwer Academic Publishers, 
Dordrecht, The Netherlands pp. 119-135). Advantages of 
plant systems include the low cost of growing a large biom 
ass, easy scale-up (increase of planted acreage), natural Stor 
age organs (tubers, seeds), and established practices for effi 
cient harvesting, transporting, storing and processing of the 
plant. 
0014 Plant systems have been used to express polysac 
charide degrading cellulases specifically with varying 
amounts of success (Table 1). Ziegleretal. (Ziegler, MT, et al. 
2000. Accumulation of a thermostable endo-1,4-B-D-gluca 
nase in the apoplast of Arabidopsis thaliana leaves. Molecu 
lar Breeding 6:37-46) have expressed an endoglucanase in 
Arabidopsis leaves and in tobacco tissue culture cells at high 
levels, but both systems are impractical for commercializa 
tion. In addition, Some preliminary work has been done with 
potato (Dai Z. et al. 2000. Improved plant-based production 
of El endoglucanase using potato: expression optimization 
and tissue targeting. Molecular Breeding 6:277-285) but 
expression levels were relatively low. Studies with tobacco, 
alfalfa and potato leaves have shown that individual cellulase 
enzymes can be expressed in these plants (Ziegelhoffer T, et 
al. 1999. Expression of bacterial cellulase genes in transgenic 
alfalfa (Medicago sativa L.), potato (Solanum tuberosum L.) 
and tobacco (Nicotiana tabacum L.). Molecular Breeding 
5:309-318; and U.S. Pat. No. 5,981,835) although not at 
levels that would allow economic production of the enzymes. 

TABLE 1. 

Examples of heterologous cellulase expression 
in plants and production considerations. 

Transgenic 
plant Expression Stable 

Gene source system level storage Scalability 

Bacterial Arabidopsis 26% TSP No 
(Acidothermus) (cell wall in leaves' 

targeted) 
Bacterial Potato 2.6% TSP2 No -- 

(Acidothermus) (cell wall or in leaves 
chloroplast 
target) 

Bacterial Alfalfa -0.01% TSP No ---- 
(Thermonospora) (cytosolic in leaves 
cytosolic localization) 
localization Tobacco 0.1% TSP No -- 

(cytosolic in leaves 
localization) 
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TABLE 1-continued 

Examples of heterologous cellulase expression 
in plants and production considerations. 

Transgenic 
plant Expression 
system level 

Stable 
Enzyme Gene Source 

0.02% TSP3 No 
in leaves 

Alfalfa 
(cytosolic 
localization) 
Tobacco 
(cytosolic 
localization) 

Cellobiohydrolase Bacterial 
(T. fisca) 

0.002% TSP3 No 
in leaves 

Zeigler et al., 2000; 
°Dai et al., 2000; 

storage 
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Scalability 

---- 

Ziegelhoffer et al., 1999 and ~% TSP assumes 10% of leaf weight is soluble protein; 
'Scalability defined by 2002 US crop acreage, scale-up potential: -, unscalable; +, fair; ++, mod 
erate; +++, significant. 
TSP = Total soluble protein. 

0015 None of the expression systems to date have shown 
a practical application of producing cellulases. In some of the 
examples the expression level is much too low to be of any 
commercial use. The highest level of expression achieved was 
in Arabidopsis. However, the use of this plant is impractical 
for commercial production of enzymes. It is a model organ 
ism, used because of its ease in transformation, but grows to 
a height of only three inches and could not possibly produce 
adequate amounts of enzyme for commercial purposes. The 
volume of material needed and the expression levels need to 
be such that commercial production is practicable. In general, 
expression levels should be at least about 0.1% of total 
soluble protein of the plant tissue used. None of the work to 
date has involved expression of cellulases in corn (Zea mays, 
L.). While the possibility of expressing an enzyme to a par 
ticular organelle has been presented, and in one instance 
targeted to the chloroplast (See U.S. Pat. No. 6,429.359) 
Success in increasing expression by targeting specific 
organelles in plants cells or secreting from cell wall has not 
been shown. Further, for plant production of the enzymes to 
be commercially viable, expression at commercial levels in a 
plant that can be grown, harvested and scaled to commercial 
quantities must be achieved on a reliable, consistent basis. 
0016 Combining these improvements with harvest meth 
ods that allow the simultaneous recovery of corn stover and 
corn grain by a single pass through the field reduces the cost 
of collecting the lignocellulosic raw material. Such single 
pass (also referred to as one-pass) harvesting cuts down on the 
number of times that farm machinery are driven through the 
fields. This approach minimizes soil compaction, reduces the 
amount of time invested in material collection and curtails the 
cost of fossil fuel and labor needed for operating the farm 
machinery. One-pass harvest is being developed by several 
groups, for example at Iowa State University by Dr. Graeme 
Quick. See records and minutes of the “Corn Stover Harvest 
ing Field Demonstration and Biomass Harvesting Collo 
quium'. Harlan, Iowa. Oct. 29, 2001. 
0017 Provided by the invention are cost-effective meth 
ods for the saccharification of polysaccharides in crop resi 
dues. The methods of the invention find particular use in the 
integration of current practices for the cultivation of crop 
plants for the purpose of obtaining a commercially desired 
plant material with the production of commercial levels of 
polysaccharide degrading enzymes in the tissues of the crop 

plants and the use of the crop plant residues as a source of 
lignocellulosic biomass for the production of fermentable 
Sugars. 
0018. The methods of the invention find use in transform 
ing crop plants with a nucleotide sequence encoding at least 
one polysaccharide degrading enzyme. Such as those degrad 
ing cellulose, hemicellulose or pectin. Any plant tissue 
expressing the enzyme can be the Source of the enzyme. In 
one embodiment of the invention the same plant used to make 
the enzyme can be the source of the lignocellulose. The 
enzymes can be produced in any part of the plant (leaves, 
seed, roots, etc.) and used for Subsequent treatment in degrad 
ing polysaccharides of the plant. In an embodiment the crop 
plant is a plant that produces seeds. The source of the enzyme 
preferably can be seed tissue, such as one or more of whole 
seed, hulls, seed coat, endosperm, or embryo (germ). More 
preferrably the seeds have a germ that is capable of being 
fractioned from the rest of the seed (the term degerminated is 
Sometimes used when referring to separation of the germ) in 
a commercial milling process. In a preferred embodiment of 
the invention the enzyme(s) are expressed in the germ portion 
of the seed. In another preferred embodiment the level of 
enzymes that are produced in the germ portion of the seed are 
at least about 0.1% of the dry weight of the seed. 
0019. In particular, the methods of the invention further 
provide a cost-effective integrated approach to producing 
fermentable Sugars from corn Stover that encompasses the 
production of polysaccharide degrading enzymes in the seeds 
of genetically engineered cornplants. A portion of orall of the 
seed can be the Source of the degrading enzyme with other 
plant parts used for other purposes. The option is available to 
use a select tissue of the seed for commercial purpose, and 
other tissue used as the source of enzyme for the saccarifica 
tion process. For example, the corn endosperm can be used as 
a source of starch, corn Stover from the engineered plants as 
lignocellulosic biomass and embryo as the enzyme source. 
Further economic advantages are obtained in harvesting the 
seeds in a first operation and the stover in a second operation 
Such that both operations are carried out concurrently by 
employing single-pass harvest operations. 
0020. The methods of the invention involve producing one 
or more cell wall polysaccharide-degrading enzymes in a 
crop plant by transforming the plant with at least one nucle 
otide construct comprising a nucleotide sequence encoding a 
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cell wall polysaccharide-degrading enzyme operably linked 
to a promoter that drives expression in the crop plant, more 
preferably in the crop plant seedora portion thereof, such that 
the production of the commercially desired plant material is 
not forfeited by the production of the enzymes. 
0021. The methods further involve obtaining from the 
transformed plant, tissue that expresses the cell wall polysac 
charide-degrading enzyme or enzymes, contacting lignocel 
lulosic biomass with this plant tissue, and exposing the com 
bination to conditions that are favorable for the degradation of 
cell wall polysaccharides into fermentable sugars. The fer 
mentable sugars can then be utilized for the production of 
ethanol or other desired molecules using fermentation proce 
dures that are known in the art. 

0022. The inventors have devised an integrated method for 
the economic saccharification of lignocellulosic biomass and 
its conversion into ethanol. It is, therefore, an object of the 
present invention to provide cost-effective methods for con 
Verting polysaccharides in lignocellulosic biomass into fer 
mentable Sugars. It is also an object of the present invention to 
genetically engineer plants to produce cell wall degrading 
enzymes at commercially high levels and use such enzymes 
in saccharification of polysaccharides. A still further object is 
to obtain both the source of polysaccharides and source of 
enzymes from one crop. Another object of the invention is to 
integrate efficient harvest methods such as single pass harvest 
with the genetic engineering of corn plants to cost effectively 
produce ethanol from corn stover. A further object of the 
invention is to produce commercially acceptable levels of 
polysaccharide-degrading enzymes in corn plants. Yet 
another object of the invention is to target the expression of 
polysaccharide-degrading enzymes to corn seeds, preferably 
to the germ portion of the seed. 
0023. In one embodiment of the invention, production of 
recombinant cellulases in plants is provided that improves 
overprior attempts to express cellulases in plants in reliability 
of enzyme production and at commercial levels. 
0024. In an embodiment of the invention cellulases are 
produced in corn plants. 
0025. Another object of the invention is the application of 
large-scale production of cellulases to industrial markets for 
which it had previously been economically unfeasible to 
enter. 

0026. In yet another embodiment of the invention the cel 
lulases are preferentially expressed to the seed of the plant. 
0027. In an embodiment of the invention expression of 
cellulases is targeted to specific locations within the plant cell 
in order to increase expression levels of the enzymes in the 
plant. 
0028. Another embodiment of the invention is to express 
the E1 cellulase (endo-1,4-B-D-glucanase, EC 3.2.1.4) and 
CBH I (cellobiohydrolase or 1,4-B-D-glucan cellobiosidase, 
EC 3.2.1.91) in corn. In a further embodiment, the E1 cellu 
lase is secreted to the cell wall, retained in the endoplasmic 
reticulum or targeted to the vacuole of a plant cell. Another 
embodiment provides for CBH I enzyme to be secreted to the 
cell wall or retained in the endoplasmic reticulum. 
0029. Other embodiments are to further improve expres 
sion of cellulases in plants by backcrossing transgenic plants 
containing the cellulase expressing gene into plants with 
good agronomic traits. 
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0030 The objectives of this invention will become appar 
ent in the description below. All references cited are incorpo 
rated herein by reference. 

SUMMARY OF THE INVENTION 

0031 Expression of polysaccharide degrading enzymes in 
plants is described. The polysaccharide degrading enzyme 
can be used for a variety of applications, including in ethanol 
production. Use of the crop plant as the Source of enzyme to 
obtain fermentable Sugars, that can in turn be used in ethanol 
production is described. Transgenic plants expressing com 
mercial levels of recombinant cellulases in plants on a reliable 
basis is shown. Expression vectors are engineered to provide 
for preferential expression of the enzymes to particular 
organelles or secreted to the cell wall in the plant. 

