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The xylem cells of vascular plants are surrounded by a tough, hydrophobic, thickened secondary cell
wall that is predominantly comprised of a polysaccharide matrix of cellulose and hemicellulose
impregnated with a complex polyphenolic biopolymer, lignin. These biopolymers make up the bulk of
lignocellulosic biomass, the most abundant renewable raw material on earth. In the bio-based
economy, lignocellulosic biomass can be exploited for a wide range of applications such as the
production of timber, textiles, wood-composites, paper, and other bio-composite materials. In addition,
lignocellulosic biomass from fast-growing plantation trees such as Populus and Eucalyptus species
holds a promise as a raw material in the production of second-generation biofuels and other forms of
bioenergy. Generating these bio-based products from lignocellulosic biomass often requires complete
separation of the wood cell wall matrix into individual biopolymer constituents (e.g. cellulose, xylan
and lignin) during the pulping process, or the individual sugar and phenolic monomers of the polymers
for use in biorefinery approaches. However, the physical structure and interaction of biopolymers

hamper the efficient deconstruction of wood which means that large amounts of energy and/or



chemicals are required, often leading to reduced product yields. Novel genetic engineering approaches
have been devised to engineer cell walls that are easier to deconstruct. The success of this approach
requires a good understanding of the biological roles of cell wall biosynthetic genes and how altering

such genes can potentially alter plant physiology, cell wall chemistry and plant growth and health.

The work presented in this MSc dissertation aimed to assess the impact of gene knock-out mutations
on selected cell wall-related genes on the cell wall morphology and chemistry in Arabidopsis and
poplar plants. It was hypothesized that altering the selected endogenous genes will have a specific
impact on plant growth and cell wall development. Using data generated from a previous systems
genetics study, five genes, namely, XYNI, MAN2, UXS6, EMP70, and ARAF1, were selected for this
functional testing work, the basis of this selection is discussed in detail later. Analyses
of Arabidopsis T-DNA insertional mutants in these genes showed that Atxyn/ mutants have slow
growth which can be attributed to the significantly shorter roots observed during early growth,
furthermore, mutants showed increased lignin content in dry stems. Conversely, emp7(0 mutants
germinated significantly earlier and continued to show growth advantage compared to wild-type,
although such growth advantage was not accompanied by any alterations in secondary cell chemistry.
Thus, from the selected genes, consistent growth phenotypes were observed inxynl and emp70

Arabidopsis mutants, however, only xyn/ mutants had altered cell wall chemistry.

Finally, an additional goal of this work was to use CRISPR/Cas9 gene-editing to target cell wall genes
in Populus and assess the effect of the mutation on plant growth and development. To address this
objective, XYNI and MAN2 homologs were CRISPR-targeted in Populus alba x P.tremula (P717)
hybrid. The basis for the selection of these gene homologs is discussed in the relevant research chapter.
Following several rounds of P717 Agrobacterium-mediated transformation, few CRISPR/Cas9 XYN/

and MAN?2 putative transgenics were successfully generated, however, no genetic modification was



observed in these transgenic plants. Altogether, this work presents initial steps towards elucidating the
precise biological roles of the putative cell wall genes not only in Arabidopsis but also in woody energy
crops. A comprehensive understanding of the exact roles of these genes in cell wall development will
be highly beneficial in uncovering their complex functional interactions with other genes. This will
enable the establishment of specific relationships between the organism’s genes and some of the

phenotypes observed here and elsewhere.



PREFACE

Lignocellulosic biomass is important for many essential applications, ranging from the production of
biomaterials to being used as a major feedstock for the production of second-generation biofuels.
Various global biorefinery companies produce high-quality products for pharmaceutical, textile, food,
and industrial applications. Amongst others, about 1.4 million tons of dissolving pulp (DP) are
produced per year, accounting for about 16% of the global market share

(https://www.sappi.com/dissolving-pulp). In addition to DP, a wide range of papers, varying from

graphic and release papers, to packaging, and casting, are also produced from lignocellulosic biomass.
Notably, the process of papermaking consumes only half of the raw wood feedstock for paper and DP
production, with the remainder being used to generate the power necessary to power the mill, thus,
utilizing bioenergy and reducing carbon emissions while enhancing the cost-efficiency. Furthermore,
the biorefineries are involved in the production of vital biomaterials and chemicals including chemical
cellulose, nanocellulose, lignin, and sweeteners, which are generated from hemicelluloses. In addition
to these traditional products, novel biorefinery processes capable of extracting even more value from
wood to generate some specialty chemicals and biomaterials have been developed. One such specialty
product is the Sappi Symbio, which is a new composite material generated by combining high-quality
cellulose and thermoplastics, it can be used in processing equipment, consumer electronics, and the

automotive industry.

This significant reliance on wood biomass as a natural feedstock is ideal not only because of its
renewable nature but also the fact that the biomass cycle continuously sequesters carbon dioxide,
which significantly reduces the carbon footprint on the environment. Altogether, wood biomass is
necessary for the production of important bio-based materials and bioenergy and reducing the impact
of carbon dioxide emissions, which largely contributes to a sustainable bio-based economy. To realize

these benefits requires efficient means to extract value from wood with minimal wastage. This
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primarily entails the complete separation of wood biopolymers into their units. Furthermore, value is
further extracted from waste and by-products to produce high-energy chemicals, thereby maximizing
yield while minimizing biorefinery costs. However, the structure and strong interactions between wood
biopolymers lead to resistance of wood to bioconversion, creating challenges for efficient industrial
bioprocessing. Currently, the most efficient biorefinery approaches in South Africa are only capable

of converting about 47% of wood into paper and pulp products, with the rest being lost as waste

(https://www.csir.co.za/biorefinery). The impact of wood structure on bioprocessing is thus of major
concern in the bio-based economy, and subsequently, significant efforts have been made to understand

the specifics of how wood structure contributes to biomass recalcitrance.

Within the secondary cell wall, xylan and lignin are the major players in biomass recalcitrance. Xylan
backbone is often variably substituted with D-glucuronic acid (GlcA) which can further be methylated
at specific backbone positions. GIcA substitutions are necessary for the formation of the functionally
mature cell wall and are thus necessary for normal plant growth and development. GIcA substitutions
at the xylan backbone can either be evenly spaced, forming the major xylan domain or, unevenly
spaced, to yield the minor domain. These distinct domains dictate how xylan interacts with cellulose
and lignin. During dissolving pulp processing (DPP), lignin and lignin-carbohydrate complexes
physically block hydrolytic enzymes’ access to xylan, which leads to inefficient xylan removal from
wood biomass. Furthermore, complex lignin linkages make lignin highly resistant to degradation, often
requiring a suite of enzymes for its complete deconstruction. Besides GlcA substitutions, the separation
of secondary cell wall biopolymers is further significantly hindered by the presence of O-acetyl groups
on the xylan backbone. Like the complex interaction between lignin and xylan, acetyl moieties also
contribute to the steric hindrance of hydrolytic enzymes, which reduces xylan removal and cellulose
digestibility during DPP. Furthermore, acetyl groups lead to significant pH alteration when acetyl is

released into the media, this inhibits the activity of fermentative microbes during fermentation. Thus,
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xylan acetyl groups and the interaction between xylan and lignin as predefined by GIcA substitution
pattern has a profound effect on efficient bioprocessing. Accordingly, additional pre-treatments such
as deacetylation and delignification are necessary for improved biopolymer separation and complete
deconstruction. However, these often involve the use of harsh chemicals which create a non-ideal
environment for the optimal functioning of hydrolytic enzymes, furthermore, additional forms of
recalcitrance are often introduced due to significant alteration of the native cell wall structure.
Together, these ultimately lead to compromised biomass yield coupled with substantial bioprocessing

costs.

Alternative approaches aimed at improvement of bioprocessing efficiency are thus necessary, indeed,
with a significant understanding of the secondary cell wall development, genetic engineering of plants'
secondary cell walls is a promising strategy for the improvement of bioprocessing efficiency. By
modifying cell wall biosynthetic genes necessary for the biosynthesis of cell wall biopolymers, we can
engineer plants with easier-to-deconstruct cell walls or any other favourable bioprocessing traits.
Several previous studies have modified xylan backbone biosynthesis genes, GIcA substitutions,
methylation, and acetylation genes to produce trees with improved saccharification yield with no or
minimal growth penalties. Similarly, targeting lignin biosynthetic genes has led to plants with reduced
lignin and whose cell walls can be easily deconstructed. The success of the genetic engineering
approach requires a thorough understanding of the biological roles of cell wall biosynthetic genes.
More importantly, the correlation between the expression of such genes with specific bioprocessing
traits also has to be established to aid in identifying which genes are worth targeting to potentially

improve industrial bioprocessing efficiency.
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With this in mind, this MSc aimed to determine how selected xylan-associated genes impact cell wall
development, plant growth, and physiology in Arabidopsis and Populus. This involved selecting the
appropriate genes that when genetically altered, are more likely to yield plants with modified cell walls
that can be easily deconstructed during bioprocessing. The selection of genes relied on a previous
systems genetics study that used Eucalyptus backcross populations to not only identify putative xylan
modification genes but also establish the correlation of their expression to some important
bioprocessing traits. Of interest to us were genes whose expression was negatively correlated with pulp
yield and positively correlated with xylan acetylation; these will be genes that when knocked out, xylan
acetylation could be reduced, which would theoretically increase pulp yield as predicted by correlation
analyses. To further substantiate the significance of these genes in cell wall development, we perused
through literature and online databases to understand what is currently known about the involvement
of these genes in cell wall biosynthesis. After selecting the five genes (namely, XYNI, ARAF'I, EMP70),
UXS6, and MAN?2), we obtained T-DNA insertion mutants of each gene and performed a growth trial
followed by in depth phenotyping. Furthermore, we investigated the impact of the mutation on each
gene on secondary cell wall development by integrating cell wall microscopy and chemistry analyses.
We finalize by scaling up the functional testing study to Populus to investigate how targeting these
genes can alter plant growth in woody plants. Here, we first perform phylogenetic analyses to establish
the evolutionary relationships amongst Eucalyptus grandis (from which the genes were originally
identified), Arabidopsis thaliana, and Populus trichocarpa homologs. We further analysed the
expression pattern of selected genes during secondary cell wall biosynthesis in poplar. Finally, the
CRISPR/Cas9 protocol involving guide RNA design, off-target identification, and Agrobacterium-
mediated transformation was followed for targeting selected genes and ultimately transforming hybrid
poplar (Populus alba x P. tremula). We generated few putative transgenic plants which we screened

for possible mutations.
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Altogether, preliminary growth phenotypes corresponding to Arabidopsis mutants of selected xylan-
associated genes were established, the impact of such mutations on secondary cell wall morphology
and chemistry was further dissected. Importantly, we apply the CRISPR/Cas9 gene editing approach
to target cell wall biosynthetic genes in the model woody plant poplar. The observations made in this
study will aid in subsequent studies aimed at functionally characterizing the candidate genes.
Furthermore, the preliminary phenotypes obtained here provide an initial clue on the biological roles
of selected genes. Finally, by integrating the growth phenotypes and overall impact of the mutation on
cell wall chemistry, it would be possible to precisely ascertain the precise impact of gene modification

on lignocellulose bioprocessing.

This dissertation describes the functional analyses of Arabidopsis and Populus putative mutant
phenotypes corresponding to the selected xylan-associated genes. The dissertation follows the

structure below:

Chapter 1 is a literature review , focusing extensively on the biosynthesis of cell wall biopolymers,
the overall structure of the secondary cell wall, and how this physical structure potentially affects the
efficiency of industrial bioprocessing. I describe genes that are currently known to play major roles in
SCW biosynthesis. To do this, some of the significant functional analyses studies that helped identify
and/or functionally characterize these genes are revisited and discussed thoroughly. I further describe
the metabolic requirements for biopolymer biosynthesis, such as sugar nucleotide precursors necessary
for cellulose and xylan backbone synthesis, and donor metabolites required for modification of the cell
wall biopolymers. Next I focus on understanding how the cell wall structure and its modifications
contribute to biomass recalcitrance. Here, I specifically discuss some of the measures that have been
employed to perturb the effects of biomass recalcitrance in industrial bioprocessing. Furthermore, |

review some genetic engineering studies that have successfully manipulated SCW genes to potentially
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improve saccharification efficiency. Finally, I discuss how CRISPR and CRISPR-based second-
generation gene editing techniques present a promise for a more robust and reliable means of

bioprocessing improvement through manipulation of the cell wall.

In Chapter 2, I begin by summarizing the overall procedure that was followed to select the five xylan-
associated genes which were functionally tested in this study. Next, all notable mutant growth
phenotypes corresponding to the mutants of selected genes were described, specifically focusing on
what these phenotypes possibly suggest regarding the overall plant growth and physiology.
Notably, xynl and emp70 mutant phenotype were discussed in more detail as the work done here was
the very first to attempt to decipher the growth phenotypes of these so-far-uncharacterized genes
in Arabidopsis. Finally, I discuss in detail the impact or lack thereof of gene mutations on cell wall
morphology by referring to the microscopic analyses of the xylem vessel structure and subsequent

analyses of cell wall chemistry.

Chapter 3 focuses on the essentials of the CRISPR/Cas9 gene editing for targeting cell wall
biosynthetic genes in woody plants. I establish the phylogenetic maps and gene expression profiles
for XYNI and MAN?2 poplar homologs which were selected for CRISPR/Cas9 editing in hybrid poplar.
Then, I focus on the specific steps we followed for guide RNA design, cloning of gRNAs into
CRISPR/Cas9 vectors, and, the ultimate transformation of poplar. I finalise by discussing the outcome
of transformations and how we screened for mutations in putative transgenic plants, moreover, [ briefly
discuss the limitations of CRISPR/Cas9 and how these may contribute to poor recovery of

transformants and lack of mutations in transgenic plants.



Chapter 4 is the conclusion, here, I provide brief conclusions to some of the major findings from all
the research chapters. First, the implications and limitations of selecting genes from a gene set
generated through population-based identification methods are discussed. Then I review the lessons
learned from functional testing of uncharacterized candidate genes by focusing on the major
preliminary  phenotypes observed in Arabidopsis mutants. 1  specifically focus on
the EMP70 mutant phenotype and suggest a comprehensive model which describe the possible role
of EMP70 in the crosstalk between Cu and Abscisic acid (ABA), and how this may ultimately affect
seed germination as observed in the current study. Finally, with reference to the work involving
CRISPR/Cas9 targeting of XYNI and MAN2 in poplar, the issues and novel solutions around poor

mutation generation and transformation efficiency in woody plants are dissected.
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Chapter 1

Literature Review:

Secondary cell wall biosynthesis and the impact of
lignocellulose ultrastructure on industrial

bioprocessing



1.1 Introduction

Lignocellulosic biomass is predominantly comprised of the secondary cell wall (SCW) biopolymers;
cellulose synthesized at the plasma membrane, hemicellulose synthesized in the Golgi, and lignin
produced in the cell wall (Brown et al. 2005; Zhong et al. 2005; Mohnen 2008). These biopolymers
are widely exploited for the production of a wide range of value-added products such as timber, paper,
textiles, and bioplastics (Plomion ef al. 2001; Carroll and Somerville 2008). Furthermore, significant
efforts have been made to utilize woody biomass generated from energy crops such as Populus as a
raw material for second-generation biofuel production (Pauly and Keegstra 2008; Pawar et al. 2013).
Such reliance on woody biomass for a wide range of applications significantly contributes to the
generation and maintenance of the bioeconomy. A healthy and thriving bioeconomy helps provide
solutions to challenges involving climate change, sustainable development, food, and energy security

(Golberg et al. 2016; Schiitte 2018).

Owing to their fast growth rate and increased vegetative propagation capacity, Eucalyptus and Populus
have been widely used as the major hardwood lignocellulose feedstocks for the production of various
bioproducts (Park et al. 2004). Generating bioproducts from these feedstocks requires efficient
industrial bioprocessing approaches that can completely deconstruct cell wall biopolymers into simple
constituents. Two approaches, dissolving pulp processing (DPP) and simultaneous saccharification
and fermentation (SSF) are currently the most widely used bioprocessing approaches in the biorefinery
industry (Hahn-Hagerdal and Palmqvist 2000; Stenberg et al. 2000; Galbe and Zacchi 2002; Mosier
et al. 2005; den Haan et al. 2015). Besides these fermentation approaches, the value from woody
biomass can also be extracted through non-fermentation methods such pyrolysis, synthetic
gasification, and the traditional wood burning to generate electrical energy (Mohan et al. 2006;

Kawamoto 2017; Kingsley Ogemdi 2019).



While some of these approaches are indeed useful in generating value-added bioproducts from woody
biomass, they are expensive, inefficient, time-consuming, and often achieve low product yields
(discussed in Langan ef al. 2011). Therefore, a substantial improvement in industrial processing is
necessary to reduce costs and maximize biomass yield. Such improvements require broad knowledge
about the biosynthesis of secondary cell wall biopolymers and the structure thereof. Fortunately,
advancements in functional genomics and biochemical analyses have provided useful information

about the biosynthesis of the cell wall and how the structure thereof contribute to biomass recalcitrance.

The biosynthesis of a plant secondary cell wall involves the production and interconversion of sugar-
nucleotide precursors which are then polymerized into larger secondary cell wall biopolymers and
transported to the cell wall for final assembly into the secondary cell wall ultrastructure. The secondary
cell wall thus represents a major metabolically demanding carbon sink in plants. Cellulose, the most
abundant secondary cell wall biopolymer, is synthesized from uridine diphosphate (UDP)-Glucose
(UDP-Glc) by plasma membrane-localized cellulose synthase (CESA) complexes (CSCs). In addition
to CSCs, cortical microtubules (CMTs), MICROTUBULE-ASSOCIATED PROTEINS (MAPs), and
several non-CESA proteins are involved in the cellulose biosynthetic process, some of these are

covered in detail in this review.

To form a rigid and stable secondary cell wall surrounding phloem fibers and xylem vessels, cellulose
microfibrils tightly interact with both hemicellulose and lignin in a very specific pattern (Kang et al.
2019). There are several different types of hemicellulose in and amongst different plant species.
However, glucuronoxylan (or xylan) is the most common and abundant hemicellulose in hardwood
trees (McCartney et al. 2006). As such, there have been numerous elegant studies focusing on
mechanistically understanding xylan structure, biosynthesis, and the nature of its interaction with other

secondary cell wall biopolymers (Fatland et al. 2002; Pena et al. 2007; Kotake et al. 2009; Lee ef al.



2009, 2010, 2012a; ¢, 2014; Mortimer et al. 2010; Brown et al. 2011; Urbanowicz et al. 2012a;
Bromley ef al. 2013; Kang ef al. 2019). Findings from these and other studies have shown that xylan
backbone biosynthesis involves the activity of various glycosyltransferase family 43 (GT43) and GT47
members. Furthermore, membrane transporters, backbone modification enzymes, and enzymes
involved in the biosynthesis of nucleotide-sugar precursors and donor substrates are required for
complete xylan biosynthesis. As opposed to cellulose, xylan backbone side chains are heavily
methylated and acetylated. These modifications influence the interaction of xylan with other secondary
cell wall biopolymers, which ultimately contribute significantly to biomass recalcitrance, making

bioprocessing very challenging (Ebringerova and Heinze 2000; Urbanowicz ef al. 2012a; Bromley et

al. 2013).

The concluding step in SCW biosynthesis is lignin deposition into the polysaccharide matrix (Pawar
et al. 2013). Contrary to cellulose and xylan structure, which are comprised of simple sugars joined by
identical chemical bonds, lignin is a complex three-dimensional polyphenolic polymer composed of
monolignols joined with variable bonds (Boerjan et al. 2003). The presence of these different chemical
bonds requires the use of several enzymes and different optimal conditions during bioprocessing
(Zhong and Ye 2015; Kumar et al. 2016; Meents et al. 2018). As a result, the complicated
deconstruction of these bonds leads to very inefficient and expensive bioprocessing options. Moreover,
similar to xylan, lignin is acetylated and methylated at various positions (Hanson and Roje 2001;
Amthor 2003; Boerjan et al. 2003; Del Rio et al. 2007), these modifications and lignin ultrastructure
impede hydrolytic enzymes from accessing other biopolymers, preventing efficient deconstruction of

the secondary cell wall (Helle et al. 2003; Qing and Wyman 2011).

To counteract the abovementioned bioprocessing challenges, several chemical and enzymatic pre-

treatment strategies are employed during bioprocessing. Unfortunately, these pre-treatments are costly



and the by-products from the treatments can contribute to additional forms of recalcitrance (Zanuttini
etal. 2003; Busse-Wicher et al. 2016). Ultimately, these limitations necessitate the application of novel
biotechnology approaches such as genetic engineering to improve bioprocessing efficiency. It has been
shown that genetic manipulation of endogenous biosynthetic genes can yield plants with traits that are
beneficial for bioprocessing (Urbanowicz et al. 2012a; Kuang et al. 2016; Macaya-Sanz et al. 2017;
Yang et al. 2017). Moreover, modifying metabolic flux to secondary cell wall biosynthetic pathways
promises yet another avenue that can be pursued to generate plants with favorable bioprocessing
characteristics (Fan et al. 2017). Furthermore, recent advancements in systems genetics have helped
identify putative genes potentially involved in biosynthesis and modification of secondary cell wall
biopolymers (Mizrachi et al. 2015; Wierzbicki et al. 2019a). Using this systems genetics data, five
candidate genes were selected for functional characterization in the current study: XYLANASE 1
(XYNI), ALPHA-L-ARABINOFURANOSIDASE 1 (ARAFI), MANNANASE 2 (MAN2), UDP-XYL
SYNTHASE 6 (UXS6), and the ENDOMEMBRANE PROTEIN 70 (EMP70). XYNI, ARAF1 and UXS6
are all predominately expressed in the xylem vessels, and both XYN/ and ARAFI encode a group of
glycoside hydrolase enzymes which degrade xylan chain into simple sugars (Chavez Montes et al.
2008; Zhong et al. 2017; Endo et al. 2019). While these genes are largely functionally uncharacterized,
overexpression of AtXYNI result in enhanced xylem transport in mutants (Endo et al. 2019), while
overexpression of AtARAF1 display altered stem architecture (Chavez Montes et al. 2008). AtUXS6
and AtMAN2 T-DNA insertional mutants do not show any consistent phenotype, but simultaneous
mutation of USX6 and related genes; UXS3 and UXSJ, yields the typical irregular xylem phenotype
(Kuang et al. 2016), while mutations in AtMANZ2-related genes lead to late seed germination (Iglesias-
Fernandez et al. 2011b). Amongst these genes, there has not been any attempts at functionally testing
EMP70 in plants. More details on how these genes were selected will be discussed in subsequent

sections.



Knowing which genes to target for functional characterization and the tool to employ for such
characterization is the first step in successful gene functional testing study. Amongst other tools, the
(CRISPR)/CRISPR-associated Protein9 (Cas9) (CRISPR/Cas9) has been shown to be effective and
consistent in generating both mono- and biallelic mutants in woody plants (Fan et al. 2015; Zhou et
al. 2015; Elorriaga ef al. 2018), which can be essential in functional characterization of the candidate
genes. Furthermore, CRISPR/Cas system has been extensively modified to generate sophisticated
technologies that are capable of multiple applications. Amongst others, CRISPR has been repurposed
for manipulation of gene expression in plants by coupling CRISPR machinery with deactivated Cas9
(dCas9) or dCas9 fusion proteins (Bikard ef al. 2013; Qi et al. 2013a; Gilbert et al. 2015; Liu et al.
2016a). Recently, second-generation CRISPR-based gene editing approaches, namely, base editing
and prime editing, have been developed. These approaches extend the CRISPR editing scope by a
massive margin and thus, present a promise for the rapid and efficient genetic engineering of cell walls

aimed at improvement of bioprocessing efficiency.

The focus of this dissertation will be on xylan biosynthesis; however, this literature review will
introduce the other major secondary cell wall components to first set the stage for secondary cell wall
biosynthesis. In this review, we investigate the long-standing and current understanding regarding the
biosynthesis of SCW biopolymers, focusing on both the well-characterized and emerging biosynthetic
genes and the products thereof. Next, the fundamental aspects of lignocellulose bioprocessing are
described, concentrating on how secondary cell ultrastructure and modifications potentially affect
bioprocessing efficiency. Some of the studies that have provided significant evidence that modification
of cell wall biosynthetic genes could improve bioprocessing efficiency and biomass yield are also
discussed. We further describe how CRISPR/Cas9 technology could play an essential role in
engineering plants with beneficial biorefinery traits, providing a promise for efficient improvement of

bioprocessing. Furthermore, new, and emerging CRISPR-based technologies such as base editing and



prime editing are briefly discussed. Finally, we briefly touch on CRISPR reagent delivery mechanisms

as they are critical for the success of gene editing through CRISPR-based approaches.

1.2 The biosynthesis and structure of the secondary cell wall

Secondary cell wall biosynthesis is a complex process requiring the coordination of different
biosynthetic and metabolic precursor transport pathways. Nucleotide diphosphate (NDP)-sugar
substrates are synthesized and interconverted, then polymerized into larger biopolymers, which are
ultimately transported to the cell wall for assembly into the final secondary cell wall structure (Bar-
Peled and O’Neill 2011; Yin et al. 2011). Importantly, unlike primary cell walls, which are deposited
in virtually all cell types, secondary cell walls are restricted to some specialized cell types,
predominantly the fibers and treachery elements of the primary and secondary xylem (Turner et al.
2001; Ko et al. 2006). Their primary role in woody plants is to provide mechanical support, allowing
efficient transport of water and nutrients necessary for normal plant growth and development (Bashline
et al. 2014; Kumar et al. 2016; Meents et al. 2018). Furthermore, wood is evolutionary ‘designed’ to
withstand decomposition, thereby enabling longevity of the woody plants. As the principal component
of wood, the secondary cell wall represents a major source of lignocellulosic biomass. The main
constituents of this biomass, namely cellulose, hemicellulose, and lignin, are broadly exploited for
industrial production of many bioproducts including timber, paper, bioplastics, and biofuels.
Secondary cell walls are therefore of industrial and bioeconomic significance, accordingly, significant
efforts have been invested in understanding the structural properties of the secondary cell wall and the

molecular basis of its biosynthesis, these aspects will be concisely discussed in the following sections.



1.2.1 Cellulose biosynthesis through cellulose synthase complexes

Amongst the three main secondary cell wall biopolymers, cellulose is the most abundant, comprising
up to 50% of the secondary cell walls (Pauly and Keegstra 2008; Scheller and Ulvskov 2010;
McNamara et al. 2015; Kumar et al. 2016). It is characterized by linear chains of para-crystalline -1-
4-linked glucan residues (Ha et al. 1998; Cosgrove 2005; Thomas et al. 2013), which coalesce tightly
into nascent microfibrils that are held together by hydrogen bonds and Van der Waals forces (Barros
et al. 2015; McNamara et al. 2015). The ultimate cellulose microfibrils possess high crystallinity and
an extensive degree of polymerization, allowing cellulose to act as the main load-bearing unit in the

cell walls of terrestrial plants (Turner et al. 2001; Ko et al. 2006).

The biosynthesis of cellulose chains and their assembly into microfibrils is mediated by a large
dynamic plasma membrane-localized cellulose synthase (CESA) complex (CSC) (Delmer 1999;
Doblin et al. 2002; Saxena and Brown 2005; Figure 1.1). In plants, the functional CSC is a six-lobbed
rosette structure composed of different CESA proteins (Giddings et al. 1980; Mueller and Malcolm
Brown 1980). In Arabidopsis, CESA4, CESA7, and CESAS, all belonging to the GT2 family, are
necessary for the formation of functional CSC in the Golgi, and subsequent secondary cell wall
cellulose biosynthesis at the plasma membrane (Turner and Somerville 1997; Taylor 2002; Timmers
et al. 2009). In the primary cell wall, the CSC heterotrimer involved in the production of cellulose is
composed by CESA1, CESA3, and CESAG6-like (Gardiner et al. 2003; Persson et al. 2007). In addition
to localization in the PM and the Golgi like SCW CESAs, primary cell wall CESAs additionally
localize to the small CESA compartments (SmaCCs), which assist in the delivery of CSCs along the
microtubules (Crowell et al. 2009; Gutierrez et al. 2009). Co-immunoprecipitation (ColP) studies of
CESAs have shown that these proteins interact with each other within the same CSC, and when one

of them is lost the CSC is no longer detected (Gardiner et al. 2003; Perochon ez al. 2011). This suggests



that all three secondary cell wall CESAs are essential for the formation of a functional CSC, although
their activities within the CSC are variable, with CESA4 being least active and CESA8 most active
(Kumar et al. 2018). More importantly, homologs of these proteins have been characterized in other
commercially significant plants such as Populus, cotton and rice (Arioli et al. 1998; Pear et al. 2002),

emphasizing their necessity in cell wall biosynthesis in vascular plants.

Earlier phenotypic analyses of CES4 mutants have greatly contributed to the understanding of the
biological roles and significance of CESAs. Turner and Somerville (2002) reported that mutation in
any of the secondary cell wall CESA4s causes a 70% reduction in cellulose content in Arabidopsis
inflorescence stems. Furthermore, mutants had significantly reduced secondary cell wall thickening
subsequently leading to collapsed xylem vessels (Turner and Somerville 1997; Turner et al. 2001;
Taylor 2002). Similarly, CRISPR/Cas9-induced knock-outs of Populus trichocarpa secondary cell
wall CesAs; PtrCesA4, 74, 7B, 84 and 8B have recently been generated and analyzed (Xu ef al. 2021).
Complete loss of these genes leads to morphological defects similar to those observed in Arabidopsis
knock-outs (Xu et al. 2021), indicating that these PtCesAs play the same non-redundant roles as
Arabidopsis homologs. Alongside phenotypic analyses, other studies have employed sophisticated cell
imaging techniques to visualize the activity of CSCs during xylem development. For example,
following the artificial induction of xylem cell fate in Arabidopsis epidermal cells, the substantial
accumulation of CSCs into narrow plasma membrane domains was demonstrated (Watanabe et al.
2015). Moreover, CSC clusters have been observed to rapidly move in a highly coordinated manner
along cortical microtubules (CMTs) adjacent to the forming secondary cell walls (Gardiner et al. 2003;

Sugiyama et al. 2017).

