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Abstract
The natural recalcitrance of plant cell walls is a major commercial hurdle for plant biomass to be
converted into a viable energy source as alternative to fossil fuels. To circumvent this hurdle
manipulation of carbohydrate enzymes active in the cellulose and hemicellulose portions of the
plant cell wall can be utilized to improve feedstocks. Production of cellulolytic enzymes by
plants have been evaluated for reducing the cost associated with lignocellulosic biofuels. Plants
have successfully served as bioreactors producing bacterial and fungal glycosyl hydrolases,
which have altered plant growth to improve saccharification. A bioprospecting opportunity lies
with the utilization of insect glycosyl hydrolases for transgenic production in plants. Lessons
learned from microbial hydrolase expression can be applied to insect hydrolase expression along

with gene stacking to develop autohydrolysis plant lines.

A step toward production of insect cellulases in plants was performed by insertion of the endo-
glucanase TcEG1 gene, from Tribolium castaneum, into switchgrass. Transgenic lines
overexpressing TCEG1 produced a functional enzyme with an optimal alkaline pH activity of
12.0. Recalcitrance was assayed by performing saccharification analysis, in which one line was
superior over non-transgenic control; this line also had reduced 9% lignin content. Transgenic
lines developed narrow stems, although biomass yield was unchanged due to increased tiller

number and cell wall thickness.

Grasses contain a relatively high amount of glucoarabinoxylan in their cell walls, which cross

links with lignin. By down-regulation of a uridine diphosphate arabinomutase (UAM) gene via



RNAI, it was hypothesized that attenuated production of this carbohydrate transferase would
increase saccharification of switchgrass biomass from a disruption of cross linking. Transgenic
events showed a reduction in arabinose content (up to 58%) and altered arabino-side chains,
however saccharification was unchanged. UAM transgenic switchgrass showed a red node
phenotype, which could be in response to increased lignin biosynthesis. A model of UAM-
influenced cell wall interactions was proposed and will used to build hypotheses for future —

omics research.

In summary, switchgrass saccharification and biomass yield can be increased by introduction of

carbohydrate active enzymes. Combination of presented transgenic lines with low-lignin

germplasm could be utilized to further improve saccharification yield.

Vi
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Chapter 1: Introduction



1.1 Lignocellulosic feedstocks for biofuels

Over the past decade, perpetual radical flux of the petroleum market has sparked renewed
interest in biofuels. Biofuels have been divided into generations based on the type of biological
material and energy source derived from their process. The first and second biofuel generations
are categorized by the plant material used for fermentation to produce ethanol as a fuel source or
fuel additive. The first biofuel generation derives ethanol from starch and sucrose rich biomass
such as corn kernels and sugarcane extracts (Yuan et al., 2008). Amylose, glucose, and sucrose,
glucose, and other carbohydrates are readily stored in plant reproductive organs (example
kernels) or stems which are easily fermented by yeast into ethanol. Starch rich feedstocks are
poorly suited for a sustainable market as these crops require high inputs including fertilizer and
pesticides. These sorts of agronomic inputs are more economically feasible for food and feed

than for bioenergy crops (Yuan et al., 2008).

The second biofuel generation utilizes lignocellulose biomass to produce fuels. Entire
aboveground biomass from dedicated biomass crops or row crop residue, such as corn stover can
be used to produce ethanol. Cellulosic ethanol, however, is expensive to produce because of the
plant cell wall’s natural recalcitrance to degradation (Wyman, 2007). Cellulose is the main
targeted substrate for fermentation, but is tightly bound to hemicelluloses and lignin. Costly pre-
treatment steps are required to free the cellulose and allow access for saccharification enzymes to
convert cellulose into glucose in order to be utilized by yeast (Himmel et al., 2007). Pre-
treatment steps and by-products from the hemicelluloses and lignin can carry fermentation

inhibitors, which are also problematic for commercial production (Himmel et al., 2007).



Cellulosic feedstocks are considered to be more environmentally friendly over starch-rich

feedstocks by providing a near net-zero carbon footprint (Yuan et al., 2008).

A leading second generation feedstock is the perennial C4 grass, switchgrass (Panicum virgatum
L.), which is not used for human food and seldom used as animal forage. It can grow on
marginal land that cannot support traditional row crops. C4 plants have higher water use
efficiency than C3 plants. Furthermore, switchgrass requires much less fertilizer than maize and
most other C4 cereal crops (Vogel, 2008; Wright and Turhollow, 2010; Wullschleger et al.,
2010). Switchgrass can be readily harvested using current hay cutting and baling equipment.
Utilization of contract plantings from biorefineries improves a farmer’s option to plant
switchgrass as a permanent installation with a set value over several years instead of being based

on future’s cost of decided annually on other crops (Griffith et al., 2014; Griffith et al., 2012).

Recent advances in plant transformation technologies for switchgrass have increased
transformation and regeneration recovery rates making it a viable biotechnology crop to be
utilized for cell wall studies (Burris et al., 2009; Li and Qu, 2011). Utilizing biotechnology
strategies would provide new transgenic germplasm for commercial use and aid in understanding

the biological mechanisms of cell wall development.

1.2 Plant cell wall’s natural recalcitrance to degradation

The intertwining complexity of three main cell wall components (cellulose, hemicellulose, and
lignin) is the overarching factor for cell wall recalcitrance to degradation. Lignin is the most

studied cell wall component with regards to lignocellulosic recalcitrance. Along with lignin, the
3



plant cell wall consists of cellulose and hemicellulose. Cellulose is comprised of long chains of
hexose sugars that result in crystalline structures in cell walls (Cosgrove, 2005). Hemicelluloses
is the collective term for the non-cellulose polysaccharides such as pentose xylans, which are
laid down in a more randomized designed (similar to lignin) (Scheller and Ulvskov, 2010;
Rennie and Scheller, 2014). Hemicellulose crosslinking to cellulose fibrils and lignin increases
the strength of cell wall to degradation (Cosgrove, 2005). The composition of plant cell walls is
an evolutionary testament for structural support, nutrient and water distribution, and pest
protection (Tavares et al., 2015). Specifically the factors of non-cellulose polysaccharide cross-
linking, lignin content and composition, and cellulose micro-fibril crystallinity influence simple
sugar release from plant materials (Tavares et al., 2015; Silveira et al., 2013; Chen and Dixon,

2007).

Lignin content and composition are highly correlated to plant cell wall recalcitrance, hence lignin
biosynthesis was the first target for genetic manipulation in dedication biofuel crops (Chen and
Dixon, 2007). Lignin’s polypropanoid monolignol monomers are guaiacyl (G), syringyl, (S),
and (H) p-hydroxyphenol, which are produced from manipulation of phenylalanine (Rencoret et
al., 2011). Even though there are only three monolignols, the regulatory mechanism for the
amounts and connections of each unit to form lignin polymers is poorly understood. The S and
G units are the major concern in angiosperms when evaluating for recalcitrance as a higher G
content is less favorable for sugar release. G units have more carbon-carbon bonds compared to
the S units. The H unit is at minimal levels in dedicated angiosperm biofuel crops and not

considered a recalcitrance target. Manipulation of the amount of S/G by disruption of key lignin



pathway genes has proven efficacious for improving ethanol yields (Chen and Dixon, 2007; Fu

etal., 2011).

Hemicellulose is the non-cellulose polysaccharides bound to cellulose by various side chains,
which may play a role in increasing cell wall recalcitrance (Scheller and Ulvskov, 2010).
Hemicelluloses surround cellulose fibers like a sheath preventing accessibility for enzymes to
degrade cellulose. Hemicellulose cross links with lignin polymers adding more protection from
enzymatic interaction (Scheller and Ulvskov, 2010). Hemicelluloses are heavily branched with
side chains, which prevent their own crystallization, but these branches increase their adherence

to cellulose and are a potential target for reducing recalcitrance (Cosgrove, 2005).

The natural crystalline structure of cellulose plays a role in plant cell wall recalcitrance.
Cellulose is a linear polymer of cellobiose units connected by B-1,4 linkages in a continuous
chains (Cosgrove, 2005). Cellulose is formed out of the hexameric cellulose synthase complex
whereas cellulose strands bind together forming a crystalline ribbon-like structure (Cosgrove,
2005; Park and Cosgrove, 2012). Disruption of the crystalline structure by either over-
expression of natural plant glycosyl hydrolases or by introduction of foreign proteins has proven
to reduce recalcitrance (Tavares et al., 2015; Takahashi et al., 2009). Each plant cell wall
component acts in synergistic nature with a complex weaving to maintain plant structure and

prevent cell wall degradation (Tavares et al., 2015; Silveira et al., 2013; Chen and Dixon, 2007).



1.3 Plant cell walls are not created equally

Overall the above sections stress the broad commonalities of the plant cell wall. However, there
are reported areas where the plant cell wall differs across taxonomic clades highlighting the
importance of utilizing the most suitable plant model to the commercial crop. Plant cell walls
are conserved genetically and phenotypically within taxonomic clades, however there are
differences in gene expression and cell architecture (Carpita and Vergara, 1998; Carpita, 2011).
While the base materials are the same across clades, the known aspects of plant cell wall
synthesis and arrangement are different. Postulations have been made based on sequence data
that few orthologous maize and Arabidopsis cell genes exist (Bosch et al., 2011; Carpita and
McCann, 2008). Dicots and some monocots have Type 1 cell walls which are roughly equal
parts cellulose and hemicellulose with xyloglucans (Carpita, 1996). The grasses (or Poales)
consist of Type 2 primary cell walls where the cellulose bundles are wrapped in
glucouronarabinoxylans, high levels of hydroxycinnamates, and lower levels of pectins and
structural proteins (Vogel, 2008). Monocots and dicots plant cell walls have similar cellulose
polymer and architecture. For both monocots and dicots, cellulose microfibrils are putatively
produced in the same fashion by synthesis from cellulose synthase complexes (Carpita, 1996).
The main difference between these two groups lies at the content and composition of the lignin

and hemicelluloses components of the cell walls.

There is conservation of monolignols between dicots and monocots, but their ratios differ. Dicot
lignin is composed of equal amounts of G and S units with very few H units (Cesarino, 2012).

Monocots contain higher levels of H lignin compared to dicots and roughly equal parts S and G.



The increased H level in monocots could be attributed to the abundance of ferulic acid and p-
coumaric acid which have a polypropanoid structure (Vogel, 2008). The relatively small portion

of H unit present in grasses poses a step where monocots and dicots differ.

The cross linkages of the hemicellulose and lignin are another cell wall distinction between
monocots and dicots. Xylans make up the majority portion of hemicellulose. Monocot cell walls
have higher occurrences of cross linking of xylans than dicots (Faik, 2010; Zeng et al., 2008).
Dicots and some monocots have Typel cell walls which are defined as utilizing xyloglucan as
their main hemicellulose cross linker (Carpita, 1996). The majority of monocots have Type 2
cell walls defined as utilizing glucuronoarabinoxylans serving as the main cross linker (Carpita
and McCann, 2008). The initiation points for biosynthesis of new xylan chains also differ
between monocots and dicots (York and O'Neill, 2008). The xylan pathway is partially
understood and it is unknown if a large complex (like cellulose synthase) is required for xylan
formation (York and O'Neill, 2008; Faik, 2010). The greater abundance of heteroxylan mixtures
in grass cells lends to the reduction in cellulose when compared to dicots at the secondary level

of cell wall biosynthesis (Burton and Fincher, 2014).

Switchgrass lines from commercially available germplasm were selected to characterize biofuel
traits, instead of model crops, to mitigate cell wall variability listed above. Switchgrass
commercial seeds were selected for their suitability to tissue culture and genetic transformation

and used for all subsequent experiments. Transgenic switchgrass germplasm generated from



these studies would be readily available for field evaluations and breeding with high-yield

commercial varieties.

The overall goal of this dissertation was to characterize and demonstrate methods to develop
genetically engineered improved biofuel feedstocks, with an emphasis on grasses. The first step
was detailing the methodology of integrating cellulase enzymes into biofuel feedstocks. The
review of past literature was further built upon by including the feasibility of using insect
cellulases and strategies for improved transgenic protein yield. In addition to the review, an
investigation into genetic modification of non-lignin cell wall pathways in switchgrass were
performed. Targeting the cellulose pathway, we introduced the alkaline beetle cellulase, TCEG-
1, from the red flour beetle (Tribolium castaneum) into switchgrass to evaluate this enzyme
activity and effect on plant biomass yield and morphology. Taken together we have successfully
generated and characterized two different transgenic switchgrass lines showing variable effects
on plant cell wall growth. Targeting the hemicellulose pathway, we constructed an RNAI
knockdown vector for a switchgrass UDP-arabinomutase (PvUAM1) involved in the decorating
the xylan backbone with arabinofuranose side chains for cross linking to lignin. The hypothesis
tested was that down-regulating PvUAM1 would disrupt the cross linking of arabinoxylan to
lignin and increase saccharification. Modification with these two transgenes provided insight

into how the cell wall architecture was modified beyond those of the intended targets.
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Chapter 2: Transgenic plant-produced hydrolytic enzymes and the potential
of insect gut-derived hydrolases for biofuels
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2.1 Abstract

Various perennial C4 grass species have tremendous potential for use as lignocellulosic biofuel
feedstocks. Currently available grasses require costly pre-treatment and exogenous hydrolytic
enzyme application to break down complex cell wall polymers into sugars that can then be
fermented into ethanol. It has long been hypothesized that engineered feedstock production of
cell wall degrading (CWD) enzymes would be an efficient production platform for exogenous
hydrolytic enzymes. Most research has focused on plant overexpression of CWD enzyme-
coding genes from free-living bacteria and fungi that naturally break down plant cell walls.
Recently, it has been found that insect digestive tracts harbor novel sources of lignocellulolytic
biocatalysts that might be exploited for biofuel production. These CWD enzyme genes can be
located in the insect genomes or in symbiotic microbes. When CWD genes are transformed into
plants, negative pleiotropic effects are possible such as unintended cell wall digestion. The use

of codon optimization along with organelle and tissue specific targeting improves CWD enzyme
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yields. The literature teaches several important lessons on strategic deployment of CWD genes

in transgenic plants, which is the focus of this review.
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2.2 Introduction

The natural recalcitrance of plant cell walls is a major commercial hurdle for cellulosic biofuel
production. Two economic barriers of biofuel production are pretreatment and hydrolytic
enzymes (Furtado et al., 2014; Wyman, 2007). It has been hypothesized that using a transgenic
plant vehicle for the production of hydrolytic enzymes would improve cellulosic biofuel
economics. Thus far, plant species transformed to overproduce hydrolytic enzymes are not
bioenergy feedstock crops, but rather, easily transformed species such as Arabidopsis thaliana,
Nicotiana tabacum (tobacco), and Oryza sativa (rice) (Taylor et al., 2008). All of these models
are annual plants, and therefore may not be entirely predictive of enzyme activity perennial crops

forecasted to be the most useful for cellulosic bioenergy.

Plant cell walls are composed of three major types of polymers: cellulose, hemicelluloses and
lignin. Each of these polymers are cross-linked and/or intertwined with another type to provide
stereochemical strength (Cosgrove, 2005). Plant cell walls have successfully been broken down
using mechanical and chemical means, however these processes can release metabolites that can
inhibit fermentation. Furfural is one such metabolite that inhibits the growth of yeast (Boyer et
al., 1992; Zhang et al., 2011b). A mixture of mechanical, chemical, and enzymatic means might
be required to reduce cell wall recalcitrance in lignocellulosic biomass processing. Enzymes
represent one of the highest material costs in lignocellulosic processing (Klein-Marcuschamer et

al., 2012; Taylor et al., 2008).
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Synergistic action of multiple enzymes are required for complete cell wall degradation. Four-to-
five classes of enzymes are required to break down cellulose into its smaller cellobiose sub-units
(Bhat, 2000; Lopez-Casado et al., 2008), which is, in turn, composed of two glucose units
connected by a B-1,4 linkage. The tightly-packed crystalline structure of cellulose prevents
enzyme accessibility. Hemicelluloses have variable polymeric structures composed of pentose
sugars and a variety of side chains, which necessitates a suite of enzymes for hydrolysis (Saha,

2003; Scheller and Ulvskov, 2010).

Before the advent of rapid DNA sequencing technologies, glycosyl hydrolase (GH) enzymes
were categorized based on their substrate specificity. Substrate specificity categorization was
inadequate with discovery of enzymes with multiple catalytic domains and/or multiple substrate
adherence (Henrissat, 1991). The previous substrate specificity classification system was
updated and GHs were re-grouped into families (Henrissat and Bairoch, 1993; Henrissat and
Bairoch, 1996). The CAZy database (CAZy.org) provides tools for classification and defining

novel cellulolytic enzymes (Lombard et al., 2014).

Enzymes used for industrial cell wall hydrolysis are prepared from mesophilic fungi and
bacteria. Optimal enzyme activity in such cases is typically 50 °C and a pH range of 5.0-7.0
(Bhalla et al., 2013; Bruce and Palfreyman, 1998). Enzymatic degradation of cellulose to
glucose requires three enzyme classes: endo-glucanases, cellobiohydrolases, and f-glucosidases
(Box 1). Endo-glucanases (EG) act randomly on internal portions of the cellulose polymer

creating smaller chains. Cellobiohydrolases (CBH) (also reported as exo-glucanases) cleave

17



these smaller units at the end portion into cellobiose units. B-glucosidases (BG) cleave
cellobiose units into individual glucose monomers. For efficient degradation of cellulose, each

of these enzymes are required (Kostylev and Wilson, 2012).

If transgenic plants are to be used to overproduce GHs, there are three important aspects to be
considered for the host plant: 1) as a biocatalyst production unit, 2) altered cell walls, and 3)
auto-hydrolysis of biomass (Damm, 2016; Furtado et al., 2014; Lambertz et al., 2014; Taylor et
al., 2008). Utilizing plants as enzyme factories is an intriguing concept. It may not be practically
feasible in this case, so using plant cell cultures for enzyme overproduction has been proposed
(Hellwig et al., 2004). The highest potential goal is to produce bioenergy feedstocks with altered
cell walls for high saccharification and their own saccharification enzymes in tandem. An
autohydrolytic plant system would require enzymes to be inactive, induced, or sequestered until
harvest in order to not negatively affect plant growth. Research on GHs produced in plants is in

its relative infancy.

In this review we will highlight successes and challenges of GH production in plants. Here we
compare past use of fungal and bacterial GHs produced in plants and focus on lessons that can
inform on selection of appropriate expression systems. We focus especially on the types and
properties of insect-derived GHs and assess their potential use in plants. Strategies and
recommendations for conducting research and development of CWD enzymes in plants will be

discussed with an eye toward improving bioenergy crops and integrated biofuel systems.
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2.3 Endo-glucanases in transgenic plants

Heterologous expression of lignocellulosic enzymes in planta for improved production of
biofuels was proposed in the 1990s, but relatively few enzymes have been tested (Furtado et al.,
2014; Lambertz et al., 2014; Lopez-Casado et al., 2008). Mostly, bacterial and fungal enzymes
have been overproduced in plants to assess efficacy of the concept (Lambertz et al., 2014; Taylor
et al., 2008). Endo-glucanases (EG) have, by far, been the most abundant class of CWD enzymes
produced in plants (Table 2-1). The E1 cellulase from the bacterium Acidothermus cellulolyticus
has been the most frequent EG produced in transgenic plants (15 papers; Table 1). One reason
behind the attention given to E1 is that it is a hyperthermophilic enzyme, which would be

inactive during temperatures favoring plant growth.

The first report on E1 production in plants was in tobacco in which E1 was targeted to the
chloroplast. E1 was active with an optimal temperature of 81 °C and pH of 5.25 (Dai et al.,
2000a). The cauliflower mosaic virus 35S promoter (35S) was used to drive E1 gene expression
in Arabidopsis thaliana for apoplast targeting (Ziegler et al., 2000). In this study, E1 was
accumulated up to 26% of total soluble protein in primary leaves, which is the highest reported
for transgenic plant produced hydrolases (Taylor et al., 2008; Ziegler et al., 2000). Tobacco E1
expressing lines were developed for transport to the chloroplast and found that not all parts of the
enzyme would translocate, however the catalytic domain was sufficient to maintain enzyme
activity (Jin et al., 2003). In an attempt to optimize E1 expression in tobacco, the hybrid
constitutive promoter Mac (a combination of the Ti plasmid mannopine synthetase and 35S

promoters) and the RbcS-3C (Rubisco small sub-unit) promoter were compared; the RbcS-3C
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was ranked higher in performance. However, the highest total soluble protein was reported as
only 0.25%. Apoplast-targeted E1 transgenic potato plants produced 2.6% EL1 relative to total
soluble protein (Dai et al., 2000b). Similar studies in maize, using an enhanced version of the
35S promoter driving the E1 gene resulted in 2.1% (Biswas et al., 2006) and 1.13% (Ransom et
al., 2007) E1 accumulation relative to total soluble protein. Even though none of the above
studies reported any negative effects to the host plants, E1 transgenic maize (Ransom et al.,
2007), and tobacco cell walls developed differently than their respective non-transgenic parents.
In each of these two studies increased saccharification was reported. Wildtype and E1 maize
expressing lines were exposed to exogenous application of E1 and showed to be equivalent. The
proposed reason for this is due to E1 is active in vivo during plant growth causing small nicks
within the cellulose polymers. Addition of extra exogenous E1 application of enzyme was
ineffectual due to the enzyme already hydrolyzing available cellulose recognition sites
(Brunecky et al., 2011). In the same study, Brunecky et al, (2011) examined the transgenic E1
corn and tobacco made by Ziegelhoffer et al., (2001) via histological examination and postulated
E1 was having an effect on cell wall growth during development (Brunecky et al., 2011;
Ziegelhoffer et al., 2001). The presence of biologically active E1 during cell wall synthesis
could play arole in reducing cellulose crystallinity or by creating gaps in the cell wall for
increased enzyme accessibility (Brunecky et al., 2011). Aforementioned experiments
demonstrate the utility of plant produced endoglucanases as a method for cell wall architecture

manipulation.
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One goal has been to use transgenic plants as biocatalyst producers in a commaodity, such as E1
accumulation in maize seeds. The first 40 codons of E1 were codon-optimized in attempt to
increase expression and endow tissue specificity (Hood et al., 2007). E1 in maize seed was
further targeted to the cell wall, ER, and the vacuole. In the Hood et al. (2007) study, the ER
appeared to be the best subcellular localization target, but none of the localizations led to off-
effects in maize. Though active, the E1 enzyme was found to be truncated from a ~70 kDa size
down to ~40kDa. Furthermore, stable enzyme was observed after harvesting and drying (Hood
et al., 2007). The researchers introgressed the transgenes into elite germplasm (Hood et al., 2012)
for further field experiments (Garda et al., 2015). E1 accumulation increased up to seven-fold in
the elite germplasm. Field produced E1 in maize seed appeared to be active, thus illustrating an

economically-viable platform to overproduce and store E1 until needed.

In rice, E1 has been studied for production in vegetative biomass apoplasts (Chou, et al., 2011;
Oraby et al., 2007) and seed endosperm (Zhang, et al., 2012). Apoplastic targeting appeared to
not affect plant growth (Chou, et al., 2011; Oraby et al., 2007), whereas the endosperm
production strategy led to dwarfing and early flowering (Zhang, et al., 2012). While introduction
of E1 led to a suboptimal host plant phenotype, there are multiple variables which need to be
addressed. In both cases, E1 was targeted to the apoplast, but used two different constitutive
promoters and two different germplasms (Chou et al., 2011; Oraby et al., 2007). Chou et al.
(2011) reported higher protein yield at 6.1% over Oraby et al. (2007) 4.9%. When E1 was
targeted to the endosperm it was active in dried seeds, but seeds were smaller than wild type seed

(Zhang et al., 2012b). The researchers speculated that lower seed weight is an effect of the
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transformation process as transgenic rice expressing non-cellulase proteins have a similar issue
(Zhang et al., 2012b). No other phenotype was reported in the endosperm-targeted rice.
Amongst the three cases, only Zhang et al. (2012b) performed an optimization experiment to

demonstrate that the E1-produced rice maintained its high thermophilic optimum of 81 °C.

E1 was transformed into duckweed (Lemna minor 8627) an aquatic plant, for accumulation in
the cytosol in which extraction buffers were tested for efficacy. Three extraction buffers, sodium
citrate (50 mM pH 4.8), sodium acetate buffer (50 mM pH 5), and HEPES (50 mM pH 8), were
used and evaluated for their effects on enzyme yield and activity (Sun et al., 2007). The HEPES
buffer extraction yielded more total soluble protein compared to other experimental buffers.
When the proteins were extracted with citrate buffer and brief heating at 65 °C enzyme activity
was increased, although total recovered protein yield was lower than HEPES buffer extraction

(Sun et al., 2007).