DESCRIPTION OF THE DRAWINGS 

0032 FIG. 1 is a construct map showing the construct for 
expressing E1 cellulase targeted to the endoplasmic reticu 
lum (KDEL is disclosed as SEQID NO: 12). 
0033 FIG. 2 shows a sequence for the E1 cellulase encod 
ing gene (SEQ ID NO: 1). 
0034 FIG. 3 is a construct map showing the construct for 
expressing E1 cellulase targeted to the vacuole. 
0035 FIG. 4A shows a sequence for a vacuole targeting 
sequence (SEQID NO: 2) and FIG. 4B shows the barley alpha 
amylase sequence used (SEQ ID NO:3). 
0036 FIG. 5 is a construct map showing the construct for 
expressing CBH I such that it is secreted to the cell wall. 
0037 FIG. 6 shows a sequence for CBH I encoding gene 
(SEQID NO: 4). 
0038 FIG. 7 is a construct map showing the construct for 
expressing CBH I retained in the endoplasmic reticulum 
(KDEL is disclosed as SEQID NO: 12). 
0039 FIG. 8 is a construct map showing the construct for 
expressing CBH I targeted to the vacuole. 
0040 FIG. 9 is a graph depicting the results of expression 
of E1 cellulase, in percent of total soluble protein, retained in 
the endoplasmic reticulum (KDEL is disclosed as SEQ ID 
NO: 12). 
0041 FIG. 10 is a graph depicting the results of expression 
of E1 cellulase, in percent of total soluble protein, when 
targeted to the vacuole. 
0042 FIG. 11 is a graph depicting the results of expression 
of CBH I, in percent of total soluble protein, when secreted to 
the cell wall. 
0043 FIG. 12 is a graph depicting the results of expression 
of CBH I, in percent of total soluble protein, when retained in 
the endoplasmic reticulum (KDEL is disclosed as SEQ ID 
NO: 12). 
0044 FIG. 13 is a construct map showing the construct for 
cytoplasmic expression of E1. 
0045 FIG. 14 is the construct map showing the construct 
for cytoplasmic expression of CBH I 
0046 FIG. 15 shows a barley alpha amylase signal 
sequence (SEQID NO: 5) in italics with the sequence encod 
ing cel7D (also known as cbh1-4) from Phanerochaete chry 
sosporium (SEQ ID NO: 6). 
0047 FIG. 16 is the sequence of an extended globulin-1 
promoter used in the experiments (SEQID NO: 7). 
0048 FIG. 17 is the construct map showing the construct 
for expression of cbh1-4 secreted to the cell wall. 
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0049 FIG. 18 is the sequence encoding cel5A from Phan 
erochaete chrysosporium (SEQ ID NO: 8 with the BAASS 
sequence of SEQID NO. 5 in italics and a KDEL (KDEL is 
disclosed as SEQ ID NO: 12) sequence (SEQ ID NO: 9) in 
bold). 
0050 FIG. 19 is the construct map showing the construct 
for expression of cel5A retained in the endoplasmic reticulum 
(KDEL is disclosed as SEQID NO: 12). 
0051 FIG. 20 is the sequence encoding CBH I from P 
chrysosporium C1 (SEQID NO: 10) with the BAASS signal 
sequence of SEQID NO: 5 in italics. 
0052 FIG. 21 is the construct map showing the construct 
for expression of the P. chrysosporium C1 CBH I secreted to 
the cell wall. 
0053 FIG.22 is the sequence encoding EG5 (SEQID NO: 
11) with the BAASS signal sequence in italics (SEQID NO: 
5) and the KDEL (SEQID NO: 12) sequence of SEQID NO: 
9, in bold. 
0054 FIG. 23 is the construct map showing the construct 
for expressing EG5 retained in the endoplasmic reticulum 
(KDEL is disclosed as SEQID NO: 12). 
0055 FIG. 24 is a schematic diagram which shows an 
embodiment of the invention which comprises an integrated 
process for the production of ethanol from corn stover. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0056. The present invention is drawn to cost-effective 
methods for expressing polysaccharide degrading enzymes in 
plants and the use of same, particularly for the conversion of 
lignocellulosic biomass into ethanol. By “lignocellulosic bio 
mass” is intended biomass that is comprised predominantly 
of plant cell walls and the components therein including, but 
not limited to, cellulose, hemicellulose, pectin, and lignin. 
Current methods for the production of ethanol, which utilize 
starch derived from corn grain, is a use of a food product for 
a fuel, and needs to be more cost effective. 
0057 The methods of the invention involve the use of 
lignocellulosic biomass that is currently under utilized for the 
production of ethanol. Such lignocellulosic biomass 
includes, for example, crop plant residues or other undesired 
plant material that may be left behind in the field after harvest 
or separated from the desired plant material. A crop refers to 
a collection of plants grown in a particular cycle. By “desired 
plant material' is intended the plant product that is the pri 
mary reason for commercially growing the plant. Such 
desired plant material can be any plant or plant part or plant 
product that has commercial value. Corn is grown for human 
and animal consumption, as well as to produce products Such 
as industrial oils, fertilizer and many other uses. Soybeans 
and wheat are used primarily in food products. There are 
multitudes of purposes for which these plant materials can be 
utilized. The desired plant material also includes protein pro 
duced by a transgenic polynucleotide. In short, the desired 
plant material refers to any product from the plant that is 
useful. The invention allows for profitable use of what would 
otherwise be low value or waste material after the desired 
plantis obtained. In the invention, the enzyme used to degrade 
polysaccharides in a crop can be produced by the very crop 
that will be degraded, thereby providing clear advantages in 
eliminating or reducing the need for an outside source of the 
enzyme, compacting costs with its production by combining 
it with production of the cellulose source. 
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0.058 By a “crop plant' is intended any plant that is culti 
vated for the purpose of producing plant material that is 
sought after by man for either oral consumption, or for utili 
Zation in an industrial, pharmaceutical, or commercial pro 
cess. The invention may be applied to any of a variety of 
plants, including, but not limited to maize, wheat, rice, barley, 
Soybean, cotton, Sorghum, beans in general, rape/canola, 
alfalfa, flax, Sunflower, safflower, millet, rye, Sugarcane, 
Sugar beet, cocoa, tea, Brassica, cotton, coffee, Sweet potato, 
flax, peanut, clover, vegetables Such as lettuce, tomato, cucur 
bits, cassaya, potato, carrot, radish, pea, lentils, cabbage, 
cauliflower, broccoli, Brussels sprouts, peppers, and pine 
apple; tree fruits such as citrus, apples, pears, peaches, apri 
cots, walnuts, avocado, banana, and coconut, and flowers 
Such as orchids, carnations and roses. 
0059. The plant tissue used may be that of the original 
plant transformed with the enzyme, or can be a descendant 
obtained by crossing with the same plant or another plant, as 
described in the methods below. 

0060. While such lignocellulosic biomass contains vast 
amounts of polysaccharides, these polysaccharides are not 
readily fermentable into ethanol. These polysaccharides are 
constituents of plant cell walls and include, but are not limited 
to, cellulose, hemicellulose, and pectin. The present invention 
provides cost-effective methods that involve converting at 
least a portion of these polysaccharides, particularly the por 
tion comprising cellulose, into a form that can be readily 
fermented into ethanol by the microorganisms that are pres 
ently used for ethanol production, namely yeasts and bacteria. 
The invention integrates the economical production of the 
enzymes required for the conversion of the polysaccharides in 
lignocellulosic biomass to ethanol with the production of the 
desired plant material and the simultaneous recovery of the 
desired material, the lignocellulosic raw material and the 
polysaccharide-degrading enzymes in a single harvest opera 
tion. 

0061. The methods of the invention involve the conversion 
of plant cell wall polysaccharides to fermentable Sugars that 
can then be used in the production of ethanol or other desired 
molecules via fermentation methods known in the art. The use 
of the term “fermentable sugars' includes, but is not limited 
to, monosaccharides and disaccharides and also encompasses 
Sugar derivatives Such as, for example, Sugar alcohols, Sugar 
acids, amino Sugars, and the like. The fermentable Sugars of 
the invention encompass any Sugar or Sugar derivative that is 
capable of being fermented into ethanol via fermentation 
methods known in the art. In addition, one skilled in the art 
can appreciate that the enzymes expressed in plants of the 
invention may be used in any commercial polysaccharide 
degrading process, such as in providing additives to animal 
feed (See, for example Rode et al., “Fibrolytic enzyme 
supplements for dairy cows in early lactation' J. Dairy Sci. 
1999 October; 8201):2121-6); industrial applications, (for 
example, in detergent applications, see Winetzky, U.S. Pat. 
No. 6,565,6131; in biofinishing of denims, see Vollmond, 
WO97/25468); treatment of genes, or, in a preferred embodi 
ment, in the production of ethanol. 
0062) To convert the cell wall polysaccharides to ferment 
able Sugars, the methods of the invention involve producing in 
plant tissues one or more enzymes that are capable of degrad 
ing plant cell wall polysaccharides. Preferably, such enzymes 
are produced at high levels. Such enzymes and the sequences 
encoding them are known in the art. 
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0063 Current sources of cell wall polysaccharide-degrad 
ing enzymes are fungal and microbial cultures. Producing 
high levels of cell wall polysaccharide-degrading enzymes in 
plants, particularly in grain crops, is less expensive and thus 
lowers the total cost of producing ethanol from lignocellu 
losic biomass (Z. Nikolov and D. Hammes. 2002. “Produc 
tion of Recombinant Proteins from Transgenic Crops” in 
Plants as Factories for Protein Production., E. E. Hood and J. 
A. Howard, Eds., Kluwer Academic Publishers, Dordrecht, 
the Netherlands pp. 159-174). 
0064. The methods of the invention involve transforming a 
plant with at least one nucleotide construct comprising at 
least one nucleotide sequence encoding an enzyme that is 
capable of degrading plant cell wall polysaccharides. The 
nucleotide sequence is operably linked to a promoter that 
drives expression in a plant. Preferably, the promoter will 
preferentially direct expression to a particular plant tissue. 
More preferably, the promoter will provide high-level expres 
sion in a particular plant tissue. The plant tissue in which the 
enzyme is expressed can include any plant tissue, such as leaf, 
seed, root, stem, tassel, anther, pollen, ovules, or any other 
tissue of the plant. In an embodiment the tissue is leaf. Most 
preferably, the promoter will provide high-level expression in 
a seed, or in a particular part of the seed, such as, for example, 
the embryo (sometimes referred to as the “germ'), 
endosperm, seed coat, bran or hull. Expression of 0.1% total 
soluble protein is necessary to provide economically practical 
expression. By “high-level expression' is intended that an 
enzyme of the invention is present in the plant tissue at a level 
of at least about 0.1% dry weight, or about 10% total soluble 
protein. 
0065. The methods can involve, one, two, three, four, five, 
or more of Such enzymes. The enzymes are preferably pro 
duced in plant seeds, or in aparticular portion thereof. Such as, 
for example, in the embryo, endosperm, seed coat, bran or 
hull. 

0.066. In one embodiment of the invention, the methods 
involve one or more cell wall polysaccharide-degrading 
enzymes. By cell wall"polysaccharide-degrading enzyme” is 
intended any enzyme that can be utilized to promote the 
degradation of the plant cell wall polysaccharides into fer 
mentable sugars. While the methods of the invention encom 
pass the production of one or more cell wall polysaccharide 
degrading enzymes in a single plant, two or more enzymes 
can be produced in separate plants. For example, a first plant 
can be transformed with a first nucleotide construct compris 
ing a first promoter operably linked to a first nucleotide 
sequence encoding a first polysaccharide-degrading enzyme. 
A second plant can also be transformed with a second nucle 
otide construct comprising a second promoter operably 
linked to a second nucleotide sequence encoding a second cell 
wall polysaccharide-degrading enzyme. The first and second 
enzymes can then be employed to degrade cell wall polysac 
charides either in combination or sequentially. 
0067. Alternatively, the two or more enzymes can be pro 
duced in a single plant. The enzymes may be produced in the 
same tissue, expression directed to different tissue; expres 
sion may be directed to the same organelle or different 
organelles. For example, one enzyme may be expressed to the 
endoplasmic reticulum, and the same or a different enzyme 
expressed to the vacuole. The result provides both various 
options for expression of more than one enzyme, for ease in 
use, and/oran increase in expression of the enzymes. This can 
be accomplished by any means known in the art for breeding 
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plants such as, for example, cross pollination of the first and 
second plants that are described above and selection for plants 
from Subsequent generations which express both the first and 
second enzymes. The plant breeding methods used herein are 
well known to one skilled in the art. For a discussion of plant 
breeding techniques, see Poehlman (1987) Breeding Field 
Crops. AVI Publication Co., Westport Conn. Many crop 
plants useful in this method are bred through techniques that 
take advantage of the plant's method of pollination. A plant is 
self-pollinating if pollen from one flower is transferred to the 
same or another flower of the same plant. A plant is cross 
pollinated if the pollen comes from a flower on a different 
plant. For example, in Brassica, the plant is normally self 
sterile and can only be cross-pollinated unless, through dis 
covery of a mutant or through genetic intervention, self com 
patibility is obtained. In self-pollinating species, such as rice, 
oats, wheat, barley, peas, beans, soybeans, tobacco and cot 
ton, the male and female plants are anatomically juxtaposed. 
During natural pollination, the male reproductive organs of a 
given flower pollinate the female reproductive organs of the 
same flower. Maize plants (Zea mays L.) can be bred by both 
self-pollination and cross-pollination techniques. Maize has 
male flowers, located on the tassel, and female flowers, 
located on the ear, on the same plant. It can self or cross 
pollinate. 
0068 Pollination can be by any means, including but not 
limited to hand, wind or insect pollination, or mechanical 
contact between the male fertile and male sterile plant. For 
production of hybrid seeds on a commercial scale in most 
plant species pollination by wind or by insects is preferred. 
Stricter control of the pollination process can be achieved by 
using a variety of methods that make one plant pool male 
sterile, and the other the male fertile pollen donor. This can be 
accomplished by hand detassling, cytoplasmic male Sterility, 
or control of male sterility through a variety of methods well 
known to the skilled breeder. Examples of more sophisticated 
male sterility systems include those described at Brar et al., 
U.S. Pat. Nos. 4,654,465 and 4,727,219 and Albertsen et al. 
U.S. Pat. Nos. 5,859,341 and 6,013,859. 
0069 Backcrossing methods may be used to introduce the 
gene into the plants. This technique has been used for decades 
to introduce traits into a plant. An example of a description of 
this and other plant breeding methodologies that are well 
known can be found in references such as “Plant Breeding 
Methodology” edit. Neal Jensen, John Wiley & Sons, Inc. 
(1988). In a typical backcross protocol, the original variety of 
interest (recurrent parent) is crossed to a second variety (non 
recurrent parent) that carries the single gene of interest to be 
transferred. The resulting progeny from this cross are then 
crossed again to the recurrent parent and the process is 
repeated until a plant is obtained wherein essentially all of the 
desired morphological and physiological characteristics of 
the recurrent parent are recovered in the converted plant, in 
addition to the single transferred gene from the nonrecurrent 
parent. 
0070 A single plant can also be transformed with both the 

first and second nucleotide constructs described above or with 
a single nucleotide construct comprising the first promoter 
operably linked to the first nucleotide sequence and the sec 
ond promoter operably linked to the second nucleotide 
sequence. Furthermore, it is recognized that both the first and 
second promoters can be the same or different depending on 
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whether or not it is desired to express the first and second 
enzymes at the same level, time, and/or tissue in a plant or in 
separate plants. 
0071. Furthermore, as noted, the plant can be also trans 
formed using such methods with another nucleotide sequence 
which creates a desired plant product. Such product can pro 
vide the plant with increased value, where the expression 
provides insect resistance, disease resistance, herbicide resis 
tance, increased yield, increased tolerance to environmental 
stress, increased or decreased starch, oil or protein content, 
for example. The protein expressed in the plant can also be the 
desired plant product itself. By way of example, but not 
limitation Such products can include production of proteases 
in plants (See U.S. Pat. No. 6,087.558); production of apro 
tinin in plants (U.S. Pat. No. 5,824,870); production of avidin 
in plants (U.S. Pat. No. 5,767,379); production of viral vac 
cines in plants (U.S. Pat. No. 6,136.320): production of trans 
missible gastroenteritis and hepatitis vaccines in plants (U.S. 
Pat. Nos. 5,914,123 and 6,034.298). 
0072 The enzymes of the invention encompass enzymes 
that can be employed to degrade plant cell wall polysaccha 
rides into fermentable Sugars. Such enzymes are known in the 
art and include, but are not limited to, enzymes that can 
catalyze the degradation of cellulose, hemicellulose, and/or 
pectin. In particular, the methods of the invention are drawn to 
cellulose-degrading enzymes. By "cellulose-degrading 
enzyme’ is intended any enzyme that can be utilized to pro 
mote the degradation of cellulose into fermentable Sugars 
including, but not limited to, cellulases and glucosidases. By 
way of example, without limitation, the enzymes classified in 
Enzyme Classification as 3.2.1.x are included within the 
Scope of the invention. An example of the many enzymes 
which may be employed in the invention is presented in Table 
2, a list of enzymes in the category by the Nomenclature 
Committee of the International Union of Biochemistry and 
Molecular Biology (NC-IUBMB). 
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Polysaccharide degrading enzymes 

EC 3.2. 
EC 3.2. 
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EC 3.2. 
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EC 3.2. 
EC 3.2. 

