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Abstract

Lignocellulosic biomass is a potential large-scale biofuel feedstock for conversion to ethanol
through saccharification and fermentation. The presence of lignin in lignocellulosic biomass
impedes its degradation and subsequent fermentation. The removal of lignin by pretreatment is
the most expensive step in the production of lignocellulosic biofuels. Manipulation of
monolignol pathway is needed to reduce lignin and for the rational design of engineered cell

walls of lignocellulosic feedstocks.

PvMYB4, a transcriptional repressor of lignin gene expression was identified and evaluated for
its potential for improving switchgrass as a lignocellulosic feedstock. Ectopic overexpression of
PvMYB4 in transgenic switchgrass reduced lignin content and increased sugar release efficiency
up to three-fold over that of the non-transgenic control. The transgenic plants yielded up to 2.6-
fold more ethanol than controls. Detailed biomass characterization revealed alteration of lignin
content, xylan/pectin and lignin linkages, lignin polymer size and internal linkages in lignin
leading to reduced recalcitrance and increased ethanol yield. Genetically engineered PvMYB4
switchgrass therefore can be used as potential germplasm for improvement of lignocellulosic

feedstocks. It is currently being grown in field experiments.

Increasing biomass production is also important for biofuel crops. Sucrose synthase catalyzes the
conversion of sucrose and uridine di-phosphate (UDP) into UDP-glucose which is used by
cellulose synthase for cell wall biosynthesis. Bioinformatic and cluster analysis was used to
identify four sucrose synthase genes in switchgrass. Transient subcellular localization revealed
that PvSUS! localizes to the plasma membrane. Transgenic switchgrass plants overexpressing
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PvSUST had increases in biomass and cellulose content. For switchgrass and other bioenergy
feedstocks, the overexpression of SUS/ genes might be a realistic strategy to increase both plant

biomass and cellulose content to maximize biofuel production per land area cultivated.

Taken together PvMYB4 and PvSUSI would be two excellent candidate genes to stack in
switchgrass to provide improvements in two important aspects of feedstock improvement:
greater amounts of less recalcitrant biomass. In addition, these genes could also be overexpressed
in other crops such as maize. It could be envisage that a US corn crop overexpressing both these
genes together could give greater corn grain yield and less recalcitrant stover for lignocellulosic

biofuel production.
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Chapter 1: Introduction



1.1 Lignocellulosic biomass as a source for biofuels

Plant cell walls are made up of three main components — cellulose, hemicellulose and lignin.
Cellulose, a structural polymer is found in plants organized in to crystalline fibers in combination
with other polysaccharides like hemicellulose and bound together by lignin mainly through
hydrogen bonds. Together they form the complex lignocellulosic substrate. Lignocellulosic
biomass provides an excellent source of mixed sugars for fermentation into biofuels and other
materials. Sources of lignocellulosic biomass include solid municipal wastes, agriculture and
forestry residues and dedicated bioenergy crops like poplar and switchgrass. Nearly 70% of plant
biomass consists of 5- and 6-carbon sugars. These sugars are found in lignocellulosic biomass,
which is comprised of mainly cellulose (a homologous polymer comprised of long chains of
glucose); less so, hemicelluloses (heterologous polymer of 5- and 6-carbon sugars); and least of
all lignin (a complex aromatic polymer). The major component cellulose is a
homopolysaccharide comprised of glucose units, linked by B-(1—4) glycosidic bonds.
Cellobiose is the smallest repeating unit of cellulose and can ultimately be converted into
glucose. can potentially provide inputs for producing bioethanol equivalent to 30% of US
gasoline consumption (Perlack et al., 2005). Reduction of recalcitrance can improve sugar
release efficiency and increase the amount of ethanol produced. Additionally, reducing
recalcitrance can also decrease the cost of pretreatment and reduce the amount of enzymes used

to breakdown cellulosic biomass into simple sugars for fermentation (Chen & Dixon, 2007).



1.2 Switchgrass as a lignocellulosic biomass source

Switchgrass (Panicum virgatum L.), a perennial warm season C4 grass which has been identified
as a potential crop for lignocellulosic ethanol production because of its faster growth rate, its
ability to use nutrients efficiently and its widespread distribution throughout North America
(McLaughlin & Walsh, 1998). Being a perennial grass switchgrass increases water quality,
enhances carbon sequestration and reduces soil erosion and greenhouse gas emissions with an
estimated reduction of 94% compared to greenhouse gas emissions from petroleum fuel (Schmer
et al., 2008). Also in this study switchgrass yielded 540% more energy than the energy used to

grow and process it.

Switchgrass has a deep root system which increases its capacity to utilize water and nutrients
from deeper regions in the soil. The root system also stores nutrients and energy in the soil and
increases carbon sequestration by increasing soil organic carbon levels. According to a study by
Liebig et al., (2008) switchgrass fields had an average of seven tons more soil carbon per acre.
Greater soil carbon under switchgrass was observed at all depths, but it was most seen at one to

three feet - a depth in the soil profile where switchgrass has more root biomass.

Switchgrass is tolerant of wet and dry soils with the lowland varieties more suited to wet soil and
upland varieties are suited to well-drained soils (Moser & Vogel, 1995). Switchgrass, being a
native grass has a low risk of being invasive (Moser & Vogel, 1995) and it is easy to propagate
with a quick stand establishment. Soil acidity does not limit the growth of switchgrass. In fact
switchgrass seedlings are highly tolerant of acid soils and switchgrass have been reported to

grow at pH 3.7 and switchgrass has been used in the reclamation of acid soils (Bona & Belesky,



1992, Stucky et al., 1980). Switchgrass, being a native grass has a low risk of being invasive
(Moser & Vogel, 1995) and it is easy to propagate with a quick stand establishment. The above

mentioned facts demonstrates that switchgrass is a good candidate as a bioenergy crop.

1.3 Genetic manipulation of switchgrass for biofuels

Value-added genes that cannot be transferred through crossing and selection can be incorporated
into switchgrass through transgenic technology. Agrobacterium-mediated transformation
efficiency of switchgrass has greatly improved with the identification of elite genotypes through
selection. Incorporation of value added genes in to switchgrass should have a high impact on

recalcitrance and biomass yield for biofuel purposes.

1.3.1 Lignin manipulation

Manipulation of monolignol biosynthetic pathway is one such trait as it reduces resistance of the
cell wall to degradation by enzymes. Lignin is a complex phenolic heteropolymer associated
with polysaccharides in the cell wall. Studies have shown that there is a strong negative
correlation of lignin amount with digestibility (Jung & Vogel, 1986, Chen & Dixon, 2007).
Enzymatic saccharification requires a thermochemical pretreatment step to increase the
digestibility of the lignocellulosic feedstock. Manipulating lignin content and composition and
cell wall characteristics through genetic engineering can reduce biomass conversion costs by
developing crop varieties that have less lignin. Genetically engineered plants optimized for
ethanol production will enable us to even skip the pretreatment step further reducing cost for
ethanol production (Chen & Dixon, 2007). Optimizing plant biomass for more efficient

cellulosic ethanol processing requires a better understanding of cell wall synthesis which can be
4



done by manipulating the genes in the cell wall synthesis pathway. The plant cell has evolved
complex chemical and structural mechanisms to resist degradation by microbes and animals
(Akin, 2007). These complex mechanisms must be broken down to release the sugars and these
degradation processes must also be economically viable for commercial ethanol production.
Cellulose, which can be fermented to ethanol, is tightly linked to lignin and pretreatment is
necessary to effectively release the polysaccharides from the lignocellulose for saccharification
and ethanol production (Mosier et al., 2005). Knowledge of genes affecting cell wall synthesis
enables modification of the cell wall to reduce recalcitrance of lignocellulosic feedstocks and to

produce economically-viable ethanol.

1.3.2 Increasing plant biomass

Genetic modification can also be used to increase biomass yield in switchgrass. Modification of
plant growth regulators such as gibberellin biosynthetic genes has been used to increase plant
biomass (Eriksson et al., 2000) and other potential ways to increase biomass yield have been
discussed before (Sticklen, 2007, Rojas et al., 2010). Enzymes involved in sucrose catabolism
have been demonstrated to increase in biomass yield in dicots (Coleman et al., 2010, Jiang et al.,
2012). It is highly possible that many undiscovered genes that can increase plant growth are in

existence.

The goal of this research was to determine if modifications to the monolignol biosynthetic
pathway can enhance ethanol production and also to determine if modification of sucrose

catabolism pathway can increase biomass yield in swtichgrass. Combination of transgenic



technology and traditional breeding will allow us to develop switchgrass with reduced

recalcitrance and higher biomass yield for enhanced ethanol production.
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2.1 Abstract

Lignocellulosic feedstocks can be converted to biofuels, which can conceivably replace a large
fraction of fossil fuels currently used for transformation. However, lignin, a prominent
constituent of secondary cell walls, is an impediment to the conversion of cell walls to fuel: the
recalcitrance problem. Biomass pretreatment for removing lignin is the most expensive step in
the production of lignocellulosic biofuels. Even though we have learned a great deal about the
biosynthesis of lignin, we do not fully understand its role in plant biology, which is needed for
the rational design of engineered cell walls for lignocellulosic feedstocks. This review will
recapitulate our knowledge of lignin biosynthesis and discuss how lignin has been modified and

the consequences for the host plant.

Keywords: Bioenergy, Fermentable sugars, Genetic manipulation, Lignin biosynthetic pathway,

Transcription factors
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2.2 Lignocellulosic biomass as a source for biofuel

Lignocellulosic biomass is a potential large-scale biofuel feedstock wherein entire aboveground
biomass would be converted to fuels. The major candidates of lignocellulosic biomass are
dedicated biofuel crops such as switchgrass, Miscanthus, and poplar, as well as “waste” products
from forest biomass, crop residuals and household refuse. In the US alone, biofuels could
sustainably replace nearly 30% of petroleum currently used in transportation fuels. Dedicated
perennial biomass crops could have many environmental and resource advantages over non-
renewable fossil fuels as well as annual crops. For example, a five-year field study led to
projections that lignocellulosic biofuels derived from switchgrass would decrease greenhouse gas
emissions and would act as a carbon sink compared with fossil fuels equivalents (Schmer et al.,

2008).

Carbohydrate-rich plant cell walls are the major energy sink in plant biomass (Hisano et al.,
2009). After growth and harvest of biomass, the major biofuel expense is pretreatment to
loosen/breakdown cell walls, followed by saccharification and their conversion into biofuels
(Rubin, 2008). Although lignocellulosic biofuels potentially provide benefits like reducing
greenhouse gases, the high costs of pretreatment, saccharification and fermentation can render
them economically non-viable when taken in context of other fuel opportunities (Hisano et al.,
2009). Therefore, a major challenge is to decrease the effort and cost to convert these feedstocks
into fuel. Fortunately, advances in our knowledge of the lignin biosynthetic pathway and plant
biotechnology can be used to reduce the resistance of lignocellulosic biomass to breakdown in to
simple sugars and increase biofuel production; we now have effective tools to address the

recalcitrance problem.
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2.3 Why lignin needs to be manipulated in lignocellulosic feedstocks

Cellulose is Earth’s most prevalent polymer and the primary chemical feedstock of biofuels. It is,
however, difficult to convert it into simple sugars and biofuels because of its crystallinity and
occlusion by lignin; decreasing it in cell walls enhances saccharification (Saballos et al., 2012;
Vanholme et al., 2010; Vanholme et al., 2008). It is thought that lignin occludes cellulose by
physically shielding it from microbial or enzymatic decomposition (Sticklen, 2006; Vanholme et
al., 2010; Weng et al., 2008b). Lignin can also adsorb hydrolytic enzymes to prevent them from
breaking down cellulose into monosaccharides. In addition lignin degradation products inhibit
the activity of the enzymes for fermentation of monosaccharides (Keating et al., 2006). Such
breakdown products or derivatives of lignin can also negatively affect the growth of
microorganisms that can be used in consolidated bioprocessing (Agbor et al., 2011). Thus, lignin
has received significant attention in biofuels research with the goal of improving conversion

efficiency.

The assumption has been made that altering lignin in the plant will be less expensive than
eliminating it via pretreatment. Pretreatment methods, such as acid hydrolysis, alkaline
hydrolysis, and enzymatic hydrolysis are currently being used to breakdown the lignocellulosic
matrix and remove lignin (Kumar et al., 2009; Mosier et al., 2005). Given the cost of
pretreatment, altering lignin has been viewed as a strategy to decrease, or even eliminate
pretreatment. Reducing the cost of pretreatment and microbial/enzyme-based conversion is a

major driver for altering lignin in feedstock.
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2.4 Evolution and biosynthesis of lignin

It is widely accepted that the adaptation of vascular plants to terrestrial habitats was made
possible by lignin (Figure 1), which provides structural support and affiliated traits required for
an erect growth habit (Bonawitz and Chapple, 2010; Vanholme et al., 2010). Lignin, once
believed to be limited to vascular plants, has recently been discovered in the bryophyte
Marchantia polymorpha (Espineira et al., 2011). Gene network studies have revealed the earliest
appearance of the monolignol biosynthetic genes families in the moss Physcomitrella patens but
lignin and lignin monomers have not been found (Xu et al., 2009). Studies by Martone et al.
(2009), however, have identified the existence of secondary walls and lignin in the marine red
alga Calliarthron cheilosporioides through derivatization followed by reductive cleavage
(DFRC), a B-O-4 linkage specific lignin analysis technique. The relevant pathways might have
evolved more than one billion years ago prior to the divergence of red and green algae or have
developed convergently in C. cheilosporioides and land plants (Martone et al., 2009). Syringyl
lignin (S-lignin), which was thought to be a unique characteristic of angiosperms, has been found
in some lycophytes (Selaginella), ferns (Dennstaedtia bipinnata) and gymnosperms (Podocarpus
macrophyllus and Tetraclinis articulate). Thus, it might have evolved independently among
plant taxa (Espineira et al., 2011; Martone et al., 2009; Weng et al., 2008a; Weng and Chapple,
2010). The discovery of a novel ferulate 5-hydroxylase (F5H) in Selaginella, which is
structurally distinct from the angiosperm F5H, supports the hypothesis that the enzyme evolved
independently at least twice (Vanholme et al., 2010; Weng and Chapple, 2010). It is interesting
to note that Ginkgo biloba cell suspension cultures have the ability to synthesize S-lignin, a trait

not observed in its woody tissues (Uzal et al., 2009).
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Lignin is the second most abundant polymer in nature. Lignin functions as inter- and intra-
molecular adhesive, providing rigidity to secondary cell walls and the plant body (Patzlaff et al.,
2003). Lignin is formed via oxidative coupling of dihydroxycinnamyl alcohols (or monolignols),
hydroxycinnamaldehydes (coniferaldehyde and sinapaldehyde), ferulates and acylated
monolignols (Pomar et al., 2012). It is synthesized from p-coumaryl, coniferyl and sinapyl
alcohols which produce p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units (Figure 2).
The relative quantity of each component varies by species, organ, and growth stage (Hisano et
al., 2009). G and S units are the main components of the dicot lignin, and a combination of G, S,
and H units form the monocot lignin while gymnosperm lignin comprises of mostly G-units
along with low levels of H-units (Boerjan et al., 2003). Biosynthesis of monolignols followed by
their polymerization is the two main steps in lignin biosynthesis (Figure 2). Monolignol
biosynthesis is thought to be highly conserved among angiosperm taxa, at least in its basic
layout. The deamination of phenylalanine to produce cinnamic acid in the presence of
phenylalanine ammonia lyase (PAL) followed by the conversion of cinnamic acid to p-coumaric
acid by cinnamate 4-hydroxylase (C4H), are the initial steps in the monolignol biosynthesis
pathway. Following the conversion to p-coumaric acid, the aromatic ring of cinnamic acid is O-
methylated and its side chain, through reduction is converted from acid to alcohol, which leads to
the formation of monolignols (Humphreys and Chapple, 2002; Xu et al., 2009) (Figure 2).
Characterization of most of the enzymes in the monolignol biosynthesis pathway along with the
identification of various intermediates and precursors has led to the discovery of pathways for
further hydroxylation and methylation steps (Humphreys and Chapple, 2002; Ye et al., 1994).

The quantity of various monolignols produced in the earlier steps of lignin biosynthesis is the
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main determinant of the lignin polymer structure and is dependent on the plant species, cell type

and developmental stage (Bonawitz and Chapple, 2010).

2.5 Cornucopia of choices for lignin modifications

The genes in the lignin biosynthesis pathway have been identified (Bonawitz and Chapple, 2010;
Vanholme et al., 2010; Weng and Chapple, 2010). More than 10 enzymatic conversions are
involved in monolignol synthesis. Polymerization of monolignols is catalyzed by peroxidases
and laccases (Berthet et al., 2011; Herrero et al., 2013; Lee et al., 2013). The expression of
monolignol biosynthesis genes are regulated by a series of transcription factors during secondary
cell wall formation (Zhao and Dixon, 2011; Zhong et al., 2010a; Zhong et al., 2008). It is clear
that there are many approaches that can be used to change lignin in cell walls using
biotechnology given the large number of biosynthetic genes and transcription factors that are
involved. Indeed, we know more about the identity of biosynthetic enzymes than the

transcription factors that regulate the synthesis of lignin.

2.5.1 Manipulation of monolignol biosynthetic genes

Manipulation of genes in the monolignol biosynthesis pathway has a significant effect on total
lignin and lignin composition. Depending on genes chosen for modification, parts or all of the
metabolite flux can be restricted for monolignol synthesis (Vanholme et al., 2012). A number of
genes have been overexpressed or downregulated in transgenic plants to understand their effect
on lignin biosynthesis (Table 1). The enzyme at the top of the phenylpropanoid pathway is
phenylalanine ammonia lyase (PAL) and caffeoyl-CoA O-methyltransferase (CCoAOMT) is the
enzyme at the end of the general pathway. Monolignol-specific biosynthesis starts with

cinnamoyl-CoA reductase (CCR) (Figure 2). Downregulation of genes upstream in the
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phenylpropanoid pathway can reduce lignin content, but can also cause pleiotropic effects, such
as stunted growth and collapsed vasculature (Bonawitz and Chapple, 2013). For example in PAL
downregulated tobacco, the number and size of the vessels were reduced, which compromised
vascular integrity of the transgenic plants (Korth et al., 2001). Allelic mutants of cinnamate 4-
hydroxylase (C4H) had discrete effects on plant growth, lignin content and the S:G monolignol
ratio. The weakest Arabidopsis mutant not only had less lignin content but also had the least

yield penalty and was similar to wild type plants (Schilmiller et al., 2009).

One enzyme in the lignin biosynthesis pathway that has been studied a great deal, 4-
coumarate:CoA ligase (4CL), catalyzes the conversion of p-coumaric and caffeic acids to their
thio ester form in the phenylpropanoid pathway and takes part in the regulation of monolignol
precursors thereby controlling lignin content and composition (Saballos et al., 2012). Biomass
production in 4CL downregulated plants varied from O to 75% reduced lignin depending on the
gene expression level and host species. For example, when 4CL was downregulated in
switchgrass, there was no change in biomass yield (Xu et al., 2011), whereas 4CL
downregulation in poplar resulted in a positive relationship between 4CL expression and biomass
production (Voelker et al., 2010). When monolignol pools were reduced, flavonoids
accumulated, which could be observed as reddish brown coloration in stems (Besseau et al.,
2007; Voelker et al., 2010; Xu et al., 2011). Changes in lignin content and S:G ratios caused by
downregulation of 4CL greatly increased saccharification efficiency. For instance in sorghum
brown rib2 mutants with mutations in 4CL gene increased glucose release efficiency up to 25%
and in switchgrass saccharification of dilute acid pretreated biomass of 4CL-downregulated

plants yielded 57% more sugars (Saballos et al., 2008; Xu et al., 2011).
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Another series of conversions are catalyzed by p-coumarate 3-hydroxylase (C3H) and p-
hydroxycinnamoyl-CoA:quinate/shikimate p-hydroxycinnamoyltransferase (HCT). C3H
catalyzes the addition of hydroxyl groups at the meta-position of p-coumarate and is involved in
the conversion of p-coumarate coA to caffeoyl coA. HCT catalyzes the reactions before and after
the addition of the 3-hydroxyl group (Hoffmann et al., 2004). While there was reduction in
height and lignin content in HCT downregulated plants, there was a large increase in H units
besides reduction in S and G units (Shadle et al., 2007). The recent identification of a rare natural
HCT mutant in poplar that has a C-terminal deletion and more H units showed no growth
penalty. The G unit pool was significantly reduced in dormant, but not in actively growing

tissues (Vanholme et al., 2013a).

The recent identification of an otherwise uncharacterized lignin biosynthesis gene is caffeoyl
shikimate esterase (CSE), catalyzing the hydrolysis of caffeoyl shikimate to caffeate adds
another step to the pathway that can be manipulated (Vanholme et al., 2013b). Arabidopsis cse
T-DNA mutants have reduced lignin content and increased saccharification efficiency. Biomass
yield was lower in one of the mutants compared to control and other growth abnormalities were
not seen in the mutants. While manipulation of genes in the general phenylpropanoid pathway
can cause severe growth defects besides reduction in lignin content, identification of natural
mutants can be used to manipulate the phenylpropanoid pathway for reduced lignin content and
composition without significant impact on biomass production. Also large increases in
saccharification efficiency can compensate some losses in biomass production (Chen and Dixon,

2008).

Monolignol-specific pathway enzymes include CCR, cinnamyl alcohol dehydrogenase (CAD),

ferulate 5-hydroxylase (FSH), and caffeic acid O-methyltransferase (COMT). Changes in
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expression level of these genes directly affect the lignin composition and amount of lignin
(Saballos et al., 2012). Digestibility of biomass was increased with downregulation of CCR,
COMT and CAD. For instance, downregulation of CCR in poplar increased digestibility and
doubled the amount of cell wall sugar release by Clostridium cellulolyticum relative to the non-
transgenic parent (Boudet et al., 2003). Downregulation of COMT modified lignin content and,
especially, composition with enhanced digestibility and no yield penalty (Fu et al., 2011a;
Piquemal et al., 2002). The final step in the biosynthesis of monolignols is catalyzed by CAD
whose downregulation directed the assimilation of hydroxycinnamaldehydes (Boerjan et al.,
2003; Li et al., 2008). The involvement of CAD in lignin biosynthesis has been studied in poplar,
eucalyptus, switchgrass, Brachypodium besides other species (Bouvier d'Yvoire et al., 2013;
Chabannes et al., 2001; Fornale et al., 2012; Jackson et al., 2008; Lapierre et al., 2004; Ralph et
al., 2001; Saathoff et al., 2011; Valerio et al., 2003). The downregulation of CAD in grasses
reduced lignin content, modified lignin structure, and improved saccharification efficiency
(Bouvier d'Yvoire et al., 2013; Dien et al., 2009; Fu et al., 201 1b; Saathoff et al., 2011). In the
plants studied for downregulation of CAD, biomass production was not significantly affected.
These studies signify the importance of downregulation of monolignol biosynthetic genes and
increase in saccharification efficiency. In view of the fact that F5H is the main enzyme
responsible for S-lignin production, its overexpression led to an increase in S-lignin while its
downregulation resulted in lignin mostly composed of G-units (Stewart et al., 2009). The S:G
ratio could be further decreased by the downregulation of HCT or C3H genes (Coleman et al.,

2008; Hoffmann et al., 2004; Ralph et al., 2006; Wagner et al., 2007).

COMT downregulation has proven to be a robust means of decreasing the S:G ratio and

recalcitrance (Fu et al., 2011a; Jung et al 2012; 2013;Vanholme et al., 2008). However, increases
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in the S:G ratio have also been shown to increase saccharification efficiency. A study by Li et al.
(2010) in Arabidopsis has shown that digestibility of biomass rich in S-lignin increased when
subjected to liquid hot water pretreatment indicating that higher S:G ratio might impact
saccharification. But higher amounts of S-lignin in poplar had no effect on saccharification

efficiency (Mansfield et al., 2012).

After monolignols are produced, they are oxidized and combined by coupling to form lignin
polymers (Vanholme et al., 2008). To understand the role of laccases in lignification, Berthet et
al. (2011) downregulated LAC4 and LAC17 in Arabidopsis and observed that the transgenic
plants had decreased lignin, leading to enhanced saccharification efficiency. They also observed
that the deposition of G-lignin could be influenced by a LAC17 mutation. Interestingly, double
mutants of LAC4 and LAC17 had reduced lignin levels and dwarfism was not observed under
normal growth conditions. The double mutants also had increased saccharification, even though
saccharification efficiency of lacl7 plants was similar to that of controls. Sugarcane laccase
SofLAC was able to complement the Arabidopsis lac17 mutation and restore lignin levels to

those comparable to wild type plants (Cesarino et al., 2013).

