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Abstract 
With the realisation of the impending impact of climate change, the scientific 

community has been working towards generating viable renewable energy 

sources that do not contribute to the greenhouse effect. Bioethanol is one form of 

renewable energy that could replace the majority of transportation fuels, however, 

its production efficiency and commercial viability relies on optimisation of 

agricultural quality and yields, biomass conversion to sugars, and fermentation of 

these sugars into ethanol. The focus of this dissertation will be the optimisation of 

agricultural quality and yields of bioenergy crops.  

 

Most food crops have been domesticated for thousands of years providing 

selection pressure to increase harvest index (i.e. a high ratio of fruit/seed to 

vegetative biomass), among other traits. Bioenergy crops, however, are grown for 

their vegetative biomass more than fruit or seed yields, thus farmers seek a very 

different plant. To meet the demands of this growing industry, rapid 

improvements in agricultural yields of both soluble sugars and the cell wall fraction 

of bioenergy crops, driven by biomass increases, are required. Improvements 

through traditional breeding strategies, including screening of mutagenized 

populations, is limited by the availability of high-throughput methods for assessing 

phenotypes within large populations. Improvements through genetic modification 

are limited by a fundamental understanding of the biogenesis of vegetative 

biomass, the biosynthesis and composition of cell walls, and the accumulation of 

soluble sugars.  

 

Here I present a toolkit for the rapid improvement of bioenergy crops. A holistic 

high-throughput screening strategy was developed for the bioenergy crop, 

Sorghum bicolor, which rapidly quantifies biomass, cell wall composition and 

soluble sugar concentrations of stalks, and it was subsequently applied to a large 

mutagenesis population. Setaria viridis was established as a model C4 grass for the 

study of stalk development (the major source of bioenergy crop biomass). A 

developing internode was identified as an ideal experimental system for the study 

of the biogenesis of stalk tissue, the biosynthesis of cell walls and the import of 
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soluble sugars for storage. RNA sequencing was performed in this system as a 

resource for gene discovery in relation to these three processes. To complement 

this resource for gene discovery a technique for 3D visualisation of proteins and 

tissue structure, PEA-CLARITY was developed and Raman confocal imaging was 

applied to S. viridis stems for in situ determination of cell wall composition. 

 

The high-throughput screening method will provide a tool to drive rapid 

improvements in commercial bioenergy crops and allow rapid assessment of 

phenotypes in a field setting. The use of S. viridis as a transformable model C4 grass, 

along with genetic resources for gene discovery and cutting edge imaging 

techniques, will allow rapid improvements in understanding of the processes that 

underpin bioenergy crop yields and will undoubtedly uncover opportunities for 

crop improvement through genetic manipulation. This toolkit will be integral for 

the improvement of agricultural yields from bioenergy crops and, therefore, the 

commercial viability of the biofuel industry. 
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Thesis overview 

This thesis by publication outlines the body of work that I have contributed 

through a series of scientific publications towards the development of a toolkit for 

the rapid improvement of bioenergy crops, with specific focus on improving the 

cell wall fraction of these crops for the production of bioethanol. 

 

Chapter one gives an overview of the rationale for the work that was performed. It 

sets the scientific context, as of 2012 when the project was embarked upon, and 

how this research fits within it. The aims of the work and the resulting publication 

list are outlined. 

 

Chapter two is a literature review outlining the current understanding of the 

production of biomolecules by C4 grasses and their use as a biofuel feedstock. It 

specifically focuses on the composition and deconstruction of the cell wall fraction 

of C4 grasses. This review of the literature identifies a need for the development of 

tools and resources for rapid improvement of bioenergy crops to meet the 

demands of a growing industry. Some of the research and work produced in this 

chapter were published as a book chapter. 

 

Chapter three consists of one published journal article in ‘Biotechnology for 

Biofuels’, which outlines a holistic high-throughput screening strategy for Sorghum 

bicolor, and one submitted manuscript for which ‘Biotechnology for Biofuels’ 

reviewers have requested additional work, which remains underway, before re-

submitting. This publication shows the use of the high-throughput screening 

strategy in identifying cell wall variants in a population of mutagenised Sorghum 

bicolor plants. 

 

Chapter four consists of one published journal article in ‘Biotechnology for Biofuels’. 

It outlines the use of Setaria viridis as a model C4 grass and a developing internode 

as an ideal experimental system for the study of biogenesis of grass stems, soluble 

sugar accumulation, and importantly for this body of work, cell wall biosynthesis. 
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RNA sequencing in this publication has provided a resource for gene discovery 

within this system. 

 

Chapter five consists of one published journal article in ‘Scientific Reports’ and some 

unpublished data generated by myself during the period of this thesis. Both are 

imaging techniques designed to enhance the study of genes identified in chapter 

four. The ‘Scientific Reports’ publication outlines an imaging technique, PEA-

CLARITY, which allows immunolabeling and visualisation of fluorescent proteins in 

whole intact tissues in 3D, and the unpublished work shows the use of Raman 

confocal microscopy for in situ imaging of cell wall composition in S. viridis stems. 

 

Chapter six is a general discussion, which draws on each chapter to state the 

contribution this work has made to the scientific approaches used for the 

improvement of bioenergy crops. It provides lists of gene candidates for future 

manipulation of the cell wall fraction of biomass and outlines the future prospects 

of this work. 

 

Research context 
 

In 2012, response to human induced climate change was beginning to unfold and 

a large research effort toward developing bioenergy crops, and biotechnologies for 

efficiently deconstructing cell walls for their use as a biofuel was established. At the 

same time, rapid advances in genome sequencing technologies were driving a 

push away from Arabidopsis thaliana as the sole plant model organism. 