Transient expression of E1 was performed in sunflower to study the effects of various promoters:
CaMV35S, CMVar (cucumber mosaic virus advanced replicating), and TRBO (tobacco mosaic
virus RNA-based overexpression vector). Neither the CMVar nor TRBO led to E1 production.
Utilizing the 35S promoter, it was shown that addition of methyl jasmonic acid led to a four-fold

increase in production of active enzyme (Jung et al., 2014).

Thermobifida fusca (formerly named Thermomonospora fusca), a thermophilic bacterium,

produces Cel6A (formerly E2), an EG that was transformed into alfalfa, tobacco and potato for
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cytosolic production. Active Cel6A showed no negative phenotype on whole plants. Cel6A was
evaluated for thermostability and was found to be still active from 60-65 °C, but became inactive
at higher temperatures in the absence of substrate which was comparable to commercially
produced Cel6A (Ziegelhoffer et al., 1999). In a later study, Cel6A was targeted to tobacco
chloroplasts, and no morphological changes were observed in the host plant (Yu et al., 2007).

Cel6A showed an improved total soluble protein yield 0.6-4%.

Tobacco cells have been used to express two other EGs from bacteria. The t-EGI from
Ruminococcus albus was targeted to the cytosol of tobacco cells. The t-EGI was active at 30 °C.
The t-EGI tobacco plants successfully autohydrolysed their cell walls (Kawazu et al., 1999). The
EG SS0O1354 from Sulfolobus solfataricus was successfully expressed in tobacco apoplasts and
endoplasmic reticulum. SSO1354 produced in tobacco had highest activity at 90 °C and pH 4.5
and showed no growth differences relative to non-transgenic plants. SSO1354 tobacco was

tested with ionic liquid pre-treatment solutions and found to still be active (Klose et al., 2012).

The TrCel5A EG from the fungus Trichoderma reesei was produced in tobacco under two
construct parameters (Klose et al., 2013). The TrCel5A was active under both construct versions
at 55 °C and pH 4.8 (Klose et al., 2013). Under the control of the 35S promoter, TrCel5A
produced dwarfed tobacco even with apoplast targeting. However, using an ethanol-inducible,
alcA, promoter, TrCel5A was produced upon induction and the enzyme was indistinguishable
from that in 35S-construct plants (Klose et al., 2013). Similar to the research described above in

maize, tobacco progeny produced more TrCel5A than their parents (Klose et al., 2015). In this
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study, TrCel5A was produced in apoplasts or the ER. In both cases, T2 progeny had wrinkled
leaves with spotted necrosis, which would be considered important off-target effects (Klose et

al., 2015).

The recent additions of synthetically creating genes by combing databases and preparing
sequences in silico has been used to generate EG. A proprietary, synthetically-designed EG
(psEG) was derived from a bacteria population and introduced into sugarcane. The psEG was
targeted to chloroplast, ER, and vacuole with the chloroplast being the highest accumulator near
0.05% total soluble protein. The psEG was driven by a constitutive maize phosphoenolpyruvate
carboxylase (Zm-PEPc) promoter which expressed psEG in the leaves. Unlike the observation in
E1 in maize embryos, no truncation of the psEG protein was detected (Hood et al., 2007;

Harrison et al., 2011).

2.4 Cellobiohydrolases in transgenic plants

Heterologous overproduction of cellobiohydrolases (CBHSs) has not been explored as much as
EG in plants, but CBHs are necessary for complete hydrolysis (Table 2-2). The first CBH
evaluated in plants was Cel6B (formerly named E3), from the bacterium Thermobifida fusca in
the cytosol of alfalfa, tobacco and potato (Ziegelhoffer et al., 1999). While Cel6B was
detectable by western blotting and was not deleterious to plant growth, its activity was negligible
and the authors declined further characterization (Ziegelhoffer et al., 1999). Although the Mac
promoter was used for Cel6B relatively low yield was achieved. Reasoning could be the lack of
a signal peptide to target to an organelle or the need to codon optimize the proteins which

showed improvement in future CBH studies (Hood et al., 2007). In a later study, Cel6B were
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targeted to tobacco chloroplasts, and no morphological changes were observed in the host plant
(Yuetal., 2007). Cel6B showed had a total soluble protein yield of 0.6-4%. Enzyme activity
was measured using crystalline cellulose as the substrate instead of a soluble cellulose derivative

substrate (i.e. CMC or MUC) which could explain the low activity reported.

Initial experiments on CBH1 from the fungus Trichoderma reesei driven by the constitutive 35S
promoter, yielded 0.11 to 0.82% total soluble protein from tobacco leaves and callus and showed
no deleterious effect on plant growth (Dai et al., 1999). Further experiments with CBH1 used
the maize embryo promoter, globulin-1, and targeted to the cell walls, ER, and vacuoles for
increased accumulation (Hood et al., 2007). The first 40 codons were optimized for improved
maize protein synthesis. The combination of tissue, organelle, and codon optimization resulted
in up to 16% total soluble protein, which is the highest yield reported for CBH1 (Hood et al.,
2007). An issue noted while lines for CBH1 targeted to the ER had enzyme activity, they failed
to be present on Western blots. However, cell wall targeted CBH1 was full length. Further
evaluation demonstrated the CBH1 was truncated. In future cases, it may be necessary to fully
codon optimize GHs to reduce the risk of truncation, especially in cases where the catalytic
domain is near the C-terminus of the protein. Field experiments of maize progeny carrying CBH
I, showed no yield or growth performance difference compared to wild type counterparts under

field conditions (Garda et al., 2015).

Proprietary synthetic CBH1 and CBHII (psCBH1 and psCBHII) genes were generated using

multiple bacterial and fungal sources as templates and were transformed into sugar cane
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(Harrison et al., 2011). Each protein was targeted to either chloroplast, ER, or vacuole with none
reporting any morphological defects. The highest activity was measured from senesced leaves of
psCBHL1 targeted to the vacuole (Harrison et al., 2011). Both proteins were successfully localized
to the leaves by the Zm-PEPc promoter and neither of them were truncated (Harrison et al.,

2011).

In another study, recombinant synthesis of an endogenous rice CBH (EXG1) resulted in
increased glucose release in rice shoots (Nigorikawa et al., 2012). The EXG1 construct utilized
its native signal peptide. Some transgenic events were not observably morphologically different
than the non-transgenic parent, but three events had deformed, split leaves and extra lacunae.
The authors hypothesized that the altered leaf phenotype was from weakened cell walls imbued
by the EXG1. Of the 28 EXGL1 rice events recovered, 12 were completely sterile and 14 were

partially sterile (defined as <40 seeds produced) (Nigorikawa et al., 2012).

2.5 B-glucosidases in transgenic plants

B-glucosidases (BGs) are necessary for degradation of cellobiose into glucose, and various BG
genes have been overexpressed in plants (Table 2-3). Heterologous expression of the T. maritime
BgIB enzyme resulted in no altered plant morphology in tobacco or Arabidopsis, and the
recombinant protein had the characteristic thermophilic properties (Jung et al., 2010; Jung et al.,
2013). Crude extract from BgIB tobacco was applied to transgenic rice expressing Cel5A
endoglucanase, which resulted in improved saccharification in an expected synergistic fashion

(Jung et al., 2010). Over-expression of the endogenous BEGL1 rice BG in transgenic rice also
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showed no morphological effects, however no enzyme activity was reported (Nigorikawa et al.,
2012). The lack of morphological effects on host plants were hypothesized to be the result of
predominant cellobiose degradation and not complete cellulose chains (Jung et al., 2010;
Nigorikawa et al., 2012). BGs are the least reported on of the essential CWDs and more

investigation into their functional role for a complete autohydrolysis system will be required.

2.6 Bacterial and xylanases in transgenic plants

Xylans are the major carbohydrates in the hemicellulose portion of the plant cell wall. Xylanases
break down the bonds of B-1,4-xylan reducing them to simpler pentose sugars which can be
fermented for ethanol production. Dicots and non-commelinoid monocots have Type | cell walls
predominately made up of xyloglucan, while grasses are made up of Type Il cell walls which
contain high levels of arabinoxylan (Scheller and Ulvskov, 2010). Due to this difference, careful
design is needed to ensure effective xylanase usage for the different cell wall types in the host
organism. Heterologously produced xylanases in plants have been performed on Arabidopsis,
barley, potato, rice, sunflower, and tobacco and have maintained their thermophilic and mild
acidic to neutral pH properties (Table 2-4). Overexpression of xylanases have not yielded any

plants with observable morphological differences compared to controls.

A codon-optimized xynA gene from the fungus Neocallimastix patriciarum was expressed in
barley under the control of two separate endosperm-specific promoters (GluB-1 & Hor2-4) (Patel
etal., 2000). The GluB-1 version had twice the expression and activity of the other version in

mature seed, with no expression observed in leaf, stem, or root tissues. Dried and stored seed
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maintained xylanase activity, which would enable biofuel catalyst production or direct feeding to
animals. Two Clostridium thermocellum xylanases have been produced in transgenic plants.
The first was a truncated xylanase (XynZ) produced in tobacco apoplasts, in which
thermostability was maintained (Herbers et al., 1995). XynZ was active against multiple xylan
substrates at high temperature and slightly acidic pH. The second was XynA produced in rice,
which accumulated in the cytoplasm. The native signal peptide was removed, but the catalytic
domain was left intact. The recombinant enzyme had native-like activity at neutral pH and
thermophilic temperature of 60 °C (Kimura et al., 2003). In these experiments, the enzyme
accumulated in seed was active after dry storage. In Arabidopsis, two different xylanases from
the fungus Trichoderma reesei were used to overproduce high levels of enzyme. The first,
XYLII, accumulated in the cytosol, peroxisome, and chloroplast, depending on the experiment.
Co-localization into chloroplast and peroxisomes resulted in the highest yield of XYLII
(Hyunjong et al., 2006). The second xylanase tested in Arabidopsis was XYNII, which was
targeted to either the chloroplast or the cytosol. Chloroplast-targeted XYNII yielded the higher
amounts of protein compared with the non-targeted variant. Plant-derived XYNII was found to
be comparable to a commercial xylanase in activity under lab conditions (Bae et al., 2008).
Finally, Streptomyces olivaceoviridis XynB was overproduced in potato cytosol or apoplast.
XynB was stable at 60 and 70 °C and subsequent generations of the transgenic potato produced

greater amounts of XynB than the TO generation (Yang et al., 2007).
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2.7 Combining glycosyl hydrolase genes in transgenic plants for improved
conversion performance

Cellulolytic enzymes have been combined to assess potential synergistic effects by gene stacking
in transgenic plants (Table 2-5). Tobacco has been the most often-used host plant, but the first
reported host for stacked GHs was barley (Lee et al., 2012; Mahadevan et al., 2011; Fan and
Yuan, 2010; Jensen et al., 1996). The first experiments in barley were accomplished using
protein fusions. The Ell-hybrid construct is a plant codon-optimized fusion of two bacterial
enzymes from Bacillus spp. glucanase and a Bacillus spp. a-amylase for expression in barley.
Ell-hybrid was expressed during endosperm germination using the high-pl-a-amylase signal
peptide (Jensen et al., 1996). In another study, the same Ell-hybrid construst was driven by
Hor3-1 endosperm promoter and the Hor3-1 native signal peptide for targeting to developing
endosperms (Horvath et al., 2000). Neither Ell-hybrid constructs showed any morphological
changes to plant growth in either case (Horvath et al., 2000; Jensen et al., 1996). Ell-hybrid was
active at pH 7.4 and 65 °C (Horvath et al., 2000; Jensen et al., 1996). Another barley transgenic
hydrolase named cel-hyb1 is a fusion of an EG from the fungus Neocallimastix patriciarum and
a 1,3-1,4-B-glucanase from Piromyces sp. (Xue et al., 2003). The Cel-hyb1 transgenic lines
showed no observable morphological defects to plant health while maintaining equal enzyme
activity for fresh or dried biomass. Cel-hyb1 had a lower temperature activity at 40 °C and
slightly more acidic pH (Xue et al., 2003). Both cases demonstrated the use of barley as a
functional bioreactor and could be used for production of transgenic cellulases or improved

feedstocks for animals (Xue et al., 2003).

29



A hybridized xylanase-arabinase construct (Xyln-ara) was developed by fusing the catalytic
domains of a xylanase from C. thermocellum and an arabinofuranosidase from Geobacillus
stearothermophilus and introduced into tobacco. The fusion of the domains revealed novel
enzyme character for having an improved activity at pH 6-9 when compared to the original
enzyme. The fused enzymes demonstrated activity on carboxymethyl cellulose (CMC) substrate
while the native forms did not. The Xyln-ara hybrid was targeted to the cytosol and showed no
effect on plant growth (Fan and Yuan, 2010). Use of catalytic domains is advantageous by
reducing the size of transformation constructs which improves multi-gene integration

experiments and down-stream analysis (Fan and Yuan, 2010).

From T. maritima, the Cel5A endoglucanase and an engineered CBM6-Cel5A fusion hydrolase
construct were introduced and compared in transgenic tobacco. CBM6 is a carbohydrate binding
module from CBM family 6 of xylanase A in C. stercorarium. When the CBM6-Cel5A was first
engineered and tested in E. coli it showed up to an 18-fold increase in activity over non-fused
Cel5A and was selected for tobacco evaluation (Mahadevan et al., 2008). The CBM6-Cel5A
was targeted to the chloroplast, apoplast, and cytosol where the chloroplast targeted enzyme had
the highest accumulation and no morphological defect was reported (Mahadevan et al., 2011).
Autohydrolysis of plant material was performed on biomass and found the enzymes were able to
have increased release of glucose in plants with the hybrid and native gene (Mahadevan et al.,

2011).
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In tobacco, BglB, Cel5A, Xylll or Cel6B were connected by the linker from the 2A oligopeptide
from the foot-and-mouth disease virus to test a gene stack integration to improve hydrolysis. It
was noted that selected hydrolase genes did have a pH dependent effect on hydrolysis.
Combination of these enzymes worked well when on CMC substrate, however they showed low
activity on filter paper (Lee et al., 2012). A synergistic effect was observed when BglB:Cel5A

and Cel6B:Cel5A were co-expressed, but not observed for Xylll:Cel5A.

In sunflower, E1 and the xylanase Xyn10A from Acidothermus cellulolyticus, were co-expressed
to the apoplast and evaluated for biofuel use. Transient expression of both enzymes was
achieved using the CaMV35S constitutive promoter, however yields were very low compared to
previously reported plant expression systems (Jung et al., 2014; Taylor et al., 2008). Other
transformation vectors tested using CMVar and TRBO promoters for both enzymes, however
these transformation vectors failed to produce transient transgenic sunflowers biomass. Work in
the non-model sunflower demonstrates again the necessity for proper promoter and

transformation system in order to achieve meaningful transgene expression.

Future work on gene stacking GHs in plants should combine each enzyme grouping to constitute
a complete autohydrolysis system. Selected GHs would need plant codon optimization for
improved yield and prevent truncation (Hood et al., 2007). Organelle targeting to either the
apoplast or the vacuole would be the best for high protein accumulation (Hood, et al., 2007;
Ziegler, et al., 2000). Use of precision genome editing tools could knock out non-essential

growth pathways to increase protein yield (Liu et al., 2014). For example, E1 targeted to maize
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endosperm cell walls could be mutated to reduce starch storage in favor of storing E1. Adding in

CBHs and BGs creates the enzymatic synergy needed for complete autohydrolysis.

2.8 Insect bioprospecting avenues for transgenic plant produced hydrolases

Insects are a relatively recent source for bioprospecting biocatalysts for biofuel production
(Carroll and Somerville, 2009; Oppert et al., 2010). Isopteran (termite) digestive tracts are very
efficient: 99% of ingested cellulose and 87% of hemicellulose is converted into usable sugars
(Ohkuma, 2003). Researchers once believed that insects produced few-to-no endogenous CWD
enzymes, but rather relied on those from symbiotic organisms in their guts to break down plant
biomass. For some species this is still believed to be the case, however genomic and proteomic
analyses have shown that insects produce endogenous enzymes (Tokuda and Watanabe, 2007;
Watanabe et al., 1998). For example, termites can survive solely on cellulose, and thus would be
a source of cell wall digesting enzymes for bioprospecting (Watanabe and Tokuda, 2010).
Heterologous expression of insect cellulases in model organisms have shown them to be
potential alternatives to bacterial and fungal-sourced enzymes. Many insect cellulases reported
in the literature have temperature optima from 40 to 65 °C and perform optimally at alkaline pH
(Shi et al., 2013; Shi et al., 2011; Willis et al., 2011). High temperature and variable pH
characteristics were discovered as researchers compared insect derived hydrolases to microbial
hydrolases. These high temperature and variable pH could be from the native structure formed

by GHs or from the symbiont ancestors which resided in the insect digestive system.

Insect cellulolytic enzymes fall into the GH families 1, 5, 9, 11, and 45. The majority of insect

cellulases discovered are from the Coleoptera (beetle) and Isoptera (termite) taxonomic orders as
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defined by Misof et al., (2014). In addition, Blattodea (roaches) Phasmatodea (stick insects),
Lepidoptera (butterflies/moths), and Orthoptera (grasshopper/crickets) have demonstrated
cellulolytic activity (Oppert et al., 2010; Shelomi et al., 2014). Endogenous and insect
endosymbiont derived enzymes have similar characteristics to bacterial and fungal derived
enzymes in terms of thermostability and variable pH (Oppert et al., 2010). Insect derived
enzymes often have a more alkaline pH range than those from microbial sources, since the insect
digestive systems can be up to a pH of 12 in the insect digestive systems (Brune, 2014; Dow,

1992).

The digestive systems of insects are broken into three distinct sections of foregut, midgut, and
hindgut. The foregut includes the mouth, salivary glands, and the most anterior chamber of the
digestive tract. Cellulolytic enzymes have been discovered in the salivary glands which along
with the maceration from the mandibles begins initial degradation. The fore- and midgut contain
mostly endogenous cellulases (Brune, 2014; Slaytor, 1992). Malpighian tubules, when present,
separate the mid and hindgut. The majority of microbial symbionts have been discovered in the
hindgut. Specifically, protist and bacterial cellulases have been isolated from the hindgut of
Coleoptera, Isoptera, and Orthoptera insect orders (Brune, 2014; Watanabe et al., 1998). Both

symbiont and endogenous insect GH systems have the potential for use as novel biocatalysts.

A major impediment to identifying and cloning insect CWD enzyme-coding genes is the lack of
sequenced and assembled genomes among insect species, especially those that have a diet

consisting of plant cell walls. Apis melliferia, Drosophila melanogaster, Drosophila
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pseudoobscura, Tribolium castaneum, Nasonia spp., Acyrthosiphon pisum, and Heliconius spp.
are taxa with the most complete genome data (Heliconius Genome, 2012; International Aphid
Genomics, 2010; Richards et al., 2005; Tribolium Genome Sequencing et al., 2008; Weinstock et
al., 2006; Werren et al., 2010). Of these, only T. castaneum and A. pisum and, Heliconius spp.,
are herbivores. There are efforts, Such as the “i5K” to sequence and assemble 5000 insect
genomes, of which 28 pilot studies are underway and new phylogenetic trees are being designed
(Behura, 2015; Misof et al., 2014; Robinson et al., 2011). To advance insect CWD gene
discovery, herbivorous insects and their metagenomes should be sequenced to advance the field

beyond its present state (Table 2-6).

Termites are the archetypical wood-consuming insects. The first endogenous insect cellulase was
discovered from the genome of the termite, Reticulitermes speratus (Watanabe et al., 1998).
Since then many other termite-derived hydrolases have been discovered and even evaluated for
heterologous expression. Isoptera families are split into the lower termites (Mastotermitidae,
Kalotermitidae, Hodotermitidae, Termopsidae, Rhinotermitidae, and Serritermitidae) and higher
termites (Termitidae). The distinction between these families is based on presence of flagellated
protist symbionts in the hindgut (lower termites) or their absence (higher termites) (Brune, 2014;
Ni and Tokuda, 2013). The “lower vs higher” termite digestion distinction is the basis of
evolutionary importance being that the higher termites evolved later (Ni and Tokuda, 2013;
Slaytor, 1992; Watanabe and Tokuda, 2001). A prevailing theory on this change is due to
ecological changes which caused Isoptera ancestors’ loss of protists symbionts, change of

habitat, and/or food source and possible reacquisition of different cellulase-harboring symbionts
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(Ni and Tokuda, 2013; Slaytor, 1992; Watanabe and Tokuda, 2001). In either case of both higher
and lower termites have provided cellulolytic enzymes which could be utilized for

autohydrolysis plants.

GHs isolated from two of the lower termite families, Kalotermitidae and Rhinotermitidiae, have
been evaluated in heterologous systems. From Kalotermitide, a Neotermes koshunensis BG
(NkBG) was produced in E. coli and in Aspergillus oryzae. NkBG was functional in both
systems, however it had a higher activity from E. coli (156.7 U/mg) compared to A. oryzae (12.4
U/mg). NkBG produced in A. oryzae had a unique property for maintaining 100% activity in the
presence of 0.6 M glucose; most BG enzymes are inhibited by excess glucose (Uchima et al.,
2011). Rhinotermitidae enzymes have been heterologously expressed from Coptotermes
formosanus, Reticulitermes flavipes, Reticulitermes santonensis, and Reticulitermes speratus.
From C. formosanus two EGs (CFP-EGland CfEG5) were evaluated in E. coli. CFP-EGL1 is
from a protist symbiont and had a thermophilic activity at 70 °C with a CMC substrate activity of
105 U/mg (Inoue et al., 2005). Conversely, CfEG5 had three fold higher CMC activity at 325
U/mg, but was less thermally active with an optimum of 43 °C (Zhang et al., 2011a). A BG from
C. formosanus was expressed in E. coli and demonstrated an activity of 462.6 U/mg on
cellobiose (Zhang et al., 2012a). From R. flavipes, an EG (Cell-1) and a BG (RfBGluc-1) were
expressed using the baculovirus expression system in which Trichoplusia ni larvae served as
bioreactors. Hemolymph from baculovirus-injected larvae were extracted and analyzed for
enzyme activity (Scharf et al., 2010). Cell-1 CMC activity of 1.4 U/mg was low while RfBGluc-

1 was considerably more effective on cellobiose at 638 U/mg. An opposite trend was seen from
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an R. santonensis BG which had a low activity of 0.441 U/mg against p-nitrophenol-§-D-
glucopyranoside (pNPG) subtstrate (Matteotti et al., 2011). Possibly this was due to being
produced in E. coli instead of T. ni. Also from R. santonensis is the xylanase, mXylB8, which
has the highest reported beechwood xylan activity at 1837 U/mg for an insect derived xylanase
with a mildly acidic range of pH 5.0 and temperature of 55 °C (Matteotti et al., 2012). From R.
speratus two EGs (RSEG and RsSymEG1) were produced in A. oryzae both of which were active
at 45 °C and a CMC activity of 1200 and 605 U/mg, respectively (Hirayama et al., 2010; Todaka
etal., 2010). RSEG is an endogenous cellulase and RsSSymEG1 is from a protist symbiont. It is

interesting to note that the endogenous RSEG is roughly double the activity of the symbiont.

The higher termite family, Termitidae, has also provided useable GHs for plant biocatalysts
engineering. The BG, bgl-gslfrom Globitermes sulphureus, was produced in E. coli and
demonstrated a thermophilic activity at 90 °C producing 110 U/mg from pNPG substrate (Wang
etal., 2012). While not having as high a thermal stability, the MbmgBG1 from Macrotermes
barneyi, had a higher activity of 206 U/mg on cellobiose with a more acidic pH of 5.0 at
temperature of 45 °C (Wu et al., 2012). Another thermophilic insect derived BG is the
G1mgNTBG from Nasutitermes takasagoensis, while optimum temperature is 65 °C, the activity
was the lowest, 5.83 U/mg, when produced by Pichia pastoris (Uchima et al., 2012). Also from
N. takasagoensis, is the EG, NtEG, which when produced in A. oryzae produced the highest
CMC activity at 1392 U/mg at a slightly acidic pH of 6.0 at 65 °C (Hirayama et al., 2010). A
xylanase from Macrotermes annandalei, was produced in E. coli and evaluated by digestion of

beechwood xylan to produce 733 U/mg at a near neutral 7.5 pH and 55 °C (Liu et al., 2011).
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Both higher and lower Isopteran species have proven to be a reliable source of GHs, which

should be evaluated for their efficacy in plant based expression systems.