The observed microtubule-guided CSC movement during cellulose biosynthesis requires the

functional interaction between the underlying CMTs, CSC, and the PM (Gu et al. 2010). In both



primary and secondary cell walls, the cellulose synthase interacting 1 (CSI1)/POM2 protein has been
shown to mediate this functional interaction (Gu et al. 2010; Bringmann ef al. 2012; Li et al. 2012;
Schneider et al. 2017). CSI1/POM2 binds with CMTs and regulate the CSC-CMT co-alignment
(Figure 1.1). Additionally, CSI1-like protein, CSI3, plays an auxiliary but essential scaffolding role,
possibly regulating the velocity of CSCs (Lei ef al. 2013). However, CSC movement along CMTs
exert an extensive force on the underlying CMTs, thereby altering microtubule network and dynamics
(Fisher and Cyr 1998; Paredez et al. 2008). A MICROTUBULE-ASSOCIATED PROTEIN (MAP),
CELLULOSE SYNTHASE-MICROTUBULE UNCOUPLING 1 (CMUT1) has been shown to play an
essential role in stabilizing CMTs and controlling the movement of CSC (Liu et al. 2016a). Thus,
generating secondary cell wall cellulose requires functional PM-localized CSCs to rapidly move along
CMU1-stabilized CMTs, but more importantly, CSCs require a sugar nucleotide precursor, uridine
diphosphate (UDP)-Glucose (UDP-GlIc), from which glycosyl residues are obtained to generate

cellulose microfibrils.

1.2.2 Sugar-nucleotide precursor requirements for cellulose biosynthesis

As CSCs move along CMTs, the catalytic CSC subunits use the nucleotide sugar UDP-Glc as a
substrate to transfer glycosyl residues to the nascent f—1-4 glucan chains which ultimately aggregate
into cellulose microfibrils, forming part of the secondary cell wall (Amor et al. 1995; Fujii et al. 2010,
Brill et al. 2011; Endler and Persson 2011). The biosynthesis of UDP-Glc required for cellulose
biosynthesis is suggested to be facilitated by the glycosyltransferase enzyme SUCROSE SYNTHASE
(SUSY) (Amor et al. 1995; Figure 1.1). Plasma membrane and cell wall-localized forms of SUSY
have been identified and shown to directly associate with CSCs at least in wheat and tobacco (Albrecht
and Mustroph 2003; Persia et al. 2008). The association of SUSY with CSC may allow direct

distribution and partitioning of UDP-Glc to CESAs, which may be a useful strategy to avoid substrate

10



competition with other UDP-Glc-requiring pathways, thereby, favoring cellulose biosynthesis (Ross
et al. 1991). The significance of SUSY in cellulose biosynthesis has been partially demonstrated
through gene overexpression and downregulation studies. Overexpression of SUSY from cotton in
Populus resulted in increased cellulose content, wood density, and cell wall thickness (Coleman et al.
2009). However, significant reduction of SUSY activity in hybrid aspen (Populus tremula L. x
tremuloides Michx.) did not specifically result in a reduction of cellulose content, but an overall
reduction in wood density caused by decreased lignin, cellulose, and hemicellulose content per wood
volume (Gerber et al. 2014). Furthermore, Barratt et al. 2009 showed that Arabidopsis SUSY1, SUSY2,
SUSY3 and 4 quadruple mutants with SUSY activity only in the phloem are indistinguishable from the
wild-type plants with respect to growth, cellulose content, and the overall cell wall structure. Taken
together, these observations suggested that SUSY is not a mandatory requirement for cellulose
biosynthesis, it may, however, play a more significant role in regulating the total carbon incorporated

into secondary cell walls.

Two enzymes; CYTOSOLIC INVERTASE (cINV) and UDP-GLUCOSE PYROPHOSPHORYLASE
(UGPase), have been suggested to be SUSY alternatives, playing vital roles in the biosynthesis of
UDP-Glc required for cellulose biosynthesis (Figure 1.1). Convincing evidence supporting the role of
cINV has been presented, for example, plants deficient in 2 isoforms of invertase (cinvi/cinv2) had
severely reduced growth rates (Barratt et al. 2009). Similarly, imaging and biochemical data have
demonstrated that Arabidopsis cinvicinv2 seedlings have impaired UDP-Glc biosynthesis
accompanied by abnormal cellulose biosynthesis and altered cellulose organization (Barnes and
Anderson 2018a). Both studies provided indispensable evidence supporting cINV as the primary active

enzyme required for UDP-Glc biosynthesis in Arabidopsis.
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Finally, while this review does not aim to cover all aspects of secondary cell wall cellulose
biosynthesis, there are some noteworthy aspects of cellulose biosynthesis not covered in this review
that may be valuable to the reader. For example, there are numerous other proteins, both well-
characterized and emerging, which are implicated in cellulose biosynthesis. These include STELLO,
PATROL1, and EXOCYST proteins all involved in CSC trafficking to the plasma membrane, and
KORRIGAN, COBRA, and CTL which have established roles in the regulation of cellulose microfibril
assembly and crystallinity. The precise roles of these and other proteins have been recently reviewed
in detail in Zhong et al. 2019. Furthermore, it is important to note that the role of microtubules in
cellulose biosynthesis is not limited to CSC tracking, but they also play a crucial role in both oriented
cellulose deposition and patterned secondary cell wall deposition (reviewed in Derbyshire ef al. 2015;

Zhong and Ye 2015; Meents ef al. 2018).

1.3 Overview of lignin biosynthesis and modifications

While this study focuses specifically on genes associated with xylan, the possibility that some of these
genes’ functions may affect lignin synthesis cannot be ruled out, it is therefore necessary to discuss
some of the details pertaining to lignin structure and biosynthesis. The final step in secondary cell wall
biosynthesis is lignification, which entails the secretion and deposition of the lignin polymer into the
nascent cell wall to establish a functionally mature secondary cell wall that provides support for the
plant even after the programmed cell death. Moreover, lignin facilitates water and solute transport in
vascular tissues owing to its mechanical resistance and hydrophobic nature (Donaldson 2001; Boerjan
et al. 2003). While both primary and secondary cell walls generally consist of cellulose and
hemicellulose, lignin is largely restricted to the secondary cell walls, and alongside xylan, it is
considered the primary biomass material responsible for biomass recalcitrance and associated

lignocellulose deconstruction challenges (Martone et al. 2009; Espifieira et al. 2011). Consequently,
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there are limited lignin uses reported, however, secondary cell wall deconstruction processes produce
a significant amount of lignin-rich waste products which can be converted into value-added products
(Mentzen and Wurtele 2008). Furthermore, the significance and uses of lignin are growing as seen
with its use as an essential additive in a wide array of industrial and agricultural applications.
Therefore, a thorough understanding of lignin biosynthesis will facilitate the potential genetic

manipulation of secondary cell wall ultrastructure for efficient lignocellulosic bioprocessing.

1.3.1 Biosynthesis of lignin monomers

Unlike cellulose and hemicellulose, which are both simple polysaccharides and structurally similar,
lignin is a complex three-dimensional polyphenolic polymer produced through oxidative
polymerization of the primary lignin precursors or monolignols: p-coumaryl, coniferyl and sinapyl
alcohols (Figure 1.1). These primary lignin precursors then give rise to three lignin monomers, p-
hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, respectively (Figure 1.1). The proportion of
these polymerized monolignols determines the overall lignin composition and differs significantly
between different species and among different cells within the same species. For example, secondary
cell walls in gymnosperms are predominantly composed of G lignin and undetectable levels of S and
H, while eudicot secondary cell walls contain both G and S with small traces of H units (Vogel 2008;
Bonawitz and Chapple 2010). Importantly, it has become clear that not only these classical
monolignols are incorporated into lignin, small amounts of modified components of monolignol
biosynthetic pathway and other naturally occurring non-traditional monolignols can also be

incorporated into the lignin biopolymer (Chen et al. 2013a; Zhao et al. 2013).

Lignin biosynthesis commences with monolignol biosynthesis in the cytosol using L-phenylalanine

generated from the Shikimate pathway as a starting material (Figure 1.1). Sequential hydroxylation,
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methoxylation and side-chain activation/reduction of monolignols in the common phenylpropanoid
pathway then give rise to the lignin monomers (Bonawitz and Chapple 2010; Vanholme ef al. 2012a,
2013; Hao and Mohnen 2014). After biosynthesis in the cytosol, monolignols are transported to the
developing secondary cell wall where they are incorporated into lignin polymer as S, G and H units
(Figure 1.1), however, there is currently no consensus on the exact monolignol transport mechanism
across the plasma membrane. Nevertheless, studies conducted in Arabidopsis and Populus have
suggested both passive and active transport mechanisms for monolignols (Miao and Liu 2010;

Alejandro et al. 2012; Sibout and Hofte 2012; Figure 1.1).

1.3.2 The transport and polymerization of lignin monomers

The active transport process that has received significant attention is the ATP-binding cassette (ABC)-
like transport, which is suggested to involve ATP-dependent membrane transporters for export of
monolignols across the plasma membrane (Miao and Liu 2010; Kaneda ef al. 2011; Alejandro et al.
2012). Supporting the role of this process, heterologous expression of one Arabidopsis ABC-like gene,
AtABCG29, in yeast lead to increased p-coumaryl transport, furthermore, Arabidopsis mutants lacking
AtABCG29 exhibited growth weakness on p-coumaryl with a modest decrease in lignin content
(Alejandro et al. 2012). The modest decrease in lignin content observed has been attributed to the
functional redundancy amongst several identified ABCG genes (Takeuchi et al. 2018). To further test
whether ABC transporters were necessary for monolignol transport, membrane vesicles from
Arabidopsis PM were treated by vanadate, which inhibits ATPase, this led to inhibition of coniferyl
transport, similarly, coniferyl transport was inhibited when ATP was excluded (Miao and Liu 2010).
These observations provided an insight into the possible role of Arabidopsis ABC transporters at least
for p-coumaryl and coniferyl alcohol transport. Contrary to these observations, biochemical analysis

of developing xylem from poplar (Populus sieboldii) and hybrid poplar (Populus sieboldii x Populus
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grandidentata) did not find any evidence for the involvement of ABC transporters, instead, a vacuole-
localized transporter with high affinity to monolignols was identified (Tsuyama et al. 2013),
suggesting that different transport processes may be operating in different species and possibly

different cell types within species (Barros ef al. 2015).

Since the role of active transport was only supported in Arabidopsis and limited to p-coumaryl and
coniferyl transport thus far, a recent study has presented data proposing that most lignin-related
compounds (LRCs) may alternatively cross the lipid bilayer via passive transport (Vermaas et al.
2019). Analyses of membrane partitioning and permeability of 69 LRCs using molecular dynamics
simulations have suggested that only carboxylated or glycosylated LRCs may require membrane
transporters, while most LRCs, including monolignols, can passively permeate the plasma membrane
(Vermaas et al. 2019). Convincingly, prior studies have demonstrated that the abundance of immobile
lignin-polymerizing peroxidases and laccases at the secondary cell wall may create an energetically
favorable gradient for monolignols to passively cross the membrane (Kaneda et al. 2008; Smith et al.
2013; Jaini et al. 2017). Furthermore, studies using liquid chromatography-tandem mass spectrometry
and radiolabeling demonstrated that monolignols are rapidly incorporated into the cell wall without
significant accumulation in the cytosol, indicating that monolignols may indeed rapidly diffuse

passively across the plasma membrane (Boija ef al. 2007; Dima et al. 2015; Yi Chou et al. 2018).

Once at the secondary cell wall, monolignols are oxidized by laccases and class III peroxidases to form
the ultimate polymeric lignin structure which interacts with hemicellulose and cellulose in a very
specific pattern: contrary to the previous models which suggested that xylan tightly interacts with
cellulose, and the resulting xylan-cellulose structure is coated with lignin (Himmel ez al. 2007; Kabel
et al. 2007; Kohnke et al. 2011; Terashima et al. 2012; Martinez-Abad et al. 2017), Kang et al. 2019

have shown that there are limited xylan-cellulose and cellulose-lignin interactions. Instead, lignin
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mainly binds xylan most likely through electrostatic interactions, furthermore, lignin and cellulose are
largely spaced and joined together by xylan (Kang ef al. 2019). The overall impact of these secondary

cell wall biopolymer interactions on lignocellulose bioprocessing will be discussed in the next sections.

1.3.3 Lignin methylation and acetylation

Lignin monomers (G, S and H units) are derived from a variety of methylated or non-methylated
monolignols. G is derived from coniferyl with one methyl-group at the C3 position, S is derived from
synapyl consisting of methoxy-group at the C3 and C5 position, while H is produced from non-
methylated p-coumaryl (Boerjan et al. 2003; Figure 1.1). Methylation of lignin precursors is catalyzed
by CAFFEOYL COA O-METHYLTRANSFERASE (CCoAOMT) and CAFFEIC ACID O-
METHYLTRANSFERASE (COMT) at C3 and CS5, respectively (Boerjan ef al. 2003; Figure 1.1).
Both these methyltransferases use the methyl group from SAM for transmethylation of lignin,
consequently, lignin biosynthesis in secondary cell wall tissues is associated with a large supply and
efficient recycling of SAM (Hanson and Roje 2001; Amthor 2003). Several mutation studies have
provided some compelling evidence supporting the importance of SAM in lignin biosynthesis. For
example, the mutation in one of the Arabidopsis SAM synthetases, SSADENOSYL METHIONINE
SYNTHETASE 3 (AdoMetS3), results in a reduction in SAM synthetase activity, SAM pools, and
lignin content (Shen et al. 2002). Moreover, a mutation in genes involved in the production of 5-
methyltetrahydrofolate (a methyl donor for the production of methionine) from homocysteine, leads
to reduced lignin levels in Arabidopsis and maize (Tang et al. 2014; Li et al. 2015; Srivastava et al.
2015). More importantly, it has been demonstrated in Arabidopsis stems that targeted expression of
SAM hydrolases in secondary cell wall-forming tissues reduces the SAM pool, and the relative content
of the dimethylated S lignin units, resulting in the enrichment of glucose content and reduction of cell

wall recalcitrance (Eudes et al. 2016). The latter is particularly important as it showed that targeting
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the biosynthetic pathways of precursor metabolites may reduce recalcitrance while enriching the

production of monosaccharides, an important aspect of efficient bioprocessing.

In addition to methylation, some lignin is acetylated at the y-Carbon position of their S and G
monomers (Del Rio et al. 2007). This acetylation possibly affects the lignin composition and its
interaction with other secondary cell wall polymers (reviewed in Pawar et al. 2013). However, only a
limited number of hardwood species have been reported to be acetylated in the xylem with lignin
acetylation varying between 1 and 50%, while there have not been any reports for lignin acetylation in
softwoods (Pawar et al. 2013). The exact function and consequences of lignin acetylation and variation
thereof are thus unclear; though it is possible that lignin acetylation may hamper lignocellulose
bioprocessing, like the presence of O-acetyl groups in xylan backbone, this xylan modification, and

others, will be discussed in detail in the next section.

1.4 Xylan backbone biosynthesis and decorations

Hemicellulose represents 10-40% of the secondary cell walls, with xylan being the most abundant
hemicellulose component in hardwood trees (Darvill et al. 1980; McCartney et al. 2006). Like
cellulose, xylan contributes significantly to normal plant growth and development, however, in
contrast to cellulose, the structure and biosynthesis of xylan is significantly complex. Commercially,
xylan-containing secondary cell walls are the most abundant biomass repository on earth. Therefore,
this abundant biomass provides a considerable potential to be used as a feedstock to produce large-
scale biofuels and other value-added biobased products essential for a sustainable bioeconomy.
Nonetheless, xylan biosynthesis is complex, requiring a plethora of metabolic precursors and enzymes.
Moreover, the xylan backbone can consist of several chemical modifications, such as methylation and

acetylation, and side-chain substitutions. These modifications impact xylan’s solubility and its
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interaction with other secondary cell wall biopolymers, making it a challenge to extract xylan from the
lignocellulosic biomass (reviewed in Pawar ef al. 2013; Hao and Mohnen 2014; Smith ef al. 2017).
Additionally, xylan modifications negatively impact the conversion of other secondary cell wall
biopolymers into fermentable sugars, which is an important and expensive step in industrial processing
(York and O’Neill 2008). Therefore, understanding xylan backbone biosynthesis, the overall xylan
ultrastructure, and its associated chemical modifications will open doors for the application of novel

approaches aimed at improving bioprocessing efficiency.

1.4.1 Xylan backbone biosynthesis

Xylan is composed of f—(1-4)-linked p-xylosyl (Xyl) residues which can be appended with different
chemical modifications depending on the species (Teleman et al. 2002; Pena et al. 2007). Unlike
cellulose, which is synthesized at the plasma membrane by a well-defined protein complex, xylan is
synthesized by a variety of enzymes within the Golgi lumen (Figure 1.1). Like cellulose biosynthesis,
UDP-Glc acts as a substrate for all nucleotide-sugar precursors required for xylan biosynthesis. UDP-
Glc is oxidized to UDP-D-glucuronate (UDP-GIcA) in the cytosol by UDP-GLC 6-
DEHYDROGENASE (UGDH) ((Raimund and Oliver 1996). UDP-GIcA is then interconverted into
UDP-D-xylose (UDP-Xyl) through the action of UDP-XYL SYNTHASES (UXSs; (Kotake et al.
2009; Bar-Peled and O’Neill 2011; Rautengarten et al. 2011). Interestingly, genetic analyses of
Arabidopsis uxs mutants have demonstrated that a reduction in xylan content only occurs when genes
encoding the cytosolic UXSs, and not Golgi-localized UXSs, are mutated, indicating that cytosolic
UXSs are required for UDP-Xyl biosynthesis (Kuang et al. 2016; Zhong et al. 2017). Following
biosynthesis at the cytosol, UDP-Xyl is transported into the Golgi primarily by UDP-XYL
TRANSPORTER 1 (UXT1; (Ebert et al. 2015; Zhao et al. 2018). Subsequent xylan backbone

biosynthesis involves the transfer of xylosyl residues from UDP-Xyl into the growing xylan chain.
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The overall biosynthesis of the xylan backbone involves the activity of two GT43 members,
IRREGULAR XYLEM (IRX) 9 AND IRX14 (Brown et al. 2005, 2007; Pena et al. 2007; Urbanowicz
et al. 2014) and a GT47 member, IRX10 (Jensen et al. 2014; Urbanowicz et al. 2014). In Asparagus,
where these enzymes are highly active, IRX9, IRX10 and IRX14 are shown to form a xylan synthase
complex (XSC) within the Golgi apparatus, this complex is responsible for xylan xylosyltransferase
activity in planta (Zeng et al. 2016). A similar complex has been shown to exist in Arabidopsis thaliana
(Reviewed in Smith et al. 2017; Figure 1.1), within the XSC, IRX10 is a xylosyltransferase necessary
for the extension of the xylan biopolymer, while IRX9 and IRX 14 play structural roles and are involved
in the elongation of the xylan backbone. IRX9, IRX14, and IRX10 all have partial functional redundant
paralogs, IRX9-L, IRX14-L, and IRX10-L, respectively. Single mutants in either one of the paralog
pair do not all display a severe phenotype (Brown et al. 2009; Chen et al. 2013b). However, a mutation
in both homologs of either /RXY, IRX14, or IRX10 results in a shorter xylan chain and severe growth
defects (Brown et al. 2009; Wu et al. 2009; Keppler and Showalter 2010; Lee et al. 2010). Importantly,
mutation of /RX9 or IRX14 alone is sufficient to cause a significant reduction of xylosyltransferase
activity, xylan chain length, and the overall xylan content (Lee et al. 2012a). Mutants also have
severely reduced secondary cell wall thickening and collapsed xylem vessels (Lee et al. 2012c).
Moreover, IRX9 could not rescue the irx/4 mutant phenotype and likewise, /IRX14 failed to rescue the
irx9 phenotype (Brown et al. 2007; Pena et al. 2007; Lee et al. 2010; Wu et al. 2010). Interestingly, a
dominant negative approach targeting IRX10 in Arabidopsis yielded some of the typical phenotypes
observed when xylan biosynthetic genes are altered (Brandon et al. 2020). Here, overexpression of
mutated forms of IRX10 was successful in suppressing xylan biosynthesis. Transgenic plants showed
significantly reduced height indicating suppression of xylan production (Brandon et al. 2020).
Furthermore, xylose levels were reduced in the overexpressing lines coupled with thinner secondary
cell walls (Brandon et al. 2020). Altogether, these studies suggested that /RX10, IRX9 and IRX14 are

functionally non-redundant and play major independent roles in xylan backbone biosynthesis.
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Two functionally non-redundant GT43 members have also been identified in Populus and rice (Lee et
al. 2012d, 2014; Chiniquy ef al. 2013). Furthermore, a recent study in Brachypodium distachyon
generated CRISPR knock-out and artificial microRNA (amiRNA) knockdown lines of the /RX14
ortholog, BdGT43B2 (Petrik et al. 2020). Amongst other phenotypes, a significant reduction in xylan
and a small reduction in xylose was observed in the mutant lines, respectively, suggesting that
BdGT43B2 may be playing a similar role to AZ/RX14 in Brachypodium (Petrik et al. 2020). Similarly,
an abundantly expressed GT43 wheat gene, TalRX9b, was capable of complementing the Arabidopsis
IRX9 knock-out mutant, further, 7aIRX9b knock-out mutant has reduced arabinoxylan amount and
chain length (Pellny ef al. 2020). Thus, TalRX9b may have the same function in xylan biosynthesis as
AtIRX9 in wheat. So, the existence of GT43 xylosyltransferase orthologs in poplar, rice, grass, and
wheat may indicate that the requirement of non-redundant glycosyl transferase-encoding genes for

xylan biosynthesis is conserved in vascular plants.

1.4.2 Xylan side-chain substitution

In the secondary cell wall of eudicots, the xylan backbone is often substituted with D-glucuronic acid
(GlcA), giving rise to glucuronoxylan (GX; Ebringerovéa and Heinze 2000). This modification involves
the transfer of GIcA residues from UDP glucuronic acid (UDP-GIcA) to the xylosyl backbone. GIcA
side chains may further be methylated at O-4 to yield a-1,2-linked 4—O-methyl glucuronic acid (4-O-
MeGIcA) (Ebringerova and Heinze 2000). In Arabidopsis secondary cell walls, the addition of GIcA
to xylan backbone involves three Golgi-localized glucanosyltransferases; GLUCURONIC ACID
SUBSTITUTION OF XYLAN 1 (GUXI), GUX2 and GUX3, all belonging to the GT8 family
(Mortimer et al. 2010; Lee et al. 2012a; Bromley et al. 2013). While mutation of a single gene encoding
any one of these enzymes does not affect plant growth or secondary cell wall thickness, simultaneous

mutation of all three genes leads to a complete loss of GIcA substitutions, reduced secondary cell wall
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thickness and deformed vessels (Lee ef al. 2012a), suggesting that xylan GIcA modification is essential
for normal secondary cell wall development and integrity. Moreover, subsequent detailed analysis of
several gux mutant lines indicated that different GUX enzymes contribute to specific GlcA substitution
patterns. GUX1 adds GlIcA side chains to evenly spaced xylosyl residues between 6-26 residues apart,
while GUX2 adds GIcA to both evenly and oddly spaced xylose residues (Bromley et al. 2013).
Importantly, the differences in frequency of GlcA addition leads to the biosynthesis of two distinct
xylan domains, which may be spatially separated but within the same xylan molecule (Bromley ef al.
2013). While the significance of these different domains as they relate to functionality is still unclear,
Bromley ef al. 2013 suggested that the domains may affect xylan’s interaction with cellulose to form

a mature secondary cell wall and therefore potentially affect biomass recalcitrance.

1.4.3 Metabolic requirements and synthesis of xylan backbone modifications

As already introduced, a significant proportion of xylan’s GIcA side chains are methylated at O-4
(Urbanowicz et al. 2012a; Yuan et al. 2014), the proportion of these 4-O-methylated GlcA moieties
varies with species. For example, in Arabidopsis stems about 60-80% of total GIcA substitutions are
methylated while all GlcA chains are methylated in Populus tremula x P. alba (Urbanowicz et al.
2012a). A reduction in GX’s 4-O-MeGlcA content leads to increased xylan release during
saccharification, suggesting that GIcA methylation contribute to the overall structure and integrity of
the secondary cell wall (Urbanowicz et al. 2012a). Three Golgi-localized glucuronoxylan
methyltransferases; GLUCURONOXYLAN METHYLTRANSFERASE 1 (GXM1), GXM2, and
GXM3 are necessary for the methylation of the GIcA side chains (Lee ef al. 2012b; Urbanowicz et al.
2012a; Figure 1.1). These enzymes are characterized by the presence of Domain of Unknown Function
579 (DUF579) which has been suggested to possess cation-dependent polysaccharide specific O-

methyltransferase activity (Kopycki et al. 2008; Urbanowicz et al. 2012a; Smith et al. 2020). Studies
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on Arabidopsis T-DNA mutants show that defects in this domain lead to a 75% reduction in O-
methylated GIcA side chains (Urbanowicz et al. 2012a). This reduction in O-methylated GIcA side
chains signifies the significance of the domain in GlcA methylation. Furthermore, simultaneous
mutation of GXM1, GXM2, and GXM3 lead to complete loss of GlcA methylation while only 13% of
GIcA residues are methylated in gxm2 gxm3 double mutants (Yuan et al. 2014). Predictably,
overexpression of GXM1 and GXM3 in Arabidopsis stems resulted in an increase in the proportion of
4-O-methylated residues from 60% observed in wild-type to 90% (Yuan et al. 2014), further indicating

the significance of GXMs in GlcA methylation.

The mechanism of GIcA methylation involves the transfer of a methyl group from S-
adenosylmethionine (SAM) onto the GIcA residues on the xylan backbone (Shen et al. 2002). It is
known that SAM is an essential intermediate in one-carbon metabolism, not only serving as a universal
methyl group donor for the methylation of the xylan backbone but also for monolignols (Lee et al.
2012b; Urbanowicz et al. 2012a; Sauter et al. 2013; Wang et al. 2016). Moreover, SAM acts as a
precursor in the biosynthesis of various metabolites such as phytosiderophores and polyamines (Roje
2006). While this is a very specific example of the methylation from SAM, methylations are common
in all the secondary metabolic pathways. SAM is synthesized from methionine in the cytosol and
evidence indicates that SAM transporters are required for its transport into the Golgi Apparatus for the
methylation of homogalacturonan, and possibly xylan (Ibar and Orellana 2007; Sauter et al. 2013;
Figure 1.1). Notably, SAM biosynthesis relies on multiple essential metabolites, which are products
of several biosynthetic pathways, therefore, tight regulation of SAM biosynthesis and transport is
important as it potentially affects the biosynthesis of xylan and other cell wall polymers (reviewed in
Wierzbicki ef al. 2019b). In addition to methylation, a large proportion of xylosyl residues on the xylan
backbone are acetylated at either oxygen 2 (O-2) and/or O-3 (Capek et al. 2002; Teleman et al. 2002;

Gongalves et al. 2008). O-Acetyl moieties on GX largely influence the polymer-polymer interactions,
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which impacts secondary cell architecture and lignocellulose bioprocessing (Busse-Wicher et al.
2014). More importantly, acetylation alone greatly contributes to biomass recalcitrance, which
demands the application of de-acetylation steps during industrial processing to improve precipitation
of biopolymers (Zanuttini ef al. 2005; Konn et al. 2006; Busse-Wicher et al. 2016). More details on
how the overall secondary cell wall structure specifically contributes to biomass recalcitrance and how
genetic engineering can be utilized to alleviate these challenges will be discussed in the last section of

the review.

Acetyl-CoA acts as the donor substrate for acetyl groups required for xylan acetylation (Pauly and
Scheller 2000; Fatland ef al. 2005; Oliver et al. 2009), it is also a vital metabolite required for fatty
acid biosynthesis and acetylation of proteins (Fatland et al. 2005). Since Acetyl-CoA plays numerous
essential roles, it is compartmentalized between plastids and cytosol to ensure sufficient supply
between different competing pathways. Amongst other sources, a significant proportion of acetyl-CoA
is generated from citrate by cytosolic ATP-CITRATE LYASE (ACL; Fatland et al. 2005). Plants with
just moderately reduced ACL activity have miniaturized organs, smaller cells, and aberrant plastid
morphology (Fatland et al. 2002, 2005), suggesting that ACL is required for normal plant growth and
that no other source of acetyl-CoA can compensate for ACL-derived acetyl-CoA (Fatland et al. 2002,
2005). Several potential transporters are then required to channel the cytosolic acetyl-CoA into the

Golgi for xylan acetylation (Figure 1.1), however, such transporters have not yet been elucidated.

Two protein families, namely, REDUCE WALL ACETYLATION (RWA) and the TRICHOME-
BIREFRINGENCE-like (TBL) family, are involved in the acetylation of xylan in plants (Gille et al.
2011; Manabe et al. 2011). Three Arabidopsis RWA members, RWA1l, RWA3 and RWA4
redundantly regulate secondary cell wall acetylation (Lee et al. 2011), while RWAZ2 is involved in

acetylation of pectin and xyloglucan (Manabe et al. 2011). Concurrent mutation in all four Arabidopsis
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RWA genes leads to a 42% reduction in xylan O-acetylation, a 40% reduction in acetyl content in the
stem, reduced secondary cell wall thickening, and collapsed xylem vessels (Lee ef al. 2011). These
characteristics represent a common phenotype often observed when essential secondary cell wall genes
are mutated. Therefore, it is easy to assume that the RWA genes play an essential role in xylan
acetylation and that acetylation is required for normal secondary cell wall development. Similar to
observations in Arabidopsis, RNAi knockdown of RWA orthologs in Populus resulted in reduced xylan
acetylation and increased glucose and xylose yields following enzymatic hydrolysis (Pawar et al.

2017b).