Brachypodium dystachion was established as a C3 grass model organism, and as 

part of the C4 rice consortium, funded by the Bill and Melinda Gates foundation, 

Setaria viridis was established as a C4 grass model system. After producing genome 

sequences in 2010 and 2012 respectively, most of the work on these two newly 

established model organisms centred around the collection of natural diversity, the 

production of recombinant and mutant populations, development of 

transformation and crossing techniques and, in S. viridis, screening for phenotypes 

related to photosynthesis.  
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Within this context, we identified the major bottleneck to rapid improvements in 

commercial bioenergy crop yields as being the availability of robust, high-

throughput phenotypic screening techniques for traits associated with high 

yielding bioenergy crops. We also identified S. viridis as an ideal organism for 

generating a fundamental understanding of stalk growth, cell wall biosynthesis 

and composition, and soluble sugar accumulation, since it is closely related to the 

major proposed bioenergy crops, Sorghum bicolor, Zea mays, 

Miscanthusxgiganteus, switchgrass and sugarcane with similar physiology and 

genetics. We hoped that moving this fundamental research into S. viridis, a plant 

with a small stature, small genome, and rapid life cycle, along with transformation 

capabilities and the availability of low cost short read transcriptome sequencing, 

would accelerate fundamental research in these C4 grasses.  

 

In addition, in 2012, the neuroscience world was beginning to move cellular 

imaging from 2D to 3D space to enable neuron tracings and visualisation of 

complex interactions in 3D. Adapting these neuroscience developments to plant 

cellular imaging allowed us to look at structure-function relationships in a new 

light, in 3D. The combination of these novel imaging techniques, including in situ 

imaging of cell wall components, genetic manipulations now possible in the C4 

model plant S viridis (not described in this thesis), and transcriptomic maps 

designed for gene discovery, will vastly improve our understanding of the 

molecular and structural workings of these bioenergy plants. 

 

Research aims 
 

Sweet Sorghum bicolor has been suggested as a high yielding crop species with 

low water and supplementary nutrient requirements that is capable of producing 

two harvests per year from a single planting [1]. Very little has been done, however, 

to select for bioenergy traits such as high biomass, cell wall saccharification 

efficiency and high soluble sugar storage in S. bicolor. Such trait optimisation 

requires the utilisation of segregating populations and, importantly, an effective 
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screening strategy to identify the highest quality, highest yielding plants. 

Considering these requirements, the first two aims of the project were: 

 

Aim 1: Develop FTIR prediction models for a holistic high-throughput screening 

framework 

 

Aim 2: Screen S. bicolor mutagenesis populations for cell wall variants 

 

In addition, underpinning accelerated breeding strategies, a fundamental 

understanding of the cell wall of C4 grasses, derived through a model system used 

for rapidly genetically manipulating cell wall characteristics will be integral to fine-

tuning biomass for increased yields and availability of substrates. Setaria viridis is 

an emerging C4 grass model species [2] that is closely related to S. bicolor sharing a 

common ancestor ~20 mya [3], compared with monocot/dicot divergence that 

occurred ~200 mya [4]. It is also both transiently and stably transformable [5]. Thus, 

its small stature and 8-week life cycle make it an ideal choice for fundamental 

research on C4 grass cell walls.  

 

Like all monocot grasses, S. viridis has a stem consisting of internodes, which 

represent a repeating unit that contains the full developmental progression 

between nodes. This developmental gradient provides an ideal system for 

investigating the molecular changes that drive cell wall deposition through the 

different developmental stages and therefore the third aim of the project is: 

 

Aim 3: Provide a comprehensive map of molecular changes that underpin 

development of a grass internode and generate an RNA transcriptome resource 

using this experimental system in the C4 grass model species S. viridis. 

 

To investigate genes identified in Aim 3 a classical approach would be to generate 

antibodies for the gene of interest to localise the protein and manipulate the gene 

function by RNAi knockdown or overexpression using transformation systems and 

study the resulting phenotype. To understand changes to cell walls as a result of 
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genetic manipulation, imaging of cell walls and proteins involved in biosynthesis 

will be required at the cellular level. Recent advances in 3D protein localisation in 

animal tissues has shown the utility of imaging proteins in whole tissues in 3D, 

therefore, in this project we aimed to: 

 

Aim 4: Develop a method for 3D localisation of proteins in plant tissues. 

 

Aim 5: Develop a method for imaging plant cell wall composition in situ in Setaria 

viridis stems. 

 

Publications 

 

Martin AP, Brown CW, Nguyen DQ, Byrt CS, Lambrides CJ, Grof CPL Cell wall 

development in an elongating internode of ‘Genetics and Genomics of Setaria’, 

Springer (2016). – in print 

 

Martin AP, Palmer MP, Byrt CS, Furbank RT, Grof CPL A holistic high-throughput 

screening framework for biofuel feedstock assessment that characterises 

variations in soluble sugars and cell wall composition in Sorghum bicolor 

Biotechnology for Biofuels 6, 1-13, doi:10.1186/1754-6834-6-186 (2013). 

 

Martin AP, Palmer WM, Brown C, Byrt CS, Furbank RT, Grof CPL Detection and 

characterisation of Sorghum bicolor cell wall variants using FTIR spectra 

generated from a high-throughput screening framework Biotechnology for 

Biofuels Currently addressing reviewer comments before re-submission (2016) 

 

Martin AP, Palmer WM, Brown C, Furbank RT, Lunn JE, Grof CPL A developing 

Setaria viridis internode: an experimental system for the study of biomass 

generation in a C4 model species Biotechnology for Biofuels 9:45 

doi:10.1186/s13068-016-0457-6 (2016). 
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Palmer WM, Martin AP, Flynn JR, Reed SL, White RG, Furbank RT, Grof CPL PEA-

CLARITY: 3D molecular imaging of whole plant organs Nature: Scientific Reports 

5, Article number: 13492 doi:10.1038/srep13492 (2015). 