.1 C-amylase 

.2 -amylase 

.3 glucan 1,4-O-glucosidase 

.4 cellulase 

.6 endo-1,3(4)-3-glucanase 

.7 inulinase 

.8 endo-1,4-3-Xylanase 

.10 oligo-1,6-glucosidase 

.11 dextranase 

.14 chitinase 

.15 polygalacturonase 

.17 lysozyme 

.18 exo-C-Sialidase 

.20 C-glucosidase 

.213-glucosidase 

.22 C-galactosidase 

.233-galactosidase 

.24 C-mannosidase 

.253-mannosidase 

.26 B-fructofuranosidase 

.28 Co-trehalase 

.313-glucuronidase 

.32 Xylan endo-1,3-B-xylosidase 

.33 amylo-1,6-glucosidase 

.35 hyaluronoglucosaminidase 

.36 hyaluronoglucuronidase 

.37 xylan 1,4-B-xylosidase 

.38 B-D-fucosidase 

.39 glucan endo-1,3-B-D-glucosidase 
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TABLE 2-continued 

Polysaccharide degrading enzymes 

.403-L-rhamnosidase 

.41 pullulanase 
42 GDP-glucosidase 
.433-L-rhamnosidase 
.44 fucoidanase 
.45 glucosylceramidase 
.46 galactosylceramidase 
.47 galactosylgalactosylglucosylceramidase 
.48 Sucrose 3-glucosidase 
.49 C-N-acetylgalactosaminidase 
.50 C-N-acetylglucosaminidase 
.51 C-L-fucosidase 
.52 B-L-N-acetylhexosaminidase 
.53-N-acetylgalactosaminidase 
.54 cyclomaltodextrinase 
.55 C-N-arabinofuranosidase 
.56 glucuronosyl-disulfoglucosamine glucuronidase 
.57 isopululanase 
.58 glucan 1,3-3-glucosidase 
.59 glucan endo-1,3-O-glucosidase 
.60 glucan 1,4-O-maltotetraohydrolase 
.61 mycodextranase 
.62 glycosylceramidase 
.63 12-O-L-fucosidase 
.642,6-B-fructan 6-levanbiohydrolase 
.65 levanase 
.66 quercitrinase 
.67 galacturan 1,4-O-galacturonidase 
.68 isoamylase 
.70 glucan 1,6-O-glucosidase 
.71 glucan endo-1,2-3-glucosidase 
.72 xylan 1,3-B-xylosidase 
.73 licheninase 
.74 glucan 1.4-3-glucosidase 
.75 glucan endo-1,6-3-glucosidase 
.76 L-iduronidase 
.77 mannan 1,2-(1,3)-C-mannosidase 
.78 mannan endo-1,4-3-mannosidase 
.80 fructan B-fructosidase 
.81 agarase 
.82 exo-poly-C-galacturonosidase 
.83 K-carrageenase 
.84 glucan 1,3-3-glucosidase 
.85 6-phospho-3-galactosidase 
.86 6-phospho-3-glucosidase 
.87 capsular-polysaccharide endo-1,3-O-galactosidase 
.88 B-L-arabinosidase 
.89 arabinogalactan endo-1,4-3-galactosidase 
.91 cellulose 1,4-B-cellobiosidase 
.92 peptidoglycan f-N-acetylmuramidase 
.93 CC-phosphotrehalase 
.94 glucan 1,6-O-isomaltosidase 
.95 dextran 1,6-O-isomaltotriosidase 
.96 mannosyl-glycoprotein endo--N-acetylglucosaminidase 
.97 glycopeptide C-N-acetylgalactosaminidase 
.98 glucan 1,4-O-maltohexaosidase 
.99 arabinan endo-1,5-O-L-arabinosidase 
.100 mannan 1,4-mannobiosidase 
.101 mannan endo-1,6-O-mannosidase 
.102 blood-group-substance endo-1,4-3-galactosidase 
.103 keratan-sulfate endo-1,4-3-galactosidase 
.104 steryl-3-glucosidase 
.105 strictosidine 3-glucosidase 
..106 mannosyl-oligosaccharide glucosidase 
.107 protein-glucosylgalactosylhydroxylysine glucosidase 

EC 3.2.1. 
.109 endogalactosaminidase 
.110 mucinaminylserine mucinaminidase 

EC 3.2.1. 

08 lactase 

11 1,3-C-L-fucosidase 
.112 2-deoxyglucosidase 
.113 mannosyl-oligosaccharide 12-O-mannosidase 
.114 mannosyl-oligosaccharide 1,3-1,6-O-mannosidase 
.115 branched-dextran exo-1,2-C-glucosidase 
.116 glucan 1,4-O-maltotriohydrolase 
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TABLE 2-continued 

Polysaccharide degrading enzymes 

EC 3.2.1.117 amygdalin -glucosidase 
EC 3.2.1.118 prunasin -glucosidase 
EC 3.2.1.119 vicianin B-glucosidase 
EC 3.2.1.120 oligoxyloglucan f-glycosidase 
EC 3.2.1.121 polymannuronate hydrolase 
EC 3.2.1.122 maltose-6'-phosphate glucosidase 
EC 3.2.1.123 endoglycosylceramidase 
EC 3.2.1.1243-deoxy-2-octulosonidase 
EC 3.2.1.125 raucaffricine B-glucosidase 
EC 3.2.1.126 coniferin B-glucosidase 
EC 3.2.1.1271,6-O-L-fucosidase 
EC 3.2.1.128 glycyrrhizinate -glucuronidase 
EC 3.2.1.129 endo-O-Sialidase 
EC 3.2.1.130 glycoprotein endo-C-1,2-mannosidase 
EC 3.2.1.131 xylan C-1,2-glucuronosidase 
EC 3.2.1.132 chitosanase 
EC 3.2.1.133 glucan 1,4-O-maltohydrolase 
EC 3.2.1.134 difructose-anhydride synthase 
EC 3.2.1.135 neopululanase 
EC 3.2.1.136 glucuronoarabinoxylan endo-1,4-3-Xylanase 
EC 3.2.1.137 mannan exo-1,2-1,6-3-mannosidase 
EC 3.2.1.139 C-glucuronidase 
EC 3.2.1.140 lacto-N-biosidase 
EC 3.2.1.141 4-C-D-(1->4)-C-D-glucano trehalose trehalohydrolase 
EC 3.2.1.142 limit dextrinase 
EC 3.2.1.143 poly(ADP-ribose) glycohydrolase 
EC 3.2.1.1443-deoxyoctulosonase 
EC 3.2.1.145 galactan 1,3-3-galactosidase 
EC 3.2.1.1463-galactofuranosidase 
EC 3.2.1.147 thioglucosidase 
EC 3.2.1.149 f-primeverosidase 
EC 3.2.1.150 oligoxyloglucan reducing-end-specific cellobiohydrolase 
EC 3.2.1.151 xyloglucan-specific endo-3-1,4-glucanase 
EC 3.2.1.152 mannosylglycoprotein endo-3-mannosidase 
EC 3.2.1.153 fructan B-(2,1)-fructosidase 
EC 3.2.1.154 fructan B-(2,6)-fructosidase 
EC 3.2.1.156 oligosaccharide reducing-end Xylanase 

0073 For the degradation of cellulose, for example, two 
general types of cellulase enzymes can be employed. Cellu 
lase enzymes which cleave the cellulose chain internally are 
referred to as endo-B-1,4-glucanases (E.C.3.2.1.4) and serve 
to provide new reducing and non-reducing chain termini on 
which exo-f-1,4-glucanases (cellobiohydrolase, CBH; E.C. 
3.2.1.91) can operate (Tomme et al. (1995) Microbial Physi 
ology 37:1-81). Two types of exoglucanase have been 
described that differ in their approach to the cellulose chain. 
One type attacks the non-reducing end and the other attacks 
the reducing end. The product of the exoglucanase reaction is 
typically cellobiose, so a third activity, B-D-glucosidase (E.C. 
3.2.1.21), is required to cleave cellobiose to glucose. The 
exoglucanase can also yield longer glucose chains (up to 6 
glucose units) that will require a B-D-glucosidase activity to 
reduce their size. Relative to the other enzyme activities 
needed for degradation of cellulose into fermentable Sugars, 
only a minor amount of the B-D-glucosidase activity is 
required. Therefore, while the methods of the invention 
encompass the production of such a glucosidase in a plant, the 
necessary glucosidase activity could be supplied by a down 
stream fermentative organism or from B-D-glucosidase 
enzyme that is added during saccharification and/or fermen 
tation. 
0074. Nucleotide sequences encoding endo-B-1,4-gluca 
nases, exo-?3-1,4-glucanases, and B-D-glucosidases are 
known in the art. Nucleotide sequences encoding endo-B-1, 
4-glucanases include, but are not limited to, the nucleotide 
sequence having Accession No. U33212. Nucleotide 
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sequences encoding exo-f-1,4-glucanases include, but are 
not limited to, the nucleotide sequence having Accession No. 
X69976. Nucleotide sequences encoding fB-D-glucosidases 
include, but are not limited to, the nucleotide sequence having 
Accession No. U13672. 
0075 Expression of cellulases in plants has several advan 
tages. Plants are more economical to grow and can be far 
more readily produced in large quantities than fungi. In addi 
tion, recombinant protein targeted to seeds allows for stable 
storage of the recombinant proteins for extended periods. The 
inventors have determined that expression of cellulases in 
plants at commercial levels on a reliable basis is feasible and 
provides Substantial advantages over prior attempts of pro 
ducing the enzyme in microorganisms. 
0076 One reason that cellulose utilization has not yet been 
commercially realized is due to the high cost of the large 
quantities of cellulase enzymes required for its complete 
hydrolysis. Approximately 1.3 million tons/yr of cellulase 
would be required to convert the 48 million tons of stover 
derived cellulose to glucose. While the development of supe 
rior enzymes for processing of plant polymers is important, 
Superior enzymes are of little value unless the means to pro 
duce them economically on a large scale are also available. 
The methods of the instant invention provide for the cost 
effective production of cellulases and other polysaccharide 
degrading enzymes in plants, particularly transgenic maize. 
0077. The inventors have discovered that it is possible to 
obtain commercial level expression of a recombinant nucleic 
acid sequence encoding cellulases in plants, with improved 
enzyme production when expression is directed to the seed of 
the plant, to particular organelles and/or cell wall, and that 
expression is possible and preferable in corn. The result is 
consistent, reliable production in plants of commercial levels 
of cellulases. 
0078. With today's specific activity, 1.2 million tons of 
cellulase are required to convert 48 million tons of cellulose 
(from 120 million tons of corn stover) to a sugar stream. This 
would require 120 million tons of grain assuming the 
enzymes showing synergy in cellulose digestion were present 
at expression levels of 1% of dry weight of seed. US produc 
tion of corn grain is estimated at 200 MM tons per year. 
Therefore at these expression levels, 60% of corn production 
would be required for the cellulase enzymes. However, with 
improved enzymes and expression technology, a much lower 
amount of the corn crop would be required to produce enough 
enzymes to convert all the available cellulose in corn stover to 
glucose. While Ziegler, Supra, showed high expression levels 
in Arabidopsis, the plant is impractical for reliable commer 
cial production of the enzymes. The expression levels in both 
Ziegler and Dai, Supra, is several orders of magnitude below 
commercially practical levels. 
007.9 Further, expression of cellulases in corn has been 
demonstrated for the first time. Corn has considerable advan 
tages over other plants as bioreactors. In comparison with 
other plants, it produces seed which is easily stored and 
transported, has low production costs, the plant parts have use 
in a variety of processes and products, thereby reducing costs 
by the sale of coproducts, and it is the largest crop in North 
America in terms of both acreage and total value. Thus pro 
duction of the enzymes in corn is desirable. 
0080 Further, according to the present invention, the pref 
erential direction of expression of the cellulases to internal 
organelles and/or cell wall of the plant is a preferred method 
of expressing the enzymes at high levels. The inventors have 
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determined that targeting the expression of E1 endo-1,4-B-D- 
glucanase (E1 cellulase) to the cell wall results in expression 
levels of more than 1% total soluble protein, and when tar 
geted to the endoplasmic reticulum (ER) results in levels of 
expression over 15% of the total soluble protein (TSP) using 
extraction methods as described in Example 3. High levels of 
expression were also achieved when the enzyme was targeted 
to the vacuole. In this instance, seeds had levels of expression 
in excess of 10%TSP. When cellobiohydrolase I (CBHI) was 
targeted to the cell wall, high levels of expression were 
obtained, and improved expression, (in excess of 15% TSP) 
was obtained when targeted to the ER. However, vacuole 
expression resulted in no expression for CBH I. Thus, target 
ing to either the cell wall or specific organelles can improve 
expression. As discussed Supra, more than one enzyme can be 
expressed in crop plants. For example, the E1 cellulase 
expression can be preferentially directed to the endoplasmic 
reticulum, to the vacuole, or cell wall, and CBH I targeted to 
the cell wall or to the endoplasmic reticulum, the person 
skilled in the art selecting the targeted tissue so that the each 
enzyme expresses at optimum levels, and both enzymes avail 
able in one plant or one crop. 
0081. In addition to cellulose-degrading enzymes, 
enzymes that degrade hemicellulose and pectin can also be 
employed in the methods of the invention. While it is recog 
nized that the soluble sugars can be liberated from the hemi 
cellulose portion of lignocellulosic biomass by incubation in 
dilute acid at high temperatures, enzymes can be also be 
employed in the methods of the instant invention to convert 
hemicellulose into fermentable sugars. Such enzymes that 
can be used to the convert the polysaccharides of the hemi 
cellulose portion into fermentable Sugars are known in the art 
and include, but are not limited to, endo-B-1,4-Xylanases, 
endo-B-1,4-mannanases, endo-3-1,4-galactanases, endoxy 
lanases, C-glucuronidases, C.-arabinofuranosidases, and 
C-arabinosidases. Nucleotide sequences encoding Such 
enzymes are also known in the art. See http://us.expasy.org/ 
cgi-bin/lists?glycosid.txt. Furthermore, additional ferment 
able sugars can be liberated from the pectin portion via the use 
of enzymes Such as, for example, pectinases. Nucleotide 
sequences encoding Such enzymes are also known in the art. 
See, Fry, S.C. 1985. Primary cell wall metabolism. Oxford 
Surveys of Plant Molecular and Cell Biology, ed. B.J. Miflin. 
2:1-42. Oxford: Clarendon. 
0082 In accordance with the present invention, a DNA 
molecule comprising a transformation/expression vector is 
engineered to incorporate a polysaccaride degrading-encod 
ing cDNA. Such enzymes can then be used in any process 
employing polysaccharide degrading enzymes, such as in 
feed additives, treatment of genes, or ethanol production. In 
one embodiment of the invention, when cellulase enzymes 
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are used in ethanol production, it is preferable to use the 
following criteria to select the cellulases for expression in 
plants. Such enzymes will be those stable attemperatures and 
at a pH that is higher or lower than the temperature or pH at 
which the plant expressing the enzyme grows, thereby reduc 
ing the possibility the enzyme will have an adverse impact on 
the plant cell. Further, when selecting more than one enzyme 
for expression in a plant the pH and temperature stability 
requirements of the enzymes will be such that one enzyme 
does not require an environment hostile to the other enzyme 
in order to remainstable. It is also preferable that the enzymes 
when combined in the polysaccharide degrading process have 
a synergistic effect on the Substrate. In one embodiment these 
cellulase enzymes are thermostable to at least 45°C., have pH 
optima that are similar, exhibit synergistic activity on ligno 
cellulosic Substrates, and the genes encoding these enzymes 
have been cloned. 