A biochemical and homology study has shown that although RWAs possess several transmembrane
domains, they lack the putative XYLAN O-ACETYLTRANSFERASE (XOAT) domain required for
the transfer of acetyl groups to the xylosyl residues (Gille et al. 2011). It has been consequently
proposed that RWAs may be putative acetyl donor transporters, channeling acetyl-CoA from the
cytosol to the Golgi lumen (Gu et al. 2010; Lee et al. 2011; Rennie and Scheller 2014). In addition to
RWAs, TBL29/ESKIMO 1 (ESK1) is an essential component in xylan acetylation in Arabidopsis
(Xiong et al. 2013a). TBL29 belongs to the plant-specific DUF231 protein family, which contains
several other members involved in the O-acetylation of other plant cell wall polymers (Gille and Pauly
2012). The Arabidopsis thl29 mutant causes the typical deformed xylem vessel phenotype and a
reduction in secondary cell wall thickening, similar to the RWA quadruple mutant phenotype, however,
no reduction in xylan content is observed in the 6129 mutant (Lee et al. 2011; Gille and Pauly 2012;
Xiong et al. 2013a). Thus, the reduced xylan acetylation in the /b/29 mutant is sufficient to cause the
irregular xylem phenotype, which emphasizes the significant of xylan acetylation in xylem

development.
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Contrary to the RWA quadruple mutant, biochemical analysis of #b/29 xylan acetyltransferase activity
has shown an approximate 60% reduction in 2-O and 3-O xylan monoacetylation, and a significant
decrease in xylan acetyltransferase activity (Xiong ef al. 2013a; Yuan et al. 2013). These data indicated
that TBL29 is a putative acetyltransferase, specifically involved 2-O and 3-O xylan monoacetylation.
Indeed, through a combination of computational simulations, mutagenesis, and enzyme activity assays,
it has been shown that xylan acetylation is accomplished through TBL29-catalyzed 2-O-acetylation
followed by migration of acetyl to O-3 (Urbanowicz ef al. 2014; Lunin et al. 2020). Thus, supporting
TBL29 role as an O-acetyltransferase specifically catalyzing 2-O and 3-O xylan monoacetylation.
Interestingly, genetic studies in Arabidopsis have proposed that acetyl may be transferred from acetyl-
CoA to O-acetyltransferases by an intermediate protein called ALTERED XYLOGLUCAN 9 (AXY?9;
Schultink ef al. 2015; Zhong et al. 2018). Although mutation of 4XY9 leads to reduced xyloglucan and
xylan acetylation, it remains unknown what the exact biochemical function of AXY?9 is (Schultink ez

al. 2015).

Clearly, xylan biosynthesis is complex, involving various enzymes for backbone elongation,
substitutions, and side-chain modifications. Furthermore, xylan biosynthesis requires a sufficient
supply of nucleotide sugar precursors and metabolite (acetyl and methyl group) donors for backbone
biosynthesis and modifications which is achieved by the action of many uncharacterized substrate
biosynthetic enzymes and membrane transporters. Moreover, it remains unknown how xylan is
targeted to the specific plasma membrane domains to yield the patterned secondary cell wall observed
in many cell types such as protoxylem in treachery elements. Therefore, future studies aimed at
characterizing genes encoding precursor biosynthetic enzymes and membrane transporters will be
highly valuable, and the understanding of precise mechanisms involved in xylan secretion from the
Golgi during secondary cell wall deposition will benefit from current advancements in microscopy and

imaging technologies, amongst other approaches.
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1.5 Lignocellulose bioprocessing

As lignocellulosic biomass represents the most abundant source of renewable materials on earth, it is
commonly used as a feedstock for pulp and papermaking as well as biorefinery applications that
produce valuable bioproducts such as packaging materials and biofuels (Plomion et al. 2001; Carroll
and Somerville 2008; Pauly and Keegstra 2008). Moreover, lignocellulose hydrolysates contain a
variety of sugars, such as glucose, which can further serve as alternative sources for the production of
bio-based products (Menon and Rao 2012). This wide variety of lignocellulose applications requires
efficient separation and purification of lignocellulose into its constituents (Klemm et al. 2005;
Restolho et al. 2009; Nasatto et al. 2015). However, as mentioned previously, the structure and
modifications on the different secondary cell wall biopolymers make lignocellulose resistant to
industrial bioprocessing. Subsequently, recalcitrance contributes to a substantially higher cost of
biomass conversion coupled with low product quality and yields (Langan ef al. 2011). Therefore, a
greater understanding of secondary cell wall biosynthesis will allow the application of indispensable
biotechnology approaches to reduce recalcitrance and improve biomass yield. Previous sections of the
review provided information on the current understanding of how secondary cell biopolymers are
synthesized and modified, in this section, the potential impact of this secondary cell wall composition,
structure and modifications on current industrial processing approaches and how biotechnology could

aid in generating favorable bioconversion characteristics will be discussed.

1.5.1 Overview of industrial bioprocessing techniques

Several industrial processing approaches are used for the deconstruction of wood in the biorefinery
industry; these includes the non-fermentation approaches such as pyrolysis and synthetic gasification.

In addition, value-added products from wood can be extracted through fermentation methods such as
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the simultaneous saccharification and fermentation (SSF) and the dissolving pulp processing (DPP).
Pyrolysis is the initial step in most processes that convert wood into liquid fuels, it involves slow
heating at 480 °C (in the absence of oxygen) to thermally degrade the wood biomass into a liquid
fraction, a gaseous fraction, and carbon-containing solid fraction (Gonzélez-Vila et al. 1999; Del Rio
et al. 2005; Mohan et al. 2006). Some major products that are generated from pyrolysis are charcoal
and bio-oils, the latter of which has several advantages to fossil fuels such as reduced Nitric oxide
containing emissions and their ability to generate carbon dioxide credits (Kumar et al. 2010). Like
pyrolysis, gasification involves combustion at high temperatures with limited oxygen, producing
combustible gases (hydrogen and carbon dioxide) and hydrocarbons. The produced gases can be
converted into syngas which can be converted into synthetic biodiesel through catalytic conversion

(Senneca 2007; Yung et al. 2009).

Between these non-fermentation bioconversion approaches and the fermentation approaches, large-
scale biorefinery industry often rely on fermentation strategies such as SSF and DP. In SSF, secondary
cell wall biopolymers are separated through pre-treatment and enzymatic hydrolysis to yield
monosaccharides (Spindler et al. 1990; Wyman et al. 1992; Wu and Lee 1998). These
monosaccharides are simultaneously fermented by microbes to produce ethanol (Ragauskas et al.
2014; den Haan et al. 2015; Chen et al. 2017a). SSF is thus a two-step process conducted in a single
vessel (Wingren et al. 2003). The simultaneous occurrence of hydrolysis and fermentation, as opposed
to fermentation after hydrolysis, ensures attenuation of end-product enzyme inhibition, thus ensuring
a high ethanol yield at the lowest possible cost (Wingren et al. 2003). There is, however, a principal
drawback associated with the nature of SSF, namely, the need for optimal conditions (e.g. temperature
and pH) for both enzymatic hydrolysis and fermentation, and the challenge to recycle fermenting
microbes and enzymes (Hahn-Hégerdal and Palmqvist 2000; Stenberg et al. 2000; Galbe and Zacchi

2002; Mosier et al. 2005; den Haan ef al. 2015).
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In contrast to SSF, DPP primarily uses either highly acidic (Sulphite process) or basic liquors (Kraft
process) to separate xylan and lignin from cellulose to yield highly pure cellulose (Henriksson et al.
2005; Gronqyvist ef al. 2014; Gao and Chen 2017). Furthermore, an acid pre-hydrolysis step is included
to remove hemicelluloses. While the main aim of SSF is to produce ethanol, the resulting cellulose-
rich (>90% cellulose) pulp from DPP is used to produce textiles, paper, aerogels, resin-impregnated
fibers, and other innovative cellulose applications. To obtain these bioproducts from SSF and DPP, a
stringent separation of lignocelluloses, inhibitors and contaminants into individual processing sub-
pathways that could efficiently generate useful end bioproducts is required (Vardon et al. 2016).
However, lignocellulose ultrastructure, specifically the presence of lignin, and xylan modifications,
hinders this separation process, necessitating some form of lignocellulose pre-treatments in the

biorefinery process.

1.5.2 The impact of secondary cell wall structure and modifications on

bioprocessing efficiency

As already discussed, lignin and cell wall polysaccharides interact tightly to yield a rigid structurally
and functionally mature secondary cell wall necessary for providing mechanical support to plants cells
(Zhong and Ye 2015). However, these complex interactions and the structure of biopolymers at the
mature secondary cell wall also make industrial bioprocessing significantly challenging. For example,
xylan is composed mainly of simple pentose sugars, the breakdown thereof which requires complex
metabolic pathways distinct from those required for bioconversion of hexoses that make up cellulose
(Chandel et al. 2011). Amongst other challenges, the fermentative microbial strains necessary for
pentose bioprocessing are often lacking in most biorefinery industries (Chandel et al. 2011).
Furthermore, the complex interaction between the xylan-lignin complex and cellulose makes efficient
xylan separation from lignocellulose a challenge for both SSF and DPP (Pereira ef al. 2017). Similarly,

the presence and the spacing between xylan’s GIcA decorations have a profound impact on
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recalcitrance and bioprocessing as they affect how cellulose interact with xylan (Bromley ef al. 2013;

Grantham et al. 2017; Pereira et al. 2017).

Alongside its side-chain modifications, xylan’s largest contribution to recalcitrance is attributed to the
presence of O-acetyl groups on its backbone. During bioprocessing, the release of O-acetyl contributes
to a significant reduction in pH which may inhibit the activity of fermentative microbes as well as
downstream enzymes in the bioconversion pathway (Basen et al. 2014). Furthermore, the presence of
O-acetyl groups create steric hindrance for the binding of hydrolytic enzymes to the biopolymers,
preventing efficient separation of polymers and xylan removal in the DPP process, this subsequently
reduces the yield and purity of cellulose (Helle et al. 2003; Qing and Wyman 2011; Chong et al. 2015).
Finally, xylan acetylation and methylation patterns alter lignin composition and solubility (Grantham
et al. 2017), thus affecting the overall bioprocessing efficiency (Kang et al. 2019). Therefore, the
ability to alter xylan structure perhaps through reduction of the extent of backbone substitutions and

side-chain modifications may lessen lignocellulose deconstruction challenges and the associated costs.

Like xylan, lignin structure and modifications contribute significantly to biomass recalcitrance
(Himmel et al. 2007; Zeng et al. 2017). As discussed before, lignin is a complex polymer composed
of polyphenolic monomer units that are cross-linked through different chemical bonds. As a result,
lignin is highly resistant to biodegradation, often requiring a range of different enzymes for its
complete degradation. Lignin also tightly binds xylan, while lignin and cellulose are interconnected
through xylan to yield a tightly packed secondary cell wall architecture (Kang et al. 2019). Taken
together, the complexity of lignin structure, and the tight lignin-polysaccharide interactions impede
industrial processing of cellulose and xylan by physically restricting the surface area available for
enzymatic penetration and activity (Ming-Ju Chen, Kreuter 1996; Pan et al. 2005; Kang et al. 2019).

Such resistance in bioprocessing due to lignin necessitates the initial removal of lignin during
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bioprocessing, a fact that has been proven to be an important step for paper production and the
conversion of biomass into biofuels (Qing and Wyman 2011). In addition to the presence of lignin, the
specific composition of lignin in hardwood contributes to recalcitrance. As already discussed, the
lignin present in hardwood tree species is mainly composed of syringyl (S) and guaiacyl (G) units. The
ratio of these subunits (S/G ratio) correlates with the ease of de-lignification (Chen and Dixon 2007;
Nunes ef al. 2010; Studer et al. 2011); G lignin is highly resistant to hydrolysis, while S lignin can be
easily hydrolyzed through DPP. Therefore, lignocellulose with a higher S/G ratio is easier to delignify
and contributes to higher pulp yield (Gonzalez-Vila ef al. 1999; Del Rio et al. 2005). Thus, total lignin

content and the S/G ratio determine biomass recalcitrance with respect to lignin.

To bypass recalcitrance-associated bioprocessing limitations, biorefinery industries have employed
specific enzymatic and chemical pre-treatments in both SSF and DPP. For example, hemicelluloses
are deacetylated in the initial steps of DPP using large quantities of alkali which leads to an increase
in yield and the tensile strength of paper (Laffend 1967). However, while several pre-treatment
strategies exist to counteract biomass recalcitrance and ensure efficient bioprocessing, most of these
are at an extra cost. For example, the de-acetylation of hemicellulose consumes large quantities of
alkali during the Kraft process, which have repercussions on the overall cost of the process (Zanuttini
et al. 2003). In addition to cost, most of the by-products of pre-treatment contribute to a separate form
of recalcitrance. During the heating stage of pre-treatment, the GIcA modifications on the xylan
backbone cause xylan to shift from the hydrophilic to the hydrophobic face of cellulose, rather than
being released, requiring additional treatment for complete xylan removal (Busse-Wicher ef al. 2016;
Pereira et al. 2017). Furthermore, during deacetylation, acetate accumulates as a by-product in the
spent liquor contributing to the inhibition of enzymatic activity, the alteration of the hydrolytic
enzymes, and the pH of the medium (De Mey et al. 2007). Altogether, current bioprocessing

approaches are expensive and time-consuming, while still suffering from low yields and compromised
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product quality (Soderstrom et al. 2002; Nguyen et al. 2008; Sassner et al. 2008). These limitations
demand the application of novel strategies, such as genetic engineering of plants to yield plants whose
secondary cell walls can be easily deconstructed to help improve the bioprocessing efficiency, and

successively counteract the limitations associated with current bioprocessing approaches.

1.5.3 Current achievements in the improvement of lignocellulose biorefinery

Applying genetic engineering approaches to improve bioprocessing requires a far-reaching
understanding of the traits that potentially affect bioconversion and the precise means through which
these traits alter the output of bioprocessing. In this regard, molecular and cell biology have uncovered
important aspects regarding the biosynthesis of lignocellulose and how the structure and modifications
thereof affect industrial processing. This knowledge has helped identify important lignocellulose traits
that could potentially be affecting the secondary cell wall’s resistance to bioprocessing. As previously
discussed, these traits include the cell wall’s total lignin content, the composition of lignin, and the
extent of xylan acetylation. Variation in these traits affects the cell wall’s recalcitrance to bioprocessing
and the overall bioprocessing outputs, such as glucose and pulp yield. With this understanding, several
studies have manipulated endogenous secondary cell wall biosynthetic genes to engineer plants with
desired lignocellulose traits, for example, reduced lignin content, subsequent reduction of

recalcitrance, and associated improvement in bioprocessing efficiency.

Upon stem saccharification treatment, AtUXS (involved in the biosynthesis of UDP-Xyl) uxs3 uxs5
uxs6 T-DNA triple mutants exhibited a slight improvement in the monosaccharide release efficiency
compared to wild-type (Kuang et al. 2016). Similarly, simultaneous downregulation of /RX9 and
IRX14 in hybrid aspen (Populus tremula x P. tremuloides) using wood-specific promoter leads to
reduced xylose content accompanied by a higher lignocellulose saccharification efficiency (Ratke et

al. 2018). Genetic editing of lignin biosynthetic genes also presents some improvements in
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saccharification efficiency. For example, Populus tremula x P. alba transgenics with downregulated
CINNAMOYL-COA REDUCTASE (CCR, an enzyme catalyzing the first step of monolignol
biosynthesis) activity, showed up to a 161% increase in ethanol yield upon saccharification assays
(Acker et al. 2014). Furthermore, a large scale omics study aimed at identifying wood traits impacted
by altering lignin biosynthetic pathway used RNAIi to perturb the expression of at least 21 lignin
biosynthetic pathway genes in Populus trichocarpa (Wang et al. 2018). Subsequent multi-omics
quantitative analyses of transgenics showed that engineering the expression of lignin biosynthetic
genes could alter tree growth and saccharification efficiency (Wang et al. 2018).Altogether, these
studies showed that genetic alteration of secondary cell wall biosynthetic genes can yield plants with

secondary cell walls that are easier to deconstruct.

In addition to targeting the backbone biosynthetic genes, an alternative attempt to improve
lignocellulose bioprocessing efficiency may involve alteration of biopolymer backbone modification
and side-chain substitution genes. Arabidopsis plants lacking GXM1 have a severely reduced degree
of 4-O-MeGIcA content and an increased glucuronoxylan release following saccharification
(Urbanowicz et al. 2012a). While this result showed that GIcA 4-O-methylation potentially affects
bioprocessing, it is the extensive O-acetylation of xylan that significantly hinders lignocellulose
saccharification, consequently, several studies have focused on modifying xylan acetylation to
potentially improve saccharification efficiency. Simultaneous downregulation of RWA gene clades 4
and B in hybrid aspen (Populus tremula x tremuloides) lead to 25% reduction in xylan acetylation with
no impact on plant growth (Pawar et al. 2017b). Furthermore, transgenic plants showed increased
glucose and xylose yield following enzymatic hydrolysis (Pawar et al. 2017b). Similarly, expression
of Aspergillus niger ACETYL XYLAN ESTERASE (4nAXE1, which deacetylate xylans) in aspen
(Populus tremula L. x tremuloides Michx.) lead to normally growing transgenic plants with reduced

xylan and over 25% increase in glucose yielded per unit dry weight compared to wild-type (Pawar et
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al. 2017a). Similar improvements in lignocellulose saccharification were observed when fungal acetyl
xylan esterase was expressed in Arabidopsis thaliana (Pawar et al. 2016). Thus, these observations
reinforce the idea that reducing xylan acetylation may reduce steric hindrance for hydrolytic enzymes,
and potentially increase the efficiency of lignocellulose bioprocessing. Finally, although most of the
studies described here focused on the modification of biosynthetic genes, it has also been demonstrated
that altering metabolic flux to secondary cell wall biosynthetic pathways could potentially yield
secondary cell walls with traits beneficial for bioprocessing (Fan et al. 2017). More importantly,
targeting the regulators (e.g., transcription factors) of the secondary cell wall biosynthetic pathways is
also an important avenue that can be taken to alter the overall cell wall biosynthesis and possibly yield

desirable phenotypes (Hori ef al. 2020).

While the above-mentioned studies indeed showed that targeting secondary cell wall biosynthetic and
modification genes may be a feasible way of improving lignocellulose bioprocessing, such
improvements may be accompanied by plants with compromised growth or other unfavorable
outcomes. Some of the undesired traits may be attributed to the use of constitutive promoters instead
of cell type-specific promoters to drive the expression of gene modifications. Moreover, the extent of
genetic modification, for example, the level of gene silencing, may affect the overall effect of genetic
modification on plant development. For example, whilst CRISPR/Cas9-mediated BdGT43B2 knock-
out indeed suggested that this gene may be important in xylan biosynthesis, mutants were stunted and
died at the seedling stage (Petrik ef al. 2020). Similarly, downregulation of Populus CCR enzyme leads
to increased ethanol yield as previously discussed, however, a stronger CCR down regulation leads to
reduction of biomass yield (Acker et al. 2014). Therefore, utilizing gene modification approach for
rapid gene functional characterization may be a challenge towards improvement of industrial
bioprocessing since extra work could be required to corroborate whether the observed phenotype is

due to the indispensable role of knocked-out gene or the method and extent of gene silencing. This
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further leads to the limited functional characterization of novel secondary cell wall biosynthetic genes,
which in turn makes it difficult to predict the impact that genetic modification of a specific gene of
interest may have on the desired traits and overall plant growth. Such limitations have also been
observed in the previously described Arabidopsis tbl29 mutants, which yield the desirable 60%
reduction in O-acetylation, but accompanied by the unwanted reduction in plant growth, collapsed
xylem, and reduced biomass production (Xiong et al. 2013a). Interestingly, at least for this mutant,
overexpression of 4fGUX enzyme in th/29 background restores plant growth while maintaining low
acetylation level (Xiong ef al. 2015). Thus, improvement of bioprocessing through gene modification
may not just involve modifying a single specific gene in a specific way, sometimes gene stacking, or
complementation of mutants may be necessary. Interestingly, sophisticated cell-specific approaches
which avoid modification of xylem vessels (but alter other cell types) have also been employed in cell
wall engineering. For example, the promoter of C4H, a key lignin gene, was replaced by the vessel-
specific promoter of VND6, limiting lignin biosynthesis to vessels from the fibers (Yang ef al. 2013).
This resulted in reduced lignin and increased polysaccharide deposition in the fiber cells, accompanied

with higher sugar yields following enzymatic hydrolysis (Yang et al. 2013)

Clearly, successful application of genetic engineering strategy for improvement of industrial
bioprocessing requires sufficient knowledge about cellular metabolism, and genes involved in different
metabolic pathways. This requires advanced methods of gene identification together with precise and

efficient genetic engineering approaches.
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1.6 The potential improvement of bioprocessing efficiency through genetic

engineering

Recent advancements in systems genetics, which is a computational and mathematical modelling
approach that elucidates the behavior of complex biological organization and pathways (Kirschner
2005), have helped identify several candidate secondary cell wall biosynthetic and modification genes.
Using this approach, known xylan modification genes were used as bait to pull-out a suite of xylan-
associated genes in Eucalyptus, subsequent co-expression, and correlation analyses was able to
correlate these genes with lignocellulose traits that may be potentially affecting bioprocessing
efficiency (Wierzbicki et al. 2019a). Correlation of genes with bioprocessing traits provides important
information enabling prediction of the impact of gene manipulation on lignocellulose traits and
bioprocessing efficiency. While the xylan-associated genes were primarily identified in Eucalyptus,
identifying gene homologs in other commercial plant species will enable the application of gene
editing to attain desired traits in those species. Thus, advancement in systems genetics coupled with
improvements in genetic engineering approaches such as the CRISPR, may allow precisely targeted
engineering of plant secondary cell walls, a possible one step towards potential improvement of

bioprocessing efficiency.

1.6.1 Understanding the fundamental principles and limitations of

CRISPR/Cas9

Numerous functional genetics studies have extensively utilized the CRISPR system to study many
significant traits in a wide range of important crop and model plants such as Arabidopsis, soybean,
wheat, poplar, rice, and cotton. Amongst other CRISPR/Cas systems, the type II CRISPR/Cas system
repurposed from Streptococcus pyogenes Cas9 (SpCas9) has been widely used for a broad range of

applications due to its simplicity, versatility, and efficiency. Under the guidance of a user-designed 20
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bp sequence-specific single guide RNA (sgRNA) and the conserved protospacer adjacent motif
(PAM), Cas9 endonuclease cleaves both DNA strands at the target region (Figure 1.2). The two DNA
strands are cut by a pair of conserved Cas9 nuclease subdomains; HNH and RuvC, HNH cuts the
strand forming DNA-RNA duplex with the sgRNA while RuvC cuts the opposite strand (Garneau et
al. 2010; Chapman et al. 2012; Jinek et al. 2012; Ran et al. 2013b). This strand-specific DNA cleavage
introduces site-specific double-stranded DNA breaks (DSBs) into the genomic locus, the resulting
DSBs can then either be repaired via the error-prone nonhomologous end-joining (NHEJ) or the
homology-directed repair (HDR) (Jinek et al. 2012; Figure 1.2). When repaired via the NHEJ, gene
knock-outs often result from frameshift mutations and stop codons generated through an induced
mixture of random insertions and deletions (Jinek ef al. 2012; Cong et al. 2013; Danner et al. 2017).
Conversely, in the presence of an exogeneous DNA repair template encoding a specific trait, HDR can
introduce precise DNA modifications as directed by the template (Figure 1.2), however, HDR-
mediated repair is inefficient and NHEJ remains the predominant repair mechanism even in the
presence of a repair template (Chapman et al. 2012; Cox et al. 2015). The inefficiency of HDR repair

makes precise genome editing very challenging, this and other CRISPR limitations are discussed next.

The limited precise genomic insertion capability offered by CRISPR/Cas9 is attributed to the blunt
ends generated by Cas9’s DNA cleavage coupled with the inefficiency of HDR repair. This is partly
addressed by the type V CRISPR system which uses Cas12a (or Cpfl) endonuclease instead of Cas9.
Casl2a cuts DNA 3’ downstream of PAM in a staggered fashion, producing sticky ends with 4 or 5
nucleotides overhangs instead of blunt ends generated by Cas9 (Zetsche et al. 2015; Fonfara et al.
2016). These sticky ends increase the efficiency of the template DNA insertions into a complementary
site through HDR-mediated repair, furthermore, the enhancement of DNA insertions may reduce the
frequency of NHEJ-mediated repair, reducing the possibility of unwanted gene effects (reviewed in

Zaidi et al. 2017; Chaudhary et al. 2018). Moreover, Cas12a recognizes a thymidine-rich (5’-TTN-3")
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PAM sequences instead of to Guanine-rich (5’-NGG-3") PAM required for Cas9 DNA cleavage, this
allows editing of AT-rich regions such as the promoter and the untranslated regions (UTRs), increasing
the editing scope (Zetsche et al. 2015). More importantly, the overall size of gRNA required for Cas12a
editing is ~43 bp, which is approximately 50% smaller than Cas9’s gRNA, this allows an efficient
packaging and delivery of CRISPR reagents into plant cells (Zetsche et al. 2015, 2017). Finally, one
of the major shortcomings of CRISPR/Cas9 is its high off-target activities, which is of course a big
concern in mammalian cells but can also yield lethal phenotypes in plants. Fortunately,
CRISPR/Cas12a has been shown to offer limited to no off-target effects in both mammalian and plant
cells (Kleinstiver ef al. 2016; Xu et al. 2017; Li et al. 2018a). Indeed, Cas12a is superior to Cas9 in
most aspects, and to this end, CRISPR/Cas12a has been used extensively for efficient and precise gene
editing at least in tobacco and rice (Endo ef al. 2016; Begemann et al. 2017; Hu et al. 2017; Kim et al.
2017; Wang et al. 2017; Yin et al. 2017). However, there are several other identified new generation
endonucleases such as those targeting single-stranded RNA and others offering several advantages to

the classic Cas9 or Casl2a (see Chaudhary et al. 2018 and Chen et al. 2019 for detailed review).

A key step in CRISPR-based gene editing approaches described above is the successful delivery of
CRISPR reagents into plant cells. Amongst many different delivery options, Agrobacterium-mediated
transformation is the most robust and simple to use, it is consequently the most commonly used
delivery method in most plant species such as tobacco, rice, Arabidopsis, and poplar (Feng et al. 2013;
Mao et al. 2013; Jiang et al. 2013; Gao et al. 2015; Char et al. 2017). Both Cas9 and sgRNA expression
cassettes are carried by the T-DNA binary vector within Agrobacterium, plants are then transformed
with the T-DNA-carrying Agrobacteria mostly through the floral dipping method, this allows the
direct delivery of expression cassettes into the plant genome. More importantly, the expression
cassettes also carry selectable markers used for screening seedlings, after which, putative

transformants are screened for genetic modification at the target site. To achieve the desirable gene
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editing outcomes with this approach, the expression cassettes need to completely integrate into the
genome, which poses some limitations. For example, integration of constructs and gene markers into
the genome may cause increased off-target effects which could hinder the success of this approach in
commercial applications (Gao ef al. 2016). Furthermore, depending on the species, the successful and
stable integration of the expression cassettes into the genome may not always occur, this presents a
major limiting factor in the adoption of the platform for gene editing in several species. Fortunately,
gene mutations can also be generated without the need for stable integration of the CRISPR reagents
into the plant genome. This transgene-free gene editing is achieved through transient expression of
CRISPR/Cas9 reagents, which can be mediated through diverse alternative delivery approaches such
as viral delivery, RNA delivery, ribonucleotide protein complex delivery, and plasmid delivery. A
comprehensive review of these mechanisms is provided elsewhere: Lowder ef al. 2016; Liu et al. 2017

Chen et al. 2019; Mao et al. 2019.

Besides its shortcomings, several studies have reported an exceptional efficiency and consistency of
the CRISPR/Cas9 system for genome modifications in plants. Amongst others, targeted mutations
were observed in 95% of 88 transgenic events following CRISPR/Cas9 modification of soybean genes
(Jacobs et al. 2015). Similarly, to generate reliably contained transgenic plants, Elorriaga ef al. 2018
achieved high mutation rates following CRISPR/Cas9-mediated alteration of the floral meristem
identity gene, leafy (LFY), and two floral organ identity gene (agamous; AG) orthologs in poplar.
Furthermore, Fan et al. 2015 targeted the phytoene desaturase gene 8 (PfoPDS) in poplar, where an
obvious mutant albino phenotype was observed in all transgenic plants. Moreover, the primary role of
4-COUMARATE:CA (4CL) genes in lignin biosynthesis were confirmed through CRISPR/Cas9
editing of 4CLI and 4CL2 in Populus (Tsai and Xue 2015). Recently, CRISPR/Cas9 knock-out of
BdGT43B2 in Brachypodium distachyon led to reduction of xylan and cell size in knock-outs,

suggesting that BdGT43B2 may be playing a similar role to the Arabidopsis GT43 protein family

38



(Petrik et al. 2020). These studies showed that CRISPR/Cas9 technology is indeed effective in
inducing targeted mutations and can thus be useful in precisely engineering plants with desired
bioprocessing traits. However, CRISPR/Cas9 system have many limitations which has subsequently
led to the development of a wide range of more flexible CRISPR-based gene editing approaches. Some
of these second-generation approaches and the CRISPR/Cas9 limitations they aim to address are

discussed next.

1.6.2 Repurposing CRISPR/Cas9 for second-generation gene-editing techniques

A different approach in improving CRISPR-based gene editing is modifying the Cas9 protein, this
approach has been exploited to generate several second-generation novel gene-editing technologies.
For example, the RuvC catalytic domain of Cas9 can be mutated through the aspartate-to-alanine
(D10A) mutation to generate the Cas9n nickase capable of nicking DNA to yield single-stranded
breaks (SSBs) (Sapranauskas et al. 2011; Gasiunas et al. 2012; Jinek et al. 2012). Different from DSBs,
SSBs are preferentially repaired through HDR-mediated repair mechanism, such preferred HDR-
mediated repair could potentially decrease the frequency of random NHEJ-mediated indels while
simultaneously allowing the introduction of precise gene modifications (Cong et al. 2013).
Additionally, double nicking with Cas9n to induce DSBs at the target locus can be achieved. This is
important because compared to the blunt-end DSBs generated by Cas9, the DSBs generated by Cas9
nickases are staggered with overhangs (Jinek et al. 2012; Cong et al. 2013; Mali et al. 2013b), this

ensures an increased target specificity and efficient gene modification (Ran ef al. 2013a).