2.5.2 Manipulation of transcription factors of lignin biosynthetic genes

Expression of genes in the monolignol biosynthetic pathway is regulated by R2R3-type
transcription factors (TFs) which have the MYB DNA binding domain (Rogers and Campbell,
2004; Stracke et al., 2001). Manipulation of these transcription factors can have a dramatic effect
on lignin content and composition as these TFs can regulate several genes at once. MYB TFs
bind to AC elements in promoters, which are rich in adenosine and cytosine residues. Most

monolignol biosynthetic gene promoters contain these AC elements, which allows for xylem
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specific expression (Rogers and Campbell, 2004). One exception is F5H, which does not contain
AC elements in its promoter; instead it is directly regulated by NST3 (Zhao et al., 2010).
Secondary cell wall biosynthesis is regulated by master switches early in the monolignol
biosynthetic pathway (Figure 3). SND1, SND2, NST3 are NAC domain proteins which act to
initiate monolignol biosynthesis (Hussey et al., 2011; Zhong et al., 2010b; Zhong et al., 2006;
Zhong et al., 2007). Eucalyptus EgMYB?2, Pinus PtMYBI1, PtMYB, PtMYBS, Poplar PtrMYB3,
PtrMYB20 act as transcriptional activators while Eucalyptus EgMYBI, maize ZmMYB31
ZmMYB42, Poplar PttMYB21a and switchgrass PvMYB4 act as transcriptional repressors (Zhao
and Dixon, 2011). Besides these biofuel crops, transcriptional activators and repressor have been
identified in other species. For instance in Antirrhinum AmMYB308 and AmMYB330 repress the
activity of 4CL, CAD and C4H genes and Arabidopsis AtMYB46, AtMYBS83, AtMYB58/63,
AtMYBS85, AtMYBG61 act as activators (Zhao and Dixon, 2011). Overexpression of repressors can
increase saccharification efficiency, but can have negative consequences similar to that of
monolignol gene downregulation. Greenhouse studies of switchgrass with overexpressed
PvMYB4 resulted in transgenic plants with greatly reduced total lignin and plant stature with no
change in the S:G ratio. There was up to a 250 % increase in saccharification efficiency and
biofuel production compared with the non-transgenic parent (Shen et al., 2012; Shen et al.,

2013).

Other known transcription factors involved in monolignol biosynthesis are basic helix-loop-helix
(bHLH) and LIM TFs. Basic helix-loop-helix TFs such as SbbHLH1 downregulates monolignol
biosynthetic genes. Surprisingly, when the MYB TFs MYB46, MYB83, MYB58 and MYB63 were
activated, lignin content was reduced. It is thought that the presence of SbAHLH I might repress

monolignol biosynthetic genes, which, in turn, activates expression of MYB TF. SbbHLH1 could
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be combined with a MYB activator to repress lignin synthesis (Yan et al., 2013). LIM family of
TF members have been known to regulate some genes in the monolignol pathway (Kawaoka et
al., 2000). These genes have a consensus cysteine-rich protein sequence known as the LIM
domain which binds to AC elements of monolignol biosynthetic gene promoters. Studies in
tobacco by Kawaoka et al. (2000) have shown NftLIM1 acts as weak activator of lignin genes to
maintain a basal level of genes in the monolignol biosynthetic pathway. Suppression of NtLIM1
did not produce any abnormal growth phenotype and even with a 27% decrease in lignin content,
vessels did not collapse. One of the most desirable phenotypes for lignocellulosic biomass has
been demonstrated in transgenic rice by the overexpression of Arabidopsis TF SHINE, which
increased the cellulose content, decreased the lignin content and changed the lignin composition
without decreasing the biomass of the transformed plants (Ambavaram et al., 2011). Though
many studies have been conducted with constitutive promoters, TFs can be powerful tools to
perturb the lignin biosynthetic pathway, but the TFs must be carefully regulated themselves, say,
by the use of tissue-specific promoters, or they could lead to undesirable pleiotropic effects in

transgenic plants.

2.5.3 Manipulation of regulatory factors that affect lignin biosynthesis

MicroRNAs (miRNAs) regulate various developmental programs of plants. MiRNAs regulate
the expression of transcription factors that have been found to increase biomass yield, modify
lignin content and composition, reduce recalcitrance and other such characteristics important for
biofuel production (Fu et al., 2012; Rubinelli et al., 2013). A miRNA, such as the one encoded
by the maize Corngrassl (Cgl) gene that belongs to the miR156 class, targets the SQUAMOSA
PROMOTER BINDING LIKE (SPL) family of transcription factors and supports the

development of juvenile morphology with reduced lignification of cell walls (Rhoades et al.,
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2002). The Cgl gene has been constitutively expressed in poplar and switchgrass (Chuck et al.,
2011; Rubinelli et al., 2013) where it modified the content and composition of lignin and also
had a severe effect on the plant structure when the miRNA was highly overexpressed. Similar
results were also obtained in transgenic switchgrass when the rice OsmiR156b precursor was
overexpressed (Fu et al., 2012). Three classes of transgenic plant phenotypes were obtained
from the switchgrass study. High transgene overexpression resulted in severely dwarf plants.
Medium expressers had delayed flowering, less recalcitrance and more biomass. Low expressers
of OsmiR156b had increased tiller number, but were otherwise similar to the non-transgenic
parent switchgrass. Recently, miR397 targeting laccases has been identified in poplar. Twenty
nine PtrLACs were identified to be the PtrmiR397a. Overexpression of PtrmiR397a reduced
lignin content without affecting the expression level of monolignol biosynthetic genes,

suggesting that PtrmiR397 is involved in lignin polymerization (Lu et al., 2013).

To date, bioenergy feedstock research targeting lignin has employed a single gene strategy
whereby genes were expressed or silenced using constitutive promoters. This research has been
valuable to down select gene targets that might ultimately provide desired phenotypes, but no
single experiment has yielded perfect phenotypes. It is clear that spatial and temporal regulation
of multiple transgenes at “sweet spot” expression levels will be needed to decrease or modify
lignin in aboveground tissues for increased biofuel without negative pleiotropic effects. That
said, constitutive promoter driven transgenes have been heuristic for our increased understanding

of the consequences of modifying lignin with regards to recalcitrance and plant performance.
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2.6 Consequences of lignin modification

As we see above, there are numerous genes targets that can change the S:G ratio and total lignin;
when either of these is decreased, the saccharification efficiency increases, thereby yielding more
biofuel per mass of feedstock. However, there can be off-effects associated with perturbing
lignin in plants (Vermerris et al., 2010). The high overexpression of PvMYB4 in transgenic
switchgrass also led to shorter plant stature (Shen et al., 2012). Plants with reduced activity of
C4H, C3H, HCT, or CCR are often dwarfed (Bonawitz and Chapple, 2010; Hoffmann et al.,
2004; Reddy et al., 2005). Cell wall collapse in vasculature, which can lead to water conductance
problems, might be one cause of dwarfism in lignin-altered plants. When linked with a
significant enhancement in saccharification efficiency, moderate growth penalties might be
tolerable, but extreme dwarfism or increased pest susceptibility would not be useful in

agricultural fields.

The role of lignin in biotic stresses, such as responses to pathogens, is just beginning to be
understood. CAD gene expression is induced in response to pathogen infection in Arabidopsis
(Tronchet et al., 2010) indicating a possible role of lignin in disease resistance. On the other
hand, the downregulation of the gene encoding HCT was associated with an increased tolerance

to fungal infection and drought in alfalfa (Gallego-Giraldo et al., 2011).

Clearly, we need to gain a better understanding of lignin’s role in whole plant physiology in field
settings. The generation of transgenic plants with a wide variety of lignin-associated transgenes
will allow for transgene stacking using plant hybridization to better understand synergistic
transgene effects, as will crossing transgenic plants into a variety of genetic backgrounds.

Tissue-specific promoters will likely be required to regulate lignin production in tissues crucial
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for biofuel production, such as aboveground tissue in perennial grasses, while not perturbing
lignin biosynthesis in roots. We also envisage the utilization of high biomass germplasm which
can be hybridized with low lignin germplasm to decrease yield penalties associated with altering
certain lignin biosynthesis genes. Certainly, biotechnology holds much promise to increase
biofuel yield per hectare, but the fine-tuning of lignin biosynthesis will be needed to realize this

promise.
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2.9 Appendix

2.9.1 Figures and tables
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Figure 2-1 The evolution of lignin biosynthesis. Phylogenetic tree depicting the evolution of

monolignols across major plant phyla

Hollow circles indicate absence of lignin, orange circles indicate plants with H and G lignin and

red circles indicate plants with S, G and H lignin. The presence of red circles more than once in

the evolutionary tree indicates convergent evolution of S lignin in Selaginella and angiosperms.

Image used with permission from John Wiley & Sons, Inc.
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Figure 2-2 Lignin biosynthetic pathway

Diagram of the current accepted model of monolignol biosynthesis for p-coumaryl, coniferyl,
and sinapyl alcohol in angiosperms including the newly identified enzyme caffeoyl shikimate
esterase (Bonawitz and Chapple, 2010; Vanholme et al., 2013b). The abbreviations: PAL,
phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; CSE, caffeoyl shikimate esterase;
4CL, 4-coumarate:CoA ligase; C3H, p-coumarate 3-hydroxylase; HCT, p-hydroxycinnamoyl-
CoA:quinate/shikimate p-hydroxycinnamoyltransferase; CCoAOMT, caffeoyl-CoA O-
methyltransferase; CCR, cinnamoyl-CoA reductase; F5H, ferulate 5-hydroxylase; COMT, caffeic

acid O-methyltransferase; CAD, cinnamyl alcohol dehydrogenase.
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Figure 2-3 Lignin and secondary cell wall biosynthesis transcriptional regulatory network.

SND, VND, NST and its homologs act as master switches of secondary cell wall biosynthesis in

different tissues. MYB transcription factors bind to AC elements in lignin biosynthesis gene

promoters to regulate lignin biosynthesis and also bind to SMRE elements. The secondary cell

wall master switches also bind to SNBE elements to regulate xylan synthesis. Cellulose synthesis

is regulated by the SND and MYB homologs. Abbreviations: SND, secondary wall associated

NAC domain protein; NST, NAC secondary wall thickening promoting factor; VND, vascular-

related NAC-domain; F5H, ferulate-5-hydroxylase; SNBE, secondary wall NAC binding element;

SMRE, secondary wall MYB responsive element. This figure is an expanded version of a

published model (Zhong and Ye, 2012).
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Table 2-1 Genetically engineered plants in which the expression of lignin biosynthetic genes have

been altered

Gene Species Method of Lignin S:G Method of Refs
manipulation® content ratio lignin
determination
PAL Tobacco DR 3 48% T Klason (Sewalt et
al., 1997)
Tobacco S 4 70% 0 Klason (Korth et
al., 2001)
Tobacco OE T 45% l Klason (Korth et
al., 2001)
C4H Tobacco AS, SS 1 20% \’ Klason (Sewalt et
al., 1997)
Alfalfa AS 4 40% J AcBr (Reddy et
al., 2005)
4CL Tobacco DR 3 12% \2 Klason (Kajita et
al., 1997)
Arabidopsis AS 4 16% ) Thioglycolic ~ (Lee et al.,
acid 1997)
Pinus S 1 8-36% H/GT AcBr (Wagner et
al., 2009)
Populus AS 3 10% T AcBr (Voelker et
al., 2010)
Rice AS 121% N Klason (Gui et al.,
2011)
Switchgrass S 117-32% T 72% H2S504 + (Xu et al.,
HPLC 2011)
HCT Tobacco VIGS d15% J Klason (Hoffmann
et al., 2004)
Arabidopsis S N NAb Histochemical (Hoffmann
staining et al., 2004)
Alfalfa AS 1 35-50% H/GT AcBr (Shadle et
al., 2007)
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Table 2-1 continued

Gene Species Method of Lignin S:G Method of Refs
manipulation® content ratio lignin
determination
HCT Pinus radiata S J H/GT AcBr (Wagner et
al., 2007)
C3H Alfalfa AS 4 30% H/GT AcBr (Reddy et
al., 2005)
Poplar S J H/GT 72% H2S04 +  (Coleman et
HPLC al., 2008;
Ralph et al.,
2012)
CCoAMT Alfalfa AS 1 14% T Klason (Guo et al.,
2001)
CCR Alfalfa AS 4 4-30% 0 AcBr (Jackson et
al., 2008)
F5H Poplar OE NCc T 72% H2S04 +  (Huntley et
HPLC al., 2003)
Alfalfa AS T 13% \2 AcBr (Reddy et
al., 2005)
COMT Tobacco DR 3 NC Klason (Sewalt et
al., 1997)
Poplar OE T5% N Klason (Jouanin et
al., 2000)
Alfalfa S 3 25% N Klason (Guo et al.,
2001)
Maize AS 4 36% J Klason (Piquemal
et al., 2002)
Switchgrass DR 1 6-14% N AcBr (Fu et al.,
2011a)
CAD Tobacco AS 3 18% 2 AcBr (Vailhé et
al., 1998)
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Table 2-1 continued

Gene Species Method of Lignin S:G Method of Refs
manipulation® content ratio lignin
determination
CAD Alfalfa AS 1 49% N AcBr (Jackson et
al., 2008)
Poplar AS 4 10% \2 Klason (Lapierre et
al., 2004)
Eucalyptus AS NC NC FTIR (Valerio et
al., 2003)
Arabidopsis DM {39% N Klason (Sibout et
al., 2005)
Switchgrass S 4 14-22% J AcBr (Fuetal.,
2011b;
ANKOM ADLd Saathoff et
al., 2011)
Brachypodium S 4 69% J Klason (Bouvier
d'Yvoire et
al., 2013)
Maize S NC in stems, J Klason (Fornale et
1 6.4% in al., 2012)
midribs

*DR: down regulation; OE: over-expression; SS: sense suppression; AS: anti-sense expression;

S: silencing using RNAi; VIGS: virus-induced gene silencing; DM: double mutant.

"N A: not available.

‘NC: no change.

YANKOM ADL: ANKOM technology-9/99, method for determining acid detergent lignin

(ADL), ANKOM Technology Corp., Fairport, NY, USA.
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Chapter 3: Functional characterization of the switchgrass (Panicum
virgatum L.) R2ZR3-MYB transcription factor PvMYB4 for

improvement of lignocellulosic feedstocks

(This chapter was published in the New Phytologist 193: 121-36. with the following authors Hui
Shen, Xianzhi He, Charleson R. Poovaiah, Wegi A. Wuddineh, Junying Ma, David G. J. Mann,
Huanzhong Wang, Lisa Jackson, Yuhong Tang, C. Neal Stewart Jr, Fang Chen, and Richard A.

Dixon)

Charleson R Poovaiah’s contribution was generation of transgenic switchgrass plants, generation

of figure 3-6 and contribution to methods section and revision the manuscript.
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3.1 Abstract

The major obstacle for bioenergy production from switchgrass biomass is the low
saccharification efficiency caused by cell wall recalcitrance. Saccharification efficiency is
negatively correlated with both lignin content and cell wall ester-linked p-coumarate:ferulate (p-
CA:FA) ratio. In this study, we cloned and functionally characterized an R2ZR3-MYB
transcription factor from switchgrass and evaluated its potential for developing lignocellulosic
feedstocks. The switchgrass PvMYB4 cDNAs were cloned and expressed in Escherichia coli,
yeast, tobacco and switchgrass for functional characterization. Analyses included determination
of phylogenetic relations, in situ hybridization, electrophoretic mobility shift assays to determine
binding sites in target promoters, and protoplast transactivation assays to demonstrate domains
active on target promoters. PvMYB4 binds to the AC-1, AC-II and AC-III elements of
monolignol pathway genes and down-regulates these genes in vivo. Ectopic overexpression of
PvMYB4 in transgenic switchgrass resulted in reduced lignin content and ester-linked p-CA : FA
ratio, reduced plant stature, increased tillering and an approx. threefold increase in sugar release
efficiency from cell wall residues.We describe an alternative strategy for reducing recalcitrance
in switchgrass by manipulating the expression of a key transcription factor instead of a lignin
biosynthetic gene. PvMYB4-OX transgenic switchgrass lines can be used as potential germplasm
for improvement of lignocellulosic feedstocks and provide a platform for further understanding

gene regulatory networks underlying switchgrass cell wall recalcitrance.
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3.2 Introduction

Switchgrass is a C4 perennial forage grass native to most areas of the North American
grasslands. Since switchgrass has high biomass yield and is well adapted to marginal lands, it has
been selected as a dedicated lignocellulosic feedstock for bioenergy production in the United
States (McLaughlin & Adams Kszos, 2005; Bouton, 2007; Schmer et al., 2008). The biomass
yield of switchgrass varies according to precipitation during the growing season, annual
temperature, nitrogen fertilization, and the type of cultivar (Fuentes & Taliaferro, 2002;
Waullschleger et al., 2010). The estimated annual biomass yield of switchgrass in the United
States is projected to average 12.9 metric tons per hectare for lowland ecotypes and 8.7 metric

tons for upland ecotypes (Wullschleger et al., 2010).

The major barrier to efficient conversion of lignocellulose to liquid transportation fuels is the
recalcitrant nature of the cell wall. The cellulose microfibrils are embedded in a matrix of
hemicelluloses that are covalently linked with lignin and other aromatic phenolic compounds.
These linkages, and the masking effect of lignin itself, increase the pretreatment costs and block
the access of enzymes to the polysaccharide chains (Akin, 2007; Himmel et al., 2007; Pauly and
Keegstra, 2008). Reduction of lignin content through transgenic approaches improves
fermentable sugar yield and saccharification efficiency of alfalfa stems (Chen & Dixon, 2007;
Jackson et al., 2008), and chemical analysis of field-grown switchgrass stems indicated that the
saccharification efficiency is negatively correlated with lignin content and ester-linked p-CA :
FA ratio (Shen et al., 2009a). Therefore, genetic modification of lignin and cell wall phenolic
ester synthesis in switchgrass would be predicted to serve as an efficient method for reducing
recalcitrance and thus improving bioenergy production efficiency (Hisano et al., 2009; Keshwani

& Cheng, 2009).
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Lignin is formed by the oxidative polymerization of three monolignols, p-coumaryl, coniferyl
and sinapyl alcohols, to give the hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units of the
mature lignin polymer. Although the monolignol biosynthetic pathway is now well understood
(Figure 3-10), and a picture is beginning to emerge of its complex regulatory architecture, to date
only a few of the lignin biosynthetic and regulatory genes from switchgrass have been
functionally characterized or annotated by comparative bioinformatics analysis. This situation
will soon be changed with the ongoing efforts in switchgrass genetics and genomics (Okada et

al., 2010).

Common regulatory cis-elements have been identified within the promoters of the genes in the
lignin biosynthesis pathway (Hatton et al., 1995; Raes et al., 2003; Legay et al., 2007). A
detailed analysis of the bean phenylalanine ammonia-lyase 2 (PAL2) promoter identified three
AC elements together with a G-box involved in xylem-specific expression (Hatton et al., 1995).
Mutation of the AC-I (ACCTACC), AC-II (ACCAACC) and AC-III (ACCTAAC) elements
resulted in a decrease in xylem-associated expression (Hatton et al., 1995). Bioinformatic
analysis of the promoters of all lignin biosynthetic genes in Arabidopsis thaliana indicated that
such AC elements are present in the majority of the genes except for the promoters of ferulate 5-
hydroxylase (F5H) and caffeic acid 3-O-methyltransferase (COMT) (Raes et al., 2003).
However, examination of 2 kb of a maize COMT gene promoter region identified a putative

ACII box (aACCTAAC) 200 bp upstream of the transcription start site (Fornaléet al., 2006).

The lignin biosynthesis pathway is coregulated with the secondary cell wall biosynthesis
program through a master switch system which includes a group of NAC and R2R3-MYB
transcription factors (TFs) (Mitsuda et al., 2007; Zhong et al., 2010). The Arabidopsis genome

contains at least 114 NAC genes (Olsen et al., 2005; Shen et al., 2009b) and 126 members of the
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R2R3-MYB family (Romero et al., 1998; Stracke et al., 2001). The R2R3-MYB family members
are classified into at least 22 subfamilies based on their conserved C-terminal motifs (Romero et
al., 1998; Stracke et al., 2001). A group of R2ZR3-MYB transcriptional activators have been
shown to bind directly to AC elements in vitro. These activators include PtIMYB1 and PtMYB4
from pine (Patzlaff et al., 2003; Bomal et al., 2008), EeMYB2 from Eucalyptus (Goicoechea et
al., 2005), VvMYB5a from Vitis vinifera (Deluc et al., 2006), NtMYBJS1 from tobacco (Galis et
al., 2006), PtrMYB21a from poplar (Karpinska et al., 2004; Bylesjo et al., 2008) and AtMYB61,
AtMYB68 and AtMYBG63 from Arabidopsis (Zhou et al., 2009; Wang et al., 2010). It has been
suggested that AIMYB68, AIMYB63 and their close homolog PtrMYB28 from poplar are lignin-
specific TFs, whereas PIMYB4 and EgMYB2 also regulate the biosynthesis of cellulose and

xylan and therefore serve as secondary cell wall master switches (Zhong et al., 2010).

By contrast, members from subfamily 4 of the R2ZR3-MYB family have been shown to act as
transcriptional repressors of monolignol biosynthetic genes. This was first demonstrated for
AmMYB308 and AmMYB330 from Antirrhinum majus (Tamagnone et al., 1998).
Overexpression of AmMMYB308 and AmMYB330 in tobacco causes reduced plant growth and a
white lesion phenotype on leaves (Tamagnone et al., 1998). Similar phenotypes were observed
on overexpression of AtMYB4 in Arabidopsis (Jin et al., 2000). AtMYB32 (Preston et al., 2004),
a close homolog of AtMYB4, Eucalyptus gunnii EEMYB1 (Legay et al., 2007) and maize
ZmMYB31 and ZmMYB42 have also been identified as lignin repressors, and ZmMYB31 was
proposed to be a good candidate for biotechnological applications (Fornaléet al., 2006, 2010;
Sonbol et al., 2009). However, no genetic manipulation of lignin repressors in monocot plants

has yet been reported.
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In the present study, we have identified and characterized the lignin repressor PvMYB4 from
switchgrass. Effects of overexpression of PvMYB4 in transgenic tobacco and switchgrass
suggest that the gene is functionally orthologous to AtMYB4 and ZmMYB31. PvMYB4 binds
directly to AC-I (preferred), AC-1I and AC-III elements, both in vitro and in a yeast transcription
system. Lignin biosynthetic genes are significantly down-regulated in PvMYB4-overexpressing
plants, associated with reductions in lignin content and ester-linked p-CA : FA ratio.
Overexpression of PvMYB4 in transgenic switchgrass increases saccharification efficiency

threefold.

3.3 Materials and Methods

3.3.1 Plant materials and growth conditions

Tobacco (Nicotiana tabacum cv Xanthi NN) and switchgrass (Panicum virgatum L. cv Alamo)
were grown in the glasshouse under standard conditions (temperature range 25-29°C with a 16 h
day from 06:00 to 22:00 h facilitated by supplementary lighting (parabolic aluminized reflector,
125-55 pmol m-2) and relative humidity 77-22%, average 51%). Plants were watered two to
three times wk—1, with fertilizer (Peters 20-10-20; J.R. Peters Inc., Allentown, PA, USA) added
in the last watering. For tissue-specific gene expression pattern analysis, roots, leaves, leaf
sheaths, internodes, and flowers were collected at the reproduction (R1) developmental stage
(Moore et al., 1991). Samples were immediately frozen in liquid nitrogen and kept at —80°C for
storage, or were ground to powder in a freezer mill (SPEX SamplePrep, Metuchen, NJ, USA)
under liquid nitrogen for further RNA isolation and analysis of lignin and soluble and wall-

bound phenolics.
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3.3.2 Analysis of lignin, phenolic compounds and sugar release efficiency

Cell wall residues (CWR) were prepared by sequentially extracting tobacco stems and
switchgrass whole tillers with chloroform/methanol (1 : 1), 100% methanol, 50% methanol, and
water (three times each). Fifteen milligrams of lyophilized sample was used for lignin analysis.
The acetyl bromide method was employed to determine total lignin content, and thioacidolysis
followed by GC-MS was used to identify and quantify lignin-derived monomers. Soluble
phenolics were extracted from 30.0 mg freeze-dried tissue powder with 1.5 ml 50% methanol
plus 1.5% acetic acid for 12 h at room temperature. One hundred milligrams of extractive-free
CWR were used for analysis of esterified cell wall-bound phenolics using low-temperature
alkaline hydrolysis. Approx. 100 and 125 mg of CWR were used for determination of total sugar
release and enzymatic saccharification without acid pretreatment, respectively. Full details of all

analytical methods have been described previously (Shen et al., 2009a).

3.3.3 RNA isolation and quantitative reverse transcription polymerase chain reaction

(qQRT-PCR)

Total RNA was isolated with an RNeasy Mini Kit (Qiagen). RNA quality was analyzed with an
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). Two micrograms
(tobacco) and 3 pg (switchgrass) of total RNA were treated with DNase (Applied Biosystems,
Ambion, Austin, TX, USA) for 1 h to remove genomic DNA contamination and then used for
reverse transcription with SuperScript® III Reverse Transcriptase (Invitrogen) according to the
manufacturer’s protocol. The cDNA samples were diluted 20-fold and 2 pl diluted cDNA

samples were used as the qRT-PCR templates. qRT-PCR and data analysis were as described
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previously (Karlen et al., 2007; Shen et al., 2009a). Primer pairs used for qRT-PCR are listed in

Table 3-1.