 

Conference presentations 

 

Palmer WM, Martin AP, Flynn JR, Furbank RT, Grof CP PEA-CLARITY: 3D 

immunohistochemistry of whole mount plant tissues American Society of Plant 

Biologists, Plant Biology, Minneapolis, USA (2015) - Poster 

 

Martin AP, Palmer WM, Mouille G, Lunn JE, Stitt M, Furbank RT, Grof CPL Molecular 

characterisation of a developing S. viridis internode ComBio, Canberra, Australia 

(2014) - Poster 

 

Flynn JR, Martin AP, Palmer WM, Rank MM, Callister RJ, Smith KM Whole tissue 

clearing using the CLARITY technique ComBio, Canberra, Australia (2014) - Poster 

 

Palmer WM, Martin AP, Furbank RT, Grof CP PEA-CLARITY: 3D 

immunohistochemistry of whole mount plant tissues ComBio, Canberra, 

Australia (2014) – Talk delivered by Palmer WM 

 

Martin AP, Palmer WM, Mouille G, Lunn JE, Stitt M, Furbank RT, Grof CPL Molecular 

characterisation of a developing S. viridis internode 1st International Setaria 

Genetics Conference, Beijing, China (2014) - Poster 

 

Martin AP, Palmer WM, Furbank RT, Grof CPL A holistic high-throughput 

screening framework for biofuel feedstock assessment that characterises 

variation in soluble sugar and cell wall composition in Sorghum bicolor 7th 

European Plant Science organisation, Porto heli, Greece (2013) - Poster 
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Additional publications 
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Edwards J, Martin AP, Andriunas F, Offler CE, Patrick JW, McCurdy DW GIGANTEA is 

a component of a regulatory pathway determining wall ingrowth deposition 

in phloem parenchyma transfer cells of Arabidopsis thaliana The Plant Journal 

63, 651-661, doi:10.1111/ (2010) 

 

 

 

 
 
 
 
 
 
  



	   16	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

CHAPTER TWO 
	  

Literature review 
	  
	  

	  
	  

	  

	  
  



	   17	  

2.1 Summary 

The literature review presented in Chapter 2 of this dissertation forms the basis of 

the book chapter entitled ‘Cell wall development in an elongating internode of 

Setaria’. The book chapter acts as a supplement for more in-depth discussion of, 

and reasoning for the use of Setaria viridis as a model organism for the study of 

bioenergy.  A PDF of the final book chapter is presented first in 2.2 and that is 

followed by the literature review in 2.3. 

 

2.2 Publication 1: Cell wall development in an elongating internode of 
Setaria 
	  
Martin AP, Brown CW, Nguyen DQ, Byrt CS, Lambrides CJ, Grof CPL Cell wall 

development in an elongating internode of Setaria ‘Genetics and Genomics of 

Setaria’, Springer (2016) – in print 
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Introduction 

The study of photoassimilate partitioning in plants has been a fundamental re-

search area over many decades. The major focus of these studies has been to 

understand the allocation of carbon to some economic component of the plant, 

for example, grain in cereal crops, starch in root and tuber crops, and sucrose in 

‘sweet’ crops. The goal has been to increase harvest index, the proportion of the 

economic component relative to the total plant biomass. These studies are on-

going, but in recent years researchers have directed greater attention to other 

questions of carbon allocation. The economic importance of biomass has 

changed as plant cell walls are increasingly used as a raw material for biofuel 

and biochemical production. This has influenced researchers to consider how 

plant cell walls are synthesised and what carbon resources are tied up in their 

production. It is not clear how much carbon could be reallocated from the syn-

thesis of plant cell walls to other parts of the plant. To date, the majority of 

research on plant cell walls has focussed on grain crops such as rice, wheat and 

maize where the influence of grain cell wall composition is important for human 

nutrition [1]. There is less information about the biology of plant cell walls in 

vegetative tissues such as the developing culm.  

Herein the genetic control of plant cell wall development in the culm is briefly 

reviewed and preliminary research investigating internode elongation of 

Setaria, a new model grass belonging to the Panicoideae, is introduced.  An 

analysis of cell wall components of more than 200 Setaria germplasm lines has 

also been undertaken and is likely to provide the platform for more detailed 

investigation of plant cell walls in the developing culm of C4 grasses. Setaria 

possesses the efficient C4 pathway of photosynthesis and is therefore primed for 

high productivity under conditions of elevated light and temperature, similar to 

closely related species such as sugarcane (Saccharum spp.), Sorghum (Sorghum 

22
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bicolor (L.) Moench), switchgrass (Panicum virgatum L.) and Miscanthus spp. 

Hence, in addition to its role as a model for C4 photosynthesis [2], Setaria can 

also serve as a model system for photoassimilate partitioning in the developing 

culm. 

Partitioning of photoassimilate 

Sucrose, the product of photosynthesis, is transported over long distances 

through the sieve elements of the phloem within the vascular system. Having 

reached growing sink organs, sucrose is hydrolysed by the enzyme sucrose syn-

thase (SuSy) to produce the key molecule, UDP-Glucose. Photoassimilate par-

titioning viewed from the position of the metabolite UDP-Glucose can be con-

sidered in terms of three principal demands (Figure 1). Demand 1 is carbon 

directed towards the structural components of cellulose and callose, catalysed 

by the enzymes cellulose and callose synthase respectively, and non-cellulosic 

polysaccharides/pectin polymers catalysed by UDP-Glucose dehydrogenase. 

To fulfil Demand 1 and complete the synthesis of the growing cell walls, UDP-

glucose can be interconverted to a range of five and six carbon nucleotide sugars 

through a series of complex enzymatic pathways [3]. Demand 2 is carbon di-

rected towards respiration (glycolysis), lipid and starch biosynthesis, with the 

first step being catalysed by UDP-Glucose pyrophosphorylase. Demand 3 is 

carbon directed towards sucrose and catalysed primarily by sucrose phosphate 

synthase (SPS), sucrose phosphate phosphatase (SPP) and SuSy. Trehalose 

phosphate synthase (TPS) catalyses the synthesis of the key sensor metabolite 

Trehalose 6-phosphate (T6P); T6P is also reliant on UDP-Glucose as a sub-

strate, however, the concentration of T6P is small and hence the demand upon 

UDP–Glucose is minor. Pyrophosphate: fructose 6-phosphate 1-phosphotrans-

ferase catalyses the reversible conversion of fructose 6-phosphate (Fru 6-P) and 

pyrophosphate (PPi) to fructose 1, 6-bisphosphate (Fru 1,6-BP) and inorganic 

phosphate (Pi). 