A more sophisticated alternative CRISPR application is achieved when both HNH and RuvC Cas9
domains are mutated to generate the catalytically inactive or deactivated Cas9 (dCas9). Under the

guidance of sgRNA, dCas can tightly bind to the specified target sequence and interfere with the
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binding of regulatory proteins such as transcription activators to the DNA, thereby repressing gene
expression (Qi et al. 2013b). Gene repression can also be achieved by fusing dCas with a strong trans
repression domain (CRISPR mediated interference or CRISPR1); while fusing dCas with an activator
allows transcriptional activation (CRISPRa; (Maeder ef al. 2013; Qi et al. 2013b; Gilbert et al. 2015).
Thus, a fusion of dCas with effector domains enables efficient transcriptional regulation, an application
that can be important in modulating metabolite pathways during cell wall biosynthesis and
modification. This may be one way of affecting the amount and flux of metabolites during cell wall
synthesis. Although modification of gene expression through CRISPR/dCas9 has not been widely
reported in woody plants, successful transcriptional activation through dCas9 fusion with EDLL and
TAL motifs have been reported in Nicotiana benthamiana (Piatek et al. 2015). Moreover, dCas9 fusion
with the SRDX repression domain has been successful in inducing repression in N. benthamiana
(Piatek et al. 2015). In parallel to these approaches, CRISPR target specificity has been further
improved through the inducible CRISPR/Cas system. Here, the activity of Cas9 or derivatives thereof
is controlled spatially and temporally through light, specific chemicals, or other forms of ligands
(Hemphill et al. 2015; Nihongaki et al. 2015; Polstein and Gersbach 2015; Oakes et al. 2016). The
inducible Cas system can be beneficial for improved gene editing programmability and reducing off-
target effects or toxicity to the cells, these aspects and few attempts at applying inducible CRISPR/Cas

systems are recently reviewed in McCarty ef al. 2020.

In addition to the modified CRISPR/Cas approaches discussed above, base editing and prime editing
are the two newly developed second-generation genome editing technologies based on CRISPR. Base
editing is aimed at addressing the limitations associated with HDR repair inefficiency by directly
introducing precise single base substitutions into the genome in a template- and DSBs-independent
manner. Two classes of base editors exist: (i) cytidine base editors (CBEs) are comprised of Cas9n or

dCas9 or dCas12a fused with a cytidine deaminase which converts CG into TA pairs, (i1) in adenine
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base editors (ABEs) Cas9n or dCas9 is fused with adenine deaminase which converts AT to GC
(Komor et al. 2016; Nishida et al. 2016; Li et al. 2018b). The precise mechanism of these systems are
reviewed in Bharat ef al. 2019; Mao et al. 2019, and several studies have used these systems in many
applications including functional annotation in Arabidopsis and rice (Chen et al. 2017b; Li et al. 2017,

Ren et al. 2017; Yan et al. 2018).

While base editors have certainly managed to outperform HDR-mediated substitutions with respect to
efficiency and the purity of the edited product, prime editors (PEs) go several steps further. Far from
being able to generate indels like CRISPR/Cas9, creating single base substitutions like base editors,
prime editors (PEs) can search and precisely replace target DNA with the desired DNA sequence
(Anzalone et al. 2019). Moreover, prime editing is superior to both the classic CRISPR/Cas9 and base
editing owing to its ability to introduce indels and all 12 possible base-base transitions and
transversions without inducing DSBs (Anzalone et al. 2019). To achieve its multifaceted roles, the
prime editing machinery consists of the (i) Cas9n (H840A) to nick the target DNA strand, (i1) prime-
editing RNA (pegRNA) that serve as both a guide to the target and a template specifying the desired
trait and (iii) a reverse transcriptase (RT) which copies information from the template into the target
to encode the specified trait (Anzalone et al. 2019; Figure 1.3). This is followed by a DNA repair
mechanism that converts the DNA strand into the desired sequence instead of reverting to the original
sequence (reviewed in Marzec et al. 2020 and Urnov 2020). The abovementioned components
constitute the prime editor 1 (PE1) gene editing system which is not very efficient. To optimize its
genetic editing efficiency, the reverse transcriptase can be linked to Cas9 (H840A) nickases and the
triple mutant Moloney murine leukemia virus reverse transcriptase (M-MLV-RT) to yield the second-
generation prime editing system 2 (PE2) (Anzalone et al. 2019). This was shown to be effective in
introducing single nucleotide insertions into the OsPDS gene, and mediating G-C transversions in

OsACC gene inrice with a 1.6 — 5.1-fold improvement in efficiency compared to PE1 (Xu et al. 2020).
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In both cases, precisely edited mutants were obtained, although the mutation rates were low (7.3% and
14.6% respectively). Consequently, to further improve editing efficiency, in addition to engineered RT
(PE2), the PE3 system employs nickases that also nick the non-target strand, which leads to up to a
10% increase in indel formation at least in human cells (Anzalone ef al. 2019; Xu et al. 2020).
Importantly, the editing efficiency of any of these three prime editing systems depends on species, the
cell type, and possibly the specific target site (Flotte and Gao 2019). Such inefficiencies are to be
expected as this technology is still in its infancy, however, prime editing presents the most versatile
gene editing technology thus far, allowing installations of all possible point mutations, smalls indels
and precise combinations thereof. More importantly, prime editing enables precise targeted gene

editing with increased target specificity and minimal unwanted genomic changes.

1.7 Conclusions

The main secondary cell wall biopolymers (cellulose, hemicellulose, and lignin) present major
renewable raw materials to produce many bioproducts and alternative forms of bioenergy. Generating
such value-added bioproducts requires a complete separation of these biopolymers into their individual
constituents through biorefinery methods. However, the tight interaction amongst the cell wall
biopolymers generally creates steric hindrance for the hydrolytic enzymes during bioprocessing,
thereby presenting a challenge for the complete deconstruction of the biopolymers (Helle et al. 2003;
Qing and Wyman 2011; Chong et al. 2015). Counteracting such challenges has generally relied on
alteration of the biorefinery techniques; this mostly involved the inclusion of additional chemical and
enzymatic pre-treatment steps in the biorefinery pathways. Nevertheless, the additional costs and
accompanying compromises on biomass yield associated with additional biorefinery steps necessitates
the application of novel genetic engineering approaches for the improvement of bioprocessing

efficiency. The application of such novel approaches requires an extensive understanding of the
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secondary cell wall structure and how alteration thereof can lead to bioprocessing improvement.
Accordingly, substantial progress has been made towards understanding the biosynthesis of SCWs
including the elucidation of genes and gene products involved in the biosynthesis of the basic cell wall
structure and modifications thereof. Furthermore, the importance of sugar-nucleotide precursors as a
substrate for biosynthesis of biopolymer backbones has been emphasized, similarly, the requirement
of several metabolic precursors for cell wall modifications has been demonstrated. However, some
unanswered questions exist about the overall cell wall biosynthetic pathway. For example, conclusive
biochemical evidence for the involvement of IRX9 and IRX14 in xylan backbone formation is still
lacking. This further question the exact constituents of the XSC, i.e., whether only IRX9, IRX14, and
IRX10 are necessary and sufficient to generate xylan backbone, or whether there are other essential
players in this process. More importantly, the implication of secondary cell wall biopolymers’
interaction in biomass recalcitrance has resulted in interrogations of the nature of such interactions. It
has previously been suggested that there are extensive xylan-cellulose interactions determined by the
presence of minor and major xylan domains; which are attributed to the MeGIcA spacing (Bromley et
al. 2013). Conversely, recent evidence showed that there are very limited xylan-cellulose interactions
in the secondary cell wall, instead, xylan mainly binds lignin through electrostatic forces, while further
acting as a connection between lignin and cellulose (Kang et al. 2019). In the prior case, the extent of
biopolymer interaction can be reduced through alteration of the expression of methylation and GlcA
modification genes (perhaps through gene stacking), thereby allowing easier hydrolysis of the cell
wall. A different approach can be metabolic engineering, which generally involves alteration of the
metabolic flux of specific metabolites in a tissue-specific manner. For secondary cell wall
modifications, the application of such approach may suffer from the limited knowledge about the exact
mechanisms and transporters involved in the transport of SAM (methyl donor for MeGIcA

modification) and Acetyl-CoA necessary for xylan and lignin modifications (Fan et al. 2017).
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Therefore, studies aimed at understanding the metabolic flux and the regulation thereof are required;

similarly, the elucidation of metabolite transport mechanisms will be equally beneficial.

Nevertheless, with the current understanding of cell wall biosynthetic genes and metabolic precursors,
genetic engineering holds an enormous promise for an effective way to alter cell wall biosynthesis and
yield plants with desired traits for efficient bioprocessing. For example, downregulation of cinnamoyl-
CoA reductase (CCR), a key enzyme in lignin biosynthesis, leads to a significant increase in ethanol
yield following saccharification in hybrid poplar (Acker ef al. 2014). Similarly, simultaneous
downregulation of putative xylan backbone biosynthetic genes leads to reduced xylose and improved
wood saccharification efficiency (Ratke et al. 2018). Several other studies have also demonstrated
such improvements following downregulation or knock-out of modification genes such as GXM
involved in methylation and RWA necessary for xylan acetylation (Urbanowicz et al. 2012a; Kuang et
al. 2016; Pawar et al. 2017a; b). Some of the notable limitations of these prior studies, however, are
the inability to predict the expected impact that targeting a specific gene may have on cell wall
digestibility and subsequent bioconversion efficiency, furthermore, a gene downregulation approach
suffers from the residual gene function that may make it a challenge to achieve biotechnologically
relevant and desired traits. To this end, systems genetics have helped establish correlation relationships
between gene expression and some bioprocessing traits (Wierzbicki et al. 2019a), which is useful in

predicting the impact that targeting a gene may have on bioprocessing efficiency.

To stably fine-tune residual gene expression and effectively target genes, few studies have employed
CRISPR/Cas9 in several plant species (Fan et al. 2015; Jacobs et al. 2015; Elorriaga ef al. 2018; Petrik
et al. 2020; De Meester et al. 2020). CRISPR further increases the scope of editing by its highly
adaptable nature, allowing other useful CRISPR-based technologies to be applied for a wide range of

gene modifications, these include CRISPR/dCas9, which uses deactivated Cas9 to specifically regulate
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gene expression; base editing, which precisely edits specific DNA bases and most recently; prime
editing has allowed precise edits to be introduced into the genome without the need for cutting both

DNA strands (Anzalone et al. 2019; Xu et al. 2020; Lin et al. 2020).

Altogether, genetic engineering through CRISPR-based tools promises a far more efficient and reliable
means to alter cell wall biosynthetic genes and generate plants with desirable traits. Moreover, the
extensive understanding of secondary cell wall biosynthesis from the necessary metabolic precursors,
to how the biopolymers interact to form mature SCW is important in establishing how we can alter the
cell wall to achieve desired bioprocessing traits. Here, I aimed to combine the knowledge about cell
wall biosynthetic genes and genetic engineering to determine how altering novel xylan-associated

genes could impact cell wall development, plant growth, and physiology in Arabidopsis and Populus.
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Figure 1.1 Biosynthesis of the main secondary cell wall biopolymers.

Sucrose is taken into the cells passively or through sucrose-H+ symporter (SUT). In the cytosol, sucrose is
converted into UDP-Glc either through phosphorylated SUSY or cytosolic invertase (cINV) and UDP-Glc
pyrophosphorylase (UGPase), membrane bound CSC uses UDP-Glc to synthase cellulose microfibrils which
aggregate together at the SCW. UDP-Glc is used by UXS to generate UDP-Xyl which is transported into the
Golgi through UXT; within the Golgi, xylan backbone is synthesized from UDP-Xyl by IRXs. Xylan backbone
is substituted with GIcA which may be methylated by GXMTs using SAM precursor. Furthermore, acetyl-CoA
is transported into the Golgi by RWA for acetylation of xylan backbone. Finally, monolignols are synthesized
from phenylalanine by a suite of biosynthetic enzymes. After synthesis in the cytosol, monolignols are
transported into the SCW via either transporters or passive transport mechanisms. At the cell wall, monolignols

yield monomers which are polymerized into final lignin structure by peroxidase and laccase.
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Figure 1.2 Overview of gene editing through the CRISPR/Cas9 system.

Cas9 is recruited to bind to the target site through the user-defined single guide RNA (sgRNA). sgRNA consists
of the 20-bp protospacer which is complementary to the target site and the gRNA scaffold necessary for Cas9
binding. Once recruited to the target site, the protospacer adjacent motif (PAM) allows Cas9 protein to interact
with DNA. Both DNA strands are then cleaved by Cas9’s HNH and RuvC domains to generate double stranded
breaks (DSBs). DSBs can be repaired through the (i) error-prone nonhomologous end joining (NHEJ) which
leads to random insertions (pink) and deletions (red triangles), causing gene knock-outs by disruption.
Alternatively, (ii) in the presence of an exogenous DNA template the DSBs can be repaired via the homology-

directed repair (HDR) which can yield precise gene insertions (green).
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Figure 1.3 Overview of the DNA prime editing machinery.

The prime editing (PE) enzyme comprises the Cas9 nickase domain fused with reverse transcriptase domain
complexed with the prime editing guide RNA (pegRNA). As CRISPR/Cas9 mechanism, the spacer of the
pegRNA recognizes the target site. The cas9 nickase domain (H840A) within the PE then interacts with pegRNA
and nicks the PAM strand. The subsequent 3’ flap hybridizes with the primer binding site (PBS), the PBS allows
reverse transcriptase to reverse transcribe the new desired sequence (red) using the RT template from pegRNA.
After this, two possibilities exist: (i) in the absence of flap equilibration, 5’ flap is excised, and the target
sequence is not modified or (ii) flap equilibration allows the 5’ flap to hybridize to the unmodified DNA strand

and mutation may be introduced by DNA repair.
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2.1 Summary

Secondary cell walls provide mechanical support to plant cells allowing them to withstand the vast
majority of biotic and abiotic stresses, this is essential for normal plant growth and development.
However, SCWs also contribute significantly to biomass recalcitrance, making it a challenge to
conveniently exploit woody biomass for their valuable applications. It is therefore necessary to
engineer plants with cell walls that are easier to deconstruct; this requires identification of essential
SCW biosynthetic genes that can be manipulated to potentially reduce biomass recalcitrance. In this
study, systems genetics was used for identify xylan-associated genes as follows. Known xylan
modification genes were used as bait to pull out genes that had significant co-expression with them in
a Eucalyptus backcross population. The resulting number of genes were then used in a Pearson
correlation with several biotechnologically-relevant traits such as xylan acetylation and pulp yield.
Following a correlation analyses, few genes were either positively or negatively correlated with one or
more traits. Genes that had a negative correlation with pulp yield and a positive correlation with xylan
acetylation were then selected for this study, as these would be the best candidates for CRISPR

editing/knockdown because knocking them out may reduce xylan acetylation and increase pulp yield.

Using this systems genetics data and support from literature, five Arabidopsis gene homologs; UDP-
XYL SYNTHASE 6 (AtUXS6), XYLANASE 1 (AtXYN1), ENDOMEMBRANE PROTEIN 70 (AtEMP70),
ENDO-BETA-MANNASE 2 (AtMAN?2), and ALPHA-L-ARABINOFURANOSIDASE 1 (AtARAF1),
were selected for functional testing in Arabidopsis thaliana. xynl T-DNA insertional mutants had
significantly shorter roots and smaller rosette leaves, however, the delayed growth phenotype was
restricted to early growth as mutants had significantly longer inflorescence stems when measured at
the end of stem growth. In contrast, notably shorter inflorescence stems were observed in arafl mutants

during early bolting. Finally, emp70 mutants showed an interesting and consistent growth advantage;

68



mutants germinated significantly earlier, had larger and more rosettes leaves, and significantly taller
stems compared to wild-type. Subsequent analyses of cell wall chemistry and morphology showed that
xynl mutants have significantly more lignin. Thus, while analyses of saccharification efficiency in
these mutants are still pending, the preliminary mutant phenotypic data generated in this study provides
a starting ground for eventual functional characterization of these candidate genes and understanding

of their precise biological roles in plant growth and development.

2.2 Introduction

Plant secondary cell walls are the main constituent of wood and a major source of lignocellulosic
biomass which is mainly composed of cellulose, hemicellulose, and lignin biopolymers (McDougall
et al. 1993). The ability of trees to biosynthesize these carbohydrate-based secondary cell walls is of
significant interest. Amongst many interesting characteristics, the SCWs are resistant to
biodegradation for decades without any living cells aiding in their resistance. Moreover, the SCWs
provide a lifelong mechanical stability to trees, allowing them to grow tall and transport water for very
long distances over enormous pressure. Therefore, understanding secondary cell wall development and

chemistry is of utmost importance both in its own right, and for the use of wood as biofuel feedstock.

As a biorefinery feedstock, lignocellulosic biomass is the most abundant source of renewable material;
accordingly, it has been extensively exploited to produce several biobased products such as timber,
textiles, and paper. Moreover, significant efforts have been made to utilize lignocellulosic biomass as
a potential feedstock for the production of second-generation biofuels (Pauly and Keegstra 2008;
Petersen et al. 2012; Gandla et al. 2018). Utilization of lignocellulosic biomass for its wide range of
applications thus holds a promise for a sustainable bioeconomy. However, the overall structure of the

secondary cell wall causes biomass recalcitrance during industrial bioprocessing. Amongst others, the
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overall biomass structure, the lignin content, and xylan acetylation, are considered the major
contributors to biomass recalcitrance (Himmel et al. 2007). Glucuronoxylan backbone is mainly
composed of -1-4-linked D-xylosyl residues substituted with D-Glucuronic acid (GlcA) and can be
decorated with methyl and 2-O and/or 3-O acetyl moieties depending on species. The presence of O-
Acetyl groups on xylan backbone create steric hindrance for the binding and subsequent activity of
hydrolytic enzymes, preventing the removal of xylan and efficient extraction of high purity cellulose
in dissolving pulp processing (Helle et al. 2003; Qing and Wyman 2011; Chong et al. 2015).
Furthermore, O-acetyl groups may be released into the medium during bioprocessing, this leads to
significant changes in pH, which could potentially inhibit the activity of fermentative microbes
necessary for successful lignocellulose bioconversion (Basen ef al. 2014). Besides xylan’s significant
contribution to biomass recalcitrance, lignin also has a notable contribution to biomass recalcitrance
(Himmel et al. 2007). Lignin is highly resistant to biodegradation owing to its complex structure
composed of cross-linked polyphenolic monomers (Himmel et al. 2007; Zeng et al. 2017).
Furthermore, lignin tightly interacts and binds xylan while xylan further interconnects lignin to
cellulose (Kang et al. 2019), this further impedes bioconversion. Altogether, xylan (and its
modifications) and lignin structure largely contribute to the resistance of biomass to bioprocessing. A
significant improvement of bioprocessing through reduction of biomass recalcitrance thus requires an

in-depth understanding of the biosynthesis of these biopolymers and the overall secondary cell wall.

As previously mentioned, the most abundant hemicellulose in eudicots is xylan, and its significant
contribution to biomass recalcitrance has stimulated significant interest in uncovering its overall
biosynthetic pathway and an understanding of how its structure can be modified to improve industrial
bioprocessing. The biosynthesis of the xylan backbone involves the activity of XYLAN SYNTHASE
COMPLEX (XSC) within the Golgi (reviewed in Smith et al. 2017). In Arabidopsis, the XSC is

consists of IRREGULAR XYLEM 9 (IRX9), IRX10, and IRX14 GT43 proteins, IRX9 and IRX14 are
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functionally non-redundant structural proteins most likely involved in backbone elongation, while
IRX10 possesses the xylosyltransferase activity (Pena et al. 2007; Brown et al. 2009; Lee et al. 2010,
2012d; Chen et al. 2013b). However, the activity of IRX9 and IRX10 has not been biochemically
confirmed thus far. Nevertheless, IRX9 and IRX10 orthologs have been identified in poplar, rice, and
wheat, suggesting that these enzymes may indeed be playing an indispensable role in xylan synthesis
not only in eudicots but vascular plants in general (Chiniquy et al. 2013; Lee et al. 2014; Pellny et al.
2020; Petrik et al. 2020). During biosynthesis, the xylan backbone is substituted with D-glucuronic
acid (GIlcA) residues to generate glucuronoxylan, this involves GLUCURONIC ACID
SUBSTITUTION OF XYLAN 1 (GUX1), GUX2, and GUX3 Golgi-localized glycosyltransferases
(Ebringerova and Heinze 2000; Mortimer et al. 2010; Lee et al. 2012a). These substitutions are
necessary for normal xylan function during secondary cell wall deposition, as simultaneous mutation
of GUX1, GUX2, and GUX3 (gux1/2/3) in Arabidopsis lead to loss of GlcA decorations accompanied
by reduced secondary cell wall thickness and collapsed xylem vessels (Lee et al. 2012a). The reduced
cell wall thickening observed in these mutants is possibly due to the altered interaction between the
unsubstituted xylan and cellulose, which affects the overall cell wall assembly, and consequently leads

to defects in secondary cell wall thickening (Lee ef al. 2012a).

It has been demonstrated that GUX1 and GUX2 generate different and specific GIcA substitution
patterns and subsequent xylan domains, the latter of which may affect xylan’s interaction with other
biopolymers, thereby impacting bioconversion (Bromley et al. 2013). In Arabidopsis, about 80% of
the GIcA side chains are O-4 methylated by GLUCURONIC ACID SUBSTITUTION OF XYLAN 1
(GXM1), GXM2, and GXM3 glucuronoxylan methyltransferases using S-Adenosyl methionine
(SAM-e) as a methyl donor (Kopycki et al. 2008; Lee et al. 2012b; Urbanowicz et al. 2012b; Smith et
al. 2020). Furthermore, as previously described, a large proportion of xylosyl residues are O-

acetylated, this is achieved through the REDUCE WALL ACETYLATION (RWA) and TRICHOME-
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BIREFRINGENCE-like (TBL) protein families. It has been proposed that RWAs may be involved in
acetyl-CoA transport into the Golgi (Gu et al. 2010; Lee et al. 2011; Rennie and Scheller 2014); within
the Golgi, TBL29 then transfers acetyl to O-2 and O-3 of the xylan backbone (Urbanowicz et al. 2014;
Lunin ef al. 2020). Finally, after biosynthesis in the Golgi, xylan is transported to the secondary cell
wall through vesicles where it forms strong permanent interactions with cellulose microfibrils and

lignin (Kang et al. 2011).

Once at the secondary cell wall, xylan is bound by lignin most likely through electrostatic forces, lignin
polymer further interacts with cellulose through xylan “bridges” (Kang et al. 2019), thereby generating
a strong and hydrophobic plant cell wall. Lignin polymer is mostly derived from the monolignols p-
coumaryl, coniferyl, and sinapyl alcohols (Ralph ez al. 2008). At the cell wall, these monomers give
rise to hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, respectively (Bonawitz and Chapple
2010; Vanholme et al. 2012b; Hao and Mohnen 2014), which get polymerized into final lignin
structure through peroxidase and laccases (Boudet 2000). The proportion of the S and G monomers
(referred to as the S/G ratio) determines the overall structure of lignin and correlates with how easy it
is to delignify the secondary cell wall (Gonzalez-Vila et al. 1999; Del Rio et al. 2005; Chen and Dixon
2007; Nunes et al. 2010; Studer et al. 2011). Thus, the biosynthesis of secondary cell wall biopolymers
is complex, requiring a repertoire of biosynthetic genes and a substantial supply of metabolic

precursors for both backbone biosynthesis and modifications.

An important aspect in research aimed at improving bioprocessing efficiency through engineering
plants with beneficial traits is an understanding of how the expression of these secondary cell wall
biosynthetic genes correlates with bioprocessing traits. This subsequently allows the identification of
a suite of genes that, when genetically altered, are more likely to present traits beneficial to industrial

bioprocessing. To this end, a previous systems genetics study used an integrated population-wide

72



analysis of developing xylem gene co-expression and the expression quantitative trait loci (eQTLs) to
identify potential xylan-modification genes in Eucalyptus (Wierzbicki et al. 2019a). This involved
identifying few genes from the TBL, RWA, GUX and DUF579 families from the PLAZA 3.0 E.
grandis genome. Twenty-nine genes from this set that were putative homologs of SCW xylan
modification genes in Eucalyptus were determined through a combination of phylogenetic
reconstruction, network and co-expression reconstruction (Pinard ef al. 2019). These genes were then
subjected to network and co-expression analyses to identify co-expressed genes in the developing
xylem transcriptomes of Eucalyptus backcross population. From this co-expression analyses, 1136 E.
grandis genes were co-expressed with the 24 xylan modification genes and these were clustered into
five nonredundant expression modules (EMs). Amongst the EMs, few genes were associated with
SCW biosynthesis, and the expression of these genes was correlated with few biotechnology traits,
generating an expression pattern useful in determining the genes that could be manipulated to yield

favorable bioprocessing traits (Mizrachi ef al. 2017; Wierzbicki ef al. 2019a; b).

Here, we aimed to investigate how manipulating cell wall biosynthetic genes can impact cell wall
development, plant growth, and physiology. We used system genetics data described above to select
genes for functional testing of their T-DNA insertion lines in Arabidopsis thaliana, namely, UDP-XYL
SYNTHASE 6 (AtUXS6), XYLANASE 1 (AtXYNI), ENDOMEMBRANE PROTEIN 70 (AtEMP70),
ENDO-BETA-MANNASE 2 (AtMAN?2), and ALPHA-L-ARABINOFURANOSIDASE 1 (AtARAF1I).
These were selected based on the observation that their gene expression was positively correlated with
xylan acetylation and negatively correlated with pulp yield, and thus, knocking them out will
potentially lead to reduced xylan acetylation, and subsequent improvement in saccharification
efficiency (i.e. pulp yield). UXS6 is predominately expressed in the xylem vessels together with UXS5
and UXS3, and encodes the enzyme UDP-Xyl synthase which catalyses the irreversible conversion of

UDP-GIcA to UDP-Xylose necessary for xylan backbone synthesis (Kuang et al. 2016; Zhong et al.
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2017). Simultaneous mutation of the three UXS genes lead to drastic reduction in SCW thickening
accompanied with reduced xylan content (Kuang et al. 2016; Zhong et al. 2017). Similar to UXS6,
XYNI is predominantly expressed in xylem tissues and encodes xylanase enzyme which is responsible
for hydrolysis of xylan to generate xylose (Suzuki et al. 2002). Arabidopsis XYN1 overexpressing lines
show enhanced transport from hypocotyl to leaves, however, no difference in the growth, xylem
anatomy and vessel element growth are observed in these lines (Endo ef al. 2019). Similar to XYNI,
AtARAF 1 encodes glycoside hydrolase/glycosyl hydrolase enzymes and it is ubiquitously expressed
throughout the plant (Fulton and Cobbett 2003; Chavez Montes et al. 2008). More importantly,
AtARAF1 is amongst the most highly expressed homologs in developing tension wood in poplar
(Andersson-Gunnerds et al. 2006). It has been suggested that this overexpression leads to a decrease
in xylan levels while favouring cellulose biosynthesis (Andersson-Gunnerds et al. 2006), which
confirms the hemicellulose hydrolase activity of the encoded enzyme. Besides xylan hydrolase
enzymes, MAN2 encodes a mannanase, which digests manno-polysaccharides to facilitate plant
growth. This enzymatic activity is necessary during seed germination, during which MAN is suggested
to facilitate the hydrolysis of mannan-rich endosperm cell walls to facilitate radicle emergence
(Iglesias-Fernandez et al. 2011b). Finally, EMP70°s encoded protein or function in plants is currently
unknown, although heterologous expression of a different Arabidopsis EMP70 (AT3G13772)

homolog in yeast leads to a substantial increase in cellular copper accumulation (Hegelund et al. 2010).

We hypothesized that given information from literature, and the correlation of these genes with
bioprocessing traits, they directly have an impact on cell wall physicochemical properties and that as
a result perturbing their expression would result in cell wall-related phenotype. ARAFI T-DNA
insertion lines have been previously analysed, however, here, we show a temporal growth phenotype
that has not been observed before, we further perform secondary cell wall chemistry analyses.

Moreover, previous analyses of AtMAN2 showed that although mutation in other MANs display an
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early germination in Arabidopsis, MAN2 mutants do not exhibit such phenotype (Iglesias-Fernandez
et al. 2011a; b). Here, in addition to demonstrating that AtMAN2 mutants do not display altered
germination time as previously shown, we perform in-depth cell wall morphology and chemistry
analyses on these mutants. We further perform, for the first time, growth analyses of XYNI and EMP70
T-DNA insertion mutants. We show that emp 70 knock-out mutants have a growth advantage compared
to wild-type as shown by their early germination, larger and more rosette leaves, and significantly
longer stems compared to wild-type. Conversely, xyn/ mutants have significantly shorter roots which
lead to their reduced rosette leaf size in early development. Furthermore, xyn/ mutants had increased
lignin content compared to wild-type, however, a mutation in any of these genes did not affect
monosaccharide content nor xylem vessel morphology. Thus, while this study only established
preliminary growth phenotypes and cell wall composition in Arabidopsis, it lays a strong foundation
for subsequent studies specifically aimed at functionally characterizing these genes and uncovering
their exact impact on bioprocessing efficiency. More importantly, the consistent and newly observed

phenotypes observed in arafl, emp70, and xynl mutants merit further investigation in a model tree.
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2.3 Materials and Methods

2.3.1 Candidate gene selection

To select candidate genes to be targeted in Arabidopsis, data generated through systems genetics from
Eucalyptus urophylla x E. grandis x E. urophylla backcross population systems was used. To generate
this data, £ grandis genome data from PLAZA 3.0 was used to identify 72 genes from four gene
families, namely; 55 TBL, 2 RWA, 11 DUF579 and 4 GUX genes (Myburg ef al. 2014). From these
genes, phylogenetic reconstruction was performed to determine which of these genes were
homologous to the SCW modification genes in Eucalyptus, Arabidopsis, and Populus (Wierzbicki et
al. 2019a). In addition to phylogenetic analyses, the initial 72 genes were subjected to network and co-
expression reconstruction to aid in identifying co-expressed genes in the transcriptomes of developing
xylem of 156 Eucalyptus backcross individuals (Pinard et al. 2019). From the 72 putative xylem
modification genes, 24 query genes passed the set correlation cut-off of 0.6 (F-score of 3.8). These
were subsequently used as bait to pull out 1136 E. grandis genes that had significant co-expression

with them, and clustered into five distinct expression modules (EMs; Figure 2.1).