3.3.4 Transcriptional repression and domain mapping in yeast

The pYES2 (Invitrogen) and pGBT-9 (Clontech Laboratories, Mountain View, CA, USA)
vectors were used to construct the effector plasmids for transcriptional repression activity and
motif mapping assays, respectively. The pLacZi-based vectors (3AC-I and 3AC-II) were a gift
from Dr Malcolm Campbell (University of Toronto) (Patzlaff et al., 2003). The six GAL4 DNA-
binding motif was cloned from Addgene plasmid 14590 (Zhang et al., 2003) and inserted into
pLacZi vector in front of the Mini-pCYC1 promoter. The VP16 motif was cloned from Addgene
plasmid 14594 (Kurosu & Peterlin, 2004) into pGBT-9 vector to fuse with the GAL4 binding
domain and PvMYB4 C-terminal deletions. The reporter plasmids were first integrated into the
genome of yeast strain YM4721 purchased from ATCC (American Type Culture Collection,
Manassas, VA, USA) as described by Rose et al. (1990) to make the reporter strains. Approx. 1
ug of effector plasmid was transformed into the yeast reporter strains with the EZ-Yeast
Transformation Kit (MP Biomedicals, Solon, OH, USA). B-Galactosidase assays were performed

as described in the yeast protocols handbook (Clontech).

3.3.5 In situ hybridization

Primers spanning 757 bp of the PvMYB4 open reading frame were designed using PrimerQuest
(http://www.idtdna.com/Scitools/Applications/Primerquest/). After the cDNA template was
obtained, separate reactions were performed for making the sense and antisense probes. The T7
promoter sequence was added in front of the reverse primer and the PCR reaction was conducted

with the forward primers without T7 to make an antisense probe. In the same way, T7 promoter
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was added to the front of the forward primer in combination with the reverse primer without T7
to make the sense control probe. The specific primers used for PvMYB4 are listed in Table 3-1.
The probe was synthesized by in vitro transcription with a MAXIscript Kit (AM1308—AM1326)
with 0.4-0.6 pg of template DNA obtained as described earlier. Digoxigenin-11-uridine-5'-
triphosphate (DIG-11-UTP; Roche) was used for the labeling. The quality and quantity of the

probes were checked with a Bioanalyzer.

The tissue preparation including fixation, dehydration, and paraffin embedding were as described
previously (Jackson, 1991). In brief, the switchgrass stem sections were rehydrated with an
ethanol to water series after the paraffin had been removed by two 10 min incubations in Histo-
clear (National Diagnostics Inc., Charlotte, NC). After brief equilibration in 0.1 M
triethanolamine, the tissue was acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine
for 10 min. Sections were then washed twice with 1x PBS buffer for 5 min before and after
triethanolamine treatment. Prehybridization, in situ hybridization and imaging methods were as

described previously (Zhou et al., 2010).

3.3.6 Dual luciferase assay

Arabidopsis protoplasts were isolated according to a previously published protocol with minor
modifications (Sheen, 2001; Asai et al., 2002). In brief, leaves from healthy 30-d-old
Arabidopsis were cut into 0.5—-1 mm strips with fresh razor blades. The leaf strips were put into
an enzyme solution composed of cellulase and macroenzyme, vacuum-infiltrated for 20 min and
then digested for 3 h without shaking in the dark. After filtration, the protoplasts were collected
and transformed by polyethylene glycol transfection. To make the effector constructs, coding

sequences of PvMYB4 were inserted after the 35S promoter of the Gateway overexpression
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vector P2GW7 (http://gateway.psb.ugent.be/). Reporter constructs were prepared as reported
(Wang et al., 2010). Promoter activities were represented by Firefly Luciferase (LUC/Renilla)
LUC activities, and normalized to the value obtained from protoplasts transformed with empty

vector.

3.3.7 Cell imaging and histochemical staining

Switchgrass internode samples and tobacco leaf petioles were collected in the glasshouse and
immediately frozen in liquid nitrogen. These samples were then cut with a Leica CM 1850
cryostat (Leica Microsystems Inc., Buffalo Grove, IL, USA) at —20°C and prepared for
microscopy as described previously (Nakashima et al., 2008). Phloroglucinol-HCI staining and
Maule staining were carried out as previously described (Fu et al., 2011). Ultraviolet absorption
microspectrophotometry was performed as previously described (Nakashima et al., 2008).
Photographs were taken using a Nikon DXM 1200 color camera attached to a Nikon microphot-
FX microscope system with ACT-1 software (Nikon Instruments Inc., Laguna Hills, CA, USA).
Tobacco leaf infiltration was performed as described previously (Sparkes et al., 2006). Imaging
of GFP fluorescence by confocal microscopy was performed as described previously (Wang et

al., 2008).

3.3.8 Tissue culture and transformation

Tobacco (Nicotiana tabacum cv Xanthi NN) was transformed by the leaf-disc method (Horsch et
al., 1985). Leaf discs from a tobacco plant grown in a Magenta box were incubated with
Agrobacterium tumefaciens (AGL1) harboring the MYB construct for 20 min. The leaf discs
were then blotted dry on filter paper and plated on co-cultivation medium for 4 days’ co-

cultivation in the dark. Leaf discs were transferred to regeneration medium after co-cultivation.
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Leaf discs were subcultured every 2 wk in regeneration medium until plant regeneration.

Transgenic plants were maintained in the glasshouse for analysis.

Agrobacterium-mediated switchgrass transformation was performed based on a previously
published protocol (Xi et al., 2009). The pANIC vector was used for switchgrass transformation
(Mann et al., 2011). Briefly, the binary vector contained the attR1-CmR-ccdB-attR2 Gateway-
compatible cassette cloned downstream under the control of the ZmUbil promoter. The
PvMYB4 coding sequence was cloned into the pCR8/GW/TOPO backbone, sequence-verified,
and recombined into the expression vector using Gateway® LR Clonase® II enzyme mix
(Invitrogen). The switchgrass ST2 line was used for stable transformation. The ST2 line was
specifically selected for its high tissue culture response and provided by Dr Zeng-Yu Wang,
Noble Foundation. Since the ST2 line is vegetatively propagated by tillers, all the lines are in the

same genetic background, an important point for a highly heterozygous outcrossing species.

3.3.9 Electrophoretic mobility shift assays

PvMYB4a was cloned into the pDEST17 expression vector by the Gateway cloning method
(Invitrogen). After sequencing, the plasmid was transformed into BL21 DE3 Escherichia coli
competent cells. Isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to induce expression
of PvMYB4. The recombinant protein was purified with the MagneHis™ Protein Purification
System (Promega) then concentrated with an Amicon Ultra-15 Centrifugal Filter (Millipore) by
washing with Tris buffer (20 mM Tris—HCI, pH 7.5, 100 mM NaCl, 1 mM EDTA and 10 mM §-
mercaptoethanol (3-ME)) to remove carried-over HEPES buffer and imidazole. Approx. 700—
1000 ng of purified PvMYB4 protein was used for electrophoretic mobility shift assay (EMSA)

in each reaction. The probes were labeled by annealing biotin-labeled olignucleotides.
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Oligonucleotides used for EMSA are listed in Table 3-1. Binding conditions were 12 mM Tris—
HCI (pH 7.5), 20 mM NacCl, 50 mM KCI, 2.5 mM MgCI2, 1 mM DL-dithiothreitol (DTT), 0.2
mM EDTA, 2.5% glycerol, 1 mM B-ME, 0.05% NP-40 and 2 fmol biotin-labeled probes. The
samples were loaded and run in a 6% DNA retardant gel (Invitrogen) in the cold room after the
reactions had been incubated at 4°C for 30 min. The DNA was transferred onto nylon
membranes and signal detected with a LightShift® Chemiluminescent EMSA Kit (Thermo

Fisher Scientific Inc., Rockford, IL, USA) using standard protocols.

3.3.10 Statistical analysis

Different letters on the bars of figures indicate significant differences of values at the P < 0.05
levels. The multiple comparisons were done by Duncan grouping with SAS software (SAS
Institute Inc., Cary, NC, USA). Asterisks on top bars indicate values that were determined by the
Student’s t-test (Microsoft Office Excel 2007) to be significantly different from the wild-type or

its equivalent control (P < 0.05).

3.4 Results

3.4.1 Switchgrass PvMYB4 belongs to the R2-R3 MYB subfamily 4

To clone orthologs of the MYB subfamily 4 genes in switchgrass, we used the AtMYB4 amino
acid sequence to blast against the switchgrass expressed sequence tag (EST) database (Tobias et
al., 2005). After identifying the most homologous gene sequence, we designed the primer pairs
HS010 and HSO11 (Table 3-1) to clone the open reading frame (ORF) from switchgrass (cv
Alamo) using RT-PCR. An 836 bp full-length cDNA was cloned into the pPENTR_D topo vector

for sequencing. The sequence alignment of PvMYB4 with other MYB subfamily 4 members
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shows that PvMYB4 has a highly conserved R2—R3 domain at the N-terminal region, while the
C-terminal domain is more divergent, both in sequence and in length (Figure 3-1a). However,
three typical protein motifs of the MYB subgroup 4 were identified at the C-terminal;
‘LIsrGIDPxT/SHRxXI/L’, ‘pdLNLD/ELXiG/S’ and ‘CX1-2CX7-12CX2C’ (Stracke et al., 2001;
Fornaléet al., 2006). We also identified a ‘FLGLX4—7V/LLD/GF/YR/SX1LEMK’ motif using
the ClustalW sequence alignment tool (http://www.ebi.ac.uk/Tools/msa/clustalw2/) (Figure
3-1a). These motifs were termed as the C1, C2, Zf and C4 motifs, respectively (Figure 3-1b;

Legay et al., 2007).

We performed a phylogenetic analysis using the PhyML method and tools available at
Phylogeny.fr: (http://www.phylogeny.fr/) to identify the most closely related R2ZR3-MYB factors
within the subfamily 4 group (Dereeper et al., 2008). Phylogenetic analysis also shows that
PvMYB4 is more closely related to ZmMYB42, ZmMYB38 and ZmMYB31 than to the well-
known dicot phenylpropanoid/lignin biosynthesis repressors such as AmMYB308, AtMYB4,
and AtMYB32 (Figure 3-1c¢).

Sequencing of the PvMYB4 clones indicated the presence of at least five gene variants, namely
PvMYB4a, 4b, 4c, 4d and 4e, in the tetraploid out-crossing switchgrass genome (Figure 3-11). A
similar phenomenon has been reported for the switchgrass lignin biosynthesis gene PvCCR1
(Escamilla-Trevino et al., 2009). All the constructs used in the present work were made based on

the PvMYB4a sequence.

3.4.2 PvMYB4 is expressed in the vascular bundles of switchgrass

To test the tissue-specific expression pattern of PvMYB4 in switchgrass, we isolated total RNA

from different tissues at the R1 developmental stage and performed qRT-PCR analysis (Moore et
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al., 1991; Sarath et al., 2007). The PvMYB4 gene was expressed in all the tissues tested, with
highest expression in leaf and leaf sheath (Figure 3-2a). In-situ hybridization analysis of young
stem tissue sections indicated that PvMYB4 is expressed throughout the stem, including the
parenchyma cells, vascular tissues and epidermis. The highest expression level appeared to be in
vascular bundles (Figure 3-2b). To test whether PvMYB4 is localized to the nucleus, we
performed infiltration assays of tobacco epidermal cells with a construct for expression of a
PvMYB4: eGFP fusion protein. GFP fluorescence was shown to localize to the nucleus by

confocal microscopy (Figure 3-2c).

3.4.3 PvMYB4 is a transcriptional repressor and binds to the AC elements in the genes

involved in the lignin biosynthesis pathway

We tested for transcriptional repression activity using a dual Luciferase reporter assay in
Arabidopsis protoplasts. When PvMYB4 was co-expressed with the Arabidopsis PAL4 or
Arabidopsis CCOAOMT (caffeoyl CoA 3-O-methyltransferase) promoters driving a Luciferase
reporter gene, Luciferase expression was repressed by almost 80-90% compared with the values
obtained from these lignin pathway promoters in the absence of PvMYB4 expression (Figure
3-3a). Several R2-R3 MYB proteins from subfamily 4 have been reported to bind the AC
elements in monolignol pathway gene promoters (Romero et al., 1998; Legay et al., 2007; Zhao
et al., 2007). Use of EMSA led to the conclusion that these proteins might bind to
‘GKTWGGTR’ elements in vitro (Romero et al., 1998). The reverse complement sequence of
‘GKTWGGTR’ is “'YACCWAMC’ with Y as Tor C, Was Tor A, and M as A or C. The
possible elements can therefore be designated as “T/CACCT/AAA/CC’. AtMYB4 can bind to
the AC-I (ACCTACC), AC-II (ACCAACC) and AC-III (ACCTAAC) elements (Zhao et al.,
2007). It also binds to the ‘ACCGCCC’ elements (MYB elements) found in its own promoter
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region (Zhao et al., 2007). EgMYBI1 binds to a region of the promoter of the EGCAD (cinnamyl
alcohol dehydrogenase) gene with the sequence ‘TACCAAGACCCACCTACCGCATGTCGA’
containing both the ‘ACCCACC’ and ‘ACCTACC’ elements (AC-I) (Legay et al., 2007).

To test whether PvMYB4 can bind to similar AC-rich elements, three repeats of the AC-1, AC-11,
AC-III and AC-1V (a hypothetical AC-rich element ‘ACCAAAC’) elements (Figure 3-3b) were
cloned into the pLACZi vector immediately upstream of a pCYC1 minimal promoter driving the
LacZ reporter gene, for expression in yeast (Figure 3-3c). Since PvMYB4 has transcriptional
repression activity, we cloned PvMYB4 as a fusion with the GAL4 activation domain (AD) to
generate a chimeric effector (Figure 3-3c). If PvMYB4 binds to the test AC-rich elements, it will
block the expression of the LacZ reporter gene activated by the GAL4 AD. A R2R3-MYB
transcriptional activator PEIMYB4 (Bomal et al., 2008) and a bZip transcription factor HYS
(ELONGATED HYPOCOTYL 5) (Oyama et al., 1997) were used as positive and negative
controls, respectively, along with the vector control containing only the GAL4-AD (Figure 3-3,
Figure 3-12). The positive control PtMYB4 increased the lacz reporter gene expression by c. 50—
100-fold compared with the vector and negative controls, indicating that the system is functional
in yeast (Figure 3-12). By contrast, PvMYB4 repressed the expression from the three AC-I, AC-
IT and AC-III elements fused to the Mini-pCyC1 promoter driving the lacZ reporter gene by c.
37-82% compared with the vector and negative control (HYS) under the same conditions (Figure
3-3d). However, PvMYB4 did not repress transcription driven by the three AC-IV elements in
yeast (Figure 3-3d), suggesting that it may not bind to the AC-IV element, or may do so only at

very low affinity.

PvMYB4 was cloned into the pDEST17 vector with a His tag fusion at the N-terminal, and the

purified protein from E. coli extracts was shown to bind to the AC-I, AC-II, AC-IIT and AC-IV
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elements in EMSA assays (Figure 3-3e). Salmon sperm DNA was added as a nonspecific
competitor (200x); it could not compete with the AC-I element but exhibited weak competition
activity with the AC-II and AC-III elements, and stronger competition activity with the AC-IV
element. The results indicate that PvM'YB4 has the highest binding affinity to the AC-I element
and the lowest affinity to the AC-IV element in vitro, consistent with the results of the repression

activity assay in yeast (Figure 3-3d).

It has been reported that the C1 motif (also called GIDP motif) has putative activation activity
(Matsui et al., 2008) and that C2 motifs in AtMYB4 function as the repression motifs (Jin et al.,
2000). To investigate the functions of the C-terminal motifs in PvMYB4 in more detail, we fused
different deletions of PvMYB4 between the VP16 activation motif from herpes simplex virus
protein VP16 (Sadowski et al., 1988) and the GAL4 binding domain (Figure 3-3f). The reporter
construct was made by placing six GAL4 binding motifs in front of the pCYC1 minimal
promoter driving the LacZ reporter gene. After expression of reporter and effector constructs in
yeast, B-galactosidase assays indicated that the C2 and C4 motifs all have transcriptional
repression activities, because the deletion of these motifs restored the transcriptional activation
effects contributed to PvMYB4 by the VP16 activation motif. When the C1 motif was further
deleted, the transcriptional activation was reduced slightly, consistent with a previous suggestion
of transcriptional activation activity for the C1 motif (Matsui et al., 2008). By contrast, the Zf
motif (Figure 3-1b) did not appear to have repression activity (Figure 3-3g).

A region with a high percentage of proline (P) and glutamate (Q) residues is located between the
C1 and C2 motifs of PvMYB4, and most of the sequence variations were found in this area
(Figure 3-1b, a). It has been reported that P-Q-rich and acidic-blob-type regions are associated

with transcriptional activation domains (Ruden et al., 1991). To test this hypothesis, we created a
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fusion of the PQ motif (green box,) with the GAL4 binding domain as an effector plasmid, and
expressed it in yeast with the 6GAL4-Mini-pCYC1: lacZ reporter construct; no transcriptional
activation of -galactosidase was detected (Figure 3-13), indicating that the P-Q-rich region has

no transcriptional activation activity.

3.4.4 Expression of PvMYB4 in transgenic tobacco

To investigate the biological activity of PvMYB4 in vivo, we first overexpressed the gene under
the control of the constitutive 35S promoter in tobacco. Several independent lines, such as #6, #9
and #16, showed high expression of PvMYB4 transcripts (Figure 3-4a). Overexpression of
PvMYB4 gave rise to the same phenotypes as observed previously for AmMYB308 and
AtMYB4 in transgenic tobacco (Tamagnone et al., 1998; Jin et al., 2000), namely a reduction in
plant stature and appearance of numerous whitish lesions on the mature leaves (Figure 3-4b).
The latter phenotype has been linked to reduced concentrations of hydroxycinnamic acid
derivatives (Elkind et al., 1990; Tamagnone et al., 1998).

The most abundant soluble phenolic compound in methanolic extracts of tobacco stems is
chlorogenic acid (CGA, Rt 14.87 min), which exists with a minor isomer (Rt = 14.37 min)
(Figure 3-5a). Overexpression of PvMYB4 in tobacco caused an approx. 80% reduction in
soluble CGA concentrations (Figure 3-5a, Figure 3-14a). The most abundant ester-linked wall-
bound phenolic compounds released from low-temperature hydrolysis of tobacco stem cell walls
are vanillin (Rt = 19.63), syringyl aldehyde (Rt = 22.59) and p-coumaric acid (p-CA, Rt =
23.78). Overexpression of PvMYB4 significantly reduced the content of vanillin and p-CA
compared with the wild-type, but syringyl aldehyde concentrations were not significantly

changed (Figure 3-5b, Figure 3-14b).
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The lignin content and composition of PvMYB4-OX transgenic tobacco plants were also
significantly changed. Leaf petiole sections of PvMYB4-OX plants showed reduced staining
with phloroglucinol-HCl (Figure 3-14c), suggesting an overall reduced concentration of lignin,
confirmed by the reduction in acetyl bromide lignin content (Figure 3-5¢). Miule staining
showed a decrease in the red coloration of the xylem vessels, consistent with a reduction in S
lignin as was confirmed by thioacidolysis analysis of lignin monomer yield (Figure 3-5d). The
latter indicated a reduction in lignin content of from 40 to 60% in the PvMYB4-OX
overexpressing lines compared with controls (Figure 3-5d). However, overall the G units were
reduced more than the S units, leading to an increased S/G ratio in the MYB4 overexpressors

(Figure 3-5e).

3.4.5 Overexpression of PvMYB4 in switchgrass

To generate switchgrass PvMYB4-OX lines, the full-length PvMYB4a ORF was cloned into a
binary vector (pANIC vector, Mann et al., 2011) fused with an AcV5 epitope tag (Monsma &
Blissard, 1995) at the C-terminal and driven by the maize ZmUbi promoter. The hygromycin B
(hph) resistance gene was used as a selectable marker for transformation (Figure 3-15a).
Embryonic callus generated from immature inflorescences of switchgrass cv Alamo line ST2
was transformed by Agrobacterium-mediated transformation. The transformation process, based
on modifications of previously published protocols (Somleva et al., 2002; Xi et al., 2009), is
illustrated in Figure 3-6(a).

Genomic DNA PCR analysis showed that transgenic lines 2A and 2B could serve as appropriate
controls because only the hygromycin B resistance gene portion of the T-DNA was integrated
into the genome, and the lines were phenotypically indistinguishable from untransformed ST2
lines (Figure 3-15b).
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To confirm overexpression of the PvMYB4 gene in the transgenic plants, two primer pairs,
HS543 and HS544, which cover the PvMYB4 ORF and AcV5 tag sequence, were used for qRT-
PCR analysis (Table 3-1). The selected PvMYB4-OX lines exhibited a 10—12-fold increase in
PvMYB4 expression (Figure 3-6b). The HS360 and HS361 primer pairs were designed from the
3'-UTR region of the PvMYB4 sequence to determine expression of the endogenous PvMYB4
genes in switchgrass (Figure 3-15c¢). The endogenous PvMYB4 gene was repressed in the
transgenic plants, indicating a similar self-repression feedback regulatory network as described
for AtMYB4 in Arabidopsis (Zhao et al., 2007) (Figure 3-15c).

Overexpression of PvMYB4 in switchgrass had dramatic effects on plant morphology. The
PvMYB4-OX transgenic plants showed a reduction in plant height (by c. 40% on average) but
more tillers (up to a 2.5-fold increase) (Figure 3-7a, b). By contrast to the PvMYB4-OX tobacco
plants, no white lesions were observed on the leaves.

PvMYB4 overexpression reduces lignin content, alters cell wall phenolic content, and reduces

recalcitrance in transgenic switchgrass

The lignin content in the middle parts of the different internodes of E4 stage stems of PvMYB4-
OX and control switchgrass plants were first evaluated by staining with phloroglucinol-HCl and
Maule reagent. Clearly, total lignin content (phloroglucinol-HCI staining, red color) and S lignin
(Méule staining, reddish-brown color) were reduced in the stems of the transgenic plants,
especially the mature I1 and 12 internodes (Figure 3-7c). Furthermore, although the structure of
the vascular bundles remained the same, their size was significantly reduced in the transgenic
plants based on the measurement of vascular bundles from internode 2 (Figure 3-7c, Figure
3-17a). We also found that the tillers of PvMYB4-OX lines were thinner than those of the

controls (Figure 3-17b).

63



Total lignin content in whole stems of E4 stage plants was reduced by c. 40-50% (determined as
AcBr lignin) or 60—70% (determined by thioacidolysis) as a result of overexpression of
PvMYB4 (Figure 3-8a,b). However, in contrast to the PvMYB4-OX tobacco lines, the S/G ratio
remains unchanged (Figure 3-16). The ester-linked p-CA : FA ratio was reduced by c. 50%
compared with the control lines (Figure 3-8d) and this was mainly caused by the significant
reduction of the ester-linked p-CA content in the cell wall residue (Figure 3-8c). Since both the
lignin content and the ester-linked p-CA : FA ratio are reduced in the PvMYB4-OX transgenic
switchgrass lines, we predicted that these lines would exhibit significantly higher
saccharification efficiency than the control lines based on our previous observations of natural
variation (Shen et al., 2009a). To test this, we measured sugar release from CWR by enzymatic
saccharification without acid pretreatment. The total sugar released from the PvMYB4-OX
transgenic switchgrass lines as a function of total available cell wall sugar content was approx.
threefold higher from the PvMYB4 overexpressing lines than from the controls (Figure 3-8e,f).
We also estimated the dry biomass production under glasshouse conditions; the transgenic
PvMYB4-OX lines had less (1A and 1B lines), similar (line 1C and 1E lines) or c. 20%
increased (line 1D) biomass depending on the line (Figure 3-18).

3.4.6 Downstream target genes of PvMYB4

Given that PvMYB4 represses phenylpropanoid metabolism and lignin content in both
switchgrass and tobacco, and represses transcription of the Arabidopsis PAL4 and CCoAOMT?7
promoters in vitro, we used the transgenic PvMYB4-OX lines to gain a broader picture of the

downstream gene targets within the phenylpropanoid and monolignol biosynthesis pathways.

Total RNA was extracted from the leaves of tobacco lines and young seedlings of switchgrass
lines. First-strand cDNA was synthesized and qRT-PCR primer pairs (Table 3-1) were designed
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for each of the genes encoding the enzymes of phenylpropanoid and monolignol biosynthesis. In
the transgenic control lines, FSH (ferulate 5-hydroxylase), CCOAOMT and HCT
(hydroxycinnamoyl CoA: shikimate hydroxycinnamoyl transferase) genes showed overall lower
transcript abundance than other genes (Figure 3-9a, b). The transcript abundance of PAL, C4H,
C3'H (coumaroyl shikimate 3'-hydroxylase), 4CL (4-coumarate: CoA ligase), COMT (caffeic
acid 3-O-methyltransferase), CCR (cinnamoyl CoA reductase) and CAD genes was reduced by
at least 70% in the PvMYB4-OX tobacco lines and 50% in the switchgrass lines (Figure 3-9a, b).
Because of potential cross-talk and/or spillover between lignin and flavonoid pathways in plants
down-regulated in lignin biosynthesis (Besseau et al., 2007), we also analyzed genes involved in
flavonoid biosynthesis (chalcone synthase, chalcone isomerase and flavonol synthase); none of
these was affected by overexpression of PvMYB4 (Figure 3-19). Combining the results from
biochemical and target gene expression analyses, we conclude that PvMYB4 functions as a

repressor of the phenylpropanoid and lignin pathways.

