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ABSTRACT 

ENYING, LIU. The Effect of “Built-in” Xylanolytic Enzymes on Saccharification of 
Lignocellulosic Feedstocks. (Under the direction of Prof. Vincent Chiang). 
 

Lignocellulosic biomass is widely considered as a feedstock for the second 

generation of bioethanol production. However, the composition, organization and 

chemical structure recalcitrance inhibit enzymatic hydrolysis and impose high cost on 

cellulosic ethanol production. To enable cellulosic ethanol to be competitive with 

traditional fossil fuel and corn-grain biofuel in the future energy market, new 

strategies that reduce the cost of cellulosic ethanol production need to be explored. 

With the development of functional genomics and biotechnology, plant genetic 

engineering has great potential to overcome some of the barriers that impede 

polysaccharide degradation of lignocellulosic materials and reduce the cost of 

cellulosic ethanol production. In this research, such an approach has been applied to 

examine the effect of xylanolytic enzymes introduced into plants as “built-in” 

catalysts on saccharification of tobacco stem wood.  

Thermophilic endo-1,4-β-D-xylanase (xynA), β-xylosidase (xyD) and α-

glucuronidase (aguA) from Thermotoga maritime can hydrolyze wood xylan without 

digesting cellulose. The three genes individually and their combinations (xynA+xyD, 

and xynA+xyD+aguA) were expressed in tobacco plants under the control of the 

constitutive CaMV 35S promoter. All the transgenic plants had no obvious 

phenotypes compared to the wild-type tobacco plants, except xynA-9 exhibited 
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stunted growth which may be caused by transformation event rather than xynA over-

expression. Two transgenic lines with the highest expression levels from each 

construct were selected for cell wall composition and saccharification analysis. 

Compared to the wild-type, transgenics had similar xylan, hemicelluloses and lignin 

content.  The xylanolytic enzymes were stable even after wood was dried in air and 

stored up to 4 months at room temperature. These “built-in” enzymes may improve 

the biodegradability of transgenic lignocellulosic feedstock. 

To introduce the cell wall degrading enzymes into woody plants as “built in” 

catalysts for ethanol production, promoter is important because it will affect protein 

yield and location which are related to wood saccharification efficiency. PtrCOMT2 

promoter is a strong xylem specific promoter and good for this purpose. The 

expression activity of the 2kb length of PtrCOMT2 promoter (OMTP2kb) and 3.3kb 

length of PtrCOMT2 promoter (OMTP3.3kb) and the effect of their combination with 

4X35S enhancer on gene expression were studied based on the GUS reporter gene 

system. qRT-PCR and GUS fluorometric assays showed that OMTP3.3kb has 

stronger expression than OMTP2kb.  4X35S enhancer can enhance the expression of 

OMTP2kb, but have a negative effect on the expression of OMTP3.3kb which may be 

due to DNA rearrangement. The GUS histochemical assays showed that 4X35S 

enhancer can bring some characteristics of CaMV 35S promoter by leading to 

expression of GUS gene in pith and phloem of transgenics. 
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CHAPTER1 General Introduction 

Introduction 

Lignocellulosic biomass is widely considered as a feedstock for the second 

generation of bioethanol production (Galbe and Zacchi, 2007). However, the 

composition, organization and chemical structure recalcitrance, such as those due to 

lignin barriers, cellulose crystallinity and hemicellulose acetylation, inhibit enzymatic 

hydrolysis and impose high cost on cellulosic ethanol production (Galbe and Zacchi, 

2007). To enable cellulosic ethanol to be competitive with traditional fossil fuel and 

corn-grain biofuel in the future energy market, new strategies that reduce the cost of 

cellulosic ethanol production need to be explored. With the development of functional 

genomics and biotechnology, plant genetic engineering has great potential to 

overcome some of the barriers that impede polysaccharide degradation of 

lignocellulosic materials. In this research, such an approach has been applied to 

examine the effect of xylanolytic enzymes introduced into plants as “built-in” 

enzymes on saccharification of tobacco stem wood. Because the amount of enzyme 

would affect the saccharification efficiency substantially, a strategy aimed to achieve 

high level heterologous protein production in plant xylem tissues has been studied. 

Lignocellulosic biomass 

Lignocellulosic biomass is the most abundant renewable natural resource for 

the second generation of bioethanol production. Plant cell walls are the main source of 
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lignocellulosic biomass. The structure, configuration and composition of plant cell 

walls vary depending on species, tissue, developmental stage and cell type (Ding et al., 

2006; Bothast et al., 2005). There is also variation between the layers of the cell walls. 

Cellulose, hemicelluloses, and lignin are the main components of the plant cell wall 

with varying proportion. Cellulose and hemicelluloses are potential sources of 

fermentable sugars for biofuel production (Hinman et al., 1989; Ho et al., 1998; 

Taherzadeh et al., 1999; Sreenath and Jeffries, 2000). The presence of lignin in the 

cell wall impedes enzymatic hydrolysis of polysaccharides (Himmel, 2007). 

Cellulose exists in the form of elementary microfibrils (protofibrils) which are 

paracrystalline assemblies of 36 β-1,4-glucan chains with hydrogen bonds connecting 

the chains to one another (Terashima and Fukushima, 1993). The elementary 

microfibrils assemble themselves to form a thick ribbon-shaped fibril, which are 

coated with hemicelluloses and lignin. Cellulose makes up to 25–50% of plant dry 

mass (Sun et al., 2002).  

Hemicellulose is a highly branched polymer of hexoses (glucose, galactose, 

and mannose) and pentoses (arabinose and xylose) with a small amount of uronic 

acids (4-O-methyl-D-glucoronic acid, D-galacturonic acid, and D-glucuronic acid) 

(Holtzapple, 1993) and cross-linked to lignin (Carpita and Gibeaut, 1993). About 20-

50% of the plant cell wall polysaccharides are hemicelluloses. Hemicelluloses are 
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linked by hydrogen-bonds to cellulose elementary microfibrils, thus forming a 

network that provides the structural backbone to the plant cell wall.  

Lignin is a major constituent of the secondary cell wall, and accounts for about 

10-35% of total plant dry mass (Sun et al., 2002). Lignin is a polymer composed of 

complex phenyl-propanoids, which is linked in a network to hemicellulose with ester, 

ether, phenyl and other covalent bonds (Koshijima and Watanabe, 2003). Lignin 

strengthens the network of the plant cell wall and plays an important role in protecting 

plants against invasion by pathogens and insects.   

In cellulosic ethanol production, cellulose and hemicelluloses are hydrolyzed 

chemically or enzymatically, while lignin must be removed. The crystalline cellulose 

is highly resistant to hydrolysis because cellulose elementary fibrils are densely 

packed and coated with hemicelluloses and lignin (Himmel, 2007). Within the 

dextrins of cellulose microfibrils, the sides of the cellulose chain are polar and 

hydrogen bonded, making the sheet resistant to enzymatic hydrolysis (Nishiyama et 

al., 2002). Pure amorphous hemicelluloses and cellulose are readily digestible 

(Himmel, 2007). The lignin content has the greatest impact on biomass digestibility, 

while the cross-linking of hemicelluloses to lignin has a moderate influence on the 

enzymatic digestibility (Chang et al., 2000). 
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Pretreatment of lignocellulosic biomass  

Mechanism of pretreatment 

Pretreatment is used to overcome lignin barriers, reduce cellulose crystallinity, 

and increase the porosity of the lignocellulosic biomass to improve the efficiency of 

enzymatic hydrolysis in cellulosic ethanol production (Mosier et al., 2005; Sticklen, 

2008; Galbe and Zacchi, 2007). Different pretreatments can affect biomass in very 

different ways (Aden et al., 2002). Pretreatment methods under high pH mainly 

remove lignin; while those under low pH mainly digest hemicelluloses (Galbe and 

Zacchi, 2007). Swelling of the cellulosic pores, in the meantime, can be achieved, the 

internal surface area increased, and the degree of polymerization and crystallinity 

decreased (Feist et al., 1970; Kong et al., 1992; Tarkow et al., 1969; Gharpuray et al., 

1983).  

Methods of pretreatment 

Numerous pretreatment approaches have been studied. They are roughly 

divided into four categories: physical (mechanical size reduction, comminution, 

vibratory ball milling, compression milling, hydrothermolysis), chemical (ozonolysis, 

acid hydrolysis, alkaline hydrolysis, oxidative delignification, etc.), physicochemical 

(steam explosion, ammonia fiber explosion, carbon dioxide explosion) and biological 

(lignase) methods (Galbe and Zacchi, 2007; Sun et al., 2002; Kumar et al., 2009). 