23
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Figure 1. Photoassimilate partitioning in the growing sink organ, the culm, 

of Setaria and other monocot grasses. Photoassimilate partitioning, viewed from 

the central position occupied by the key metabolite UDP-Glucose, considered in terms 

of three principal demands. Demand 1 is carbon directed towards structural compo-

nents including cellulose/callose catalysed by cellulose/callose synthase (1), and non-

cellulosic polysaccharide catalysed by UDP-Glucose dehydrogenase (2). Demand 2 is 

carbon directed towards respiration, protein, lipid and starch synthesis, the first step 

being catalysed by UDP-glucose pyrophosphorylase (6). Demand 3 is carbon directed 

towards sucrose and catalysed primarily by the enzymes sucrose-phosphate synthase 

(3), sucrose-phosphate phosphatase (4) and sucrose synthase (5). Trehalose-phosphate 

synthase catalyses the synthesis of the sensor metabolite trehalose 6-phosphate (T6P) 

(7); Pyrophosphate:fructose 6-phosphate 1-phosphotransferase catalyses the reversible 

conversion of fructose 6-phosphate (Fru 6-P) and pyrophosphate (PPi) to fructose 1,6-

bisphosphate (Fru 1,6-BP) and inorganic phosphate (Pi) (8).  

Cell wall development in an elongating internode 

The culm, the central axis of the grass shoot, is made up of multiple repeating 

phytomeric units, comprised of a node and an internode, where each node bears 
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a leaf. Within each growing internode, the intercalary meristem resides at the 

base of the internode, immediately above the node below. Acropetally above 

the meristematic region, cells undergo expansion, maturing towards the top of 

the internode. Primary cell walls are synthesised while the cell is growing 

whereas the secondary cell walls are produced as cell expansion ceases. The 

secondary cell wall is deposited inside the primary cell wall and characteristi-

cally is made up of three distinct layers (S1-S3), although in some fibre cells 

such as those of bamboo, many more layers have been reported [4].   

The plant body is made up of more than 30 different cell types, each of which 

is likely to vary in cell wall composition and structure [5]. The complex nature 

of this extracellular layer is reflected in the number of genes, more than a thou-

sand, that modulate cell wall construction and metabolism in maize [6]. In broad 

terms, the cell wall is composed of cellulose intertwined in a complex matrix 

with non-cellulosic polysaccharides and pectin. The cellulose microfibrils are 

synthesised by a large protein complex embedded in the plasma membrane 

whilst the production of many non-cellulosic polysaccharides involves partial 

synthesis in the Golgi apparatus and delivery in secretory vessels to the surface 

of the cell for assembly. Non-cellulosic polysaccharides interact with cellulose 

to form the strong resilient structure that is the cell wall [7]. In grasses, approx-

imately 85% of the primary cell wall is composed of (1,4)-β-glucans (cellulose), 

and non-cellulosic polysaccharides: arabinoxylan (AX), glucurono(arabino)xy-

lan (GAX), xyloglucan (XyG), and (1,3;1,4)-β-glucans (mixed linkage glucans; 

MLG). The remaining components are small amounts of pectin, structural pro-

teins, unpolymerised phenolics and silica. The secondary cell wall is structurally 

rigid and is comprised of cellulose, AX, GAX, silica and heavy deposits of the 

phenolic polymer lignin, which together make up approximately 95% of sec-

ondary cell wall dry weight [8]. There are also small amounts of pectin and 
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unpolymerised phenolics such as ferulic and ρ-coumaric acid (See Table 1; 

adapted from [8]).  

Table 1. The approximate composition of primary and secondary cell walls in typi-

cal eudicots and grasses expressed as percentage of dry weight (% Dry Wt.). 

Components 
Primary wall 
(% Dry Wt.) 

Secondary wall 
(% Dry Wt.) 

Grass Eudicot Grass Eudicot 

Cellulose 20-30 15-30 35-45 45-50

Non-cellulosic polysaccharide 

XyG 

Xylans 

MLG 

Mannans & Glucomannans 

1-5

20-40

10-30

Minor 

20-25

5 

Absent 

5-10

Minor 

40-50

Minor 

Minor 

Minor 

20-30

Absent 

3-5

Pectins 5 20-35 0.1 0.1 

Structural proteins 1 10 Minor Minor 

Phenolics 

Ferulic & ρ-coumaric acids 

Lignin 

1-5

Minor 

Minor 

Minor 

0.5-1.5 

20 

Minora 

7-10

Silica 5-15 Variable 

After Vogel (2008).  

a Except order Caryophyllales. 

Cellulose 

Cellulose, the most abundant polymer on earth, is an un-branched, β-1,4 linked 

chain of D-glucose, successively inverted 180° and ranging in size from 2 000–

25 000 glucose residues [5, 9, 10]. The repeating unit in a single cellulose chain 

is the dimer, cellobiose. The polymerisation of cellulose is catalysed by cellu-
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lose synthase (CesA) enzymes which belong to the Glycosyltransferase 2 su-

perfamily [11]. Cellulose synthase-like (Csl) proteins encoded by the Csl genes 

also belong to this superfamily [12]. 

Immunogold labelling of CesA enzymes has revealed that they are embedded 

in the plasma membrane and form a particle rosette consisting of six rosette 

subunits [13]. Each subunit is composed of six CesA enzymes which may be 

catalytically active as single polypeptide or dimer subunits [14, 15]. The eight 

highly conserved transmembrane domains of the proteins encoded by the CesA 

gene family defines the barrel shape of the rosette and the cytosolic orientation 

of the enzyme active site such that glucan chains are produced and secreted from 

the centre of the barrel into the extracellular space [10, 16]. This cellulose syn-

thase enzyme complex (CSC) produces multiple glucan chains that weave and 

bind together spontaneously via hydrogen bonds, to produce cellulose microfi-

brils, made up of between 12 and 36 interwoven glucan chains [17–19]. Recent 

NMR data and computational simulations of cellulose molecular dynamics in-

dicate that 18- and 24- chain models are consistent with scattering and diffrac-

tion data; and spectroscopic measurements of Arabidopsis cellulose microfibrils 

indicated that the cellulose synthase complex is a hexamer of equimolar stoi-

chiometry that synthesizes an 18-glucan chain microfibril [19–21]. The cellu-

lose synthase enzyme complex uses UDP-glucose as the substrate and the grow-

ing glucan chain is guided through the plasma membrane by cortical 

microtubules which ensure organised orientation of the cellulose microfibrils. 