3.5 Discussion

3.5.1 PvMYB4 is a lignin biosynthetic pathway repressor

R2R3-MYB4 subfamily 4 members have been shown to function as repressors of lignin
biosynthesis in several species (Tamagnone et al., 1998; Jin et al., 2000; Fornaléet al., 2006,
2010; Legay et al., 2007; Zhao & Dixon, 2011). The PvMYB4 gene is expressed in all tissues of
switchgrass including the roots, stems, leaves, leaf sheaths and inflorescences at the R1
development stages. In situ hybridization of young stem sections showed that PvMYB4 is highly
expressed in the vascular bundles, consistent with its binding activity for the xylem expression-

associated AC elements. The strong expression level of PvMYB4 in the vascular bundles and
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parenchyma cells at earlier developmental stages is consistent with lower degrees of lignification

in young compared with mature stems.

Protein motif analysis showed that PvMYB4 has four conserved motifs, C1, C2, Zf and C4, in
the C-terminal regulatory region. The C1 motif may function as an activation domain,
confirming a previous report (Matsui et al., 2008), and the C2 motif functions as the repression
domain, consistent with results from similar analysis of AtMYB4 (Jin et al., 2000). The C4 motif
also acts as a repression motif although AmMYB308, another lignin repressor, does not have this
motif. The coexistence of the activation and repression motifs at the C-terminal of PvMYB4
reflects the complexity of the protein structures and potential gene regulatory network. The
function of the Zf motif within the C-terminal regulatory region remains unknown for the R2R3-

MYB subfamily 4 proteins.

Five PvMYB4 gene variants were identified by EST cloning in switchgrass. Allelic variation in a
polyploid genome has been suggested as being responsible for heterosis (Springer & Stupar,
2007). The lignin biosynthetic gene PvCCR has at least four gene variants (Escamilla-Trevino et
al., 2009). These natural gene variants provide a basis for molecular marker discovery. It will be
interesting to determine whether these variations in lignin pathway synthetic and regulatory

genes and alleles are linked to recalcitrance phenotypes using marker-assisted approaches.

Overexpression of transcriptional repressors of the lignin synthetic pathway reduces lignin
content in a range of dicot plants (Tamagnone et al., 1998; Jin et al., 2000; Fornaléet al., 2006,
2010; Legay et al., 2007). However, this reduction had not yet been shown in monocots. The
basal internodes of switchgrass have high lignin content during development (Sarath et al., 2007;

Shen et al., 2009a). Chemical staining and wet chemistry analysis of the stems of PvMYB4-OX
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transgenic plants showed that lignin content was significantly reduced. The amounts of both S
and G subunits were reduced in both tobacco and switchgrass overexpressing PvMYB4; the
reduction in S and G units was similar in switchgrass, whereas the greater reduction in G units
resulted in an increased S/G ratio in tobacco. Phylogenetic analysis shows that PvMYB4 is
closely related to ZmMYB42 and ZmMYB31, and overexpression of ZmMYB42 in transgenic
Arabidopsis decreased S/G ratio through the relative enrichment of H and G subunits and
reduction of S subunits (Sonbol et al., 2009). However, overexpression of ZmMYB31 in
transgenic Arabidopsis reduced lignin content but led to an increased amount of H subunits with
no effect on the S/G ratio (Fornal€ et al., 2010). Thus, qualitative regulation of monolignol
composition by MYB repressors appears to be both repressor- and species-specific, and not

simply a result of whether the MYB gene or target species is monocot or dicot.

Although all the phenylpropanoid/monoligol biosynthetic genes were repressed by PvMYB4 in
transgenic tobacco and switchgrass, whether this effect is directly or indirectly regulated through
the binding of PvMYB4 to AC elements is not clear. ZmMYB31 can bind directly to the ZmF5H
gene promoter region containing an ACII-like element (tCCAACC), as shown by quantitative
reverse transcription chromatin immunoprecipitation (QRT-ChIP) assays in maize (Fornalé et al.,
2010). The potential presence of AC elements in (all) the switchgrass monolignol pathway
genes, and direct binding of PvMYB4 to these putative elements, can be evaluated once the

switchgrass genome sequence becomes available.
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3.5.2 Biotechnological applications of PvMYB4 for development of switchgrass as a

dedicated bioenergy crop

Bioenergy is commonly defined as the energy generated from renewable biological products
(such as plant biomass) and is regarded as a clean and sustainable alternative to fossil sources of
energy due to the potential contribution to reduced carbon dioxide emissions (McLaughlin et al.,
2002; McLaughlin & Adams Kszos, 2005; Williams et al., 2009). Switchgrass feedstock is
highly lignified plant biomass, and the high lignin content dramatically increases the energy cost
for releasing the polysaccharide components from cell walls during biomass to biofuel

conversion.

The molecular, genomic and biotechnological resources for switchgrass are limited but
increasing exponentially (Tobias et al., 2005, 2008; Okada et al., 2010). Reliable genetic
transformation of switchgrass using Agrobacterium-mediated methods has recently been
developed (Burris et al., 2009; Xi et al., 2009), paving the way for increased biotechnological
applications for biofuel and bio product improvements. For example, successful engineering of a
functional metabolic pathway for the production of polyhydroxybutyrate (PHB) in transgenic
switchgrass has been reported (Somleva et al., 2008), suggesting that complex traits can be
engineered in this dedicated bioenergy crop. One obvious strategy to overcome the cell wall
recalcitrance of switchgrass biomass is to reduce the lignin content (Hisano et al., 2009), based
on the effectiveness of this approach in alfalfa and other species (Bell et al., 2004; Chen &
Dixon, 2007). This has recently been achieved in switchgrass through down-regulation of the
monolignol biosynthetic genes CAD (Saathoff et al., 2011) and COMT (Fu et al., 2011), leading
to increased sugar release and, in the latter case, improved ethanol yield at lower cellulase

loadings.
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The present report describes an alternative strategy for reducing recalcitrance in switchgrass by
manipulating the expression of a key transcription factor. The lignin content, wall-bound ester-
linked p-CA content and p-CA : FA ratio were reduced in the transgenic switchgrass, both
features that could result in significantly improved saccharification efficiency based on our
previous studies of natural variation in these cell wall parameters (Shen et al., 2009a) and the
phenotypes of the PVCOMT down-regulated transgenic switchgrass (Fu et al., 2011). Indeed, the
PvMYB4-OX transgenic switchgrass lines have approx. threefold increased saccharification
efficiency compared with the control lines. Down-regulation of lignin pathway genes can result
in negative growth impacts, possibly as a result of metabolic spillover (Besseau et al., 2007; Li et
al., 2010; Gallego-Giraldo et al., 2011). The PvCOMT down-regulated switchgrass plants have a
normal growth phenotype under glasshouse conditions, whereas the PvMYB4-OX plants have
reduced stature but increased tillering. More detailed analysis of gene expression in these plants
utilizing the recently available switchgrass Affymetrix Gene Chip may help explain the basis of
this growth phenotype, which is reminiscent of the reduced stature but increased branching
observed in alfalfa with down-regulated HCT expression (Gallego-Giraldo et al., 2011). In these
alfalfa plants, alterations in cytokinin and gibberellin concentrations and/or signaling may

contribute to the phenotype (Gallego-Giraldo et al., 2011).

Based on an estimation of dry biomass production under glasshouse conditions, some of the
transgenic PvMYB4-OX lines have similar (line 1C) or c. 20% increased (line 1D) biomass
production. Evaluation of these lines is therefore necessary under field conditions, with the
potential for selection of lines retaining both improved biomass characteristics and good growth

phenotypes.
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Figure 3-1 PvMYB4 belongs to the R2ZR3-MYB subfamily 4.
(a) ClustalW alignment of the amino acid sequences of PvMYB4 and other R2R3-MYB

subfamily 4 proteins. The R2, R3 MYB domains are underlined. The boxed sequences are the
potential functional motifs. (b) Structure of PvMYB4 protein domains and motifs. The boxed
sequences are the potential functional motifs. Different types of lines indicate different motifs as
shown in (b). PPI, protein—protein interaction motif for interaction with bHLH protein; C1, C2,
Zf and C4, C-terminal motifs. Accession numbers for subgroup four sequences: PvMYB4a
(JF299185), PvMYB4b (JF299186), PvMYB4c (JF299187), PvMYB4d (JF299188), PvMYB4e
(JF299189), AIMYB32 (NM_119665), EgMYB1 (CAE09058), AmMYB308 (JQ0960),
AtMYB4 (AY519615), AmMYB330 (JQ0957), ZmMYB42 (CAJ42204) and ZmMYB31
(CAJ42202). (c) Phylogenetic analysis of PvMYB4 with other subfamily 4 protein sequences by

Phylogeny.fr program (http://www.phylogeny.fr/).
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Figure 3-2 Expression patterns of PvMYB4.

(a) Quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis of tissue
expression pattern of PvMYB4 in switchgrass (Panicum virgatum). Different letters on the bars
of figures indicate significant differences at the P < 0.05 level as tested by Duncan grouping with
SAS software (SAS Institute Inc.). UBQ, ubiquitin. (b) In situ hybridization of PvMYB4 in young
stem sections. VT, vascular tissue; P, parenchyma; E, epidermis. Bar, 500 um. (c¢) Confocal
images of nuclear localization of PvMYB4:eGFP protein in tobacco (Nicotiana tabacum)

epidermal cells. Bars, 50 pum (upper panel); 10 um (lower panel).
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Figure 3-3 PvMYB4 is a transcriptional repressor and binds to AC elements.

(a) Dual luciferase (LUC) assay of 35S:PvMYB4 effector with firefly luciferase reporter
constructs in Arabidopsis thaliana protoplasts. CK, vector control plasmid was used as effector;
MYB, 35S5:PvMYB4 plasmid was used as effector. (b) Synthetic AC elements tested in
electrophoretic mobility shift assay (EMSA) and yeast assays. (c) Effector and reporter plasmids
for testing the binding of PvMYB4 to AC elements in yeast. The transcription factor HYS was
used as negative control. (d) f-Galactosidase assays for lacZ expression driven by PvMYB4
binding to AC elements in yeast. AC(1,2,3,4)-AD, AC(1,2,3,4)-Pv and AC(1,2,3,4)-HY are the
reporters containing three consecutive copies of the AC I, 1L, III, or IV elements fused to the
pCYC1 minimal promoter and lacZ with either GAL4AD, GAL4AAD-PvMYB4 or GAL4AD-
HY5 as effectors. Data are means + SE (n =4). (e) EMSAs of PvMYB4 with AC elements. Free,
free probe; bound, shifted band. Salmon sperm DNA (200x) was used as nonspecific competitor.
(f) Effector and reporter constructs for testing the PvMYB4 repression motif in yeast. GBD,
GAL4 DNA binding domain; VP16, activation motif of the VP16 protein; GALBs, GAL4
protein binding sites. (g) -Galactosidase assays showing activation of lacZ expression from the
reporter 6GALBs-LacZ by the effectors with different PvMYB4 C-terminal deletions shown in
Figure 3-3(f). Data were normalized to the vector control pGBT-9, and are means + SE (n = 4).
Asterisks on top of the bars in (a) and (d) indicate values that were determined by Student's #-test

to be significantly different from their equivalent control (P < 0.05).
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Figure 3-4 Transgenic tobacco (Nicotiana tabacum) plants overexpressing PvMYB4 show reduced

growth and lesion mimic phenotypes.

(a) Semiquantitative reverse transcription polymerase chain reaction analysis of PvMYB4-OX

transgenic tobacco plants. NtUBQ was used as reference gene.(b) Growth and leaf lesion

phenotypes of PvMYB4-0OX6 transgenic tobacco plants. MYB-OX6-ck indicates the T1 null-

segregating line.
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Figure 3-5 Overexpression of PvMYB4 alters phenylpropanoid metabolism in transgenic tobacco

(Nicotiana tabacum) plants.

(a, b) Typical high-performance liquid chromatography (HPLC) chromatograms of
methanol/water-soluble fractions (a) and ester-linked wall-bound phenolics from stems of wild-
type (CK) and PvMYB4-ox tobacco lines (b). CK, solid line; MYB-OX, dashed line. The major
soluble phenolic compound is chlorogenic acid (Rt = 14.87 min). Wall-bound ester-linked
phenolic compounds: vanillin (Rt = 19.63); syringyl aldehyde (Rt = 22.59); p-coumaric acid (p-
CA, Rt =23.78) and ferulic acid (FA, Rt = 27.14). IS, internal standard (c) AcBr lignin content
of stems of CK and PvMYB4-ox transgenic tobacco. MYB-OX-ck indicates the T1 null-
segregating line. (d) Lignin composition of stems of CK and PvMYB4-ox transgenic tobacco as
determined by thioacidolysis. S, syringyl unit (open bars); G, guaiacyl unit (gray bars). (e) S : G
ratio (from thioacidolysis) of stems of CK and PvMYB4-ox transgenic tobacco. CWR, cell wall
residue. All data are means = SE (n = 6). Asterisks on top of the bars indicate values that were
determined by the Student's #-test to be significantly different from their equivalent control

(P <0.05).
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Figure 3-6 Overexpression of PvMYB4 in transgenic switchgrass (Panicum virgatum).

(a) Representative pictures of the switchgrass transformation procedure. al, embryonic callus
used for transformation; a2, transformed callus on selection medium; a3, regenerated seedlings
on regeneration medium; a4, regenerated seedling on rooting medium; a5, regenerated PvMY B4-
OX plants in the glasshouse. (b) Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) analysis of PvMYB4 transcripts in control and PvMYB4-OX transgenic switchgrass.

Data are means + SE (n = 3).
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Figure 3-7 PvMYB4-OX transgenic switchgrass (Panicum virgatum) has reduced lignin and altered

growth morphology.

(a) Visible phenotypes of control (2A) and PvMYB4-OX transgenic switchgrass (1A, C). The
overexpressing lines have reduced stature but increased tillering. (b) Plant height (blue bars) and
tiller number (red bars) for control and PvMYB4-OX transgenic switchgrass. Data are means +
SE (n > 4). The letters indicates significant differences at the P < 0.05 level. (c) Phloroglucinol-
HCI staining (lower panel) and Méule staining (upper panel) of cross-sections of different
internodes of PvMYB4-OX transgenic switchgrass. I1-I4, internode 1 (lower) to internode 4
(upper) of E4 tillers (Shen et al., 2009a); VT, vascular tissue; P, parenchyma, E, epidermis; If,

interfascicular fiber. All the pictures were taken at 100x magnification. Bars, 100 pum.
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Figure 3-8 Overexpression of PvMYB4 alters phenylpropanoid metabolism in transgenic
switchgrass (Panicum virgatum) plants.

(a) AcBr lignin content of whole E4 stems. (b) Lignin composition determined by thioacidolysis.
(c) The content of ester-linked p-coumaric acid (p-CA, closed bars) and ferulic acid (FA, open
bars) in switchgrass stems. CWR, cell wall residue. (d) p-CA : FA ratios of the ester-linked wall-
bound phenolics. (e) Total monosaccharide released (closed bars) from cell wall residues and
monosaccharide released from enzymatic saccharification without acid pretreatment (open bars).
(f) Sugar release efficiency of enzymatic saccharification without acid pretreatment. Data are

means = SE (n = 3).
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Figure 3-9 Identification of genes down-regulated by PvMYB4 in tobacco (Nicotiana tabacum) and
switchgrass (Panicum virgatum)

(a) Quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis of the
expression levels of lignin synthetic genes in PvMYB4-OX transgenic tobacco (closed bars). (b)
gRT-PCR analysis of the expression levels of lignin synthetic genes in PvMYB4-OX transgenic
switchgrass (closed bars). The CK value (open bars) represents the combined/average result from

both control (2A and 2B) lines.
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Figure 3-10 The phenylpropanoid and monolignol biosynthesis pathways.

Solid red and black arrows show reactions that are likely to occur in vivo, gray-colored arrows

show hypothetical reactions, which are only detected by in vitro biochemical enzyme assay.
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Figure 3-11 PvMYB4 gene variants in switchgrass

(a) Clustal W alignment of the amino acid sequences of PvMYB4a, 4b, 4c, 4d and 4e. Green box
indicates the P-Q-rich region. (b) Different EST clones sequenced. The EST clone

MYB_6497_S3 was used for making all the constructs reported in this work.
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Figure 3-12 PtMYB4 binds to AC elements in yeast system.

(a) Effector and reporter plasmids for testing the binding of PtIMYB4 to AC elements in yeast.
(b) PtIMYB4 can bind to AC elements in yeast to activate the lacZ reporter gene. AC (1,2,3,4) -
AD and AC (1,2,3,4)-Pt refer to assays with reporters containing three consecutive copies of the
AC L, II, IIL, or IV elements fused to the pCYC1 minimal promoter and lacZ (as shown in panel
B with either GAL4AD or GAL4AD-PtMYB4 as effector). Data are means +SE (n=4). Asterisks
on top of the bars indicate values that were determined by the Student’s t test to be significantly

different from their equivalent control (P < 0.05).
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Figure 3-13 The PQ-rich motif has no transcriptional activation activity.

(a) Effectors and reporter constructs for testing the PQ-rich motif in yeast. GBD, GAL4 DNA
binding domain; VP16, activation motif of the VP16 protein; GALBs, GAL4 protein binding
sites. (b) B-Galactosidase assays showing activation of lacZ expression from the reporter
6GALBs-LacZ by effectors with different C-terminal motifs. Data were normalized to the vector
control pGBT-9 (GBD), and are means +SE (n=4). Different letters on the bars of figures
indicate significant differences at p < 0.05 level as tested by Duncan grouping with SAS software

(SAS Institute Inc., Cary, NC, USA).
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Figure 3-14 Overexpression of PvMYB4 alters phenylpropanoid metabolism in transgenic tobacco

plants.

(a, b) Quantification of the peaks in of HPLC chromatograms (Figure 3-5a and 3-5b) of
methanol/water soluble fractions (a) and ester-linked wall bound phenolics (b) from stems of
wild-type and PvMYB4-ox tobacco lines. The major soluble phenolic compound is chlorogenic
acid (Rt=14.87 min). Wall bound ester-linked phenolic compounds: vanillin (Rt=19.63); syringyl
aldehyde (Rt=22.59); p-coumaric acid (p-CA, Rt=23.78) and ferulic acid (FA, Rt=27.14) (¢)
Phloroglucinol-HCI staining (left panel) and Méule staining (right panel) of cross-sections of the

leaf petioles of wild-type and PvMYB4-OX tobacco transgenic plants.
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Figure 3-15 Genomic DNA PCR and qRT-PCR analysis of PvMYB4-OX transgenic

(a) The pANIC2B-PvMYB4 construct used for switchgrass transformation. OsActl, promoter of
rice Actinl gene; rubi3, promoter of rubisco3 gene; ZmUbil, promoter of maize ubiquitin 1
gene. hph, hygromycin resistance gene for transformation selection marker. LB and RB, left and
right borders of the T-DNA sequences. The double arrows show the primer pairs used for
genomic DNA PCR testing. HPH, hygromycin specific gene primer pairs; Gene specific, primer
pairs covering the ZmUBI1 promoter region and PvMYB4 gene specific region. (b) Genomic
DNA PCR. 2A and 2B are two control lines that only have the half T-DNA (HPH) part of the
construct. (c) qRT-PCR analysis showing the endogenous PvMYB4 gene is down-regulated by
the over-expression of PvMYB4 in switchgrass. Primer pairs are HS360 and HS361 (Table 3-1 ).

Data are means +SE (n=3).
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Figure 3-16 The S/G ratio of PvMYB4-OX transgenic switchgrass.
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Figure 3-17 PvMYB4-OX transgenic switchgrass have smaller vascular bundles

(a) Vascular bundle areas. The measurement was done with ImagelJ (http://rsbweb.nih.gov/ij/)
software. Bars show standard errors of the means (n>8).Only the vascular bundles close to the
pith part within the 12 (E4 stage) were measured and compared. The vascular bundles that
located in the interfascicular fiber area of the stem were not measured. Lower panel shows Miule
staining of cross-sections (40X) of internode 2 of control and PvMYB4-OX transgenic
switchgrass. Bar=100 um.(b) Tiller diameter. Only the middle parts of 12 internode of E4 stage

tillers weremeasured with the venire scale. Data are means +SE (n>5).
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Figure 3-18 Estimation of total dry biomass yield for PvMYB4-OX transgenic

Only the tillers at E4 stage were measured. Total dry biomass was estimated by multiplying the
average tiller dry biomass with the total tiller number within the same time period. Data are

means +SE (n>3).
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Figure 3-19 qRT-PCR analysis of flavonoid biosynthetic gene transcripts in PvMYB4-OX
transgenic tobacco.

(a) gqRT-PCR analysis showing the expression level of PvMYB4 in transgenic tobacco with two
primer pairs. PP_126, primer pairs HS126 + HS127; PP_334, primer pairs HS334 +HS335. (b)
gRT-PCR analysis showing the expression level of flavonoid biosynthetic genes in transgenic

tobacco. Data are means +SE (n=3).
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Table 3-1 Sequences and references for the gene-specific primers used in this work

Primer Primer name Sequence Reference/Note
Code
PvMYB4 cloning
HS010 MYB1_6497.F caccATGGGGCGGTCGCCGTGCTG
HS011 MYBI1_6497.R TCAAACAAAAAAAAACAGCCCAAC
Genomic DNA PCR
HS043  Zmubi.pro.F2 TCTTTTGTCGATGCTCACC Figure 3-15b
HS314 HS314MYB1.R1 TCACTTCATCTCGAGGCCTC Gene specific
HPH.F AAGGAATCGGTCAATACACTACATGG
HPH.R AAGACCAATGCGGAGCATATACG HygromycinB
specific
In Situ Hybridization
PvMYB_T7_F GCGTAATACGACTCACTATAGGGTGCTGCGAGAAGGCGCAC
PvMYB_T7_R GCGTAATACGACTCACTATAGGGTCATCTCGAGGCCTCTGAAG
PVvMYB_F TGCTGCGAGAAGGCGCAC
PvMYB_R TCATCTCGAGGCCTCTGAAG
PvMYB4 qRT-PCR in switchgrass
HS543 PvMYBA4.F TCGGCATGCTCCTCGACTTC Figure 3-6b
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Table 3-1 continued

Primer Primer name Sequence Reference/Note
Code
HS544 AcVS5.R ACCAGCCGCTCGCATCTTTC
HS360 PvMYBI1_798F AGGCCTCGAGATGAAGTGAAAC Figure 3-15¢
HS361 PvMYBI_859R AGCCCAACAAACAAACGAAATT
HS181 PAL_F CATATAGTGTGCGTGCGTGTGT Figure 3-9b
HS182 PAL_R CTGGCCCGCCAATCG
HS090 C4H1_1534F GGGCAGTTCAGCAACCAGAT
HS091 C4H1_1611R CGCGTTTCCGGGACTCTAG
HS094 C3HI1_739F TTGAGATGGTTGTGTCCGCTTA
HS095 C3HI1_803R AGGCGGTCCCTTCTCTCATT
PvCOMT_F461 CAACCGCGTGTTCAACGA
PvCOMT_R534 CGGTGTAGAACTCGAGCAGCTT
HS108 F5H_1720F CTCTTCTATTTGTGCGTGTAACTGTGT
HS109 F5H_1792R CAGCCCTATAGCATCGACATGA
4CL1_1179_F CGAGCAGATCATGAAAGGTTACC

4CL1_1251_R

CAGCCAGCCGTCCTTGTC
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Table 3-1 continued

Primer Primer name Sequence Reference/Note
Code

HS100 CCOMT_966F CCGTCTTTCTTTTTTTGGCTCTT
HS101 CCOMT_1029R GCATGAAAATGATGACAGTTTCCA
PvCCRI1. 112_F GCGTCGTGGCTCGTCAA

PvCCR1. 187_R TCGGGTCATCTGGGTTCCT

PvCAD_F116 TCACATCAAGCATCCACCATCT
PvCAD_R184 GTTCTCGTGTCCGAGGTGTGT
HCT_973_F GCAGAAGGAGCAGCAGTCATC
HCT_1035_R CGAGCGGCAATAGTCGTTGT

qRT-PCR primers for PvMYB4-OX in transgenic tobacco
HS126 MYB_7X_QRTF1 CTCAATCTCGACCTCTGCATCA Figure 3-19a
HS127 MYB_7X_QRTR1 ACGAGCTCCTGGTCCTCTTCT