Coleopteran derived GHs are found predominantly in the larval stages. The wood-boring
Apriona germari has provided three different EGs all with heterologous activity from Sf9 insect
cells. When using CMC as the substrate, AGQEG-I, AQEG-I11, and AgEG-I1II produced activities of
992, 812, 1037 U/mg, respectively (Lee et al., 2004; Lee et al., 2005; Wei et al., 2006). A
baculovirus transformation system into Bombyx mori larvae was used to heterologously express
two other wood-boring beetle cellulases. Hemolymph extracted from transformed larvae carried
the EGs when tested on CMC produced activity levels of 927 U/mg for Batocera horsfieldi EG
and 319.22 + 9.3 U/mg for Anoplophora malasiaca EG (Chang et al., 2012; Xia et al., 2013).
Larvae from Diabrotica virgifera virgifera were examined as a biocatalyst source due to their
diet of maize stems which could be used as a biofuel source. An EG from D. virgifera was
isolated and produced in E. coli with a CMC activity of 0.166 U/mg (Valencia et al., 2013).
Unlike the previous Coleoptera species, Tribolium castaneum, provided TcEG-1 which has a
lower activity compared to other beetle species, but was active at very alkaline pHs (pH 9-11) in
both S2 insect cells and yeast (Shirley et al., 2014; Willis et al., 2011). The Coleopteran

cellulases were active at 45-50 °C similarly to that of mild-thermophilic microbial cellulases.

Two additional insect orders have received attention for their CWD enzymes: Lepidoptera and
Orthoptera. Spodoptera frugiperda’s larval stage was used as the source of a B-glucosidase BG

activity of 2.4 mMs™t pNPG substrate and was effective when produced in E. coli (Marana et
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al., 2004). Orthopteran species are known for their mandibular action for chewing through
fibrous plant tissue. The symbiont Klebsiella sp. in the gut from an undisclosed grasshopper
species was found to have BG with similar activity of 2.61 + 0.75 mM™s™ on pNPG to that of S.
frugiperda (Shi et al., 2011). From Teleogryllus emma, an EG from GH family 9 was produced

in Sf9 cells showing an activity rate of 3118.4 (U/mg) against CMC (Kim et al., 2008).

Insect GHs have not yet been synthesized in transgenic plants. Under heterologous expression in
microbial systems, the majority of insect derived GHs demonstrate similar thermal and acidic pH
ranges. A few notable examples from Coleoptera have lower activity, but a uniquely alkaline pH
range. Attributes, such as high alkaline affinity, learned from insect derived GHs could be
utilized in site-directed mutagenesis studies to enhance non-insect biocatalyst research. Overall

plant produced insect GHs are another viable avenue for an autohydrolytic plant systems.

2.9 Strategies for engineering autohydrolysis in plants

Constitutive gain-of-function hydrolase activity could have negative phenotypic effects in
transgenic plants. While these negative growth effects seldom have been observed in plants
harboring GHs with high temperature optima, we envisage host off-effects as a potential issue in
heterologous production systems for non-thermophilic enzymes. Use of inducible promoters to
attenuate hydrolase activity can reduce off-target effects and decrease chances of lethality
(Schena et al., 1991;Taylor et al., 2008). Inducible systems could be utilized at several life
cycle/growth stages to specifically induce the hydrolase activity to detect onset of different genes

and pathways involved in cell wall biosynthesis. One such inducible approach has been used to
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control CWD transgene expression in tobacco. An ethanol inducible promoter demonstrated
effective cellulase production while preventing dwarfism when compared to constitutively

produced cellulase in tobacco plants (Klose et al., 2013).

Protein modification can be used on GHs to control for off-target effects and increase protein
yield. Sequestration of proteins by signal peptides to organelles, such as vacuoles, ER, or
plastids improves production rate of transgenic proteins, but also isolates them from their
intended substrates (Taylor et al., 2008; Hood et al., 2007). The use of hyperthermic proteins,
where enzyme activation temperature is above that required for plant growth are useful during
biorefinery steps to prevent undesired effects (Mir et al., 2014). A unique protein sequence
known as an intein, can be inserted into the portions of enzymes and prevents proper protein
folding. Inteins are heat labile and have been proven to successfully prevent undesired
enzymatic action until placed in high temperature which induce intein excision (Shen et al.,

2012).

Plants are attractive bioreactors for many recombinant proteins because their post-translational
modification systems are analogous to other eukaryotes (Fischer et al., 2012; Hellwig et al.,
2004; Zhang, 2015). Plant cell culture systems could also speed the screening process for
functional GH production in planta prior to generation of time consuming whole transgenic
plants (Hellwig et al., 2004; Shen et al., 2013). A multi-well system using a plant cell system for

rapid GH stacking of multiple constructs would speed the screening process of GHs.
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A current research problem is the variety of substrates used to measure activity and efficiency.
Filter paper is reformed cellulose, but the different densities and size of the filter paper disc used
during assays have effects on enzyme activity (Xiao et al., 2004). Carboxymethylcellulose is the
most common substrate used because of its solubility in liquids, which is caused by methylating
cellulose (Reese et al., 1950). Avicel (powdered crystalline cellulose) is a close relative to
cellulose, but can be purchased at crystalline particle size making comparisons with the soluble
form difficult (Yeh et al., 2010). Both of these (and other cellulose derivative) substrates can
also be affixed with fluorophores which are activated upon hydrolysis (Megazyme Wicklow,
Ireland). The units differ based on the method used to measure, some do a straight absorbance
compared to a control, a reduction in viscosity of a solution, use of a standard curve, or percent

of a commercial cellulase standard (Taylor et al., 2008; Willis et al., 2010).

An important decision to be made when developing commercial-ready autohydrolytic plants is
the host plant. This issue is important because C4 grasses (leading biofuel crops) have different
cell wall composition and genetic mechanisms than C3 plants. While current monocot model
species, such as rice (Oryza sativa) and Brachypodium (Brachypodium distachyon), have
extensive genomics toolsets; e.g., completed genomes and activation tagging systems; both are
C3 grasses that are distantly related to C4 grasses (lIto et al., 2005; Jeon and An, 2001,
Matsumoto et al., 2005; Vogel et al., 2010; Vogel et al., 2009). Thus, while rice and
Brachypodium have proven to be powerful tools, they are suboptimal to dissect C4 grass
metabolism and cell wall biosynthesis (Dal'Molin et al., 2010). This latter point is a crucial

consideration for testing autohydrolytic biofuel crop lines. C4 grasses (e.g., maize, sorghum, and
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switchgrass) possess divergent expression patterns of cell wall-related genes, and indeed likely
use different genes, compared to C3 grasses. The specialized vascular anatomy of C4 plants
relies on similar genes to C3 grasses, however, their regulation and expression differ, resulting in
different structures; their secondary cell walls are simply not well modeled by C3 grasses
(Nelson, 2011). The brown midrib (BMR) mutant phenotype in maize, sorghum, and pearl|
millet is a classic lignin alteration in cell walls, but no C3 plants have been reported with this cell
wall phenotype. Putative BMR ortholog mutants in C3 plants seem to have a different basis;
BMR rice mutant orthologs are known, but present different phenotypes if altered (Sattler et al.,
2010). A digestibility assay comparing two C3 and two C4 grasses native to Australia showed
that C3 grass leaves had more facile enzymatic hydrolysis compared to that of the C4 grasses,
which was attributed to C3/C4 differences in leaf anatomy (Wilson and Hacker, 1987). In vitro
evaluations using purified cellulose and lignin polymer models demonstrated that for lignin to
affect cellulose saccharification it must be specifically cross linked to cellulose (Jung et al.,
2011). Grass arabinoxylans cross link to lignin by ether bonds using ferulate and diferulate
molecules (Burr and Fry, 2009). Dicot cell walls lack arabinoxylans for cross linking to lignin
and therefore are inadequate to use as an improved digestibility model for C4 grass crops.
Alternatively, dicot cell walls are primarily comprise xyloglucan hemicellulose for cross linking
to lignin (Damm, 2016; Furtado et al., 2014; Scheller and Ulvskov, 2010). Utilization of C4
grass species is more appropriate for evaluation of CWD enzymes if the target feedstock is a C4
grass. The applied approach for evaluation of novel autohydrolytic lines should be used with

recently improved transformation strategies of many C4 crops (e.g., maize, switchgrass,
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sorghum) to reduce variability to real world marketable biomass (Brutnell et al., 2015; Brutnell

et al., 2010; Ishida et al., 2007; Lambertz et al., 2014; Li and Qu, 2011; Liu and Godwin, 2012).

2.10 Conclusion

There are many economic pinch points in the production of cellulosic biofuels. Enzyme cost is
one of them and is not trivial. Using recombinant systems, including the plant feedstock itself, is
likely necessary to produce advanced biofuels in a sustainable manner (Gressel, 2008). Plants,
including a few species that are relevant proxies for cellulosic feedstocks, have been used as
hosts for overexpression of microbial GH genes. We envisage insect-derived GHs playing a role
in reducing cell wall recalcitrance in transgenic plants owing to their high diversity of function
and eukaryotic origin. Utilization of multiple enzyme classes should be used in concert in
feedstocks, coupled with appropriate subcellular targeting as well as spatial and temporal control
of synthesis. While there is much research needed to produce a commercial cellulosic feedstock
with autocatalytic properties, field experiments with E1-producing transgenic maize
demonstrates that research in this area should be worthwhile. The combination of improved
biomass feedstocks and enzyme technologies is a step toward a renewable plant-based fuel

system.
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2.13 Chapter 2 appendix

2.13.1 Definition box and tables

Endo- B -1,4-glucanase: Glycosyl hydrolase which has an open-ended catalytic side to randomly
bind and cleave the internal $1-4 linkages of cellulose polymer chains producing reduced ends.
Commonly called “cellulose.”

Exo- B -1,4-glucanase (aka Cellobiohydrolase): Similar to its Endo- counterpart, except
cellulose polymers are threaded through the enzyme to reach the catalytic site.

B-glucosidase (aka cellobiases): Glucosidase enzyme which hydrolyzes the 31-4 linkage
cellobiose molecules releasing two glucoses.

Figure 2-1 Definition box: Classification of cellulase enzymes
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Table 2-1: Endo- g -1,4-glucanase transgenic plant studies in which various host plant species and subcellular localization were

targeted for enzyme overproduction. GHF represents glycosyl hydrolase family as defined by CAZy.org. The temperature and pH

optimum are listed. Substrate and other abbreviations used in the table are listed below. ER = endoplasmic reticulum, CMC =
carboxymethylcellulose, MUC = 4-methylumbelliferyl--D-cellobioside, BMCC = bacterial microcrystalline cellulose, n.o. (not
optimized, used when reference reported single point activity instead of a range, TSP = total soluble protein, U = one unit is the
release of 1umol substrate per min, FU = Fluorescence units, + = substrate was used only for qualitative stain for activity, ¥ =

estimated values from published figure when exact numbers not provided, € = used to measure % relativity to a control within the

experiment.
Enzyme | Source Host plant Organelle | GHF | Temp. pH Substrate Activity Notes Reference
Name organism targeting optimum optimum
El Acidothermus | Arabidopsis | Apoplast 5 65 °C n.o. 5.5n.0. CMC# 26% TSP (Ziegler et
cellulolyticus | thaliana MUC al., 2000)
El Acidothermus | Lemna Cytosol 5 80 °C 5.0 CMC 0.24 U/g fresh (Sunetal.,
cellulolyticus | minor 8627 tissue 2007)
El Acidothermus | Nicotiana Chloroplast | 5 81°C 5.25 MUC 2756.3 pmol (Dai et al.,
cellulolyticus | tabacum MU mg* TSP 2000a)
min!
El Acidothermus | Nicotiana Apoplast 5 81°C 5.25 MUC 18056 pmol (Dai et al.,
cellulolyticus | tabacum MU mg? TSP 2005)
min?
El Acidothermus | Nicotiana Chloroplast | 5 65 °C n.o. 5.5n.0. MUC 2824 FU (Jinetal.,
cellulolyticus | tabacum 2003)
El Acidothermus | Nicotiana Apoplast 5 65 °C n.o. 5.5n.0. CMC 1.6% TSP Catalytic (Ziegelhof
cellulolyticus | tabacum Chloroplast MUC domain feretal.,
Cytosol 2001)
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Table 2-1 continued

Enzyme | Source Host plant Organelle | GHF | Temp. pH Substrate | Activity Notes Reference
Name organism targeting optimum optimum
El Acidothermus | Nicotiana Apoplast 5 50 °C n.o. 5.0 n.o. MUC 0.3 ng/mg Tobacco (Brunecky
cellulolyticus | tabacum biomass provided | etal.,
Zea mays by 2011)
(Ziegelhof
fer) corn
provided
by Biswall
El Acidothermus | Oryza sativa | Apoplast 5 65 °C n.o. 5.5n.0. MUC 25000 pmol (Chou et
cellulolyticus MU/mg al., 2011)
protein/min
El Acidothermus | Oryza sativa | Apoplast 5 65 °C n.o. 5.5n.0. MUC 4.9% TSP (Oraby et
cellulolyticus CMC 0.6 g/L al., 2007)
Avicel glucose
released
0.25 g/L
glucose
released
El Acidothermus | Oryza sativa | Endosperm | 5 80 °C 5.0 CMC 830 U/g seed (Zhang et
cellulolyticus al., 2012)
El Acidothermus | Zea mays Endosperm | 5 50 °C n.o. 5.0 n.o. MUC 16% TSP First 40 (Hood et
cellulolyticus cell wall codons al., 2007)
optimized
El Acidothermus | Helianthus Apoplast 5 65 °C n.o. 5.5n.0. MUC 2.5 mg/kg Plant (Jung et
cellulolyticus | annuus fresh tissue codon al., 2014)
optimized
El Acidothermus | Solanum Chloroplast | 5 55 °C n.o. 5.5 n.o. MUC 61000 pmol (Dai et al.,
cellulolyticus | tuberosum mg* min! 2000b)
El Acidothermus | Zea mays Apoplast 5 65 °Cn.o. 5.5n.0. MUC 0.845 Catalytic | (Biswas et
cellulolyticus nmol/pg/min domain al., 2006)
El Acidothermus | Zea mays Apoplast 5 50 °Cn.o. 4.8 n.o. MUC 1.13% TSP Catalytic | (Ransom
cellulolyticus domain etal.,
2007)
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Table 2-1 continued

Enzyme | Source Host plant Organelle | GHF | Temp. pH Substrate | Activity Notes Reference
Name organism targeting optimum optimum
Cel6A Thermobifida | Medicago Cytosol 6 55 °C n.o. 5.5 n.o. Avicel 0.37 g/L (Ziegelhof
fusca trunculata, CMC 0.47 g/L fer et al.,
Nicotiana Corn stover | 0.18 g/L 1999)
tabacum,
Solanum
tuberosum
EG Bacteria-like | Saccharum | Chloroplast | 5 40 °C n.o. 4.75 n.o. CMC 23 nmol (Harrison
synthetic officinarum | ER glucose/min/m etal.,
Vacuole g protein¥ 2011)
ENG1 Oryza sativa | Oryza sativa | Cytosol 9 n.d. n.d. MUC n.d. No (Nigorika
transgenic | waetal.,
plants 2012)
regenerate
d
t-EGI Ruminococcu | Nicotiana Cytosol 5 30 °C n.o. 5.6 n.o. CMC 1.7 umol/mg Truncated | (Kawazu
s albus tabacum protein enzyme etal.,
1999)
Cel6A Thermobifida | Nicotiana Chloroplast | 6 50 °C n.o. 55 CMC 0.65 um (Yuetal.,
fusca tabacum BMCC glucose 2007)
released¥
sso1354 | Sulfolobus Nicotiana Apoplast 12 90 °C 4.5 CMC# 488 nmol (Klose et
solfataricus tabacum ER Azo-CMCE€ | 4MU min?t al., 2012)
MUC mg*
Avicel 0.1g/L
55mg L?tht
TrCel5A | Trichoderma | Nicotiana Apoplast 5 55°C 4.8 CMC# 27 nmol 4MU | Ethanol- (Klose et
reesei tabacum Az0-CMC€ | mintmg? inducible | al., 2013)
MUC
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Table 2-1 continued

TrCel5A

Trichoderma
reesei

Nicotiana
tabacum

Apoplast
ER

55 °C n.o.

4.8 n.o.

Az0-CMC
MUC

2.1Umg?
46 nmol 4MU
mint mg*!

(Klose et
al., 2015)
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Table 2-2: Cellobiohydrolase transgenic plant studies in which various host plant species and subcellular localization was
targeted for enzyme overproduction. GHF represents glycosyl hydrolase family as defined by CAZy.org. The tested temperature
and pH are listed. Substrate abbreviations are listed below. CMC = carboxymethylcellulose, BMCC = bacterial microcrystalline

cellulose, MUL = 4-methylumbelliferyl-p -D-lactopyranoside, MUC = 4-methylumbelliferyl-p-D-cellobioside, TSP = total soluble

protein, ¥ = estimated values from published figure when exact numbers not provided.

Enzyme | Source Host plant Subcellular | GHF | Temp | pH Substrate | Activity Notes Reference
name organism localization
CBH | Trichoderma Zea mays Cell wall, 7 50°C | 5.0 MUC 16% TSP First 40 (Hood et
reesei ER, codons al., 2007)
vacuole optimized
CBHI Fungal-like Saccharum Chloroplast, | 7 40°C | 475 | MUL 12.25 nmol (Harrison
synthetic officinarum ER, 4-Mu etal.,
vacuole /min/mg 2011)
protein
CBH I Fungal-like Saccharum Chloroplast | 6 40°C | 4.75 | Avicel 8.68 nmol (Harrison
synthetic officinarum ER, PH-101 reducing etal.,
vacuole sugars/min/m 2011)
g protein
Cel6A Thermobifida | Medicago trunculata, | Cytosol 6 55°C | 55 CMC 0.1% TSP (Ziegelhof
fusca Nicotiana tabacum, fer etal.,
Solanum tuberosum 1999)
Cel6B Thermobifida | Medicago trunculata, | Cytosol 6 55°C | 55 CMC 0.02% TSP (Ziegelhof
fusca Nicotiana tabacum, fer etal.,
Solanum tuberosum 1999)

68



Table 2-2 continued

Enzyme | Source Host plant Subcellular | GHF | Temp | pH Substrate | Activity Notes Refere
name organism localization nce
Cel6B Thermobifida | Nicotiana tabacum Chloroplast | 6 50°C | 5.5 BMCC 0.55 pm glucose (Yuet
fusca released¥ al.,
2007)
EXG1 Oryza sativa Oryza sativa Native target | 6 37°C | 7.0 MUC 45 pg/ml 4-MU (Nigor
concentration ikawa
etal.,
2012)
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Table 2-3: g-glucosidase (BG) transgenic plant studies in which various host plant species and subcellular localization was

targeted for enzyme overproduction. GHF represents glycosyl hydrolase family as defined by CAZy.org. The temperatures and pH

ranges tested and (optimum) are listed. Substrate abbreviations are listed below. pNPG = p-nitrophenyl 3-D-glucopyranoside, ¥ =

estimated values from published figure when exact numbers not provided.

Enzyme | Source Host plant | Organelle | GHF | Temp. pH Substrate Activity Notes Reference
name organism targeting
BEG1 Oryza sativa | Oryza Native 1 n.d. n.d. n.d. n.d. (Nigorikaw
sativa aetal,
2012)
BglB Thermotoga | Nicotiana Chloroplast | 3 40-90°C | 3-6 pNPG 180 mmol/ml¥ (Jung et al.,
maritima tabacum & | Cytosol (80 °C) (4.5) 2010)
Arabidopsis
thaliana
BglB Thermotoga | Nicotiana Chloroplast | 3 80 °C 4.5 pNPG 2090.9 mg/mi New (Jung et al.,
maritima tabacum & chloroplast 2013)
Arabidopsis promoter
thaliana
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Table 2-4: Endo-1,4-p —xylanase transgenic plant studies in which various host plant species and subcellular localization was
targeted for enzyme overproduction. GHF represents glycosyl hydrolase family as defined by CAZy.org. The temperature and pH
are values enzyme activity was performed. Substrate and other abbreviations are listed below. AZCL-xylan = azo-crosslinked-xylan,
RBB-xylan = remazol brilliant blue R-D-xylan, U = amount of enzyme liberating 1 pmol xylose per min, AU = absorbance unit, ¥ =

estimated values from published figure when exact numbers not provided.

Enzyme | Source Host plant Organelle GHF | Temp. | pH Substrate Activity Notes Reference
name organism targeting
ATX Thermobifida Oryza sativa | Cytosol 11 50°C | 5.0 Birchwood 3.64 U g fresh (Weng et
fusca xylan tissue al., 2013)
XynA Clostridium Oryza sativa | Cytoplasm 11 60°C | 7.0 Birchwood 0.475 Unit/mg Catalytic (Kimura et
thermocellum xylan protein¥ domain al., 2003)
without
native signal
peptide
XynA Dictyoglomus | Arabidopsis | Apoplast 11 85°C |65 Wheat 8.25 umol Plant codon (Borkhardt
thermophilum | thaliana arabinoxylan | reducing optimized etal.,
Nicotiana ends/min/mg¥ 2010)
tabacum
XynA Dictyoglomus Arabidopsis | Apoplast 11 85°C | 6.5 Wheat 8.25 umol Plant codon (Borkhardt
thermophilum thaliana arabinoxylan | reducing optimized etal.,
Nicotiana ends/min/mg¥ 2010)
tabacum
mXynA | Neocallimastix | Hordeum Cytoplasm 11 40°C | 6.0 AZCL-xylan | 27.06 (Patel et
patriciarum vulgare AU/h/grain al., 2000)
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Table 2-4 continued

Enzyme | Source Host plant Organelle GHF | Temp. | pH Substrate Activity Notes Reference
name organism targeting
Xylll Trichoderma Arabidopsis | Peroxisome | 11 50°C | 6.8 Xylan 24 U mg't (Hyunjong
reesei thaliana Cytosol solution etal,
Chloroplast 2006)
Xynll Trichoderma Arabidopsis | Cytosol 11 50°C | 6.8 Xylan 22.7U/mg (Bae et al.,
reesei thaliana Chloroplast solution 2008)
XynB Streptomyces Solanum Cytosol 11 60°C | 5.2 Birchwood 87 umol min g- (Yang et
olivaceoviridis | tuberosum xylan 1 al., 2007)
XynZ Clostridium Nicotiana Apoplast 10 60°C |54 RBB-Xylan 46.6 U/mg Truncated (Herbers
thermocellum tabacum Birchwood etal.,
xylan 1995)
Oat spelt
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Table 2-5: Transgenic plants producing gene stacked cellulolytic enzymes produced in plants as reported in the literature.
Enzyme name is the name given by the author, source organisms are where the enzymes originated from, host plant is the plant

species which was transformed with the enzyme, GHF is the glycosyl hydrolase family number as defined by CAZy.org, temperature
and pH are values enzyme activity was performed, substrate is the material used to measure enzyme activity followed by parenthesis
of reported highest mean activity, organelle targeting is where enzyme was targeted towards in the plant cell, activity is the reported
maximum activity provided by authors, notes list other key interests for the reference, reference is the referred paper information was
collected.

CBM = carbohydrate binding module, CMC = carboxymethylcellulose, MUC = methylumbelliferyl--D-cellobioside, pNPG = p-
nitrophenol, RBB-xylan = Remazol brilliant blue, AX = arabinoxoylan, AZCL= azo-crosslinked, tsp = total soluble protein, AU =
absorbance unit, ¥ = substrate was used only for qualitative stain for activity, ¥ = estimated values from published figure when exact

numbers not provided.

Enzyme Source Host plant | GHF | Temp. | pH | Substrate Organelle | Notes Reference
name organisms targeting
Ell-hybrid | Bacillus spp. Hordeum 16 65°C | 7.4 | Azobarley B-glucan (40 ng £18 ng) | Endosperm | Codon (Jensen et
vulgare Lichenant optimized al., 1996)
Ell-hybrid | Bacillus spp. Hordeum 16 65°C | 7.4 | Azobarley B-glucan (Up to 40 Endosperm | Codon (Horvath
vulgare ug*mg™) Lichenant optimized etal.,
2000)
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Table 2-5 continued

stearothermop
hilus

xylose/min/ug) ¥
Rye-AX (27.5 umol
xylose/min/ug)¥

Enzyme Source Host plant | GHF | Temp. | pH | Substrate Organelle | Notes Reference
name organisms targeting
El& Acidothermus | Helianthus | 5 70°C | 6.0 | MUC (up to 2.5 mg/kg) Apoplast Plant codon (Jung et
Xyn10A cellulolyticus annuus &10 Birchwood xylan (up to 4.1 optimized al., 2014)
ma/kg)¥
BglB:Cel5 | Thermotoga Nicotiana 3&5 |80°C |5.0 | CMC(0.375 mg/ml) ¥ Chloroplast (Leeetal.,
A maritime tabacum PNPG (240 pmol/ml) ¥ 2012)
Xylll:Cel | Trichoderma Nicotiana 11& |50°C | 7.0 | CMC (0.275 mg/ml) ¥ Chloroplast (Leeetal.,
5A reesei tabacum 5 Oat spelt (0.25 mg/ml) ¥ 2012)
& Thermotoga
maritime
Cel6B:Cel | Thermobifida Nicotiana 5&6 | 50°C | 7.0 | CMC (0.375 mg/ml) ¥ Chloroplast (Leeetal.,
5A fusca & tabacum Filter paper (0.225 mg/ml) ¥ 2012)
Thermotoga
maritime
Cel-Hybl | Neocallimastix | Hordeum &6 40°C | 6.0 | CMCHt Cytoplasm (Xue et
(CelA & patriciarum & | vulgare AZCL-glucan (8,447 £2059 al., 2003)
Cel6G) Piromyces sp. AU/h/g/ grain)
AZCL-HE-Cellulose (4,041 +657
AU/h/g/ grain)
Lichenan (1585 £195 U/g grain
TmCel5A | Thermotoga Nicotiana 5& 50°C | 6.0 | CMC (up to 2.0 Unit/mg tsp)¥ Apoplast Fused with (Mahadev
& maritime tabacum CBM Chloroplast | cellulose anetal.,
TmCel5A 6 Cytosol binding 2011)
fused module
CMB6A
Xyln-ara Clostridium Nicotiana | 10& |[60°C | 6.0 | RBB-xylan (55.3 umol Cytosol Fusion of (Fan and
thermocellum | tabacum 51 dye/min/ug) catalytic Yuan,
& Geobacillus Wheat-AX (22.5 pmol domains 2010)
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Table 2-6: Heterologously produced insect cellulolytic enzymes as reported in the literature

Insect taxanomic order followed by insect family. Genus species are insect source of enzyme, Enzyme and family represents glycosyl

hydrolase and its corresponding family as defined by CAZy.org, temperature and pH are values reported for best performance,

substrate is the material used to measure enzyme activity, heterologous expression system defines transformation system evaluated,

reference is the referred paper information was collected.