Some pretreatment methods result in above 90% of the theoretical sugar yield for 
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lignocellulosic biomass (Kumar et al., 2009). Selection of pretreatment method must 

rely on the type of biomass. For agricultural residues, a large number of pretreatment 

methods result in high sugar yields; while a few methods are feasible for wood, 

especially softwood (Galbe and Zacchi, 2007). Acid hydrolysis and steam 

pretreatment with an acid catalyst seem to be suitable for all lignocellulosic biomass. 

High cost and high energy consumption, and formation of inhibitors are drawbacks 

(Galbe and Zacchi, 2007). 

Physical pretreatment 

Physical pretreatment facilitates enzymatic hydrolysis through increasing the 

surface area of the cellulose (Galbe and Zacchi, 2007). To achieve a high efficiency of 

enzymatic hydrolysis, the energy consumption is high, and can even exceed the 

theoretical energy content of the biomass (Cadoche et al., 1989). Thus, physical 

methods are usually combined with other pretreatments to improve the digestibility. 

Chemical pretreatment 

The most commonly used chemical methods in biofuel production are alkaline 

hydrolysis and acid hydrolysis. Alkaline pretreatment acts mainly by delignification 

and is more effective on biomass with low lignin content (Kumar et al., 2009). 

Sodium, potassium, calcium and ammonium hydroxides are suitable alkaline 

pretreatment agents (Kumar et al., 2009). Newly developed chemical pretreatment 

uses green liquor (mixture of sodium carbonate and sodium sulfide) as agent. It is 
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effective to improve enzymatic hydrolysis of hard wood with 80% of sugar recovery 

and easily implemented in a repurposed kraft pulp mill (Jin et al., 2010). Combined 

with oxygen delignification or/and mechanical refining, this method can be used to 

treat softwood for ethanol production with 78% of sugar recovery (Wu el al, accepted). 

Dilute acid hydrolysis (usually sulphuric acid) is commonly used as a method 

of pretreatment in cellulosic ethanol production as it is inexpensive and effective. 

During dilute acid treatment, hemicelluloses are hydrolyzed, thereby increasing 

porosity and the overall surface area of lignocellulosic biomass (Lee et al., 1999). As 

a result, cellulose susceptibility to enzyme hydrolysis is increased. 

Physicochemical pretreatment 

Physicochemical methods include steam explosion, ammonia fiber explosion 

(AFEX), carbon dioxide explosion, etc. Steam pretreatment is usually conducted with 

high-pressure saturated steam at moderate temperature (Sun et al., 2002). The 

predominant effect is to depolymerize hemicelluloses into soluble oligomeric and 

monomeric sugars. Then the cellulose in the solid phase becomes more accessible to 

enzymes. Steam pretreatment can be improved by an acid catalyst, like H2SO4. The 

acid addition increases the recovery of hemicellulosic sugars and improves the 

enzymatic hydrolysis of the solid residue (Galbe and Zacchi, 2007). This method is 

effective for almost all biomass including softwood feedstock.   
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Biological pretreatment  

Biological pretreatment is a moderate and safe method that does not require 

expensive equipment and high energy consumption. The currently used biological 

method is performed with microorganisms producing lignin degrading enzymes 

(peroxidases, laccase, etc.). Ligninolytic microorganisms grow on the resulting sugars 

and consume cellulose and hemicellulose (Zheng et al., 2009), therefore cellulases- 

and hemicellulases-defective mutants are used to reduce sugar lost in the pretreatment. 

This method needs much improvement to increase the hydrolysis rate. 

Evaluation of pretreatment  

Pretreatment of the raw material is one of the most crucial steps in biofuel 

production, as it may affect all the subsequent steps, including enzymatic hydrolysis, 

fermentation and wastewater handling, in terms of digestibility of the cellulose, 

fermentation toxicity, wastewater treatment, and energy demand. For commercial 

utility, an ideal pretreatment method should have the following characteristics: being 

cost and energy effective, minimal enzyme loading, maximal total sugar yield, no 

inhibition of subsequent fermentation, and absence of environmental problems. All 

the processes should be standardized and optimized for more realistic process 

conditions, with the special features of the feedstock taken into account, and so the 

production cost for the various alternatives could be compared (Galbe and Zacchi, 

2007). 
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Genetic manipulation of feedstock plants 

With more and more genomes being sequenced, many genes have been 

identified and studied. Plant genetic engineering has been realized for many plants, 

such as Arabidopsis, tobacco, poplar, pine, rice, maize, sorghum and switchgrass via 

the Agrobacterium tumefaciens or gene-gun mediated gene transformation (Schaewen 

et al., 1990; Verwoerd et al, 1995; Ziegler et al., 2000; Sticklen, 2008). Plants have 

not only been improved with desired properties, but have also been used as 

biofactories to produce industrial or pharmaceutical proteins derived from various 

organisms with less energy and cost compared to microbial bioreactors (Ma et al., 

2003; Howard, 2005; Sticklen, 2006; Streatfield, 2007). 

Although cellulosic ethanol is regarded as a second generation of biofuel, the 

costly pretreatment required to overcome the recalcitrance and expensive enzymes 

needed to hydrolyze the polysaccharides render it expensive in energy market. 

Genetically manipulating feedstock might solve both of the problems through three 

aspects: i) modifying plant cell wall component structure and content to reduce the 

necessity for costly pretreatment processes; ii) producing cell-wall-degrading 

enzymes in feedstock plants to reduce or eliminate the necessity for exogenous 

commercial enzymes; iii) regulating the biosynthesis of polysaccharides to increase 

cellulosic biofuel production (Sticklen, 2006, 2008). 
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Modifying plant cell wall component structure and content 

The plant cell wall component organizations and structures are recalcitrance of 

the biomass to digestibility by enzymatic hydrolysis. Changing the structure and 

content of plant cell wall components, by regulating the expression of critical genes in 

plant cell wall component biosynthesis pathway, may help to reduce the necessity for 

pretreatment of the feedstock biomass.  

Lignin modification 

Many genes of the lignin biosynthesis pathway have been identified, cloned 

and studied, although the precise structure and biosynthesis of lignin has not been 

resolved (Whetten et al., 1995; Vanholme et al., 2008; Shi et al., 2010). It is now 

possible to down-regulate the gene expression of lignin biosynthesis pathway to 

modify the lignin structure and/or content.  

Lignin genetic modification was initially of interest for increasing forage 

digestibility by ruminant livestock and facilitating pulping in the pulp and paper 

industry (Vogel et al., 2001; Vanholme et al., 2008). For example, down-regulation of 

4-coumarate 3-hydroxylase (C3H) and cinnamyl alcohol dehydrogenase (CAD) in 

alfalfa (Medicago sativa) resulted in altered lignin composition and improved 

digestibility (Ralph et al., 2006; Baucher et al., 1999). In poplars (Populus tremula ×  

populus alba), pulping performance has been improved in the CAD down-regulated 

transgenic trees because of more efficient delignification (Pilate et al., 2002). When 
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an antisense alfafa caffeate O-methyltransferase (COMT) gene was introduced in 

tobacco plants, lignin content was reduced by 15-57% (Ni et al., 1994). These results 

showed the highly likelihood that downregulating lignin in biomass crops could 

reduce the need for pretreatment and enhance the digestibility of lignocellulosic 

materials in cellulosic ethanol production. 

Lignin gene engineering can also shift plant carbon resources from the lignin 

biosynthesis pathway to polysaccharide synthesis, not only reducing the need of 

pretreatment for saccharification, but also harboring additional advantages in terms of 

improving biomass content and sugar yield (Sticklen, 2008; Hu et al., 1999; Li et al., 

2003; Chabannes et al., 2001). Twice as much sugar yield from transgenic cell walls 

compared to wild-type plants has been achieved when simultaneously suppressing six 

different lignin biosynthetic pathway enzymes in alfalfa — C4H (cinnamate 

4-hydroxylase), HCT (hydroxycinnamoyl transferase), C3H (4-hydroxycinnamate 

3-hydroxylase), CCoA-OMT (S-adenosyl-methionine caffeoyl-CoA/5-

hydroxyferuloyl-CoA-O-methyltransferase), F5H (ferulate 5-hydroxylase), and 

COMT (caffeate O-methyltransferase), almost eliminating the need for acid 

pretreatment in the production of fermentable sugars (Chen and Dixon, 2007). 

The above results have demonstrated the potential benefits of lignin genetic 

modification of both crops and trees in cellulosic biofuel production. However, the 
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effects of down-regulating more lignin biosynthesis genes or their combinations in a 

wider range of biomass species for biofuel should be further studied. 