I0083. Using these criteria, in one embodiment, the E1 
B-1,4-endoglucanase from Acidothermus celluloliticus (Mo 
hagheghi et al. (1986) Isolation and Characterization of Aci 
dothermus cellulolyticus gen. Nov., sp. Nov., a new genus of 
thermophillic, acidophillic, cellulolytic bacteria. Int. J. Syst. 
Bacteriol. 36:435-443; Nieves et al. (1995) Appl. Biochem. 
Biotechnol. 51/52:211-223; U.S. Pat. No. 5,536,655), cello 
biohydrolase I (CBH I) from Trichoderma reesii (Shoemaker 
et al. (1983). Molecular Cloning of Exo-Cellobiohydrolase I 
Derived From Trichoderma Reesei Strain L27. Bio/Technol 
ogy 691-696) and the B-D-glucosidase from Candida wick 
erhamii (Skory and Freer (1995) Appl. Environ. Microbiol. 
61:518-525; Freer (1993) J. Biol. Chem. 268: 9337-9342) 
have been selected. This latter enzyme is a preferred glucosi 
dase because it is resistant to feedback inhibition by glucose 
and cellobiose—an important consideration if one separates 
the process of saccharification from fermentation. If saccha 
rification is performed separately from fermentation, the glu 
cosidase should be selected which will not be feedback inhib 
ited by their products. The first two enzymes E1 and 
CBHI—have been shown to exhibit synergistic activity on 
lignocellulosic substrates that have been pretreated with 
dilute acid and steam (Baker et al. (1994) Appl. Biochem. 
Biotechnol. 45/46:245-256). E1 has optimal activity at 81° C. 
(Table 3) but is compatible at 45-50° C. with the CBHI 
enzyme which shows optimal and sustained activity at 50° C. 
Thermostable enzymes with high temperature optima are less 
likely to produce detrimental affects on plants during their 
growth and development at ambient temperatures. Some 
physical characteristics of the selected enzymes for this 
embodiment of the invention are presented in Table 3. 

TABLE 3 

Characteristics of Selected Cellulose-Degrading Enzymes 

E1 cellulase CBH I 3-glucosidase 

Family 5-3.2.1.4 7-3.2.1.91 1-3.2.1.21 
Calculated MW 521 a.a. 56,500 Da 496 aa: 52,500 Da 94,000 Danative 

116,000 Da in yeast 
Native source Bacterial Fungal Fungal 
(catalytic 363 aa. 40,610 Da 
domain) 
MW by SDS PAGE 72,000 Da. 65,000 Da. 94,000 Da. 
(catalytic 60,000 Da. 72,000 non-glycosyl 
domain) 
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TABLE 3-continued 

10 

Characteristics of Selected Cellulose-Degrading Enzymes 

E1 cellulase CBH I 3-glucosidase 

Glycosylated native No Yes, primarily Yes, 30% 
protein linker region 
pI 5.2 (holo) 4.51 3.892 

4.87 (cat domain) 
pH optimum S-6 5 4.75 
Temperature 81 C. 45-50° C. 45° C. 
optimum 
Bond cleaved 3-1,4-glycosidic 3-1,4-glycosidic 31,4-glycosidic 
Mechanism Retained anomeric Retained anomeric Retained anomeric 

configuration' configuration' configuration' 
Substrates Cellulose fibrils: Cellulose fibrils: Cellobiose (and 

purified cellulose 
preparations (Solka 
loc, Sigmacell, 
Avicel); para 
nitrophenyl-3-1,4- 
D-cellobiose 

purified cellulose 
preparations 
(Solka-floc, 
Sigmacell, Avicel) 

other water-soluble 
cello-oligomers up 
to dip 6); other B-1,4- 
glycosides (para 
nitrophenyl-3-1,4- 
D-glucose (pNPG); 
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(pNPC); methylumbelliferyl 
methylumbelliferyl- 3-1,4-D-glucose 
B-1,4-D-cellobioside (MUG) 
(MUC) 

Primary reaction Decreased degree of Cellobiose (and Glucose 
products polymerization (dp), other water-soluble 

ong-chain, water- short chain cello 
insoluble cellulose oligomers) 

'Schulein (2000) Biochim. Biophys. Acta 1543: 239-252. 
°Freer (1993) J. Biol. Chem. 268: 9337-9342. 

0084. There are numerous cellulase genes cloned and 
sequenced from a wide variety of bacteria, fungi and plants. 
For example, see, Schulein M, 2000. Protein engineering of 
cellulases. Biochim. Biophys. Acta 1543:239-252: Tomme P. 
et al., 1995. Cellulose Hydrolysis by Bacteria and Fungi. 
Advances in Microbial Physiology 37:1-81; Zeigler et al. 
Supra, Dai et al. Supra, Ziegelhoffer, Supra, Jensen Supra; 
Henrissat B. A. Classification of glycosyl hydrolases based 
on amino-acid sequence similarities Biochem. J. 280:309 
316 (1991); Henrissat B., Bairoch A., New families in the 
classification of glycosyl hydrolases based on amino-acid 
sequence similarities, Biochem. J. 293:781-788 (1993); Hen 
rissat B. Bairoch A. Updating the sequence-based classifica 
tion of glycosylhydrolases, Biochem.J. 316:695-696 (1996); 
Davies G., Henrissat B, Structures and mechanisms of gly 
cosylhydrolases, Structure 3:853-859 (1995); Jang. S.J. etal, 
New integration vector using a cellulase gene as a screening 
marker for Lactobacillus, FEMS Microbiol Lett. 2003 Jul. 29: 
224(2):191-5; Rees, H. C. et al. Detecting cellulase and 
esterase enzyme activities encoded by novel genes present in 
environmental DNA libraries. Extremophiles. 2003 Jul. 5; 
Moriya, T. et al. Cloning and overexpression of the avi2 gene 
encoding a major cellulase produced by Humicola insolens 
FERM BP-5977. Biosci Biotechnol Biochem. 2003 June; 
67(6): 1434-7: Sanchez, M M et al., Exo-mode of action of 
cellobiohydrolase Cel48C from Paenibacillus sp. BP-23. A 
unique type of cellulase among Bacillales. Eur J. Biochem. 
2003 July; 270(13):2913-9; Abdeev, R. M. et al. Expression 
of a thermostable bacterial cellulase in transgenic tobacco 
plants Genetika. March;39(3):376-82. PMID: 12722638; 
Qin Qet al., Characterization of a tomato protein that inhibits 
a Xyloglucan-specific endoglucanase. Plant J. 2003 May; 
34(3):327-38.; Murray P. G. et al., Molecular cloning, tran 
Scriptional, and expression analysis of the first cellulase gene 

(cbh2), encoding cellobiohydrolase II, from the moderately 
thermophilic fungus Talaromyces emersonii and structure 
prediction of the gene product. Biochem Biophy's Res Com 
mun. 2003 Feb. 7: 301(2):280-6: Nakashima, K. I. et al., 
Cellulase genes from the parabasalian symbiont Pseudotri 
chonympha grassii in the hindgut of the wood-feeding termite 
Coptotermes formosanus. Cell Mol Life Sci. 2002 September; 
59(9): 1554-60. The above is a small sampling of the myriad 
of cellulase encoding genes available to one skilled in the art. 
0085. The use of the term “nucleotide constructs and 
“nucleic acids’ herein is not intended to limit the present 
invention to nucleotide constructs comprising DNA. Those of 
ordinary skill in the art will recognize that nucleic acid mol 
ecules, particularly polynucleotides and oligonucleotides, 
comprised of ribonucleotides and combinations of ribonucle 
otides and deoxyribonucleotides may also be employed in the 
methods disclosed herein. Thus, the nucleotide constructs of 
the present invention encompass all nucleotide constructs that 
can be employed in the methods of the present invention for 
transforming plants including, but not limited to, those com 
prised of deoxyribonucleotides, ribonucleotides, and combi 
nations thereof. Such deoxyribonucleotides and ribonucle 
otides include both naturally occurring molecules and 
synthetic analogues. The nucleotide constructs of the inven 
tion also encompass all forms of nucleotide constructs includ 
ing, but not limited to, single-stranded forms, double 
Stranded forms, hairpins, stem-and-loop structures, and the 
like. By referring to a "heterologous nucleic acid is meant 
that the nucleic acid has been introduced in to the plant by 
human intervention, Such as by transformation with a nucle 
otide sequence, crossing or backcrossing with another plant 
transformed with the nucleotide sequence, infection of the 
plant through bacterial or viral methodology, or the like. 
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I0086. The expression vector can optionally also contain a 
signal sequence located between the promoter and the gene of 
interest and/or after the gene of interest. A signal sequence is 
a nucleotide sequence, translated to give an amino acid 
sequence, which is used by a cell to direct the protein or 
polypeptide of interest to be placed in a particular place 
within or outside the eukaryotic cell. Many signal sequences 
are known in the art. See, for example Becker et al., Plant 
Mol. Biol. 20:49 (1992), Close, P. S., Master's Thesis, Iowa 
State University (1993), Knox, C., et al., “Structure and Orga 
nization of Two Divergent Alpha-Amylase Genes from Bar 
ley, Plant Mol. Biol. 9:3-17 (1987), Lerner et al., Plant 
Physiol. 91: 124-129 (1989), Fontes et al., Plant Cell 3:483 
496 (1991), Matsuoka et al., Proc. Natl. Acad. Sci. 88:834 
(1991), Gould et al., J. Cell. Biol. 108:1657 (1989), Creissen 
et al., Plant J. 2:129 (1991), Kalderon, et al. A short amino 
acid sequence able to specify nuclear location, Cell 39:499 
509 (1984), Steifel, et al., Expression of a maize cell wall 
hydroxyproline-rich glycoprotein gene in early leaf and root 
vascular differentiation, Plant Cell 2:785-793 (1990). When 
targeting the enzyme to the cell wall use of a signal sequence 
is necessary. One example is the barley alpha-amylase signal 
sequence (Rogers, J.C. 1985. Two barley alpha-amylase gene 
families are regulated differently in aleurone cells. J. Biol. 
Chem. 260: 3731-3738). 
0087. In a preferred embodiment, the enzyme production 

is retained in the endoplasmic reticulum of the plant cell. This 
may be accomplished by use of a localization sequence, such 
as KDEL (KDEL is disclosed as SEQ ID NO: 12). This 
sequence (Lys-Asp-Glu-Leu) (SEQID NO: 12) contains the 
binding site for a receptor in the endoplasmic reticulum. 
(Munro, S, and Pelham, H. R. B. 1987 'A C-terminal signal 
prevents secretion of luminal ER proteins' Cell 48:899-907. 
The use of such a localization sequence will increase expres 
sion over levels obtained when the enzyme is otherwise 
expressed in the cytoplasm. 
0088. Targeting the enzyme to the vacuole is another pre 
ferred embodiment. Signal sequences to accomplish this are 
well known. For example, Raikhel U.S. Pat. No. 5,360,726 
shows a vacuole signal sequence as does Warren etal at U.S. 
Pat. No. 5,889,174. Vacuolar targeting signals may be present 
either at the amino-terminal portion, (Holwerda et al., The 
Plant Cell, 4:307-318 (1992), Nakamura et al., Plant 
Physiol., 101: 1-5 (1993)), carboxy-terminal portion, or in the 
internal sequence of the targeted protein. (Tague et al., The 
Plant Cell, 4:307-318 (1992), Saalbach et al. The Plant Cell, 
3:695-708 (1991)). Additionally, amino-terminal sequences 
in conjunction with carboxy-terminal sequences are respon 
sible for vacuolar targeting of gene products (Shinshi et al. 
Plant Molec. Biol. 14:357-368 (1990)). 
0089. The nucleotide constructs of the invention encom 
pass expression cassettes for expression in the plant of inter 
est. The cassette will include 5' and 3' regulatory sequences 
operably linked to a nucleotide sequence encoding a polysac 
charide-degrading enzyme of the invention. By “operably 
linked' is intended a functional linkage between a promoter 
and a second sequence, wherein the promoter sequence ini 
tiates and mediates transcription of the nucleotide sequence 
corresponding to the second sequence. Generally, operably 
linked means that the nucleotide sequences being linked are 
contiguous and, where necessary to join two protein coding 
regions, contiguous and in the same reading frame. Promoter 
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elements employed to control expression of cellulases and the 
selection gene, respectively, can be any plant-compatible pro 
moter. 