EG = endo-1,4-B-glucanase, BG = p-glucosidase, Xyl = Xylanase, U = units of mMol of substrate released per minute, n.d. (not

determined); n.r. (not reported); n.o. (not optimized, used when references reports activity, however was a single temperature or pH

testing).
Order: Family Genus species Enzyme Temp. pH Substrate | Activity Expression system Reference:
(Family)

Coleoptera

Cerambycidae Apriona EG 50 °C 6.0 CMC 992 (U/mg) Sf9 insect cells (Leeetal.,
germari (GH 45) 2004)

Cerambycidae Apriona EG 50 °C 6.0 CMC 812 (U/mg) Sf9 insect cells (Leeetal.,
germari (GH 45) 2005)

Cerambycidae Apriona EG 55 °C 6.0 CMC 1037 (U/mg) Sf9 insect cells (Wei et al.,
germari (GH 5) 2006)

Cerambycidae Batocera EG 50 °C 6.0 CMC 928 (U/mg) baculovirus expression | (Xiaetal.,
horsfieldi (GH 45) in Bombyx mori 2013)

Cerambycidae Anoplophora EG 50 °C 4.0 CMC 319.22 +9.3 baculovirus expression | (Chang et al.,
malasiaca (GH 45) (U/mg) in Bombyx mori 2012)
Diabrotica EG (GH |45°C 6.0 CMC 166.67 nmol min? | E. coli (Valenciaetal.,

Chrysomelidae virgifera 45) mgprotein’t 2013)
virgifera
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Table 2-6 continued

Order: Family Genus species Enzyme Temp. pH Substrate | Activity Expression system Reference:
(Family)
Tenebrionidae Tribolium EG (GH |50°C 9.0 CMC 12.9 (U/mg) S2 insect cells (Willis et al.,
castaneum 9) 2011)
Isoptera
Kalotermitidae Neotermes BG (GH1) | 45°C 5.0 Cellobiose | 156.7 (U/mg) E. coli (Ni et al., 2007)
koshunensis 40 °C 5.0 PNPG 12.4 (U/mg) A.orizae (Uchima et al.,
2011)
Rhinotermitidae | Coptotermes EG (GH5) | 70°C 6.0 CMC 105 (U/mg) E. coli (Inoue et al.,
formosanus 2005)
Coptotermes EG (GH9) |43°C 5.6 CMC 325 (U/mg) E. coli (Zhang et al.,
Rhinotermitidae | formosanus Cellodextr 2011)
in
Filter
paper
Rhinotermitidae | Coptotermes BG (GH1) | 49°C 5.6- Cellobiose | 462.6 (U/mg) E. coli (Zhang et al.,
formosanus 6.2 2012)
Rhinotermitidae | Reticulitermes EG (GH9) | 50-60°C | 6.5- CMC 1.3 (U/mg) baculovirus expression | (Zhou et al.,
flavipes 7.5 in Trichoplusia ni 2010)
Rhinotermitidae | Reticulitermes BG (GH1) | 40°C 6.5- Cellobiose | 638.0+39.0 baculovirus expression | (Scharf et al.,
flavipes 7.0 (U/mg) in Trichoplusia ni 2010)
Rhinotermitidae | Reticulitermes BG (GH1) | 40°C 6.0 pNPG 0.441 (U/mg) E.coli (Matteotti et al.,
santonensis 2011)
Reticulitermes Xyl 55 °C 5.0 AZCL- 1837 (U/mg) E. coli (Matteotti et al.,
Rhinotermitidae | santonensis (GH11) xylan 2012)
Beechwoo
d xylan
Rhinotermitidae | Reticulitermes EG (GH9) | 45°C 5.5 CMC 1200 £ 92 (U/mg) | A.oryzae (Hirayama et
speratus al., 2010)
Rhinotermitidae | Reticulitermes EG (GH7) | 45°C 6.5 CMC 603 (U/mg) A. oryzae (Todaka et al.,
speratus 2010)
Termitidae Globitermes BG (GH1) | 90°C 6.0 pNPG 110 (U/mg) E.coli (Wang et al.,
sulphureus 2012)
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Table 2-6 continued

Order: Family Genus species Enzyme Temp. pH Substrate | Activity Expression system Reference:
(Family)
Termitidae Macrotermes Xyl GH11) | 55°C 7.5 Beechwoo | 733 (U/mg) E.coli (Liu et al.,
annandalei d xylan 2011)
Termitidae Macrotermes BG (GH1) | 45°C 5.0 Cellobiose | 206 (U/mg) E.coli (Wuetal.,
barneyi pPNPG 2012)
Termitidae Nasutitermes EG (GH9) | 65°C 6.0 CMC 1392 + 57 (U/mg) | A.orizae (Hirayama et
takasagoensis al., 2010)
Termitidae Nasutitermes BG (GH1) | 65°C 55 pNPG 5.83 (U/mg) P. pastris (Uchimaetal.,
takasagoensis 2012)
Lepidoptera
Noctuidae Spodoptera BG (GH1) |30°C 6.0 pPNPG 2.4 (MM E. coli (Marana et al.,
frugiperda 2004)
Orthoptera
Acrididae Grasshopper BG(GH1) | 60°C 9.0 pNPG 2.61+0.75 E. coli (Shi et al.,
(n.r) (mM-1st) 2011)
Gryllidae Teleogryllus EG (GH9) | 40°C 5.0 CMC 3118.4 (U/mg) Sf9 cells (Kimetal.,
emma 2008)
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Chapter 3: Heterologous production of the TcEG-1 beetle (Tribolium
castaneum) cellulase in switchgrass improves sugar release and alters plant
cell wall architecture
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Caroline S. Rempe, A. Grace Collins, Geoffrey B. Turner, Stephen R. Decker, Robert W. Sykes,
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manuscript.

3.1 Abstract
Genetically engineering dedicated biofuel crops, such as switchgrass, that produce their own cell

wall digesting cellulase enzymes would reduce costs of cellulosic ethanol production. The

majority of experiments testing plant produced fungal and bacterial cellulases has been

79



performed in model plants. Many herbivorous insects possess cellulases that have similar
properties to cellulases from fungi and bacteria. Production of the TCEG-1 cellulase, from
Tribolium castaneum (red flour beetle) has been demonstrated in Escherichia coli and
Saccharomyces cerevisiae to be optimally active at 50 °C and pH 12.0. TcEG-1 was produced in
transgenic switchgrass with a range of endoglucanase activity of 0.16 to 0.05 units (1M glucose
release/min/mg) at 50 °C with pH 12.0 from fresh leaf tissue. TcEG-1 activity from air dried
leaves was unchanged from that of green tissue, but when dried in a desiccant oven (46 °C),
specific enzyme activity decreased by 60%. Saccharification was increased in one transgenic
event by 28%, which had a concurrent decrease in lignin content of 9%. Histological analysis
revealed an increase cell wall thickness with no change to cell area or perimeter. Transgenic
plants produced more, albeit narrower, tillers with equivalent dry biomass as the control. This is

the first study in which an insect cellulase has been produced in plants.

Keywords: Switchgrass, glycosyl hydrolase, B-1,4-endoglucanase, insect cellulase, biofuel
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3.2 Introduction

Plant biomass polysaccharides can be converted into ethanol for use as a replacement of fossil
fuels. Cellulosic feedstocks include crop residues such as maize stover or dedicated biomass
crops such as switchgrass (Panicum virgatum). Dedicated biomass crops are attractive inasmuch
as growing demands for fuel might be met by low-input bioenergy crops grown on marginal
lands unsuitable for food crop production (Mitchell et al., 2016). Plants utilizing C4
photosynthesis, such as switchgrass, have increased water-use efficiency over C3 plants.
Furthermore, switchgrass and other perennial grasses have lower nutrient fertilizer requirements
compared with most C4 cereal crops (e.g., maize) (Vogel, 2008; Wright and Turhollow, 2010;
Woullschleger et al., 2010). For bioenergy, switchgrass aboveground biomass would be harvested
using standard forage baling equipment at the end of the growing season after the first frost.
This timing allows the plant to remobilize N and other nutrients to belowground biomass,
thereby endowing high nutrient use efficiency. Utilization of farmer contracts from biorefineries
would allow farmers to ‘permanently’ install switchgrass at low risk (Griffith et al., 2014;
Griffith et al., 2012). Production of perennial, dedicated cellulosic feedstocks on marginal lands
will allow farmers to produce profitable and environmentally stable fuel source (Mitchell et al.,

2016).

Enzyme cost is significant for cellulosic ethanol production. High titers of cellulase cocktails are
required to convert recalcitrant plant cell walls into simple sugars for fermentation. Economic
modelling has demonstrated that cellulosic ethanol refineries should use an integrated approach

of producing their feedstock and cellulases on site to reduce total cost (Johnson, 2016). A
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biofuel feedstock that simultaneously produces its own cocktail of cellulolytic enzymes has been
one all-in-one model integrated system for reducing enzyme costs (Lopez-Casado et al., 2008; Li
etal., 2014). There are several challenges to address in designing such a feedstock. Complete
digestion of cellulose in the plant cell wall requires the synergistic actions of three types of
cellulase enzymes: endoglucases, exoglucanases, and B-glucosidases, which are all glycosyl
hydrolases (Bayer et al, 1997; Bhat, 2000). Internal cellulose bonds are broken by
endoglucanases (Bayer et al, 1997; Bhat, 2000; Schulein, 2000). Unbound chain ends of
cellulose are cleaved by exoglucanases (also called cellobiohydrolases), which release the base
units of cellulose, cellobiose. Cellobiose consists of two inverted glucose units, which are
broken into free glucose by B-glucosidases. Genetically engineered feedstocks would
conceivably require the concerted synthesis of each type of enzyme in a manner that would also
not decrease plant growth. Most experiments have tested one cellulase gene at a time. Such
experiments have utilized easily-transformed non-feedstock plant species such as Arabidopsis
thaliana (Arabidopsis), Nicotiana tabacum (tobacco), and Oryza sativa (rice). All cellulase

genes engineered into plants thus far have been from either bacteria or fungi (Willis et al., 2016).

A potential source for bioprospecting biocatalysts for biofuels has been digestive enzymes from
insect species (Willis et al. 2016). Researchers once believed that insects had none-to-few cell
wall-degrading of their own, but rather relied on those from symbiotic organisms in their guts to
digest plant biomass. For some species this opinion is predomininant, however new genomic
and proteomic analyses have shown that insects produce endogenous enzymes (Tokuda and

Watanabe, 2007; Watanabe et al., 1998). For example, termites can survive solely on cellulose,

82



and thus would be a source of cell wall digesting enzymes for bioprospecting (Watanabe and
Tokuda, 2010). Heterologous expression of insect cellulases in model microbes has proven to be
potential alternatives to bacterial and fungal-sourced enzymes. These insect cellulases have
temperature optima from 40 to 65 C° and perform optimally at alkaline pH (Shi et al., 2013; Shi
etal., 2011; Willis et al., 2011). Therefore, there appears to be potential advantages to using

insect cellulases in feedstocks for subsequent biofuel production.

Here we report on transgenic switchgrass that overexpresses a gene encoding TcEG-1, an
endoglucanase from the digestive system of the red flour beetle (Tribolium castaneum). Our goal
was to assess the potential of this switchgrass-beetle cellulase system on improving

saccharification of the feedstock host.

3.3 Methods

3.3.1 Vector construction

The TcEG-1 open reading frame sequence (Willis et al., 2011) was amplified by PCR and cloned
into the pCR8 entry vector and further then Gateway® sub-cloned into the pANIC-10A plant
expression vector (Mann et al., 2012b) to yield the pANIC-10A-TcEG-1 vector. The expression
cassette containing TCEG-1 was 5’ flanked by the constitutive maize ubiquitin 1 promoter
(ZmUbil),and 3’ flanked by the AcV5 epitope tag and the octopine synthase terminator (Figure
1). The pANIC-10A-TcEG-1 also contained cassettes that included a hygromycin selectable

marker and an orange fluorescent protein (OFP) reporter gene from the hard coral Porites porites
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(pporRFP) (Mann et al., 2012a). An epi-fluorescence microscope (Olympus stereo microscope
SZX12, Olympus America, Centre Valley, PA) having a 535/30 nm excitation filter and 600/50
nm emissions filter was used to track OFP fluorescence during transgenic callus development

and to identify individual putative transgenic lines in vitro.

3.3.2 Transgenic plant production

Seed derived callus of the ‘Performer’ switchgrass cultivar was used to generate Type II
embryogenic callus (Burris et al., 2009), which was stably transformed using Agrobacterium
tumefaciens strain EHA105 harboring the pANIC-10A-TcEG-1 expression vector. Transformed
calli were grown in LP9 growth medium (Burris et al., 2009) supplemented with 400 mg/L
timentin and 40 mg/L hygromycin for approximately two months. Subsequently the transgenic
calli were transferred to regeneration medium (Wong et al., 2011), supplemented with 250 mg/L
cefotaxime to stimulate regeneration (Danilova and Dolgikh, 2004). Ten transgenic plants were
successfully regenerated, rooted and acclimated as previously described by Burris et al. (2009).
Transgenic and non-transgenic control plants were grown in growth chambers under 16 h light/8
h dark cycles at 25°C until moved to a greenhouse. Fertilizer (0.02% solution of Peter’s soluble

20-20-20) was applied twice per month.

3.3.3 RNA extraction and qRT-PCR analysis for TcCEG-1 transcript abundance

Quantitative RT-PCR was performed to estimate TCEG-1 transcript abundance in transgenic TO

and non-transgenic plants. Total RNA was isolated from stem internodes of triplicate tillers at
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the R1 (reproductive) developmental stage (Hardin et al., 2013) per event using TRI Reagent
following manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO). Purified RNA was
treated with DNase-1 (Promega, Madison, WI) and 3 pg treated RNA was used to generate
cDNA using oligo-dT and Superscript III according to manufacturer’s instructions (Life
Technologies, Carlsbad, CA). gRT-PCR analysis was performed with Power SYBR Green PCR
master mix (Life Technologies) according to manufacturer’s protocols for optimization of
annealing temperature, primer concentration, and cDNA concentration. The optimized gRT-
PCR protocol employed a dilution of cDNA 1:100 with thermal cycling at 95 °C for 3 min, and
40 cycle repeats of (95 °C for 10 s and 50.0 °C for 30 s). The TCEG-1 primers were: TCEG-1_F
5’- CTGGATTACAATGCGGGATTTC -3’ and AcV5_R 5°-
AGACCAGCCGCTCGCATCTTTCCAAGA -3’. The relative levels of transcripts were
normalized to switchgrass ubiquitin 1 (PvUbil) as a reference gene (Shen et al., 2009) and
primers were PvUbil F 5’- CAGCGAGGGCTCAATAATTCCA -3’ and PvUbil R 5’ -
TCTGGCGGACTACAATATCCA -3’ (Xuetal., 2011). All experiments were carried out in
triplicate technical replicates. The differential Ct method was used to measure transcript
abundance after normalization to PvUbil according to Schmittgen and Livak (2008). Statistical
analysis was determined with triplicate stem internodes averaged from triplicate measuring using
SAS® (Version 9.3 SAS Institute Inc., Cary, NC) programming of mixed model ANOVA and
least significant difference (LSD) for all quantifiable data.

TcEG-1 protein sequence was aligned against the switchgrass proteome to determine homology

which could have cause a change to native glycosyl hydrolases within switchgrass. A pBLAST
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search (https://phytozome.jgi.doe.gov/pz/portal.html) revealed 61 targets with no greater than

46% identity match (Table S3-1).

3.3.4 Plant protein extraction

Protein extraction procedure was according to Oraby et al. (2007) with modification. Briefly, 100
mg leaf tissue from fresh triplicate R1 development stage tillers were ground under liquid
nitrogen to a fine powder. For the dry biomass enzyme analysis, triplicate R1 development stage
tillers were collected and either air dried in the greenhouse for two weeks or placed in a
desiccant oven at 46 °C for three days as described by Hardin et al. (2013). A protein extraction
buffer of 50 mM sodium acetate, pH 5.5, 100 mM NaCl, 10% glycerol, 0.5 ml disodium EDTA,
1 mM PMSF, and a 1:200 dilution of Sigma plant proteinase inhibitor added to the fine powder
in a 2 ml centrifuge tube and vortexed for 30 seconds. Samples were centrifuged at 4 °C for 10
minutes at 10,000 x g and supernatant was transferred to fresh tube. A secondary centrifugation
was used when excess extracellular debris was present. Protein concentrations were estimated
via Bradford assay using the Pierce Coomassie Protein Assay Reagent (Thermo Fisher,
Wilmington, DE) following the manufacturer’s instructions with bovine serum albumin (BSA) as

standard. Samples were stored at 4 °C until ready for downstream assays.

3.3.5 Endoglucanase activity

Endoglucanase activity of protein extracts from the method described above was determined
using a modified dinitrosalicylic acid (DNSA) assay (Miller, 1959) with carboxymethyl cellulose

(CMC) sodium salt (Sigma-Aldrich, St. Louis, MO) as substrate. Protein samples (10 pg) were
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added in triplicate to substrate solutions (2% w/v in 50 mM sodium phosphate buffer, pH 12.0)
and incubated for 1 h at 50 °C. A modified DNSA reagent containing Rochelle salt (Miller,
1959) was added to the samples to halt enzymatic activity, after which a color change developed
at 100 °C for 15 min. Samples were centrifuged at 2,000 x g for two minutes to precipitate any
remaining substrate. Supernatants were transferred to polystyrene microplates and spectral
absorbance at 595 nm was read on a Synergy HT microplate reader (BioTek, Winooski, VT)
using the KC4 software (v. 3.1). Background amounts of native sugars and any possible native
cellulases from switchgrass leaves were corrected for by subtracting non-transgenic protein
values from transgenic TCEG-1 protein values. One unit of cellulolytic activity was defined as
the amount of enzyme that produces 1 pmol of reducing sugar (glucose equivalents) per minute
at 50 °C at pH 12.0. Specific activities were reported as units per mg of protein and represented
averages of three independent replicates. Statistical analysis was determined with triplicate
measures of proteins extracted from triplicate fresh leaves using SAS® (Version 9.3 SAS
Institute Inc.) programming of mixed model ANOVA and least significant difference (LSD) for
all quantifiable data. The standard error of the mean was calculated and reported in data

displays. P-values of < 0.05 were considered to be statistically significant.

3.3.6 Cell wall sugar release and lignin content and composition

Switchgrass tillers were collected at the R1 developmental stage from triplicate greenhouse-
grown plants and air dried for 3 weeks at room temperature before grinding to 1 mm (20 mesh)
particle size. Sugar release efficiency was determined via NREL high-throughput sugar release

assays on pre-treated extractive- and starch-free samples (Decker et al., 2012; Selig et al., 2010).
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Glucose and xylose release was determined by colorimetric assays with total sugar release being
the sum of glucose and xylose released. The lignin content and composition was determined by
pyrolysis molecular beam mass spectrometry (py-MBMS) on extractive- and starch-free samples
via NREL high-throughput assays (Sykes et al., 2009). Statistical analysis was determined with
triplicate measures of biomass collected from triplicate pots using SAS® (Version 9.3 SAS
Institute Inc.) programming of mixed model ANOVA and least significant difference (LSD) for

all quantifiable data.

3.3.7 Cell wall histology and measurements

Stem samples were collected from second-to-basal internode from three tillers at the R1
developmental stage and immediately placed in 2 ml Eppendorf tubes containing FAA (50 ml
95% ethanol (EtOH), 5 ml glacial acetic acid, and 10 ml 40% formaldehyde, and 35 ml distilled
H20). Internodes were incubated for four days in FAA on a shaker, after which the FAA was
discarded and replaced with a 10% EtOH solution. After two hours of gentle shaking, the 10%
EtOH was discarded and replaced with 20% EtOH. At two-hour intervals each, 30%, and 50%
EtOH were used as serial replacements, followed by 75% EtOH for a four-hour incubation,
which was subsequently replaced by 95% EtOH. A two-day 95% EtOH incubation was
performed with a change of solution midway through the incubation. Infiltration of glycol
methacrylate was performed using a JB-4 Embedding Kit (Sigma-Aldrich) following
manufacturer’s instructions. Infiltrated samples were placed in molds (Sigma-Aldrich) and
embedded under a nitrogen vacuum until hardened. After hardening, stem samples were

mounted and sectioned to 5 uM with a glass blade microtome (Sorvall Dupont JB-4 microtome,
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Newtown, CT). Dark field staining was performed with Pontamine Fast Scarlet 4B, which binds
specifically to cellulose (Thomas et al., 2013). Dark field staining of total cell wall components
was performed with Calcofluor White (Hughes and McCully, 1975). After staining, bright field
and dark field images at multiple objectives were taken on a Zeiss Axioplan 2 Compound
Microscope (Carl Zeiss, Oberkochen, Germany). Slides stained with Pontamine Fast Scarlet 4B
were observed under a 543 nm laser and images were obtained using a Leica Confocal
Microscope. Images were analyzed using ImageJ (Schneider et al., 2012) software to measure
cell area, perimeter, and cell wall thickness both by hand and with a custom built program using
Python and Python Imaging Library. Hand measuring occurred for 100 cell wall segments on
three slide sections. Program measuring was conducted for all cell walls on 20 slide sections.
The custom program, Python Cell Wall Thickness (pyCWT), was developed for the batch
determination of plant cell wall thickness from images (cross-sections of plant stem internodes
with fluorescently labeled cell walls). This automated approach of approximating plant cell wall
thickness was written in Python (Python Software Foundation, Python Language Reference,

version 2.7, https://www.python.org) using functions from the Python Imaging Library (PIL,

Secret Labs AB) and the Scientific Python (Scipy) libraries ndimage and misc (Jones et al.,
2001) and includes a graphical user interface (GUI) to easily work with batches of files and
adjust image processing parameters. Each image analyzed with pyCWT underwent a series of
processing steps that converted the image to grayscale, normalized pixel brightness distribution
using a histogram, smoothed with a Gaussian blur, and then converted to black and white pixels
based on the mean pixel brightness of the current image. A stepwise example of how pyCWT is

detailed in supplementary figure 1 (Figure S1). A binary opening function with a 3X3 matrix
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over 2 iterations was then used to better differentiate dark and light objects. The image was
segmented and objects labeled using the PIL function “measurements.label()”. Labeled pixels
were mapped back to their coordinate values and binary erosion was used to get a border within
each labeled object, which corresponds to the border of a plant cell. Centroids of labeled objects
were found with the PIL function “measurementscenter of mass()”. The border coordinate
values were used to calculate area, using an implementation of Green’s Theorum by Jamie Bull
(Bull posted function 2012), and perimeter, by summing distances between adjacent border
coordinates, of each object. A size cutoff of 200% of the average cell area and perimeter was
implemented to restrict the program from counting large gaps as cells. The mode for cell wall
thickness was the recorded value for each image.

Cell wall thickness is calculated by dilating each labeled object (presumably a plant cell) 1 pixel
width at a time while keeping track of the total number of objects. When two objects merge,
meaning the total object count decreases by one, the current pixel count is considered the
thickness of that cell wall. A distribution of all cell wall thickness in pixels is plotted based on
the number of dilations required for objects to merge. The mode of cell wall thickness was
recorded and when these values were compared with average thickness from manual
measurements with ImageJ, there was no significant difference when compared with a t-test at p
< 0.05 (Figure S2).