Decreasing cellulose crystallinity 

Crystallinity of cellulose microfibrils is the second barriers to enzymatic 

hydrolysis of cellulose because it affects the effectiveness of enzymes adsorbed on the 

substrate (Himmel et al., 2007; Chang et al., 2000). Cellulose elementary microfibrils 

are synthesized by cellulose synthase complexes (CelS) assembled by 36 cellulose 

synthase (CESAs) subunits (Festucci-Buselli et al., 2007).  The CelS synthesizes 36 

glucose chains in close proximity before they are further organized into microfibrils 

that are further associated with other cell wall polymers. The 36 glucose chains in a 

microfibril are stabilized by intra- and inter-hydrogen bonding which confer great 

stability on the microfibrils. Several elementary microfibrils come together to form 

macrofibrils. Cellulose synthase like (CslA) genes and endoglucanase genes also play 

important roles during cellulose biosynthesis (Han et al., 2007; Pauly et al., 2008). As 

more is learned about the details of cellulose biosynthesis, it may be possible to alter 

these processes in ways that would render the walls more easily digestible during 

processing to biofuels (Pauly et al., 2008).  

There are several examples of decreasing cellulose crystallinity in genetically 

modified plants. Arabidopsis plants with mutation in a highly conserved consensus 

sequence among the C-terminal transmembrane regions within CesA 3 gene had a 34% 
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lower biomass crystallization index and resulted in 151% improvement in the 

efficiency of conversion from raw biomass to fermentable sugars (Harris et al., 2009). 

Furthermore, expression of cellulose-binding module (CBM) in tobacco decreases 

cellulose crystallinity (Shoseyov et al., 2006). Crystallinity of cellulose might also be 

decreased by introducing cellulase genes in biomass species. Cellabiose 

dehydrogenase (CDH) or β-glucosidase introduced into feedstock crops might 

decrease cellulose crystallinity (Henriksson et al., 2000; Breuil et al., 1992).  

Disturbing the synthesis of hemicelluloses 

Hemicelluloses, the second most common class of polysaccharides in nature, 

have a complex composition and their biosynthesis pathway is far from being 

understood. There are few examples of modifying the expression of hemicellulases in 

plants. The modification of the hemicelluloses biosynthesis can be targeted to 

controlling the degree of substitution of the backbone and the proportion of each 

sugar constituent (Pauly et al., 2008). Hemicelluloses are linked to both cellulose 

fibrils and lignin. It has been proposed that engineering plant cell walls by altering the 

molecular interactions between hemicelluloses, lignin, and cellulose could result in 

more efficient use of costly cellulase enzymes (Sticklen, 2008). 

Producing plant cell-wall-degrading enzymes in feedstock plants 

Initially the cell wall hydrolysis enzymes have been produced in microbial 

bioreactors as exogenous catalysts in cellulosic ethanol production. The cost of the 
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enzyme production is high, in turn raising the price of cellulosic ethanol and impeding 

its competition into the energy market. The claim that heterologous expression of 

plant cell wall degrading enzymes in biomass plants is technically possible has crucial 

advantages: i) a much lower energy input is required for transgenic plants growing in 

the field; ii) the laborious and costly purification process of protein may be not 

necessary, iii) in situ hydrolysis of the lignocellulosic biomass may enhance the 

efficiency of subsequent hydrolysis and reduce the amount of exogenous enzymes 

required.  

To produce the bacterium-derived plant cell wall hydrolysis enzymes in plants 

as endogenous enzymes for lignocellulosic saccharification, the yield and the 

biological activity of the heterologous enzymes are of the most concern, which could 

be crucially affected by the difference in codon usage between microorganism and 

plants (Hood et al., 2007; Grantham et al., 1981; Murray et al., 1989; Perlak et al., 

1991), the expression promoter (Ziegler et al., 2000), the expression system (Yu et al., 

2007; Streatfield, 2007), and the location of the protein accumulating (Hood, 2004; 

Hood et al., 2007; Hood et al., 2003; Clough et al., 2006; Streatfield, 2007). The 

production of plant cell wall degrading enzymes has been reported in many plants 

with as high as 26% total soluble protein production (Ziegler et al., 2000; Hood et al., 

2007; Herbers et al., 1995; Hyunjong et al., 2006). In these transgenic plants, the 



14 

 

heterologous protein has no apparent harmful effects on plant growth and 

development. 

Studies showed that the plant produced enzymes still have catalytic activity on 

lignocellulosic saccharification as exogenous enzymes. The catalytic domain of 

Acidothermus cellulolyticus thermostable endo-1, 4-β-glucanase enzyme (E1) 

expressed in rice converted approximately 22 and 30% of the cellulose of the AFEX-

pretreated rice and maize biomass into glucose, respectively (Oraby et al., 2007). 

However, the AFEX pretreatment under even very mild conditions can reduce the 

activity of the endoglucanase in transgenic tobacco leaves by 65% compared to that 

without treatment (Teymouri et al., 2005). Therefore, in situ hydrolysis of 

lignocellulosic feedstock with enzymes introduced into biomass plants as endogenous 

enzymes is a challenge unless the enzymes can tolerate pretreatment processes. Endo-

xylanase and/or ferulic acid esterase introduced into plants can improve the 

biodegradability of plant cell wall (Borkhardt et al., 2010; Buanafina et al., 2010). 

Other cell wall degrading enzymes can also be introduced into plants. These enzymes 

might change the cell wall composition or directly remove the barrier for cellulose 

hydrolysis.  

Increasing cell-wall polysaccharide content 

The ultimate sugar yield is proportional to the cell wall polysaccharide content, 

which is determined by the biosynthesis genes of cellulose and hemicelluloses 
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varying with plant species and type of biomass. Increasing cell wall polysaccharide 

content is one way to enhance the efficiency of ethanol production. Upon the 

understanding of the biosynthesis pathway of cellulose and hemicelluloses, the cell 

wall polysaccharide content might be increased by upregulating these biosynthesis 

genes. Down-regulating some lignin biosynthesis genes, such as 4CL (4-

coumarate:CoA ligase), CAld5H (coniferyl aldehyde 5-hydroxylase)  and CCR 

(cinnamoyl-coenzymeA (CoA) reductase), or their combination can also increase the 

proportion of polysaccharides (Hu et al., 1999; Li et al., 2003; Chabannes et al., 2001). 
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RESEARCH OF INTEREST 

This project will study the effect of xylanolytic enzymes introduced into 

tobacco plants for lignocellulosic saccharification. After the individual and 

combinations of three xylanolytic enzymes from Thermotoga maritime have been 

expressed in tobacco, in situ hydrolysis of the transgenic tobacco stem wood will be 

conducted. The activity of the enzymes and the effect of the enzymes on wood 

saccharification will be examined. Because the effect relies on the amount of enzymes, 

the possibility of using PtrCOMT promoter and 4X35S enhancer to over-express cell 

wall degrading enzymes in wood xylan using tobacco system was studied. To 

accomplish these objectives, the following experiments were designed: 

• Analyze the cell wall components in both wild-type and transgenic tobacco 

stem wood. 

• Examine the activity of xylanolytic enzymes in transgenic tobacco plants. 

• Analyze enzymatic hydrolysis of transgenic tobacco stem wood with xylan 

auto-hydrolysis (in situ hydrolysis). 

• Study the expression activity of Populus trichocarpa COMT2 xylem-specific 

promoter (PtrCOMT2 promoter) and effect of promoter region lengths on 

expression activity. 

• Examine the strength and distance effect of four tandem repeated Cauliflower 

Mosic Virus 35S (4X35S) enhancer on PtrCOMT2 promoter activity. 
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CHAPTER 2 The Effect of “Built-in” Xylanolytic Enzymes on 

Saccharification of Tobacco Stem Wood 

Abstract Thermophilic endo-1,4-β-D-xylanase (xynA), β-xylosidase (xyD) and 

α-glucuronidase (aguA) from Thermotoga maritime can hydrolyze wood xylan 

without digesting cellulose. The three genes individually and their combinations 

(xynA+xyD, and xynA+xyD+aguA) were expressed in tobacco plants under the 

control of the constitutive CaMV 35S promoter. All the transgenic plants has no 

obvious phenotypes compared to the wild-type tobacco plants, except xynA-9 

exhibited stunted growth, which may be caused by transformation event rather than 

xynA over-expression. Two transgenic lines with the highest expression levels from 

each construct were selected for cell wall composition and saccharification analysis. 

Compared to the wild-type, transgenics had similar xylan, hemicelluloses and lignin 

content. The xylanolytic enzymes were stable even after wood was dried in air and 

stored up to 4 months at room temperature. These “built-in” enzymes may improve 

the biodegradability of transgenic lignocellulosic feedstock. 