0090. In the methods of the invention, a number of pro 
moters that direct expression of a gene in a plant can be 
employed. Such promoters can be selected from constitutive, 
chemically-regulated, inducible, and tissue-preferred pro 
moters. Constitutive promoters include, for example, the core 
CaMV 35S promoter (Odell et al. (1985) Nature 313:810 
812); ubiquitin promoters (Quail et al., 5,510.474; ubiquitin 
like promoters (Jilka et al. US Publication 20030066108): 
rice actin (McElroy et al. (1990) Plant Cell 2:163-171); ubiq 
uitin (Christensen et al. (1989) Plant Mol. Biol. 12:619-632 
and Christensen et al. (1992) Plant Mol. Biol. 18:675-689); 
pEMU (Last et al. (1991) Theor: Appl. Genet. 81:581–588): 
MAS (Velten et al. (1984) EMBO.J. 3:2723-2730), and the 
like. Other constitutive promoters include, for example, those 
described at U.S. Pat. Nos. 5,608, 149; 5,608,144, 5,604,121: 
5,569,597; 5,466,785; 5,399,680: 5,268,463; and 5,608,142. 
0091 Chemically-regulated promoters can be used to 
modulate the expression of a gene in a plant through the 
application of an exogenous chemical regulator. Chemically 
inducible promoters are known in the art and include, but are 
not limited to, the maize In2-2 promoter, which is activated by 
benzenesulfonamide herbicide safeners, the maize GST pro 
moter, which is activated by hydrophobic electrophilic com 
pounds that are used as pre-emergent herbicides, and the 
tobacco PR-1a promoter, which is activated by salicylic acid. 
Other chemical-regulated promoters of interest include ste 
roid-responsive promoters (see, for example, the glucocorti 
coid-inducible promoter in Schena et al. (1991) Proc. Natl. 
Acad. Sci. USA 88:10421-10425 and McNellis et al. (1998) 
Plant J. 14(2):247-257) and tetracycline-inducible and tetra 
cycline-repressible promoters (see, for example, Gatz et al. 
(1991) Mol. Gen. Genet. 227:229-237, and U.S. Pat. Nos. 
5,814,618 and 5,789,156). 
0092. In an embodiment of the invention the promoter is a 
seed-preferred promoter that is active during seed develop 
ment. For dicots, seed-preferred promoters include, but are 
not limited to, bean B-phaseolin, napin, B-conglycinin, Soy 
bean lectin, cruciferin, and the like. For monocots, seed 
preferred promoters include, but are not limited to, maize 15 
kDa Zein, 22 kDa Zein, 27 kDa Zein, Y-Zein, waxy, shrunken 1, 
shrunken 2, globulin 1, etc. Seed-preferred promoters of par 
ticular interest are those promoters that direct gene expres 
sion predominantly to specific tissues within the seed Such as, 
for example, the endosperm-preferred promoter of Y-Zein, the 
cryptic promoter from tobacco (Fobert et al. 1994. T-DNA 
tagging of a seed coat-specific cryptic promoter in tobacco. 
Plant J. 4:567-577), the P-gene promoter from corn (Chopra 
et al. 1996. Alleles of the maize P gene with distinct tissue 
specificities encode Myb-homologous proteins with C-termi 
nal replacements. Plant Cell 7:1149-1158, Erratum in Plant 
Cell. 1997, 1:109), the globulin-1 promoter from corn (Be 
langer and Kriz. 1991. Molecular basis for Allelic Polymor 
phism of the maize Globulin-1 gene. Genetics 129: 863-972), 
and promoters that direct expression to the seed coat or hull of 
corn kernels, for example the pericarp-specific glutamine 
synthetase promoter (Muhitch et al., 2002. Isolation of a 
Promoter Sequence From the Glutamine Synthetase. Gene 
Capable of Conferring Tissue-Specific Gene Expression in 
Transgenic Maize. Plant Science 163:865-872); Genbank 
accession number AF359511. 
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0093. In a preferred embodiment, the globulin promoter 
(PGNpr2) is used. This is the promoter of the maize globu 
lin-1 gene, described by Belanger, F.C. and Kriz, A. L. 1991. 
Molecular Basis for Allelic Polymorphism of the maize 
Globulin-1 gene. Genetics 129: 863-972. It also can be found 
as accession number L22344 in the Genbank database. 
Another example is the phaseolin promoter. See, Bustos etal. 
1989. Regulation of B-glucuronidase expression in trans 
genic tobacco plants by an A/T-rich cis-acting sequence 
found upstream of a french bean B-phaseolin gene. The Plant 
Cell. (1): 839-853. 
0094. In a preferred embodiment, the expression vector 
also contains a gene encoding a selection marker that is func 
tionally linked to a promoter that controls transcription ini 
tiation. For a general description of plant expression vectors 
and reporter genes, see Gruber et al. 1993. “Vectors for Plant 
Transformation” in Methods of Plant Molecular Biology and 
Biotechnology. CRC Press. p. 89-119. In a preferred embodi 
ment, the selective gene is a glufosinate-resistance encoding 
DNA and in another preferred embodiment can be the phos 
phinothricin acetyl transferase (“PAT) or maize optimized 
PAT gene under the control of the CaMV 35S promoter. The 
gene confers resistance to bialaphos (Gordon-Kamm. 1990. 
The Plant Cell 2: 603: Uchimiya et al. 1993. Bio/Technology 
11: 835; and Anzai et al., 1989. Mol. Gen. Gen. 219: 492). 
0095. In addition to a promoter, the expression cassette 
can include one or more enhancers. By "enhancer is 
intended a cis-acting sequence that increases the utilization of 
a promoter. Such enhancers can be native to a gene or from a 
heterologous gene. Further, it is recognized that some pro 
moters can contain one or more native, enhancers or 
enhancer-like elements. 
0096. The termination region can be native with the tran 
Scriptional initiation region, can be native with the operably 
linked DNA sequence of interest, or can be derived from 
another source. Convenient termination regions are available 
from the Ti-plasmid of A. tumefaciens, such as the octopine 
synthase and nopaline synthase termination regions. In one 
embodiment of the invention the pin II terminator from the 
protease inhibitor II gene from potato (An et al., 1989. Func 
tional analysis of the 3' control region of the potato wound 
inducible proteinase inhibitor II gene. Plant Cell 1:115-122) 
is used. See also, Guerineau et al. (1991) Mol. Gen. Genet. 
262:141-144; Proudfoot (1991) Cell 64:671-674; Sanfaconet 
al. (1991) Genes Dev. 5:141-149; Mogen et al. (1990) Plant 
Cell 2:1261-1272; Munroe et al. (1990) Gene 91:151-158: 
Ballas et al. (1989) Nucleic Acids Res. 17:7891-7903; and 
Joshi et al. (1987) Nucleic Acid Res. 15:9627-9639. 
0097. Where appropriate, the gene(s) may be optimized 
for increased expression in the transformed plant. That is, the 
genes can be synthesized using plant-preferred codons for 
improved expression. See, for example, Campbell and Gowri 
(1990) Plant Physiol. 92: 1-11 for a discussion of host-pre 
ferred codon usage. Methods are available in the art for syn 
thesizing plant-preferred genes. See, for example, U.S. Pat. 
Nos. 5,380,831, 5,436,391, and Murray et al. (1989) Nucleic 
Acids Res. 17:477-498. 

0098. Additional sequence modifications are known to 
enhance gene expressionina plant. These include elimination 
of sequences encoding spurious polyadenylation signals, 
exon-intron splice site signals, transposon-like repeats, and 
other Such well-characterized sequences that may be delete 
rious to gene expression. The G-C content of the sequence 
may be adjusted to levels average for a given cellular host, as 
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calculated by reference to known genes expressed in the host 
cell. When possible, the sequence is modified to avoid pre 
dicted hairpin secondary mRNA structures. 
0099. The expression cassettes can additionally contain 
5'-leader sequences in the expression cassette construct. Such 
leader sequences can act to enhance translation. Translation 
leaders are known in the art and include but are not limited to: 
picornavirus leaders, for example, potyvirus leaders such as 
the TEV leader (Tobacco Etch Virus) (Allison et al. (1986); 
MDMV leader (Maize Dwarf Mosaic Virus); Virology 154: 
9-20), untranslated leader from the coat protein mRNA of 
alfalfa mosaic virus (AMV RNA 4) (Jobling et al. (1987) 
Nature 325:622-625); tobacco mosaic virus leader (TMV) 
(Gallie et al. (1989) in Molecular Biology of RNA, ed. Czech 
(Liss, New York), pp. 237-256); and maize chlorotic mottle 
virus leader (MCMV) (Lommel et al. (1991) Virology 
81:382-385). Other methods known to enhance translation 
can also be utilized, for example, introns, and the like. 
0100. In preparing the nucleotide construct, the various 
DNA fragments can be manipulated, so as to provide for the 
DNA sequences in the proper orientation and, as appropriate, 
in the proper reading frame. Toward this end, adapters or 
linkers can be employed to join the DNA fragments or other 
manipulations may be involved to provide for convenient 
restriction sites, removal of superfluous DNA, removal of 
restriction sites, or the like. For this purpose, in vitro 
mutagenesis, primer repair, restriction, annealing, resubstitu 
tions, e.g., transitions and transversions, may be involved. 
0101. Obviously, many variations on the promoters, 
selectable markers, signal sequences and other components 
of the construct are available to one skilled in the art. 

0102 The methods available for construction of recombi 
nant genes comprising various modifications for improved 
expression described above can differ in detail. However, the 
methods generally include the designing and synthesis of 
overlapping, complementary synthetic oligonucleotides 
which are annealed and ligated together to yield a gene with 
convenient restriction sites for cloning. The methods involved 
are standard methods for a molecular biologist. 
0103) Once the gene is engineered to contain desired fea 
tures, such as the desired localization sequences, it is placed 
into an expression vector by standard methods. The selection 
of an appropriate expression vector will depend upon the 
method of introducing the expression vector into host cells. A 
typical expression vector contains prokaryotic DNA elements 
coding for a bacterial replication origin and an antibiotic 
resistance gene to provide for the growth and selection of the 
expression vector in the bacterial host; a cloning site for 
insertion of an exogenous DNA sequence, which in this con 
text will encode a polysaccharide degrading enzyme. Such as 
E1 or CBH I; eukaryotic DNA elements that control initiation 
of transcription of the exogenous gene. Such as a promoter; 
and DNA elements that control the processing of transcripts, 
Such as transcription termination/polyadenylation sequences. 
It also can contain such sequences as are needed for the 
eventual integration of the vector into the plant chromosome. 
0104. In accordance with the present invention, a trans 
genic plant is produced that contains a DNA molecule, com 
prised of elements as described above, integrated into its 
genome so that the plant expresses a heterologous cellulase 
encoding DNA sequence. In order to create such a transgenic 
plant, the expression vectors containing the gene can be intro 
duced into protoplasts, into intact tissues, such as immature 
embryos and meristems, into callus cultures, or into isolated 
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cells. Preferably, expression vectors are introduced into intact 
tissues. General methods of culturing plant tissues are pro 
vided, for example, by Miki et al. 1993. “Procedures for 
Introducing Foreign DNA into Plants’ in Methods in Plant 
Molecular Biology and Biotechnology, Glicket al (eds) CRC 
Press pp. 67-68 and by Phillips et al. 1988 “Cell/Tissue Cul 
ture and In Vitro Manipulation” in Corn and Corn Improve 
ment 3d Edit. Sprague etal (eds) American Soc. of Agronomy 
pp. 345-387. The selectable marker incorporated in the DNA 
molecule allows for selection of transformants. 

0105 Methods for introducing expression vectors into 
plant tissue available to one skilled in the art are varied and 
will depend on the plant selected. Procedures for transform 
ing a wide variety of plant species are well known and 
described throughout the literature. See, for example, Miki et 
al, supra; Klein et al. 1992. Bio/Technology 10:26; and Weis 
inger et al. 1988. Ann. Rev. Genet. 22: 421-477. For example, 
the DNA construct may be introduced into the genomic DNA 
of the plant cell using techniques such as microprojectile 
mediated delivery (Klein et al. 1987. Nature 327: 70-73); 
electroporation (Fromm et al. 1985. Proc. Natl. Acad. Sci. 82: 
5824); polyethylene glycol (PEG) precipitation (Paszkowski 
et al. 1984. Embo J. 3: 2717-272): direct gene transfer (WO 
85/01856 and EP No. 0 275 069); in vitro protoplast transfor 
mation (U.S. Pat. No. 4,684,611) and microinjection of plant 
cell protoplasts or embryogenic callus (Crossway, 1985. Mol. 
Gen. Genetics 202: 179-185). Co-cultivation of plant tissue 
with Agrobacterium tumefaciens is another option, where the 
DNA constructs are placed into a binary vector system (Ishida 
et al. 1996. “High Efficiency Transformation of Maize (Zea 
mays L.) Mediated by Agrobacterium tumefaciens'. Nature 
Biotechnology 14:745-750). The virulence functions of the 
Agrobacterium tumefaciens host will direct the insertion of 
the construct into the plant cell DNA when the cell is infected 
by the bacteria. See, for example Horsch et al. 1984. Science 
233: 496-498, and Fraley et al. 1983. Proc. Natl. Acad. Sci. 
80: 48O3. 