In the current study, the log-transformed expression profiles of all 1136 genes within the EMs were
subjected to a Pearson correlation analysis with seven industrially relevant traits, namely, lignin,
xylose, cellulose, and glucose content as well as xylan acetylation, S:G ratio, and pulp yield. These
traits were previously determined by either wet lab or near infrared analysis (NIRA) prediction. The
correlation results indicated that the expression of 539 genes had a significant (either negative or
positive) correlation with one or more of the traits and the correlation patterns were distributed between

6 distinct clusters that were termed biotechnology clusters (BCs, Figure 2.2).
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After the identification of all the genes that were both co-expressed with known xylan modification
genes and significantly correlated with the seven industrially relevant traits, potential candidate genes
for functional testing in Arabidopsis were selected from the 88 genes in BC 3 (Figure 2.2). Genes in
this cluster were chosen as their expression was positively correlated to xylan acetylation and
negatively correlated to pulp yield (Figure 2.2). To further narrow down the number of genes to be
functionally characterized in this study, Arabidopsis gene locus IDs for all 88 BC 3 genes were queried

in the Arabidopsis Information Resource database (https://www.Arabidopsis.org/) to identify genes,

based on gene ontology (GO) annotations, that are associated with the biosynthesis and/or modification
of secondary cell wall biopolymers. Additionally, the literature on each of the candidate genes was

gathered to build evidence for the possible roles of the genes in secondary cell wall development.

2.3.2 Plant material and genetic analysis

The Columbia (Col-0) ecotype background was used for both wild-type and all T-DNA insertion
mutants. T-DNA insertion lines (SALK 058602C, UXS6; SALK 099151C, XYNI; SALK 082204C,
EMP70; SALK 126628C, MAN2; SALK 039176, ARAFI) were obtained from the Arabidopsis

Biological Resource Centre, ABRC (https://abrc.osu.edu/). To select T-DNA insertion positive

transformants, seeds were stratified at 4°C for 7 days and grown on Murashige and Skoog (MS)
medium (0.5x Murashige and Skoog salts, 10 g/l sucrose and 7 g/l agar) supplemented with 50 png/ml
kanamycin (Petersen et al. 2012). MS Plates were kept in the dark at 4°C for 3 days and then transferred
to the growth chamber at 20 °C and 16-hour light periods until germination. Seeds that germinated and
rooted on kanamycin were transferred to jiffy pellets and grown at 22°C in a growth room with a 14-

hour photoperiod.
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To confirm that the T-DNA insertion lines were homozygous for the insertion, genomic DNA was
extracted from 2-week-old leaves using NucleoSpin™ Plant Kit (Machery-Nagel) and quantified by
A260 spectrophotometry. PCRs were then performed with the allele-specific left and right primer pair
(LP + RP) and with RP and T-DNA left border (LB) primer pair (RP + LB). All primers were generated

with the T-DNA primer design tool from SIGnAL SALK (http://signal.salk.edu/tdnaprimers.2.html;

Table 2.2). Both PCRs were performed with Taq polymerase (ExcelTag™) in 20 ul final volume at
95°C for 3 minutes; 34 cycles at 95°C for 30 seconds, followed by primer annealing at 58°C for 30
seconds and 72°C for 90 seconds, and finally, extension at 72°C for 3 minutes. PCR products were
analyzed by agarose gel electrophoresis in a 1% (w/v) agarose gel. Seeds were then collected from one

of the confirmed homozygous plants (from each mutant line) for a growth trial.

2.3.3 Trial conditions and physical measurements

For each confirmed homozygous T-DNA insertion line, 36 biological replicates and 24 wild-types
were planted. All growth trials were conducted in a controlled growth room at 22°C and with a 14-
hour photoperiod. At two weeks post-planting, genotypes for all plants were reconfirmed through PCR
as previously described, rosette leaf diameters were then measured every week until there were no
significant changes in the rosette diameters. Following this, bolting time was determined by recording
the age of the plant when the inflorescence stem emerged. At the same time, the number and size of
rosettes leaves longer than 1 mm were recorded. Once all plants had bolted, the primary inflorescence
stem height was measured every week until there was no obvious change in height. Observations from
these physical measurements suggested that xyn/ and emp70 mutant lines have some notable growth
differences compared to wild-type, to further investigate this observation, an additional growth trial
on soil was performed as described above and germination time was investigated. Further, seeds were

sterilized and sown on 0.5 MS (Sigma-Aldrich) nutrient media (without antibiotic or sucrose) as
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previously described in Bahmani ef al. 2016, germination time was evaluated and root length of the

seedlings was measured at 1 day, 3 days, 7 days, and 10 days after germination in 2 MS.

2.3.4 Analyses of cell wall morphology with microscopy

Internode segments were cut 3 cm from the rosettes of 8-week-old plants and kept in FAA (50%
ethanol, 10% formalin, 5% acetic acid) for 48 hours. Stems were then prepared for sectioning and
subsequent microscopic analyses through London resin (LR) white embedding for transmission
electron microscopy (TEM) protocol (Skepper and Powell 2008). Briefly, stems were washed in 20,
40, 60, and 80% LR white resin in ethanol by inverting the tube for 5-10 minutes between the different
concentrations of resin and ethanol solutions. Samples were then kept in 100% LR white resin mixture
overnight in the fridge. The following day, fresh LR white resin was added to the samples and
incubated in the oven at 60°C for 36 hours. The LR white was then mixed with LR white accelerator
and allowed to polymerize. The solidified resin was then removed, and samples embedded in gelatin
samples and kept in the oven for 36 hours before sectioning. Thin stem transverse sections were cut
with a vibratome and fixed into microscope slides. Sections were stained with 0.02% toluidine blue O
for 30 minutes and subsequently rinsed with distilled water and kept at room temperature until dry.
Vessel elements were visualized with Axio Imager.M2 (Zeiss) light microscope and micrographs were

captured with AxioCam ICc 5 (Zeiss) and analyzed on Zen Pro (Zeiss) software.

2.3.5 Quantification of cell wall monosaccharide, lignin, and acetyl content

To investigate the impact of gene mutation on vessel morphology and secondary cell wall chemistry,
nine-week-old Arabidopsis stems were harvested into 50 ml falcon tubes and left to dry for four weeks
at room temperature. Six plants were pooled together to represent one sample, three independent

samples, and two technical replicates were then generated per mutant line, while ten wild-type
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technical replicates were generated. Monosaccharide and lignin content were determined as detailed
by Maloney ef al. 2012. Dry stems were ground through a Wiley mill to pass a 0.4-mm screen,
following by removal of extractives in hot acetone overnight. The monosaccharide and lignin content
were then determined through the modified Klason (Coleman et al. 2009). This involved treatment of
ground tissue (50 mg) with 72% H2SOs followed by stirring every 10 minutes for 2 hours. Samples
were then diluted with deionized water and autoclaved at 121 °C for an hour. Lignin content was then
determined by spectrophotometry at an absorbance of 205 nm. Monosaccharide content was
determined with anion exchange high-performance liquid chromatography. Finally, cell wall acetyl
content was quantified following the protocol described in Johnson et al. 2017. Briefly, a
saponification reaction was performed, acetone-extracted wood samples were reacted with 0.2M
sodium hydroxide. This reaction was then incubated for 75 minutes at 120 °C with shaking at 500 rpm.
Following this, each sample was acidified with 72% w/w sulphuric acid, followed by cooling for 5
minutes in an ice bath. Next, samples were separated into solid and liquid by centrifuging at 13 000g
for 2 minutes and the supernatant was injected onto the HPX-87H column (Aminex, USA) on a liquid
chromatography instrument (Dionex, USA). The resulting acetic acid peaks were manually integrated

into areas determined against the known concentration standards.

2.4 Results

2.4.1 Selection of xylan-associated genes in Arabidopsis thaliana

By combining phylogenetic, co-expression and network reconstruction, 24 xylan modification genes
were identified from E. grandis, and used as bait in co-expression analyses to identify 1136 SCW-
related genes in the Eucalyptus urophylla x E. grandis x E. urophylla backcross individuals (Myburg et al.

2014; Mizrachi et al. 2017; Pinard et al. 2019; Wierzbicki et al. 2019a). Of these, 539 were either
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positively or negatively correlated with one or more bioprocessing traits based on Pearson correlation
analyses as visualized in the six distinct biotechnology clusters (Figure 2.2). Following database
search and GO analyses for BC 3 genes, 27 candidate genes were selected, available scientific literature
on each of these genes were reviewed to gather information supporting their potential implication in
secondary cell wall biosynthesis and modification. Fourteen of 27 genes were overrepresented in
secondary cell wall biosynthetic processes based exclusively on literature (Table S2.1). However, for
the feasibility of this study, five genes, namely, UDP-XYL SYNTHASE 6 (AtUXS6, AT2G28760),
XYLANASE 1 (AtXYNI, AT1G58370), ENDOMEMBRANE PROTEIN 70 (AT2G01970, AtEMP70),
ENDO-BETA-MANNASE 2 (AtMAN2, AT2G20680), and ALPHA-L-ARABINOFURANOSIDASE 1
(AtARAF1, AT3G10740) were selected for functional testing in Arabidopsis (Table 2.1). To assess
phenotypes resulting from knockout mutations in these genes, growth trials were initially performed
in Arabidopsis. Notably, the growth trial of 4tMAN2 mutant line was performed separately to those
for other mutants, therefore, the results from its trial are presented separately from that of the other

lines where applicable.

2.4.2 Growth phenotypes of mutants

After confirming that all T-DNA insertional lines were homozygous knock-outs (Figure S2.1), some
of the growth characteristics that could reveal the impact of the mutation on plant growth and
development were investigated. Starting at 2 weeks post-planting, rosette diameters were measured
weekly until there was no observable difference in the rosette leaf growth between consecutive weeks
of measurements. After the growth trial, the rosette diameter data was analyzed with the two-sample
equal variance t-test to establish the significance of rosette sizes between wild-type and mutants. The
rosettes of xyn/ mutants were 4.76% smaller than wild-type’s, while rosettes of uxs6 and emp70

mutants were 6.18% and 5.45% larger compared to wild-type, respectively (Figure 2.3). There araf]
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mutants were also significantly larger than wild-type, although this difference was minor (Figure 2.3),
furthermore, no difference was observed in the rosette sizes of man2 mutants compared to wild-type
(Figure 2.3). Following this, plant bolting time and the number of leaves at bolting were measured
immediately after the plants had bolted; all mutants bolted at the same time as wild-type (two-tailed
paired t-test; Figure S2.2). Furthermore, no statistically significant difference in the number of rosette
leaves was observed in any mutant line except emp70, which had an average of 1 more rosette leaf at

bolting compared to wild-type based on two-sample equal variance t-test (Figure 2.4).

Shortly after bolting, the maximum inflorescence stem height was measured and araf! mutants had
notably shorter stems; 100 mm shorter on average compared to wild-type (Figure S2.3), however,
these mutants had caught up and grow as well as wild-type by the 7" week post-planting (two-sample
equal variance t-test; Figure 2.5). Notably, 7-week-old xynl, emp70, and man2 mutants had longer
inflorescence stems (4.44%, 6.54%, and 13.58% longer than wild-type, respectively) although this
phenotype could not be replicated for the man2 mutant line in a separate additional growth trial (Figure
2.5). In addition to these growth analyses, root length and germination time were analyzed as motivated
by the growth phenotypes described above. xynl roots were 38.57% shorter than those of wildtype,
while all other mutant lines’ roots were the same length as wild-type (two tailed paired t-test; Figure

2.6, Figure S2.4).

2.4.3 The emp70 mutants germinate earlier than wild-type

Based on physical growth measurements described above, emp70 plants generally grew better than
wild-type as they had larger rosettes, more rosette leaves, and longer stems (Table S2.4). Interestingly,
analyses of germination time show that 75% of emp70 mutant seeds germinated 72 hours post-sowing,

while the same proportion of wild-type seeds only germinated 120 hours after planting (Figure 2.7;
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Table S2.3). Important to note that there were no differences in the treatment of mutant and wild-type
seeds in terms of storage, time, humidity, temperature etc., so the observed difference in germination

time was purely due to the genotype (two-sample equal variance t-test).

2.4.4 Secondary cell wall morphology is not altered in mutants

To assess whether the observed consistent phenotypes were caused by defects in the secondary cell
wall structure, vascular bundle morphology of xyni, emp70, and arafl mutants was investigated
through microscopic analyses of transverse sections of bottom parts of stems. All mutant lines
investigated showed the normal xylem vessel morphology, represented by the large open and relatively
round xylem vessels (Figure 2.8). Similarly, there were no discrepancies in the vessel element
thickness of mutants and wild-type (Figure 2.8; Figure S2.5). Thus, the xylem vessel architecture was

not impacted by T-DNA insertion mutation in any of the three mutant lines.

2.4.5 The xynl mutants have more stem lignin content

Following microscopic analyses of cell wall morphology, the composition of the cell wall was
investigated focusing on structural non-cellulosic monosaccharide composition, lignin, and acetyl
content. Stem dry weight was determined before grinding and quantification. Stems from each mutant
line weighed the same as wild-type stems (Figure 2.9; Figure 2.10). This was an interesting
observation since xynl and emp70 mutants’ stems did not weight more despite being larger or taller
than wild-type stems. It will be worthwhile to follow up this observation with stem density analyses.
Similar to stem dry weight, there were no differences observed in the monosaccharide or acetyl content
between wild-type and mutants (Figure 2.9; Figure 2.10; Figure 2.11), however, xyn/ mutants had

18.5% more lignin compared to wild-type (two-sample equal variance t-test; Figure 2.11).
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2.5 Discussion

In this chapter, we aimed to investigate how altering uncharacterized xylan-associated genes could
affect plant growth and physiology of Arabidopsis thaliana. The xyn 1 knock-outs had abnormally short
roots which may have contributed to the poor vegetative growth, marked by significantly shorter
rosette leaves in the mutants. Conversely, the Arabidopsis emp70 knockout lines germinated earlier
than wild-type and showed a growth advantage throughout vegetative growth phase. While these
phenotypes were consistent over the three independent growth trials conducted, they were rather mild.
More importantly, no phenotypes were observed in man2, arafl, and uxs6 mutants. This mild or
complete lack of phenotype points to one of the possible limitations of the study, which is the use of
the model plant Arabidopsis thaliana. While there are indeed many examples of genes affecting
secondary cell wall properties in both Arabidopsis and woody plants, in the current study, the genes
we chose might not have been playing an essential role in Arabidopsis, resulting in mild or absent
phenotype. It is possible that knocking out the very same gene in Eucalyptus, which is a strong carbon

sink, may yield an extreme phenotype.

2.5.1 The expression of candidate genes is positively correlated to xylan

acetylation

Previous studies have shown that reducing the level of xylan acetylation could attenuate lignocellulose
biomass recalcitrance and concomitantly increase saccharification efficiency (Pawar et al. 2016,
2017a; Donev et al. 2018). With this understanding, genes in BC 3 were selected for functional
characterization since their expression profiles were positively correlated with xylan acetylation
(Figure 2.2). The rationale was that homozygous T-DNA mutations or CRISPR/Cas9 knock-out of
these genes would reduce xylan acetylation and thus improve lignocellulose saccharification. Indeed,

correlation analyses in the current study indicate that the expression of BC 3 genes is negatively
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correlated with pulp yield (Figure 2.2), which suggested that knocking these genes out may
theoretically improve pulp yield. Interrogation of available literature on the five selected candidate
genes showed that XYN/ and UXS6 are predominantly expressed in xylem tissues, while ARAFI
expression is predominant throughout the whole vascular system (Suzuki et al. 2002; Fulton and
Cobbett 2003; Chavez Montes et al. 2008; Zhong et al. 2017). We therefore hypothesized that
alteration of these genes may affect xylem vessel development, which could ultimately impair water
and nutrient transport and consequently alter plant development. Moreover, although MAN2 and
EMP70 have not yet been showed to be highly expressed specifically in vascular tissues, MAN2
expression is restricted to micropylar endosperm and radicle, and its expression decreases as the radicle
emerges, however, the lack of phenotype in MAN2 KO mutants suggest that they may not be playing
any essential role in cell wall biosynthetic processes, instead, the related members such as MANS5 and
MANG may be the major players (Iglesias-Ferndndez et al. 2011b; a). EMP70 protein family members
are the most abundant group of Golgi proteins (Nikolovski et al. 2014), regardless of the lack of
definite literature evidence for their involvement in plant development thus far, it can be proposed that
the ubiquitous nature of encoded proteins specifically within the Golgi may translate to the significance
of these proteins in cell wall biosynthetic processes that occur specifically within the Golgi (e.g.,

modification of lignin biosynthetic enzymes and xylan backbone biosynthesis).

2.5.2 The xynl mutant plants show stunted growth during early vegetative

growth stage

With all the above-mentioned evidence linking selected genes to secondary cell wall development,
Arabidopsis thaliana T-DNA insertional mutants were used for analyses of growth and developmental
phenotypes associated with a mutation in each gene. Amongst all T-DNA insertion mutant lines
examined, only xyn/ knock-outs had shorter rosettes compared to wild-type (Figure 2.3). To find the

possible explanation for this phenotype, seed germination and root length were analyzed; no

85



differences in germination time was observed in either soil or MS (Table S2.3), however, mutant
seedlings had notably shorter roots when grown on MS (Figure 2.6). The shorter roots may logically
present a limitation for efficient water and nutrient transport to the rosette leaves. This is in agreement
with the recent observation that overexpression of XYN! in Arabidopsis leads to enhanced transport of
fluorescein from hypocotyl to leaves (Endo er al. 2019). In addition to shorter roots, the overall
development of vascular bundles may be impaired, leading to limited transport and subsequently
shorter rosette leaves. This hypothesis is consistent with previous reports that both AtXYN/ and a
related gene, BETA-XYLOSIDASE 1 (AtBXL1), which also encode xylooligosaccharide-hydrolyzing
enzyme, are predominantly expressed specifically in root vascular bundles (Suzuki et al. 2002; Goujon
et al. 2003). However, the root vasculature was not explored in the current study to confirm if it was
developing normally, this will indeed be an important future work. In addition to the possible role in
root vasculature, AtXYNI is amongst eight of the most highly induced cell wall-related genes in the
35S::LLA23 overexpressing Arabidopsis transgenic lines, which are more drought-resistant than wild-
type (Wang et al. 2013). Similarly, Goujon et al. 2003 showed that mutation in A¢BXLI led to
significantly shorter stems compared to wild-type under drought conditions. Taken together, 4AtXYNI
may be essential for normal plant development through regulation of the plant’s response to water or
lack thereof. In line with molecular function suggested by GO analyses (Table S2.2), such regulation
may likely involve hemicellulose alteration mediated through endo-1,4-B-xylanase (EC 3.2.1.8)
activity, allowing breakdown and rerouting of cell wall constituents into the development of secondary
vasculature. This enzymatic activity describes the common step occurring during primary cell wall
biosynthesis (reviewed in Verbancic et al. 2018), it is therefore likely that XYN1 may be playing a role

in primary cell wall biosynthesis instead of specifically secondary cell wall biosynthesis.
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Normal xyn/ plant growth was observed during the late vegetative stage, with inflorescence stems
significantly longer than wild-type at 7-weeks post planting (Figure 2.5). The fact that potential
growth phenotypes were only observed in the early stages of development may suggest that AzZXYN1
is required during the early developmental stages such as rooting, and in its absence, the activity of
one of other putative xylanases (41XYN2, 4AtXYN3, AtXYN4 , and 4tXYNS5) may compensate for the
lost AtZX'YNI activity, allowing plant growth to continue normally (Suzuki ef al. 2002). This possibility
is partially supported by the observation that AtXYNI expression can be induced by the modest
concentrations of a carbon source such as xylose (Xing et al. 2013), thus, XYNI may be amongst the
very first, but not the only player during early cell wall biosynthesis, and in its absence, its role may
be complemented by another XYN/ gene, allowing plant growth to continue normally. Further work is
required to test this hypothesis and to accurately verify the enzymatic activity of the other putative
xylanases. More importantly, based on the observed phenotypes and additional evidence on the
molecular function of XYN1 enzyme — XYN1 may be playing an even more important role in trees in
wood forming tissue when the carbon sink is more significant towards cell wall synthesis, this is worth

exploring further in model woody systems.

2.5.3 The arafl mutants have considerably shorter stems in early bolting but

ultimately grow like wild-type

The 5-weeks-old arafl T-DNA insertion mutants had significantly shorter stems, this was a notable
growth difference compared to wild-type plants (Figure S2.3). However, by the seventh week, the
mutant stems were the same height as wild-type’s (Figure 2.5). Comparably, ARAF I overexpressing
lines have been shown to exhibit significantly delayed inflorescence emergence and altered stem
architecture (Chavez Montes et al. 2008). These previous findings and ones generated in this study
point to the putative biological role of ARAFI to inflorescence stem development. However, little is

currently known about the exact biological function and regulation of Arabidopsis ARAF'I to be able
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to conclude this hypothesis. Nonetheless, the enzyme encoded by AtARAFI is specifically active
during xylem vessel formation and capable of dissolving L-arabinose side-chain residues from
arabinoxylan and several cell wall polysaccharides (Kubo et al. 2005; Ichinose et al. 2010). These
observations suggest that the shorter inflorescence stems in araf! mutants observed in the current study
may be due to impaired xylem vessels incapable of sufficient nutrient and water transport. In line with
this prospect, the shorter stems in araf1 in the early bolting stage is similar to the observation following
downregulation of AtBXLI! which were also shorter than wild-type (Goujon et al. 2003). This
comparison is more relevant here not only because BXL1 has the o-L-arabinofuranosidase
(EC:3.2.1.55) activity, but it is also co-expressed with ARAF1 based on the predicted functional
protein-protein association network (Szklarczyk et al. 2019). More importantly, ARAF1 homolog was
found to be amongst the most highly expressed genes in developing tension wood in Populus tremula
X P. tremuloides, suggesting that ARAF1 may target and hydrolyze polysaccharides required for
hemicellulose biosynthesis, favoring cellulose biosynthesis and subsequent tension wood formation
(Andersson-Gunneras et al. 2006). Consistent with this suggestion, the upregulation of ARAF1 during
active xylem vessel formation in Arabidopsis has been associated with the possible involvement of
ARAFI in alteration of arabinoxylan during xylem vessel development and possibly plant growth
(Fulton and Cobbett 2003; Ichinose et al. 2010). Such alteration may involve side-chain cleavage and

xylose release amongst other glycosyl hydrolase activities.

The fact that besides the temporal shorter stems, araf! mutant plants growth was otherwise similar to
that of wild-type may be due to the compensation activity of AZARAF2 (AT5G26120), which when
compared to AtARAF 1, its expression is limited to the vasculature of old root and stem tissue in wild-
type Arabidopsis (Fulton and Cobbett 2003). ARAF?2, like ARAF1, is believed to be involved in the
coordinated dissolution of cell wall matrix during secondary xylem vessel development and abscission

(Fulton and Cobbett 2003). It is thus possible that in araf! mutants, AtARAF2 expression in roots and
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stems allows plant growth to continue normally following bolting. This coincides with the observation
that AtARAF2 expression is observed in old roots, suggesting that its role in plant growth may be
important late in plant development. On the contrary, while the compensation by ARAF2 is a
possibility, it is also unlikely since araf2 mutants show no obvious phenotype, and araflaraf2 double
mutants do not exhibit an additive effect (Chavez Montes et al. 2008). It is notably surprising that
while arafl mutants show a phenotype, the araflaraf?2 does not show any phenotype. More
importantly, it would be interesting to investigate why araf2 seem to rescue the arafl phenotype as

speculated from the current study.

An alternative explanation for recovery of arafl mutants therefore exist; it may be due to the
predominance of glucuronoxylan in Arabidopsis instead of arabinoxylan, the latter of which ARAF'1
is thought to predominantly target for modulation of plant growth in monocots (Fulton and Cobbett
2003). Therefore, ARAF1 may not be playing a significant role in Arabidopsis cell wall modification
and overall plant development as it does in monocots. Supporting this point, overexpression of
OsARAFI in rice leads to 25% reduction in arabinose accompanied with 28% increase in the glucose
yield (Sumiyoshi et al. 2013), showing the clear involvement of ARAFI in cell wall development of

monocots.

2.5.4 Mutation in EMP70 confers consistent growth advantage during

vegetative growth

Amongst the genes chosen for phenotypic analyses in this study, EMP70 had the least prior
information available for reference. Regardless, the EMP70 (or TM9) family, represented by 12
isoforms of unknown function in Arabidopsis thaliana, is the most abundant protein family in the
Golgi proteome (Gao et al. 2012; Nikolovski ef al. 2012, 2014). Notably, in addition to being the most
abundant in the Golgi, the Arabidopsis EMP70 members have also been shown to localize exclusively
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to the Golgi (Dunkley et al. 2006; Gao et al. 2012). Furthermore, the EMP70 family is amongst the
three identified type III protein families that likely function as channels or transporters (Nikolovski et
al. 2012). These localization studies suggest that EMP70 may be involved in Golgi transport of various
metabolites possibly necessary for polysaccharide biosynthesis. While such prospect has not yet been
tested in Arabidopsis or any other plant species at the time of writing, studies of the TM9 physiological
function in Saccharomyces cerevisiae have given an insight into the possible role of this protein family.
A yeast tmnl-3 (where TMN3 is AT2G01970 homologue in yeast) triple mutant exhibited a 25%
reduction in cellular copper (Cu) content (Hegelund et al. 2010). Furthermore, overexpression of
TMNI in yeast leads to more than double the concentration of cellular Cu (Hegelund et al. 2010).
Similarly, heterologous expression of the Arabidopsis TM9 homolog, AtTM7 (AT3G13772) in yeast
leads to an increase in cellular Cu content (Hegelund et al. 2010). These observations led to the
conclusion that yeast and possibly Arabidopsis EMP70 homologs are involved in the regulation of
intracellular Cu balance; a role that may involve Golgi membrane-trafficking (Gao et al. 2012;

Nikolovski et al. 2014).

Cu plays an essential role as a cofactor of several enzymes including some involved in lignin
biosynthesis (Yruela 2005), however, due to its redox reactions, Cu is extremely toxic to cells at high
concentrations, fortunately, plants have evolved some sophisticated mechanisms to relieve copper
toxicity. Thus, considering the significance of intracellular Cu balance, if EMP70 plays an
indispensable role in Cu homeostasis, a homozygous mutation in this gene could alter plant growth to
some extent. Here, the very first attempt at functional testing of Arabidopsis emp70 mutants is
reported. Mutants had significantly bigger rosettes, longer inflorescence stems, and an average of one
more rosette leaf compared to wild-type plants (Figure 2.3; Figure 2.4; Figure 2.5). The observed
consistency in growth advantage questioned the possibility that these mutants may perhaps be

germinating earlier than wild-type such that they continue to grow vegetatively bigger compared to
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wild-type, or perhaps the root morphology (e.g. length and root hair density) may be rendering some
growth advantage to the mutants (Bahmani ef al. 2016). These hypotheses were both investigated, and
expectedly, emp70 mutant seeds germinated ~2 days earlier than wild-type when grown on soil
(Figure 2.7). Germination is one of the most crucial steps of plant development and it is well
documented that hormones abscisic acid (ABA) and Gibberellic acid (GA) play predominant roles in
its regulation (Finch-Savage and Leubner-Metzger 2006). This primarily involves stringently
controlling the concentration of ABA and GA, a process that is affected by several environmental cues
such as light and water. In general, ABA promotes seed dormancy, while, at the right time, GA, an
ABA antagonist, counteracts the activity of ABA to promote seed germination (Gao and Ayele 2014;
Shu et al. 2015, 2016). Furthermore, the regulation of seed germination through the crosstalk between
ABA and GA is highly sensitive to the concentration of heavy metals such as Cu (Xiong and Wang
2005). It has subsequently been demonstrated that Cu inhibits seed germination mostly through
suppression of ABA catabolism inrice (Ye et al. 2014). Indeed, measurement of ABA under increased
Cu concentration conditions showed that ABA content in germinating seeds was significantly higher
than in control plants (Ye et al. 2014). In the current study, the emp70 knock-outs would be expected
to have significantly lower cellular Cu concentrations, as observed in yeast tm/-3 knock-out lines
(Hegelund et al. 2010). Lower Cu levels may lead to reduced ABA concentration in mutants through
the suggested mechanism in rice (Ye et al. 2014), which could concomitantly lead to the observed
enhancement of seed germination as promoted by the action of GA (Figure 2.7; Figure 4.1).
Nonetheless, the crosstalk between ABA and Cu concentration on the regulation of seed germination
are not well understood, and future work will be necessary to measure the levels of ABA and GA in
the Arabidopsis EMP70 mutants. Furthermore, the limited functional information about EMP70 in
plants makes it difficult to speculate the exact regulatory role of EMP70 and how such role is affected
by other regulatory cues and enzymes. Moreover, since Arabidopsis emp70 phenotypic analyses

performed here clearly showed a growth advantage compared to wild-type, further work is required to
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link this phenotype to Cu transport or concentration, such future work may involve growing mutants

in both Cu deficient and Cu supplemented medium followed by an assessment of phenotype.

2.5.5 No major growth phenotypes are observed in uxs6 and man2 knock-outs

The growth phenotype of the Arabidopsis uxs6 T-DNA single mutants have been previously identified
by Kuang ef al. 2016, in the current study, this previously identified phenotype made uxs6 a good
control since the growth phenotype, secondary cell wall chemistry and vessel morphology was all
known. Like in the previous study, uxs6 mutants showed no obvious growth phenotype, nor alteration
in secondary cell wall architecture (Table S2.4), indicating that the growth conditions and subsequent
analyses were properly performed. Besides the lack of phenotype in uxs6 mutants, man2 T-DNA
insertion mutants also showed no major growth phenotype. ENDO-BETA-MANNANASE (MAN; EC
Number: 3.2. 1.78) plays a fundamental role in plant growth and development by digesting mannan-
polysaccharides. In Arabidopsis, the MAN family is represented by eight members, amongst these,
AtMAN2, AtMAN7, AtMANS, and AtMANG are expressed in germinating seeds (Iglesias-Fernandez et
al. 2011Db). In situ hybridisation showed that transcript accumulation of these MAN genes is restricted
to micropylar endosperm and radicle, and their expression disappears immediately after radicle
emergence (Iglesias-Fernandez et al. 2011a). These observations suggested that 4tMANs play an
important role in the germination of Arabidopsis through hydrolysis of mannan-rich endosperm cell
walls, thereby facilitating radicle emergence (Iglesias-Ferndndez et al. 2011b; a). The involvement of
endo-B-mannanase in endosperm cap weakening to facilitate germination has also been confirmed in
several species such Capsicum spp. and Coffea arabica L. (Da Silva et al. 2005; Caixet et al. 2014).
Earlier analyses of the Arabidopsis T-DNA insertion in these four AtMAN genes reported that mutants
(except mutation in AtMAN?2) germinate later than wild-type (Iglesias-Fernandez et al. 2011a).