Statistical analysis was performed on the pyCWT image rendered datausing SAS® (Version 9.3
SAS Institute Inc.) programming of mixed model ANOVA and least significant difference (LSD)

reported.
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3.3.8 Cellulose crystallinity index

Collected tillers at the R1 developmental stage were ground to 2 mm (40 mesh) particle size and
the crystallinity index was measured by Fourier transform infrared (FTIR) spectra were collected
using a diamond crystal of an attenuated total reflectance (ATR) accessory of a Perkin Elmer
Spectrum One spectrometer (Waltham, MA). Spectra were collected over the range of 4000-650
cmt in the absorbance mode, with 1 cm-1 resolution and 8 scans per spectra. Ten spectra were
collected for each sample. Data pretreatments were then ATR corrected and normalized in the
Spectrum One software. The index of crystallinity was calculated by the intensity ratio between
the bands at 1422 and 899 cm, assigned to CH- bending mode and deformation of anomeric
CH, respectively (Kataoka and Kondo, 1998). Statistical analysis was determined with triplicate

measures of biomass collected using SAS® (Version 9.3 SAS Institute Inc.) as stated above.

3.3.9 Plant growth analysis

Transgenic TO and non-transgenic control lines were split into triplicate, single-tiller replicates
and placed in a random design in the greenhouse. Plants were grown until the R1 developmental
stage and measured for tiller number. The five tallest tillers for each replicate were used as a
determination of aboveground plant height. These tillers were also used for the determination of
stem diameter taken at 10 cm above potting level at internodes. At the R1 stage, the
aboveground biomass was harvested for each plant and air dried in the greenhouse for
approximately two weeks and biomass tallied. Statistical analysis was performed with using
SAS® (Version 9.3 SAS Institute Inc.) programming of mixed model ANOVA and least

significant difference (LSD) for all quantifiable data.
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3.4 Results

3.4.1 Production of TcEG-1 transgenic plants, expression and enzyme activity

Hygromycin-resistant and orange-fluorescent callus and shoots resulted in the recovery of ten
independent transgenic events. Transcript abundance in tillers ranged between 70-fold (relative
to PvUbil gene) in event Tc-1 to two-fold in Tc-3 (Fig 3-1B). All transgenic plants had
functionally-active TcEG-1 endoglucanase on CMC substrate from an increase of reduced sugars
at 50 °C at pH 12.0 (Fig 3-2A). Event Tc-1 had the highest enzyme activity of 0.16 £ 0.02 U/mg
while event Tc-3 had the lowest activity at 0.05 + 0.02 U/mg (Fig 3-2A). In addition the TcEG-1
enzyme activity of event Tc-1 over a range of pH conditions was highest at pH 12 (increased by

193%; Fig 3-2B).

Since commercial switchgrass biomass would be harvested and air dried in the field, it was
important to assay endoglucanase activity in dry switchgrass host biomass. We used a subset of
transgenic events based on endoglucanase activity. Transgenic event Tc-1 maintained the
highest enzymatic activity (0.23 = 0.02 U/mg) among all air dried plants tested (Fig 3-3). Only
transgenic event, Tc-1, had any discernable enzyme activity after oven drying, but was only 60%

of the air dried biomass (Fig 3-3).

3.4.2 The effects of TCEG-1 production on lignin and sugar release
Only event Tc-6 showed a significant increase in glucose release (49% higher than control) (Fig

3-4A). There was no difference in xylose release between transgenics and non-transgenic
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control (Fig 3-4B). Event Tc-6 had significantly higher (28% more than control) total sugar
release (Fig 3-4C). While there is no a priori reason that TcEG-1 synthesis would affect lignin,
we routinely perform lignin composition and content measurements in feedstocks since lignin is
an important factor in cell wall recalcitrance (Chen and Dixon 2007). Lignin content was
decreased by up to 9% in events Tc-1, Tc-2, Tc-3, Tc -4, Tc -5, Tc -6, Tc -12, whereas in events
Tc-9, Tc-10, and Tc -11 was equivalent to control (Fig 3-5A). Event Tc-6 had an increased S/G
ratio by up to 14%, whereas events Tc-1, Tc-2, Tc-5, and Tc-11 had a decreased S/G ratio by up
to 7% compared to control. The S/G ratio was unchanged in events Tc-3, Tc-4, Tc-9, Tc-10, and

Tc-12 compared to control (Fig 3-5B).

3.4.3 Cell wall architecture and cellulose crystallinity

Histological analysis of stem internode sections revealed no differences in cell wall areas or
perimeters among plants (Fig 3-6A and B). Transgenic events Tc-1, Tc-2, Tc-5, Tc-9, Te-11,
and Tc-12 had increased cell wall thickness by up to 93% in event Tc-11 with an average overall
increase of 37% over the control (Fig 3-6C). Cellulose crystallinity was increased by up to 18%
in events Tc-3, Tc-5, Tc-9, and Tc-10, decreased by up to 10% in events Tc-2 and Tc-12, and

was unchanged in events Tc-1, Tc-4, Tc-6, and Tc -11 relative to the control (Fig 3-7).

3.4.4 Plant morphology and growth was minimally effected by TCEG-1

The transgenic switchgrass events that were selected for the growth study were based on enzyme

activity (Tc-1 Fig 3-2A) and sugar release efficiency (Tc-6 and Tc-12 Fig 3-4A). Most growth
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characteristics of selected transgenic events were not different from one another nor from the
control (Fig 3-8A). There were no differences in plant height or dry biomass among lines (Fig 3-
8B and 3-8E). All transgenic stem diameters were less than that of the control (Fig 3-8C). Tiller
number was increased by 71% for event Tc-1 while for Tc-6 and Tc-12 were not different than

the control (Fig 3-8D).

3.5 Discussion

An engineered self-degrading feedstock would represent a significant step toward an integrated
strategy for reducing costs and increasing biofuel production (Furtado et al., 2014; Johnson,
2016; Wyman, 2007; Lynd et al. 2008). The transgenic overexpression of microbial cellulase
genes in plants has increased release of fermentable sugars (Furtado et al., 2014; Lambertz et al.,
2014; Taylor et al., 2008; Willis et al., 2016). The majority of insect cellulase properties are
similar to those of microbial cellulases (thermotolerant and acidic pH optima) rendering them as
feasible candidates for their production in lignocellulosic feedstocks (Slaytor, 1992; Watanabe
and Tokuda, 2010; Oppert et al., 2010; Willis et al., 2016). However, some insect gut system
cellulases have been discovered to have an alkaline pH optima. The variability of insect cellulase
pH range most likely arises from digestive system environments having a variable pH range of
4.0 to 12.0 (Brune, 2014 and Dow, 1992). Here we present evidence for the first alkaline insect

cellulase produced in a dedicated biofuel crop; in this case switchgrass.

Transgenic switchgrass lines produced functional TcEG-1 with its alkaline pH 12.0 optimum and

thermal activity of 50 °C (Fig 3-2). When TcEG-1 was produced in switchgrass it had a similar
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enzyme activity profile that was observed in S2 insect cells and Saccharomyces cerevisiae:
thermotolerant and optimal alkaline pH (Shirley et al., 2014; Willis et al., 2011). However,
TcEG-1 endoglucanase activity from switchgrass was much lower than both previous
heterologous microbial production systems, which might be caused by suboptimal plant
expression conditions. For example TcEG-1 activity in our experiment was lower than a sugar
cane-produced synthetic endoglucanase that was targeted to the chloroplast, endoplasmic
reticulum (ER), or the vacuole. In the latter experiment, the approximate highest endoglucanase
activity observed was 23 nmol/min/mg protein on a CMC substrate (Harrison et al., 2011).
When compared with other putative insect cellulases, crude digestive protein extraction from T.
castaneum was relatively low. The overexpression of an acidic insect cellulase gene in
switchgrass could improve saccharification yields (Oppert et al., 2010). Improvement of TCEG-
1 activity could be performed by intracellular targeting to specific organelles or even to specific

tissues as has been reported in E1 and other cellulases produced in plants (Willis et al., 2016).

Extracted TCEG-1 was active from fresh and dried tissue, whereas enzyme activity from oven
dried tissue was attenuated (Fig 3-2 and 3-3), which may have been caused by decreased
moisture content of tissue. Moisture content has been shown to improve sugar release and
cellulosic ethanol yields by up to 25% from rehydrated switchgrass and sugarcane biomass
compared to air dried (Ewanick and Bura, 2011). However, when leaves from transgenic alfalfa
producing the E1-catalytic domain were dried at 50 °C, they showed no change to enzyme
activity when compared to enzymes extracted from fresh leaf material (Ziegelhoffer et al., 2001).

Yet, the dried leaf extraction reported in Ziegelhoffer et al., (2001) was carried out under

95



different conditions from the fresh material with assistance of exogenous cellulase and pectinase
mixture (Ziegelhoffer et al., 2001). The addition of exogenous cellulase could increase the E1
yield recovered from the dried material over that of the non-cellulase extraction method used for
fresh leaf material which would show as increased enzyme activity. The overproduced
heterologous cellulase from transgenic maize and rice seeds is active after drying (Biswas et al.,
2006; Garda et al., 2015; Hood et al., 2007; Zhang et al., 2012). However, fresh seed was not

tested to compare if drying could affect the enzyme activity.

Green switchgrass harvested mid-season under forage production systems that is field-dried for
at least a week has biomass moisture content of ~25% (Venturi et al., 2004; Kumar and
Sokhansanj, 2007), which we simulated by using air dried biomass. The drying experiment
demonstrates the feasibility of generating TCEG-1 switchgrass lines in a field-like harvest setting

with active enzyme.

Saccharification was only increased in event Tc-6 (Fig 3-4) which is linked closely to the lower
lignin content and increased S/G ratio (Fig 3-5). Saccharification was increased up to 15% in E1
transgenic maize and tobacco at the E1’s optimal pH 5.0 (Brunecky et al., 2011). Although the
saccharification of TCEG-1 switchgrass was unchanged in most events, the saccharification
experiments were carried out at pH 5.0 (Decker et al., 2012) in which TcEG-1 is minimally
active (Fig 3-2B). TcEG-1 events could be also used as a crossing partner with other low-lignin

switchgrass, such as COMT and MYB transgenic lines modified for decreased lignin and
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increased sugar release efficiency (Baxter et al., 2014, Baxter et al., 2015; Fu et al., 2011; Shen

et al., 2012) to further improve the saccharification efficiency by transgene stacks.

Since the production of any cellulase in planta might potentially have off effects to plant cells,
we analyzed transgenic stem internode cell structure via histology. TCEG-1 switchgrass cell
morphology was not different from the control in cell wall area or perimeter, however cell wall
thickness was increased (Fig 3-6C). The majority of histological examinations of other

hydrolase expressing plants has mostly been to determine proper organelle targeting of the

enzymes (Brunecky et al., 2011; Jung et al., 2013; Klose et al., 2015; Lee et al., 2012). In a few

cases, some phenotypic alterations have been observed. For example, rice plants that over-
expressed a native exoglucanase, EXG1, had an extra lacunae which was not observed in the

controls (Nigorikawa et al., 2012). Tobacco plants with constitutive expression of TrCel5A

showed an increase in the number of small vessels in the stems (Klose et al., 2013). Morphology

of TcEG-1 switchgrass stem internodes showed usual cellular growth patterns.

The increase in cell wall thickness (Fig 3-6C) in TCEG-1 switchgrass could be alteration to
cellulose structure. Similar cell wall thickening has been observed in Arabidopsis
overexpressing an endoglucanase from Aspen (PttCel9A1) in which there was decreased
cellulose crystallinity (Takahashi et al., 2009). Cellulose crystallinity is an estimation of the
crystalline structure compactness of cellulose polymer chains. A high cellulose crystallinity
attributes to increased recalcitrance of cellulose break down to enzymatic action (Park et al.,

2010). TcEG-1 switchgrass had a range of cellulose crystallinity with no correlation to
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expression or production pattern (Fig 3-7). The increase cell wall thickness could have been
caused by the increased presence of other cell wall components that were not examined, for

example, tightly bound cell wall sugars unaccounted for during saccharification.

Transgenic TCEG-1 switchgrass plants had more tillers with narrower stem thickness, but these
changes resulted in no effect on biomass yield (Fig 3-8). Negative pleiotropic effects observed
in transgenic plants that produced GHs include reduced height, wrinkled leaves, and sterility
(Klose et al., 2013; Nigorikawa et al., 2012; Taylor et al., 2008; Ziegelhoffer et al., 2001).
Transgenic potato plants with production of E1 under the control of a constitutive promoter were
deformed when grown at 35 °C and high light density (450 pmol quanta m2s?), but when the
temperature was decreased to 25 °C with lower light density (200 pmol quanta m2s?), the plants
grew normally (Taylor et al., 2008). When E1 was targeted to the chloroplast, no adverse growth
was observed at 35 °C and high light density in potato (Taylor et al., 2008). E1 is a thermophilic
enzyme whose activity was likely attenuated with the decreased temperature restoring normal
phenotype. Possibly TCEG-1 activity is attenuated in switchgrass as the pH of plant cells is
approximately neutral (Kurkdjian et al., 1978; Martiniere et al., 2013) where TcEG-1 activity is

low thus preventing deleterious growth effects.

Transgenic tobacco producing the endoglucanase TrCel5A from the bacterium Trichoderma
reesei, driven by constitutive CaMV 35S promoter were dwarfed and had active endoglucanase
(Klose et al., 2013). When TrCel5A expression was controlled by an ethanol inducible

promoter, transgenic plants produced active enzyme with no change in plant phenotype
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compared to control (Klose et al., 2013). Furthermore, when TrCel5A was targeted to the
apoplast or ER in tobacco, the plants showed a wrinkled and necrotic leaf phenotype. Apoplast
targeted TrCel5A tobacco also produced shorter plants, whereas ER-targeted TrCel5A were
equal to the controls (Klose et al., 2015). These studies indicate that organelle targeting might
not be sufficient to eliminate pleiotropic effects on plant growth. Production of TCEG-1 in
switchgrass showed a non-deleterious effect on plant growth. The thicker cell walls might be

one reason for equivalent biomass relative to controls even through tillers were smaller (Fig 3-8).

3.6 Conclusion

This is the first study in which an active insect cellulase has been produced in any plant; in this
case a dedicated bioenergy crop, switchgrass. TCEG-1 enzyme activity was observed in all ten
independent transgenic events. However, the enzyme activity was decreased in oven-dried
biomass compared to air-dried biomass. Sugar release was increased in one event accompanied
with the lowest amount of lignin content. Cellulose crystallinity was altered with no correlation
to saccharification or enzyme activity. Transgenic plants developed thinner tillers than control,
but did have thicker cell walls and increase in tiller number which maintained equivalent dry
biomass yield. Improving engineering strategies by plant codon optimization and organelle
targeting could increase protein yield and efficacy as seen in other glycosyl hydrolase plant

production systems as a feasible strategy for improved biofuels.
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Figure 3-1 Transformation vector map and relative transcript abundance of TCEG-1 in
transgenic switchgrass. A) pANIC-10A-TcEG-1 vector used for expression of TCEG-1 in
transgenic switchgrass. LB = Left border, PvUDbi2 =Switchgrass ubiquitin 2 promoter and intron,
hph = hygromycin B phosphotransferase coding region, 35S T= 35S terminator sequence,
PvUDil = Switchgrass ubiquitin 1 promoter and intron, pporRFP = Porites porites orange
fluorescent protein coding region, NOS T = Agrobacterium tumefaciens nos terminator
sequence, ZmUbil = Maize ubiquitin 1 promoter, R1 and R2 = attR1 and attR2 recombinase
sites 1 and 2, TcEG1 = TcEG-1 cDNA open reading frame, AcV5 = epitope tag, RB = Right
border, Kan' = kanamycin resistance gene, ColE1 = origin of replication in E. coli, pVS1 =
origin of replication in A. tumefaciens, OCS T= octopine synthase terminator sequence. B)
Relative transcript abundance of TCEG-1 in stem internodes from transgenic events (Tc-1 to Tc-
12). Relative expression analysis were determined by gRT-PCR and normalized to switchgrass
ubiquitin 1 (PvUbil). Bars represent mean values of three replicates + standard error. Bars

represented by different letters are significantly different as calculated by LSD (p < 0.05).
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Figure 3-1 continued
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Figure 3-2 Endoglucanase activity (units/mg of protein) from fresh leaves of transgenic
TcEG-1 plants. A) Endoglucanase activity measurement using carboxymethyl cellulose (CMC)
as substrate at pH 12.0 on TCcEG-1 extracted from fresh leaves. Bars represent mean values of
three replicates * standard error. Bars represented by different letters are significantly different
as calculated by LSD (p <0.05). B) Gradient pH measurement of endoglucanase activity of
TcEG-1 extracted from fresh leaves of transgenic event Tc-1. Data points represent mean values
of three replicates + standard error. Data points represented by different letters are significantly

different as calculated by LSD (p < 0.05).
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Figure 3-3 Endoglucanase activity (units/mg of protein) from leaves of transgenic TcEG-1
plants using carboxymethyl cellulose (CMC) as substrate at pH 12.0. Leaves were either air
dried for two weeks in the greenhouse (black bars) or dried for three days in an oven at 46 °C
(grey bars). Bars represent mean values of three replicates + standard error. Bars represented by

different letters are significantly different as calculated by LSD (p < 0.05).
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Figure 3-4 Glucose (A), xylose (B), and total sugar (C) release from transgenic TcEG-1 and
non-transgenic (NT-Perf) tillers as determined by enzymatic hydrolysis. Bars represent
mean values of three replicates + standard error. Bars represented by different letters are

significantly different as calculated by LSD (p < 0.05).
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Figure 3-5 Lignin content (A) and S/G ratio (B) of transgenic TcEG-1 and non-transgenic
(NT-Perf) tillers as determined by Py-MBMS. Bars represent mean values of three replicates

+ standard error. Bars represented by different letters are significantly different as calculated by

LSD (p < 0.05).
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Figure 3-6 Cell wall measurements on histological analysis of stem internode sections of

transgenic TcEG-1 and non-transgenic (NT-Perf) plants. Measurement of cell wall
perimeters (A), cell wall thickness (B), and cell wall areas (C). Representative pictures of non-
transgenic (D) and transgenic event Tc-6 (E) stem internodes stained with Pontamine Fast
Scarlet. Bars represent mean value of replicates + standard error. Bars represented by different

letters are significantly different as calculated by LSD (p < 0.05). Scale bar represents 100 um.
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Figure 3-7 Cellulose crystallinity index measurements for transgenic TcEG-1 and non-

transgenic (NT-Perf) plants. Bars represent mean values of three replicates + standard error.

Bars represented by different letters are significantly different as calculated by LSD (p < 0.05).
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Figure 3-8 Plant morphology analysis of transgenic TcEG-1 and non-transgenic
switchgrass plants. A) Representative transgenic TCEG-1 and non-transgenic (NT-Perf) lines.
Tiller height (B), stem width taken at 10 cm height above potting mixture (C), tiller number (D),
and biomass dry weight (E) of transgenic TCEG-1 and non-transgenic (NT-Perf) plants. Bars
represent mean values of three replicates + standard error. Bars represented by different letters

are significantly different as calculated by LSD (p < 0.05).
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3.9.2 Supplementary table and figures
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Table 3-S1: Amino acid pBLAST of TcEG-1 protein to switchgrass proteome. Switchgrass
protein is the protein matched by the search of the TcCEG-1 amino acid against the switchgrass
proteome database. %ID is the percent identical. Length is the amino acid alignment coverage
of TcEG-1 the switchgrass protein. Mismatches represents the lack of match of two protein
sequences. Gaps are the openings in the alignment represent where no matches occurred. E

value represents initial score value determined by (https://phytozome.jgi.doe.gov/pz/portal.html).

Bit score represents log transformed score based on

(https://phytozome.jgi.doe.qov/pz/portal.html).

Switchgrass bit
protein %ID | Length | Mismatches | Gaps | E value score
Pavir.J22089.1 38.05 452 252 10 | 3.00E-86 276
Pavir.Fa01623.1 38.16 456 237 9| 4.00E-86 277
Pavir.Ea00142.1 37.13 474 247 13 4.00E-86 281
Pavir.Aa00742.1 39.57 460 228 13| 1.00E-84 274
Pavir.Ca00745.1 36.23 461 251 8| 3.00E-84 271
Pavir.Eb00189.1 36.79 473 248 11| 4.00E-84 275
Pavir.Ga00244.1 38.84 466 236 13| 3.00E-83 272
Pavir.Ab02908.1 37.96 461 247 13| 2.00E-81 264
Pavir.Ab02962.1 38.36 464 228 12 | 3.00E-81 265
Pavir.Aa00400.1 37.74 461 248 12 5.00E-81 263
Pavir.Cb01721.1 36.81 470 254 11 1.00E-80 266
Pavir.Aa03559.1 36.74 479 256 10 | 4.00E-80 261
Pavir.J05126.1 37.25 459 248 11 4.00E-79 258
Pavir.Bb02664.2 38.53 462 242 12 | 5.00E-79 258
Pavir.Ab00278.1 36.4 489 254 12 | 5.00E-78 258
Pavir.Bb02664.1 38.66 463 240 12 | 2.00E-77 257
Pavir.Aa00303.1 36.82 459 250 11| 9.00E-77 252
Pavir.J35890.1 35.65 474 265 10 | 1.00E-75 249
Pavir.Fa01564.1 36.47 447 241 12 | 3.00E-75 248
Pavir.Fb01149.1 36.64 453 244 12 | 4.00E-75 249
Pavir.Db01736.1 37.34 466 249 12 | 1.00E-74 247
Pavir.Ca00497.1 35.96 470 252 12 | 4.00E-74 248
Pavir.Bb02635.1 34.62 465 260 12 | 6.00E-74 245
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Table 3-S1 continued