HS334 MYBgRTRI ATGAGCTCCTGGTCCTCTTCT Figure 3-19a

112



Table 3-1 continued

Primer Primer name Sequence Reference/Note
Code
HS335 MYB.R3 GAGCTCCTGGTCCTCTTC
PAL.F GACAAAGTGTTCACAGCAATG Figure 3-9a
PAL.R TAACAGATWGGAAGAGGAGCA
C4H.F TCAACACAATGGTGGAATGC
C4H.R ACTTTGGGACGTTTGGTTCA
4CL.F CTTCTCAACCATCCCAACATT
4CL.R CTAACAACAAAAGCCACTGGA
HCT.F GGCTGCCAATCCATGATGCT
HCT.R GCAACAGATTGACTGCCATCA
C3HF TGGCTGAGGTGATCAAGAAC
C3H.R TATGGGAGGTTGGGGAAGTC
CCoAOMT.F ACACCCTATGGAATGGATCA
CCoAOMT.R CCTTGTTGAGTTCCAATACGA
FSH.F GAAACTCTACGACTTCACCC
F5H.R TGACTTTGCCGGAATATGGT
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Table 3-1 continued

Primer Primer name Sequence Reference/Note
Code

COMT.F CCTGCAAATGGGAAGGTGAT

COMT.R CAGTCCTTTCTTTGCCTCCT

CAD.F CTCGGGAGAAAGAGCATCAC

CAD.R CCTCTCCATTGCAGTGTTGA

CCR.F ATGTGACGAAGCCAAGGGTAA

CCR.R GTAGGAATTGGAAGGTGACCT

qCHS.F CACCGCTGTCACGTTTCGT Figure 3-19b

qCHS.R AGGGCTTGCCCAACTAAACTATC

qCHLF TGCAGAGAGTCAGGCCATTG

qCHLR CGGCGGGAAGGTTTCATT

qFLS.F GCGAGAAGTTGCGGAGAAGA

qFLS.R CATCATTTCATGGGCTTCTAACC

oligos used in EMSA

HS428 ACI1.F CGGTACCAGTCCACCTACCGCCACCTACCGCCACCTACCGCTGTTCTCGA Figure 3-3a
HS429 ACI.R TCGAGAACAGCGGTAGGTGGCGGTAGGTGGCGGTAGGTGGACTGGTACCG




Table 3-1 continued

Primer Primer name Sequence Reference/Note
Code

HS480 AC2F CGGTACCAGTCCACCAACCGCCACCAACCGCCACCAACCGCTGTTCTCGA

HS481 AC2.R TCGAGAACAGCGGTTGGTGGCGGTTGGTGGCGGTTGGTGGACTGGTACCG

HS484 AC3F CCAGTCCACCTAACTCTACCTAACTCTACCTAACGCTGTTC

HS485 AC3.R GAACAGCGTTAGGTAGAGTTAGGTAGAGTTAGGTGGACTGG

HS400 AC4.F CCAGTCCACCAAACTCTACCAAACTCTACCAAACGCTGTTC

HS401 AC4R GAACAGCGTTTGGTAGAGTTTGGTAGAGTTTGGTGGACTGG

115



Chapter 4: Enhanced characteristics of genetically modified

switchgrass (Panicum virgatum L.) for high biofuel production

(This chapter was published in Biotechnology for Biofuels 6, 71. with the following authors Hui
Shen, Charleson Poovaiah, Angela Ziebell, Timothy J Tschaplinski, Sivakumar Pattathil, Erica
Gjersing, Nancy L Engle, Rui Katahira, Yunqgiao Pu, Robert Sykes, Fang Chen, Arthur J
Ragauskas, Jonathan R Mielenz, Michael G Hahn, Mark Davis, C Neal Stewart Jr. and Richard

A Dixon)

Charleson R Poovaiah’s contribution was generation of transgenic switchgrass plants, designing
and carrying out ethanol fermentation studies and writing the Quantitative saccharification,
pretreatment and ethanol fermentation part of the methods and results section; reviewing the

manuscript
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4.1 Abstract

4.1.1 Background

Lignocellulosic biomass is one of the most promising renewable and clean energy resources to
reduce greenhouse gas emissions and dependence on fossil fuels. However, the resistance to
accessibility of sugars embedded in plant cell walls (so-called recalcitrance) is a major barrier to
economically viable cellulosic ethanol production. A recent report from the US National
Academy of Sciences indicated that, “absent technological breakthroughs”, it was unlikely that
the US would meet the congressionally mandated renewable fuel standard of 35 billion gallons
of ethanol-equivalent biofuels plus 1 billion gallons of biodiesel by 2022. We here describe the
properties of switchgrass (Panicum virgatum L.) biomass that has been genetically engineered to

increase the cellulosic ethanol yield by more than 2-fold.

4.1.2 Results

We have increased the cellulosic ethanol yield from switchgrass by 2.6-fold through
overexpression of the transcription factor PvMYBA4. This strategy reduces carbon deposition into
lignin and phenolic fermentation inhibitors while maintaining the availability of potentially
fermentable soluble sugars and pectic polysaccharides. Detailed biomass characterization
analyses revealed that the levels and nature of phenolic acids embedded in the cell-wall, the
lignin content and polymer size, lignin internal linkage levels, linkages between lignin and
xylans/pectins, and levels of wall-bound fucose are all altered in PvMYB4-OX lines. Genetically
engineered PvMYB4-OX switchgrass therefore provides a novel system for further

understanding cell wall recalcitrance.
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4.2 Conclusions

Our results have demonstrated that overexpression of PvMYB4, a general transcriptional
repressor of the phenylpropanoid/lignin biosynthesis pathway; can lead to very high yield
ethanol production through dramatic reduction of recalcitrance. MYB4-OX switchgrass is an
excellent model system for understanding recalcitrance, and provides new germplasm for

developing switchgrass cultivars as biomass feedstocks for biofuel production.
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4.3 Introduction

Bioethanol from cellulosic feedstocks such as corn stover, switchgrass or wood chips, is a
promising renewable and clean energy source, with the potential to reduce greenhouse gas
emissions by up to 86% compared with gasoline (Wang et al., 2007). However, ethanol
production from lignocellulosic materials faces more challenges than from starch-based
feedstocks as a result of the chemical and physical barriers that block accessibility to the sugars
(so-called recalcitrance) within the biomass. Pretreatment is required to partially deconstruct the
biomass and open up surfaces for enzymatic hydrolysis to release 5- and 6-carbon sugars for
fermentation. Pretreatment is not only expensive (Mosier et al., 2005), but also produces
inhibitors of microbial ethanol fermentation such as 2-furaldehyde (furfural) and 5-

hydroxymethylfurfural (HMF) during acidic pre-treatments (Liu et al., 2010).

Switchgrass has attractive features as a dedicated lignocellulosic feedstock for bioenergy
production in the United States (McLaughlin et al., 2005, Schmer et al., 2008, Keshwani and
Cheng 2009), and recent studies report partial success in overcoming recalcitrance. For example,
down-regulation of cinnamyl alcohol dehydrogenase (CAD), the last enzyme of lignin precursor
formation, increases saccharification efficiency up to 23% without acid pretreatment (Saathoff et
al., 2011, Fu et al., 2011a). Likewise, down-regulation of caffeic acid 3-O-methyltransferase
(COMT), a key enzyme for biosynthesis of the monolignol sinapyl alcohol, increases
saccharification efficiency by 29-38% without acid pretreatment (Fu et al., 2011b). However,
reduction of sinapyl monolignol production may increase concentrations of fermentation
inhibitors (Klinke et al., 2004), and low molecular weight phenolic compounds in COMT down-
regulated switchgrass inhibit simultaneous saccharification and fermentation (SSF) by the yeast

Saccharomyces cerevisiae unless first removed by hot water pretreatment (Tschaplinski et al.,
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2012). Clearly, a better strategy for reducing recalcitrance is required for the development of

improved lignocellulosic bioenergy feedstocks.

Overexpression of the switchgrass R2-R3 MYB transcription factor PvMYB4 in switchgrass
represses lignin biosynthetic pathway genes and increases saccharification efficiency up to 300%
without acid pre-treatment (Shen et al., 2012). Here, we evaluate the bioconversion of such
materials to ethanol using yeast-based SSF methods. Metabolite profiling revealed major
reductions in levels of phenolic fermentation inhibitors. Furthermore, application of a suite of
chemical, immunological, and physical approaches for cell wall characterization revealed that
multiple components, including lignin and wall-bound phenolics, pectin lignin and xylan-lignin
linkages, and fucosylated xyloglucans and rhamnogalacturonans, could potentially contribute to

recalcitrance.

4.4 Materials and methods

4.4.1 Plant materials

Agrobacterium-mediated switchgrass transformation used constructs (Shen et al., 2012) and
methods (Burris et al., 2009) described previously. The ST1 and ST2 lines were provided by Dr
Zeng-Yu Wang, Noble Foundation. L7, L9 and L10 are transgenic control lines in the ST1
background. L1, L2, L4, L6 and L8 are MYB4-OX lines in the ST1 background. Lines 2A and

2B are vector controls for 1A-E (MYB4-OX) lines in the ST2 gene background.

All plants were grown under greenhouse conditions as described (Shen et al., 2009). Harvested
tillers (at R1 stage) were either frozen and milled by a freezer mill (SPEX SamplePrep,

Metuchen, NJ) in liquid nitrogen for genomic DNA or RNA isolation, or dried at 40°C for one
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week then milled in a Thomas Wiley® Mini-Mill (Thomas Scientific, Swedesboro) through a 0.8
mm screen to 20 mesh for chemical analysis and ethanol fermentation tests. Samples for analysis

of lignin content, wall-bound phenolics and solid-state NMR were further milled to 60 mesh size.

4.4.2 Measurement of lignin, phenolic and pectin content

Lignin content and composition of cell wall residues was determined by thioacidolysis followed
by GC-MS as described previously (Shen et al., 2009). Soluble phenolics were extracted from 30
mg of freeze-dried tissue powder with 50% (v/v) methanol and assayed by HPLC, which reveals
chlorogenic acid derivatives as the majorsoluble phenolics. Total soluble phenolic levels were
assayed with Folin-Ciocalteu reagent, and wall-bound phenolics were analyzed as described

previously (Shen et al., 2009).

For determination of pectin, plant material was ground in liquid N2, homogenized with 2
volumes of 80% ethanol, and incubated overnight at 4°C. The homogenate was centrifuged at
3,000 rpm for 5 min and the alcohol insoluble cell wall residue (AIR) washed twice with 20 ml
of absolute ethanol and dried under N2. One hundred mg of AIR were extracted sequentially
with water (20 ml, shaken overnight at room temperature), 0.05 M sodium acetate containing
0.04 M EDTA, pH 4.5 (20 ml, shaken for 4 h at room temperature) and 0.05 M HCI (20ml,
incubated at 100°C for 1 h). Two hundred pl of supernatant from the different fractions was
further hydrolyzed with 900 ul of H2SO4/sodium tetraborate reagent at 100°C for 5 min. The
reaction was stopped on ice and the pectin content was determined by the m-hydroxydiphenyl

method (Blumenkrantz and Asboe-Hansen, 1973) with galacturonic acid as standard.
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4.4.3 Quantitative saccharification, pretreatment and ethanol fermentation

Quantitative saccharification assays were as described in ASTM E 1758-01 (ASTM 2003) and
HPLC method NREL/TP 51-42623. Hot water pretreatment was conducted using the tubular
batch method (Yang and Wyman, 2009), except only one sand bath (Omega FSB1, Techne Co.,

Princeton, NJ) was used to heat the 4 /x[10.5 inch pretreatment tubes.

Simultaneous saccharification and fermentation (SSF) with Saccharomyces cerevisiae DSA
(ATCC 200062) was performed as described in Fu et al. (2011a) with the exception that
Accellerase 1500 enzyme (final concentration of 11.5 FPU per gram of cellulose), kindly

provided by Genencor International, Inc., was used instead of Spezyme CP and Accellerase BG.
4.4.4 Solvent extraction of switchgrass biomass for solid-state NMR

Sequential extraction was performed as reported previously (Ziebell et al., 2010). Ester-linked
wall-bound phenolics were extracted as described previously (Shen et al., 2009). The pellet
residue was washed with water until the supernatant was neutral. The solids were then freeze-

dried and weighed for solid-state NMR analysis.
4.4.5 Gel permeation chromatography (GPC) of lignin

Ball-milled lignin was isolated from extractives-free switchgrass as described previously
(Bjorkman, 1956). The yields were 1.022% (1C), 1.361% (1D), 2.223% (2A) and 2.286% (2B).
GPC: Isolated lignin samples were acetylated and GPC analysis performed using an Agilent
HPLC with three polystyrene-divinyl benzene GPC columns (Polymer Laboratories, 300 x 7.5
mm, 10 um beads) having nominal pore diameters of 104, 103, and 102 A. The eluent was THEF,

the flow rate 1.0 ml/min, the sample concentration was ~2 mg/ml and an injection volume of 25
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pl was used. The HPLC was attached to a diode array detector measuring absorbance at 260 nm
(band width 40 nm). Polystyrene calibration standards were used with molecular weights ranging

from 580 Da to 2.95 million Da. Toluene was used as the monomer calibration standard.

4.4.6 Solid, gel and solution-state NMR

Cross-polarization/magic angle spinning (CPMAS) spectra were collected as described
previously (Ziebell et al., 2010) with slight modifications: A 7 mm ZiO2 rotor was loaded with
approximately 75 mg of dried biomass ground to 60 mesh. CPMAS NMR spectra were collected
on a Bruker DSX 200 spectrometer equipped with a 7 mm CPMAS probe and a 4.7 T magnet
(1H[1=[1200.1 MHz and 13C[1=[150.32 MHz). A ramped CP pulse with 1H and 13C fields
matched at 48 kHz was applied with a contact pulse of 2 ms. An acquisition time of 0.051 s and a
recycle delay of 1s were used with 2 k points collected and averaged over 40k scans for each

spectrum with MAS[1=[17 kHz.

Samples of whole biomass and isolated lignin were prepared for 2D gel state NMR by
suspending 20-30 mg of material in 0.5 ml of DMSO-d6 in a 5 mm NMR tube. Samples were

then sonicated for 2h (whole biomass) or 30 min- 1 h (isolated lignin).

Gel-state 1H-13C HSQC spectra were collected on a Bruker Avance III 600MHz spectrometer
with a 5 mm TCI cyroprobe. HSQC spectra were acquired with a sweep width of 15 ppm, 1024
data points, and an acquisition time of 57 ms in the F2 dimension. For the F1 dimension a sweep
width of 166 ppm was used with 256 increments. The recycle delay was set to 1.5 s and 128

scans were collected for each increment for a total experiment time of 14.5 h.
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For 2D HSQC NMR spectral analysis, lignin samples were isolated according to modified
literature methods (Bjorkman, 1956, Vanholme et al., 2010, Chang et al., 1975). In brief, 20
mesh switchgrass biomass was Soxhlet-extracted with benzene-ethanol (2:1, v/v) for 24 h to
remove extractives. The extracted wall residue was then milled in a porcelain jar (1 1) with
ceramic balls using a rotatory ball mill running at 96 rpm under nitrogen for 120 h. The ball
milled powder was then suspended in 20 mM sodium acetate, pH 5.0. A mixture of Cellulysin
cellulase (EC 3.2.1.4, Calbiochem, http://www.calbiochem.com), Cellobiase (Novozyme 188
from A. niger) and xylanase was added and the slurry incubated with shaking at 200 rpm and
37°C for 48 h. The digested cell wall fractions were then extracted twice with dioxane-water
(96:4, v/v) under stirring for 24 h. The extract was centrifuged and the supernatant evaporated
under reduced pressure, and freeze-dried. The resulting crude lignin-enriched samples were
washed with deionized water and purified by liquid-liquid extraction (Bjorkman, 1956) for NMR

characterization.

4.4.7 Glycome profiling

Glycome profiling was carried out by enzyme-linked immunosorbent assays of cell wall extracts
using a large collection of plant glycan-directed monoclonal antibodies

(http://www.wallmabdb.net) as described previously (Pattathil et al., 2010, 2012) (Table 4-5).

4.4.8 Metabolite profiling

Metabolite profiling of methanol extracts was performed as reported previously (Tschaplinski et
al., 2012) with modifications: Ten ml of the extracts were dried under nitrogen. Sorbitol (15 pg)

was added as internal standard, and the extracts were silylated for 2 days as described previously
(Tschaplinski et al., 2012), and 0.5 pl of the 1-ml reaction volume was analyzed by GC-MS.
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4.4.9 Statistical analyses

Metabolite data were averaged by control and PvMYB4-OX lines. Five biological replicates
were analyzed for the PvMYB4-OX line and two for the control line, and two technical
replicates were averaged for each sample. p-values were determined by Student’s t-test
(Microsoft Office Excel 2007) and p[!<[0.05 (indicated by asterisks in figures) considered as
indicating significant differences. Multiple comparisons were done with SAS software (SAS
Institute Inc., Cary, NC). Tukey’s honestly significant difference test was used when the null
hypothesis was rejected (pl1<[10.05). Means with the same letter, within each variable, are not

significantly different at p[1<[10.05.

4.5 Results and discussion

4.5.1 PvMYB4 overexpression in switchgrass

Previously generated PvMYB4-over-expressing (PvMYB4-OX) transgenic switchgrass lines
(1A, 1B, IC, 1D, 1E, 2A and 2B) were in the Alamo ST2 genetic background (Shen et al., 2012),
and additional lines were constructed in Alamo ST1 (Figure 4-6). Nine regenerated plants were
selected from independent antibiotic resistant calli, and six lines (L1, L2, L4, L6, L8 and LL11)
were confirmed to be transgene positive by genomic DNA PCR (Figure 4-6b). The PvMYB4
expression level was determined by qRT-PCR analysis (Figure 4-6¢). Lines L6 and L8 showed
intermediate expression level compared to lines L1, L2, L4 and L11. Overexpression of
PvMYB4 repressed endogenous PvMYB4 expression, indicating a negative self-regulatory
mechanism (Figure 4-6d). Adult PvMYB4-OX plants showed reduced tiller height and tiller
diameter, but increased tiller numbers in both genetic backgrounds under greenhouse conditions
(Shen et al., 2012), (Figure 4-6e). Whole tillers (comprised of approximately 48% leaves and
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52% stems on a weight basis for both control and transgenic materials) were used in all the
following experiments as these represent the material that would be processed in a biorefinery.
All materials were harvested at the same developmental stage (R1) according to a recently
published protocol designed to facilitate comparisons between transgenic and control switchgrass

materials (Hardin et al., 2013).

4.5.2 PvMYB4-OX lines exhibit up to a 2.6-fold increase in ethanol yield

Ethanol yields of control and PvMYB4-OX switchgrass were first assessed by weight loss during
yeast-based SSF with or without hot-water pretreatment (Figure 4-1a, b). PvMYB4-OX biomass
underwent a faster hydrolysis of cellulose to glucose and faster conversion of the glucose to
ethanol and CO2 under both pretreated and non-pretreated conditions than did control material.
After 7 days fermentation, the ethanol yield per gram of cellulose or biomass was about 2.6-fold
higher for the MYB4-OX lines than the control lines under non-pretreated conditions (Figure
4-1c, d). After hot water pretreatment, the ethanol yield increased significantly in both control
and MYB4-OX lines. However, untreated MYB4-OX transgenic biomass had a similar ethanol
yield to pretreated control biomass (Figure 4-1c, d). HPLC (High-performance liquid
chromatography) analysis indicated that only 0.077 to 0.175 mg glucose per gram of dry biomass
was left in the fermentation medium, and no furfural or HMF were detected. The SSF ethanol
yield without pretreatment showed a strong positive correlation (R2[1>[10.8) with the expression
level of PvMYB4 (Figure 4-1e, f). PvMYB4-OX switchgrass produces approximately 1.8-fold

more ethanol than COMT-RNAI switchgrass (9) under the same conditions (Figure 4-1g, h).
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4.5.3 PvMYB4-OX switchgrass has reduced levels of phenolic fermentation inhibitors

To check for the fermentation inhibitors reported in COMT-RNAI switchgrass (Tschaplinski et
al., 2012), we performed metabolite profiling of methanol extractives using GC-MS (Table 4-1).
Over 160 peaks were examined. Levels of phenolic fermentation inhibitors such as aromatic
aldehydes (p-hydroxybenzaldehyde and coniferaldehyde) and organic acids (p-coumaric (p-CA),
ferulic (FA) and sinapic acids) were significantly reduced in the PvMYB4-OX material (Table
4-1). Levels of various lignans were either reduced or increased in PvMYB4-OX lines (Table

4-1). The potential of lignans as fermentation inhibitors is unclear and needs further evaluation.

The content of soluble phenolics extracted by 50% methanol from the whole biomass of
PvMYB4-OX lines was reduced by about 10-20% compared to controls (Figure 4-7a). Levels of
the monolignols coniferyl alcohol, sinapyl alcohol and its glucoside syringin, and 5-
hydroxyconiferyl alcohol were all reduced. Levels of feruloylquinic acid esters declined,
whereas levels of caffeoylquinic acid esters were unchanged. Levels of the soluble sugars
glucose, fructose, galactose and raffinose were increased in the methanol extractives of M'YB4-
OX lines, by from 1.6- to 3.5-fold. These increases in monosaccharides, with sucrose unchanged,
suggest active production of raffinose (galactose addition to sucrose via galactinol), a storage
carbohydrate which accumulated. More uronic acids (2.5-fold) and amino acids (glutamine,
tyrosine, alanine, y-aminobutyric acid) were also found in the MYB4-OX methanol extractives
(Table 4-1). Accumulation of most of the soluble sugars measured, coupled with the decline in
monolignols, related upstream precursors, downstream lignans, and reduced lignin content with
the overexpression of PvMYB4 suggests altered partitioning of carbon away from the lignin

pathway (secondary metabolism), consequently benefitting primary metabolism.
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4.5.4 Changes in cell wall components in PvMYB4-OX switchgrass

PvMYB4-OX switchgrass transgenic lines have thinner stems with smaller vascular bundles
(Shen et al., 2012), although there were no obvious differences in stem structure. The cell walls
appeared to be thicker in the control lines based on staining of stem sections (Shen et al., 2012).
We measured the wall thickness of the parenchyma cells in the mature stem sections (E4I1
internode); the value for control plants was 4.21[1£[10.52 wm, compared with 1.8501£[10.50 um

for the PvMYB4-OX transgenics (Student t-test E-value pl1=[16.0E-20).

After removal of the methanol extractives, the wall-bound (ester- and ether-linked) phenolics in
the cell wall residues were released by successive hydrolysis in 2 M NaOH at 37°C for 5 h, and 4
M NaOH with autoclaving for 2 h, respectively, and were then measured by HPLC. Levels of
total wall-bound p-CA and FA, and ester-bound and ether-bound p-CA, were reduced in all
PvMYB4-OX lines except for L6. There was also a slight reduction in ether-bound FA content in
PvMYB4-OX lines in the ST2 background (Figure 4-2a). No changes were observed for ester-
bound FA. Thus, both ester-bound and ether-bound p-CA/FA ratios were significantly reduced in

lines highly over-expressing MYB4 (Figure 4-7b).

Total lignin thioacidolysis yields were reduced by about 50% in L1 and about 20% in L6 ST1
lines (Figure 4-2b). The SSF ethanol yield, without pretreatment, showed a strong negative
correlation with total lignin content (R2 =0.77) (Figure 4-2c¢), total wall-bound p-CA (R2 =0.85),
ester-bound p-CA (R2 =0.86), ether-bound p-CA (R2 =0.75) (Figure 4-2d) and ether-bound FA
(R2 =0.81) (Figure 4-2¢), and a weak negative correlation with ester-bound p-CA/FA ratio (R2

=0.52) as well as ether-bound p-CA/FA ratio (R2 =0.60) (Figure 4-2f).

128



Biomass was extracted with methanol followed by 0.1 M NaOH at 4°C, or with methanol and
chloroform followed by 2.0 M NaOH at 37°C to release the ester-linked wall-bound phenolics.
Both methanol and alkaline hydrolysis removed more mass from PvMYB4-OX lines than from
controls (Figure 4-2a). Extractive-free cell-wall residues were then characterized by solid-state
13C CP/MAS NMR (nuclear magnetic resonance) spectroscopy. Two control (2A and 2B) and
five transgenic lines (1A, 1B, 1C, 1Dand 1E) from ST2 were analyzed and gave similar results;
however, data are shown for only for 2A and 1C for figure clarity (Figure 4-3b-d). The lignin
and aromatic region was assigned to the 110-165 ppm region, which reflects free monomers or
wall attached lignin and hydroxycinnamate conjugates; this region was remarkably reduced in
the PvMYB4-OX lines (Figure 4-3b-d), in agreement with the chemical analysis. Compared to
the methanol extraction, which removes non-wall-attached phenolics and other free compounds
(Figure 4-3b), the following dilute base extraction (Figure 4-3c) removed most (if not all) of the
sugar acetylation (largely from carboxyl groups of hemicelluloses) as shown by the almost
complete disappearance of the hemicellulose acetyl carbonyl signal (168—177 ppm). This then
revealed a clear difference in the transgenic versus control line in the region of 162-170 ppm
(peak 165 ppm) (Figure 4-3c). The 162—170 ppm region can be seen as a slight shoulder in the
control after methanol extraction (Figure 4-3b), and corresponds to Cy[ /=[]0 side chain or the
C4 of the phenyl ring of wall-bound hydroxycinnamates. The reduced signal in this region in

PvMYB4-OX lines indicates a decrease of ester-bound hydroxycinnamates.