Amongst the mutants with negatively affected germination time course, AtMANG6 exhibited the most
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delay in germination (Iglesias-Ferndndez et al. 2011a; b). The observation that only AtMAN6 knock-
out show extreme germination delay may suggest that while AtMAN2 may be required for endosperm
weakening during germination, it may not be playing a significant overall role in this process, hence
no phenotype was observed in either the previous or current study (Table S2.4). Without ruling out
the possibility that AtMAN2 may be necessary for seed development, the lack of germination
phenotype in AtMAN?2 knock-out mutants indicates that this gene may play a different role from that
of the other three MANs, which may, or may not involve the mannan endo-1,4-B-mannosidase activity.
Further work is needed to uncover such a potential role. In the interim, information from STRING

(https://string-db.org/.0t67) show that AtMAN2 have protein-protein interactions with four

hexokinases (Szklarczyk et al. 2019). With diverse roles of hexokinase family, it is not obvious what
functional role of MAN?2 is associated with these hexokinases (Moore et al. 2003; Cho et al. 2006).
However, as HEXOKINASE 1 (HXK1) and HXK?2 mediate the effects of sugar on plant growth and
development (Granot et al. 2013; Kunz et al. 2015; Laurian et al. 2019), it would be worthwhile to
find out how the role of AtMAN?2 possibly relates to this or any other HXK role in plant growth and
development. While these questions require further studies, the current study has confirmed that,
although AtMAN?2 belong to the same group of genes that are expressed in germinating seeds and
whose T-DNA mutants show delayed germination (Iglesias-Fernandez ef al. 2011b), man2 mutants do
not show this delayed germination phenotype (Table S2.3), neither do the plants show any other
alteration of growth or physiology (Table S2.4). More importantly, the current study has for the first
time, demonstrated that in addition to the lack of effect on plant growth, the secondary cell wall

morphology and chemistry is not affected in man2 mutants (Figure 2.8; Figure 2.10; Figure 2.11).
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2.5.6 Xylem vessel morphology is not altered in mutants

To investigate whether any of the consistent growth phenotypes were due to impaired secondary cell
walls, stem transverse sections of xynl, emp70 and arafl were examined through light microscopy.
All three mutant lines had no morphological defects in the secondary cell wall structure (Figure 2.8).
Considering that both xyn/ and arafl mutants were able to recover and grow as well as wild-type, it
was expected that they would most likely be no overall alteration of the cell wall structure. However,
if the shorter rosettes observed in xyn/ culminated in an overall reduction in plant growth similar to
irx mutants (Petersen ef al. 2012), it would then be more likely that this phenotype is caused by
collapsed xylem vessels and the resulting impairment of water and nutrient transport, this would be
reflected on the micrographs accordingly. In contrast to xyn/ and arafi, emp70 showed a consistent
growth advantage, however, as previously discussed, the limited functional information about this gene
family makes it difficult to speculate on its exact role and similarly, what could be expected in terms
of xylem vessel morphology cannot be easily deduced. Finally, with the lack of obvious growth
phenotype in uxs6 and man2 mutant lines, no obvious changes in cell wall morphology would be

expected for these lines.

2.5.7 Cell wall chemistry of all mutants resembles that of wild-type

In all mutants, the non-cellulosic monosaccharide content was not affected (Figure 2.9; Figure 2.10).
Since ARAF1 and XYN1 both possess the xylan hydrolase activity (Table S2.2), it was expected that
in knock-out mutants corresponding to these genes, monosaccharide levels will not be impacted.
Furthermore, the observation that vessel element thickness was not altered in mutants hinted that the
cell wall composition, specifically D-Xyl level, is less likely to be altered. In agreement, no differences
in D-Xyl content were observed in arafl-1 (T-DNA insertional mutant in Ws background) when

monosaccharide composition of dry seeds, roots and stems were analyzed (Chavez Montes et al. 2008).
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Conversely, in 35S::ARAFI overexpressing lines, both D-Xyl and L-Ara content were significantly
higher compared to wild-type, although the difference was minor (Chavez Montes et al. 2008). This is
expected as xylose and arabinose would accumulate when arabinoxylan is hydrolyzed through
ARAF1’s xylan hydrolase and xylan 1,4-B-xylosidase activity. With this understanding, a man?2
overexpressing line may also present increased mannan content. Together, the lack of major alteration
of monosaccharide content in all mutants indicates that even if these genes are important in cell wall
development, their contribution to the overall monosaccharide biosynthesis can be compensated for if
mutated. UXS functional redundancy has already been provided as an explanation for the overall lack
of phenotype in uxs6 single mutants. Furthermore, in instances where a mutation in these genes may
alter monosaccharide content, there may be significant toleration of plasticity in the monosaccharide
amount, allowing the overall growth to continue normally as observed in all mutants (Kuang et al.
2016). Importantly, the current study is limited in that it only assessed monosaccharide content in
stems, it would be of interest to further expand this analysis into other organs and different growth
stages, this is particularly necessary in the case of MAN2, which is predominantly expressed in
germinating seeds (Iglesias-Fernandez et al. 2011b). Similarly, the observation that emp70 mutants
germinate earlier than wild-type may necessitate analyses of cell wall chemistry of the seeds during

the germination stage.

2.5.8 The xynl mutants have higher lignin content

Lignin and xylan acetylation are the major contributors to biomass recalcitrance and their reduction
has proven to be effective in improving saccharification yields (Acker et al. 2014; Pawar et al. 2017a;
b). To find out if a mutation in selected genes can likely lead to improvement of biomass
saccharification, lignin content was quantified. xyn/ mutants had higher lignin content compared to

wild-type, while lignin content of all other mutants resembled that of wild-type (Figure 2.11). It is
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possible that the taller stems observed late during xyn/ vegetative development (Figure 2.5) may have
been due to the increased secondary cell wall development, although such increase may not have been
significant enough to be reflected either in xylem vessel morphology or monosaccharide
quantification. Nonetheless, the increased lignin content observed in xyn/ stems may be reflecting
such increase in secondary cell wall development. In addition to lignin quantification, acetate levels
were also quantified and no difference in the levels were observed between mutants and wild-type.
The lack of impact on the acetate content in all the mutants was expected considering that none of
these genes are implicated in acetylation processes at least based on available literature. However, the
observation in Eucalyptus population that the expression of these genes is positively correlated with
xylan acetylation would suggest that knocking them out may lead to reduction of acetyl content at least
in Eucalyptus or trees in general (Figure 2.2). The fact that this is not the case may indicate that,
although associated to xylan acetylation, these genes may not play a major role in processes associated
with acetylation. Finally, while saccharification analyses are pending, it is possible that the sugar
release efficiency will be reduced in xyn/ mutants as they have high lignin content, a trait known to
generally impede saccharification as it reduces access to cellulose during bioprocessing (Yang and
Wyman 2004). Conversely, besides cellulose accessibility, the relative sugar content in the biomass
may affect the amount of sugar released, since none of the mutants had altered sugar content (Table

S2.4), the saccharification yield will most likely not be affected.

2.5.9 The possible involvement of candidate genes in primary cell wall

development

The lack of consistent and/or significant phenotype observed from all mutants here may suggest that
the targeted genes may be playing a more secondary role in primary cell wall development, instead of
specifically involved in secondary cell wall biosynthesis. Such roles may involve modification,

reorganization, and metabolic salvage of wall sugars during plant cell growth, all of which are well
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documented activities necessary throughout primary cell wall biosynthesis (Extensively reviewed in
Barnes and Anderson 2018b). This primary wall remodeling is known to stimulate cell expansion, an
important step during secondary cell wall deposition (Sun et al. 2010; Paque ef al. 2014). However,
how such primary cell wall recycling impacts the overall biosynthesis of the secondary cell wall is
largely ununderstood. Broad research that integrates important aspects of both primary and secondary
cell wall development is therefore highly recommended. Nevertheless, amongst the selected candidate
genes, ARAFI is most likely to be involved in primary cell wall biosynthesis in which xylan contains
the Arap substitution (Mortimer et al. 2015). It is therefore highly recommended to explore this

possibility perhaps through both gene knockout and overexpression of ARAF 1.

In addition to the possible role in primary cell wall development, it will be important to find out
whether double mutants of candidate genes and their close homologs could yield any phenotypes.
From the selected candidate genes, AtMAN2, AtUXS6, and AtEMP70 have one Arabidopsis close
paralog each; ATG28320 (MANS), AT2G28755 (UDP-D-glucuronate carboxy-lyase-like) and
AT1G14670 (EMP70) respectively (Figure 3.1, Figure S 3.1). The AtMAN?2 paralog is the AtMAN?S,
which is expressed during seed germination as previously described. More importantly, different from
AtMAN2, AtMANS5 mutation leads to delayed seed germination (Iglesias-Fernandez et al. 2011b; Wang
et al. 2015). It would be interesting to see if overexpression of MAN2 can rescue the delayed seed
germination phenotype of the MANS5 since MAN2 do not display any alteration to germination.
Interestingly, the UXS6 paralog is amongst one of the most highly induced genes (together with XYNT)
in Arabidopsis overexpressing LLA23 genes, these plants are highly resistant to drought (Yang et al.
2008). This poses a question about the possible role of this homolog in water transport, and it will be
worthwhile to assess the phenotype of double mutant of this gene and UXS6. Finally, the EMP70
homolog is uncharacterised just like EMP70. Since the phenotype of emp70 is now established in the

current study, a double knockout in this gene and homolog may lead to an addictive effect, with plants
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germinating significantly earlier and plants growing better than wild-type. However, this is considering

that the either of these genes act redundantly.
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2.7 Tables and figures

Table 2.1 Candidate gene homologs selected for functional testing in Arabidopsis thaliana in the

current study.

Eucalyptus Arabidopsis Name and Description© T-DNA insertion
Gene ID? Gene IDP lined
Eucgr.G02921  AT2G28760 UXS6, UDP-XYL synthase 6 SALK 058602C
Eucgr.FO0109  AT1G58370 XYNI, Xylanase 1 SALK 099151C
Eucgr.K02293  AT2G01970 EMP70, Endomembrane protein 70 protein SALK 082204C
family
Eucgr.A01823  AT2G20680 MAN2, Endo-B-Mannase 2 SALK 126628C
Eucgr.A02178  AT3G10740 ARAF 1, alpha-L-arabinofuranosidase 1 SALK 039176%*

2E. grandis gene ID for genes possibly associated with secondary cell wall xylan modifications, identified by systems

genetics (Wierzbicki ef al. 2019a)
®Arabidopsis thaliana ortholog gene ID retrieved from EucGenlE (https:/eucgenie.org).

cAssigned gene name and description from TAIR.

dConfirmed homozygous T-DNA insertion lines with insertions in coding regions. These are the selected insertion lines
amongst others. All lines and information thereof were obtained from ARBC

*SALK 039176 is not listed as confirmed homozygous line on ARBC, however, it was confirmed homozygous though
PCR in this study.
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Table 2.2 Sequences of allele-specific primers used for genotyping T-DNA insertional lines.

T-DNA line Left Primer (LP) Right Primer (RP)
SALK 082204C  AAGGATCGGGTGATTGAAATC TGCTGTTTTTACCGGCAATAC
SALK 039176 TGGAAACGAGACAAGAATTGG CAATACCGTGATGATGTCGTG

SALK 058602C GGCTTAGTTAACAAATTTTGTGG TGCTCCAACTCGCTTAGCTAG
SALK 099151C TCAAGCAACTGTTCAGCAATG TGGTTCTACGGGGTAATGATG

SALK 126628C TATGCCCATATGAGAGGCAAG ATTTTCATATGCCAGGTGCTG

All sequences are given in 5°-3”, LP+RP pair generates a PCR product of ~1000bp representing a wild-type allele. Pairing
RP with T-DNA border primer Lb generates a ~600bp amplicon which represent the T-DNA inserted.
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Figure 2.1 Co-expression and clustering of 1136 genes grouped into five nonredundant
expression modules.

Correlation cut-off of 0.6 and F-score of 3.8 were set as criteria for this co-expression and clustering analysis.
The columns show expression profile from of 156 Eucalyptus urophylla x E. grandis x E. urophylla tree
population. These trees were clustered according to the genes’ expression profiles in each tree, shown as rows.
Furthermore, genes were grouped into expression modules (EMs) based on the similarity of their expression

profiles. Adapted from Wierzbicki et al. 2019a.
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Figure 2.2 Correlation heat map showing 539 genes whose expression is either positively or

negatively correlated with bioprocessing traits.

Pearson correlation analyses was performed on the 1136 genes shown in the EMs in the previous figure. Of the
1136 genes, 539 were clustered into six biotechnology clusters based on the similarities of their correlation
patterns; this heat map shows these 539 genes. Red, white, and blue colors depict the R-value of correlation
analyses, with red being positive values, white being 0 and blue being negative R values. Biotechnology cluster
3 was chosen for the selection of candidate genes to be functionally tested in Arabidopsis, selection of this
cluster was explicitly based on the correlation pattern to xylan acetylation and pulp yield (Black borders). Figure

modified from Wierzbicki et al. 2019a.
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Figure 2.3 Average rosette leaf diameters of mutants measured 4 weeks post-planting.
(A) Rosette diameters were measured from the widest rosettes in each plant, xyn/ mutant line had notably
smaller rosettes, while emp70 and uxs6 had larger rosettes. Average rosette diameter + SE, nwt = 24, Nmutant =

35 (*t-test, P <0.05). (B) Representative rosette leaves of mutants and wild-type at 4 weeks post-planting.

15 - * 15 -
I s I T =S

[%2] [%2]
[} o
g 10 - E 10 A
G ks
@ @
Ke] Neo]
£ 5 £ 5
=z z

0 T T T T 1 0 T 1

Wild-type  araf1 xyn1 emp70 uxs6 Wild-type man2

Figure 2.4 Average number of rosette leaves at the time of bolting.
The number of rosette leaves greater than 1 mm in length were counted immediately following inflorescence
emergence. Figures show the average number of rosette leaves + SE, nwr= 24, Nmutant = 35. *Indicates significant

difference in leaf numbers of emp70 mutant compared with wild-type (¥z-test, P <0.05).
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Figure 2.5 Maximum inflorescence stem height measured 7 weeks post planting.

(A) Inflorescence height was measured weekly until there was no apparent significant difference in height.
Average stem height = SE, nwr= 20, nmuane = 30 (*z-test, P <0.05). (B) Representative inflorescence stems for
xynl and emp70 mutant lines which consistently had significantly longer stems. The taller stems phenotype of

man? is not presented as it was not replicated in a separate trial.
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Figure 2.6 Root lengths measured 10 days post germination on 2 MS media.

(A) Mutants germinated in 2 MS and root lengths measured 10 days post-germination. Average root length +
SE, from 2 independent trials with n=6 each. *Indicates mutant line whose roots are significantly shorter than
wild-type’s (¥t-test, P <0.05). (B) Representative 10 days-old seedlings showing the obvious difference in root
length between xynl mutant and wild-type. Refer to Figure S2.4 for the presentation of root lengths of all

mutant lines.
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Figure 2.7 Analyses of germination time course of emp70 knock-out mutant seeds.
Seeds were sown on soil and the number of seeds germinated counted every day until all seeds have germinated.
Data shows an average number of seeds germinated £ SE, n = 6 (t-test, P <0.05) from two independent

experiments. emp7() mutant line germinate earlier than wild-type.
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Figure 2.8 Analysis of xylem vessel morphology of mutants through microscopy.

(A) Transverse sections of 8-week-old bottom internodes of wild-type, arafl, xynl and emp70 mutants,
respectively. Two biological replicates and 15 technical replicates per line were analyzed. Images visualized
through light microscope at 20X. No apparent defects in secondary cell wall morphology were observed. Scale
bars represent 50 um. (B) Vessel element thickness measured at 40X showing no difference in thickness
between cell walls from wild-type and mutant. Average vessel element thickness mm + SE, n=10, (#-test, P

<0.05).
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Figure 2.9 Cell wall monosaccharide composition of xynl, emp70, uxsé6, arafl and wild-type.

(A) Stems from nine-week-old plants were cut, dried, and weighed on a balance scale. Average stem weight +
SE, nwr = 16, Nmuant = 6 (t-test, P <0.05). (B) Cell wall material was prepared from the dried stem and wood
composition determined through the Klason method. Sugar content is given as the percentage of extracted dry

weight (mg/100mg) £ SE, nwr = 16, Nmutant = 6 (t-test, P <0.05).
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Figure 2.10 Cell wall monosaccharide composition of man2 and wild-type.

(A) Stems from nine-week-old plants were cut, dried, and weighed on a balance scale. Average stem weight £
SE, n = 6 (t-test, P <0.05). (B) Cell wall material was prepared from the dried stem and wood composition
determined through the Klason method. Sugar content is given as the percentage of dry extracted weight

(mg/100mg) £ SE, nwt = 16, Nmywnt = 6 (t-test, P <0.05).
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Figure 2.11 Quantification of cell wall lignin and acetyl content.

(A) Dried 9-week-old stems were ground, and lignin recovered through the Klason method; lignin content
presented as % extracted dry weight = SE, nwr = 16, Nmuan = 6 (¥#-test, P <0.05). (B) Acetyl content presented
as % extracted dry weight = SE, nwt = 10, Nmuan = 4 (z-test, P <0.05). No apparent differences were observed

between mutant lines and wild-type’s acetic acid content.
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2.8 Supplementary Tables and Figures

Table S2.1 Candidate Arabidopsis genes implicated in secondary cell wall biosynthesis and/or

modification based on literature.

Eucalyptus  Arabidopsis Name and Description® Literature?
Gene ID? Gene IDP

Eucgr.G02921 AT2G28760  UXS6, UDP-XYL SYNTHASE 6 Zhong et al. 2017

Eucgr.FO0109 ATIG58370  XYNI, XYLANASE 1 Endo et al. 2019

Eucgr.K02293 AT2G01970 EMP70, ENDOMEMBRANE PROTEIN 70 (Nikolovski et al. 2014)
PROTEIN FAMILY

Eucgr.A01823  AT2G20680  MAN2, ENDO-BETA-MANNASE 2 Ichinose et al. 2010

Eucgr.A02178 AT3G10740 ARAFI, ALPHA-L- Kubo et al. 2005
ARABINOFURANOSIDASE 1

Eucgr.K00317 AT5G53340 HPGTI, HYDROXYPROLINE O- Ogawa-Ohnishi and
GALACTOSYLTRANSFERASE 1 Matsubayashi 2015

Eucgr.J00367  AT2G28100 FUCI, ALPHA-L-FUCOSIDASE 1 Kato et al. 2018

Eucgr.H02683 AT3G23820 GAE6, UDP-D-GLUCURONATE 4- Bethke et al. 2015
EPIMERASE 6

Eucgr.A01558 AT5G03760  CSLA09, CELLULOSE SYNTHASE-LIKE A9  Kim et al. 2014

Eucgr.D00298 AT1G30000 MNS3, ALPHA MANNOSIDASE 3 Liebminger et al. 2009

Eucgr.E00471  AT4GO00110  GAE3, UDP-D-GLUCURONATE 4- Molhgj et al. 2004
EPIMERASE 3

Eucgr.H03918 AT3G16630  KINESIN-13A4, KINESIN-13A4 Fujikura et al. 2014

Eucgr.G00653 AT5G64570  BXL4, BETA-D-XYLOSIDASE 4 Breitenbach et al. 2014

2E. grandis gene IDs for putative secondary cell wall modification/biosynthetic genes, identified by systems genetics
(Wierzbicki et al. 2019a)

®Arabidopsis thaliana ortholog gene ID retrieved from EucGenlE (https://eucgenie.org).

cAssigned gene name and description from TAIR.

dSelected research studies with information indicating a possible direct role of candidate genes in secondary cell wall

development and modification.

Candidate genes ultimately selected for functional testing in current study are shaded in blue.
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Table S2.2 Gene ontology (GO) terms for selected genes. Cellular component, biological process

and molecular function indicated. Information gathered from TAIR, Phytozome and Dicots

PLAZA.
Gene Cellular component Biological process Molecular function
UXS6 Plasma membrane Nucleotide-sugar Cellular metabolism, coenzyme
metabolism binding
XYNI Extracellular region, cell wall ~Xylan catabolic Endo-1,4-B-xylanase activity
process
EMP70 Golgi membrane, endosome  Transport Unknown
membrane, integral
component of membrane,
plant-type cell wall, vacuolar
membrane, plasmodesma,
endosome, trans-Golgi
network
MAN2 Extracellular region Mannan catabolic Hydrolase activity, hydrolysing
process, mannan o-glycosyl compounds, mannan
metabolic process endo-1,4-B-mannosidase activity
ARAF1 Apoplast, extracellular L-arabinose metabolic  oa-L-arabinofuranosidase

region, plant-type cell

wall, vacuole

process, xylan
catabolic process,
maybe involved in cell

wall modification

activity, hydrolase activity, acting
on glycosyl bonds, xylan 1,4-3-

xylosidase activity
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Table S2.3 Germination time and the percent seed germinated of wild-type Arabidopsis and T-

DNA insertion mutant seeds.

Time

(hours) man2 arafl xynl uxsé emp70 WT
24 0 0 0 0 0 0
48 0 0 0 0 0 0
72 0 0 0 0 75.0* 0
96 16.7 8.3 8.3 25 91.7* 25
120 75 58.3 75 58.3 91.7 75
144 91.7 83.3 91.7 91.7 100 91.7
168 100 100 100 100 100 100

*Shows the significant difference (*z-test, P <0.05) in the average % seed germinated between emp70 mutant line and

wild-type seeds.
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Table S2.4 Summary of traits observed in Arabidopsis mutant growth trial.

Trait Significant increase Significant Figure
(P <0.0%) decrease (P <0.05)

Growth

Germination % over time emp70 None 2.7

Root lengths None xynl 2.6

Rosette diameter emp70 xynl 2.3

Bolting time None None S2.2

Rosette leaf number at bolting emp70 None 2.4

Inflorescence stem height emp70; xynl araf1* 2.5; S2.3

Cell wall morphology and

composition

Vessel element thickness None None 2.8

Stem dry weight None None 2.9;2.10

Monosaccharide content None None 2.9;2.10

Lignin content xynl None 2.11

Acetyl content None None 2.11

*arafl stems caught up with wild-type at the end of measurement period.
All statistical analyses were performed with t-test, significant difference in the trait deduced from P-value (Paired T-test),
where P < 0.05 represents a significant difference.
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Figure S2.1 Confirmation of the homozygous genotype of T-DNA insertion mutants through PCR.

Top gel image shows the 1kb band generated with allele-specific PCR primers, LP and RP. Bottom gel image
shows a 600 bp band generated with right allele-specific (RP) and T-DNA insertion border primer (LB). M is
the Gene Ruler 1kb plus DNA ladder (Thermo Scientific). For all mutant lines but arafl and man2, DNA was
extracted from three randomly chosen plants (1, 2, and 3). The absence of 1 kb band in mutant DNA samples

confirms that all lines are homozygous for the T-DNA insertion.
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Figure S2.2 Bolting time of wild-type and mutant lines recorded at the day of bolting.

The day the inflorescence stem emerged was recorded, bolting time is presented as the number of days it took

the plants to bolt post-planting. Note the difference in the chat scale for man2 mutant as this was a separate trial.

Data presented as an average number of days at bolting = SE, observations made in two independent trials with

18 biological replicates per line in each trial (¢-test, P <0.05).
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Wild-type arafl

Figure S2.3 Maximum stem height of 5-week-old arafl mutants.
Maximum inflorescence height measured after all plants had bolted. arafl mutants had significantly shorter
stems relative to wild-type, nwr= 20, nmuunt = 30 (¢-test, P <0.05), however, plants caught up and stems were as

tall as wild-type at seventh week (Figure 2.5).
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WT araf1 emp70 uxs6 man2 xyn1

Figure S2.4 Root lengths measured 10 days post-germination.

Mutants germinated in % Murashige and Skoog media and root lengths measured 10 days post-germination,
roots from 10-week-old wild-type and mutant lines seedlings are represented. Only xy»n/ mutant line roots were
significantly shorter than that of wild-type seedlings, while all other mutant lines roots have identical root

lengths to wild-type.
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Figure S2.5 Micrographs showing xylem vessel morphology of mutants and wild-type.
Transverse sections of 8-week-old bottom internodes used for analyses. Two biological replicates and 15
technical replicates per line. No apparent defects in secondary cell wall morphology were observed. Images

visualized through light microscope at 20X, Scale bars represent 50 um.
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3.1 Summary

While the work in Arabidopsis in the previous chapter was useful for analyses of mutant growth
phenotypes and elucidating the possible significance of selected genes, it is the fast-growing woody
plants with high biomass yields such as poplar and Eucalyptus that are vital to produce bio-based
products. Modifying these secondary cell wall-related genes in woody plant species is extremely
necessary in understanding their roles in cell wall development and potentially yield desirable
bioprocessing phenotypes. This modification requires an understanding of the biological roles of cell
wall biosynthetic genes, and how modifying these genes could impact traits that affect bioprocessing.
While the genes of interest in the current study were selected from a study originally performed in
Eucalyptus as previously described, the poorly established transformation system for Eucalyptus in
our lab necessitated the use of poplar for the functional characterization work in this chapter.
Optimization of Eucalyptus transformation protocol are underway and future work will focus on
functionally testing candidate genes in Eucalyptus as a more important source of lignocellulosic

biomass feedstock.

In the previous chapter, gene expression profiles of genes associated with xylan modification were
correlated with several biotechnology traits, and analyses of growth phenotypes, and cell wall
chemistry were performed. Here, we used CRISPR/Cas9 gene editing tool to target XYN/ and MAN2
homologs in hybrid poplar (Populus alba x P. tremula; P717) to assess the effect of a mutation in these
genes in woody plant growth. We first perform phylogenetic analyses to establish the evolutionary
relationships amongst Eucalyptus, Arabidopsis and Populus homologs. Understanding the relationship
between Eucalyptus and Populus homologs was essential for the future gene editing work to be
performed in FEucalyptus. Phylogenetic analysis was followed by gRNA design, CRISPR/Cas9
construct assembly and several P717 transformation rounds. Low numbers of putative transformant

shoots were recovered from leaf explants, from these, CRISPR/Cas9-MAN2 and CRISPR/Cas9-XYN1
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lines expressing Cas9 were obtained, however, the target locus was not modified in either of these
lines. The data generated here presents some of the initial steps towards understanding the roles of the

selected xylan-associated genes specifically in woody plants, which are more significant carbon sinks.
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3.2 Introduction

In the previous chapter, we analyzed growth phenotypes of Arabidopsis thaliana T-DNA insertional
mutants as the initial step towards elucidating the possible biological roles of the selected genes.
Furthermore, the impact of the mutation on secondary cell wall structure was investigated through cell
wall morphology and chemistry analyses. Therefore, the work in Arabidopsis was useful for analyses
of possible biological roles of selected genes, and follow-up studies will be useful in establishing the
exact function and direct impact of modifying these genes on bioconversion efficiency. However, the
overall secondary cell wall development in Arabidopsis, which is herbaceous, differs from that in
woody plants such as poplar (reviewed in Barros ef al. 2015). Nevertheless, the molecular mechanisms
and signaling hubs involved in secondary cell wall development are conserved between these species
(Barra-Jiménez and Ragni 2017). In both species, secondary cell wall development originates from the
vascular cambium, which produces xylem and phloem (Taylor 2002). In Arabidopsis, a substantial
secondary cell wall development continues in the hypocotyl, forming secondary xylem closely
resembling the wood anatomy of woody plants (Taylor 2008). Secondary cell wall development in
Arabidopsis roots and stems is, however, very limited (Joshi et al. 2004). The overall extent of
secondary cell wall development in Arabidopsis is therefore minimal relative to that of woody plants
which form extensive secondary cell walls necessary for supporting the tree throughout its extended
lifespan, and thus, presents a more significant carbon sink. These differences in the secondary cell wall
between Arabidopsis and woody plants, therefore, warrants separate functional analyses studies
specifically in woody plants. Moreover, woody plants represent the most abundant potential feedstock
to produce a wide range of important bio-based products as mentioned previously, consequently,
subsequent analyses of the impact on bioprocessing of gene modification specifically in woody plants

are highly valuable.
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Several genetic engineering studies have been focusing extensively on understanding the biological
roles of secondary cell wall biosynthetic genes in woody plants and how modification of such genes
impact lignocellulose biomass production. Amongst others, hybrid poplar has been one of the most
studied woody plant model in most of these studies, this is attributed to its fast growth rate and
increased vegetative propagation capacity (Park et al. 2004). Simultaneous downregulation of RWA
genes, which are responsible for acetylation of xylan, leads 25% reduction in xylan acetylation in
hybrid aspen (Pawar et al. 2017b), this can indeed possibly lead to a reduction of biomass recalcitrance.
Furthermore, heterologous expression of yeast acetyl esterase, AnAXE, in hybrid aspen (Populus
tremula L. X tremuloides Michx.) lead to transgenic plants with reduced xylan and a 25% increase in
glucose yield (Pawar et al. 2017a). A similar study in Populus tremula x P. tremuloides has shown
that by targeting /RX9 and /RX14 homologs, transgenic plants with reduced Xyl and increased
lignocellulose bioprocessing efficiency can be generated (Ratke er al. 2018). Besides targeting xylan-
biosynthetic genes, one of the most significant improvements in bioprocessing efficiency was achieved
through downregulation of cinnamoyl-CoA reductase (CCR) necessary for lignin biosynthesis in
Populus tremula x P. alba, in this study, a 161% increase in ethanol yield was achieved following
saccharification (Acker et al. 2014). Thus, genetic modification of cell wall biosynthetic genes of
woody plants represents the potential means of improving bioprocessing efficiency, to achieve such
significant and sustainable improvements, precise and efficient genetic engineering tools are

necessary.