Introduction 

The production of the second generation biofuel from lignocellulosic biomass 

is expensive due to the costly pretreatment to loosen the cell wall structure and the 

expensive enzymes used to produce fermentable sugars. Miscellaneous strategies have 

been proposed to help improve the efficiency and reduce the cost of existing 
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bioprocessing regimes via plant genetic engineering (Sticklen, 2006, 2008). 

Transgenic tobacco expressing endoglucanase and xylanase have increased 

digestibility and biomass conversion (Kawazu et al., 1999; Pappan et al., 2009). 

Endo-xylanase and/or ferulic acid esterase can increase glucose yield as exogenous 

enzymes and improve the biodegradability of lignocellulosic biomass by reducing 

cross-linkage between carbohydrates and lignin or by changing cell wall components 

and structure as “built-in” catalysts engineered into plants (Borkhardt et al., 2010; 

Buanafina et al., 2010; Harholt et al., 2010).  

The success of production of cell wall-degrading enzymes in plants is limited 

to proper compartments of plant tissues. Transgenic lines expressing ferulic acid 

esterase in tall fescue were more successfully obtained with specific or inducible 

promoters than constitutive promoters (Buanafina et al., 2008). In wheat, constitutive 

expression of a Bacillus subtilis xylanase and an Aspergillus niger ferulic aid esterase 

failed because of poor growth and development as well as sterility in transformants. 

Endosperm-specific expression of these two enzymes resulted in shriveled grains, 

lower fertility and altered cell wall composition (Harholt et al., 2010). Thermophilic 

enzymes might alleviate these detrimental effects on transgenic plants because they 

are inactive or have very low activity at ambient temperature. Transformants with 

ubiquitous expression of thermophilic bacterial endo-xylanase targeted to apoplast in 
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tobacco and Arabidopsis appeared phenotypically normal and fully fertile (Herbers et 

al., 1995, 1996; Borkhardt et al., 2010).  

Removing hemicelluloses by either acidic pretreatment or enzymatic 

hydrolysis and loosening the cell wall by accessory enzymes could be anticipated to 

reduce cellulase loading and facilitate biomass conversion efficiency in enzymatic 

hydrolysis (Torget et al., 1992; Yang et al., 2004). The thermophilic xylanolytic 

enzymes from the bacterium Thermotoga maritime, are capable of hydrolyzing wood 

4-O-methylglucuronic acid-branched xylan without digesting cellulose. They are 

endo-1,4-β-D-xylanase (EC 3.2.1.8; xynA), β-xylosidase (EC3.2.1.37; xyD), α-

glucuronidase (EC 3.2.1.139; aguA) (Bronnenmeier et al., 1995; Winterhalter et al., 

1995a,b; Xue et al., 2004; Ruile et al., 1997; Chhabra et al., 2003; Conners et al., 

2005; Blumer-Schuette et al., 2008). 

XynA, with a molecular mass of 120 kDa, specifically performs endolytic 

cleavage of the xylan backbone and produces xylo-oligosaccharides, predominantly 

xylotriose and xylobiose, with a very small amount of xylose (Winterhalter, 1995a,b). 

XyD is specific for the (1→4) -β-D-xylosidic linkage (Xue et al., 2004) and readily 

hydrolyzes p-nitrophenyl β-D-xylopyranoside into p-nitrophenol and xylose. It has 

insignificant activity with p-nitrophenyl β-D-glucopyranoside and is inactive with p-

nitrophenyl α-D-xylopyranoside. XynA and xyD together can convert the xylan into 

xylose (Xue et al., 2004). AguA can specifically cleave the α-(1→2)-glycosidic 
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linkage in the 2-O-(4-O-methyl-α-D-glucopyranosyluronic acid)-D-xylobiose to 

liberate 4-O-methylglucuronic acid and xylobiose which can be hydrolyzed to xylose 

by xyD (Ruile et al., 1997). With the synergistic function of xynA, xyD and aguA, the 

4-O-methylglucuronic acid-branched xylan can be completely hydrolyzed into xylose 

and 4-O-methylglucuronic acid (Chhabra et al., 2003; Winterhalter et al., 1995a,b; 

Xue et al., 2004;  Ruile et al., 1997). All three enzymes have an optimal reaction 

temperature around 90°C and a similar optimal pH of ~6 (Winterhalter et al., 1995a,b; 

Xue et al., 2004; Ruile et al., 1997). The properties of these enzymes ensure their 

suitability to be engineered into lignocellulosic feedstock plants for bio-fuel 

production.  

In this chapter, the activity of the three xylanolytic enzymes, which were 

introduced into tobacco plants as “built-in” enzymes and their effect on wood 

saccharification will be described. 

Materials and Methods 

Plant materials 

Transgenic tobacco plants over-expressing xynA, xyD, aguA, xynA+xyD and 

xynA+xyD+aguA under the control of CaMV 35S promoter had been produced by Dr. 

Quanzi Li using Agrobacterium-mediated transformation method. For each type 

transgenic plants, two lines with the highest transcript abundance were selected and 

propagated with at least three clonal repeats. These transgenic plants and 3 wild-type 
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plants as controls were grown in a greenhouse, and samples were collected at 

flowering stage for cell wall composition and wood saccharification analysis. The 

bark and pith were removed and the tobacco stem wood was air dried (water content < 

10%) at room temperature and ground to 40-60 mesh and stored at room temperature. 

Gene expression analysis by qRT-PCR  

Total RNA was extracted from the leaves using RNeasy Plant Mini Kits 

(Qiagen, Alameda, CA, USA) and treated with RNase-free DNase I (Promega, 

Madison, WI, USA). The total RNA (150 ng) was reverse-transcribed to cDNA with 

TaqMan Reverse Transcription Reagents (Roche, Mannheim, Germany) following the 

manufacturer’s instruction. Real-time PCR was conducted using an Applied 

Biosystems 7900HT sequence detection system. For each reaction, a 25 μl mixture 

contained the first-strand cDNA (equivalent to 5 ng of total RNA), 5 pmol each of the 

forward and reverse gene specific primers, and 12.5 μl of the FastStart Universe 

SYBR Green Master mix (Roche). After PCR amplification (95°C, 10 min; 45 cycles 

at 95°C, 15 s; and 60°C, 1 min), a thermal denaturing cycle (95°C, 15 s; and 60°C, 15 

s) was added to derive the dissociation curve of the PCR product to verify 

amplification specificity. Each reaction was carried out 3 times. PCR products were 

quantified using the pure plasmid DNA containing the corresponding target gene as 

the standard for establishing a quantitative correlation between the copy number of 

the target transcript molecules and the threshold cycle (Ct) values. Based on the 
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known molecular weight of the plasmid, the transcript copy numbers were calculated 

from the plasmid concentrations after a serial dilution (10-4 to 102 pg/ml).  

Extractives removal  

Removal of extractives from tobacco wood was done as described by TAPPI 

Test Method T204 (1987). The air-dried two-month-old wild-type tobacco stem wood 

without bark and pith was ground to 40-60 mesh. Extraction with an ethanol-benzene 

mixture (1:2 v/v) solvent was conducted with a Soxhlet apparatus. The test specimens 

were extracted for 8 h with an extraction cycle rate of 6 times per hour. After 

extraction, the ethanol-benzene mixture was reclaimed and the amount of extractives 

was determined gravimetrically after drying at 105°C.  

Cell wall component analysis 

Cell wall component analysis was conducted as previously described (Lee et 

al., 2009). The wild-type tobacco sawdust or extractives-free ground wood was 

analyzed for carbohydrates, acid-insoluble lignin, acid-soluble lignin and ash 

following the National Renewable Energy Laboratory’s (NREL) Laboratory 

Analytical Procedures (LAP 002, 003, 004, 005) (Ruiz and Ehrman, 1996; Templeton 

and Ehrman, 1995; Ehrman, 1996; Ehrman, 1994). Cellulose and hemicellulose 

contents were determined using a Dionex HPLC system equipped with a Shodex 

sp0810 column and a refractive index detector (ED50). 
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Pretreatment by Acid Hydrolysis (AH) 

About 750mg of the extractives-free wild-type tobacco wood was treated with 

4 ml 0.1% H2SO4 at 180ºC for 20 min. The mixture was cooled quickly, and 

transferred into a 150 ml beaker with 80 ml deionized H2O. After filtration with a M 

size crucible, the filtrate was collected for sugar detection by HPLC system. Then the 

solid was washed with deionized H2O four times for enzymatic hydrolysis.   