Switchgrass bit
protein %ID | Length | Mismatches | Gaps E value | score
Pavir.Db00162.1 36.44 461 256 10 | 6.00E-73 243
Pavir.Gb00020.2 36.23 472 239 13| 9.00E-73 247
Pavir.Gb00020.2 29.47 190 105 5| 1.00E-14 77.8
Pavir.Gb00020.1 36.23 472 239 13| 1.00E-72 247
Pavir.Gb00020.1 29.47 190 105 5| 1.00E-14 77.8
Pavir.Ea01014.1 33.89 478 258 9| 3.00E-71 238
Pavir.Ba01232.2 38.6 399 209 8| 2.00E-67 229
Pavir.Ba01232.1 38.6 399 209 8| 2.00E-67 229
Pavir.Fb00818.1 33.75 477 250 13| 9.00E-66 223
Pavir.J09205.1 35.26 397 226 6| 9.00E-65 219
Pavir.Da01211.1 36.43 420 214 11 2.00E-64 218
Pavir.Bb01897.1 46.77 263 138 2| 6.00E-64 213
Pavir.Fa02209.1 32.83 463 270 10 | 8.00E-64 218
Pavir.J03155.1 35.85 463 243 13| 9.00E-64 218
Pavir.J36442.1 35.84 413 219 11| 6.00E-63 214
Pavir.J35848.1 32.55 467 272 11| 1.00E-62 215
Pavir.J01061.1 31.75 463 274 10 | 1.00E-61 212
Pavir.1a00651.1 34.02 485 257 16 | 4.00E-60 211
Pavir.1b04298.1 33.81 485 258 16 | 2.00E-59 208
Pavir.1a03435.1 34.77 463 232 16 | 1.00E-57 202
Pavir.Bb02664.3 44,57 258 141 2 | 1.00E-55 193
Pavir.Ga01268.2 33.2 485 254 16 | 3.00E-55 197
Pavir.Ga01268.1 33.2 485 254 16 | 5.00E-55 196
Pavir.Ga01270.1 31.79 497 249 19 9.00E-51 184
Pavir.Gb01448.1 31.83 487 261 17 1.00E-48 177
Pavir.la00651.2 32.95 440 237 14 5.00E-48 175
Pavir.J07817.1 43.95 223 120 3| 1.00E-41 157
Pavir.J07817.1 27.67 159 93 5| 5.00E-04 43.9
Pavir.1b04298.2 37.65 247 133 6| 6.00E-37 142
Pavir.1b04298.3 37.65 247 133 6| 8.00E-37 143
Pavir.J06476.1 30.4 454 250 12 | 2.00E-35 138
Pavir.J31800.1 38.87 247 130 7| 1.00E-34 135
Pavir.J16274.1 33.9 351 179 12 | 2.00E-33 132
Pavir.J32907.1 48.7 115 59 0 1.00E-31 121
Pavir.Ib01536.1 43.64 110 57 2| 4.00E-22 96.3
Pavir.Ga01737.1 26.69 281 161 11| 3.00E-20 92
Pavir.Ba02164.1 31.18 93 54 4 1.00E-05 47.4
Pavir.Eb02381.1 38.78 49 23 2 0.033 35.8
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Figure 3-S1. Stepwise demonstration of custom Python Cell Wall Thickness (pyCWT)
program to identify sclerenchyma and parenchyma cells within a slide section specimen
and determine output. A) Slide section images are converted to grey scale where cells are
identified and marked with a red dot. A combined contours and binary erosion technique
smooths out any imperfections in the image. During post-dilation, cells having their thickness
labeled are colored a different shade of grey. B) Example output graph of pyCWT. pyCWT
calculates the number of dilations required for two cells to overlap and records it. Line graph
displays the number of cell walls imaged against the distribution in pixel sizes. The mode was
chosen as the most representative cell wall thickness for the image. The mode for each image is
converted to micrometers by a separate script which extracts the micrometer size of each image
from a separate text file and then performs the operation to convert pixels into micrometers for
each image individually. The final output is placed into a tab-separated values file, with the
following columns: image name, mode (for entire image), cell identifier, cell wall thickness,

area, perimeter, and pixel-to-micron factor.
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Figure 3-S2 Comparison ImageJ manual measuring vs Python Cell Wall Thickness
(pyCWT) program measuring of cell wall thickness measurement methods. Three non-
transgenic switchgrass stem internodes were imaged and cell wall thickness determined by either
manual measuring of cells using ImageJ or pyCWT. Python program generated values did not
differ from the hand measured values when compared via t-test at (p < 0.05). Standard error is

shown.
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Chapter 4: Downregulation of UDP-arabinomutase gene in switchgrass
(Panicum virgatum L.) results in increased cell wall lignin and glucose with
reduced arabinose
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A version of this chapter will be submitted to Frontiers in Plant Sciences by Dr. C. Neal Stewart
Jr. and Dr. Maor Bar-Peled with following authors Jonathan D. Willis, James A. Smith, Mitra
Mazarei, Jiyi Zhang, Geoffrey B. Turner, Stephen R. Decker, Robert W. Sykes, Charleson R.
Poovaiah, Holly L. Baxter, Dave G. J. Mann, Mark F. Davis, Michael K. Udvardi, Maria J. Pena,
Jason Backe, Maor Bar-Peled and C. Neal Stewart Jr. Jonathan D. Willis drafted the manuscript,
generated the majority of the transgenic plants, performed the statistical analysis, performed
Southern blotting and gRT-PCR analysis, and prepared plant samples for recalcitrance analysis.
James A. Smith produced the sugar profile data, collected samples for repeated recalcitrance
analysis, ran NMR analysis, and contributed to manuscript drafting. Mitra Mazarei participated
in experimental design and data analysis, assisted with revisions to the manuscript and
coordination of the study. Jiyi Zhang and Michael K. Udvardi assisted with cloning of the target
gene. Geoffrey B. Turner, Stephen R. Decker,Robert W. Sykes, and Mark F. Davis assisted with
performing lignin and sugar release assays. Charelson R. Poovaiah and Holly L. Baxter
contributed to tissue culture and generation of transgenic plants. David G.J. Mann contributed to
initialization of the research and early oversight of the project. Maria J. Pena and Jason Backe
assisted with NMR and sample preparation. Maor Bar-Peled and C. Neal Stewart conceived of
the study and its design and coordination. All authors contributed to text and data analysis and

interpretation. All authors read and approve final version of the manuscript

4.1 Abstract

Background: Switchgrass (Panicum virgatum L.) is a C4 perennial prairie grass and a dedicated
feedstock for lignocellulosic biofuels. Saccharification and biofuel yields are inhibited by the

plant cell wall’s natural recalcitrance against enzymatic degradation. Plant hemicellulose
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polysaccharides such as arabinoxylans structurally support and cross link other cell wall
polymers. Grasses predominately have Type Il cell walls that are abundant in arabinoxylan,
which comprise nearly 25% of aboveground biomass. A primary component of arabinoxylan
synthesis is uridine diphosphate (UDP) linked to arabinofuranose (Araf). A family of UDP-
arabinopyranose mutase/reversible glycosylated polypeptides (UAM/RGPs) catalyze the

interconversion between UDP-arabinopyranose (UDP-Arap) and UDP-Araf.

Results: The expression of a switchgrass arabinoxylan biosynthesis pathway gene, PvUAML,
was decreased via RNAI to investigate its role in cell wall recalcitrance in the feedstock.
PvUAML1 encodes a switchgrass homolog of UDP-arabinose mutase, which converts UDP-
arabinopyranose to UDP-arabinofuranose. Southern blot analysis revealed each transgenic line
contained between one to at least seven T-DNA insertions, resulting in some cases, a 95%
reduction of native PvUAML1 transcript in stem internodes. Transgenic plants had increased
pigmentation in vascular tissues at nodes, but were otherwise similar in morphology to the non-
transgenic control. Cell wall-associated arabinose was decreased in leaves and stems by over
50%, but there was an increase in cellulose, reflective of increased cell wall-associated glucose.
In addition, there was a commensurate change in arabinose side chain extension. Cell wall lignin
composition was altered with a concurrent increase in lignin content and transcript abundance of
lignin biosynthetic genes in mature tillers. Enzymatic saccharification efficiency was unchanged

in the transgenic plants relative to the control.
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Conclusions: Plants with attenuated PvUAML1 transcript had increased cell wall-associated
glucose and lignin in cell walls. The increased cell wall-associated glucose in stems and leaves
indicates that attenuation of PvUAML1 expression might have downstream effects on cellulose
and xyloglucan biosynthesis. A decrease in cell wall-associated arabinose was expected, which
was likely caused by fewer Araf residues in the arabinoxylan. The decrease in arabinoxylan may
cause a compensation response to maintain cell wall integrity by increasing cellulose and lignin
biosynthesis. In cases in which increased lignin is desired, e.g., feedstocks for carbon fiber
production, down-regulated UAM1 coupled with altered expression of other arabinoxylan
biosynthesis genes might result in even higher production of lignin in biomass.

Keywords: Switchgrass, hemicellulose arabinoxylan, UDP-arabinopyranose mutase/reversible

glycosylated polypeptide, biofuel, recalcitrance
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4.2 Background

Switchgrass (Panicum virgatum) is a perennial grass species that is considered to be a
lignocellulosic bioenergy feedstock with great potential, owing to its wide adaptations to various
geographies and temperate climates. Recalcitrance, which is the inherent resistance of cell wall
polysaccharides to be digested into fermentable sugars, is a sizeable economic barrier to
lignocellulosic biofuel production. At the center of recalcitrance is the heterogeneous
composition of plant cell walls, which are made of three main types of polymers: cellulose,
lignin, and hemicellulose (Dixon, 2013). Feedstock genomics and biotechnology have enabled a
better understanding of cell wall recalcitrance, including that for switchgrass (Casler et al., 2011;
Chen et al., 2016). Relatively few studies in which hemicellulose has been manipulated were
carried out to determine its role in cell wall recalcitrance in biofuel crops (Vega-Sanchez and

Ronald, 2010).

In plants, hemicelluloses are comprised of non-cellulose cell wall polysaccharides, and share a
sugar backbone composed of 1,4-linked -D-glycoses and include xyloglucan, xylan, and
glucomannan. Xylan itself constitutes a sub-grouping of polysaccharides whose members are
distinguished from one another by the types of oligosaccharide side chains linked to the 1,4-
linked B-D-xylopyranose backbone (Rennie and Scheller, 2014; York and O’Neill, 2008; Scheller
and Ulvskov, 2010). The backbone of xylans isolated from grasses for example, is decorated by a
large number of L-arabinose residues (found only in furanose form, Araf), and hence referred to
as arabinoxylans. The Araf residues are 1a-3 and/or 1a-2 O-linked to various xylose residues in

the backbone, and a portion of these side chains are extended with an additional (1,2)- a-linked
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Araf. Xylan may also contain non-carbohydrate modification of O-acetyl esters and methyl
etherified sugars, as well as feruloyl, and p-coumaroyl moieties (Bar-Peled and O'Neill, 2011,
Faik, 2010). For example, the aromatic residues (feruloyl and p-coumaroyl) can be ester-linked
to O-5 of terminal arabinose residues of xylan, whereas the acetate can be O-2 or O-3 linked to
xylose in the backbone. In grass species, ferulic acid is ester-linked to C5 of Araf in
arabinoxylan and in ether linkages of lignin monomers (Hartley and Ford, 1989; Scalbert et al.,
1985). Although the role of feruloylation is not well understood, an increase in ferulic acid
modification of arabinoxylan has been associated with cells that have stopped elongating
(Carpita, 1986). Feruloylation has been hypothesized to prime polymerization of lignin thereby
interconnecting a network of xylan and lignin (De O. Buanafina 2009; liyama et al., 1994).
Additionally, adjacent arabinoxylan chains decorated with ferulic acid can dimerize through
oxidative coupling, which may condense wall polymers into a tightly packed matrix enhancing
the walls stability and resistance to degradation (Hatfield et al., 1999). Disruption of these ether
linkages between arabinoxylan and lignin is an inviting target for improving cell wall

degradation.

The diversity in xylan structures is known, but the functional role for such diversity is largely
unknown. For example, it is not understood why xylan chemotypes differ among tissues in the
same plants. It was proposed that xylan cross-links to cellulose and lignin, which serves to
strengthen cell walls (Scheller and Ulvskov, 2010). Arabinoxylans comprise over 25% of the
mass of grass cell walls (Faik, 2010; Konishi et al., 2011). The formation of arabinoxylan

requires the building blocks UDP-xylose and UDP-arabinofuranose (UDP-Araf). UDP-
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arabinopyranose mutase (UAM) converts UDP-arabinose (pyranose-form, Arap) to UDP-Araf
(Konishi et al., 2010; Konishi et al., 2007). UAM orthologs are found in some microalgae and
land plants in which they comprise a small gene family (Kotani et al., 2013). Interestingly, UAM
can also reversibly glycosylate itself in the presence of UDP-sugars, such as UDP-glucose, UDP-
galactose and UDP-xylose (hence the name RGP) (Dhugga et al., 1991; Konishi et al., 2010;
Konishi et al., 2007; Rautengarten et al., 2011). The role of UAM as an RGP is not well
understood in the context of cell wall and glycan formation. It was hypothesized that the RGP
function of UAM may regulate the internal balance of UDP-sugars in the cell or compete for the
formation of UDP- Araf, and this hypothesis has been explored in Arabidopsis, algae,
Brachypodium, and rice (Konishi et al., 2011; Kotani et al., 2013; Rancour et al., 2015;
Rautengarten et al., 2011). However, UAM’s potential role in recalcitrance has never been

examined nor manipulated in any bioenergy feedstock.

In this study, it was hypothesized that manipulation of the level of UDP-Araf in cells will alter
the amount of arabinoxylan in switchgrass cell walls, and potentially alter feedstock
recalcitrance. In this study, a switchgrass UAM1 homolog (PvUAML1), was down-regulated in
independent transgenic lines of switchgrass, wherein cell wall composition, saccharification, and

plant growth were analyzed.
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4.3 Methods

4.3.1 PvUAML gene isolation, and RNAI construct

The amino acid sequence of switchgrass UAM protein was compared with UAM orthologues
from eudicots and monocots: SIUAM1 (XP004982467.1), ZmUAM1 (NP001105598.1),
SbUAM1 (XP002464260.1), OsUAM1 (XP006650286.1), BAUAM1 (XP003562308.1),
TaUAM1 (CAA77237.1), SIUAM1 (NP001234554.1), VVUAML1 (XP002263490.1), BAUAM1
(XP003569874.1), GmUAM1 (XP003552602.1), BrUAM1 (XP009117866.1), AtUAM3
(AAM65020.1), AtUAM1 (AT3G02230.1), PtUAM1 (Potri.004G117800.1), MtUAM1
(Medtr5g046030.1), OSUAM1 (Q8H8T0.1), OSUAM3 (Q6Z4G3.1), OSUAM2 (Q7FAY6.10),
AtUAM?2 (NP197069.1), EQUAM1 (AGE46030.1), PAUAM1 (XP008811806.1). The sequences
among UAM proteins were compared using alignment in the MUSCLE program

(http://www.ebi.ac.uk/Tools/mas/muscle/) and alignment curated by Gblocks at the

plhyologeny.fr (http://www.phylogeny.lirmm.fr) software program (Anisimova and Gascuel,
2006; Dereeper et al., 2008). The neighbor joining tree was generated using the MEGA 7.0
program (Tamura et al., 2013). The switchgrass PvUAM1, PvUAM2, PvUAM3, gene sequences
were identified by BLASTN analysis of the switchgrass genome

(https://phytozome.jgi.doe.gov/pz/portal.html) using the monocot UAM sequences from maize

(GI: 542592), foxtail millet (GI: 101771463), and sorghum (GI: 8062976). The nucleotide
coding sequence of the PvUAML1 open reading frame was identified and a 193 bp target sequence
was used to generate the RNAI plasmid construct (Fig S1). The target sequence was amplified by

PCR and was cloned into the pCR8 entry vector and then Gateway® sub-cloned into the pANIC-
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8A plant expression vector (Mann et al., 2012b) to yield the pANIC-8A-PVUAML1 construct (Fig

S2A).

4.3.2 Transgenic plant production and growth analysis

Inflorescences of the ‘Alamo’ switchgrass ‘ST1’ genotype was used to generate Type II
embryogenic callus (Burris et al., 2009). Agrobacterium tumefaciens strain EHA105 harboring
the pANIC-8A-PVUAML vector was used for transformation. Transformed calli were grown on
agar containing LP9 growth medium (Burris et al., 2009), supplemented with 400 mg/L Timentin
and 40 mg/L hygromycin for approximately two months at 25 ° C in the dark. Subsequently the
transgenic calli were transferred to regeneration medium as described by Li and Qu (2011) and
was supplemented with 250 mg/L cefotaxime to stimulate regeneration (Danilova and Dolgikh,
2004). The T-DNA region of pANIC-8A-PVUAM1 plasmid also contains a cassette that
constitutively expresses an orange fluorescence protein (OFP) reporter from the hard coral
Porites porites (pporRFP) that is brightly fluorescent in transgenic plants (Mann et al., 2012a).
Epi-fluorescence microscope having a 535/30 nm excitation filter and 600/50 nm emissions filter
was used to track OFP fluorescence during transgenic callus development and to identify
individual putative transgenic lines during growth on agar-plate. Regenerated transgenic plants

were rooted and acclimated according to Burris et al. (2009).

TO transgenic and non-transgenic ST1 control plants were grown in growth chambers under 16 h
light/8h dark cycles at 25°C until moved to a greenhouse. Fertilizer (0.02% solution of Peter’s

soluble 20-20-20) was applied twice per month and plants were irrigated as needed. For growth
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analysis, each transgenic plant line and the non-transgenic control was vegetatively divided into
three clonal replicates. Each replicate, starting from a single-tiller, was grown in a 1 L pot that
was randomly sited in the greenhouse. Plants were grown until the reproductive (R1)
developmental stage as defined by Hardin et al. (2013) and tiller and panicle numbers were
counted. The five tallest tillers for each replicate were used to estimate total plant height. The
stem width at 10 cm from the potting surface of each of these tillers was measured with a digital
caliper. Tillers were harvested and green fresh weight was recorded. Harvested tillers were
placed into a drying oven at 42 °C for five days and dry weight was subsequently recorded. Hand
sectioning was performed on fresh tillers and nodal sections to assess vascular phenotypes under

a dissecting microscope and to depict deposition of pigment.

4.3.3 Southern blot analysis for T-DNA copy number

Approximately 100 mg of young (1 week-old from recently cut-back plants) fresh leaf tissue per
plant was used to extract DNA (Freeling and Walbot, 1994). DNA quality was assessed using
gel electrophoresis and quantified using a Nanodrop spectrofluorometer (Thermo Fisher,
Wilmington, Del., USA). Twenty micrograms of DNA from each sample was digested with
Ncol, which cuts once within the T-DNA. Digested DNA from transgenic plants and the control,
was separated on a TAE-agarose gel, and transferred to a nylon membrane (Amersham
Hybond™+ GE Healthcare, Pittsburgh, PA., USA). Blots were pre-hybridized with DIG easy
hyb (Roche DIG kit, Nutley, NJ., USA) solution at 42 °C. The blots were then hybridized with
the hygromycin DIG-PCR probe, washed, and probe was detected after the membrane was

exposed to x-ray film according to manufacturer’s instructions (Roche). The DNA probe (972
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bp) used to detect the number of hygromycin (hph) gene cassette in DNA from transgene lines

was amplified by PCR and labeled with digoxigenin (Roche DIG kit, Nutley, N.J., USA).

4.3.4 RNA extraction, qQRT-PCR analysis of UAM’s and lignin biosynthetic gene transcripts.

Quantitative RT-PCR was performed to estimate transcript abundance of PvUAM and lignin
biosynthetic genes in transgenic PvUAM1-RNAI and non-transgenic plants. Total RNA was
isolated from triplicate R1 tiller stem internodes and leaf cuttings using TRI Reagent following
manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO). Purified RNA was treated with
DNase-1 (Promega, Madison, WI, USA) and 3 pg treated RNA was used to generate cDNA
using oligo-dT and Superscript III according to manufacturer’s instructions (Life Technologies,
Carlsbad, CA, USA). gRT-PCR analysis was performed with Power SYBR Green PCR master
mix (Life Technologies, Carlsbad, CA, USA) according to manufacturer’s protocols for
optimization of annealing temperature, primer concentration, and cDNA concentration. Primers
used for transcript analysis of PvUAM are listed in Table S1 and for lignin biosynthetic genes in
Table S2. The optimized qRT-PCR protocol utilized a dilution of cDNA 1:100 with thermal
cycling at 95 °C for 3 min, and 40 cycle repeats of (95 °C for 10 s and 60.0 °C for 30 s). The
relative levels of transcripts were normalized to switchgrass ubiquitin 1 (PvUbil) as a reference
gene (Shen et al., 2009) using primer set: PvUBil F 5’- CAGCGAGGGCTCAATAATTCCA -
3’ and PvUbil R 5’ - TCTGGCGGACTACAATATCCA - 3> (Xu et al., 2011). All experiments
were carried out in triplicate technical replicates. The differential Ct method was used to

measure transcript abundance after normalization to PvUbil (Schmittgen and Livak, 2008).

138



4.3.5 Total wall polysaccharide isolation and GLC analysis

Tillers at the R1 developmental stage were collected from a single plant grown in a greenhouse
for approximately 6-8 weeks. The tillers were cut and divided into stem and leaf sections. A
sample section was weighed, ground in liquid nitrogen, and washed as previously reported
(Martinez et al., 2012) with slight modifications. Each 1 g sample was suspended in 10 mL 80%
EtOH, vortexed for 2 min, then centrifuged (6,000 x g 5 min, 25 °C). The supernatant was
removed, and the resulting cell pellet was washed two times each with 10 ml 95% EtOH, and
then with 10 ml 100% EtOH. The cell pellet was resuspended in 10 mL chloroform:MeOH 1:1
(v/v) and mixed by tilting for 1 hr. Each cell pellet residue sample was filtered through
Whatmann # 15 filter paper over vacuum and rinsed with acetone. Once dry, the alcohol-
insoluble residue (AIR) samples were weighed and passed through a 0.5 mm mesh. The
polysaccharides in each 1 mg AIR sample were hydrolyzed with 2N trifluoroacetic acid and the
free monosaccharides were converted to their alditol acetate derivatives as previously described
(York et al, 1986). All samples (including sugar standards) were supplemented with 50 uL 5 mM
inositol as an internal standard. Alditol acetate sample or standard (1 pL) was separated on a
Restek RTx-2330 fused silica column (0.25 mm I.D. x 30 m, 0.2 um film thickness) using an
Agilent 7890A GLC equipped with an FID as a detector. Relative molar percent content was
calculated from the areas of sugar peaks identified by standard retention times and normalized to

sample mass and internal standard.
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4.3.6 Preparation, solubilization, and fractionation of wall polysaccharides and

oligosaccharides

AIR sample (250 mg) was suspended in 25 mL buffer (0.1 M sodium acetate, 0.01% Thimerosal,
pH 5.0) and supplemented with amylase mixture 30 puL Spirizyme Excel (Novozymes#
NAPFMO084) and 150 pL Liquozyme SC DS (Novozymes# AUP61163), as described by Decker,
(2012). Starch digestion was carried out at 55 °C overnight and subsequently the slurry sample
was filtered through a double filter layers (50 um nylon mesh on top of Whatman Grade GF/A
filter paper), washed with buffer, and destarched insoluble residue was reserved. To remove
loosely bound pectin, the destarched AIR sample was resuspended in 25 ml oxalate solvent
(0.5% ammonium oxalate, 0.01% Thimerosal, pH 5.0) and shaken overnight at room
temperature. The slurry was filtered through a double filter layers, washed with oxalate, and the
insoluble residue was reserved. Each oxalate-treated AIR sample residue was resuspended in 25
ml 1M base solution (1 M KOH, 1% NaBH,) and shaken overnight at room temperature. The
slurry was filtered through a double filter layers. The filtrate that contained soluble
polysaccharide was reserved and the insoluble residue slurry on top of double layer filter was
wash with 1M KOH and insoluble pellet was reserved. The filtrate and wash 1M KOH-
solubilized wall polymer were combined, neutralized to pH 7 with glacial acetic acid (by pH
paper); supplemented with a drop of octanol; and later dialyzed. The insoluble residue after 1 M
KOH treatment was resuspended in 25 ml 4M base solution (4 M KOH, 1% NaBHa), shaken
overnight at room temperature, filtered, and the solubilized fraction was pH neutralized as
described above. Both the 1 and 4M KOH solubilized soluble extracted polysaccharide fractions

were dialyzed against deionized water (3500 MWCO) for 2 to 3 days. The dialyzed KOH
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fractions were centrifuged (11,000 x g for 30 min, 25 °C), concentrated by Rotovac, lyophilized,
and used for NMR and generation of oligosaccharides. The 4M-KOH insoluble residue (enriched

in unfractionated cellulose) was stored at -20 °C for further analysis of cellulose.

4.3.7 Preparation of arabinoxylooligosaccharides and NMR analysis

Between 5-20 mg of 1 M KOH soluble and dialyzed fraction (above) was dissolved in 1-5 mL of
50 mM ammonium formate, pH 5.0. One unit of endoxylanase (from Trichoderma viride) was
added and the solution incubated at 37 °C for 24 h. Hydrolase activity was terminated by boiling
for 10 min in a water bath and the sample was centrifuged at 3,600 x g for 15 min at room
temperature. The supernatant was transferred to a tube and lyophilized. A portion of freeze-dried
arabinoxylooligomers (1-2 mg) was dissolved in 0.5 mL deuterium oxide (99.9 %; Cambridge
Isotope Laboratories) and supplemented with 1 pL acetone that was used as an internal chemical
shift reference. One-dimensional and two-dimensional *H NMR spectra were collected on a 600
MHz Varian Inova NMR spectrometer equipped with a 3-mm cold probe and a sample
temperature of 25 °C. Data were processed with MestRe-C, (Universidad de Santiago de

Compostela, Spain). All chemical shifts were calibrated relative to acetone (6 H 2.225 Hz/MHz).

4.3.8 Cellulose guantification

Thirty milligrams of unfractionated cellulose was weighed into a conical borosilicate tube with
Teflon-lined screw cap, and 3 mL solvent (acetic acid/water/nitric acid, 8/2/1, v/v/v) was added

(Updegraff, 1969). The sample was vortexed, heated in a boiling water bath for 30 min with
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occasional mixing; cooled to room temperature and centrifuged (2,500 x g for 3 min). The pellet
was re-suspended twice in 5 mL water, centrifuged and the supernatant discarded. The enriched
cellulose pellet was treated with 2.5 mL of 72% sulfuric acid (Updegraff, 1969) and incubated at
room temperature for 1 h while mixing every 10 min by vortex. Samples were then transferred to
a 15 mL Falcon tube and water added to 10 mL. Ten microliters of solution was transferred to a
new borosilicate tube and diluted to 400 pL with water. One milliliter of ice-cold anthrone
reagent (0.2 g anthrone in 100 mL concentrated sulfuric acid (95-98%)) was added, and the
mixture was heated in a boiling water bath for 15 min. Following the anthrone reaction, the
amount of sugars in the cellulosic polysaccharide fraction of nitric acid-treated unfractionated
cellulose, was determine by measuring absorbance at 620 nm with a DU 800 series

spectrophotometer (Beckmann Coulter) using glucose from Avicel as standard.

4.3.9 Cell wall sugar release and lignin content and composition

Tillers were collected at the R1 developmental stage from greenhouse-grown plants and air dried
for 3 weeks at room temperature before grinding to 1 mm (20 mesh) particle size. Sugar release
efficiency was determined via NREL high-throughput sugar release assays on extractive- and
starch-free samples using glycosyl hydrolases according to NREL protocol (Decker et al., 2012;
Selig et al., 2010). Glucose and xylose release was determined by colorimetric assays with total
sugar release being the sum of glucose and xylose released. Lignin analysis was performed on
the same samples described above. The lignin content and composition was determined by high-
throughput pyrolysis molecular beam mass spectrometry (py-MBMS) on starch-free samples

(Sykes et al., 2009) at the National Renewable Energy Laboratory (NREL).
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4.3.10 Statistical analysis

Statistical analysis was carried out with biological and technical replicates using SAS® (Version
9.3 SAS Institute Inc., Cary, NC) programming of mixed model ANOVA and least significant
difference. This statistic analyses was performed on PvUAM1 and PvUAM1 homolog transcript
abundance by qRT-PCR, growth analysis, cell wall-associated sugar content, NMR sugar side
chain analysis, cellulose quantification, enzymatic sugar release, lignin content and composition,
and lignin biosynthesis gene quantification by gRT-PCR. The standard error of the mean was
calculated and displayed as error bars. P-values of < 0.05 were considered to be statistically

significant.