This facilitates anisotropic cell wall expansion perpendicular to cellulose mi-

crofibril orientation and maximises strength in secondary cell walls [22].  

A complement of 10 genes encoding CesA has been identified in A. thaliana 

[12, 23], 10 in rice [24], 12 in sorghum [25] and 12 to 14 in maize [25, 26].  

Mutant analysis has demonstrated that at least three non-redundant CesAs form 

a functional cellulose synthase enzyme complex (CSC) and in rice, OsCesA 4, 
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7 and 9 are required for secondary cell wall synthesis [24]. Expression analysis 

in maize has suggested that ZmCesA1 to 9 are involved in primary cell wall 

synthesis whilst ZmCesA10 to 12 are involved in secondary cell wall cellulose 

deposition [26, 27]. In A. thaliana, CesAs have been shown to be co-expressed 

in a range of tissues and demonstrate protein-protein interactions.  

A number of other proteins have been proposed to play a role in cellulose syn-

thesis, at least in Arabidopsis. Within the plasma membrane, CSI1 contributes 

to the mediation of CSC-microtubule alignment and in conjunction with 

KORRIGAN, a putative β-1,4 glucanase, may affect the motility of the CSC 

[19].  Extracellular proteins, such as COBRA and CTL1, glycosylphosphatidyl-

inositol (GPI)–anchored proteins, may also impact upon the velocity of the glu-

can chain production driven by the CSC [19]. However, the precise mechanism 

of action of many of these ancillary proteins remains elusive. Mutations affect-

ing primary cell wall cellulose synthesis tend to result in swollen cells, most 

likely due to isotropic cell expansion and inability to regulate cell turgor in an 

expanding cell [28]. In the grasses barley, maize and rice, mutations in second-

ary cell wall cellulose synthesis genes consistently result in a brittle stem phe-

notype [24, 29–31], whereas in A. thaliana disruption of secondary cell wall 

cellulose synthesis resulted in collapsed xylem elements [23].  
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Figure 2. Major nucleotide sugar substrates required to build the cell wall 

polysaccharides of grasses (Demand 1). MLG; β(1,3;1,4)-glucans or mixed link-

age glucans, G(AX); glucurono(arabino)xylan. Six carbon monomers are coloured in 

shades of blue and five carbon monomers are coloured in shades of green whilst the 

nucleotide functional groups are black. 

Non-cellulosic polysaccharides 
The major non-cellulosic polysaccharides found in grasses, MLG, AX and 

XyG, are polymers of β-(1,4) linked sugars, often with a glucan backbone, mak-

ing them structurally similar to cellulose. Non-cellulosic polysaccharides are 

often composed of a mixture of six and five carbon sugars and their backbone 

is often highly substituted with monosaccharide or disaccharide side chains 

[23]. In Type II commelinoid grasses, as for plants possessing Type I cell wall 
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composition such as Arabidopsis, the widely accepted model describes non-cel-

lulosic polysaccharides coating cellulose microfibrils, linking them together via 

hydrogen bonds and forming the cellulose-non-cellulosic polysaccharide net-

work that confers mechanical strength to a cell wall [32].  For Type I cell walls, 

the microfibrils are tethered with xyloglucans and embedded in various pectins, 

whereas Type II cell walls are low in pectin. 

Xylans 
Glucurono(arabino)xylan (GAX) and arabinoxylan (AX),  the predominant 

non-cellulosic polysaccharide in grass cell walls (Table 1; [8]), are polymers of 

β-1,4 linked D-xylose with variable non-repeating arabinose and glucuronic 

acid side chains for GAX, and arabinose substitutions for AX (Figure 2; [33]). 

The synthesis of xylans occurs in the Golgi using UDP-xylose as the substrate 

for the xylan backbone [34]. The GAX xylose backbone is highly substituted 

with arabinose and glucuronic acid side chains during synthesis in the Golgi, 

however, these side chains are removed upon secretion to the wall and ferulic 

acid is often linked to the remaining arabinose side chains [8].  This mode of 

synthesis has implications for cell wall molecular architecture.  The arabinose 

and xylose side chains are usually attached at the O-2 and O-3 position [8], 

which blocks efficient hydrogen bonding to cellulose microfibrils and other 

GAX [35, 36]. Regulation and modulation of side chain substitution may play 

a pivotal role in cell wall expansion of type II primary cell walls. 

Xylan biosynthesis requires initiation, elongation and termination of the xylan 

backbone and, in the case of GAX, addition of arabinose and glucuronic acid 

side chains [23]. In A. thaliana, GUX1 and GUX2 genes encoding glucuronyl-

transferases have been localised to the Golgi and when transcription is repressed 

resulted in reduced addition of side chains to the xylan backbone, however no 

reduction in synthesis of the xylan backbone was observed [37]. This observa-
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tion indicates that xylan backbone synthesis occurs via an independent mecha-

nism to side chain substitution. In grasses, a number of glycosyltransferase (GT) 

families have been implicated in both xylan backbone synthesis and side chain 

substitution of xylans [38]. Based upon a broad scale bioinformatics approach 

[39], the GT43 gene family encoding β-1,4-xylan synthases, have been impli-

cated in xylan backbone synthesis whereas the GT47 gene family, encoding xy-

lan α-1,2- or α-1,3-arabinosyl transferases are proposed to direct arabinose sub-

stitutions of the xylan backbone. The heterologous expression of wheat and rice 

genes belonging to the GT61 family, TaXAT2, OsXAT2, and OsXAT3 in Ara-

bidopsis GUX1/GUX2 double mutants produced arabinosylated xylan, defini-

tively demonstrating gain-of-function. The GT75 gene family is proposed to 

encode a glucuronosyltransferase required for the side chain addition of glucu-

ronic acid [40].  

Mixed linkage glucans 

Mixed linkage glucans are a polymer of glucose with mixed β-1,3 and β-1,4 

glycosidic linkages without any side chains [8]. The mixed linkages between 

glucose monomers result in a polymer very similar to cellulose but with regular 

bends along the chain. They are present in high proportions (10-30% cell wall 

dry weight) in expanding primary cell walls of grasses with maximum levels 

occurring at the peak of cell expansion [41], suggesting mixed linkage glucans 

play a major role in this developmental process. 