Xylan auto-hydrolysis (XH) 

Air-dried stem wood sawdust (40-60 mesh) of transgenic tobacco expressing 

xylanolytic enzymes was suspended in the following specific buffer with 5% (w/v) 

sample loading. 0.1 M Bis-Tris buffer (pH 6.2) supplemented with 50 mM NaCl for 

transgenic wood expressing xynA, 0.1 M potassium phosphate buffer (pH 6.3) for 

transgenic wood expressing aguA, and 0.1 M potassium phosphate buffer (pH 6.2) for 

transgenic wood expressing xynA+xyD+aguA. The reactions were conducted at 80ºC 

with 150 rpm shaking for 24 h. Wild-type wood was analyzed in parallel as a control. 

After hydrolysis, the mixture was filtered and washed. The filtrate was analyzed by 

HPLC for sugar components and the solid was used for enzymatic hydrolysis. In 

another batch of xylan auto-hydrolysis reactions under the same conditions, 1% (w/v) 

beechwood xylan (Sigma-Aldrich, St Louis, USA) was supplemented. Wild-type 

tobacco wood with xylan was analyzed as a negative control and wild-type wood with 

xylan and exogenous hemicellulase incubated at 50ºC for 24 h as a positive control. 
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After hydrolysis, the mixture was filtered and washed. The filtrate was analyzed by 

HPLC for sugar components to determine the activity of xylanolytic enzymes. 

Enzymatic Hydrolysis (EH) 

Enzymatic hydrolysis was performed with a mixture of cellulase (NS50013; 

84 filter paper units (FPU)/ml), xylanase (NS50014; 750 fungal xylanase units 

(FXU)/g) and β-glucosidase (NS50010; 300 cellubiose hydrolase units (CBU)/ml) 

provided by Novozymes (Franklinton, NC, USA), at a level of 1.2 FXU and 1 CBU 

per 1 FPU in 0.02 M sodium acetate buffer (pH 4.8) with about 5% w/v final solid 

loaded. The cellulase loading was 20 FPU/g pretreated solids. Samples were 

incubated at 50 ± 2 ºC in a shaker bath at 150 rpm for 48 h. After hydrolysis, the 

mixture was filtered and washed with deionized H2O. The filtrate was analyzed by 

HPLC for sugar components and the solid was determined gravimetrically for 

hydrolysis efficiency after drying at 105°C. All the reactions above were conducted in 

duplicate. 

Results and Discussion 

Expression of xylanolytic enzymes in transgenic tobacco plants 

The expression levels of the xylanolytic enzyme genes in transgenic tobacco 

plants were quantified by qRT-PCR. For each construct, two lines with the highest 

absolute copy number of each gene were selected to propagate at least 3 clonal repeats 

for wood cell wall components and saccharification analysis (Figure 2.1). The xynA 
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gene was not expressed in the transgenics over-expressing xynA+xyD. The xyD and 

xynA+xyD transgenic plants were not propagated for further analysis, because xyD 

enzyme alone could not hydrolyze xylan.  

 
Figure 2.1Expression analysis of xynA, xyD and aguA in transgenic tobacco 
plants. WT, wild-type tobacco; A, transgenic tobacco plants over-expressing xynA 
gene; D, transgenic plants over-expressing xyD gene; G, transgenic plants over-
expressing aguA gene; AD, transgenic plants over-expressing xynA and xyD genes; 
ADG, transgenic plants over-expressing xynA, xyD and aguA genes. 

Characterization of transgenic tobacco plants expressing xylanolytic enzymes 

For each construct, at least 10 transgenic lines were produced. Two lines with 

highest expression were selected for further analysis. Transgenic plants xynA-6, 

xynA-9, agu-1, agu-5, (xynA+xyD+aguA)-3, and (xynA+xyD+aguA)-14, along with 

three wild-type tobacco were planted in a greenhouse. All the transgenic plants were 

morphologically indistinguishable from wild-type plants, except line xynA-9 (Figure 

2.2). After growing in the greenhouse for two months, xynA-9 plants were still as 

small as seedlings, while other plants grew to flower stage with more than 1 meter 
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height ready for stem wood harvesting and wood chemical analysis. Transgenic plants 

xynA-9 grew slowly with yellow-green leaves and still were like seedling when they 

were six months old.  

Constitutive expression of cell wall degrading enzymes in plans could 

potentially cause toxic effect or even be lethal. Transgenic lines were more 

successfully obtained when tissue specific or inducible promoters were used (Harholt 

et al., 2010). The abnormal growth of line xynA-9 may be attributable to 

transformation event rather than the toxic effect of xynA, because normal growth is 

observed in xynA-6 which had the highest expression of xynA, (xynA+xyD+aguA)-3 

and (xynA+xyD+aguA)-14. Even though the xylanolytic enzymes can degrade the 

xylan tissue of the tobacco stalk at high temperature (optimal at 80-90ºC), their 

activity was reduced dramatically at room temperature. The high level of xylanolytic 

enzymes produced and accumulated in tobacco cytoplasm had a negligible effect on 

the development and growth of transgenic plants.  
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Figure 2.2 Transgenic tobacco plants with xylanolytic enzymes in a greenhouse. a) 
transgenic tobacco plants when stem wood was harvested; b) transgenic tobacco 
plants flowered after the first generation stem wood has been harvest; c) two-month 
old xynA-9 when the stem wood of other transgenic tobacco plants was harvested; d) 
six-month old xynA-9 when other transgenics flowered after the first generation stem 
wood has been harvested. 

Extractives did not affect enzymatic hydrolysis 

To test the effect of the “built-in” xylanolytic enzymes on saccharification of 

the tobacco stem wood, it is important to remove the enzyme inhibitors and keep the 

activity of the enzymes in the wood in the processing of decomposition of 

lignocellulosic biomass. Many kinds of lipophilic compounds in wood like 
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triglycerides, fatty and resin acids, waxes, fatty alcohols, sterols and steryl esters, etc ., 

give wood its color, odor and physical properties and may cause some technical and 

environmental problems in wood processing (Dorado et al., 2001). Removal of these 

chemicals by petroleum ether, benzene, chloroform, alcohol, acetone, or water, may 

inactivate the enzymes expressed in transgenic wood. The wild-type tobacco stem 

wood had 9.4% of extractives extracted by an ethanol-benzene mixture (1:2 v/v) 

solvent with a Soxhlet apparatus. After extraction, the extractives-free wood and the 

wood sawdust without extraction were used for enzymatic hydrolysis. The results 

showed that, with or without acid pretreatment before enzymatic hydrolysis, the 

extractives did not affect the efficiency of enzymatic hydrolysis of tobacco stem wood 

(Table 2.1). These results indicated that extraction is not necessary before 

bioprocessing of transgenic tobacco stem wood producing xylanolytic enzymes to 

fermentable sugars.  

Table 2.1 Enzymatic hydrolysis of tobacco wood with or without extraction 

Sample Yield (%) a Sugar released (%) a Sugar remained (%) b 
EH-AH-EF 39.2 45 30.3 
EH-AH-WT 37.5 51.1 32.2 

EH-EF 82.3 9.3 83.8 
EH-WT 84.4 16.4 82.8 

EH-AH-EF, extractives-free tobacco wood with enzymatic hydrolysis and acid 
pretreatment; EH-AH-WT, tobacco wood sawdust with enzymatic hydrolysis and acid 
pretreatment; EH-EF, extractives-free tobacco wood with enzymatic hydrolysis and 
no acid pretreatment; EH-WT, tobacco wood sawdust with enzymatic hydrolysis and 
no acid pretreatment. 
a the values based on the original sawdust.  
b the values based on the total sugar in the original sawdust. 
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Cell wall composition of the transgenic tobacco stem wood was not significantly 

changed 

To examine whether the cell wall composition in transgenic tobacco stem 

wood are affected, cellulose, hemicelluloses, acid soluble lignin (ASL) and Klason 

lignin (KL) contents have been determined in the transgenic tobacco stem wood 

(Table 2.2).   