Until the last decade, most of the gene editing-based functional characterization studies have mostly
relied on transcription-like effector nucleases (TALENSs) and the zinc finger nucleases (ZFNs). These
approaches have indeed proven to be useful, however, they both suffer from limited gene specificity
and gene silencing stability, which necessitates extensive screening and subsequent characterization

of many transgenic lines for the desired trait (see detailed review by Gaj et al. 2013). Alternatively, in
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the past decade, CRISPR/Cas9 genome editing technology has been exploited extensively for its
advantages over TALENs and ZFNs. CRISPR offers simple targeted gene modification, high editing
efficiency , and stable gene mutations (Jiang et al. 2013). Moreover, compared to other traditional
methods such as RNA interference (RNAi1), CRISPR/Cas9 induces targeted DNA double-stranded
breaks (DSBs), thereby generating biallelic mutations and ensuring no residual gene expression (Jiang
etal 2013; Fan et al. 2015). Under the guidance of a 20-bp target-specific single guide RNA (sgRNA),
a Cas9 endonuclease cleaves both DNA strands, generating double stranded-breaks (DSBs). The
resulting DSBs can be repaired by the error-prone nonhomologous end-joining (NHEJ) or homology-
directed repair (HDR) (Jiang et al. 2013). A repair through NHEJ, which is more predominant, often
lead to random deletions and insertions (indels) and stop codons within the exon, thereby generating
mutations through gene disruption (Jiang et al. 2013). Thus, the power of CRISPR/Cas9 can be
harnessed to generate precise biallelic mutations of cell wall biosynthetic genes in woody plants, an
important step in functional characterization and subsequent cell wall modification aimed at

improvement of bioprocessing.

In this chapter, the goal was to investigate the effects of knocking out Populus XYNI and MANZ2 gene
homologs on plant growth and physiology. This involved phylogenetic analyses which showed that
both genes have no paralogs, enabling the design and use of only one gRNA to map the target site.
Next, with reference to RNA-seq data from P. tremula, we show that both genes have increased
expression specifically during secondary cell wall deposition. gRNAs were then designed to target
these genes in P717, and plants containing Cas9 transgene were obtained although no mutations were

detected in these transgenic plants.
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3.3 Materials and Methods

3.3.1 Identifying candidate gene homologs in Populus trichocarpa

Populus genes orthologous to the Eucalyptus and Arabidopsis candidate genes were identified
through phylogenetics. Briefly, Eucalyptus candidate gene IDs were used as a query in

The Populus Genome Integrative Explorer, PopGenlE (http://popgenie.org/) to retrieve the amino acid

sequences of the candidate genes in Populus trichocarpa. Additionally, the amino acid sequences

of Eucalyptus grandis orthologs were obtained from EucGenlE (https://eucgenie.org). A phylogenetic

tree representing all A. thaliana, P. trichocarpa and E. grandis candidate gene homologs was generated
from the protein sequences with Geneious tree builder on Geneious Prime® version 2020.2.2 with the
following parameters: Neighbour-joining tree build model and Jukes-Cantor genetic distance model.
Based on the phylogenetic analyses, two Populus candidate gene orthologs; Potri.013G130400
(MAN2) and Potri.002G113100 (XYNI) were selected for genetic editing with CRISPR/Cas9 since
they had no paralogs. This was essential since the lack of paralogs meant only one gRNA is required
to map the target site, thereby avoiding the technical difficulties associated with CRISPR multiplexing,
in which numerous gRNAs are designed and expressed for multi-locus editing

(Mojica et al. 2009).

3.3.2 Insilico analyses of candidate gene expression during secondary cell wall

development

Gene expression profiles of both candidate genes during secondary cell development was investigated
using raw high-spatial-resolution RNA sequencing data published by Sundell ez al. 2017. In the study,
Sundell et al. 2017 assayed gene expression across the wood-forming tissues of a wild-growing aspen

(Populus tremula) using RNA-seq. This involved cryosection to obtain a continuous sequence of
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samples across differentiated phloem and mature xylem, followed by analyses of transcriptional
modules composed of functionally characterized genes (Sundell et al. 2017). Expression profiles were
generated for annotated genes and several potentially novel cell wall biosynthetic genes (Sundell et al.
2017). Taking advantage of these data, gene expression profiles were obtained for MAN2 and XYN/
and compared with the expression profile of known secondary cell wall biosynthetic gene

Potri.002G257900 (PtCESA4).

3.3.3 Designing single guide RNAs targeting Populus homologs

Single guide RNAs (sgRNAs) were designed to target the coding regions of XYN/ and MAN2 in
Populus tremula and Populus alba genome. This involved first identifying the coding regions of both
genes, to do this, P. tremula and P. alba gene models and transcripts were obtained from the Aspen

database (http://aspendb.uga.edu/) and aligned through Muscle alignment in Geneious Prime®

2020.2.2. Several 19 bp sgRNAs target regions were selected downstream of the SpCas9 PAM
sequence (5’-NGG-3’) within P. tremula and P. alba coding sequences. sSgRNA was also designed to
target the phenotypically characterized Populus tomentosa phytoene desaturase gene 8 (PtoPDS) P717
homolog (Potri.014G148700) as a control. All designed 19 bp sgRNAs, were appended with extra
guanine (G) at the 5° end such that they were in the form 5’-GN19-3’ (Mali ef al. 2013b; Ran et al.
2013b). The predicted CRISPR efficiency of each potential sgRNA was then evaluated through the

online CRISPR/Cas9 efficiency prediction tool (https:/fgr.hms.harvard.edu/crispr-efficiency).

Furthermore, potential off-target activity associated with each sgRNA was predicted as follows; the
probe search function on the Aspen database was used to investigate the position and identity of
possible off-target sites in the P717 genome. Additionally, genes containing the off-target sequences
were analyzed in Geneious Prime to determine if the off-targets were preceded by the SpCas9 PAM

sequence.
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3.3.4 Screening P717 sgRNA target sequence

To confirm that the sgRNA sequences match the target P717 sequence, as this was the plant material
to be used in the study, primers flanking the sgRNA target regions were designed for PCR and
subsequent sequencing of the target regions (Table 3.1). PCR was then performed with wild-type P717
DNA as a template, amplicons were subsequently recovered with Gene JET Gel Extraction Kit
(Thermo Scientific). Purified amplicons were sequenced through Sanger sequencing at Macrogen

Europe using designed PCR primers (Table 3.1).

3.3.5 Amplicon prep and CRISPR/Cas9 construct assembly

pUC gRNA shuttle (plasmid #47024) vector and p201N Cas9 (plasmid #59175) binary vector were

isolated and purified from bacterial stabs as described on Addgene. Mt U6.6 (referred to simply as
U6), a gRNA promoter, was PCR-amplified with Swal MtU6 and MtU6R primers using pUC gRNA
shuttle vector as a PCR template (Jacobs ef al. 2015). Similarly, the gRNA scaffold was amplified
from the same vector with Scaffold F and Spel Scaffold R primers (Table 3.1). Amplicon sizes were
verified through gel electrophoresis, followed by amplicon purification with Gene JET Gel Extraction

Kit (Thermo Scientific).

To generate CRISPR/Cas9 constructs targeting candidate genes in P. alba x P. tremula, p201N Cas9
was linearized through digestion with Swal (New England Biolabs ®) followed by clean-up, and
subsequent digestion with Spel-HF (New England Biolabs ®). The digested plasmid was analyzed on
1% agarose gel to verify that it was successfully linearized. U6, scaffold, and sgRNA were assembled
into the linearized p201N Cas9 using the Gibson® Assembly Cloning Kit (NEB #E5510S). Completed

Gibson assembly reactions were then used to transform competent NEB® 5-o. competent E. coli cells
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as per the Gibson assembly transformation protocol, followed by plating on LB agar plates
supplemented with 50 mg/ml kanamycin. Putative positive transformants were screened through PCR
to confirm whether they contained the inserts (i.e., U6, sgRNA, and scaffold). Briefly, eight overnight
colonies were randomly selected and screened through colony PCR with plasmid specific primers:
Iscel R and Ubi3p218R (Table 3.1). Agarose gel electrophoresis was used to visualize and confirm
the size of amplicons, insert amplicons were then purified with Gene JET Gel Extraction Kit (Thermo

Scientific) and Sanger sequenced with Ubi3p218R primer.

3.3.6 Agrobacterium transformation and generation of transgenic plants

Agrobacterium  tumefaciens EHA105 was transformed with either CRISPR/Cas9-XYNI,
CRISPR/Cas9-MAN2 or CRISPR/Cas9-PDS construct through the modified freeze-thaw method
(Jyothishwaran et al. 2007). This was followed by PCR to confirm the successful transform of the
Agrobacterium. After confirmation, P717 leaves were then transformed through Agrobacterium-
mediated transformation and leaf disc inoculation approach (Coleman et al. 2008). Briefly, leaf discs
were infected with transformed EHA 105 and transferred to woody plant media (WPM) (0.1 mM NAA:
1-Naphthaleneacetic acid, 0.1 mM BA: 6-Benzylaminopurine, and 0.1 mM TDZ: Thidiazuron) and
kept in the dark for 3 days. Infected discs were then co-cultivated in WPM supplemented with 250mg/1
Cefotaxime and 500 mg/l Carbenicillin (WPM CC), thereafter, leaf discs were transferred to WPM CC
with 25 mg/l Kanamycin (WPM CCK) for shoot induction. Shoots developed after three weeks and
transferred to root induction media (WPM CCK but only containing 0.01 mM BA hormone) and kept

in this media for 3 weeks before final transfer to magenta boxes containing just WPM.
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3.3.7 Genomic DNA extraction and mutation screening

Following plant growth in WPM magenta jars for 3 weeks, DNA was extracted from transgenic and
wild-type P717 leaves using NucleoSpin™ Plant Kit as in the previous chapter. The presence of Cas9
transgene was confirmed through PCR with Cas9-specific primers under these PCR conditions: 95°C
for 3 minutes; 34 cycles at 95°C for 30 seconds, followed by primer annealing at 56°C for 30 seconds
and 72°C for 90 seconds, followed by primer extension at 72°C for 3 minutes. Subsequent PCR was
performed with gene-specific primers to detect possible mutations on the target site (Table 3.1). PCR
amplicons were separated on 1% agarose gel and bands corresponding to the target region were
recovered and sequenced as described previously. DNA sequence reads from transgenic and wild-type
plants were imported and analyzed with Geneious Prime® 2020.2.2 to identify possible mutations at the

target exon.

3.4 Results

3.4.1 Populus trichocarpa XYN1 and MAN2 do not have close paralogs

To understand the evolutionary history of the selected genes and identify Populus orthologs to be
targeted through CRISPR/Cas9, a phylogenetic tree representing Eucalyptus grandis, Arabidopsis
thaliana, and Populus trichocarpa protein homologs were constructed. It was established that Populus
XYNI1, MAN2, and UXS6 have no paralogs (Figure 3.1; Figure S3.1), which is consistent with Du
et al. 2013. Notably, while these genes had no Populus paralogs, they each had two Eucalyptus
homologs (Figure 3.1). From these homologs, Eucgr.FO0109 (XYNI), Eucgr.A02178 (MANZ2) and
Eucgr.G02921 (UXS6) correspond to the original genes identified with systems genetics (Wierzbicki

et al. 2019a).
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As stated earlier, the Populus genes (XYNI, MAN2 and UXS6) were prioritized mainly to avoid
CRISPR multiplexing since they had no paralogs. Furthermore, A£XYN/ mutant line was the only line
that showed impaired growth; with smaller rosettes and significantly shorter roots (Figure 2.3; Figure
2.6), these observations further motivated the decision to target this gene in Populus. Conversely,
Arabidopsis man2 mutants did not show any obvious phenotype, however, MAN?Z is interesting in that
it is the only MAN expressed in germinating seeds whose mutation do not affect germination time
course in Arabidopsis (Iglesias-Fernandez et al. 2011a; b). Therefore, it was deemed necessary to

investigate the phenotype of mutation of this gene homolog in poplar, a more significant carbon sink.

3.4.2 XYNI and MAN2 show characteristic SCW deposition gene expression
profile

Using RNA sequencing gene expression data from wild-growing P. tremula (Sundell et al. 2017), gene
expression profiles across the developing phloem and secondary cell wall forming tissues were
generated for MAN2 (Potri.013G130400) and XYN/! (Potri.002G113100) orthologs (Figure 3.2). Both
genes showed a noticeable increase in expression at the onset of secondary cell wall deposition (Figure
3.2). High gene expression levels were maintained throughout secondary cell wall deposition, like the
expression pattern of the functionally characterized secondary cell wall deposition gene, CESA4

(Figure 3.2).

3.4.3 Guide RNA design

sgRNAs to target XYNI, MAN2, and PDS in P717 were designed in the form GNio followed by the
PAM sequence (Figure 3.3). Selected XYNI, MAN2, and PDS sgRNAs had predicted target
modification efficiency scores of 7.710, 9.286, and 7.313 respectively, which suggested that all

sgRNAs would be highly efficient in directing Cas9 and introducing mutations in the target site. To
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assess the potential for off-target cleavage, off-target sequences with similar sequences to the sgRNA
guiding sequence were searched in the P717 genome through the aspen dB online tool. Several
potential off-target sites were identified, two potential off targets for PDS, one for XYNI and two for
MAN?2 had at most three mismatches to the guiding sequence (Table S3.1; Figure 3.4). All potential
off-target sites for PDS and XYNI had mismatch at the seed sequence, proximal to the PAM region,
while off-target sites for MAN2 sgRNA had mismatch at the 5’ distal to PAM (Figure 3.4). To
investigate the potential for Cas9 to bind and cleave at these putative off-target sites, PAM sequence
following potential off-target sites was investigated, none of the potential off-target sites were followed
by the canonical 5’-NGG-3" PAM sequence, thus, theoretically, Cas9 would not recognize and cleave

in these regions (Figure 3.4).

3.4.4 CRISPR/Cas9 constructs

Before CRISPR/Cas9 constructs were to be generated, it was confirmed through target site
amplification and sequencing that designed sgRNAs could target candidate genes in P717 (Figure
3.5). U6 promoter and scaffold amplicons were generated through PCR using pUC shuttle vector as a
template (Figure 3.6). Then, both amplicons and sgRNA were assembled into linearized p201N Cas9
vector to generate separate constructs targeting XYNI, MAN2, and PDS in P717 (Figure 3.7),
henceforth referred to as CRISPR/Cas9-XYNI, CRISPR/Cas9-MAN2, and CRISPR/Cas9-PDS
respectively. Successful assembly of inserts into vector was verified through PCR, all eight screened
XYNI and MAN?2 constructs contained inserts, while two PDS constructs potentially carried inserts
(Figure 3.8). One confirmed positive transformant from each line was sequenced to further confirm
the presence of inserts, and more importantly, check for single nucleotide polymorphisms (SNPs) in

the inserts. All screened constructs contained inserts with no SNPs (Figure S3.2). Next, transformation
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of Agrobacterium with the screened constructs was performed and, transformed Agrobacterium

colonies were further screened to confirm they carried the constructs with the inserts (Figure 3.9).

3.4.5 Genetic modification detection and analyses of preliminary phenotype

By employing the previously described CRISPR/Cas9 gene editing protocol (Jacobs et al. 2015),
CRISPR constructs targeting P717 MAN2, XYN1, and PDS were successfully generated (Figure 3.8).
In three trials (each starting with ~80 leaf discs per line), a total of nine CRISPR/Cas9-MAN2 and two
CRISPR/Cas9-XYNI1 putative transformants were recovered. While CRISPR/Cas9-MAN2 shoots were
obtained from each trial, the CRISPR/Cas9-XYN! shoots were only obtained in one of the three trials.
(Figure 3.10). Following five weeks in WPM+NAA/BA/TDZ/C containing 25 mg/l Kanamycin,
CRISPR/Cas9-XYN1I and CRISPR/Cas9-MAN?2 putative mutant shoots formed, however, only 3 and 2
shoots formed in each line, respectively (Figure 3.10). Notably, no CRISPR/Cas9-PDS shoots were
recovered during the transformation trial. When the recovered shoots were grown in root-inducing
media supplemented with kanamycin, an obvious root was formed in CRISPR/Cas9-MAN?2 line while
CRISPR/Cas9-XYNI and wild-type plants did not develop such a root (Figure 3.10), suggesting that
the CRISPR/Cas9-MAN2 was more likely to be transgenic. Nevertheless, genomic DNA was extracted
from both TO putative transgenic plants (one CRISPR/Cas9-MAN2 and one CRISPR/Cas9-XYNI)
followed by Cas9 and subsequent mutation screening. Both screened plants were transgenic as they

expressed the Cas9 transgene, however, none of them were edited at the target locus (Figure 3.11).
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3.5 Discussion

To address the limitation associated with using Arabidopsis as a model plant for functional
characterization, we aimed to edit MAN2 and XYN1 gene homologs in Populus using CRISPR/Cas9-
gRNA approach. Transgenic Populus plants were generated, however, none of the transgenics
contained a mutation at the target locus. Failure to recover Populus mutants may imply that these genes
are essential in Populus, and as a result, mutation thereof may be lethal, which would not be surprising

considering that Populus is a more significant carbon sink.

3.5.1 Populus XYNI and MAN2 gene expression increases during secondary cell

wall deposition

In this section, the goal was to generate CRISPR/Cas9 knock-outs of XYNI and MAN2 in P717 with a
long-term goal of establishing the impact of mutation of these genes on cell wall development and
plant growth and physiology. In silico gene expression analyses of these genes showed a rapid increase
in XYNI and MAN2 expression during cell wall deposition (Figure 3.2), this indicates that both these
genes may be important in cell wall biosynthesis in Populus. Supporting the role of XYNI in cell wall
deposition, XYNI has been shown to be co-expressed with the Vascular-related NAC-domain 7
(VND7), a master regulator of secondary cell wall deposition (Turco et al. 2017). The low gene
expression maintained throughout all transcriptome reprogramming events before cell wall deposition
may suggest that the functions of these genes are restricted to secondary cell wall deposition (Figure
3.2). Notably, the expression of MAN2 also spikes during early cell death which presents a possibility

that in addition to cell wall deposition, MAN2 may play a role in programmed cell death (Figure 3.2).
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3.5.2 Modification of candidate gene homologs

gRNAs were designed to target the sense strand of XYN/ and MAN2 genes. To be able to distinguish
between P. alba and P. tremula alleles, the target regions for designed gRNA were selected with the
consideration that they should be surrounded by some SNPs between alba and tremula alleles. Several
sgRNAs were designed for each gene and subjected to an online CRISPR efficiency prediction tool
which gives the cumulative p-value efficiency score for the gRNA sequence (Housden et al. 2015).
This tool assesses the target modification efficiency of sgRNA based on the presence or absence of U6
terminator sequence (TTTT) and whether translational stop codons exists in any of the reading frames
(Housden et al. 2015). The consideration for the presence of U6 terminator sequence was particularly
important since the expression of the sgRNA was to be driven by U6 RNA polymerase III, which, in
the presence of terminator sequence, would lead to nonfunctional sgRNA (Housden et al. 2015).
sgRNAs with the highest predicted efficiency were chosen for targeting selected genes (Figure 3.3).
It is worth noting that an extra Guanine nucleotide was appended to the 5’ of the gRNA sequences
since U6 RNA polymerase III prefers G as a first base of the transcript (Guschin et al. 2010). In
addition to sgRNAs targeting XYNI and MAN2, sgRNA was also designed to CRISPR-target PDS as
a positive control for all subsequent transformation events. PDS was chosen for this purpose because
its mutants have been shown to display an obvious albino phenotype in several plant species including
Populus (Qin et al. 2007; Shan et al. 2013; Fan et al. 2015). Thus, the obvious albino phenotype would
be useful to confirm not only cloning success but also transformation efficiency. With all sgRNAs
designed, the potential for off-target cleavage activities was evaluated through the aspen online
database. Several potential cleavage regions were identified, however, none of them were immediately
followed by a SpCas9-recognizable PAM (Figure 3.4), therefore, these regions would most likely not
be recognized by Cas9 (Reviewed in Ran ef al. 2013b). While this in silico approach is useful for rapid

detection of potential off-targets as seen here, it is noteworthy that it does not precisely detect potential
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off-target mutations that occur in vivo (Fu et al. 2013; Hsu et al. 2013; Mali et al. 2013a; Cho et al.
2014). Therefore, more efficient methods are required for the detection of off-target mutations at that

level (Reviewed in Zhang ef al. 2015).

3.5.3 Putative transformants recovery and mutation screening of TO plants

The poor transformants recovery observed here may generally be attributed to the stringent plant
resistance regulatory mechanisms that prevent the stable integration of transgenes. Alternatively, the
concentration of kanamycin was suspected to be perhaps preventing shoot development (as control
CRISPR/Cas9-PDS shoots were not recovered), to investigate this possibility, explants were
transferred to media containing half the starting concentration of kanamycin, however, there was no
improvement in shoot regeneration success. An important alternative in understanding the underlying
factor behind such poor shoot regeneration will require including appropriate transformation controls
(e.g., an empty vector with no sgRNAs), which will be useful in determining if the transfection process
itself or the transfection reagents have a toxic effect on plant cells, possibly hindering shoot
development. While there may indeed be a technical issue preventing shoot regeneration, it cannot be
ruled out that the CRISPR/Cas9-induced mutation in XYN/ may potentially be lethal, and thus, mutants

may not be recovered.

Indeed, no mutants were recovered in the current study. The lack of genetic modification in the
CRISPR/Cas9-XYNI transgenic plant was somewhat intriguing considering that the transgenic plant
was significantly stunted (Figure 3.11), giving strong hints that it could potentially be mutant. Such
lack of mutation may have to do with the location of integration of Cas9-sgRNA in the genome, this
will require Southern blotting to confirm, however, such analyses are beyond the scope of this study.

Notably, although no mutation was observed in Populus, the poor growth observed in AtXYNI may be
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explained by other factors, which are unknown at this moment. Furthermore, since in poplar secondary
cell walls are even larger carbon sink compared to Arabidopsis, XYNI may play a more secondary role
in poplar, thus, a further attempt at generating mutants in Populus XYNI is highly recommended. In
contrast to the significantly poor CRISPR/Cas9-XYNI putative transformants recovery, numerous
CRISPR/Cas9-MAN2 TO shoots were recovered, however, the majority of these died as seedlings. The
one plant that survived and contained Cas9 transgene but was not edited, just like with CRISPR/Cas9-
XYNI line described above (Figure 3.11). Considering that only one plant was screened for mutation

from each line, the likelihood of such one plant being genetically modified was indeed very low.

3.5.4 Possible future solutions to the lack of target site modification

Amongst others, the inefficiency and poor quality of the specific sgRNA in directingCas9 to the target
exon and mutating the gene may be one of the major limitations leading to no target site modifications.
This is possible since different sgRNAs targeting a similar gene often possess different efficiencies as
previously observed when four different sgRNAs were used to target PDS in Populus tomentosa (Fan
et al. 2015). To address this, the sgRNA can either be pre-screened through the transient tobacco
approach or the target site can be targeted with 3 different sgRNAs through established multiplexing
methods (Lowder et al. 2015; Liang et al. 2019). This way, an efficient sgRNA can be identified, and
the efficiency of CRISPR/Cas9-mediated genome editing can be improved. Furthermore, a screening
marker can be included to visualize the in vivo Cas9-mediated activity, this is essential in identifying
positive transformants (Hahn ez al. 2017; Yu and Zhao 2019). In addition to the sgRNA efficiency and
quality, an alternative explanation for the lack of target site modification is the possibility that the
target gene may be missing some essential parts, therefore, it will be important to verify the integrity
of the target gene. Additionally, a possible future work will be to confirm the gene expression of Cas9

and sgRNA in the transgenic poplars. It may also be essential to perform gene expression modulation
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rather than knock-out, this may yield more biotechnologically relevant and potentially desirable

phenotypes.
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3.7 Tables and figures

Table 3.1 Primer sequences used for all amplification reactions in this research chapter.

Primer designation Sequence (5°-3%) Application®

XYN F TCACTTGTTCCTGTCCAAGC sgRNA target screening in P717
XYN R CCCAGTCCTTATCTGTTGCC (3.3.4) and screening of putative
MAN _F TTGATGCCAACATTCCACCA transgenic plants (3.3.7)

MAN R GCCCGAGTGGTAAGGTAAAG

PDS F AGAGCAAAAGTCACTGCCAA

PDS R GCGGAGAAGAACGAAAGGAT

Scaffold F GTTTTAGAGCTAGAAATAGCAAGTT Amplicon prep for Gibson
Spel_ScaffoldR* AAAAAAAGCACCGACTCGGTG assembly (3.3.5)

Swal MtU6F* ATGCCTATCTTATATGATCAATGAGG

MtU6R AAGCCTACTGGTTCGCTTGAAG

IScel R GTGATCGATTACCCTGTTATCCCTAG p201N Cas9 construct screening
Ubi3p218 R ACATGCACCTAATTTCACTAGATGT for inserts (3.3.5)

Cas9R1 GCTGTGGCGATCGGTATTGC Cas9 transgene screening (3.3.7)
Cas9F1 CATATGATCAAATTTCGGGGACACTTC

*The purpose of primer in the current study and the relevant sections in which the primer was used.

*Spel_Scaffold reverse primer consist of the 5 GTCATGAATTGTAATACGACTCA overhang, while Swal MtU6F
consist of 5> GATATTAATCTCTTCGATGAAATTT overhang. Overhangs are necessary for annealing scaffold and U6
to linearized p201N Cas9 vector in Gibson assembly, see Jacobs et al. 2015.
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Figure 3.1 Phylogenetic trees representing homologs of MAN2 and XYNI1 in Arabidopsis, Eucalyptus and Populus.
Phylogenetic trees showing Arabidopsis thaliana, Eucalyptus grandis, and Populus trichocarpa homologs. Arabidopsis and Populus homologs

are coloured. Populus XYNI1 (Potri.002G113100, tree A) and MAN2 (Potri.013G130400, tree B) have no paralogs and were chosen for CRISPR

editing in the current study, Phylogenetic tree generated with Geneious Prime® 2020.0 and modified in iTOL v5.
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Figure 3.2 Gene expression profiles of PPtIMAN2 and PtXYNI generated from P. tremula (Pt)
RNAseq data.

The expression profile for MAN2 and XYNI P. trichocarpa orthologs. Gene expression profile of CESA4
included as a reference. i-iv are tree developmental stages; i: phloem and xylem differentiation, ii: cell
expansion, iii: secondary cell wall deposition, iv: cell death. Dotted lines mark the transition between

developmental stages. VST: variance stabilizing transformation
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1,240 1,250 1,260 1,270 1,280 1,290
Consensus GGCATTCAATGATGGTGGCTACAACGCACTCCAGGTCTCCCCTGGTAGATTCGATGAGCGG
Identity

MAN2 gRNA PAM

1.P.tremula GGCATTCAATGATGGTGGCTACAACGCACTCCAGGTCTCCCCTGGTAGATTCGATGAGCGG
2.P.alba GGCATTCAATGATGGTGGCTACAACGCACTCCAGGTCTCCCCTGGTAGATTCGATGAGCGG

6,140 6’1.50 G,WIGO 6’1.70 6,‘IISO 6'1.90 6

Consensus GAGATGGAGACGGRAACATTATTCTGAACCCTCAGTTCGACGATGGCCTGAATAATTGG
Identity

PAM
1. P. tremula GAGATGGAGACGGGAACATTATTCTGAACCCTCAGTTCGACGATGGCCTGAATAATTGG
2.P.alba GAGATGGAGACGGAAACATTATTCTGAACCCTCAGTTCGACGATGGCCTGAATAATTGG

660 670 680 690 700 710
Consensus GAGGCAGTGAATCAATGGGCCATTCTTTGAAATTCCCATTTGGAAATTCTTCTGCTAAAAC
Identity

PDS gRNA PAM

1. P.tremula ATCAATGGGCCATTCTTTGAAATTCCCATTTGGAAATTCTTCTGCTAAAAC
GGGCCAT CTGCT

2.P.alba gAgggAngﬁATCAAT TCTTTGAAATTCCCATTTGGAAATTCTT
Figure 3.3 Sequences of MAN2, XYNI and PDS sgRNA obtained through Sanger sequencing.
sgRNAs were designed in 5’-GNyo -3 form to target genes in P717. Ni9 and PAM annotated. MAN2 and PDS
sgRNAs target exon 1 of these respective genes, while XYN/ sgRNA targets exon 8. Images generated and
modified in Geneious Prime® 2020.0.
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Target

Tremula

ATTCTTTGAAATTCCCATT | TGG|Potri.014G148700_PDS

ATTCTTTGAAATACCCTTT |CTT Off-target 1: Potri.006G132700

Alba ATTCTTTGAAATACCCTTT |CTT

Tremula ATTCTTTGAGTTTCCCATT|CAG Off-target 2: Potri.008G160200
Alba ATTCTTTGAGTTTCCCAAT | CAG

Target TGAACCCTCAGTTCGACGA | TGG | Potri.002G113100_XYN1

Tremula TGAACTCTCAGTTCTACAA|AAA Off-target 1: Potri.006G231200
Alba TGAACTCTCAGTTCTACAA | AAA

Target ACGCACTCCAGGTCTCCCC|TGG|Potri.013G130400_MANZ2

Tremula ATGCAATCCAGGACTCCCC|TGC Off-target 1: Potri.002G257800
Alba ATGCAATCCAGGACTCCCC | TGC

Tremula ACCAACACCAGGTCTCCCC|GGC Off-target 2: Potri.012G017400
Alba ACCAACACCAGGTCTCCCC | GGC

Figure 3.4 In silico prediction of off-target cleavage activity.

P. tremula and P. alba genomes were searched for potential sgRNA target sites. Putative target DNA sequences
were analyzed to verify whether they are immediately preceded by any of the canonical forms of the SpCas9
PAM sequence. Only potential targets with at most 3 mismatches to the target are shown. Mismatched

nucleotide indicated in red, potential PAM sequence is shown in blue.
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Figure 3.5 Screening sgRNA target regions in P717 through sequencing

P717 sgRNA target region was amplified and sequenced with gene-specific primers. sgRNA targets in the anti-
sense DNA strand are highlighted. All target sequences match the designed sgRNA sequences (Figure 3.3 and
Figure 3.4).
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Figure 3.6 Preparation of U6 and gRNA scaffold for Gibson assembly.

(A) pUC gRNA shuttle vector schematic: Ampicillin was used to select the plasmid; U6 and gRNA scaffold
were amplified from the plasmid with the amplicon-specific primers as shown in blue (B) Amplicon sizes of
U6 and scaffold confirmed with PCR, U6 amplicon is 377 bp while the scaffold is 106 bp. M is the Gene Ruler
100 bp DNA Ladder (Thermo Scientific).
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Figure 3.7 Linearizing p201N Cas9 by restriction enzyme digest.
(A) p201N Cas9 schematic, the vector was linearized by restriction enzyme digest with Swal and Spel. (B)

Restriction digest products cut with Swal and with both Swal and Spel were visualized and compared with

uncut plasmid on a 1% (w/v) agarose gel.
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Figure 3.8 Screening CRISPR/Cas9 constructs for inserts through colony PCR.