An obvious signal reduction in the aromatic regions of solid-state NMR spectra of methanol
extracted and dilute base extracted residues was observed for MYB4-OX lines (Figure 4-8). The
region 146—153 ppm is assigned to the C3 of both mono and di-methoxylated aromatic rings, and

also to the C4 from mono-methoxylated aromatics and C5 from di-methoxylated aromatics. The
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region at 125—-135 ppm can be largely attributed to aromatic carbons which have a carbon
attached, and the alpha and beta carbons on the propenyl side chains of the aromatic ring.
Decreased signals in these two regions are possibly due to de-esterification of lignin or

cinnamaldehydes in the PvMYB4-OX lines.

There were small changes in total sugar content of PvMYB4-OX whole biomass (Table 4-2). The
major monosaccharides released by acid hydrolysis were glucose, xylose and arabinose, which
represent, respectively, about 60%, 32% and 4-5% of the total sugars of the whole biomass.
There were no significant differences in total sugar content of cell-wall residues from PvMYB4-
OX and control lines after removal of soluble sugars and starch from whole biomass (Table 4-3).
About 7-9 mg of total pectin was extracted per gram of alcohol insoluble cell wall residue. Only
25% of this was extractable by water and sodium acetate/EDTA solution, and about 85% (wall-
bound pectin) was released by 0.1M HCl at 100°C for 1 h (Table 4-4). More pectin was released
from MYB4-OX lines than from controls (Table 4-4). Thus, down-regulation of lignin content in
PvMYB4-OX lines leads to increased soluble and wall-bound pectins in the cell walls (Table

4-4).

4.5.5 Overexpression of PvMYB4 reduces lignin size and internal linkages

Lignin molecular weight reduction is linked to reduced recalcitrance of low lignin alfalfa
(Medicago sativa) (Ziebell et al., 2010). Isolated lignins were prepared from two control and two
MYB4-OX lines, and their molecular weights measured by gel permeation chromatography
(GPC) (Figure 4-9). The average molecular weights of the isolated lignins were lower in the

PvMYB4-OX lines (1C and 1D), 4,400-4,900 Da as compared to 5,300-5,500 Da in control lines
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(2A and 2B). These changes are much smaller than reported in low lignin alfalfa (Ziebell et al.,

2010).

To check lignin inter-unit linkages, isolated lignins were analyzed by 2D heteronuclear single
quantum coherence (HSQC) NMR based on two-dimensional chemical shifts of protons and
carbon linkages. Spectra were collected on controls 2A and 2B and transgenic lines 1C and 1D
but data are only presented for 2A and 1C for simplicity and consistency with other figures. The
aromatic regions of the 13C-1H HSQC spectra showed no significant differences in aromatic C-
H correlations between PvMYB4-OX and control, indicating that the basic monolignol
constituents of the lignins are the same (Figure 4-10). However, in the aliphatic regions of the
spectra, the C-H correlations of the lignin side chains in -f linkages (resinols) were decreased in
PvMYB4-OX lines, whereas the other two major linkages, f-O-4 and -5 (phenylcoumaran)
were relatively unchanged (Figure 4-4a). Gel-state 2D HSQC NMR spectroscopy also revealed
that PvMYB4-OX lines have about a five-fold higher level of fucose residues in the cell walls

(Figure 4-4b).

4.5.6 Reduced association of xylan and pectins with lignin in PvMYB4-OX switchgrass

We conducted glycome profiling analyses (Pattathil et al., 2012) of sequential extractions of
PvMYB4-OX and control cell wall residues to assess the strengths of association of various
polysaccharide polymers within the cell walls (Figure 4-11). Oxalate and carbonate remove
mainly pectins and a small portion of hemicellulose from the walls, and the following 1M and
4M KOH treatments extract most of the tightly bound hemicelluloses and pectin. Chlorite
removes a significant portion of the lignin, and the post chlorite 4 M KOH extraction releases

additional hemicellulose and pectin components. The extracts were then screened by enzyme-
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linked immunosorbent assay using a comprehensive set of plant glycan-directed monoclonal
antibodies (mAbs) (Table 4-5) that recognize diverse epitopes on most of the major plant cell
wall polysaccharides ((Pattathil et al., 2010, 2012). The glycome profiles (represented as
heatmaps) were largely similar for control and PvMYB4-OX lines, the most notable differences
being in the chlorite and post-chlorite 4M KOH extracts (Figure 4-11). Increased binding
intensities in the 4M KOH PC extracts of MYB4-OX lines were for mAbs that recognize pectic
arabinogalactan (RG-I/AG) epitopes (Figure 4-11, white boxes and Figure 4-5a). This suggests
that lignin in the wild-type secondary cell wall blocks accessibility to such pectic
polysaccharides, which are traditionally considered as major components of the primary cell wall
and middle lamella. Alternatively, more RG-I/AG polysaccharides are present in the walls of
PvMYB4-OX lines. Reduced signals for the pectic RG-Ic, RG-I and HG backbone groups of
antibodies were observed in the chlorite extracts from MYB4-OX lines (Figure 4-11, blue boxes
and Figure 4-5b). These data reveal associations of pectic polysaccharides with lignin in
switchgrass, and the reduced lignin level in PvMYB4-OX lines potentially reduces such

associations.

Less xylan epitopes were released during the chlorite extraction in the MYB4-OX lines (Figure
4-11, yellow boxes and Figure 4-5c¢), suggesting less xylan cross-linking/association with lignin.
The chlorite treatment is unlikely to affect other wall components, and hence the release of the
carbohydrates by this treatment will arise due to the destruction of the lignin component that ties
these epitopes into the wall. Note that only a subfraction of these epitopes is released in the
chlorite step; other subfractions of these polymers are not tied to lignin and are released in other

extracts.
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The chlorite extract of the PvMYB4-OX lines also showed increased binding to the mAb BG-1,
which is specific for hemicellulosic B-1,3-1,4 glucan (Meikle et al., 1994) (Figure 4-11, yellow
boxes and Figure 4-5¢). An increase of fucosylated xyloglucan signal was also revealed by the
binding of antibodies such as CCRC-M1, CCRC-M102, and CCRC-M106 in both the 4 M KOH
and 4 M KOH PC extractives of the MYB4-OX lines (Figure 4-11, green boxes; Figure 4-5d).
The fucose in xyloglucan is (as far as is known to date) located in the terminal position on the
side-chains (Hoffman et al., 2005) and the antibodies are specific for the fucose in that position
(Puhlmann et al., 1994) thus, it is likely that the antibodies are indeed detecting an increase in
fucose level rather than an unmasking of the epitope. This is consistent with the increased wall-
associated fucose observed by NMR analysis being due to increased fucosylated xyloglucans in

PvMYB4-OX cell walls.

4.5.7 An improved system for high bioethanol production

Overexpression of PvMYB4 reduces the lignin content of switchgrass by 60-70% and increases
sugar release efficiency approximately 3-fold without acid pretreatment (Shen et al., 2012). This
translates into a 2.6-fold increase in ethanol yield using yeast-based SSF without pretreatment.
PvMYB4-OX switchgrass produces approximately 1.8-fold more ethanol than COMT-RNA1
switchgrass (Fu et al., 2011b) under the same fermentation conditions. The COMT-RNA1
transgenic lines require only 25-30% the level of cellulase for equivalent ethanol fermentation
compared to control switchgrass, with an estimated cost reduction for biomass processing of 21-
25% for enzyme alone after excluding biomass and capital charges (Fu et al., 2011b). Based on
the same calculations, PvMYB4-OX lines could save up to 45% of enzyme costs alone. Without
a consolidated bioprocessing fermentation method, the minimum ethanol selling price (MESP)

from switchgrass feedstock is $1.42-2.91 /gallon (Humbird et al., 2011). The estimated enzyme
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cost savings from use of PvMYB4-OX transgenic switchgrass will give 0.78—1.60/gallon MESP

which essentially meets the US Department of Energy’s 1.07/gallon target for 2012.

Fermentation inhibition by low molecular-weight compounds is a critical concern when
processing lignin down-regulated biomass (Clark and Mackie, 1984). Increased levels of
phenolic aldehydes and acids contribute to inhibition of microbial growth during fermentation of
COMT-RNAI switchgrass (Tschaplinski et al., 2012). In contrast, levels of monolignols,
phenolic aldehydes, and phenolic acids are all reduced in PvMYB4-OX switchgrass lines,

consistent with the improved yeast-based SSF fermentation results.

4.5.8 New insights into recalcitrance of lignocellulosic feedstocks

Multiple factors may contribute to the recalcitrance of lignocellulosic feedstocks towards
chemical treatments and/or enzymes, many of which are related to the presence of lignin in cell
walls (Himmel et al., 2007). SSF ethanol yields negatively correlate with total lignin content,
wall-bound p-CA (both ester-linked and ether-linked), ether-linked FA, and ester-linked p-
CA/FA ratio in switchgrass. A decreased ester-linked p-CA/FA ratio has been associated with
increased forage digestibility in barley (Du et al., 2009) and increased sugar release efficiency in
switchgrass (Shen et al., 2009). FA serves as a bridge between lignin and hemicellulose (Hatfield
and Chaptman, 2009) and ferulate-arabinoxylan esters can form ether linkages with lignin
polymers (Ralph, 2010). The reduced level of ether-bound FA in MYB4-OX switchgrass
suggests a looser wall association between lignin and arabinoxylans, as confirmed by
extractability studies and glycome profiling. Reduced lignification or ferulate-lignin cross-

linking are also important for improved fiber fermentability in maize suspension cells (Grabber
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et al., 2009). Overall, our data suggest that reduced lignin content, polymer size and changes in

inter-unit linkages all likely contribute to the reduced recalcitrance of PvMYB4-OX lines.

Fewer pectic epitopes (RG-Ic, RG-I backbone and HG backbone-1 groups) are released from
PvMYB4-OX wall residues during chlorite extraction. This suggests that specific sub-
populations of these pectic polysaccharides may directly link/associate with lignin. Older
literature suggests that pectic arabinogalactans can be removed concurrently with lignin during
the delignification of lupin by chemical treatments (Monro et al.,1972, Selvendran et al., 1975).
A study in alfalfa suggested that the deposition and distribution of pectin corresponded to the
deposition patterns of lignin in the middle lamella (Wi et al., 2005), where much of the pectin in
the cell wall is located and lignification is initiated (Donaldson, 2001). A recent study also
suggests the presence of critical associations between lignin and pectins in Populus biomass,
where hydrothermal pretreatment disrupts lignin-polysaccharide interactions together with a loss
of pectins and arabinogalactans (DeMartini et al., 2011). Although a pectin-hemicelluose-
cellulose network has been widely accepted, direct lignin-pectin linkages/interactions should be

further investigated in view of their potential contribution to recalcitrance.

Lignin and wall-bound phenolics are not the only factors impacting recalcitrance in switchgrass.
Glycome profiling and NMR revealed increased levels of wall-associated fucose, possibly in
fucosylated xyloglucans, in PvMYB4-OX lines. Fucosylated cell wall components in plants
include glycolipids, O- and N-glycoproteins and polysaccharides such as xyloglucans and
rhamnogalacturonans (RG). The glycolipids will be removed by methanol extraction and thus do
not contribute to the fucose measured in the present study. Cell wall glycoproteins can form ether
and aryl linkages through tyrosine, lysine and sulfur-containing amino acids with

hydroxycinnamic acids esterified to polysaccharides in the cell wall. The fucosyl residues in RG-
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IT and xyloglucan are important for the strength of load-bearing elements in cell walls (Ryden et
al., 2003, Campbell and Braam, 1999). Fucosylated xyloglucans are thought to have
interconnections with the cellulosic matrix (Levy et al., 1997), and in vitro binding assays and
computer modeling suggest that the fucosyl groups of xyloglucan may stabilize a xyloglucan
conformation and help the polysaccharide to bind more tightly to cellulose in the wall matrix
(Levy et al., 1991, Medford et al., 1991). Fucosylated oligosaccharides derived from xyloglucans
may also act as signal molecules in plant-pathogen interactions or plant growth regulation (Fry et
al., 1993, Vargas-Rechia et al., 1998). The increased fucose content of RG-II and xyloglucan in
PvMYB4-OX lines might compensate for the mechanical weakness caused by the reduced lignin
levels in the cell walls, explaining why PvMYB4-OX tillers do not show severe lodging when

grown in the greenhouse.

4.6 Conclusions

The concept of increased saccharification efficiency and ethanol yield through down-regulation
of single lignin biosynthetic genes has been proven successful, while also creating problems,
including the accumulation of upstream phenolic metabolites that are fermentation inhibitors.
Our results demonstrate that an alternative approach, the overexpression of a general
transcriptional repressor of the phenylpropanoid/lignin biosynthesis pathway, can reduce carbon
flux into the lignin biosynthetic pathway and produce a bioenergy crop with reduced cell wall
recalcitrance, slightly increased polysaccharide content and reduced levels of phenolic
fermentation inhibitors. The very large improvement in ethanol yield, proportional to the
dramatic reduction of recalcitrance, makes MYB4-OX switchgrass an excellent model system for
understanding the chemical basis of recalcitrance, and for the development of economically

viable lignocellulosic feedstocks for biofuel production. It is important to note that selection of
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specific transgenic events for incorporation in breeding programs is based on multiple
considerations. Important in the lignin modification field is the trade-off between reduced
recalcitrance and biomass yield. In this respect, line L6 (intermediate high overexpression of
PvMYB4) grows much better than more highly overexpressing lines. Although we see a strong
correlation between wall-bound phenolic levels and recalcitrance (determined as final ethanol
yield) based on our whole population of transgenics, there is no change in wall-bound phenolic

levels in line L6, although this line does show improved ethanol yields.
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4.9 Appendix

4.9.1 Figures and tables
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Figure 4-1 Bioconversion of PvMYB4-OX transgenic switchgrass biomass to ethanol with or
without hot water pretreatment using Saccharomyces cerevisiae DSA.

(a, b) Time courses of fermentation of whole plant material without (a) and with (b) hot water
pre-treatment in fermentation broths measured by weight loss. (c, d) Final ethanol yields
calculated as mg/g cellulose (c) or mg/g biomass (d) from hot water pre-treated and non-treated
biomass, with comparison of different control (Ctrl) and PvMYB4-OX lines. (e, f) Correlation
between the PvMYB4 transcript level and SSF ethanol yield without pretreatment. Data from
lines L1, L6, L7, L8, L9 and LL10 (Alamo ST1 background), and 1A, 1B, 1C, 1D, 1E, 2A and
2B) Alamo ST2 genetic background) are used. (g, h) SSF ethanol yield comparison of PvMYB4-

OX and PvCOMT-RNAI (9) transgenic lines. All data are means! |+[|SE (n[1=[13).
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Figure 4-2 Correlations between lignin content, wall-bound phenolics and SSF ethanol yield.

(a) The content of ester-linked, ether-linked and total wall-bound p-coumaric and ferulic acids
in the cell wall residues (CWR) of switchgrass whole tillers. (b) Lignin composition of control
and PvMYB4-OX switchgrass whole tillers determined by thioacidolysis. Ctrl: control lines; S,
syringyl unit; G, guaiacyl unit; H, p-hydroxyphenyl unit. (c-f) Correlations with SSF ethanol
yield without pretreatment. (c) lignin content. (d) wall-bound p-coumaric acid. (e) ether-lined
ferulic acid. (f) wall-bound p-CA/FA ratio. All data are means[ |£[ISE (n[=[13). The letters
indicates significant differences of total lignin content at the p[1<[10.05 level. Mean
comparisons, based on mean separation test results, cannot be compared across variables in

Figure 4-2a
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Figure 4-3 Cell wall extractabilities and characteristics determined by solid-state 13 C CP/MAS
NMR spectroscopy.

(a) Cell wall integrity of whole biomass or cell wall residues (CWR) determined by the
percentage of mass lost under different extraction conditions. 0.1M NaOH, 0.1 M NaOH
extraction overnight at 5°C after 91-92% methanol extraction overnight at 5°C. 2M NaOH:
extraction of ester-linked wall-bound phenolics from CWR. *Asterisks indicate values that were
determined by the Student t-test to be significantly different from their equivalent control
(p'<[10.05). All data are means[J+[ISE (n[1=[13). (b-d) Solid-state 13C CP/MAS NMR spectra
of CWRs of control (2A) and PvMYB4-OX (1C) biomass that had been extracted with methanol
(b), 0.1M NaOH (c) or 2M NaOH (d). Whole biomass, non-extracted biomass from the whole
tillers. CWR, cell wall residues of the whole biomass extracted by methanol: chloroform,

methanol, methanol: H,O and H,O.
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Figure 4-4 Partial HSQC spectra showing the side-chain C-H correlations from the three main
linkages (p-O-4-, B -5-, and B-p) in lignins and presence of wall-associated fucose.

Partial HSQC spectra of isolated lignins. The carbon positions in aromatic ring and side-chain
are labeled on the molecular structures of the A, B and C types of linkages. The insert table
shows the relative content of different linkage types. (b) Partial 2D HSQC NMR analysis of gel-

state CWR showing increased wall-associated fucose in PvMYB-OX. Red, control 2A. Blue,

PvMYB4-OX
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Figure 4-5 Glycome profiling heatmaps of specific cell wall extracts showing areas thatwith
indication of antibodies.

The white, blue, yellow and green colored boxes highlighted in Additional file 1 are enlarged in
(a-d) to show differences in antibody binding signals. (¢) Heatmap scale. The black, blue, red
and yellow colors indicate the binding intensities of groups of plant glycan-directed monoclonal
antibodies (with black color depicting no binding and bright yellow depicting strongest binding)
that are selective for the different cell wall polysaccharides as labeled on the right-hand side of

the figure.
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Figure 4-6 Genomic DNA PCR and qRT-PCR for PvMYB4-OX lines generated from Alamo ST1
background.

(a) The pANIC2B-PvMYB4 construct used for switchgrass transformation. OsActl, promoter of
rice Actinl gene; rubi3, promoter of rubisco3 gene; ZmUbil, promoter of maize ubiquitin 1
gene. hph, hygromycin resistance gene for transformation selection marker. LB and RB, left and
right borders of the T-DNA sequences. The double arrows show the primer pairs used for
genomic DNA PCR testing. HPH, hygromycin specific gene primer pairs; Gene specific, primer
pairs covering the ZmUBI1 promoter region and PvMYB4 gene specific region. (b) Genomic
DNA PCR. L7, L9, L10 and ST1 are transgenic and non-transgenic control lines. (c,d) qRT-PCR
analysis showing (c) the PvMYB4 transcripts in control and PvMYB4-OX transgenic switchgrass
and (d) endogenous PvMYB4 gene is down-regulated by the over-expression of PvMYB4 in
switchgrass. Primer pairs used as been reported before. Data are means +SE (n=3). The L1 (high
overexpression), L6 (intermediate overexpression), L9 and L19 (transgenic controls) are chosen
for further analysis. (e) Visible phenotypes of control (Line 2A) and PvMYB4-OX switchgrass

(Line 1C).
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Figure 4-7 PvMYB4-OX transgenic switchgrass lines have reduced levels of soluble phenolic
compounds and reduced ester- and ether-linked p-coumaric/ferulic acid ratios.

(a) Levels of total soluble phenolic compounds as determined by reaction with Folin Ciocalteau
reagent. (b) Levels of ester- and ether-linked wall-bound p-coumaric/ferulic acid (p-CA/FA)
ratios. All data are means +SE (n=3). Different letters on the bars of figures indicate significant
differences at the p<0.05 level. Mean comparisons, based on mean separation test results, cannot
be compared across variables in panel b. Lines L9, .10, L1 and L6 are in the Alamo ST1 genetic

background, lines 2A, 2B, 1A, 1C and 1E in the Alamo ST2 genetic background.
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Figure 4-8 Comparisons of methanol (blue), 0.1 M NaOH (red) and 2.0 M NaOH (green) extracted
cell wall residues determined by solid-state 13C CP/MAS NMR spectroscopy.

Panels(a) and (b) show the NMR spectrum for control line 2A and MYB4-OX line 1C.
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Figure 4-9 Gel permeation chromatography (GPC) analysis of isolated lignin s from PvMYB-OX
and control switchgrass.

Control lines: 2A and 2B. MYb4-OX lines: 1C and 1D.
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Figure 4-10 Partial 13C-1H HSQC spectra of milled lignins showing the C-H correlations from
aromatic rings of the structural units.

pCA, p-coumaryl unit. G, coniferyl lignin unit. S, sinapyl lignin unit.
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Figure 4-11 Glycome profiling of extracts from alcohol insoluble cell wall residues from switchgrass

Sequential extracts were prepared from the cell wall materials (AIR) prepared from control and
PvMYB4-OX transgenic lines using a set of reagents with increasing harshness (as labeled in the
bottom panel of the figure). The bars on the top panels of the figure indicates the amount of

carbohydrates released by sequential extraction of the wall residues.
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Table 4-1 Metabolite concentrations (ng/ml) of methanol extracts as determined by GC-MS

Metabolite MYB4- Control  MYB40X/ P-value  Classification
0).¢ Ctrl
16.07 375 583 513 411 427 204 6 1 8.66 0.000 glucoside
16.23 488 327 265 syringyl 4 1 6.33 0.018 lignan
lignan
15.97 583 375 285 70 12 5.98 0.001 N/A
11.01 450 217 sugar 45 11 4.29 0.030 modified sugar
9.96 281 383 354 289 71 4.07 0.022 phenolic
10.27 328 343 284 254 999 245 4.08 0.005 N/A
raffinose 933 267 3.49 0.022 sugar - trisaccharide
galactose 1193 345 3.46 0.056 sugar - monosaccharide
19.47 496 481 209 lignan 36 11 3.31 0.050 lignan
a-tocopherol 18 6 3.20 0.060 vitamin
y-tocopherol 11 4 2.73 0.018 vitamin
13.93 375 292 305 275 uronic 176 69 2.54 0.002 sugar acid conjugate
acid
dehydroabietic acid 76 32 2.36 0.048 resin acid
19.09 483 498 lignan 11 5 2.27 0.047 lignan
Tryptophan 264 120 2.21 0.036 amino acid
16.11 368 600 585 353 255 11 5 2.18 0.001 N/A
Fructose 8160 3897 2.09 0.083 sugar - monosaccharide
Bornesitol 2914 1403 2.08 0.000 cyclitol
Glutamine 605 315 1.92 0.081 amino acid
Tyrosine 610 320 1.91 0.058 amino acid
a-linolenic acid 1132 674 1.68 0.060 fatty acid
Alanine 3061 1835 1.67 0.002 amino acid
Glucose 6307 3799 1.66 0.040 sugar - monosaccharide
16.85 caffeic acid conjugate 17 11 1.59 0.031 phenylpropanoid
dodecanoic acid 104 68 1.53 0.090 fatty acid
3-0-caffeoylquinic acid 414 297 1.39 0.146 phenylpropanoid
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Table 4-1 continued

Metabolite MYB4- Control  MYB40X/ P-value  Classification
0).¢ Ctrl
5-O-caffeoylquinic acid 24 17 1.37 0.073 phenylpropanoid
caffeic acid 42 30 1.37 0.040 phenylpropanoid
7451 5457 1.37 0.050 amino acid
GABA (y-aminobutyric acid)
shikimic acid 6025 4626 1.30 0.423 organic acid
Campesterol 54 43 1.26 0.078 sterol
4-O-caffeoylquinic acid 28 23 1.23 0.405 phenylpropanoid
quinic acid 2716 2670 1.02 0.932 organic acid
sinapic acid 4 6 0.78 0.075 phenylpropanoid
5-O-feruloylquinic acid 134 185 0.72 0.050 phenylpropanoid
19.14 572 498 483 2 2 0.70 0.001 N/A
5-hydroxyconiferyl alcohol 1 1 0.68 0.001 phenylpropanoid
ferulic acid 26 42 0.61 0.001 phenylpropanoid
sinapyl alcohol 6 10 0.58 0.004 phenylpropanoid
Sucrose 3600 6212 0.58 0.226 sugar - disaccharide
4-O-feruloylquinic acid 98 173 0.57 0.013 phenylpropanoid
12.88 553 463 373 283 27 49 0.56 0.001 N/A
coniferaldehyde 1 1 0.53 0.006 phenylpropanoid
p-coumaric acid 102 236 0.43 0.000 phenylpropanoid
3-O-feruloylquinic acid 171 413 0.41 0.007 phenylpropanoid
16.32 327 syringyl lignan 227 562 0.41 0.000 lignan
coniferyl alcohol 4 12 0.36 0.000 phenylpropanoid
16.11 327 297 syringyl lignan 23 66 0.35 0.002 lignan
16.76 354 482 439 323 297 1 3 0.32 0.000 lignan
lignan
Syringing 3 10 0.31 0.000 phenylpropanoid
16.82 354 456 203 188 0 1 0.30 0.002 N/A
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Table 4-1 continued

Metabolite MYB4- Control MYB4OX/ P-value  Classification
)¢ Ctrl

16.06 297 guaiacyl lignan 644 2184 0.30 0.000 lignan

9.99 275 1 4 0.20 0.000 N/A

p-hydroxybenzaldehyde 4 23 0.18 0.000 phenylpropanoid

guaiacylglycerol 45 287 0.16 0.000 phenylpropanoid

15.84 412 323 297 209 lignan 29 207 0.14 0.000 lignan

15.12 518 shikimic acid 0 2 0.13 0.001 organic acid

conjugate

16.62 486 576 546 456 209 9 72 0.13 0.000 lignan

lignan
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Table 4-2 Sugar composition (mg/g dry biomass) of whole tiller biomass determined by quantitative saccharification assay

Lines Glucose Xylose Galactose Arabinose Total Glucose (%
sugars of control)
Control (ST1) 339.2+7.1  158.0+10.1 20.8+0.5 29.4+0.4 549.3+17.1 100
L1 383.9+1.8*% 161.8+1.1 28.2#0.5* 36.1#0.2* 613.1+3.2* 113.2
L6 319.7412.2 129.0+#13.5 16.9+0.7* 30.21.7 497.8+27.8 94.3
L8 351.3+1.4 157.8#4.2  16.6%0.1* 29.3%0.7 557.5%6.3 103.6
Control (ST2) 343.1+2.6 190.0+4.2 17.7+0.3 30.2+0.3 583.2+3.9 100
1A 320.2+25.4 142.6+24.7 25.0+1.6* 34.2+4.4 524.9+56.0 93.3
1B 359.0+1.4* 178.5+1.7* 24.7+0.1* 35.3#0.1* 601.1+3.0* 104.6
1C 353.6+3.3  169.1+0.9* 25.1+0.5* 34.5%0.2* 585.5%4.5 103.1
1D 344.143.3  179.5+2.4* 24.0+0.5* 34.1+0.2* 584.516.3 100.3
1E 371.843.7* 190.8+2.2 21.7#0.1* 34.0+0.4* 620.816.0* 108.4

Control for ST1 lines is the average of control lines L9 and L10. Control for ST2 lines is the average of control lines 2A and 2B. All

data are means +SE (n=6 for control lines and n=3 for transgenic lines). Asterisks indicate values that were determined by the Student

t-test to be significantly different from their equivalent control (p<0.05).
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Table 4-3 Levels of total sugars (mg/mg dry cell wall residues) from control and MYB4-OX switchgrass after removal of soluble sugars
and starch

Lines Glucose Xylose Galactose Arabinose Total Glucose
sugars (% of
control)
Control (ST1) 468.2+18.6  254.0+2.2 12.8+0.6 24.1+0.7 759.049.6 100
L1 474.0£7.9 261.4%0.5 14.7+0.1 29.710.2 779.818.8 101.2
L6 477.1+£2.1  261.2+1.3. 14.5+0.6 28.7+1.9 781.543.3 101.9
L8 472.3+5.1  259.2#0.2 13.0+0.7 25.842.3 770.31£2.3 100.9
Control (ST2) 426.1+£5.7  270.5+3.2 12.1+0.3 25.0+0.9 733.748.0 100
1A 438.1+1.8  257.9%0.2 16.2+0.3 33.2+1.3 745.310.4 102.8
1B 443.9+1.8% 270.120.3 12.6%0.1 30.9+0.5 757.5£0.9 104.2
1C 448.2+0.0% 264.5+2.2 13.5+0.3 31.8+0.5 758.0+1.4 105.2
1D 444 8+7.2 274543 13.1+1.1 31.3+3.9 763.746.5 104.4
1E 423.8+3.5 271.5x4.1 13.3%0.1 33.510.4 742.0+7.3 99.5

No significant differences among lines were detected. Control for ST1 lines is the average of control lines L9 and L10. Control for
ST?2 lines is the average of control lines 2A and 2B. All data are means +SE (n=4 for control lines and n=2 for transgenic lines).