Table 2.2 Cell wall components of transgenic and WT tobacco stem wood 

Line KL (%) ASL (%) Lignin (%) Glucan (%) Xylan(%) HemiCel (%) 
WT 17.4 ± 0.4 3.9 ± 0.1 21.3 ± 0.4 41 ± 0.4 17 ± 0.1 23.6 ± 0.3 
A-6 16.8 ± 0.3 3.5 ± 0.1** 20.3 ± 0.4 40.5 16.5 ± 0.2* 22.8 ± 0.4* 
G-1 15.9 ± 0.3 3.8 ± 0.1 19.7 ± 0.4 39.8 ± 0.1* 16.3 ± 0.1* 22.5 ± 0.1* 
G-5 16.4 ± 0.8 3.5 ± 0.1** 19.8 ± 0.7 40.7 ± 0.1 16.1 ± 0.2** 22.3 ± 0.2* 

ADG-3 15.4 ± 0.2* 3.9 ± 0.1 19.2 ± 0.3* 39.3 ± 0.3* 15.1 ± 0.1** 21.2 ± 0.4** 
ADG-14 15.7 ± 0.6 3.4** 19.1 ± 0.6* 40.2 ± 0.3 15.8 ± 0.1** 22.5 ± 0.3* 
The values shown are mean ± SE (n=2). Statistically significant differences between 
WT and transgenic lines are indicated (Dunnett test; * p<0.05, ** p<0.01). KL, 
Klason lignin; ASL, acid soluble lignin; HemiCel, hemicelluloses. 

The expression of xylanolytic enzymes resulted in little changes in the cell 

wall composition of the tobacco plants. Compared to the wild-type, transgenics had 

similar xylan, hemicellulose and lignin contents. This documented that the built-

in xylanolytic enzymes have little effect on plant cell wall composition and do not 

hinder the development and growth of the transgenic plants. 

Xylanolytic enzymes expressed in tobacco plants could degrade xylan  

The activity of xylanolytic enzymes was demonstrated by the hydrolysis of 

soluble xylan. After the xylan auto-hydrolysis conducted at 80ºC for 24 h, 

supplemented with 1% of soluble beechwood xylan, there were significantly different 
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amount of xylotetraose, xylobiose and xylose released in the reaction of difference 

transgenic constructs (Figure 2.3). In the reaction with xynA-6 wood, most of soluble 

xylan was degraded into xylobiose with small amount of xylotetraose and xylose; 

there was no xylan degraded in the reactions with wood from aguA transgenics; most 

xylan was decomposed into xylose and small amount of xylobiose and xylotetraose 

was produced in the reactions with wood from (xynA+xyD+aguA) transgenics. 

Whereas, only negligible xylan was hydrolyzed in the reactions with wild-type wood, 

and moderate amount of xylose, xylobiose and xylotetraose were produced in the 

positive control with exogenous xylanase in the reactions with wild-type wood. This 

study implied that the xylanolytic enzymes produced in transgenic tobacco could 

hydrolyze soluble xylan and were stable after the wood was dried in air and stored for 

at 

least 

four 

mont

hs at 

room 

temperature.  
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Figure 2.3 Effect of xylanolytic enzymes on the hydrolysis of soluble xylan. X-A-6, 
X-G-1, X-G-5, X-ADG-3, X-ADG-14, xylan auto-hydrolysis with 1% of beechwood 
xylan and 5% of tobacco stem wood of xynA-6, aguA-1, aguA-5, 
(xynA+xyD+aguA)-3 and (xynA+xyD+aguA)-14; X-WT, xylan auto-hydrolysis with 
1% of beechwood xylan and 5% of WT tobacco stem wood as a negative control; EX-
WT,  enzymatic hydrolysis (exogenous xylanase) with 1% of beechwood xylan and 5% 
of wild-type tobacco stem wood as a positive control. 

Effect of xylanolytic enzymes on the xylan auto-hydrolysis 

In order to determine the effect of xylanolytic enzymes on xylan hydrolysis 

and improvement of digestibility of transgenic tobacco wood, an auto-hydrolysis 

procedure was applied, followed with exogenous enzymatic hydrolysis of cellulase, 

xylanase and β-glucosidase at 50ºC for 48 h. After incubating the air-dried tobacco 

stem wood (40-60 mesh) in proper buffer at 80ºC for 24 h, there was significant 

increased amount of glucose and other materials released in filtrate even through there 

was little xylose detected by HPLC system (Figure 2.4). (xynA+xyD+aguA)-3 

released most sugars and had the highest weight lost because of the synergistic effect 

of xynA, xyD and aguA (Figure 2.5).  XynA and xyD can digest the xylan backbone 

linkage and aguA can cleave the α-(1→2)-glycosidic linkage in the 4-O-

methylglucuronosyl xylobiose to liberate 4-O-methylglucuronic acid and xylobiose 

(Winterhalter et al, 1995a,b; Xue et al., 2004; Ruile et al., 1997 ). The cleavage by 
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xylanolytic enzymes enables easies hydrolysis of wood. This has been further 

confirmed by enzymatic hydrolysis (Figure 2.5).    

XynA-6 had the lowest weight lost and released least amount of sugars in 

xylan auto-hydrolysis, compared with other transgenic plants. This may be partly due 

to the buffer system used, since the hydrolysis of WT tobacco was less efficient when 

0.1 M potassium phosphate buffer was used than 0.1 M Tris-HCl buffer used under 

the same conditions. Whatever buffer was used, transgenic tobacco can release more 

sugars than wild-type plants.  

Even through the xylanolytic enzymes can enhance the wood digestibility and 

sugar release to some extent, the effect was subtle and less than the effect of acid 

pretreatment on enzymatic hydrolysis (see table 2.1). The xylanolytic enzymes were 

produced in cytoplasm and had limited accesses to the embedded xylan because of the 

complex cell wall structure. Therefore, proper location of the xylanolytic enzymes in 

cell wall with a signal peptide may enhance its function for biodegradation.  What is 

more, they have no way to loosen the compact cellulose microfibrils. However, the 

cellulose binding domains contained in xynA enable it to specifically adsorb to 

cellulose and render it may have synergistic advantages in cooperation of various 

endo- and exo-acting β-glucanases necessary for the complete decomposition of 

complex cellulosic biomass (Winterhalter et al., 1995a,b).  Co-engineering 
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thermophilic cellulase along with the xylanolytic enzymes in lignocellulosic feedstock 

plants can be future work. 

 
Figure 2.4 HPLC chromatogram of sugars produced in xylan auto-hydrolysis. A-
6, xylan auto hydrolysis (XH) of tobacco stem wood of xynA-6 in 0.1 M Tris-HCl 
buffer with supplement of 50 mM NaCl; WT-A-6, XH of WT tobacco stem wood in 
50 mM Tris-HCl buffer with supplement of 50 mM NaCl as a control for xynA-6; G-
1, G-5, ADG-3 and ADG-14, XH of tobacco stem wood of aguA-1, aguA-5, 
(xynA+xyD+aguA)-3 and (xynA+xyD+aguA)-14 respectively in 0.1 M potassium 
phosphate buffer; WT-G-ADG, XH of WT tobacco stem wood in 0.1 M potassium 
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phosphate buffer as a control for aguA-1, aguA-5, (xynA+xyD+aguA)-3 and 
(xynA+xyD+aguA)-14.  

 
 
Figure 2.5 Effect of xylanolytic enzymes on xylan in situ hydrolysis and 
enzymatic hydrolysis. Sample numbers are the same as in Figure 2.4. 

Conclusion 

The transgenic tobacco plants expressing xylanolytic enzymes have 

indistinguishable phenotype and similar cell wall components compared with wild-

type plants. The xylanolytic enzymes are stable and active even stored at room 

temperature for up to 4 months. Even though the xylanolytic enzymes have a positive 

effect on the xylan in situ hydrolysis and enzymatic hydrolysis of transgenic wood, 

such effect is far comparative to that of acid pretreatment on the enzymatic hydrolysis. 

Therefore, properly locating these enzymes in plant cell wall by signal peptide and co-

engineering with thermophilic cellulases to facilitate the function of xylanolytic 

enzymes on wood biodegradability may be the future work. 
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CHAPTER 3 4X35S Enhancer Effect And Expression Activity of 

PtrCOMT2 Promoter in tobacco plants 

Abstract  To introduce the cell wall degrading enzymes into woody plants as 

“built in” catalysts for ethanol production, a strong xylem specific promoter 

(PtrCOMT2 promoter) is needed. The expression activity of the 2kb length of 

PtrCOMT2 promoter (OMTP2kb) and 3.3kb length of PtrCOMT2 promoter 

(OMTP3.3kb) and their combination with 4X35S enhancer have been determined 

with a GUS reporter gene. Based on qRT-PCR and GUS fluorometric assays, 

OMTP3.3kb has stronger expression than OMTP2kb.  4X35S enhancer can enhance 

the expression of OMTP2kb, but has a negative effect on the expression of 

OMTP3.3kb, which may be due to DNA rearrangement. GUS histochemical assays 

showed that 4X35S enhancer can bring some characteristics of CaMV 35S promoters 

by leading to expression of GUS gene in pith and phloem of tobacco stems. 