4.4 Results

4.4.1 ldentification of PvUAM homologs

Orthologous of functional UDP-arabinomutase (UAM1) amino-acid sequences from monocot
and eudicot plant species were used to identify the switchgrass PvUAM1 sequence (Fig 4-1).
The UAM1 has additional function or reversibly glycosylated protein (RGP1), hence forward be
named UAM1/RGP1 or UAM1. PvUAML1 has 93% and 86% amino-acid sequence similarity to
the rice UAML1 and Arabidopsis UAM1/RGP1, respectively. Sequence relationships of UAM
proteins from diverse plant species grouped into a central monocot cluster and a split eudicot
grouping. PvUAML1 belongs to the monocot group. In addition to UAM1 two other UAM-
homologs are known. PvUAML1 is 48% similar to PvUAM2 whereas PvUAM1 has 86% amino-

acid sequence similarity to PvUAMS3.
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4.4.2 Molecular and phenotypic characterization of PvUAM-RNAI transgenic plants

To study the role of PvUAML in switchgrass in hemicellulose metabolic pathways RNAI-
transgenic plants were generated. Seven independent transgenic lines regenerated from
transformed callus were analyzed (Fig 4-2A). Southern blot analysis showed that each transgenic
line carried at least one and up to seven T-DNA inserts (Fig 4-S2B). One transgenic line (270-3)
did not survive and was removed from subsequent analysis. The PvUAML1 transcript abundance
was less than that of the control in each of six remaining transgenic lines in both stems and
leaves. For example, PvUAML1 transcript level in stems and leaves of the RNAI plant lines,
decreased by 67-5% and by 77-98% relative to the non-transgenic control, respectively (Fig 4-
2B). Gene expression analysis of PvUAM homologs (PVUAM1, PVvUAM2, and PVUAM3) was
performed on stem internode sections (Fig 4-2C). PvUAM2 expression amongst all transgenic
lines was not significantly different than the control. However and although unintended, the
PvUAM1 RNAI target sequence was similar enough to cause significant downregulation in both
PvUAM1 and PvUAM3 homologs for lines 270-1 and 270-2. PvUAM3 transcript was
significantly reduced in lines 270-1 and 270-2 to 10% and 36% relative to the control,
respectively. An opposite effect was observed for 270-4 in which PvUAM3 was found to be
upregulated 4.6 fold over the control. PvUAMS transcript abundance was unchanged in 270-5,
270-6, and 270-7 compared to the non-transgenic control. Interestingly, we found no apparent
correlation between number of T-DNA insert and the reduced transcript abundance of UAML1 in

these transgenes.
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There were several instances of altered plant growth among the transgenic switchgrass lines
(Table 1). Transgenic plant lines 270-1, 270-2, 270-5 and 270-7 had equivalent number of tillers
compared to the control whereas lines 270-4 and 270-6 had significantly more tillers per plant.
Plant lines 270-1, 270-2, and 270-6 were shorter, whereas 270-4 and 270-5 were equivalent to
control. Line 270-7 was taller when compared with control line. Tiller stem width was
significantly reduced up to 22% in lines 270-1, 270-2, and 270-6, but was increased in 270-7 by
up to 6%, whereas the remainder of the lines had unchanged stem width from the control. Fresh
weight was significantly increased from the control by up to 102% in lines 270-2, 270-4, 270-5,
and 270-7, whereas lines 270-1 and 270-6 were equivalent to control. Dry biomass results were
similar to that of fresh weight except line 270-6 was also higher than control. Panicle number
was significantly increased in all transgenic lines. In addition to the above mentioned phenotypic
differences between PvUAM-RNAI lines and control we interestingly found that line 270-1, 270-
2, and 270-4 appeared to have an increased level of red pigment in the stem nodes when
compared with the non-transgenic plants (Fig 3A). Cross sectioning of fresh stem nodes and
internodes at the E3 (elongation) developmental stage on plant line 270-4 showed a dark

pigmentation that was deposited in the vascular bundles and outer tissue of the nodes (Fig 3B).

4.4.3 The wall of PvUAM-RNAI transgenic plants has reduced arabinose and increased

glucose

Following phenotypic analyses of PvUAM-RNAI transgenic we investigated that nature of wall
polysaccharide content in these plant lines. When compared with wall polysaccharide of control,

the leaves from transgenic PvUAM-RNAI lines showed up to 52% decreased arabinose content
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(Fig 4-4A). Similarly the wall from transgenic stem showed up to 58% decreased arabinose

relative to the control (Fig 4-4B).

In addition to a reduced level of arabinose content in the wall, most transgenic plant line had also
reduced level of xylose (up to 25%) in leaves (Fig 4C). One transgenic line was not significantly
different in xylose content from the control line. No specific trend for xylose content was
observed in wall isolated from stems (Fig. 4D). Interestingly, the level of glucose in leaf cell
wallwas significantly higher in all transgenic lines when compared with control (Fig 4E), and a
similar trend was observed in stems (Fig 4F). The galactose content in stem cell wall was
significantly lower in transgenic plant line 270-1, 270-2, and 270-5 while lines 270-4, 270-6, and
270-7 were equal to the control (Table S3). In leaves, on the other hand, the amount of galactose
in the wall was unchanged compared to the control (Table S4). The rhamnose content in the
walls from leaves was similar among most transgenic plants, with exception of plant line 270-2
that had a significant increase rhamnose (up to 82%) (Table S4) when compared with control. In
stems, three lines (270-1, 270-4, and 270-5) had reduced levels of cell wall rhamnose (up to
48%) (Table S3). Cell wall mannose levels in leaves and stems were not different among
transgenic and control plants (Table S3 and S4). The amount of cellulose in both stem internodes
and leaves was determined as well. An increase in cellulose level was observed in stems of all
PvUAM-RNAI transgenic lines (Fig 5A), and in leaves, transgenic lines 270-1 and 270-6 showed
a significantly higher amount cellulose when compared to the control (Fig 5B). The cellulose

level in in leaves for lines 270-2, 270-4, 270-5, and 270-7 were equal to the control (Fig 5B).
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Because total sugar analysis is insufficient to identify gross changes in polysaccharide structure

and organization, NMR analysis of extracted arabinoxylan was performed.

4.4.4 Arabinoxylan has altered side chains in PvUAM-RNAI mutants

Analysis of individual sugars in the wall does not provide adequate assessment to indicate what
is/are the specific polysaccharides whose synthesis was altered in PvUAM-RNA.I transgenic
plants. Therefore, we decided to analyze soluble polysaccharides; extracted and digested
arabinoxylooligomers, from the stem internodes and in the leaves by NMR. This method for
example, should distinguish in principle an arabinose in the furanose form from a pyranose form
and should provide linkage anomeric configurations (a- or B-form) as well as linkage positions
(xylan 1-4 and any branching 1-2, 1-3, etc). In addition NMR is an excellent method to quantify
resolved sugar signals in mixtures of polymers. To characterize structural differences in
heteroxylans, cell wall-extracted material from stem internodes and leaves was fractionated to
enrich for arabinoxylan, digested into short oligomers and analyzed by *H-NMR.

The 1M KOH wall-soluble polysaccharides mixture isolated form stems and analyzed by proton
—NMR showed clearly that the anomeric (H1) signals for a-xyl and B-xyl were higher in plant
lines 270-1, 270-6, and 270-7 compared with the non-transgenic control. Because the reducing
end xyl of the digested xylooligimer fragments in solution can be both o and f, both a-xyl and -
xyl are detected, with their relative increase suggesting less decorated polysaccharide. On the
other hand, plant lines 270-2, 270-4, and 270-5 had equivalent (H1) xylose signals to the control
(Table 4-2). NMR anomeric (H1) signals showed two clearly resolved arabinose signals. One

signal depicts an a-arabinose that is linked 1-2 to a xylose. Another anomeric H1 signal
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identifies terminal arabinose that is a-linked 1-2 to a xylose or to another arabinose. The relative
amount of anomeric signal for a primary branch arabinose decorating the xylan backbone (2-a-
ara) in stems was increased in lines 270-1 and 270-2 over control and was found to be equivalent
for 270-4, 270-5, 270-6, and 270-7. In stems the relative anomeric signal for terminal arabinose
residues (T- a-ara) was increased in lines 270-5, 270-6, and 270-7 over control while lines 270-1,
270-2, and 270-4 were equivalent (Table 4-2). In stems there was a relative increase in a-4-GICA
anomeric signal in lines 270-1 and 270-2 while the remaining transgenic lines were equivalent to
the control. The 4-MeGIcA signal represents side-chain decoration of xylan. Because T-a-ara
signal is representative of H1 of arabinofuranose for both monomeric and extended branches,
these data suggest stem arabinoxylan in lines 270-1 and 270-2 has relatively more extended
branches (2-a-ara) than monomer. Additionally, line 270-1 and 270-2 have less overall arabinose
branching compared to non-transgenic primarily due to the monomer terminal arabinose signal
dilution still appearing equivalent to non-transgenic (Fig 4-S3). Additionally, in these lines there
appears to be increased GIcA decoration of the xylan backbone. In leaves the a-xyl and B-xyl
were unchanged from control (Table 4-3). Leaf signal for 2-a-ara was increased in 270-1 and
270-2 compared to control and equivalent for the other lines. Leaf signal for T- a-ara was
reduced in lines 270-4 and 270-5 compared to control. From leaves the a-4-GICcA signal was
unchanged amongst all transgenic lines (Table 4-3). These results largely indicate that leaf
arabinoxylan structure in lines 270-1 and 270-2 has been altered similar to stems; relatively less

overall branching of the xylan backbone with more extended branches than monomers.
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4.4.5 Saccharification of PvUAM-RNAI lines unchanged for total sugars

PVUAM-RNAI plant cell wall sugars were analyzed for polysaccharide enzymatic release from
dried R1 tillers. Enzymatic sugar release is one indicator for the level of recalcitrance of the
plant cell wall against enzymatic degradation. Enzymatic glucose release was increased up to
13% for 270-4, 270-6 whereas lines 270-1, 270-2, 270-5, and 270-7 were equal to control (Fig 4-
6A). Enzymatic release of xylose was significantly increased only in line 270-5 by 17% while
the other transgenic lines were equivalent to control (Fig 4-6B). When data for glucose and
xylose released were added, there was no apparent change amongst transgenic plants and the

control for total combined sugar release upon saccharification (Fig 4-6C).

4.4.6 Lignin biosynthesis: gene expression, lignin content and composition in tillers

Lignin amount was up to 13% higher in transgenic plants compared with the control (Fig 4-7A).
Interestingly however, the relative ratio of the monolignol components syringyl and guaiacyl
(also known as S/G ratio) was unchanged. On the other hand, the S/G ratio in transgenic plant
line 270-2 and 270-7, was increased by 9% and 14%, respectively (Fig 4-7B) compared to
control.

The finding that transgenic PvUAM-RNAI lead to increase in lignin prompt us to examine
selected genes involved in lignin biosynthesis. The relative amount of gene transcript was
determined by gRT-PCR. There was increased expression of PAL, F5H, 4CL, C4H, and CAD
genes in PvUAM-RNAI transgenes when compared to control (Fig 4-8). Expression levels of

COMT, C3H, CCR, and HCT genes were unchanged compared to control.
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4.5 Discussion

Arabinoxylans, which comprise a relatively large portion of cell walls in grass species, likely
play an important role in recalcitrance in feedstocks such as switchgrass. Arabinoxylans
strengthen cell walls through cross linkages with other cell wall polysaccharides and lignin (Faik,
2010; Rennie and Scheller, 2014; Scheller and Ulvskov, 2010; Tan et al., 2013). The xylan pre-
cursor UDP-Araf has been identified as a common side chain unit of the xylan backbone and
plays an integral part in cross linking to other cell wall components (Anders et al., 2012).
Currently the UAM class of plant proteins is the sole candidate known to convert UDP-Arap to
UDP-Araf (Konishi et al., 2011). It has been hypothesized that decreasing the pool of available
UDP-Araf would, in turn, change how arabinoxylans interact with cellulose microfibrils: the
reduction of numbers of cross linkages would increase the solubility of arabinoxylans and lignin
(Sternemalm et al., 2008). Hence, we propose that a reduction of PvUAM1 would reduce
arabinose side chains used for cross linkages among cell wall components, ergo, reducing
recalcitrance. Our data partially supports the proposition, as the putative cross linkages of
arabinoxylan to lignin appeared to be decreased, however we suggest that recalcitrance was
unchanged by a compensation-like interaction of lignin and hemicellulose. There were reduced
arabinose levels, but inexplicably, there was a concurrent increase in lignin in some of our

transgenic plants.

4.5.1 PvUAM downregulation affects plant growth

Two of the shorter plants (transgenic lines 270-1 and 270-2) had decreased expression of both

PvUAM1 and PVUAM3. A similar double knockdown was seen in some transgenic rice due to
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the close homology of the OsUAM1 and OsUAMS3 resulting in down-regulation of both
homologs (Konishi et al., 2011). Transgenic switchgrass with the double knockdown showed the
significant differences in cell wall-associated arabinoxylan side chains in both stems and leaves.
Downregulation of only PvUAML1 did not result in a significant change to the side chains. The
transgenic switchgrass exclusively downregulated for PvUAM1 were taller; rice OSUAM1-RNAI

plants were shorter (Konishi et al., 2011).

4.5.2 PvUAM downregulation alters cell wall-associated sugars with no change to sugar

release

The phenotype we observed of decreased cell wall-associated arabinose is congruent with prior
research in rice, Arabidopsis and Brachypodium (Konishi et al., 2011; Rancour et al., 2015;
Rautengarten et al., 2011). In leaves, the PvUAML1 transcript and cell wall-associated arabinose

was significantly decreased in all lines

As arabinose is a portion of arabinoxylan, NMR was employed to deeper characterize
arabinoxylan side chains. While a large amount of structural information can be deduced from
the NMR spectra, there are regions of overlap in the anomeric signals of the xylo-oligos (Balazs
et al., 2013). Specifically, the T-Ara signals for single 3/2-a-L-Araf side chains and that for the
di-substituted B-D-Xylp-(1,2)-a-L-Araf are unresolved as are the 2-Ara signals for 2-a-L-Araf-
(1,3)-a-D-Xylp and a-L-Araf-(1,2)-a-L-Araf side chains. Overall, the data (Table 2 and 3)
suggest that the switchgrass PvUAM-RNAI lines with knockdown of both PvUAM1 and

PvUAMS3 have an altered arabinoxylan structure, and that the reduction of available UDP-Araf
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causes either 1) reduced Araf branching, or 2) reduced decoration of substituted side chains with
a terminal Araf residue (Rancour et al., 2015; Rancour et al., 2012). Evidence from 270-1 and
270-2 stems demonstrates there is a concomitant increase in glucuronate and 4-Me-glucuronate
signals, which may be due to increased substitution with glucuronic acid (GIcA) to make
glucuronoarabinoxylan. Arabinoxylan sidechains on the other lines with only PvUAM1
knockdown were not significantly different from the non-transgenic control. With NMR
analysis we can detect the changes in terminal and secondary sidechain substitution, however we

cannot be certain of the identity of the residues.

Cell wall-associated glucose levels were increased in several transgenic lines (Fig 4-4E and 4-
4F), which was suspected to be incorporated into cellulose. The majority of the transgenic lines
also showed an increase in cell wall-associated cellulose in both stems and leaves (Fig 4-4A and
4-4B). In transgenic rice and Arabidopsis in which the relevant UAM1 homolog had decreased
expression, there was no significant change to cell wall-associated glucose (Konishi et al., 2011;
Rautengarten et al., 2011). Cell wall-associated xylose was reduced in the leaves of all
transgenic lines, while in stem, it was varied among the transgenic lines (Fig 4-4C and 4-4D). In
transgenic AtUAM1-RNAI Arabidopsis cell wall-associated xylose was increased, but in
OsUAM1-RNAiI rice in was unchanged (Konishi et al., 2011; Rautengarten et al., 2011).
Transgenic Brachypodium with BAUAM1 knocked down by RNAI showed an increase of cell

wall-associated xylose in some lines and a decrease in others (Rancour et al., 2015).

Even though an increase in cell wall-associated glucose and cellulose content was detected, no
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change in enzymatic saccharification was found (Fig 4-6A and 4-6C). Line 270-5 had increased
enzymatic xylose release, which might be attributed to the increase in available stem cell wall-
associated xylose (Fig 4-4D and 4-6B). Transgenic Brachypodium with BAUAM1 knocked down
by RNAI had slightly increased enzymatic glucose release from stems, but significantly lower
release from leaves (Rancour et al., 2015). We did not analyze saccharification by organ—only

whole tillers.

4.5.3 PvUAM down-regulation increases lignin content and composition

Attenuated UAM switchgrass plants had higher lignin in tillers. When BAUAM1 was knocked
down in Brachypodium lignin was increased in the leaves, but was found to be unchanged in
sheath/stem portions of tillers (Rancour et al., 2015). Lignin was not analyzed in the rice and
Arabidopsis studies involving UAM1 knockdown (Konishi et al., 2011; Rautengarten et al.,
2011). Even though there was an increase in cell wall lignin in our study, saccharification was
mostly unchanged, which contrasts to the similar study in Brachypodium, in which
saccharification increased (Fig 4-7A) (Rancour et al., 2015). For line 270-5, PvUAM1
expression was reduced to 56% of native PvUAML1 transcript, lignin content and composition
was unchanged, while enzymatic xylose release increased. Further knockdown of PvUAM1
expression (as seen in other lines) caused an increase in lignin production without reducing
enzymatic sugar release. One might speculate that altered ferulated xylan formation affects
lignification and in order to maintain proper plant growth and development compensation is
made by increasing lignin content which has been reported in Brachypodium (Rancour et al.,

2015) and now switchgrass. Ferulation is suggested to enable cross-linking of these
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polysaccharides to each other as well as to lignin (Molinari et al., 2013). These cross-links are

believed to strengthen the cell wall and in part, contribute to the enhanced rigidity of the walls.

Examination of the converse phenotype, where lignin is down-regulated shows evidence of a
potential cell wall compensation mechanism as hemicellulose is increased to replace missing
lignin. In the maize brown-midrib lignin mutants (bm3), cell wall-associated xylose content was
discovered to be equivalent or higher in certain lines while arabinose, rhamnose, and xylose-
substitutions decreased (Guillaumie et al., 2008). In transgenic switchgrass using RNAI to
downregulate COMT lignin biosynthetic gene, an increase in hemicellulose, xylan, and arabinan
were observed (Baxter et al., 2014). In-depth characterization of cell wall polysaccharides in cell

wall mutants might reveal the interactions amongst cell wall biosynthesis pathways.

We propose a model of the interaction of hemicellulose and lignin in light of our study (Fig 4-9).
From glycolysis, glucose-6-phosphate converted sucrose or shunted towards phenylpropanoid
production starting with shikimic acid pathway. Shikimic acid is the precursor for
phenylalanine, which is at the top of the lignin biosynthesis pathway (Whetten and Sederoff,
1995). Sucrose is converted to UDP-glucose which is either up taken by cellulose synthase (Ces)
complex to form cellulose or is converted to UDP-GIcA by UDP-glucose dehydrogenase (UGD).
UDP-GICcA is converted by UDP-D-xylose synthase (UXS) to UDP-D-xylose. Excess UDP-D-
xylose in the Golgi stack can inhibit UGD and UXS preventing further buildup of UDP-D-xylose
(Harper and Bar-Peled, 2002). UDP-D-xylose is either converted to 1,4,-B-D-xylan by a xylan

synthase (XS) or into the arabinose precursor UDP-L-Arap (Rennie and Scheller, 2014). UDP-L-
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Arap is converted to UPD-L-Araf by UAM and then recruited into arabinose or arabinoxylan
(Konishi et al., 2011; Kotani et al., 2013; Rancour et al., 2015; Rautengarten et al., 2011; Rennie
and Scheller, 2014). We propose that the reduction in available UPD-L-Araf caused by PvUAM-
RNAI results in an increase of UDP-D-xylose with a corresponding reduction in D-xylan and
therefore arabinoxylan. The possible reduction in available arabinoxylan, which is normally
ferulated by an unknown feruloyl transferase, causes an increase of feruloyl-CoA. Excess ferulic
and caffeic acid accumulation is shunted to lignin biosynthesis. This model is supported by the
decrease in xylan, arabinose, and arabinose-furanose side chains (Fig 4-6 and Tables 4-2 and 4-
3) found in the PvUAM-RNAI lines. The increase in lignin content and S/G ratio along with
upregulation of lignin biosynthetic genes (Fig 4-7 and 4-8) supports the probability of increased
synaptic acid levels being generated by increased F5H transcript. Further testing of hypotheses
inferred by this model could be accomplished by making combinatorial knockdowns of genes
that code enzymes in arabinoxylan and lignin biosynthetic pathways. Pleiotropic perturbations
in gene expression and metabolic flux would be informative. Identification and characterization
of the suspected feruloyl transferase would aid in discerning the complete molecular mechanism

for how the cross linking between arabinoxylan and lignin occurs.

Interference with arabinofuranose metabolism has impacted cross-linking and lignin, with no
evident influence on sugar release in switchgrass. The increase in lignin of PvUAM-RNAI plants
might seem unfavorable for lignocellulosic ethanol production, however, the sugar release
efficiency was not affected by the increase in lignin content. Yet, the increase in cell wall-

associated glucose content is advantageous for cellulosic ethanol production. While PvUAM-
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RNAI might not be directly suitable for bioenergy feedstocks, they might be employed as a
crossing partner with other switchgrass low in lignin. Particular examples are COMT and MYB4
transgenic lines modified for decreased lignin and increased sugar release efficiency, which
might complement the increase in glucose, lignin, and biomass of PvUAM-RNAI transgenics in
transgene stacks (Baxter et al., 2014, Baxter et al., 2015; Fu et al., 2011; Shen et al., 2012).
Additional switchgrass lines that might be useful to cross with UAM1 knockdown transgenics
are MYB4 and miR156 overexpressers, both of which were dwarfed but yielded relatively high
biofuel production (Baxter et al., 2015; Fu et al., 2012; Shen et al., 2012). Additionally, any
feedstock that produces inordinately high amounts of lignin might be useful for co-products,

such as carbon fiber and bio-plastics (Lindsey et al., 2013; Ragauskas et al., 2014).

4.6 Conclusion

We have identified UAM in switchgrass and the downregulated PvUAM1 switchgrass plants
have altered cell wall-associated sugar content and side chains. Downregulation of PvUAM1
produced a decrease in cell wall-associated arabinose content with concurrent increase in cell
wall-associated glucose and lignin content in transgenic switchgrass. We propose a model in
which the decrease of available arabinoxylan caused an increase in lignin content due to excess
metabolites not being used for arabinoxylan-lignin cross linking. Enzymatic saccharification was
not negatively affected by the increase in lignin content possibly because there was more
available cell wall-associated glucose in transgenic leaves and stems. Some transgenic PvUAM1
were larger, which would be useful for commercial biomass and carbon sequestration platforms

as well as a lignin feedstock.
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4.9.1 Tables and figures

4.9 Chapter 4 appendix

Table 4-1 Growth of down-regulated PvUAML transgenic and non-transgenic (NT-ST1) switchgrass lines. Tiller number refers

to the mean tally of all tillers per pot present at time of collection. Tiller height refers to the mean value of the five tallest

tillers per replicate pot. Stem width of the five tallest tillers per replicate pot was measured at the potting level and averaged.

Panicle number refers to the mean value of panicles present at time of collection per pot. Fresh weight refers to the mean value

of fresh total biomass collected per pot. Dry weight refers to the mean value of total biomass collected and then dried for five

days at 42 °C per pot. Error bars represent standard error of the mean of three replicates. Values that share the same letter are

not significantly different as calculated by LSD (p < 0.05).