Since MLGs are mostly specific to grasses, less is known about the molecular 

mechanisms of their synthesis. Identification of a quantitative trait locus for 

MLG content in barley grain led to the discovery of six rice cellulose synthase-

like F (CslF) genes in the syntenic region of the sequenced rice genome [42]. 

These CslF genes were heterologously expressed in A. thaliana, which does not 

produce MLG naturally and small amounts of MLG were detected [42]. In ad-

dition, the CslF family is one of two grass specific Csl gene families supporting 
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the argument that CslF genes are responsible for biosynthesis of MLG, which 

is specific to grasses. Similarly, the CslH gene family, also specific to grasses 

has been shown to produce small amounts of MLG when heterologously ex-

pressed in A. thaliana [43]. Expression studies suggest that CslF genes are re-

quired in expanding primary cell walls, whilst CslH genes are required in seed 

endosperms or secondary cell walls where MLG is used as a carbon energy store 

[23]. Both gene families are thought to only introduce β-1,4 glycosidic bonds 

into MLGs and since heterologous expression in A. thaliana only produces mi-

nute quantities of MLG it is considered likely that another unidentified gene 

family is responsible for producing the β-1,3 linkages in the MLG polymer [23]. 

Although there is a substantial body of immunochemical and biochemical data 

that supports the synthesis of full length mixed linkage β-glucans in the Golgi 

apparatus [7], preparation of grass tissues with high pressure cryofixation to 

preserve cellular ultrastructure and antigenicity revealed the presence of CSLF6 

in the plasma membrane and intracellular membranes [44], challenging the 

dogma that all non-cellulosic polysaccharides are synthesised and assembled in 

the Golgi complex. 

Xyloglucan (XyG) 
Xyloglucan (XyG), a major component of eudicot cell walls, is only present in 

minor amounts in grasses (Table 1). It is a polymer of β-1,4 linked D-glucose 

with xylose monomeric and polymeric (xylose, galactose, fucose) side chains at 

the O-6 position in grasses. Three xylosyl residues are substituted in repeating 

units of four glucose backbone monomers [45]. Following synthesis in the Golgi 

complex, directed by synthases encoded by the CslC gene clade, xyloglucan is 

transported to the cell membrane. The number of CslC enzymes contributing to 

biosynthesis and the mechanism for side chain addition remains largely un-

described in grasses [32, 45, 46].   
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Phenolics 
Phenolics, secondary metabolites which are both extremely abundant and 

widely distributed in the plant kingdom, play important functional roles in pig-

mentation, growth, reproduction and pathogen resistance [47, 48]. They possess 

one or more aromatic rings bearing one or more hydroxyl branches and are de-

rived from the Shikimate-Phenypropanoid pathway [47, 49]. In the cell walls of 

grasses, the significant phenolic compounds identified include the hy-

droxycinnamates, ferulic acid and ρ-coumaric acid, and the polyphenol lignin 

which is a complex polymer that varies in monomer composition between spe-

cies and cell types. 

Lignin 
Lignin is the third most abundant heteropolymer (approximately 20% dry 

weight) in secondary cell walls of grasses, predominantly associated with vas-

cular bundles. It is a complex aromatic polymer generated by irregular linkage 

of three main phenylalanine derived monolignols, Hydroxyphenyl (H), Guaicyl 

(G) and Syringyl (S) [50], with the resultant polymer being highly branched due

to a variety of possible linkages (β-O-4, β-β, β-5) between monomers. The in-

corporation of lignin in plant cell walls through covalent binding to non-cellu-

losic polysaccharides provides rigidity, strength and a barrier against external

physical forces and pathogen attack. Lignin also renders the xylem impermeable

to water and solutes, thereby facilitating water and nutrient transport.

H lignin is uniquely present in grass cell walls with a typical grass cell wall 

containing ~35-49% G units, 40-61% S units, and 4-15% H units [8, 51]. The 

ratio of S:G lignin has been implicated in defining cell wall characteristics since 

G lignin is more highly branched than S lignin and therefore has greater oppor-

tunity to cross-link to cell wall polysaccharides. A lower S:G ratio therefore, 

typically results in a more rigid and less digestible cell wall [52][53].  
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The highly controlled process of lignification can be considered in terms of 

three principal stages 1) biosynthesis of monolignols in the cytosol; 2) transpor-

tation of these precursor monolignols across the plasma membrane and 3) lig-

nification of the monolignols by oxidative polymerisation [54]. Stage 1 occurs 

on the cytosolic side of the ER, where chloroplast derived phenylalanine is de-

aminated by the enzyme phenylalanine ammonia lyase (PAL) to form cinnamic 

acid [50]. Successive hydroxylation and methylation reactions form ρ-couma-

royl CoA, an important metabolite and branching point of monolignol or flavo-

noid biosynthesis pathways. At this point monolignol biosynthesis also diverges 

to produce ρ-coumarate aldehyde and ρ-coumaroyl shikimic acid through the 

catalytic activity of hydroxycinnamoyl CoA reductase (CCR) and hy-

droxycinnamoyl CoA shikimate:quinate hydroxycinnamoyl transferase (HCT), 

respectively. The aldehyde is then converted into the ρ-coumaryl alcohol, cata-

lysed by hydroxycinnamyl alcohol dehydrogenase (CAD) and subsequently 

converted into the H monomeric lignin subunit [55]. In the alternate arm of the 

pathway, ρ-coumaroyl shikimic acid undergoes serial reduction reactions by ρ-

coumaroyl shikimate 3ʹ-hydroxylase (C3H), ρ-hydroxycinnamoyl CoA shiki-

mate:quinate ρ-hydroxycinnamoyl transferase; (HCT/CST),  Caffeoyl CoA O-

methyl transferase (CCoAOMT)  and (hydroxy)cinnamoyl CoA reductase 

(CCR) to produce coniferaldehyde. Synapaldehyde is produced by the catalytic 

activity of ferulic acid/coniferaldehyde/coniferyl alcohol 5-hydroxylase (F5H) 

and caffeic acid/5-hydroxyferulic acid O-methyl transferase (COMT) in series 

upon coniferaldehyde. Synapy and coniferyl alcohol, produced by the activity 

of (hydroxyl) cinnamyl alcohol dehydrogenase (CAD), are transported through 

the plasma membrane to the apoplasm and oxidised to produce the remaining 

two monomeric lignin subunits, Syringyl and Guaicyl lignin [56, 57].   