Introduction 

Production of heterologous proteins in plants has been widely studied. The 

yield and stability of the recombinant protein in transgenic plants could be affected by 

transformation system, the characteristics of transgenes and the location of protein 

accumulation. Many transgenic technologies have been established to enhance 

recombinant protein production in plants by increasing replication, enhancing 

transcription, boosting translation, and stabilizing transcripts and proteins (Streatfield, 
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2007). High amounts of heterologous protein can be produced in plants with a 

combination of several molecular strategies (Schaewen et al., 1990; Verwoerd et al, 

1995; Ziegler et al., 2000; Hood et al., 2007). 

To introduce the cell wall degrading enzymes into woody plants as “built in” 

catalysts for ethanol production, protein yield and location are of the most concern.  

Promoter for gene expression is one of the most important factors affecting the 

protein yield and location. Instead of a constitutive promoter, a xylem-specific 

promoter is preferred because it can express xylanolytic enzymes in the differentiating 

xylem tissues (Hawkins et al., 2003; Capellades et al., 1996). Populus trichocarpa 

caffeic acid O-methyltransferase (PtrCOMT2) catalyzes the methylation of caffeate, 

5-hydroxyferulate and 5-hydroxyconiferyl aldehyde for the biosynthesis of 

monolignols. PtrCOMT2 gene transcripts are quite abundant and are expressed 

specifically in differentiating xylem (Shi et al., 2010). Thus, PtrCOMT2 promoter 

could be suitable for driving the expression of cell wall degrading enzyme genes in 

woody plants. 

The gene expression level could be further enhanced by a four tandem 

repeated Cauliflower Mosic Virus 35S (4×35S) enhancer. The 4×35S enhancer is 

well-known and was used in many chimeric promoters to increase gene expression 

(Mitsuhara et al., 1996; Kay et al., 1987). The activation function of the 4×35S 

enhancer could even increase the gene expression to overcome the stringent genetic 
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controls of phenylpropanoid biosynthesis pathway in Arabidopsis (Borevitz et al., 

2000). The effect of the 4×35S enhancer is independent of its orientation, but is 

limited by distance from the activated genes and varies in different species (Weigel et 

al., 2000).  

In this chapter, the expression activity of the PtrCOMT2 promoter of different 

lengths and the effect of the 4×35S enhancer on the gene expression in tobacco plants 

has been studied. 

Materials and Methods 

Construct preparation  

6 expression constructs (two sets) were prepared with E.coli Top10 competent 

cells based on the pBI121 binary vector where the CaMV 35S promoter was replaced 

by the xylem-specific PtrCOMT2 promoter at the HindIII/BamHI sites. In the first set, 

all three constructs used a 1967bp length of the PtrCOMT2 promoter (OMTP2kb), 

which was amplified from the Populus trichocarpa genome DNA with a 5’ forward 

primer containing a restriction site for HindIII digestion (5’-

AAGCTTCATATTCGATCAAGGAAATTAACACC-3’, the restriction site is 

underlined) and a 3’ reverse primer with a BamHI restriction site (5’-

GGATCCTCTAGAAACAAAAGGTTGAAGAAGGTG-3’) and cloned into the 

pGEM T-easy vector (Promega, Madison, WI, USA) (Figure 3.1 A, B, C). In the first 

construct, the β-glucuronidase (GUS) gene was driven by the 2kb promoter only. The 
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4×35S enhancer was added in front of the promoter at the HindIII site in the second 

construct, and behind the GUS gene at the EcoRI site in the third construct. The 

second set contained three similar constructs. The only difference was using a 3341bp 

length of PtrCOMT2 promoter (OMTP3.3kb) instead of the 2kb promoter (Figure 3.1 

D, E, F). The OMTP3.3kb was amplified with a 5’ forward primer containing the 

HindIII restriction site (5’-AAGCTTGTCTCAGTTTCCGTATTACGACTTG-3’) and 

a 3’ reverse primer with the BamHI restriction site (5’-

TGGATCCGGAAACAAAAGGTTGAAGAAGGTG-3’). The promoter activity and 

the effect of the enhancer location on gene expression were examined, by comparing 

the GUS gene transcript abundance and GUS activity in transgenic tobacco for each 

construct.  
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Figure 3.1 Transgene expression constructs. OMTP2kb, 1967bp length of 
PtrCOMT2; OMTP3.3kb, 3341bp length of PtrCOMT2; 4×35S, four tandem repeated 
35S enhancer; GUS, β-glucuronidase gene; NOSp, NOS promoter; NOSt, NOS 
terminator; NPTII, Neomycin phosphotransferase for kanamycin resistance. 

Production of transgenic plants 

Transgenic tobacco plants were produced using Agrobacterium-mediated 

transformation. Tobacco leaf discs (5mm×5mm) were inoculated with Agrobacterium 

containing prepared constructs and cultured in darkness for two days on Shoot 

Induction Medium I containing MS basal medium (pH 5.7), 2% sucrose, 0.01% myo-

inositol, 1× B5 vitamin, 0.75% Agar. Explants were transferred to Shoot Induction 

Medium II (pH 5.7) containing MS basal medium, 2% (w/v) sucrose, 0.01% myo-

inositol, 1×B5 vitamin, 1ug/ml 6-benzyladenine (BA), 0.1ug/ml naphthalene acetic 
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acid (NAA), 0.75% (w/v) Agar and subcultured every two weeks until shoots came 

out. Shoots were rooted on Rooting Medium (pH 5.7) containing 1/2×MS basal 

medium, 2% sucrose, 0.01% myo-inositol, 1×B5 vitamin, 0.75% Agar. The 

antibiotics kanamycin (50 mg/L) was used in Shoot Induction Medium II and Rooting 

Medium to select positive transgenic plants. Fifteen lines for each construct were 

selected for expression analysis.  

Quantification of GUS gene transcripts by qRT-PCR 

Total RNA was extracted from the stem wood of transgenic tobacco using 

RNeasy Plant Mini Kits (Qiagen) and treated with RNase-free DNaseI (Promega). 

The total RNA (150 ng) was reverse-transcribed with TaqMan Reverse Transcription 

Reagents (Roche) following the manufacturer’s instruction. Real-time PCR was 

conducted using an Applied Biosystems 7900HT sequence detection system. For each 

reaction, a 25 μl mixture contained the first-strand cDNA (equivalent to 5 ng of total 

RNA), 5 pmol GUS gene specific primers GUS600F (5’-

TCTGTTGACTGGCAGGTGGT-3’) and GUS800R (5’-

AGCGGGTAGATATCACACTC-3’), and 12.5 μl of the FastStart Univ. SYBR 

Green Master mix (Roche). After PCR amplification (95°C, 10 min; 45 cycles at 95°C, 

15 s; and 60°C, 1 min), a thermal denaturing cycle (95°C, 15 s; and 60°C, 15 s) was 

added to derive the dissociation curve of the PCR product to verify amplification 

specificity. Each reaction was repeated 3 times. PCR products were quantified using 



58 

 

the pBI121 plasmid DNA as the standard for establishing a quantitative correlation 

between the copy numbers of the GUS gene transcripts and the Ct values. Based on 

the known molecular weight of the plasmid, the transcript copy numbers were 

calculated from the plasmid concentrations after a serial dilution (10-5 to 100 pg/ml).  

GUS Assays 

The histochemical localization of GUS expression in transgenic tobacco was 

performed as described by Vitha et al. (1995). Small pieces of stem tissues were 

immersed in a histochemical reaction mixture containing 1 mg/ml 5-bromo-4-chloro-

3-indolyl β-D-glucuronide (X-Gluc), 50 mM sodium phosphate buffer (pH 7-7.4), 0.1% 

Triton X-100, 10 mM EDTA, 2 mM potassium ferrocyanide, and 2 mM potassium 

ferricyanide. After 30 min of vacuum infiltration, the histochemical reaction was 

performed in the dark at 37°C until a blue indigo color appeared (6-12 h). Tissues 

were rinsed several times in 50 mM phosphate buffer to stop the reaction, incubated 

in 70% (v/v) ethanol for several hours until the chlorophyll and other pigments were 

removed and examined by light microscopy.  