Asterisks indicate values that were determined by the Student t-test to be significantly different from their equivalent control (p<0.05).
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Table 4-4 Levels of pectin extracted from control and MYB4-OX switchgrass

Lines Water Na-AC/EDTA HCIl extracted  Total pectin
extracted extracted

2A (control) 0.73£0.05 0.33+0.14 5.93+0.08 6.98+0.18

1C 0.93+0.04 * 0.52+0.13 * 6.9740.17 * 8.42+0.22 *

1D 0.77£0.07 0.50+0.13 7.10£0.27 * 8.37+0.34 *

L10 (control) 0.96+0.04 0.40+0.01 4.82+0.12 6.14+0.10

L1 1.04£0.06 0.49+0.23 7.13+0.08 * 8.66+0.32 *

All data are means +SE (n=3). Asterisks indicate values that were determined by the Student t-test to be significantly different from

their equivalent control (p<0.05).
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Table 4-5 Plant cell wall glycan-directed monoclonal antibodies (mAbs) used for glycome profiling
analyses.

Glycan groups mADb names
Non-Fucosylated CCRC-M95
Xyloglucan-1 CCRC-M101
Non-Fucosylated CCRC-M104
Xyloglucan-2 CCRC-M89
CCRC-M93
CCRC-M87
CCRC-M88
Non-Fucosylated CCRC-M100
Xyloglucan-3 CCRC-M103
Non-Fucosylated CCRC-M58
Xyloglucan-4 CCRC-M86
CCRC-M55
CCRC-M52
CCRC-M99
Non-Fucosylated CCRC-M54
Xyloglucan-5 CCRC-M48
CCRC-M49
CCRC-M96
CCRC-M50
CCRC-M51
CCRC-M53

Non-Fucosylated

RC-M

Xyloglucan-6 CCRC-MST
CCRC-M102
Fucosylated CCRC-M39
Xyloglucan CCRC-M106
CCRC-Mg4
CCRC-M1
Xylan-1/XG CCRC-M111
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Table 4-5 continued

Glycan groups mAb names

CCRC-M109

CCRC-M119
CCRC-M115
CCRC-M110
CCRC-M105

CCRC-M117
CCRC-M113
CCRC-M120
CCRC-M118
CCRC-M116
CCRC-M114

CCRC-M154
CCRC-M150

CCRC-M144
CCRC-M146
CCRC-M145
CCRC-M155

CCRC-M153
CCRC-M151
CCRC-M148
CCRC-M140
CCRC-M139
CCRC-M138

CCRC-M160
CCRC-M137
CCRC-M152
CCRC-M149

Xylan-7

Galactomannan-1 CCRC-M75
CCRC-M70
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Table 4-5 continued

Glycan groups mAb names
CCRC-M74

CCRC-M166
CCRC-M168
CCRC-M174
CCRC-M175
CCRC-M169
CCRC-M170

LAMP
-Gl
BGl1

Galactomannan-2

Acetylated Mannan

HG CCRC-M131
Backbone-1 CCRC-M38
JIM5

HG JIM136
Backbone-2 JIM7

RG-1I CCRC-M69
Backbone CCRC-M35
CCRC-M36

CCRC-M14

CCRC-M129

_CCRC-M72

Linseed Mucilage JIM3
RG-I CCRC-M40
CCRC-M161

CCRC-M164

Physcomitrella CCRC-M98
Pectin CCRC-M9%4
CCRC-M5

RG-a CCRC-M2
RG-Ib JIM137
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Table 4-5 continued

Glycan groups

RG-Ib

RG-I/Arabinogalactan

mADb names

_JIMI01

CCRC-M61
CCRC-M30
CCRC-M23
CCRC-M17
CCRC-M19
CCRC-M18
CCRC-M56
CCRC-M16

CCRC-M60
CCRC-M41
CCRC-M80
CCRC-MT79
CCRC-M44
CCRC-M33
CCRC-M32
CCRC-M13
CCRC-M42
CCRC-M24
CCRC-M12

CCRC-M7

CCRC-MT77
CCRC-M25

CCRC-M9
CCRC-M128

CCRC-M126

CCRC-M134

CCRC-M125

CCRC-M123

CCRC-M122

CCRC-M121

CCRC-M112

CCRC-M21

JIM131

CCRC-M22

JIM132
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Table 4-5 continued

Glycan groups

mADb names

RG-I/Arabinogalactan

Arabinogalactan-1

Arabinogalactan-2

Arabinogalactan-3

Arabinogalactan-4

Unidentified

JIM1

CCRC-M15
CCRC-M8

JIM16
JIM93
JIM94
_JIMI1
MAC204
JIM20

JIM14
JIM19
JIM12

CCRC-M133

CCRC-M107

JIM4

CCRC-M31

JIM17

CCRC-M26

JIM15
JIMS

CCRC-M85
CCRC-M81

MAC266

PN 16.4B4

MAC207
JIM133
JIM13

CCRC-M92
CCRC-M91
CCRC-M78

MAC265

CCRC-M97
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The groupings of antibodies are based on a hierarchical clustering of ELISA data generated from
a screen of all mAbs against a panel of plant polysaccharide preparations1,2 that groups the
mAbs according to the predominant polysaccharides that they recognize. The majority of
listings link to the WallMabDB plant cell wall monoclonal antibody database
(http://www.wallmabdb.net) that provides detailed descriptions of each mAb, including
immunogen, antibody isotype, epitope structure (to the extent known), supplier information, and

related literature citations.
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Chapter 5: Overexpression of switchgrass sucrose synthase
(PvSUSI) increases plant biomass in transgenic switchgrass

(Panicum virgatum L.)

(This chapter has been submitted to Plant Cell Reports with the following authors Charleson R.
Poovaiah, Mitra Mazarei, Stephen R Decker, Geoffrey B Turner, Robert W Sykes, Mark F Davis

and C. Neal Stewart Jr.)

Charleson R Poovaiah designed and conducted the experiments except lignin and sugar release

assays and wrote the manuscript
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5.1 Abstract

Sucrose synthase converts sucrose and uridine di-phosphate (UDP) into UDP-glucose and
fructose. UDP-glucose is used by the cellulose synthase biosynthesis machinery to produce
cellulose for cell walls. For lignocellulosic feedstocks such as switchgrass (Panicum virgatum
L.), the manipulation of cell walls is needed to reduce recalcitrance of conversion of biomass
into biofuels. Four sucrose synthase (SUS) genes were identified in switchgrass by
bioinformatic analysis of genomics data. When the sequence of the derived amino acids were
compared with other plant SUS genes, the cluster analysis showed that the SUS isoforms were
clustered into the three SUS groups, and each gene is clustered with its homolog from other
monocot species. Each switchgrass SUS (PvSUS) gene contains 14 or 15 introns, similar to the
structure of homologs in other species. PvSUSI was expressed ubiquitously in the tissues tested.
PvSUS?2 and PvSUS6 were highly expressed in internodes and root respectively. PvSUS4 was
expressed in low levels in all the tissues tested. cDNA was isolated and characterized. Transient
expression analysis of PvSUSIfor subcellular localization using a fluorescent protein marker
showed that the PvSUS1 protein was localized to the plant plasma membrane. Transgenic
switchgrass plants overexpressing PvSUSI had increased in biomass and cellulose content. For
switchgrass and other bioenergy feedstocks, the overexpression of SUSI genes might be a
feasible strategy to increase both plant biomass and cellulose content to increase biofuel

production per land area cultivated.
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5.2 Introduction

In higher plants photosynthates are transported from source tissues to sink tissues, mostly in the
form of sucrose. Sucrose in cleaved by the enzymes invertase and sucrose synthase (SUS) in sink
tissues to yield glucose and fructose which is used in various metabolic processes. Sucrose
synthase (SUS), a glycosyltransferase, catalyzes the reversible conversion of sucrose to uridine
di-phosphate (UDP) to UDP-glucose and fructose (Geigenbergere and Stitt 1993). The role of
SUS in higher plants in phloem loading and unloading and in carbon partitioning for storage and
metabolism in the plant cell has been well-characterized in many species (Haigler, et al. 2001;
Ruan, et al. 2008). The breakdown of sucrose by SUS is correlated with the sink strength of
starch storage organs (Fu and Park 1995; Zrenner, et al. 1995). Activity of sucrose synthase
correlates with sink strength of organs storing carbohydrates such as potato tubers (Zrenner, et al.
1995) and maize kernels (Chourey, et al. 1998).

Sucrose synthase can be accumulated in the cytosol or associated with the plasma membrane
where it is linked to the synthesis of cell wall polysaccharides callose and cellulose (Amor, et al.
1995). Sucrose synthase has been found to accumulate to high levels along the plasma membrane
and in microtubules beneath the secondary cell wall thickenings in tracheary elements (Salnikov,
et al. 2001). ZmSUS1, one of the membrane-associated forms of SUS, from maize, is primarily
expressed during stem elongation (Duncan, et al. 2006). Sucrose synthase has been identified as
an integral part of the cellulose synthase machinery and the catalytic unit that is part of the
plasma membrane associated rosette structure involved in cellulose synthesis (Fujii, et al. 2010).
All four identified SUS genes in barley identified to date exist in both soluble and membrane
associated forms, although their exact functions have not been elucidated (Barrero-Sicilia, et al.

2011).
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Overexpression of SUS genes has been established to increase cellulose content in Acetobacter
xylinum (Nakai, et al. 1999) and poplar (Coleman, et al. 2009). When overexpressed in tobacco
(Coleman, et al. 2006) and cotton (Jiang, et al. 2012), the transgenic plants had increased
biomass. Conversely, suppression of SUS decreased cellulose content in carrots (Tang and Sturm
1999). However, the membrane association of these particular gene isoforms has not been

established.

In our study, we identified four SUS genes in the lignocellulosic biofuel feedstock switchgrass
(Panicum virgatum L.) and compared their sequences to previously identified SUS genes.
Subcellular localization of PvSUST was studied using a translational fusion construct to a
fluorescent protein gene. Stable transgenic switchgrass plants were made whereby
overexpression of PvSUS1 yielded plants with increased biomass and cellulose content. Our
findings indicate PvSUS1 is membrane associated and could play a role in cellulose synthesis,
which renders it a good candidate for improving biomass and biofuel yield for sustainable energy

production.

5.3 Material and methods

5.3.1 Bioinformatic and cluster analyses

Rice SUS sequences were used for BLAST searches against the switchgrass sequence database
at Phytozome (www.phytozome.net) to identify putative switchgrass members of the SUS gene
family. Exon-intron structure was predicted by comparing genomic sequences with mRNA and
cDNA sequences. To identify conserved domains in SUS proteins, a search was done with

InterPro program using the Pfam database (Bateman, et al. 2002).
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To enable cluster analysis, amino acid sequences of SUS genes were obtained from Genbank.
Protein accession numbers of SUS genes from Eucalyptus, poplar, sugarcane, potato, beet,
cotton, pea, Arabidopsis, Phaseolus, Vigna, lolium, bamboo, maize, rice, barley, tomato and
Physcomitrella were used: EgSUS1 (ABB53601), EgSUS3 (ABB53602), PtrSUS1
(AARO03498), PtrSUS2 (ABW76422), SoSUS2 (AAM68126), StSUS (AAO67719), StSUS2
(AA0O34668), BvSUS (AAK65960), GhSUS1 (ACV72640), GaSUS3 (AAD28641), Ps-NeSUS
(AAC28107), MsSUS (AAC17867), BvSUS2 (AAR19769), AtSUS1-6 (NP_197583,
NP_199730, NP_192137, NP_566865, NP_198534, NP_177480), PvSUS (ACP17902), VaSUS
(BAHS56282), SbSUS2 (ACM69042), CcSUS2 (ABI17891), MeSUS (ABD96570), PtrSUS2
(ABW76422), LpSUS (BAE79815), BoSUS1-4 (AAV64256, AAL50571, AAL50570,
AAL50572), ZmSUS1 (NP_001105323), ZmSUS2 (NP_001105194), ZmSUS-SH1
(NP_001266691), OsSUS1-7 (P31924, P30298, Q43009, Q10LP5, H6TFZ4, Q6K973,
Q7XNX6), HvSUS1-4 (P31922, P31923, CAZ65725, AEH16642), Le-FSUS (AAA34196),
PpSUS (XP_001781447). The amino acid sequences were aligned using the online version of
MAFFT v 7.0 (Katoh and Standley 2013). Model testing for producing the best-fit model was
done using ProtTest v 2.4 (Abascal, et al. 2005). The maximum likelihood tree was constructed
by PhyML (Guindon, et al. 2010) using the model identified by ProtTest and bootstrapping with
100 trees. The resulting tree was visualized in FigTree v.1.4.0
(http://tree.bio.ed.ac.uk/software/figtree) and rooted using Physcomitrella patens as the

outgroup.

5.3.2 Cloning of PvSUS1

RNA was extracted from E2- E3 stage stem and leaf of switchgrass cultivar Alamo using

TRIREAGENT (Molecular Research Center, Inc. Cincinnati, OH) following manufacturers’
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guidelines. Complementary DNA was synthesized using random hexamers and oligo dT using
1Script™ cDNA synthesis kit (Bio-Rad Laboratories, Inc. Hercules CA) after DNAse treatment.
PvSUST was amplified from the cDNA using the primers CP33 and CP34 (Table 5-1). PvSUSI
was cloned into pCR8-GW-TOPO vector (Life Technologies, Carlsbad, CA) for sequence
verification. PvSUSI was subsequently cloned into pANIC-10A vector (Mann, et al. 2012)

through GATEWAY recombination reaction for overexpression in switchgrass.

5.3.3 Subcellular localization experiments

To construct plasmids for subcellular localization PvSUSI was amplified with restriction sites
HindIIl and BamHI using the primers CP210 and CP211 (Table 5-1) and then subcloned into the
vector pSAT6-RFP-C1 (Tzfira, et al. 2005) at HindIIl and BamHI sites to generate the plasmid
pSAT6-RFP-C1-PvSUS1. The procedure for transient expression in living onion epidermal cells
using particle bombardment was done as described previously (Varagona, et al. 1992) with slight
modifications. Briefly, 10 pug of pSAT6-RFP-C1, subcellular localization control plasmid DNA
and 10 pg pSAT6-RFP-C1-PvSUS1 were coated on 0.6 um gold particles, bombarded into onion
epidermal cells and incubated for 48 hours before observation under the epifluorescence
microscope using Texas Red filters (Em-D560/40, BS-595DCLP, EM-D630/60). The cells were

plasmolyzed with one or two drops of 40% sucrose solution and visualized after 30 minutes.

5.3.4 Switchgrass transformation and plant growth

Switchgrass callus generated from immature inflorescence was transformed with a binary vector
overexpressing PvSUS1 as described in Xi et al., (2009). Embryogenic calli induced from
immature inflorescences of switchgrass cultivar Alamo genotype ST1 (Shen, et al. 2013), was
co-cultivated with Agrobacterium tumefaciens containing the binary vector pANIC10A-PvSUS!
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(Mann, et al. 2012). Transgenic callus was selected on MS medium (Murashige and Skoog 1962)
supplemented with 60 mg/L hygromycin (EMD Millipore, Billerica, MA). The transgenic
hygromycin resistant callus was regenerated on MS medium supplemented with 0.9 uM Kkinetin.
Regenerated shoots were transferred to a hormone free medium for root development. The
regenerated plants were PCR-screened using the primers CP43 and CP44 (Table 5-1) to assay for
the presence of the insert. The plants were transferred to 12 L pots in the greenhouse after
acclimatization. For plant biomass experiments, plants were grown from a single tiller in 4x4x6
pots in triplicate at the same growth stage. The plants were grown from 4 months in the
greenhouse before all above ground biomass was harvested. Plant height and tiller number were
taken before harvesting. Plant biomass was dried in the oven for 3 days at 40 °C and weighed.

The dry biomass was milled to 20 mesh using a Wiley mill for lignin and sugar release assays.

5.3.5 Quantification of transgene expression levels by qRT-PCR

RNA was extracted from leaves at E4 stage from transgenic switchgrass plants overexpressing
PvSUS1 and control switchgrass plants using TRIREAGENT (Molecular Research Center Inc.,
Cincinnati, Ohio) according to manufacturer’s instructions. Following extraction, 5 ug of total
RNA was treated with 1 unit of DNase I (Promega Corporation, Madison, Wisc.) in a 10 ul
reaction volume. The reaction was incubated at 37 °C for 30 min and then incubated at 65 °C

with 1 ul stop solution for 1 min to inactivate the DNase.

For expression analysis of PvSUS genes, RNA was extracted from leaf blade, leaf sheath,
internode, node and panicle of RO stage switchgrass plants. One microgram of RNA was used for
synthesizing cDNA after DNase treatment. Complementary DNA was synthesized using a High
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Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, Calif.).
Quantitative PCR was performed on the ABI HT7900 instrument (Applied Biosystems) with the
Power SYBR I kit for PCR (Applied Biosystems) according to manufacturer’s instructions. Each
reaction was performed with 1 ul of 1:100 dilutions of the first cDNA strands in a total volume
of 10 pul. The reactions were incubated at 95 °C for 10 min to activate the hot start recombinant
polymerase, followed by 40 cycles of 10 s at 95C, 30 s at 56 °C, and 30 s at 72 °C. The specificity
of the PCR amplification was checked with a heat dissociation protocol (from 60 °C to 95 °C)
following the final cycle of the PCR. The results obtained for the different samples analyzed
were standardized to the constitutive PvActC gene expression level (Mann, et al. 2011). The
primers used for each gene is listed in Table 1. Data was analyzed with one-way ANOVA, and

letter groupings were obtained using Fisher’s least significant difference method.

5.3.6 Lignin and sugar release assays

Total lignin content was determined by high throughput pyrolysis molecular beam mass
spectrometry. Briefly ~4 ug of dry biomass was loaded in 80 pl stainless steel cups and
pyrolyzed at 500°C in a quartz reactor using a Frontier py2020 autosampler. The resulting
pyrolysis vapors are analyzed using a custom Extrel single quadrapole molecular beam mass

spectrometer (Sykes, et al. 2009).

Sugar release efficiency was determined by high throughput screening as described by Selig, et
al. (2010). Briefly, dry, milled biomass (-20 mesh) was dispensed in triplicate into custom 96
well Hastelloy reactor plates. Biomass-only controls, sugar standards, enzyme-only and blank
wells were included in each plate. The total capacity of each well in the plate was 417 pul.
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Subsequently, 300 ul water was added, and the plates were sealed with PTFE film tape
containing a silicone-based adhesive (3M Corporation, St. Paul, Minn.), stacked and pretreated
in a steam chamber to 180C for 40 min. The plates were rapidly cooled with water, centrifuged
and the tape was removed in order to add 40 pl enzyme in citrate buffer (1.0 M, pH 5.0) to each
well. Enzyme cocktail consisting of Novozymes Cellic CTec2 cellulase (Novozymes North
America, Franklinton N.C.) and Novo188 S-glucosidase (Novozymes) were loaded at 70 mg
protein/g initial biomass, and 2.5 mg protein /g initial biomass respectively. The plates were
resealed and incubated for 3 days at 54°C. The plates were analyzed for glucose and xylose

release using enzyme linked sugar assay kits (Megazyme International).

5.3.7 Histology

Tissues from the 2nd internode of R1 stage plants were fixed and embedded with JB4 embedding
kit (Polysciences, Inc. Warrington, PA) and sectioned to 7 pm with a microtome using glass
knives. The tissues were stained with one drop of calcofluor white (comprising 1 g/l calcofluor
White M2R and 0.5 g/l Evans blue; Sigma-Aldrich, St. Louis, MO, USA), and one drop of 10%
potassium hydroxide was applied on top of the slides, a cover slip was applied. The slide was
then left to stand for 1 — 2 min before being examined by fluorescence microscopy using blue

light excitation and DAPI filters (Ex-D360/40, BS-400DCLP, and Em-D460).

5.4 Results

5.4.1 Phylogenetic analysis of SUS proteins

In order to identify SUS homologs in switchgrass, deduced amino acid sequences of rice and

maize SUS genes (Duncan, et al. 2006; Hirose, et al. 2008) were used to search the Phytozome
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switchgrass database for cDNA sequences using BLAST. Four switchgrass SUS sequences
PvSUSI (Pavirv00026879m), PvSUS2 (Pavirv00046631m), PvSUS4 (Pavirv00031455m) and
PyvSUS6 (Pavirv00054750m) were identified. The identified model LG+I+G for the tree, with a
gamma distribution of 0.959 and proportion of invariable sites of 0.137, was selected using
Akaike information criterion. SUS sequences from monocots and dicots fell into distinct groups
as described by Komatsu, et al. (2002) and Barrero-Sicilia, et al. (2011). Cluster and sequence
analyses indicated the presence four different SUSs in switchgrass (Figures 5-1, 5- 7). Monocot
group 1 was comprised of PvSUSI and PvSUS?2 along with orthologs from maize ZmSUS1 and
ZmSUS-SH1, rice OsSUS1, OsSUS2 and OsSUS3 and barley HvSUSI and HvSUS2. SUS group 2
contained PvSUS4 along with ZmSUS4 from maize, OsSUS4 from rice and HvSUS3 from barley.
SUS group 3 was comprised of PvSUS6 and orthologous sequences from rice OsSUSS, OsSUS6
and OsSUS7 and from barley HvSUS4. Each of the SUS groups contained at least one member

from switchgrass. Switchgrass sequence will be deposited into Genbank.