Three possible mechanisms have been proposed for the transport of the mono-

lignols to the apoplasm for polymerisation. The hydrophobic monolignols may 
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diffuse passively through the plasma membrane thereby preventing their toxic 

accumulation in cells [58]. The widely accepted mechanism of vesicular secre-

tion of the monolignols into the extracellular space by the Golgi complex has 

recently been challenged. TEM (transmission electron microscopy) autoradio-

graphs of radiolabelled monolignols in cells undergoing lignification in Lodge-

pole pine (Pinus contorta Dougl. Ex Loud.) tracheids, have allowed monolignol 

transport to be visualized, revealing that they are not translocated via the Golgi 

[59]. An alternative mechanism of lignin subunit transport has been proposed, 

involving ATP-binding (ABC) transporters, initially based upon transcript pro-

filing, which shows tight co-expression of some ABC transporters with mono-

lignol biosynthesis genes [60]. ABC transporters belong to a gene superfamily 

with 130 putative members reported in Arabidopsis [61] and more than 130 in 

rice [62]. They are considered to be responsible for the transport of metabolites, 

signalling molecules lipids and proteins across cell membranes, with some 

members demonstrated to be phenolic/polyphenolic transporters [63]. The pu-

tative ABC transporter AtABC29, highly expressed in Arabidopsis roots and 

anthers, has been identified as a monolignol transporter by both microarray and 

experimental analysis [64]. Mutant Arabidopsis knockout plants of AtABC29, 

demonstrate increased levels of ρ-coumaryl alcohol in the cytosol and reduced 

lignification [64]. Six closely related ABC transport members that belong to the 

pleiotropic drug resistance (PDR) subfamily, have been proposed as potential 

transporters responsible for trafficking of the two remaining monolignols 

through the plasma membrane [63]. 

Once delivered to the apoplasm, the monolignols are primed for polymer as-

sembly by dehydrogenation (reduction of the HCA-CoA esters) catalysed by 

several enzymes including peroxidases, laccases and polyphenol oxidases [56, 

63]. The monolignol radicals are randomly cross-coupled to one another or to a 
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growing polymer complex via endwise coupling predominantly by β-O-4 link-

ages, to form the three dimensional, branched, interlocking lignin networks [51, 

55, 56, 65]. Based upon micro-autoradiography, lignification is initiated at Ca2+ 

rich nucleation sites, as calcium is required for the polymerisation of coniferyl 

alcohol, where lignin is covalently linked with the non-cellulosic polysaccha-

ride and pectin constituents of the primary cell wall [55]. During the early stages 

of cell wall lignification, H lignin is believed to be deposited and functions as a 

scaffold to determine cell shape prior to deposition of G and S lignin [66]. In 

the grasses sugarcane and rice, lignification begins in the cell walls of the pro-

toxylem vessels, progresses to the middle lamellae of fibre cells, the secondary 

wall of metaxylem vessels and finally to the secondary wall of the fibres [67][5]. 

Hydroxycinnamates 

The hydroxycinnamates, ferulic acid and ρ-coumaric acid, are intermediates in 

the monolignol biosynthesis pathway and constitute up to 4% and 3% of cell 

wall dry weight respectively [8]. A unique feature of grass cell walls is the co-

valent ester linkage of ferulic acid to arabinose side chains of arabinoxylan or 

glucoarabinoxylan [68]. The arabinoxylan linked ferulates may form dimers, 

trimers and tetramers that cross link adjacent arabinoxylans during cell wall 

deposition and lignification [69]. Furthermore, ferulic acid is able to provide the 

bridge to form lignin-ferulate-polysaccharide complexes through ester-ether 

linkages [5, 70] thereby filling the functional role of structural proteins in Type 

I cell walls by cross linking non-cellulosic polysaccharide, cellulose and lignin 

constituents [8]. It has also been suggested that ferulic acids act as initiation sites 

for lignin polymerisation within the secondary cell wall [71] and genetically 

engineering monolignol ferulate conjugates specifically into poplar xylem sig-

nificantly increased cell wall digestibility [72]. 
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Pectins 
Pectin is a family of complex galacturonic acid-rich polysaccharides comprising 

~35% and 5% of eudicot and grass cell walls, respectively. They consist of a 

galacturonan backbone that can be substituted at various positions with simple 

sugars including xylose, rhamnose and apiose, as well as complex side chains 

[73]. Four types of pectin polysaccharides have been described namely, ho-

mogalacturonan (HG), xylogalacturonan (XGA), apiogalacturonan, rham-

nogalacturonan I (RGI) and rhamnogalacturonan II (RGII) with HG accounting 

for approximately 65% of total pectin in plants. Pectins, particularly HG and 

RGII, play a principal role in shaping and strengthening the cell wall by acting 

as adhesive agents in the middle lamella [73].  

Growth of the cell wall 
The widely accepted architectural model of primary cell walls of both eudicots 

and monocots consists of cellulose microfibrils coated in non-cellulosic poly-

saccharides and tethered together covalently by hydrogen bonds to create a 

strong matrix network. Growth of the cell involves irreversible expansion of the 

cell wall in conjunction with an influx of water into the cell. The growth process, 

culminating in the synthesis, secretion and intercalation of new moieties into 

the developing cell wall requires vacuolar enlargement and solute uptake to 

maintain osmotic potential, hence turgor pressure.  

Cell growth is physically constrained by the cell wall and dogma dictates that 

enzymes act specifically upon the non-cellulosic polysaccharide tethers (MLGs 

in grasses) to loosen their links to the cellulose microfibrils, hence promoting 

slippage or ‘wall loosening’. However, plant endoglucanases and endotransgly-

cosylase/hydrolases do not significantly influence cell wall relaxation primarily 

because the xyloglucans accessible to these enzymes are not ‘load bearing’ [74]. 

Furthermore, solid-state Nuclear Magnetic Resonance data generated from 
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mung bean cell walls [75], indicated that less than 8% of cellulose surfaces are 

coated with xyloglucan.   