Line Tiller LSD | Tiller height | LSD | Stem LSD | Panicle LSD | Fresh weight (g) | LSD | Dry weight LSD
number (mm) width number (9)
(mm)
270-1
32.0+49 | AB 873.67+179 | D 361+012 | C 3.7+0.8 | ABC | 87.70 £ 16.24 BC |2286+4.37 |BC
270-2
29.0+49 | AB 9239+179 |D 3681012 | C 53+08 | AB | 165.24+16.24 A 40.21+437 | A
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Table 4-1 continued

Line

Stem

Tiller LSD | Tiller height | LSD width LSD | Panicle LSD | Fresh weight (g) | LSD | Dry weight LSD
number (mm) number (9)
(mm)

270-4

42349 | A 1089.1£17.9 | BC 412+0.12 | AB | 5008 | AB |170.35+16.24 A 39.72+437 | A
270-5

33.7+49 | AB 1087.2+17.9 | BC 437+012 | A 3.3+0.8 | BC | 135.81+16.24 AB | 35.64+437 | AB
270-6

40.0£49 | A 1039.9+179 | C 3.88+0.12 | BC |57+x08 |A 128.15 £ 16.24 ABC | 3415+4.37 | AB
270-7

36.0+49 | AB 11859+179 | A 436+012 | A 43+0.8 | ABC | 174.21 +16.24 A 41.23+4.4 A
NT- 27+08 | C
ST1 11183+179 | B 86.34 + 16.24 C

220+x49 | B 3.85+0.12 | BC 18.62+437 | C

167



Table 4-2 Glycosyl side chain analysis from stems of down-regulated PvUAML transgenic and non-transgenic (NT-ST1)

switchgrass lines. a-xyl refers to the portion of a-xylose present. B-xylose refers to the portion of 3-xylose present. 2-a-Ara refers to

the internal chains of arabinose present. T-a-Araf refers to the terminal residues of arabinose present. a-4-GICA refers to the

glucuronic acid present. Values represent relative % of *H-signal of the total xylan signal. Error bars represent standard error of the

mean of three replicates. Values that share the same letter are not significantly different as calculated by LSD (p < 0.05).

a-Xyl B-Xyl 2- a.—Ara T-a-Araf |LSD  |a-4-GIcA
Line  |(% signal) LSD (% signal) |LSD (% signal) |LSD (% signal) (% signal) LSD
270-1 8.43+0.24 |AB 91.57 +5.13 |A 4.71£0.04 |A 11.2+1.13 ABCD 519+045 |A
270-2 16.82+1.44 D 93.18 +19.65 |ABC 14.46 £0.89 |BC 11.6+3.42 D 5.78 £2.11 ABC
270-4 [9.05+1.48 BCD 90.95+5.35 |BC 3.76£0.23 |CD 13.9+259 BCD [3.97+0.73 BCD
270-5 [9.28+1.08 |ABC 90.72+7.71 |ABC [3.12+0.23 |CD 145+ 1.83 |AB 2.74 £ 0.62 CD
270-6 [9.46+0.16 |A 90.54 +4.44 |A 2.78+0.11 [CD 13.6+0.98 A 2.34 £ 0.36 CD
270-7 [9.57+0.37 |A 90.43+4.30 |AB 3.06+0.15 [CD 12.5+0.60 |AB 2.52+0.32 CD
NT- 13.4+1.33 CD
ST1 [9.07+0.61 CD 90.93+4.16 |C 3.03+£0.20 D 2.92+0.25 D
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Table 4-3 Glycosyl side chain analysis from leaves of down-regulated PvUAML transgenic and non-transgenic (NT-ST1)

switchgrass lines. a-xyl refers to the portion of a-xylose present. B-xylose refers to the portion of 3-xylose present. 2-a-Ara refers to

the internal chains of arabinose present. T-a-Araf refers to the terminal residues of arabinose present. a-4-GICA refers to the

glucuronic acid present. Values represent relative % of *H-signal of the total xylan signal. Error bars represent standard error of the

mean of three replicates. Values that share the same letter are not significantly different as calculated by LSD (p < 0.05).

a-Xyl B-Xyl 2- 0.—Ara T-o-Araf |LSD a-4-GIcA
Line (% signal) LSD |(% signal) LSD |(% signal) LSD (% signal) (% signal) LSD
2701 11.0+£0.41 |AB

995+044 |A 90.05+1.73 |A 4.43 +0.32 3.40 £ 0.74 A
970-2 10.8 +.74 BC AB

9.67+0.28 |ABC [90.33+384 |AB [4.74+0.14 |A 2.38 +0.33
270-4 11.5+£097 D

950+051 |C 90.50+9.71 D 3.33+029 |D 2.35+0.12 B
970-5 13.7+1.33 [CD

9.57+£0.42 ABC [90.43+451 |BCD (3.73+£0.43 |BCD 1.71+0.49 B
970-6 126+0.70 A

1040+0.61 |AB [89.60+256 |ABC [3.60+0.19 BC 2.13+0.39 B
970-7 129+0.04 AB

9.83+0.24 BC 190.18+049 |CD [354+0.17 |[CD 1.83+0.44 B
NT-ST1 13.0+£1.08 |AB

957+0.24 |ABC [90.43+5.25 |ABCD[3.42+0.23 |CD 2.40 +0.35 AB
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Figure 4-1 Neighbor-joining cluster analysis of UAM amino acids. The numerals on branches

represent the relative differences among relevant UAM protein amino acid substitutions per site.

Boxed are PvUAM1 (Pavirv0001b03909; red), PvUAM2 (Pavir.GA00131.1; grey), PVUAM3

(Pavir.EA02197.1; peach). Tree generated using the MEGA 7.0 program (Tamura et al. 2013) of

UAM amino acid sequence alignments using Gblocks at phylogeny.fr

(http://phylogeny.lirmm.fr).

Boxed are PvUAM1 (Pavirv0001b03909; red), PvUAM2 (Pavir.GA00131.1; grey), PVUAM3

(Pavir.EA02197.1; peach).
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Figure 4-2 A) Representative down-regulated PvUAML1 transgenic and non-transgenic
(NT-ST1) switchgrass lines. B) Relative expression of PvUAML in leaf and stem tissues of
transgenic and non-transgenic lines. C) Relative expression of PvUAM1, PvUAMZ2, and
PvUAM3 in stem tissue of transgenic and non-transgenic lines. Relative expression analysis were
determined by gRT-PCR and normalized to switchgrass ubiquitin 1 (PvUDbil). Bars represent
mean values of three replicates + standard error. Asterisks indicate significant differences from

non-transgenic control plants at p < 0.05 as tested by LSD method.
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B

270-4 NT-ST1
Internode

Figure 4-3 Stem node phenotype from fresh E3 (elongation growth stage) tillers in down-
regulated PvUAML1 transgenic switchgrass. A) Comparison of transgenic PvUAML1 (270-4)
and non-transgenic (NT-ST1) nodes and internodes. Arrows indicate nodes. B) Cross-sections of
vascular bundles at nodes and internodes of transgenic and non-transgenic plants. Arrow

indicates darkened vascular bundle.

173



Figure 4-4 Arabinose (A), xylose (B), and glucose (C) content in stem and leaves of
transgenic and non-transgenic (NT-ST1) lines as determined by gas chromatography.
Samples were normalized to the non-transgenic control with mol% representing the % of total
cell wall-associated sugars measured. Bars represent mean values of three replicates + standard
error. Bars represented by same letters are not significantly different as calculated by LSD (p <

0.05).
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Figure 4-5 Cellulose content in stems (A) and in leaves (B) of transgenic and non-transgenic
(NT-ST1) lines as determined by Updegraff reagent. Bars represent mean values of three

replicates * standard error. Bars represented by same letters are not significantly different as

calculated by LSD (p < 0.05).
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Figure 4-6 Glucose (A), xylose (B), and total sugar (C) release from transgenic and non-
transgenic (NT-ST1) whole tiller cell wall residues as determined by enzymatic hydrolysis.
Bars represent mean values of three replicates + standard error. Bars represented by same letters

are not significantly different as calculated by LSD (p < 0.05).

177



Glucose release mg/mg )>

o

Xylose release mg/mg

@

Total sugar release mg/mg

Figure 4-6 continued

0.35
030 4 i Asc ¥
ABC L s ABC
025 | c 71 — 1 T
' T
0.20 4
0.15 4
0.10 4
0.05 4
0.00 T T T T T T T
2701 270-2 270-4 270-5 2705 270-7  NT-5T1
0.30
A
s 5 AB AB ——~ AB AB
0.20 4 —
0.15
0.10 4
0.05 4
0.00 T T T T T T T
2701 270-2 270-4 2705 2705 2707 NT-5T1
0.6
AB 1 I [ AB AB
05
B T i -
T
0.4
0.3
0.2
0.1 4
0.0 T T T T T T T
27 270-2 270-4 2705 2706 2707 NT-8TH

178



A
ABC AB ABC T
- = - cp BED D
20 T -
o 15 -
[ o
‘£
=
= 10 1
5_
0 T T T T T T T
2701 2702 2704 2705 2706 2707 NT-ST1
B 08
A A
AB = BC AB = BC
T T = C T
0.6— i
=]
Ju 04
o O
B
02
0.0

T T T T T T T
2701 270-2 2704 270-5 2706  270-7 NT-ST1

Figure 4-7 Lignin content (A) and S/G ratio (B) of down-regulated PvUAM1 transgenic
and non-transgenic (NT-ST1) whole tiller cell wall residues as determined by PyMBMS.
Bars represent mean values of three replicates + standard error. Bars represented by same letters

are not significantly different as calculated by LSD (p < 0.05).
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Figure 4-8 Relative expression of lignin biosynthetic genes in transgenic (270-1) and non-
transgenic (NT-ST1) stem internodes as determined by gRT-PCR. The relative expressions
were normalized to switchgrass ubiquitin 1 (PvUbil). Bars represent mean values of three
replicates * standard error. Asterisks indicate significant differences from non-transgenic control
plants at p < 0.05 as tested by LSD. PAL, phenylalanine ammonia-lyase; F5H, ferulate 5-
hydroxylase; 4CL, 4-coumarate: CoA ligase; COMT, caffeic acid 3-Omethyltransferase; C4H,
coumaroyl shikimate 4-hydroxylase; C3H, coumaroyl shikimate 3-hydroxylase; CCR, cinnamoyl

CoA reductase; CAD, cinnamyl alcohol dehydrogenase; HCT, hydroxycinnamoyl.
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Figure 4-9 Proposed model of arabinoxylan and lignin biosynthesis pathway interactions
for down-regulated PvUAML transgenic switchgrass. Biosynthesis proteins denoted in black
ovals: Ces, cellulose synthase, UGD, Uridine diphosphate (UDP)-glucose dehydrogenase; UXS,
UDP-D-xylose synthase, XS, xylan synthase, XYNB, xylan synthase B, UXE, UDP-xylose
esterase, UAM, UDP-arabinomutase (red lettering), PAL, phenylalanine ammonia-lyase; C4H,
coumaroyl shikimate 4-hydroxylase; C3H, coumaroyl shikimate 3-hydroxylase; COMT, caffeic
acid 3-O-methyltransferase; F5H, ferulate 5-hydroxylase; 4CL, 4-coumarate: CoA ligase; Ftase?,
undetermined feruloyl transferase. Red arrows indicated up-regulated genes verified by gRT-
PCR. Black arrow indicated down regulation of gene verified by gRT-PCR. Green arrows
indicated cell wall components which have been increased. Metabolites are denoted by orange
boxes: UDP-Glc, UDP-glucose; UDP-Glca, UDP-glucuronic acid; UDP-D-xyl, UDP-D-xylose;
UDP-L-Arap, UDP-L-arabinopyronose; UDP-L-Araf, UDP-L-arabinofuranose. Blue arrows

denote suspected down regulation of metabolites resulting from down regulation of PvUAM.
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4.9.2 Supplementary figures and tables

atggcgggcacggtgacggtcccgggggegaacgtccccteccacgecgetgetcaaggacgagetcgacategtgateecgacg

atccgcaacctcgacttcctggagatgtggeggeccttcttccagecgtaccacctcatcatcgtgcaggacggegacccgaccaa

gaccatcaaggtgcccgagggcttcgactacgagetctacaaccgcaacgacatcaaccgeatectecggecccaaggeatectge
atctccttcaaggactccgectgecgetgetteggcetacatggtctccaagaagaagtacatctacaccatcgacgacgactgette

gttgccaaggatccatctggcaaggacatcaatgetcttgagcagcacatcaagaacctcctcageccatccacccegttcttettt

aacacgctgtatgacccctaccgtgagggtgctgactttgtgegtgggtaccecttcagectcagggagggtgeccacactgetgt
ctcccacggectgtggctgaacatccctgactatgatgctcccacacagetggtcaagectaaggagaggaatgaaaggtatgtt
gatgctgtcatgacaatccccaagggaaccttgttccccatgtgeggeatgaaccttgecttcgacagggatcetcattggecctget

atgtacttcggtctcatgggtgatggccagectattggtcgctacgacgacatgtggegctggegtggtgtgtgaaggtcatctgecgac

cacttgagcctgggtgtcaagactggectgecatacatctggcacagcaaggetagecaaccecticgttaacttgaagaaggaata
caagggcatcttctggcaggaggacatcatccccttcttccagaacgtgaccatccccaaggagtgecgacacggtccagaagtgct
acatctacctttctgggeaggtgaaggagaagctaggcaagatcgacccctacttcgtcaagettgecgacgcecatggtcacctgg
atcgaggcctgggatgagctgaacccaaccgecgecgecgetgcgaacggcaaggccaagtag

Figure 4-S1 Full-length coding sequence of PvUAM1open reading frame. The 193 bp

sequence selected for use in the RNAI cassette is bolded and underlined.
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Figure 4-S2 PvUAM-RNAI vector map and Southern blot for transgene insertion analysis.
A) The PvUAM-RNAI transformation vector used the pANIC8A RNAI plant expression vector.
Key features are shown including the underlined hph hygromycin selectable marker gene, which
was used as the probe for Southern blot analysis. Ncol with arrows make sites where Ncol
restriction enzyme cut for Southern blot analysis. LB = Left border, OsActl = Rice actin
promoter and intron, hph = hygromycin B phosphotransferase coding region, 35S T= 35S
Terminator sequence, PvUbil =Switchgrass ubiquitin 1 promoter and intron, pporRFP = Porites
porites red fluorescent protein coding region, NOS T = Agrobacterium tumefaciens nos
terminator sequence, ZmUbil = Maize ubiquitin 1 promoter, R1 and R2 = attR1 and attR2
recombinase sites 1 and 2, uam1 = UAM1 sequence fragment for RNAI, RB = Right border, Kan'
= kanamycin resistance gene for bacterial selection, ColE1 = origin of replication in E. coli,
pVS1 = origin of replication in A. tumefaciens, OCS T= octopine synthase terminator sequence.
B) Southern blot analysis of transgenic events and non-transgenic control (NT-ST1) switchgrass
genomic DNA digested by Ncol. The hygromycin resistance (hph) gene was used as probe. P1
is an uncut pANIC8A-PVUAML plasmid, P2 is the linearized pcr4-hph plasmid control. MW1 is
the Hi-Lo DNA marker with base pair values listed. MW?2 is the DIG DNA marker 111 with base

pair values listed.
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Figure 4-S3 Arabinoxylan schema with NMR peak assignments for stem samples.
Arabinoxylan sidechains are I; a-L-Araf-(1—2)-a-L-Araf, Il; mono- or di-substituted a-L-Araf,
and 111; B-D-Xylp-(1—2)-a-L-Araf at O-2 and/or O-3 of B-Xylp-(1—4) backbone with some
degree of (1—2)-linked a-D-4-MeGIcA. The a-2-Araf anomeric signal represents H1 of “O-2-
substituted” a-L-Araf (as in sidechain I). The a-T-Araf anomeric signal represents H1 of

“terminal” a-L-Araf residues (as in sidechains I, 11, and I11).
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Table 4-S1 List of primers used for gRT-PCR analysis of PvUAM1, PvUAM2, and

PVUAMS.
Primer name Primer Sequence
PVUAM1-F AACGTGACCATCCCCAAGGAGTG
PVUAM1-R GAAGTAGGGGTCGATCTTGCCC
PVUAM2-F GAGAAATCAGCGGAACACAACC
PVUAM2-R GAAAATAGCAGGCCCCAACACC
PVUAMS3-F GGCATCTTCTGGCAAGAGGAGC
PVUAMS3-R CTTCGCCCTCACCTGCTTGGCC

187



Table 4-S2 List of primers used for gRT-PCR analysis of lignin biosynthetic genes.

Primer name Primer sequence Reference

C4H1_1534F GGGCAGTTCAGCAACCAGAT Shen, H. et al., 2012
C4H1_1611R CGCGTTTCCGGGACTCTAG Shen, H. et al., 2012
PvCOMT_F461 CAACCGCGTGTTCAACGA Shen, H. et al., 2012

PvCOMT_R534

CGGTGTAGAACTCGAGCAGCTT

Shen, H. et al., 2012

4CL1_1179_F CGAGCAGATCATGAAAGGTTACC Shen, H. et al., 2012
4CL1_1251 R CAGCCAGCCGTCCTTGTC Shen, H. et al., 2012
PvCCR1. 112 F GCGTCGTGGCTCGTCAA Shen, H. et al., 2012
PVCCRI. 187_R TCGGGTCATCTGGGTTCCT Shen, H. et al., 2012

PVCAD_F116 TCACATCAAGCATCCACCATCT Shen, H. etal., 2012
PVCAD_R184 GTTCTCGTGTCCGAGGTGTGT Shen, H. et al., 2012
HCT_973_F GCAGAAGGAGCAGCAGTCATC Shen, H. et al., 2012
HCT_1035_R CGAGCGGCAATAGTCGTTGT Shen, H. etal., 2012
PAL_F1 CATATAGTGTGCGTGCGTGTGT Wuddineh, W. et al., 2014
PAL_R1 CTGGCCCGCCAATCG Wuddineh, W. et al., 2014
C3H_F1 CGTGAACAATGGGATCAGGATAG Wuddineh, W. et al., 2014
C3H_R1 GCGGACACAACCATCTCAAATAC Wuddineh, W. et al., 2014
FSH_F1 CCCCGTGCACTGACGATCTAT Wuddineh, W. et al., 2014
FSH_R1 CCAAGCCAAGGGAAAACACAGTTA Wuddineh, W. et al., 2014
F_PVUBIQUITIN CAGCGAGGGCTCAATAATTCCA Xu, B. etal., 2011

R_PVUBIQUITIN

TCTGGCGGACTACAATATCCA

Xu, B. etal., 2011
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Table 4-S3 Galactose, rhamnose, and mannose content in stems of transgenic and non-

transgenic (NT-ST1) events as determined by gas chromatography. Samples were

normalized to the non-transgenic control with mol% representing the % of total cell wall-

associated sugars measured. Values represent mean of three replicates * standard error. Values

with the same letters are not significantly different as calculated by LSD (p < 0.05).

Event Galactose LSD Rhamnose | LSD Mannose LSD
(mol%) (mol%) (mol%)
210-1 1 161+029 | BC 0.22+0.05 | B 0.17£0.15 | A
210-2 1 141+029 |C 0.26+0.05 | AB 035+0.15 | A
2104 19454029 | AB 0.21+0.05 | B 037£0.15 | A
210-5  1159+£029 |BC 0.24+0.05 | B 027+0.15 | A
210-6 1766029 | A 0.30 £0.05 | AB 0.35+0.15 | A
210-7 1731+029 | AB 0.30 £0.05 | AB 0.30+0.15 | A
NT-ST1 15734020 |A 0.40£0.05 | A 0.23+0.15 | A
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Table 4-S4 Galactose, rhamnose, and mannose content in leaves of transgenic and non-

transgenic (NT-ST1) lines as determined by gas chromatography. Samples were normalized

to the non-transgenic control with mol% representing the % of total cell wall-associated sugars

measured. Values represent mean of three replicates + standard error. Values with the same letter

are not significantly different as calculated by LSD (p < 0.05).

Event Galactose LSD Rhamnose LSD Mannose LSD
(mol%) (mol%) (mol%)
270-1 211+0.19 |B 0.65 £008 |B 0.62+0.15 | A
210-2 2.56+0.19 | AB 1.06 +0.08 | A 0.29+0.15 | A
270-4 2.18+0.19 |B 0.64 008 |B 0.42+0.15 | A
270-5 238+0.19 | AB 0.78+0.08 |B 0.18+0.15 | A
270-6 226+0.19 | AB 0.69+008 |B 0.18£0.15 | A
270-7 276+£0.19 | A 0.76+0.08 |B 0.26+0.15 | A
NT-ST1 12384019 | AB 0.72 £0.08 |B 0.25+0.15 | A
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Chapter 5: Dissertation conclusion
Lignocellulosic feedstocks are renewable alternatives to fossil fuel feedstocks, but their cell
walls are recalcitrant to degradation into simpler sugars. When the simpler sugars are released
from the cell wall they can be fermented into ethanol, which can be used as fuel additive
(example, in E85 gasoline). Genetically engineering the feedstocks for reduced cell wall
recalcitrance would reduce the economic costs associated with cellulosic ethanol production. At
the inception of the DOE bioenergy research centers, lignin was the main the target for
manipulation of biofuel feedstocks. Since their inception, research has elucidated new cell wall
dynamics of recalcitrance beyond the lignin barrier. Over time research showed reducing lignin
was not the only component of the cell wall which could be targeted for improved yields.
Genetic manipulation of cell wall gens and screening of wild plant populations for different cell
wall phenotypes have demonstrated a greater understanding of cell wall biosynthesis.
Switchgrass and poplar germplasm with improved saccharification have been developed altering
cell wall synthesis pathways. Trait combinations of transgenic lines with field assessments are

underway and will demonstrate the true efficacy for commercial production.

Future goals for the bioenergy feedstock community will include environmental goals of carbon
sequestration and advanced genetic manipulation of whole biosynthesis pathways. Carbon
sequestration into below ground biomass will further decrease the carbon-foot print of biofuel
feedstocks and help reduce greenhouse gasses. New advances in genome editing will assist with

the manipulation of whole biosynthesis pathways. Combinations of these two goals could yield
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high biomass with increased carbon sequestration, biotic and abiotic stress tolerance, and

potential development of “drop-in-fuel” biofuel feedstocks.

Put forth in this dissertation were two potential ways to reduce cell wall recalcitrance is to
incorporate cellulase enzymes into the feedstock genome for production of its own cell wall

degrading enzymes or altering hemicellulose cross linkage to lignin.

There is significant cost associated with cellulase enzymes for conversion of cellulose into
simpler sugars for cellulosic ethanol production. Transgenic plants, have been used as hosts for
overexpression of microbial glycosyl hydrolases from bacterial and fungal origins to reduce such
costs. Insect-derived glycosyl hydrolases could play a role in reducing cell wall recalcitrance in
transgenic plants owing to their high diversity of function and eukaryotic origin. Incorporation of
multiple cellulase classes within feedstocks could be used in concert for in planta biomass
degradation. When coupled with appropriate subcellular targeting as well as spatial and temporal
control of synthesis transgenic glycosyl hydrolase feedstocks can result in no deleterious growth
effects. Field research with bacterial cellulase producing transgenic maize demonstrates that

mass plant produced cellulase enzymes is feasible.

TcEG-1 switchgrass is the first study in which an active alkaline insect cellulase was introduced
and produced in any plant; specifically a dedicated bioenergy crop, switchgrass. All ten
independent transgenic TCEG-1 events showed endoglucanase activity. However, the enzyme

activity was decreased in oven-dried biomass compared to air-dried biomass. Sugar release

192



increased in one transgenic event, which also had the lowest amount of lignin of any transgenic
plants in the study. Histological examination demonstrated no change to cell area or perimeter,
but cell walls were wider. Cellulose crystallinity was suspected to cause the widening, however
there was no correlation observed between cellulose crystallinity to saccharification or enzyme
activity. Transgenic plants had narrower stems than the control, but the thicker cell walls and
increase in tiller number aided in maintenance of possessing equivalent dry biomass yield. The
combination of dedicated biomass feedstocks and enzyme technologies is a step toward a

renewable plant-based fuel system.

Genetic manipulation of the hemicellulose pathway was done by identifying a switchgrass UDP-
arabinomutase (PYUAM1) and downregulating it in switchgrass by RNAI. Switchgrass PvUAM1-
RNAI transformants had decreased cell wall-associated arabinose content with a concurrent
increase in cell wall-associated glucose and lignin content. A hypothesized model is that due to
the decrease of available arabinoxylan caused an increase in lignin content due to excess
metabolites that were not incorporated for arabinoxylan-lignin cross linking. Although enzymatic
sugar release was not negatively impacted by the increase in lignin content possibly because
there was more available cell wall-associated glucose in transgenic leaves and stems. Some
transgenic PvUAML1 plants were taller and produced more biomass than control, which would be

useful for commercial biomass and carbon sequestration platforms as well as a lignin feedstock.

In conclusion, presented here is a review and methodology for creating plant systems that can

produce their own cellulase enzymes needed for cellulosic ethanol production and
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characterization of two different transgenic switchgrass lines. Both sets of transgenic
experiments targeted currently unexplored methods of reducing switchgrass cell wall
recalcitrance. Both transgenic lines adds to the switchgrass cell wall recalcitrance literature,

which could assist in future genetic engineering of biofuel feedstocks.
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