5.4.2 Characterization of switchgrass sucrose synthases

PvSUSI clustered with ZmSUS1, OsSUSI and OsSUS3 (98.4%, 95.6% and 90.5% identity
respectively). PvSUS?2 appeared to be closely related to ZmSUS-SH1 and OsSUS2 (87.5% and
84.7% respectively). A high percentage of amino acid identity was found between PvSUS4,
ZmSUS2 and OsSUS4 (94.6% and 93.7% respectively) while identity percentage of PvSUS6 with
OsSUS7, OsSUSS and OsSUS6 was 89.3%, 89.1% and 80.8%. The identity of PvSUSI with
PvSUS2, PvSUS4 and PvSUS6 was 71.9%, 70.5% and 53.8% respectively (Table 5-1). The

molecular mass of PvSUSI, PvSUS2, and PvSUS4 were deduced to be approximately 92 kDa
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whereas PvSUS6 had a higher molecular mass of 97 kDa. Amino acid sequence analysis revealed

all 4 switchgrass SUSs share the SUS domain and glycosyltransferase domain (Table 5-2).

The predicted intron/exon structures of the SUS genes were analyzed between the 5™ untranslated
region (UTR) and 3° UTR including the noncoding exon. Comparison between the genomic
sequence and the cDNA sequence revealed that all the genes have 14 or 15 coding exons. The
exon-intron structure is presented as a schematic representation in Figure 5-2. Almost all the
introns are similarly distanced, although they are not of the same size. PvSUSI and PvSUS2 have
large introns in the 5° non-coding region and PvSUSI has a 1.34 kb intron between 4™ and 5™
exons. Non-coding exons are absent in both PvSUS4 and PvSUS6. In addition, in PvSUS6 the 3°

non-coding region is split by an intron.
5.4.3 Expression analysis of PvSUS genes

The relative expression profile of the four members of PvSUS gene family were investigated in
RO stage switchgrass. Specific primers were designed to determine the expression profile of each
member of the family in different organs of the plant. The relative transcription levels of the four
PvSUS genes were standardized to PvActinC (ActC) expression level (Mann, et al. 2011). The
detection of all four members of the PvSUS gene family indicated that all are transcriptionally
active. In the set of organs tested, PvSUS! seems to be expressed ubiquitously with higher
expression levels in internodes, nodes and roots. Transcript level of PvSUS2 was high in
internodes (Figure 5-3A and B). The expression of PvSUS4 is relatively high in roots compared
to other tissues tested; expression is lower level in all tissues relative to the other PvSUS genes.

PvSUS6 was especially highly expressed in roots (Fig 5-3C and D).
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5.4.4 Sub-cellular localization

We performed subcellular co-localization assay in onion epidermal cells to determine subcellular
distribution of PvSUS1 and its association with the plasma membrane. The open reading frame
of PvSUSI was translationally fused to the DsRed fluorescent protein (RFP), was cloned to be
under the control of CaMv35S promoter (pSAT6-RFP-C1-PvSUSI), and transiently expressed in
onion epidermal cells. The plasmid pSAT6-RFP-C1 containing 35S-RFP was used as control for
subcellular localization. RFP fluorescence was seen throughout the cytoplasm in cells with
control plasmid (Figure 5-4B) while in RFP-tagged PvSUS/ fluorescence was seen
predominantly along the plasma membrane with some expression in the cytoplasm (Figure 5-
4H). When epidermal cells were plasmolyzed with 40% sucrose solution, fluorescence was
observed throughout the cytoplasm in cells with control plasmid (Figure 5-4E) and fluorescence
was seen predominantly along the plasma membrane in cells with RFP tagged PvSUS1 (Figure

5-4K) along with low levels of fluorescence in the cytoplasm.

5.4.5 PvSUSI1 overexpression in switchgrass

To generate PvSUSI overexpression (PvSUS1-OE) lines, full length PvSUS! open reading frame
was cloned in to pANIC-10A binary vector by Gateway recombination under the control of the
maize ubiquitin 1 promoter, and fused in-frame at the C-terminal with AcV5 epitope tag
(Monsma and Blissard 1995; Mann et al. 2012). Switchgrass lines overexpressing PvSUSI were
generated by Agrobacterium-mediated transformation (Xi, et al. 2009). Five independent
transgenic lines were regenerated from hygromycin-resistant calli. Genomic PCR confirmed that
all plants were transgenic (data not shown). Quantitative PCR (qPCR) demonstrated that the

PvSusl was overexpressed between 2- and 8-fold increase in the transgenic plants (Figure 5-5B).
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The level of expression of the endogenous PvSUS! was not affected and was similar to

expression levels in non-transgenic control (Figure 5-5B).

We examined plant growth parameters height and tiller number in the PvSUS! transgenic plants.
Plant height was significantly increased in line 2 (37%) compared to the control, whereas it
decreased significantly in lines 1 and 5 (21% and 12% respectively) (Figure 5-5C). There was no
significant difference in the other two lines compared to control plants. Line 5 had a significant
increase in number of tillers (79%) compared to control, whereas other lines were not
significantly different from control (Figure 5-5D). Differences on dry weight basis were
significant in lines 2, 4 and 5 compared to control (Figure 5-5E). Percentage of increase in dry

weight in lines 2, 4 and 5 was 13.6%, 11.5% and 10.6% respectively.

Various cell wall analyses provide insight into how overexpression of PvSUS! could be used to
alter cell walls for potentially improved biofuels. Lignin content increased in switchgrass plants
overexpressing PvSUSI compared to control plants (Figure 5-9A). The S:G monomer lignin ratio
also increased in the transgenic plants compared to control (Figure 5-9B). All transgenic plants
had lower glucose release (Figure 5-9C) efficiency compared to control plants. Xylose release

efficiency was not significantly different from control plants (Figure 5-9D).

Staining with calcoflor shows increased fluorescence in PvSUS! plants from an increase in
deposition of cellulose in cell walls. Additionally, the cell walls appeared to be thicker in
transgenic relative to controls (Figure 5-6). We quantified the transcript level of fructokinase in
the transgenic plants to determine if fructose produced by the breakdown of sucrose was recycled
into the hexose-phosphate pool. All lines except line 4 had decreased levels of fructokinase

(Figure 5-8).
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5.5 Discussion

In this study, we identified switchgrass SUS genes PvSUSI, PvSUS2, PvSUS4 and PvSUSG6 that
have homologues with other species. By comparison, barley has four SUS genes with HvSUS/
and HvSUS?2 in group 1, HvSUS3 in group 2 and HvSUS4 in group 3 (Barrero-Sicilia, et al. 2011)
corresponding to SUS1 (Group 1), SUSA (Group 2) and NG (Group 3) groups (Jiang, et al.
2012; Komatsu, et al. 2002). Although the monocots rice and Brachypodium have at least six
SUS isoforms, only four SUS isoforms were identified in switchgrass during our search in the
Phytozome switchgrass database. Given that lowland switchgrass is a allotetraploid, there are

likely additional SUS genes in the species that were not described here.

Expression analysis shows that PvSUS1 is ubiquitously expressed in all the tissues. PvSUS] falls
in the same clade as OsSUSI, OsSUS3, ZmSUSI and HvSUS2. PvSUS1 expression is similar to
homologous gene OsSUS| in rice (Hirose, et al. 2008) where they were highly expressed in
internodes. PvSUS2, which is similar to OsSUS2, HvSUS2 and ZmSUS-SH1 is highly expressed
in internodes. While HvSUS2 and ZmSUS-SH1 are highly expressed in embryos, the expression
of PvSUS? is similar to that of OsSUS2 (Hirose, et al. 2008). PvSUS4 transcript levels were very
low in all tissues except roots and were not similar to other homologous genes in rice OsSUS4
and barley HvSUS3. HvSUS3 was mainly expressed in dry kernels and was induced by
dehydration in leaves (Barrero-Sicilia, et al. 2011). Expression of PvSUS6 is similar to HvSUS4,
OsSUS5 and OsSUS6 in leaf blade and internodes, but PvSUS6 expression is highest in roots

compared to other tissues, in contrast to its homologs.

Membrane associated forms of SUS have been implicated in the synthesis of both callose and

cellulose (Amor et al. 1995) and these functions have been identified in maize and barley
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(Carlson and Chourey 1996; Barrero-Sicilia et al. 2011). The transmembrane prediction program
TMPred predicted the presence of two transmembrane domains in PvSUS! which corroborates
our subcellular co-localization results. In our plasmolysis experiments after 40% sucrose
treatment, the RFP fluorescent signal appeared to be co-localized with the retracted plasma
membrane indicating an association with the plasma membrane. SUS has been identified to be a
component of the cellulose synthase biosynthesis machinery in Asuki bean (Fujii, et al. 2010)
and is expressed along with cellulose synthase during secondary cell wall formation in poplar
(Coleman, et al. 2009). Elevation of cellulose levels in plants overexpressing PvSUS1 along with
its association with the plasma membrane supports its purported role in cellulose production and

carbon partitioning.

Switchgrass plants overexpressing PvSUSI had increased plant biomass. When overexpressed,
SUS has been demonstrated to increase plant height and biomass. In cotton, overexpression of
SUS increased plant biomass and increased cotton fiber quality and yield (Jiang, et al. 2012) and
in tobacco and poplar, overexpression of SUS increased plant height and soluble sugar content
(Coleman, et al. 2006; Konishi, et al. 2004). The role of SUS in the control of sink strength is
consistent with the increase of plant height and biomass when overexpressed and is corroborated

by the reduced plant size in carrots by the suppression of SUS (Tang and Sturm 1999).

Lignin content was increased in the transgenic plants. In poplar and tobacco plants
overexpressing SUS, no significant increase in lignin content was observed though there was an
increase in biomass (Coleman, et al. 2010; Coleman, et al. 2009). Increases in lignin content

seemed to be associated with a decrease in glucose- and xylose-release efficiency.
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In the presence of UDP, a plasma membrane associated form of SUS breaks down sucrose to
UDP-glucose and fructose. UDP-glucose is a substrate for cellulose synthase to produce
cellulose and callose for cell wall synthesis (Amor, et al. 1995). While UDP-glucose is available
immediately for cellulose synthesis, fructose is recycled into the hexose-phosphate pool
(Konishi, et al. 2004). The first step in this direction is the phosphorylation of fructose to
fructose-6-phosphate, catalyzed by the enzyme fructokinase. Accumulation of fructose causes
inhibition of SUS activity by feedback inhibition (Granot, et al. 2013). Transcript levels of
fructokinase in PvSUS-overexpression transgenic switchgrass were decreased in all lines except
line 4 (Figure S3) and was not correlated with the increase in biomass. Anti-sense suppression of
SUS did not change levels of fructokinase and glucokinase in carrots (Tang and Sturm 1999).

Therefore it is possible that another mechanism might also be present to recycle fructose.

In conclusion, we have identified four isoforms of SUS in switchgrass. Expression analyses
indicate that the four isoforms may have specific roles in different tissues. PvSUSI is most likely
to be associated with the plasma membrane. Overexpression of PvSUS1 increased biomass yield
confirming earlier reports of biomass increase in other species. These results have significant

implications in improving biomass yield in bioenergy crops.
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5.8 Appendix

5.8.1 Figures and tables
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Figure 5-1 Maximum likelihood tree of switchgrass sucrose synthase deduced amino acid sequences
and other known sucrose synthase amino acid sequences

Protein accession numbers of SUS genes are from Eucalyptus, poplar, sugarcane, potato, beet,
cotton, pea, Arabidopsis, Phaseolus, Vigna, Lolium, bamboo, maize, rice, barley, tomato and
Physcomitrella accessions are matched with their node labels: EgSUS1 (ABB53601), EgSUS3
(ABB53602), PtrSUS1 (AAR03498), PtrSUS2 (ABW76422), SoSUS2 (AAM68126), StSUS
(AAO67719), StSUS2 (AAO34668), BvSUS (AAK65960), GhSUS1 (ACV72640), GaSUS3
(AAD28641), Ps-NeSUS (AAC28107), MsSUS (AAC17867), BvSUS2 (AAR19769), AtSUS1-6
(NP_197583, NP_199730, NP_192137, NP_566865, NP_198534, NP_177480), PvSUS
(ACP17902), VaSUS (BAH56282), SbSUS2 (ACM69042), CcSUS2 (ABI17891), MeSUS
(ABD96570), PtrSUS2 ( ABW76422), LpSUS (BAE79815), BoSUS1-4 (AAV64256,
AALS50571, AAL50570, AAL50572), ZmSUS1 (NP_001105323), ZmSUS2 (NP_001105194),
ZmSUS-SHI1 (NP_001266691), OsSUS1-7 (P31924, P30298, Q43009, Q10LPS5, H6TFZA4,
Q6K973, Q7XNX6), HvSUS1-4 (P31922, P31923, CAZ65725, AEH16642), Le-FSUS
(AAA34196), PpSUS (XP_001781447). PvSUS1 and PvSUS?2 fall in to SUS Groupl; PvSUS4

in Group 2 and PvSUSG6 in Group3. Bootstrapping values are indicated as node values.
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Figure 5-2 Intron-exon structure of switchgrass sucrose synthase genes

Solid black boxes represent coding exons, whereas hollow boxes are non-coding exons. Introns
are indicated by lines. Coding exons are numbered below the exons and the size of the coding
exons is numbered in parenthesis above the exons. The rightmost numbers represent the number

of bases comprising each genomic sequence. Scale bar represents 100 bp.
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Figure 5-3 Relative expression profile of the four PvSUS genes in various switchgrass tissues

Relative expression level of A) PvSUSI (p<0.0015) B) PvSUS2 (p<0.0001) C) PvSUS4
(p=0.0023) and D) PvSUS6 (p<0.0001). Relative transcript levels were measured by qRT-PCR
and standardized to the constitutive PvACTC gene expression level. The mRNA was extracted
from roots, leaf blade, leaf sheath, internodes nodes and panicle at RO growth stage. All data are
means + SE. Means were analyzed with one-way ANOVA, and letter groupings were obtained
using Fisher’s least significant difference method. Bars with the same letter do not differ

significantly at the 5% level.
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Figure 5-4 Subcellular co-localization of PvSUS1
Control plasmid containing 35S-RFP and PvSUS1-RFP fusion plasmid 35S-RFP-PvSUS1 were

coated on 0.6 um gold particles, bombarded into onion epidermal cells and incubated for 48
hours before observation under epifluorescence microscope using Texas REd filters (Em-
D560/40, BS-595DCLP, EM-D630/60). The cells were plasmolyzed with 40% sucrose solution
and viewed under epi-fluorescence microscope after 30 minutes. Cells bombarded with 35S-RFP
control plasmid show fluorescence throughout the cell while cells bombarded with 35S-RFP-

PvSUSI plasmid is localized mainly along the plasma membrane after plasmolysis.
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Figure 5-5 Phenotype, relative expression, height, tiller and dry biomass weight of PvSUS1-OE

plants

A) Regenerated PvSUS1-OE plants in greenhouse. B) Relative expression level of PvSUSI and
PvSUSI1-OE transcripts in PvSUS1-OE transgenic switchgrass lines. Different letters on the bars
of figures indicate significant differences at the P < 0.05 level as tested by least significant
difference (LSD) grouping with SAS software (SAS Institute Inc.) C) Height of PvSUS1-OE
plants. Line 2 had significant increase in height compared to control (p<0.0001). D) Number of
tillers in PvSUS1-OE. Lines 4 and 5 had more tillers compared to control (p= 0.0379). E) Dry
biomass weight in PvSUS1-OE plants. Lines 2, 4 and 5 had significantly greater biomass yield

compared to control (p= 0.0007). Data are means =+ standard error (n=3).
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Figure 5-6 Calcofluor staining

Control (A) and PvSUSI1-OE switchgrass (B) Sections were taken from 2nd internode of R1
stage plants. Sections were stained with one drop of calcofluor white and one drop of 10%
potassium hydroxide and exposed for 15 ms and viewed under DAPI filters (Ex-D360/40, BS-

400DCLP, and Em-D460).
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Figure 5-7 Multiple sequence alignment of sucrose synthase amino acid sequences from monocots

Amino acid sequences of bamboo, maize, rice barley were taken from Genbank. Switchgrass
sequences were taken found searching phytozome switchgrass database using rice amino acid
sequences. Sequence alignment was done using online version of MAFFT v7.0. Accession
numbers are BoSUS1-4 (AAV64256, AAL50571, AALS50570, AAL50572), ZmSUS1
(NP_001105323), ZmSUS2 (NP_001105194), ZmSUS-SH1 (NP_001266691), OsSUS1-7
(P31924, P30298, Q43009, Q10LPS5, H6TFZ4, Q6K973, Q7XNX6), HvSUS1-4 (P31922,

P31923, CAZ65725, AEH16642).
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Figure 5-8 Relative expression of fructokinase (PvFRKI)

Relative transcript levels of PvFRK1 were measured by qRT-PCR and standardized to the
constitutive PvACTC gene expression level. The mRNA was extracted from whole tillers at E4
growth stage. All lines except line 4 had decreased levels of PvFRK] transcript (p<0.0001). Data
are means + standard error (n=3). Means were analyzed with one-way ANOVA, and letter
groupings were obtained using Fisher’s least significant difference method. Bars with the same

letter do not differ significantly at the 5% level.
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Figure 5-9 Lignin content, S/G ratio and sugar release efficiency of PvSUS1 overexpressing

transgenic plants

Lignin content (%) and S/G ratio was determined by MBMS. Lignin content (A) and S/G ratio

(B) were statistically significantly different at the P=0.05 level in all transgenic events relative to

the control. Glucose release efficiency (C) was significantly different in all transgenic events

relative to the control (p=0.031). Xylose release efficiency (D) was not significantly different

(p=0.689). All data are means =+ standard error (n=3). Means were analyzed with one-way

ANOVA, and letter groupings were obtained using Fisher’s least significant difference method.

Bars with the same letter do not differ significantly at the 5% level.
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Table 5-1 Protein identity matrix of switchgrass sucrose synthases and other monocot orthologs

ZmSuU
OsSUS1 ZmSUS1 PvSUS1 OsSUS3 OsSUS2 SH1 PvSUS2 OsSUS4 ZmSUS2 PvSUS4 OsSUS5 OsSUS7 PvSUS6

ZmSuUsS1 95.47% -

PvSUS1 95.58% 98.49% -
OsSUS3 90.47% 90.47% 90.47% -
OsSUS2 80.95% 81.06% 81.53% 80.02% -

ZmSUS-SH1 79.55% 80.02% 80.02% 79.32% 94.07% -

PvSUS2 71.42% 71.77% 71.89% 71.42% 84.66% 87.45% -

OsSuUs4 70.73% 70.49% 70.96% 69.10% 71.54% 72.12% 64.11% -

ZmSuUS2 70.38% 70.49% 70.73% 68.52% 71.31% 71.54% 63.76% 94.42% -

PvSUS4 70.26% 70.03% 70.49% 68.29% 70.73% 71.19% 63.53% 93.72% 94.65% -

OsSUS5 52.14% 52.14% 52.38% 51.56% 52.49% 52.38% 47.50% 54.23% 54.23% 54.12% -

OsSUS?7 52.38% 52.38% 52.61% 51.68% 52.61% 52.49% 47.38% 54.47% 54.47% 54.35% 99.30% -

PvSUS6 53.65% 53.54% 53.77% 52.84% 53.54% 53.65% 48.19% 56.09% 55.86% 55.86% 89.08% 89.31% -
OsSUS6 51.33% 50.98% 51.21% 51.10% 52.49% 52.61% 47.50% 55.05% 54.58% 54.35% 78.16% 78.39% 80.83%

Amino acid sequences aligned with MAFFT v7.0 were used and identity was calculated as the number of identical positions, including

gaps divided by the length of the alignment
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Table 5-2 Domains present in switchgrass sucrose synthases, length and molecular mass of protein

Name No of Length of Length of Length of Sucrose Glycosyl Molecular
exons genomic coding protein synthase transferase mass
sequence sequence sequence domain  domain (kDa)
(bp) (bp) (aa)
PvSUS1 14 7405 2451 816 12-559 564-745 92.95
PvSUS2 15 7691 2409 802 6-551 555-733 91.76
PvSUS4 14 5829 2436 811 8-553 558-728 92.63
PvSUS6 14 4185 2556 851 9-560 571-735 97.02
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Table 5-3 List of primers

Primer No Primer name Primer sequence 5°-> 3°

CP33 PvSUS1-R TCACTTGCTGGAGGGCTCTCCCTC

CP34 PvSUSI-F ATGGGGGAAGCTGCCGGCGACCGC

CP43 PCR-F TCGATGCTCACCCTGTTGTTTGG

CP44 PCR-R CGATCATAGGCGTCTCGCATATCTC

CP101 PvSUS1-qRT-F1 AATTGTTCGCAAGTGGATCTC

CP102 PvSUS1-qRT-R1 ACGTCATCGGTGTAAGTCTC

CP104 PvSUS2-qRT-F1 TCGTGTTCCATTCAGAAATGAG

CP105 PvSUS2-qRT-R1 GCAACATCCTCAGTGTATGTC

CP181 PvSUSI-F CCCTCCAGCAAGTGAGG

CP182 PvSUS1-R CTCCGAATGAGGAAGGAAAC

CP210 PvSUSI1-HindIII-F AAGCTTTAATGGGGGAAGCTGCCGGCG

CP211 PvSUS1-BamHI-R GGATCCTCACTTGCTGGAGGGCTCTCC

CP277 PvFRK-F1 ATCGTTGTTGCCTGAATGA

CP278 PvFRK-R1 GCACCGCCAAGATATCAAT

CP181 PvSUSI-F CCCTCCAGCAAGTGAGG

CP182 PvSUS1-R CTCCGAATGAGGAAGGAAAC

CP295 PvSUS4-qF4 TCCCAACTCTGTTTGCTTAC

CP296 PvSUS4-qR4 AACCTAATCTTGTCGGAACG

CP285 PvSUS6-qF2 AGATTTGTTCCCCATCAAGC

CP286 PvSUS6-qR2 TTTACTGAAGAGAGACCGGG
PvAct-RT-F1 CAAGATTTGGAGATCCCGTG
PvAct-RT-R1 AATGCTCCACGGCGAACAG
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Chapter 6: Conclusion
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Lignocellulosic feedstocks can be converted to biofuels, by breaking down the cellulosic sugars
into simple sugars for fermentation into ethanol or conversion to other biofuels. These biofuels
can conceivably replace a large fraction of fossil fuels currently used for transportation.
However, lignin, a prominent constituent of secondary cell walls, binds the cellulosic sugars with
hemicellulose and pectin. Therefore, lignin is an impediment to the breakdown and conversion of
cellulosic biomass to biofuel. This resistance to degradation is called recalcitrance. Pretreatment
of biomass to remove lignin is the most expensive step in the production of lignocellulosic
biofuels. Even though most of the genes in the monolignol biosynthetic pathway have been
identified, the role of lignin in plant biology is not fully understood. Rational design of cell walls
engineered for lignocellulosic feedstocks cannot be done without full knowledge of role of lignin

and its biosynthesis.

Engineering of plant cell walls for biofuel production will likely require the manipulation
of genes involved in the monolignol biosynthetic pathway. Transcription factors can act as
activators or repressors of the genes in this and other biosynthetic pathways. Overexpression of
transcriptional repressors of the monolignol biosynthetic pathway has led to reduced lignin
content in a range of dicot plants in the past, which led to using orthologous genes to manipulate
lignin production in grasses. PvMYB4 is a transcriptional repressor of monolignol biosynthetic
pathway. It binds to AC elements in the promoters of lignin genes and represses their activity.
When overexpressed PvMYB4 significantly reduced total lignin content. The composition of
syringyl and guaiacyl units — the units of lignin - was reduced, though there was no change in
their ratio. Indeed, the PvMYB4 transgenic switchgrass lines (PvMYB4-OX) have up to three-
fold increased saccharification efficiency compared with the control lines. In addition, ethanol

yield using simultaneous saccharification and fermentation was up to 2.6-fold higher in
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transgenic plants compared with nontransgenic controls. The transgenic plants also had faster
conversion of the glucose to ethanol and CO, under both hot-water pretreated and non-pretreated
conditions than did controls. Phenolic inhibitors of fermentation were greatly reduced in
PvMYB-OX lines which contributed to the increase in ethanol yield. These results have
demonstrated that overexpression of a general transcriptional repressor of the
phenylpropanoid/lignin biosynthesis pathway, can reduce cell wall recalcitrance. Large
improvement in sugar release efficiency, proportional to reduction in lignin content is vital for

the development of economically viable lignocellulosic feedstocks for biofuel production.

Apart for reducing cell wall recalcitrance, increasing biomass is also important in
lignocellulosic crops. Sucrose synthase (SUS) catalyzes the reversible breakdown of sucrose in
the presence of uridine di-phosphate (UDP) in to UDP-glucose and fructose. UDP-glucose is
used by cellulose synthase in the biosynthesis of cellulose for cell wall production. Four SUS
genes in switchgrass were identified. The deduced amino acid sequences of the SUS genes
clustered together with SUS genes from other species. At least one member of switchgrass SUS
gene family is clustered with each of the three SUS groups. Subcellular localization of PvSUSI
indicated that it is localized to the plasma membrane. Some transgenic switchgrass
overexpressing PvSUS| transgenic switchgrass plants had increased height and tiller number,
although these traits were not correlated with each other. Finally, PvSUS]I transgenic plants had
increased overall dry biomass. This suggests that constitutive overexpression of PvSUS! in
switchgrass can be used to increase biomass of this lignocellulosic biofuel crop, and perhaps

other crops as well.
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