0106 Standard methods for transformation of canola are 
described by Moloney et al. 1989. “High Efficiency Trans 
formation of Brassica napus Using Agrobacterium Vectors' 
Plant Cell Reports 8:238-242. Corn transformation is 
described by Fromm et al., 1990. Bio/Technology 8:833 and 
Gordon-Kamm et al. Supra. Agrobacterium is primarily used 
in dicots, but certain monocots Such as maize can be trans 
formed by Agrobacterium. U.S. Pat. No. 5,550,318. Rice 
transformation is described by Hiei et al. 1994. “Efficient 
Transformation of Rice (Oryza sativs L.) Mediated by Agro 
bacterium and Sequence Analysis of the Boundaries of the 
T-DNA” The Plant Journal 6(2): 271-282, Christou et al. 
1992. Trends in Biotechnology 10:239 and Lee et al. 1991. 
Proc. Nat I Acad. Sci. USA 88:6389. Wheat can be trans 
formed by techniques similar to those used for transforming 
corn or rice. Sorghum transformation is described by Casas et 
al., 1997. Transgenic Sorghum plants obtained after micro 
projectile bombardment of immature inflorescences. In vitro 
cellular and developmental biology, Plant. 33:92-100 and by 
Wanet al. 1994. Plant Physiology. 104:37. Soybean transfor 
mation is described in a number of publications, including 
U.S. Pat. No. 5,015,580. 
0107. In one preferred method, the Agrobacterium trans 
formation methods of Ishida Supra and also described in U.S. 
Pat. No. 5,591,616, are generally followed, with modifica 
tions that the inventors have found improve the number of 
transformants obtained. The Ishida method uses the A188 
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variety of maize that produces Type I callus in culture. In one 
preferred embodiment the Hi-II maize line is used which 
initiates Type II embryogenic callus in culture. While Ishida 
recommends selection on phosphinothricin when using the 
bar or PAT gene for selection, another preferred embodiment 
provides for use of bialaphos instead. 
0108. The bacterial strain used in the Ishida protocol is 
LBA4404 with the 40 kb super binary plasmid containing 
three virloci from the hypervirulent A281 strain. The plasmid 
has resistance to tetracycline. The cloning vector cointegrates 
with the Superbinary plasmid. Since the cloning vector has an 
E. coli specific replication origin, but not an Agrobacterium 
replication origin, it cannot survive in Agrobacterium without 
cointegrating with the Super binary plasmid. Since the 
LBA4404 strain is not highly virulent, and has limited appli 
cation without the Super binary plasmid, the inventors have 
found in yet another embodiment that the EHA 101 strain is 
preferred. It is a disarmed helper strain derived from the 
hypervirulent A281 strain. The cointegrated super binary/ 
cloning vector from the LBA4404 parent is isolated and elec 
troporated into EHA101, selecting for spectinomycin resis 
tance. The plasmid is isolated to assure that the EHA101 
contains the plasmid. 
0109 Further, the Ishida protocol as described provides 
for growing fresh culture of the Agrobacterium on plates, 
scraping the bacteria from the plates, and resuspending in the 
co-culture medium as stated in the 616 patent for incubation 
with the maize embryos. This medium includes 4.3 g MS 
salts, 0.5 mg nicotinic acid, 0.5 mg pyridoxine hydrochloride, 
1.0 ml thiamine hydrochloride, casamino acids, 1.5 mg 2,4- 
D., 68.5 g sucrose and 36 g glucose, all at a pH of 5.8. In a 
further preferred method, the bacteria are grown overnight in 
a 1 ml culture, then a fresh 10 ml culture re-inoculated the 
next day when transformation is to occur. The bacteria grow 
into log phase, and are harvested at a density of no more than 
OD600–0.5 and is preferably between 0.2 and 0.5. The bac 
teria are then centrifuged to remove the media and resus 
pended in the co-culture medium. Since Hi-II is used, 
medium preferred for Hi-II is used. This medium is described 
in considerable detail by Armstrong, C.I. and Green C. E. 
1985. Establishment and maintenance of friable, embryo 
genic maize callus and involvement of L-proline. Planta 154: 
207-214. The resuspension medium is the same as that 
described above. All further Hi-II media are as described in 
Armstrong et al. The result is redifferentiation of the plant 
cells and regeneration into a plant. Redifferentiation is some 
times referred to as dedifferentiation, but the former term 
more accurately describes the process where the cell begins 
with a form and identity, is placed on a medium in which it 
loses that identity, and becomes “reprogrammed to have a 
new identity. Thus the scutellum cells become embryogenic 
callus. 

0110. It is preferred to select the highest level of expres 
sion of polysaccharide degrading enzymes, and it is thus 
useful to ascertain expression levels in transformed plant 
cells, transgenic plants and tissue specific expression. One 
Such method is to measure the expression of the target protein 
as a percentage of total Soluble protein. One standard assay is 
the Bradford assay which is well known to those skilled in the 
art (Bradford, M. 1976. Anal. Biochem. 72:248). The bio 
chemical activity of the recombinant protein should also be 
measured and compared with a wildtype standard. The activ 
ity of polysaccharide degrading enzymes can be determined 
by the methods described in Dai et al. Supra. 
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0111 A variety of assays for endo-3-1,4-glucanase, cel 
lobiohydrolase and B-D-glucosidase are known in the art 
which can be used to detect enzyme activity in extracts pre 
pared from maize callus and seeds. See, Coughlan et al. 
(1988).J. Biol. Chem. 263:16631-16636) and Freer (1993) 
J. Biol. Chem. 268: 9337-9342). In addition, western analysis 
and ELISAS can be used to assess protein integrity and 
expression levels. Individual T seeds are screened by the 
assay of choice for expression of the target protein, in this 
case the cellulases or B-glucosidase. The individual plants 
expressing the highest levels of active enzyme are chosen for 
field studies, which include back-crosses (See “Plant Breed 
ing Methodology” edit. Neal Jensen, John Wile & Sons, Inc. 
1988), selection for increased expression and increased seed 
amounts. A Western analysis is a variation of the Southern 
analysis technique. With a Southern analysis, DNA is cut with 
restriction endonucleases and fractionated on an agarose gel 
to separate the DNA by molecular weight and then transfer 
ring to nylon membranes. It is then hybridized with the probe 
fragment which was radioactively labeled with P and 
washed in an SDS solution. In the Westernanalysis, instead of 
isolating DNA, the protein of interest is extracted and placed 
on an acrylamide gel. The protein is then blotted onto a 
membrane and contacted with a labeling Substance. See e.g., 
Hood et al., “Commercial Production of Avidin from Trans 
genic Maize; Characterization of Transformants, Production, 
Processing. Extraction and Purification” Molecular Breeding 
3:291-306 (1997). 
0112 The ELISA or enzyme linked immunoassay has 
been known since 1971. In general, antigens solubilised in a 
buffer are coated on a plastic surface. When serum is added, 
antibodies can attach to the antigen on the Solid phase. The 
presence or absence of these antibodies can be demonstrated 
when conjugated to an enzyme. Adding the appropriate Sub 
strate will detect the amount of bound conjugate which can be 
quantified. A common ELISA assay is one which uses bioti 
nylated anti-(protein) polyclonal antibodies and an alkaline 
phosphatase conjugate. For example, an ELISA used for 
quantitative determination of laccase levels can be an anti 
body sandwich assay, which utilizes polyclonal rabbit anti 
bodies obtained commercially. The antibody is conjugated to 
alkaline phosphatases for detection. In another example, an 
ELISA assay to detect trypsin or trypsinogen uses biotiny 
lated anti-trypsin or anti-trypsinogen polyclonal antibodies 
and a streptavidin-alkaline phosphatase conjugate 
0113. An initial test of enzyme function is performed with 
lines of processed corn seed containing single enzymes. For 
saccharification of cellulose, seed tissue from these lines are 
mixed in the appropriate ratio to produce a high specific 
activity for degradation of crystalline cellulose. According to 
Baker et al. (1995) “Synergism between purified bacterial 
and fungal cellulases, in Enzymatic Degradation of 
Insoluble Carbohydrates. ACS Series 618, American Chemi 
cal Society, Washington, D.C., pp. 113-141.), maximum syn 
ergism for saccharification of cellulose is with a composite 
that is about 80% of the Trichoderma reesei CBHI (exo-B-1, 
4-glucanase) and about 20% of the Acidothermus cellulolyti 
cus endo-3-1,4-glucanase. The addition of about 0.1% of the 
Candida wickerhamii B-D-glucosidase facilitates the degra 
dation of short glucose oligomers (dp=2-6) to yield glucose. 
Later, cross pollination of the selected lines is used to produce 
lines that express all three of the cellulase-degrading 
enzymes. 
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0114. The levels of expression of the gene of interest can 
be enhanced by the stable maintenance of a polysaccharide 
degrading enzyme encoding gene on a chromosome of the 
transgenic plant. Use of linked genes, with herbicide resis 
tance in physical proximity to the cellulase gene, would allow 
for maintaining selective pressure on the transgenic plant 
population and for those plants where the genes of interest are 
not lost. 

0.115. In a preferred embodiment of the invention and as 
also described at Methods for Cost-Effective Saccharification 
of Lignocelluosic Biomass, US publication no. 2003 
0109011, both corn seeds and corn stover are harvested by a 
single harvesting operation. Such a procedure allows for the 
cost-effective recovery of both the seeds and the stover in one 
pass through the field. Using this procedure the seeds are 
collected in a first container and the corn Stover in a second 
container and the collection of both the seeds and the stover is 
carried out concurrently in a single step. Single pass harvest 
integrates the collection of the lignocellulosic biomass with 
normal crop harvest operations. With this procedure the crop 
residues are collected without incurring a significant addi 
tional cost to the cost of harvesting the corn crop and without 
causing any additional Soil compaction to cultivated fields 
from the passage of farm machinery, with decreased time and 
overall costs. Such a process has been demonstrated by 
Quick, G. R. (Oct. 29, 2001) Corn Stover Harvesting Field 
Demonstration and Biomass Harvesting Colloquium, Harlan, 
Iowa (record and minutes of program). In this particular pro 
cess an IH 1460 with a John Deere 653A row crop head was 
coupled to a Hesston Stakhand wagon. The machines were 
modified by the Iowa State Agriculture Engineering depart 
ment so that two crop streams were provided. Grain was taken 
up into the combine bin, and whole stover with cobs collected 
out the back of the machine and conveyed into the Stakhand 
wagon. This is just one example of the type of machine that 
can be used in Such single pass harvesting. 
0116. Following harvest, the kernels can be milled either 
by the wet or dry milling methods that are known in the art. 
When the germ is to be separated from the seed, to be practical 
in this process, the germ should be capable of being separated 
in a commercial milling process, that is a process which does 
not require hand separation, but can be carried out in a com 
mercial operation. Corn seed, for example, is readily sepa 
rated from the germ or embryo, where soybean embryos are 
of a size that the only option for separation is by hand. In 
instances where the only means of separation of germ is by 
hand, the process would not provide the cost effective advan 
tages as provided here. 
0117 There are two major milling processes for corn. Dry 
milling of corn separates the germ from the endosperm. The 
endosperm is recovered in the form of coarse grit and corn 
flakes, or it may be passed through fine rollers and reduced to 
corn flour. 

0118. The bulk of the corn starch produced in the United 
States is prepared by the wet-milling process. The first step in 
the wet-milling process is to steep the corn kernels in an 
aqueous solution. Steeping the kernels serves two main pur 
poses. First it softens the kernels for Subsequent milling, and 
second, it allows undesired soluble proteins, peptides, min 
erals and other components to be extracted from the kernels. 
After steeping, the kernels are separated from the steep water 
and then wet milled. The steep water is typically concentrated 
by evaporation to yield a solution referred to as a corn steep 
liquor. Corn steep liquor typically contains about 3.5 pounds 
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dry solids per bushel of corn kernels with a nitrogen content 
between 45-48% (Blanchard (1992) Technology of Corn Wet 
Milling and Associated Processes, Elsevier, New York). Pro 
tein content in corn steep liquor has been estimated at about 
one pound per bushel of steeped corn which amounts to 
approximately 15-20% (w/w) of total corn kernel protein 
(Blanchard (1992) Technology of Corn Wet Milling and Asso 
ciated Processes, Elsevier, New York). 
0119 While typical corn wet-milling processes employ a 
steeping that ranges from 12 to 48 hours, other wet-milling 
processes such as, for example, those known as the dry-grind 
process and the intermittent-milling-and-dynamic-steeping 
process involve an initial steeping of shorter duration and can 
additionally involve steeping at a higher temperature. Typi 
cally, the dry-grind and intermittent-milling-and-dynamic 
steeping processes involve a steeping of whole kernels for 
about 12 hours or less at temperatures of about 60° C. The 
main objective of such a short initial steeping is to hydrate the 
embryo or germ. Breaking open the kernel after Such a short 
initial steeping reduces the damage to the germ as compared 
to dry milling. The hydrated germ can then be recovered by 
methods typically utilized in the wet-milling process. The 
degerminated kernel fraction can then be subjected to a sec 
ond steeping with additional grinding or milling to facilitate 
removal of soluble material from the kernel particles. See, 
Singh and Eckhoff (1996) Cereal Chem. 73:716-720 and 
Lopes-Filho et al. (1997) Cereal Chem. 74:633-638. 
0120 Dry milling does not use the steeping process. The 
procedure can include, for example, tempering cleaned corn 
kernels with water or steam to bring them up to 20 to 22% 
moisture and the corn is then held for about one to three hours. 
A degerminator or impact mill is used to break open the corn. 
Discharge from the degerminator is dried to about 15% to 
18% moisture. The germ and endosperm are separated by size 
and/or density, resulting in an enriched fraction for germ or 
endosperm. See, e.g., Watson, S., Chapter 15, “Corn Market 
ing, Processing and UtilityZation' pp. 918-923, Corn and 
Corn Improvement, Eds. G. F. Sprague and J. W. Dudley, 
American Soc. of Agronomy, Crop Society of America, Soil 
Society of America, Madison, Wis. (1988). 
0121 While the invention does not depend on the use of 
either dry or wet milling, it is recognized that either milling 
method can be used to separate the germ from the endosperm. 
By expressing the cell wall polysaccharide-degrading 
enzymes of the invention under the control of an embryo 
preferred promoter, these enzymes can be preferentially pro 
duced in the corn germ. Thus, the isolated germ can be used as 
a source of enzymes for cell wall polysaccharide degradation, 
and the starch-laden endosperm can be utilized for other 
purposes. If desired, oil can also be extracted from the germ, 
using solvents such as, for example, hexane, before the germ 
is contacted with corn stover. Methods for extracting oil from 
corn germ are known in the art. 
0122) With dry or wet-milling, the desired polysaccha 
ride-degrading enzymes can be separated from the starch. As 
described above, a promoter that drives expression in an 
embryo, particularly a promoter that preferentially drives 
expression in the corn germ, can be operably linked to a 
nucleotide sequence encoding a polysaccharide-degrading 
enzyme of the invention. Because the germ is separated from 
the starch during wet milling, the germ, in the Substantial 
absence of kernel starch, can be used as the enzyme source for 
degradation of cell wall polysaccharides in the corn stover. 
While the corn starch can be used for any purpose or in any 

Aug. 13, 2009 

process known in the art, the starch can also be used for the 
production of ethanol by methods known in the art. If desired, 
the starch can be used for ethanol production together with the 
corn stover. Thus, the starch can be recombined with the germ 
or combined with the stover or the stover-germ mixture. 
Starch-degrading enzymes are then utilized to degrade the 
starch into glucose for fermentation into ethanol. 
I0123. Although the methods of the invention can be used 
for the saccharification of plant cell wall polysaccharides in 
any of the processes in which saccharification is desired. Such 
as animal feed additives, gene treatment, and preferably, in 
the Subsequent fermentation into ethanol, the invention does 
not depend on the production of ethanol. The invention 
encompasses any fermentative method known in the art that 
can utilize the fermentable Sugars that are produced as dis 
closed herein. Such fermentative methods also include, but 
are not limited to those methods that can be used to produce 
lactic acid, malonic acid and Succinic acid. Such organic acids 
can be used as precursors for the synthesis of a variety of 
chemical products that can be used as replacements for simi 
lar products that are currently produced by petroleum-based 
methods. See, United States Department of Energy Fact 
Sheets DOE99-IOFC17 (1999), DOE99-IOFC21 (1999), and 
DOE/GO-102001-1458 (2001). 
0.124 With transgenic plants according to the present 
invention, polysaccharide degrading enzymes can be pro 
duced in commercial quantities. Thus, the selection and 
propagation techniques described above yield a plurality of 
transgenic plants that are harvested in a conventional manner. 
The plant seed expressing the recombinant polysaccharide 
degrading enzymes can be used in a commercial process, or 
the polysaccharide degrading enzymes extracted. When 
using the seed itself, it can, for example, be made into flour 
and then applied in the commercial process. Polysaccharide 
degrading enzyme extraction from biomass can be accom 
plished by known methods. Downstream processing for any 
production system refers to all unit operations after product 
synthesis, in this case protein production in transgenic Seed 
(Kusnadi, A. R. Nikolov, Z. L., Howard, J. A., 1997. Biotech 
nology and Bioengineering. 56:473–484). Seed is processed 
either as whole seed ground into flour, or fractionated and the 
germ separated from the hulls and endosperm. If germ is used, 
it is usually defatted using a hexane extraction and the 
remaining crushed germ ground into a meal or flour. In some 
cases the germ is used directly in the industrial process or the 
protein can be extracted (See, e.g.WO 98/39461). Extraction 
is generally made into aqueous buffers at specific pH to 
enhance recombinant protein extraction and minimize native 
seed protein extraction. Subsequent protein concentration or 
purification can follow. In the case of industrial enzymes, 
concentration through membrane filtration is usually suffi 
cient. 