Fluorometric GUS assays were conducted based on the methods of Jefferson 

et al. (1987). About 100 mg of transgenic tobacco wood was ground in liquid nitrogen 

to a fine powder. The total protein was extracted with 800 ul of GUS extraction buffer 

containing 50 mM sodium phosphate (pH 7), 10 mM dithiotheritol (DTT), 1 mM 

Na2-EDTA, 0.1% (w/v) sodium lauroyl sarcosine, 0.1% (v/v) Triton X-100, 10 mM 
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β-mercaptoethanol (Sigma-Aldrich, St Louis, USA). Extracts were clarified by 

centrifugation at the maximum speed of Eppendorf centrifuge 5417C at room 

temperature. Supernatant was transferred to a new microcentrifuge tube, and used for 

enzymatic and protein determinations. Total protein concentrations in the 

supernatuant were determined using the Bio-Rad Bradford Protein Assay Kit (Bio-

Rad, Hercules, CA, USA). 5 ul of the extracts was added to a 250 ul reaction 

containing 1 mM of 4-methylunbelliferyl-β-D-glucuronide trihydrate (4-MUG) in 

extraction buffer. The reaction was incubated at 37°C for 2 h. 5 ul was removed and 

the reaction was stopped with 995 ul 0.2 M Na2CO3. The concentration of 4-

methylunbelliferone (4-MU) released was measured by fluorescence (excitation at 

365nm, emission at 460nm) in a TD-700 fluorometer calibrated with a series of 4-MU 

standards. pM 4-MU/min/ug protein is used as unit of GUS activity.  

Results and Discussion 

Construct preparation 

E.coli Top10 competent cells were used as host strain. The promoter and 

4×35S enhancer fragment can be recovered with corresponding restriction enzymes, 

except construct E (Figure 3.1). Normally, there must be 3 fragments recovered 

because there are 3 EcoRI sites distributed in the circular plasmid of construct E with 

one in the OMTP3.3kb at position 841bp, and other two at the sides of the 4×35S 

enhancer. However, EcoRI cut the construct E vector into either 2 or 4 fragments with 
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incorrect sizes (data not shown). After 5 more times failed, I tried the Stbl2 competent 

cells which can stabilize plasmids containing multiple direct repeats (Invitrogen, 

Carlsbad, CA, USA). However, the same result came out as that did with E.coli 

Top10 competent cells. Possibly DNA had rearranged after cloning into the plasmid 

vectors due to repetitive sequences or homologous recombination. DNA 

rearrangement has happened in many other attempts of cloning process (Lan and 

Muguira, 2005; Kirillov et al, 1995). 

GUS gene expression in transgenic tobacco 

The transgenics had normal growth and indistinguishable phenotypes 

compared with wild-type tobacco, as it had been reported that the expression of GUS 

gene does not affect the development and growth of transformants (Jefferson et al., 

1987).  

To examine the promoter activity and the location effect of 4X35S enhancer 

on gene expression, qRT-PCR was performed with total RNA from transgenic 

tobacco xylem tissue with GUS specific primers. For each construct, at least 14 lines 

were analyzed and the absolute copy numbers of the GUS gene transcripts in each line 

were calculated (Figure 3.2). Based on the average of the GUS gene transcripts in 

different constructs, construct C transgenic tobacco had the highest expression with 

the average of 1555 transcript copy number and highest of 6696 transcript copy 

number; construct B, D and A had averages of 887, 787 and 552 transcript copy 
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numbers respectively and highest of 2112, 3307, 1738 transcript copy numbers 

respectively; and construct F had the lowest expression with the average of 86 and 

highest of 935. The results showed that OMTP3.3kb (construct D) is stronger than 

OMTP2kb to drive gene expression (construct A). This implies that there are cis 

elements existing 2kb upstream of the transcription site. After putting a 4X35S 

enhancer in the construct, the expression level was enhanced in the transformants 

driven by OMTP2kb (construct B and C). For the transformants driven by 

OMTP3.3kb with 4X35S enhancer in front of the promoter (construct F), only 2 lines 

expressed GUS gene. The different effect of the 4X35S enhancer on the expression 

activity of promoter may be due to the different synergistic interaction between the 

enhancer and the different lengths of the promoter (Zhao et al., 1999). Another 

possible reason may be that DNA rearrangement has interrupted the function of 

OMTP3.3kb and resulting in the poor performance of construct F. DNA 

rearrangement is more likely to be true because this event has been observed when we 

prepare the construct E in which the 4X35S enhance was put behind the GUS gene. 

The location of 4X35S enhancer can affect the expression activity of promoter. The 

results showed that locating 4X35S enhancer in front of the promoter (construct C) is 

preferred to that behind the gene (construct B). 
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Figure 3.2 Expression analysis of GUS gene in transgenic tobacco plants. 
Construct A, B, C, D and F are the same as that in Figure 3.1; WT, wild-type plants. 

Fluorometric GUS Assay 

The GUS activity has been determined by fluorometric assays. The 

fluorometric analysis of the tobacco stem xylem tissue indicated variation among 

transgenic lines, and constructs driven by different lengths of the PtrCOMT2 promoter 

with or without 4X35S enhancer (Figure 3.3). The average of GUS activity of the 

transformants of each construct substantially differed from that of WT. The GUS 

activity was highest in construct C with average of 88.5 units and highest of 356.3 

units, followed by construct B with average of 41.7 units and highest of 171.2 units, 

construct D with average of 36.7 units and highest of 115 units, and construct A with 

average of 27.7 units and highest of 74.3 units. And Construct F has the lowest GUS 

activity with average of 4.9 units and highest of 55 units. The results from the 
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fluorometric assay agree well with that from the results of qRT-PCR quantitatively. 

This demonstrated that the gene expression driven by PtrCOMT2 promoter is 

regulated at the transcriptional level.  

Jefersson et al. (1987) obtained GUS activity of 0.427 units in tobacco stems 

and 0.577 units in roots with CaMV 35S promoter. Comparatively, PtrCOMT2 

promoter can get much higher expression level than CaMV 35S promoter. Therefore, 

the PtrCOMT2 promoter is preferable to CaMV 35S promoter to drive the cell wall 

degrading enzymes in xylem tissue of woody plants.  

 
Figure 3.3 Fluorometric assay for GUS activity in transgenic tobacco plants. 
Construct A, B, C, D, F and WT are the same as that mentioned in Figure 3.2. 
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GUS Staining 

To examine the pattern of GUS expression, GUS staining assays were 

conducted with the middle stem of transgenic tobacco for each line. For the construct 

A and D, blue signal was only found in the xylem tissue of transgenic plants (Figure 

3.4 a), b)). In some lines of construct B and C with high expression, not only the 

xylem tissue, but the phloem and pith were stained with blue color (Figure 3.4 c), d)). 

The strength of GUS signal in the pith and phloem is comparable to the expression 

level of GUS gene in xylem tissue. That means 4X35S enhancer did not just enhance 

the expression level, but also brought some characteristics of the 35S promoter and 

modified the specificity of the OMTP2kb. This agrees with the results reported by 

Zhao et al. (1999) and Beilmann et al. (1992).  
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Figure 3.4 GUS staining of transgenic tobacco. a) transgenics driven by OMTP2kb; 
b) transgenics driven by OMTP3.3kb; c) GUS staining of transgenics driven by 
OMTP2kb with 4X35S enhancer behind GUS gene; d) transgenics driven by 
OMTP2kb with 4X35S enhancer in front of the promoter. 

Conclusion 

Quantitatively, the rank of expression level from high to low is construct C, 

construct B, construct D, construct A, and construct F, based on the GUS gene 

expression analysis and the GUS fluorometric assays (Table 3.1). Preparation of 

construct E failed, no expression analysis data was obtained. 4X35S enhancer can 

increase the expression level of OMTP2kb substantially but has a negative effect on 
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the expression activity of OMTP3.3kb. Putting it before the OMTP2kb promoter is 

preferred to putting it behind the GUS gene. However, besides enhancing expression 

level, 4X35S enhancer also brought some characteristics of CaMV 35S promoter with 

expression in pith and phloem, which cannot be achieved by OMTP2kb promoter. 

The negative effect of 4X35S enhancer on OMTP3.3kb may be caused by DNA 

rearrangement rather than the interruptive interaction between 4X35S and 

OMTP3.3kb. PtrCOMT2 promoters can be used to express cell-wall-degrading 

enzymes in wood xylem.  

Table 3.1 GUS expression and GUS activity in transgenic tobacco plants 

Construct Construct arrangement Copy number of GUS gene 
transcripts 

GUS activity (pmol 4-
MU/min/ug protein) 

C 4X35S-OMTP2kb-GUS 1555 (6696) 88.5 (356.3) 

B OMTP2kb-GUS-4X35S 887 (2112) 41.7 (171.2) 

D OMTP3.3kb-GUS 787 (3307) 36.7 (115) 

A OMTP2kb-GUS 552 (1738) 27.7 (74.3) 

F OMTP3.3kb-GUS-4X35S 86 (935) 4.9 (55) 

E 4X35S-OMTP3.3kb-GUS 
(failed) -- -- 

The mean values of the absolute copy number of GUS transcripts and GUS activity of 
are shown for each construct with the highest expression (or activity) data in 
parenchyma. 
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