(A) Schematic showing a portion of CRISPR/Cas9 construct with all the relevant inserts following successful
Gibson assembly. (B) Confirmation of the presence of inserts through PCR with Ubi3p218R and Iscel R
primers. Amplicons visualized and compared with linearized empty p201N vector on a 1% (w/v) agarose gel.
Constructs were also Sanger sequenced to confirm that they contained all three inserts with no SNPs (Figure

S 3.2).
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Figure 3.9 Comfirmation of the presence of inserts in transformed Agrobacterium.
Following transformation of Agrobacterium with CRISPR/Cas9 constructs, four randomly selected putative
transformants were screened for inserts through colony PCR. Amplicons visualized in a 1% ethidium bromide-

stained agarose gel.

CRISPR/Cas9-MAN2 CRISPR/Cas9-XYN1 Wild-type

CRISPR/Cas9-MAN2 CRISPR/Cas9-XYN1 Wild-type

Figure 3.10 Preliminary growth phenotype analyses of XYNI and MAN2 CRISPR lines.

(A) Representative shoots in shoot-inducing media (WPM+NAA/BA/TDZ/C containing 25 mg/l Kanamycin)
after one month, no shoots were generated from CRISPR/Cas9-PDS line. (B) Shoots in pure WPM for three
months, XYNI CRISPR line show no apparent growth.
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Target sequence ,;0
(MAN2) TCTACCAGGGGAGACCTGGAGTGCGTTGTAGCCAC A
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CRISPR/Cas9-MAN2

Target sequence }o
(XYNI) CAGGCCATCGTCGAACTGAGGGTTCAGAATAATGT A

WT

CRISPR/Cas9-XYNI

WA

TCGTCGAACTGAGGGT T CACYSVYSICN

CAGGCC

Figure 3.11 Cas9 transgene screening and mutation detection.

DNA was extracted from leaves of putative CRISPR/Cas9 mutants and wild-type. (A) The presence of Cas9
transgene was confirmed through PCR with Cas9-specific primers. p201N Cas9 empty vector was included here
as a positive control. M is a Gene Ruler 100 bp DNA Ladder. (B) Sequence reads from Sanger sequencing for
wild-type and putative mutants as visualized on Geneious for detection of gene modification. Target sequences
are highlighted in blue and PAM is highlighted in red. Scissors show the region on the target site where a

mutation is expected to occur.
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3.8 Supplementary Tables and Figures

Table S3.1 Off-target sites determined from Aspen DB probe search online tool. Only potential

off targets in the coding sequences are depicted. Mismatched nucleotide shown in red.

PDS ATTCTTTGAAATTCCCATT Number of
mismatches

Tremula ATTCTTTGAAATACCCTTT 2
Alba ATTCTTTGAAATACCCTTT

Tremula ATTCTTTGAGTTTCCCATT 2
Alba ATTCTTTGAGTTTCCCAAT

XYN1 TGAACCCTCAGTTCGACGA

Tremula TGAACTCTCAGTTCTACAA 3
Alba TGAACTCTCAGTTCTACAA

Tremula TGAATCCCCAGTTCGACCA 3
Alba CGAATCCCCAGATCGACCA

Tremula TGAACCCTCAGATAGAAGG 4
Alba TGAACCCTCAGATAGAAGG

Tremula AGAAACATCAGTTTGACGA 4
Alba AGAAACATCAGTTTGACGA

MAN2 ACGCACTCCAGGTCTCCCC

Tremula ATGCAATCCAGGACTCCCC 3
Alba ATGCAATCCAGGACTCCCC

Tremula ACCAACACCAGGTCTCCCC 3
Alba ACCAACACCAGGTCTCCCC

Tremula ACGCACTCCATCTCTCCAT 4
Alba ACGCACTCCATCTCTCCAT

Tremula GCACTCTCCAGGTCACCCC 4
Alba GCACTCTCCAGGTCACCCC

Tremula GCCCTCTCCAGATCTCCCC 4
Alba GCCCTCTCCAGATCTCCCC

Tremula CCATACTCCAGTTCTCCCC 4
Alba CCATACTCCAGTTCTCCCC

Tremula ACGCACTCCATGTCCCATC 4
Alba ACGCACTCCATGTCCCATC

Tremula ACGCCCTCCAATTTTCCCC 4
Alba ACGCCCTCCAATTTTCCCC

Tremula AAGCACTCCAGCACTACCC 4
Alba AAGCACTCCAGCACTACCC
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Figure S3.1 Phylogenetic trees representing homologs of UXS6, ARAF1 and EMP70.
UXS6 (Potri.001G237200, tree A) have no paralog, while ARAF1 (Potri.006G02770, tree B) have three paralogs, and EMP70 (Potri. T059600, tree C) have

five paralogs. The lack of phenotype for USX6 in Arabidopsis disqualified it for CRISPR-editing in Populus. Multiple paralogs of ARAF1 and EMP70 demands
several gRNAs to be designed for targeting, for feasibility of this study, ARAFI and EMP70 were not selected for testing in Populus.
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Figure S 3.2 Screening of CRISPR/Cas9 constructs for inserts through Sanger sequencing.
CRISPR constructs targeting XYN1, PDS and MAN (top to bottom) were sequenced with Ubi3p218R primer to
confirm successful assembly of U6, sgRNA and scaffold into p201N Cas9 plasmid. Sequences were annotated
in Geneious Prime® 2020.2.2.
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Chapter 4

Concluding Remarks



4.1 Introduction

In the continued quest to eliminate the use of fossil fuels to alleviate challenges associated with climate
change, it has become necessary to rely on lignocellulosic biomass as an alternative source for
generating a wide range of value-added products. Such products include bioplastics, packaging
materials, textiles, etc. Furthermore, with the advancements in bioprocessing approaches,
lignocellulose has become significantly desirable for application in the pharmaceutical industry and
the production of novel biomaterials and biofuels. Lignocellulosic biomass is primarily composed of
the carbohydrate biopolymers, cellulose and hemicellulose, and the polyphenolic polymer, lignin, and
represents the largest carbon sink not only in individual plants but also in the whole biosphere. In the
biorefinery, lignocellulose-degrading enzymes, such as cellulases, hemicellulases, and lignin
modifying enzymes are necessary for the bioconversion of lignocellulose into value-added products
(Chandra and Madakka 2019). However, the lignocellulose structure, modifications thereof, and the
tight interaction amongst the biopolymers contributes to biomass recalcitrance, which is the resistance
of lignocellulose to bioprocessing (Himmel ez al. 2007; Zeng et al. 2017). Such recalcitrance hampers
the feasibility of large-scale production of bio-based products from lignocellulosic biomass.
Accordingly, a comprehensive understanding of lignocellulose structure and how it precisely affects
bioconversion is vital. Exploring the relationship between lignocellulose structure and bioprocessing
starts with a good understanding of how lignocellulose biopolymers are synthesized, which in turn

requires a substantial understanding of the precise biological roles of biosynthetic genes involved.

In this study, functional analysis of five xylan-associated genes was performed, focusing specifically
on the impact of gene knock-out mutations on plant growth and secondary cell wall development. In
this chapter, I discuss how the specific genes selected for analyses here were chosen by referring to

the primary systems genetics study that identified these genes. I further discuss the implications of
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growth phenotypes and cell wall morphology of mutants with reference to plant growth and
physiology. More importantly, this being the very first study to analyze the growth phenotype of
EMP70 mutants in plants, we describe the growth advantage phenotype observed and suggest a
functional model describing the possible role of EMP70 in Arabidopsis seed germination. Finally, the
functional analyses performed in Arabidopsis were further extended to poplar, since this is one of the
major energy crops with substantially high biomass yield, and therefore more important for
bioproducts production. Using the CRISPR/Cas9 gene editing tool, we generated transgenic poplar
plants although they were not genetically modified at the target locus. Altogether, the work done here
presents a starting point in understanding the exact functions of some of the essential cell wall
biosynthetic genes. As previously mentioned, understanding the exact roles of such genes in wood
formation is an essential step towards dissecting the impact of lignocellulose structure on

bioprocessing efficiency and potentially reducing biomass recalcitrance.

4.2 Exploring the broad implications of candidate gene selection

Knowing which genes to target to achieve the desired bioprocessing traits is an important first step in
any functional genetics study, this is essential, in part to evade unwanted growth penalties as observed
in various studies (Xiong et al. 2013b; Petrik et al. 2020). Here, selecting candidate genes to be
functionally tested relied on a previous systems genetics study which established a suite of putative
xylan-associated genes in a Eucalyptus backcross population (Wierzbicki et al. 2019a). While relying
on this data did not necessarily avoid the unwanted traits, it helped predict which genes were more
likely to yield phenotypes desirable to bioprocessing. This is because, in addition to identifying the
genes, the expression of these genes was correlated with traits that are known to affect the efficiency
of bioprocessing (Figure 2.1; Figure 2.2). With this understanding, genes from biotechnology cluster

3 (namely, XYNI, MAN2, UXS6, EMP70, and ARAFI) were selected for functional analyses since their
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expression profile was negatively correlated with xylan acetylation and positively associated with pulp

yield (Wierzbicki ef al. 2019a; Figure 2.2).

In addition to the gene expression profile and correlation at the population level, several other aspects
at the molecular level ought to be considered to understand if targeting these genes can potentially
affect cell wall development. For example, whether these genes are predominantly expressed in xylem
vessels (which are composed of the secondary cell wall), and if they are, if their expression is xylem
specific. Such discrepancy may exist most likely due to the possible mixed nature of the samples used
for expression profiling in the systems genetics study. Through interrogation of literature, it was
established that from the selected genes, only AtARAFI, AtUXS6, and AtXYNI are highly expressed in
the xylem vessels, however, their expression is not restricted to xylem (Suzuki et al. 2002; Fulton and
Cobbett 2003; Chavez Montes et al. 2008; Zhong et al. 2017). Therefore, an important question for all
BC 3 genes would be why genes within this cluster all are transcriptionally coordinated with other
secondary cell wall biosynthetic genes even though some are not xylem specific. Such questions
emphasize the possibility that some complex relationships exist amongst the biosynthetic genes,
which, for example, may point to the complexity of metabolism associated with secondary cell wall
development. Furthermore, it is worth noting that the similarity of the gene expression profile of BC
3 genes at the population level may not necessarily represent the gene expression at the molecular
level. Thus, the selected genes (and other genes in BC 3) may not be functioning in concert with other
genes and therefore acting redundantly as reflected by the lack of strong and consistent mutant

phenotypes of these genes in the current study (Table S2.4).
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4.3 Lessons from functional gene testing in Arabidopsis and Populus

Arabidopsis XYNI T-DNA insertional mutants showed a slow growth during early development as
exhibited by the significantly smaller rosette leaves (Figure 2.3). We interrogated the underlying
physiological aspect that could explain the poor growth phenotype of Atxynl plants, and we showed
that mutants have noticeable smaller roots (Figure 2.6), which may present limitations for efficient
water and nutrient transport from roots to leaves. Supporting this possibility, overexpression of similar
gene lead to increased transport from stem to leaves (Endo ef al. 2019). Further evidence emphasize
the possible involvement of XYN/ in drought resistance (Goujon et al. 2003; Wang et al. 2013). Thus,
it is suggested that XYNI may be playing an important role in the regulation of water transport from
roots to the leaves, however, future analyses of the growth phenotype of mutants under different
drought conditions are necessary to validate the possibility of this biological role. Notably, xyn/
mutants were able to grow just like wild-type throughout the late vegetative growth phase, which is
expected considering that several putative xylanases may compensate for the loss of XYNI1 activity
(Suzuki et al. 2002), therefore, sophisticated enzymatic studies that explore the exact biological role
of XYNI-related putative xylanases will be beneficial to establish which xylanase plays the most

prominent role in secondary cell wall biosynthesis.

Ultimate analyses of lignin content showed a significantly higher lignin content for xyn/ mutants
(Figure 2.11). This was a somewhat intriguing result considering that xyn/ mutants did not show any
notable increase in secondary cell development when xylem vessel morphology and monosaccharide
content were examined (Figure 2.8; Figure 2.9). While there are several explanations for this
observation, the most probable is that the accumulation of glucuronoxylan (which is expected in XYN/
knock-outs) may lead to increased lignin content (Mortimer et al. 2010). Finally, with man2, arafi

and uxs6 mutant lines showing no obvious consistent growth phenotype or alteration of cell wall
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morphology and chemistry, the sugar release analyses are necessary for these mutant lines. If mutation
in any of these three genes is found to confer significant improvement in sugar release efficiency,
genetically engineering cell walls through modification of these genes would be highly recommended

for potential improvement of saccharification efficiency without any growth penalties.

4.4 Suggested model for the possible role of EMP70 in Arabidopsis

Contrary to the slow growth observed in xyn/ mutants, a far more interesting observation was made
in Arabidopsis emp7(0 mutants, which showed a consistent vegetative growth advantage relative to
wild-type (Table S2.4). This growth advantage was marked by mutants germinating significantly
earlier than wild-type, mutants having larger rosette leaves, more rosettes, and significantly taller
inflorescence stem. These observations were not only interesting because they depicted a growth
advantage but also because this was the very first study to identify a growth phenotype in Arabidopsis
EMP70 T-DNA insertion mutants. Before this study, the only available information pertaining to the
EMP70 was the biochemical analyses that showed that members of this protein family are the most
abundant in the Golgi, and more importantly, the Arabidopsis EMP70 members localize exclusively
to the Golgi (Dunkley et al. 2006; Gao et al. 2012; Nikolovski ef al. 2012, 2014). Both these aspects
hinted that EMP70 may be important for cell wall biosynthetic processes that occur specifically in the
Golgi, such as xylan biosynthesis. Another important aspect of EMP70 is the observation that
heterologous expression of the Arabidopsis homolog (AT3G13772) in yeast leads to increased
intracellular Cu content, which has been suggested to indicate that EMP70 may be a channel
transporter involved in the regulation of Cu balance within cells (Hegelund et al. 2010). Considering
that this is the first study to conduct an in-depth analysis of the growth phenotype and secondary cell
wall chemistry of EMP70 mutants, I assimilated suggestions from all previous studies and our

observations to generate a comprehensive model suggesting the possible function of EMP70 in
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Arabidopsis germination (Figure 4.1). This model suggests that EMP70 acts as a Cu transporter in
addition to some of the characterized Cu transporters such as COPT (Himelblau et al. 1998; Abdel-
Ghany et al. 2005). In this role, EMP70 may be necessary for an extremely fine-tuned regulation of
ABA and GA concentration, this may be achieved by regulation of ABA catabolism through
modulating Cu concentration (Figure 4.1). In the absence of EMP70, intracellular Cu concentration
may decrease to levels below the threshold necessary for normal regulation of ABA, leading to
dysregulation of ABA concentration and activity, thereby increasing the concentration of GA, which

promotes early seed germination (Figure 4.1).

It is important noting that this model is based on a very limited number of studies, and thus, it may not
present the most accurate function of EMP70. Additional studies are necessary to establish the exact
function and biological role of this gene family. Another limitation of this model is the inability to
describe the possible interacting partners of EMP70, which may affect how EMP70 regulate Cu
content and germination time course. Such limitation is due to the lack of prior EMP70 functional
characterization information. In addressing these limitations, it is highly recommended that future
studies measure the levels of Cu, ABA, and GA in the Arabidopsis emp70 mutants to further support
the model. Finally, it should be noted that the observation that alteration of SCW biosynthetic genes
can alter plant physiological processes as predicted by our suggested model is not surprising. Similar
relationships between SCW development and processes such as plants’ response to abiotic stresses has
recently been demonstrated (Coleman et al. 2021). Altogether, the phenotypic and cell wall
morphology analyses observed in this study are extremely important for future work that aims to

further expand on the functional characterization of this novel gene in plants.
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4.5 Probing the efficiency of Agrobacterium-mediated transformation and

CRISPR/Cas9-based gene editing

In the final research chapter, CRISPR/Cas9 approach was employed to generate mutations in AtXYN]
and AtMAN2 P717 orthologs. Following several rounds of Agrobacterium-mediated transformation,
very few XYNI and MAN2 CRISPR/Cas9 putative transformant shoots were recovered, which
emphasized the known setback that transformation and gene editing efficiencies are low especially in
woody plants. Such recalcitrance to transformation is attributed to several factors such as the
transformation system, and the Agrobacterium strain used for transformation. For example, LBA4404
Agrobacterium has been shown to possess remarkably higher transformation rates compared to
EHAT105 in some plant species owing to its use of the super binary vector pTO233 with virulence
genes derived from the super Ti plasmid pTiBo542 (Jeknic et al. 1999; Suzuki et al. 2001). However,
using LBA4404 per se does not ensure an improved transformation rate because the protocols that
employ LBA4404 or EHA105 are time-consuming, tedious, and inefficient, making successful
functional characterization through gene editing very challenging. To overcome this limitation, a far
more efficient and reliable protocol involving transformation of FEucalyptus hairy roots with
Agrobacterium rhizogenes has been developed (Plasencia et al. 2016). Compared to the traditional
Agrobacterium-mediated transformation approaches such as the one used for transformation of poplar
here, plants transformed through the hairy root protocol can easily be detected through fluorescent
markers with an the overall transformation efficiency of over 60% (Plasencia ef al. 2016; Dai et al.
2020). Besides transformation protocol, the source and age of explants have also been shown to
influence the transformation and regeneration success. Explants from wounded stems, callus, root
crowns, and auxiliary meristematic tissue tend to offer greater transformation success compared to
explants from mature leaves (Babu and Chawla 2000; Zhao et al. 2000; Blazquez et al. 2009; Sood et

al. 2011; Baskaran and van Staden 2012). Therefore, combining the right transformation material and
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protocol may improve both transformation efficiency and the potential to regenerate positive

transformants.

The conventional approaches for improving transformation described above are not always effective
as they are generally species- and genotype-specific, consequently, relying on such simple
transformation customizations is not viable for large-scale genetic engineering applications.
Accordingly, more elegant approaches are necessary, for example, studies focusing on manipulation
of plant developmental genes (DEV genes) as an attempt to enhance transformation efficiency are
currently underway (Matsuo et al. 2011; Yordanov et al. 2014; Nonaka et al. 2019). Furthermore,
more reliable options for inoculation and regeneration are currently being tested (de Oliveira ef al.

2011; Chin et al. 2018).

On the other extreme, attempts are being made to directly manipulate and improve the efficiency of
CRISPR genome editing approach. For example, engineering gRNAs through extension or truncation
of either the spacer or scaffold region has been shown to improve both target specificity and editing
efficiency (Fu et al. 2014; Dahlman et al. 2015; Kiani et al. 2015). Similarly, a fusion of natural
SpCas9 with chromatin-modulating peptides (CMPs) lead to a several-fold increase in gene editing
efficiency (Ding et al. 2019). Furthermore, it has recently been demonstrated that pairing Cas9 with
Ubiquitin 10 (UBQ10) promoter instead of U6 for gRNA expression can lead to a 95% and 70%
increase in mutation efficiency in Arabidopsis and Medicago truncatula, respectively (Wolabu et al.
2020). More recently, a cutting-edge approach aimed at addressing most of CRISPR/Cas9-associated
limitations, such as off-target activities and chromosomal translocations has been developed. This
approach, called CRISPRoff, is unique and effective because it regulate gene function without
modifying the underlying DNA sequence (Nufiez et al. 2021). Instead, CRISPRoff relies on

modulation of epigenetic landscape to silence gene expression (Carlson-Stevermer et al. 2020; Nufiez
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et al. 2021). Altogether, the potential successes from these ongoing attempts at improving both gene
editing and transformation efficiency offer a promise for highly effective targeted gene editing.
Coupling efficient gene editing tools with optimized transformation will be highly beneficial for large-

scale gene editing-based studies aimed at improving bioprocessing efficiency.

4.6 Conclusions and future perspectives

Through the integration of growth phenotype analyses, in-depth secondary cell chemistry, and
morphology analyses, this study established important preliminary functional information pertaining
to some of the secondary cell wall-associated genes in Arabidopsis. It was shown that 4tXYNI may be
important during early vegetative growth, regulating water and possibly nutrient transport to ensure
normal plant growth. More importantly, A¢£XYN1 affects secondary cell wall chemistry as observed
with increased lignin content in mutants. While the reduction in growth was subtle in these mutants,
future work may consider tissue-specific gene knock-outs, to perhaps reduce the overall impact of the
mutation on plant growth. In contrast to xyn! ’s slightly reduced growth, mutant analyses of EMP70, a
poorly characterized gene in Arabidopsis, revealed a growth advantage phenotype accompanied with
no alteration in cell wall morphology or monosaccharide composition. Remarkably, further analyses
showed that mutant germinates significantly earlier than wild-type, to incorporate these phenotype
data, a simple functional model has been generated, which suggest that EMP70 may be involved in
the regulation of seed germination by affecting the concentrations of Cu and consequently altering the
crosstalk between ABA and GA. This model will assist with further functional characterization not
only in Arabidopsis but other commercially important plants. More importantly, the consistent growth
phenotypes observed in Arabidopsis xynl and emp70 mutants merit a further examination in a model
tree. Finally, by employing the CRISPR/Cas9 approach to genetically modify XYNI and MAN2 in

hybrid poplar, the basic aspects of the CRISPR tool were mastered, however, failure to generate
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CRISPR-mediated mutations in poplar points to the absolute necessity of optimizing both
CRISPR/Cas9-based gene editing and the transformation approaches; these considerations will

certainly be prioritized in future studies.

While phenotype analyses performed in this study have provided preliminary information that is
important in the subsequent functional characterization of selected xylan-associated genes, sugar
release assay is further required to ascertain whether mutation thereof has any impact on the
improvement of saccharification yield. This is particularly important perhaps in emp70 mutants which
show a growth advantage, it will thus be important to confirm if this growth advantage is accompanied
with improvement in the total saccharification yield. Conversely, the increase in lignin content
observed in xyn/ mutants may certainly impede sugar release, this is a characteristic worth confirming,
as it will further indicate whether the increased lignin content observed is a true xyn/ phenotype.
Besides these yet-to-be-assessed aspects, this study suffers from specifically focusing on the impact
of mutation only on secondary cell wall aspects; it is possible that some of the genes may be more
important in primary wall development as already discussed. On the same note, it is known that several
other aspects may affect secondary cell wall development and possibly alter recalcitrance, for example,
GlcA modifications can alter xylem vessel morphology and it is suggested that the spacing of these
modifications may further alter xylan-cellulose interactions (Mortimer et al. 2010; Lee et al. 2012a;
Bromley ef al. 2013) , this raises the question that, are mutations in any of the selected genes capable
of affecting any of the cell wall substitutions and modifications, and ultimately the interaction of cell
wall biopolymers. Answering this question can significantly aid in understanding the role of these
genes from a structural perspective. Similarly, the impact of metabolism on cell wall development is
important, and it has been demonstrated that desired traits can be obtained by altering the metabolic

flux (Fan ef al. 2017). Thus, another aspect that can be interesting to address is how a mutation in the
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selected genes affects the metabolic flux, or the biosynthesis of any cell wall biosynthesis metabolic

precursors, if at all.

With only mild growth phenotypes and essentially no impact of the mutation on secondary cell wall
chemistry in Arabidopsis, it may be inferred that although important, the selected genes may not be
indispensable in Arabidopsis plant growth and cell wall development. However, considering that the
association of these genes with secondary cell wall biosynthesis was originally established
from Eucalyptus (a far more significant carbon sink compared to Arabidopsis) data, it is possible that
these genes play more secondary roles in Eucalyptus and possibly Populus wood formation processes.
Indeed, the  expression level of all five genes is  markedly  higher
in Eucalyptus and Populus xylem compared to the Arabidopsis cambium as determined from online
databases such as PopGenie. Thus, if these genes are knocked out in Eucalyptus or Populus, a more
severe alteration of xylem vessel formation and cell wall chemistry can be expected. Moreover, the
possibility of substantial functional involvement of these genes in other plant species

besides Arabidopsis, Eucalyptus, and Populus cannot be ruled out.

Altogether, regardless of the few limitations of the current study and work that is still pending, the
current preliminary results lay a strong groundwork for the subsequent functional characterization of
selected genes. The potential phenotypes obtained here will be crucial in predicting the traits that can
be obtained when homologs of these genes are genetically altered in other economically important
plant species. More importantly, the novel transformation and CRISPR/Cas9-mediated gene editing
customization approaches that are currently underway promise a substantial improvement of targeted
gene editing, plant transformation efficiency, and mutant regeneration. Realizing the exact functional
and biological roles of the uncharacterized genes in secondary cell wall biosynthesis will be beneficial

in the definitive goal of improving bioprocessing efficiency.
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Figure 4.1 Proposed model for the role of EMP70 in seed germination.

Cu is acquired into plant cells through high-affinity Cu transporters such as members of the COPT protein
family. EMP70 family may likely play a similar role, although such a role may require other unknown EMP70-
and Golgi-associated proteins. ABA is generated through various means including hydrolysis of conjugated
ABA by B-glucosidase, and through de novo biosynthesis. In normal physiological conditions, the net amount
of Cu acquired through COPT and EMP70 transporters and other means allow normal regulation of ABA
concentration through inhibition of ABA catabolism by hydroxylase (CYP707A) and catalase. The normally
regulated concentration of ABA inhibits seed germination, however, at the appropriate time, and under specific
environmental cues, GA counteracts the activity of ABA and promotes seed germination. When EMP70 is
absent (such as in emp70 knock-out mutants), the overall concentration of Cu will be below the threshold
required for normal regulation of ABA, significantly lower levels of Cu may lessen the inhibitory effect on
CYP707A and catalase, allowing ABA concentrations to decrease significantly, thereby preventing seed
dormancy while encouraging early seed germination through GA. While there are several pathways involved in
the uptake of Cu into the cell, the EMP70-acquired Cu may be specifically important in the regulation of seed
germination through ABA and GA.

178



	1.1   Introduction
	1.2   The biosynthesis and structure of the secondary cell wall
	1.2.1 Cellulose biosynthesis through cellulose synthase complexes
	1.2.2 Sugar-nucleotide precursor requirements for cellulose biosynthesis

	1.3   Overview of lignin biosynthesis and modifications
	1.3.1 Biosynthesis of lignin monomers
	1.3.2 The transport and polymerization of lignin monomers
	1.3.3 Lignin methylation and acetylation

	1.4   Xylan backbone biosynthesis and decorations
	1.4.1 Xylan backbone biosynthesis
	1.4.2 Xylan side-chain substitution
	1.4.3 Metabolic requirements and synthesis of xylan backbone modifications

	1.5   Lignocellulose bioprocessing
	1.5.1 Overview of industrial bioprocessing techniques
	1.5.2 The impact of secondary cell wall structure and modifications on bioprocessing efficiency
	1.5.3 Current achievements in the improvement of lignocellulose biorefinery

	1.6   The potential improvement of bioprocessing efficiency through genetic engineering
	1.6.1 Understanding the fundamental principles and limitations of CRISPR/Cas9
	1.6.2 Repurposing CRISPR/Cas9 for second-generation gene-editing techniques

	1.7   Conclusions
	1.8   References
	1.9   Figures
	2
	2.1   Summary
	2.2   Introduction
	2.3   Materials and Methods
	2.3.1 Candidate gene selection
	2.3.2 Plant material and genetic analysis
	2.3.3 Trial conditions and physical measurements
	2.3.4 Analyses of cell wall morphology with microscopy
	2.3.5 Quantification of cell wall monosaccharide, lignin, and acetyl content

	2.4   Results
	2.4.1 Selection of xylan-associated genes in Arabidopsis thaliana
	2.4.2 Growth phenotypes of mutants
	2.4.3 The emp70 mutants germinate earlier than wild-type
	2.4.4 Secondary cell wall morphology is not altered in mutants
	2.4.5 The xyn1 mutants have more stem lignin content

	2.5   Discussion
	2.5.1 The expression of candidate genes is positively correlated to xylan acetylation
	2.5.2 The xyn1 mutant plants show stunted growth during early vegetative growth stage
	2.5.3 The araf1 mutants have considerably shorter stems in early bolting but ultimately grow like wild-type
	2.5.4 Mutation in EMP70 confers consistent growth advantage during vegetative growth
	2.5.5 No major growth phenotypes are observed in uxs6 and man2 knock-outs
	2.5.6 Xylem vessel morphology is not altered in mutants
	2.5.7 Cell wall chemistry of all mutants resembles that of wild-type
	2.5.8 The xyn1 mutants have higher lignin content
	2.5.9 The possible involvement of candidate genes in primary cell wall development

	2.6   References
	2.7   Tables and figures
	2.8   Supplementary Tables and Figures

	3
	3.1   Summary
	3.2   Introduction
	3.3   Materials and Methods
	3.3.1 Identifying candidate gene homologs in Populus trichocarpa
	3.3.2 In silico analyses of candidate gene expression during secondary cell wall development
	3.3.3 Designing single guide RNAs targeting Populus homologs
	3.3.4 Screening P717 sgRNA target sequence
	3.3.5 Amplicon prep and CRISPR/Cas9 construct assembly
	3.3.6 Agrobacterium transformation and generation of transgenic plants
	3.3.7 Genomic DNA extraction and mutation screening

	3.4   Results
	3.4.1 Populus trichocarpa XYN1 and MAN2 do not have close paralogs
	3.4.2 XYN1 and MAN2 show characteristic SCW deposition gene expression profile
	3.4.3 Guide RNA design
	3.4.4 CRISPR/Cas9 constructs
	3.4.5 Genetic modification detection and analyses of preliminary phenotype

	3.5   Discussion
	3.5.1 Populus XYN1 and MAN2 gene expression increases during secondary cell wall deposition
	3.5.2 Modification of candidate gene homologs
	3.5.3 Putative transformants recovery and mutation screening of T0 plants
	3.5.4 Possible future solutions to the lack of target site modification

	3.6   References
	3.7   Tables and figures
	3.8   Supplementary Tables and Figures

	4
	4.1   Introduction
	4.2   Exploring the broad implications of candidate gene selection
	4.3   Lessons from functional gene testing in Arabidopsis and Populus
	4.4   Suggested model for the possible role of EMP70 in Arabidopsis
	4.5   Probing the efficiency of Agrobacterium-mediated transformation and CRISPR/Cas9-based gene editing
	4.6   Conclusions and future perspectives
	4.7   References
	4.8  Figures