0.125 Following the degradation or saccharification of cell 
wall polysaccharides, the fermentable Sugars that result there 
from can be converted into ethanol via fermentation methods 
employing microorganisms, particularly yeasts and/or bacte 
ria. Such microorganisms and methods of their use in ethanol 
production are known in the art. See, Sheehan 2001. “The 
road to Bioethanol: A strategic Perspective of the US Depart 
ment of Energy's National Ethanol Program In: Glucosyl 
Hydrolases For Biomass Conversion. ACS Symposium 
Series 769. American Chemical Society, Washington, D.C. 
Existing ethanol production methods that utilize corn grain as 
the biomass typically involve the use of yeast, particularly 
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strains of Saccharomyces cerevisiae. Such strains can be uti 
lized in the methods of the invention. While such strains may 
be preferred for the production of ethanol from glucose that is 
derived from the degradation of cellulose and/or starch, the 
methods of the present invention do not depend on the use of 
a particular microorganism, or of a strain thereof, or of any 
particular combination of said microorganisms and said 
strains. 

0126 Furthermore, it is recognized that the strains of Sac 
charomyces cerevisiae that are typically utilized in fermenta 
tive ethanol production from corn starch might not be able to 
utilize galacturonic acid and pentose Sugars such as, for 
example, Xylose and arabinose. However, strains of microor 
ganisms are known in the art that are capable of fermenting 
these molecules into ethanol. For example, recombinant Sac 
charomyces strains have been produced that are capable of 
simultaneously fermenting glucose and Xylose to ethanol. 
See, U.S. Pat. No. 5,789,210, herein incorporated by refer 
ence. Similarly, a recombinant Zymomonas mobilis strain has 
been produced that is capable of simultaneously fermenting 
glucose, Xylose and arabinose to produce ethanol. See, U.S. 
Pat. No. 5,843,760; herein incorporated by reference. See, 
also U.S. Pat. Nos. 4,731,329, 4,812,410, 4,816,399, and 
4,876,196, all of which are herein incorporated by reference. 
These patents disclose the use of Z. mobilis for the production 
of industrial ethanol from glucose-based feedstocks. Finally, 
a recombinant Escherichia coli strain has been disclosed that 
is able to convert pure galacturonic acid to ethanol with mini 
mal acetate production. See, Doran et al. (2000) Appl. Bio 
chem. Biotechnol. 84-86:141-152); herein incorporated by 
reference. 

0127. The methods of the invention involve obtaining 
plant tissue that expresses at least one of the cell wall 
polysaccharide-degrading enzymes of the invention and 
lignocellulosic biomass. Any plant tissue where the enzyme 
expresses can be used in the invention, including, for 
example, leaf stem, root, tassel, anther, pollen, seed, ovules, 
or any other tissue of the plant. In an embodiment the plant 
tissue may be leaf. In another embodiment, the plant tissue is 
a seed or part thereof. The plant tissue may be in another 
embodiment a grain seed or part thereof. In yet another 
embodiment, the plant tissue is a corn kernel or part thereof, 
Such as, for example, an embryo that is also referred to as the 
germ. More than one plant tissue may be the source of one or 
more enzymes. The lignocellulosic biomass can originate 
from the same plants as the plant tissue or from different 
plants. Preferably, the lignocellulosic biomass comprises 
plant residues. More preferably, the lignocellulosic biomass 
comprises crop residues left in the field after the harvest of 
corn grain, which is also known as corn Stover. Most prefer 
ably, the lignocellulosic biomass comprises corn stover that is 
from the same plants as the cell wall polysaccharide-degrad 
ing enzymes for increased cost efficiency. 
0128. The lignocellulosic biomass is contacted with the 
plant tissue and exposed to conditions favorable for the deg 
radation of the polysaccharides in the lignocellulosic biom 
ass. Prior to contacting the lignocellulosic biomass with the 
plant tissue, the plant tissue, the lignocellulosic biomass, or 
both, can be pretreated or processed in any manner known in 
the art that would enhance the degradation of the polysaccha 
rides. For example, the lignocellulosic biomass can be pro 
cessed by being chopped, sliced, minced, ground, pulverized, 
crushed, mashed or soaked. The plant tissue, such as the seed, 
containing the enzymes can be treated with dry or wet-milling 

Aug. 13, 2009 

processes. Such processing can also include incubating the 
plant tissue and/or lignocellulosic biomass in a solution, par 
ticularly an aqueous Solution. If desired, the solution can be 
agitated, mixed, or stirred. The Solution can comprise any 
components known in the art that would favor extraction of an 
active enzyme from the plant tissue and/or enhance the deg 
radation of cell wall polysaccharides in the lignocellulosic 
biomass. Such components include, but are not limited to, 
salts, acids, bases, chelators, detergents, antioxidants, poly 
vinylpyrrolidone (PVP), polyvinylpolypyrrollidone (PVPP), 
and SO. Furthermore, specific environmental conditions, 
Such as, for example, temperature, pressure, pH, O, concen 
tration, CO concentration, and ionic strength, can be con 
trolled during any processing and/or Subsequent steps to 
enhance polysaccharide degradation and/or ethanol produc 
tion. 

I0129. In certain embodiments of the invention, it may be 
desired to process the plant tissue so as to produce an extract 
comprising the polysaccharide-degrading enzyme and then 
contacting the lignocellulosic biomass with the extract. The 
processing of the plant tissue to prepare such an extract can be 
accomplished as described Supra, or by any method known in 
the art for the extraction of an enzyme from plant tissue. In 
other embodiments of the invention, the plant tissue and the 
lignocellulosic biomass may be combined and then processed 
as described supra. See, e.g., Henry & Orit (1989) anal. 
Biochen. 114:92-96. 

I0130. In yet another embodiment of the invention, prior to 
contacting the lignocellulosic biomass with the plant tissue or 
extract thereof, the lignocellulosic biomass can be prepared 
by pretreating the lignocellulosic biomass by methods known 
in the art (Nguyen et al. 1996. NREL/DOE Ethanol Pilot 
Plant: Current Status and Capabilities. Bioresource Technol 
ogy 58:189-196). In the pretreatment step, the hemicellulosic 
fraction of the feedstock is hydrolyzed to soluble sugars. This 
step also increases the enzymes's ability to convert the major 
fraction of the feedstock (cellulose) to soluble glucose. The 
pretreatment step mixes the feedstock with sulfuric acid and 
water (approximately 1% acid in the final solution), then 
raises the slurry (20-25% solids) to reaction temperature 
(160-200°C.) with steam. The mixture is held at the reaction 
temperature for a predetermined time (2-20 min) then flashed 
into a tank maintained at near atmospheric pressure. Because 
of the Sudden pressure drop, a fraction of the steam conden 
sate and volatile compounds formed during the heating is 
evaporated and removed as flash tank overhead, which is 
condensed and sent to waste treatment. Lime is added to the 
remaining slurry to adjust the pH to 4.5. 
I0131 While the cell wall polysaccharides are degraded 
prior to utilization of the fermentable Sugars by microorgan 
isms, the methods are not limited to a saccharification step 
which precedes the fermentation step. In certain embodi 
ments of the invention, a single combined saccharification/ 
fermentation step can be employed in the methods of the 
invention. In other embodiments, saccharification is initiated 
before fermentation and can be fully or partially complete 
prior to the initiation of the fermentation. 
0.132. The methods of the invention find use with any plant 
species capable of producing a polysaccharide-degrading 
enzyme of the invention. Preferably, the plant species are crop 
plant species. More preferably, the plant species are selected 
from the grain and oilseed plants. Most preferably, the plant 
species is corn. 
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0133. The following illustrates, but is not intended to limit 
the scope of the invention. It will be evident to one skilled in 
the art that variations and modifications are possible and fall 
within the scope and spirit of the invention. 

Example 1 
Preparation of Plasmids 

0134 FIG. 1 shows the E1 vector, having the E1 cellulase 
sequence (FIG. 2, SEQ ID NO: 1), the seed-preferred pro 
moter PGNpr2 (supra), the KDEL (SEQ ID NO: 12) endo 
plasmic reticulum retention sequence shown in FIG. 4A 
(SEQ ID NO: 2); the barley alpha-amylase signal sequence, 
(BAASS), which was optimized and is shown in FIG. 4B 
(SEQ ID NO:3), and a pin II terminator, supra. The 35S 
promoter, Supra, drives the selectable marker, the maize opti 
mized PAT gene. The gene confers resistance to bialaphos. 
See, Gordon-Kamm et al. The Plant Cell 2:603 (1990); 
Uchimiya et al. Bio/Technology 11:835 (1993), and Anzai et 
al, Mol. Gen. Gen. 219:492 (1989). The E1 cellulase gene 
from Acidothermus cellulolyticus was received from NREL. 
For expression in maize, the first 40 amino acids were opti 
mized to maize preferred codons. The BAASS and KDEL 
(SEQID NO: 12) sequences were added to the gene by PCR 
using the NREL clone as template. The PCR product moved 
to a PCR-ready cloning vector, then moved to an intermediate 
vector to add the pin II terminator sequence, and then shuttled 
into the plant expression vector as a complete unit. PGNpr2 is 
just upstream of the E1 gene. 
0135 FIG. 3 shows the E1 construct where the vacuole 
signal sequence is substituted for the BAASS sequence. The 
vacuole targeted version of the E1 cellulase gene was con 
structed by adding the vacuole leader to the codon preferred 
optimized E1 gene generated in a previous construct 
(BAASS:E1) using PCR. This PCR product was cloned into 
the intermediate vector to add the pin II terminator and then 
transferred to the plant expression vector behind promoter 
PGNpr2. The vacuole signal sequence is shown in FIG. 4A 
(SEQ ID NO:2). 
0.136 FIG. 5 shows the CBH I gene construct, similar to 
the E1 construct but in this case having the BAASS sequence 
only, such that the enzyme is secreted to the cell wall. The 
starting CBH I clone was received from NREL. This gene 
most closely matches the CBH I gene from Trichoderma 
koningii at the nucleic acid level. The gene was maize opti 
mized for the first 40 amino acids using a PCR based 
mutagenesis approach—this includes the 24 amino acid 
BAASS sequence. Codons D346 and D386 were also maize 
codon optimized to remove the potentially destabilizing 
sequences at those positions. The CBH I sequence used is 
shown in FIG. 6 (SEQID NO: 4). The BAASS sequence was 
added to the optimized CBH Igene by PCR. The PCR product 
was moved to an PCR-ready cloning vector to add the pin II 
terminator, and then the whole unit was transferred to the 
transformation vector. The promoter PGNpr2 is used to drive 
the transcription of CBH I coding sequence. 
0.137 FIG. 7 shows the CBH I vector, which is similar to 
the E1 vector targeted to the endoplasmic reticulum. FIG. 8 
shows the CBH I vector, which is similar to the E1 vector 
targeted to the vacuole. 

Example 2 
Transformation of Maize 

0138 Fresh immature Zygotic embryos were harvested 
from Hi-II maize kernels at 1-2 mm in length. The general 
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methods of Agrobacterium transformation were used as 
described by Japan Tobacco, at Ishida et al. 1996. “High 
efficiency transformation of maize (Zea mays L.) mediated by 
Agrobacterium tumefaciens' Nature Biotechnology 14:745 
750 with the modifications described supra. Fresh embryos 
were treated with 0.5 ml log phase Agrobacterium strains 
EHA101. Bacteria were grown overnight in a rich medium 
with kanamycin and spectinomycin to an optical density of 
0.5 at 600 nm, pelleted, then re-inoculated in a fresh 10 ml 
culture. The bacteria were allowed to grow into log phase and 
were harvested at no more dense than OD600-0.5. The bac 
terial culture is resuspended in a co-culture medium. 
0.139. For stable transformations, embryos were trans 
ferred to a bialaphos selective agent on embryogenic callus 
medium and transferred thereafter every two weeks to allow 
growth of transformed type II callus. Plants were regenerated 
from the callus. 

Example 3 
Enzyme Analysis 

0140 Six single seed from each plant (up to 10 plants per 
event) were assayed separately. Each seed was pulverized in 
an automatic seed pounder and extracted in a high-speed 
shaker in 1 ml of 50 mM sodium acetate, pH 5. Cell debris was 
pelleted and the supernatant recovered for analysis of 1) total 
soluble protein using the Bradford assay (Bradford, M. 1976. 
Anal. Biochem. 72:248) and 2) the concentration of the target 
protein using the assay described below. 
0.141. The E1 enzyme concentration was determined 
through the following activity assay. The assay is performed 
in a microtiter plate format. An appropriate amount of extract 
from transgenic seed containing 1 ug of TSP is transferred to 
a well of a 96-well microtiter plate. The total sample volume 
is brought to 0.1 ml with the addition of extraction/reaction 
buffer. The reaction is started with the addition of 0.025 mL of 
5 mM 4-methylumbelliferyl-m-D-cellobioside (MUC). The 
reaction is incubated at 50° C. for 30-45 minutes. At each 
reading time, 0.025 mL of the reaction mix is pipetted into 
0.175 mL of stop buffer (0.2 MNaCO), then the amount of 
fluorescence is read at 460 nm with excitation of 360 nm, and 
enzyme concentration determined in relation to a standard 
curve generated with purified enzyme spiked into corn seed 
eXtract. 

0142. The CBH I enzyme concentration is determined 
through exactly the same procedure except that the incubation 
time is extended to two hours before reading the fluorescence 
on the plate. 

Example 4 
Increasing Expression Levels and Agronomic Yield 

Through Breeding 
0143. The Hi-II maize line that is used in tissue culture for 
plant transformation shows poor agronomic characteristics 
and is not high-yielding in the field. However, one of the most 
important goals for industrial protein production is yield near 
that of commercial corn lines. Thus, agronomic quality of 
early transgenic material can be improved through breeding 
the transgenic plant into plants with improved agronomic 
characteristics and/or which have characteristics that provide 
for improved expression of the enzyme. To accomplish this, 
T seed from selected high-cellulase-expressing independent 
lines was planted in nurseries and crossed to elite inbreds. The 
goal is to develop high-yielding hybrids with good agronomic 
qualities. Improved expression levels are expected by breed 
ing into elite varieties using the backcrossing methods 
described, Supra. 
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0144. Crossing the Hi-II events with Stiff Stalk elite ger 
mplasm in particular can also increase event recovery. (See 
U.S. Ser. No. 10/349,392, to be published; Horn, Michael E.: 
Harkey, Robin L.; Vinas, Amanda K.; Drees, Carol F.; Barker, 
Donna K.; and Lane, Jeffrey R. “Use of Hill-Elite Hybrids in 
Agrobacterium-based Transformation of Maize” In Vitro 
Cell. Dev. Biol.-Plant. (In press)). Stiff Stalk inbreds have 
been available since at least about the 1950s and are derived 
from the Iowa Stiff Stalk synthetic population. Sprague, G. F. 
“Early testing of inbred lines of maize” J. Amer: Soc. Agron. 
(1946)38: 108-117; for examples see PI accession no. 550481 
and discussion of Stiff Stalk germplasm at U.S. Pat. Nos. 
5,706,603; 6,252,148: 5,245,975; 6,344,599; 5,134,074; and 
Neuhausen, S. A survey of Iowa Stiff Stalk parents derived 
inbreds and BSS(HT)C5 using RFLP analysis” MNL (1989) 
63:110-111. 
0145. In this instance, the transgenic plant was crossed 
into elite Stiff Stalk elite plants, SP122. Improved expression 
of cellulases often times levels achieved in Hi-II is expected. 
In each generation, the highest expressing ears showing agro 
nomic promise are selected and seed replanted from those 
ears in Subsequent nurseries. After pollination, maturation 
and harvest, 50 seed from each progeny ear are combined, 
ground and analyzed for expression levels of extractable cel 
lulase. Only those showing improvement in the amount of 
cellulases are selected for replanting. At each generation, 
approximately the top 10% of lines are replanted for the 
breeding program. 

Example 5 
Expression of Cellulases in Plants 

0146 The results of expression of the E1 cellulase, when 
targeted to the ER are shown in FIG. 9. The numbers on the 
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ole, as shown in FIG. 10. While fewer events were recovered, 
all lines showed expression of E1 cellulase, with the best line 
in each event ranging from 8% TSP to more than 15% TSP. 
0148 Expression of the CBH I enzyme, where secreted to 
the cell wall is graphed in FIG. 11. In this graph and in FIG. 
12, the numbers on the X-axis represent a selected ear of corn 
produced from an event. The ears are grouped by the event 
which produced the ear, as shown by the number above each 
group In this instance, the highest expressing seed was 
assayed for total soluble protein. Overall, high expression 
levels were obtained, with the top line containing 23%TSP as 
CBH I. Even better results were obtained by targeting CBH I 
to the ER. FIG. 12 shows that a greater fraction of events 
contained lines expressing CBH I at levels greater than both 
5% and 10% TSP. These high expression results are 
extremely significant because the CBH Ienzyme has not been 
recovered previously at high expression levels in any plant or 
fungal system. The highest expression published to date is 
0.02% TSP in tobacco leaves (Ziegelhofferetal, supra). Thus, 
the highest single seed levels at 23%TSP are 1000 fold higher 
than the next best system. However, use of a vacuole retention 
sequence resulted in plants with no enzyme expressed. 
0149 Levels of enzymatically active cellulases that are 
produced in transgenic plants are commercially very attrac 
tive. Levels of 10% TSP are considerably higher than those 
obtained by conventional means and are higher than other 
attempts at expression, other than the commercially unfea 
sible Arabidposis. Table 4 Summarizes the potential of using 
corn to produce cellulases. High expression combined with 
the significant production scalability and storage of enzyme 
in grain demonstrates the advantages of the maize system. 

TABLE 4 

Heterologous cellulase expression in corn and production potential. 

Transgenic 
plant Expression Stable 

Enzyme Gene Source system level storage Scalability 

Endo-1,4-B-D- Bacterial Corn 16% TSP in Yes ------ 
glucanase (Acidothermus) (vacuole seed 

targeted) 
Endo-1,4-B-D- Bacterial Corn 1896, TSP Yes ------ 
glucanase (Acidothermus) (ER in seed 

targeted) 
Cellobiohydrolase Fungal Corn 23% TSP Yes ------ 

(Trichoderma (cell wall in seed 
reesei) targeted) 

Cellobiohydrolase Fungal Corn 16% TSP Yes ------ 

(Trichoderma (ER in seed 
reesei) targeted) 

'Scalability defined by 2002 US crop acreage, scale-up potential: -, unscalable; +, fair; ++, 
moderate; +++, significant. 

X-axis represent an ear of corn from an event. The ears are 
grouped by the event which produced the ear, as shown by the 
number above each group. For each ear of corn, six individual 
seeds were assayed for total soluble protein. 
0147 Expression levels were impressive with values 
greater than 15% TSP, however a few events did not express 
detectable amounts of E1 cellulase. Even better expression 
was obtained when the E1 cellulase was retained in the vacu 

Example 6 

Transformation with Exocellulase and Endocellulase 
Sequences 

0150. In further exemplification of the invention, addi 
tional exocellulase and endocellulase encoding sequences 
were transformed into plants. 



US 2009/0205086 A1 

0151. Two vectors were prepared expressing the E1 and 
CBH Icellulases described supra in the cytoplasm. The vector 
for expression of E1 is shown in FIG. 13, driven by the 
globulin-1 promoter PGNpr2, supra. The vector for cytoplas 
mic expression of CBH I is shown in FIG. 14. 
0152 ABAASS signal sequence (in italics in FIG. 15, 
SEQ ID NO: 5) was used with the exocellulase gene cel7D 
(also known as cbh1-4 from Phaneorchaete chrysosporium 
(the genomic is shown in GenBank accession L22656) lack 
ing the native signal sequence, the sequence used in this 
instance was received from Dan Cullen of Forest Products 
and is set forth in FIG.15 (SEQID NO: 6). In this instance an 
extended globulin-1 promoter as represented in FIG.16 (SEQ 
ID NO: 7) was used to drive expression in the cell wall 
targeted construct. The final vector for plant transformation, 
pAB19159 is shown in FIG. 17. 
0153. The endocellulase gene cel5A from Phaneorchaete 
chrysosporium (the genomic is shown in GenBank accession 
AY682743) lacking the native signal sequence, was also 
received from Forest Products and is SEQIDNO: 8, shown in 
FIG. 18. It was used with a BAASS sequence of SEQID NO: 
5 (here in italics) and with a KDEL sequence (SEQ ID NO: 
12), in bold (SEQ ID NO: 9). The final vector for plant 
transformation, pAB 19160, shown in FIG. 19, contains the 
extended globulin-1 promoter of SEQID NO: 7, in this vector 
driving expression of an endoplasmic reticulim targeted ver 
sion of the cel5A gene product. 
0154 The exocellulase gene from Phanerochaete chry 
sosporium C1 encoding CBH I was received from Dyadic 
(See U.S. Pat. No. 6,573,086) and the sequence shown in FIG. 
20 (SEQID NO: 10) along with the BAASS sequence of SEQ 
ID NO: 5. The final vector for plant transformation, shown in 
FIG. 21, contains the extended globulin-1 promoter, Supra, 

SEQUENCE LISTING 

<16 Oc NUMBER OF SEO ID NOS : 12 

<210 SEQ ID NO 1 
<211 LENGTH: 1566 
&212> TYPE: DNA 

<213> ORGANISM: Acidothermus cellulolyticus 

<4 OO SEQUENCE: 1 
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driving expression of a cell wall targeted version of CBH I 
lacking the native signal sequence. 
0155 The endocellulase gene from Phanerochaete chry 
sosporium C1 encoding EG5, shown in FIG.22, was received 
from Dyadic (See 086 patent: SEQ ID NO: 11) along with 
the BAASS sequence (in italics) of SEQ ID NO: 5 and the 
KDEL (SEQID NO: 12) sequence (in bold) of SEQID NO: 
9. The final vector for plant transformation, shown in FIG. 23. 
contains the extended globulin-1 promoter, Supra, driving 
expression of an endoplasmic reticulum targeted version of 
EG5 lacking the native signal sequence. 

Example 7 
Use of the Enzyme in Ethanol Production 

0156. In an embodiment of the invention, maize plants are 
genetically engineered to produce large amounts (beginning 
at 0.1% of whole seed or embryo dry weight) of active bac 
terial or fungal polysaccharide degrading enzymes in grain. 
Corn grain that expresses the desired cellulases is grown and 
harvested. The corn grain can be economically transported 
(low water content) and fractionated using either a wet or dry 
milling process to produce a enzyme-rich fraction that can be 
employed in conversion of a variety of lignocellulosic feed 
stocks. The paradigm illustrated in FIG. 24 is even more 
cost-effective if a single pass harvesting of Stover the 
lignocellulosic biomass feedstock—and grain—the enzyme 
Source—can be implemented. 
0157. Therefore, this invention allows the production of 
polysaccharide degrading enzymes in amounts that far 
exceed the current capacity of traditional recombinant protein 
Sources such as filamentous fungi or bacteria. Thus it is evi 
dent that the invention accomplishes at least all of its objec 
tives. 

gcc.ggcggtg gctactggca caccagoggc agggagatcc tigacgc.cala caatgtgc.cg 60 

gtgaggat.cg ccggcatcaa citggtttggg tt.cgaaacct gcaattacgt. c9tgcacggit 12O 

Ctctggt cac gogact accg cagdatgct c gaccagataa agtc.gcticg ct acaacaca 18O 

atc.cggctgc cg tactctga cacatt Ct c aagc.cgggca cc atgc.cgala cagcatcaat 24 O 

ttttaccaga tigaat Cagga cctgcagggit ctgacgt.cct tcaggtoat ggacaaaatc 3 OO 

gtc.gc.gtacg ccggit cagat cqgcctg.cgc at catt Cttg accgccaccg accggattgc 360 

agcgggcagt cqgcgctgtg gtacacgagc agcgt.ct cqg aggctacgtggattit.ccgac 42O 

Ctgcaa.gc.gc tiggcgcagcg ct acaaggga aacccgacgg togt cq9ctt tacttgcac 48O 

aacgagcc.gc atgaccc.ggc ctgctggggc tigcggcgat C cagcatcga Ctggcgattg 54 O 

gcc.gc.cgagc gggc.cggaaa cqc.cgtgct C toggtgaat C Caacctgct catttit.cgt.c 6 OO 

galaggtgtgc agagctacaa cqgagacitcc tactggtggg gcc.gcaacct gcaaggagcc 660 
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gaca accc.gc. tcaacgacgg C9gct coacc C9gtc.cggct gcgacgcggg C9gcagogCC 24 O 

tacatgtgct cct Cocagag C cc ctgggcc gtcagcgacg agctgtcgta C9gctgggcg 3OO 

gcc.gtcaa.gc ticgc.cggcag Ctc.cgagt cq Cagtggtgct gcgc.ctgct a cagotgacc 360 

ttcaccagcg ggc.cggtc.gc gggcaagaag atgattgttgc aggcgaccala Caccggtggc 42O 

gacctgggcg acaaccactt tacctggcc atcc.ccggtg gcggtgtcgg tattittcaac 48O 

gcctgcaccg accagtacgg cqctic ccc.cg aacggctggg gcgaccgcta C9gcggcatc 54 O 

Catt Coaagg aagagtgcga atcct tcc.cg gaggc cct ca agc.ccggctg. Caactggcgc 6OO 

titcgactggit to Caaaacgc cgaca accc.g. tcggt cacct tcc aggaggit ggcctgc.ccg 660 

tcggagctica C9tcCaagag cqgctgct Co cqtaaggacg agctic 7Os 

<210 SEQ ID NO 12 
<211 LENGTH: 4 
&212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
peptide 

<4 OO SEQUENCE: 12 

Lys Asp Glu Lieu. 
1. 

What is claimed is: 

1. A transgenic plant comprising a nucleic acid encoding a 
B-1,4-endoglucanase (EC 3.2.1.4), and a targeting sequence, 
wherein said nucleic acid is stably integrated into the nuclear 
genome of a cell of said plant and is operably linked to a 
promoter and wherein said target sequence targets the B-1,4- 
endoglucanase to the cell wall. 

2. A transgenic plant comprising a nucleic acid encoding a 
B-1,4-endoglucanase (EC 3.2.1.4), and a targeting sequence, 
wherein said nucleic acid is stably integrated into the nuclear 
genome of a cell of said plant and is operably linked to a 
promoter and wherein said target sequence targets the B-1,4- 
endoglucanase to the endoplasmic reticulum. 

3. A transgenic seed comprising a nucleic acid encoding a 
B-1,4-endoglucanase (EC 3.2.1.4), and a targeting sequence, 
wherein said nucleic acid is stably integrated into the nuclear 
genome of a cell of said seed and is operably linked to a 
promoter and wherein said target sequence targets the B-1,4- 
endoglucanase to the cell wall. 

4. A transgenic seed comprising a nucleic acid encoding a 
B-1,4-endoglucanase (EC 3.2.1.4), and a targeting sequence, 
wherein said nucleic acid is stably integrated into the nuclear 
genome of a cell of said seed and is operably linked to a 
promoter and wherein said target sequence targets the B-1,4- 
endoglucanase to the endoplasmic reticulum. 
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