Empirical evidence indicates that the widely accepted model of primary cell 

wall architecture needs to be revisited and the tethering role of xyloglucans re-

considered. A ‘biomechanical hotspot’ hypothesis has been proposed [32], 

whereby limited cellulose-cellulose contact takes place at mechanical junctions 

possibly mediated by a xyloglucan monolayer binding the hydrophobic surfaces 

together. Cell wall extensibility may be promoted by expansin activity, through 

some undescribed mechanism, at these sites. Pectins are also proposed to play 

a significant role, as contact between pectins and the cellulose microfibrils is 

estimated to be greater than that of xyloglucan.  

Molecular characterisation of the elongating Setaria in-
ternode. 

One way to investigate the genes involved in internode development is to ana-

lyse the gene transcript levels. Although highly complex, cell walls are con-

structed from a limited number of components, predominantly cellulose micro-

fibrils, non-cellulosic polysaccharides, lignin and pectin; and many of the genes 

involved in making these components are known. To begin unravelling this 

complexity in Setaria, gene expression in internodes of Setaria undergoing de-

velopment from cellular division, cellular expansion of the primary cell wall 

and culminating in secondary cell wall deposition have recently been analysed 

(Figure 3; [76]). Similar strategies have been used for other grass species in-

cluding rice [77], maize [27, 78] and sugarcane [79]. Previous maize (Bosch et 

al. 2011) and sugarcane studies (Casu et al. 2007), undertook microarray tran-

scriptomic analysis comparing entire elongating and fully elongated culm inter-

nodes. In previous studies of elongating internodes differences in gene expres-

sion relative to mature fully elongated internodes are observed, however some  
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Figure 3. Regions of Setaria internode 5 selected for RNA isolation and se-

quencing. a) Internode 5 harvested at the ‘half head emergence’ developmental stage 

with its leaf sheath stripped, alongside an equivalent internode where the lower, flexible 

zone has been bent to display the difference between the upper rigid and the lower more 

flexible zone. The green line indicates the interface between the flexible and rigid zones 

of the internode. The harvested meristematic (MsZ - black), cell expansion (CEZ - 

pink), transitional (TZ - blue), and the mature (MZ - orange) zones are indicated. b) 

and c), Longitudinal, vibratome cut, 50 µm thick section of the lower region of the 

internode (indicated by dotted black lines), stained with DAPI and viewed under UV 

illumination with b) the red chlorophyll emissions isolated, and c) the blue DAPI emis-

sions isolated with enlarged regions offset (white scale bars are 50 µm). e) Nuclei den-

sity (black circles; nuclei/100 µm2) and cell size (grey squares; µm2) measured using 

image J were plotted at intervals along the lower region of the internode. This figure 

was adapted from Martin et al., 2016.  

changes are likely to be dampened by homogenisation of the different develop-

mental regions within the internode during sample preparation. Recently a more 

refined approach was taken with an elongating maize internode, where sections 

10 cm in length were divided into 1 cm sections prior to detailed analysis [27]. 
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By studying 1 cm sections the authors observed that the expression of genes 

encoding key enzymes in the biosynthesis and modification of cellulose, non-

cellulosic polysaccharide (predominantly glucuronoarabinoxylan) and lignin, 

peaked in the transitional region of internode development prior to completion 

of the  deposition of secondary cell walls.   

Setaria CesA and Csl genes 
Synthases involved in producing the cell wall ‘backbone’ are encoded by mem-

bers of the CesA/Csl superfamily of genes [15]. Cellulose is synthesised by 

members of the CesA clade; mannans and glucomannans by members of the 

CslA clade; xyloglucans, by members of CslC clade, and mixed-linkage β-glu-

cans, by members of the CslF and CslH clades [7]. Ten of the 13 Setaria CesA 

genes identified here exhibited a greater than 1 Log2 fold change in the region 

of cell elongation as compared to the meristematic region (Figure 4). Most strik-

ing is the fourfold Log2 change in three of the CesA genes (CesA 4, 10 and 12) 

in the transitional and maturing regions of the internode. Phylogenetically, these 

three genes are most similar to CesA4 (At5g44030), 7 (At5g17420) and 8 

(At4g18780) from Arabidopsis and CesA10, 11, 12(13) from maize, which have 

been implicated in secondary cell wall cellulose synthesis [26]. This sustained 

elevated expression is at odds with the report of ongoing but reduced expression 

of a broad cohort of genes in the maturation region of the maize internode [27]. 

Genes belonging to the CslA clade were highly expressed in Setaria (with one 

exception, CslA11). CslA expression was particularly high in the meristematic 

and elongation zones of the internode (Figure 5). In maize, the cell walls within 

the elongation zone were measured to contain 3% mannan and then decreased 

acropetally in the internode [27], matching the Setaria CslA gene expression 

reported here. The genes belonging to the CslC subgroup putatively encode the 
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xyloglucan synthases and these exhibited an elliptical profile, with highest ex-

pression in the elongation zone and relatively lower expression in the transi-

tional and maturing zones of the internode. 

Figure 4. Expression profile of CesA genes in an elongating internode of 

Setaria. RNAseq reads per kilobase per million reads (RPKM) expression levels of all 

identified cellulose synthase A (CesA) transcripts in S. viridis showing maximal CesA 

expression during the transitional stage of internode development. An average of 4 bi-

ological replicates ± SE are displayed in the meristematic, cell elongation, transitional, 

and mature zones of the internode. Data was obtained from (76). 

CslF6, a member of the CslF subgroup exhibited greater expression in the tran-

sitional zone relative to the meristematic zone and this higher expression was 

also observed in the maturing region of the internode (Figure 5). The expression 

of CslH2 was highest in the elongation zone and close to zero in the transitional 

and maturation regions of the internode. The expression of CslH1 increased 
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with the maturity of the internode although the level of expression was ex-

tremely low.  

Figure 5. Expression profile of Csl genes in an elongating internode of 

Setaria.RNAseq reads per kilobase per million reads (RPKM) expression levels of all 

identified cellulose synthase-like (Csl) transcripts in S. viridis showing differential ex-

pression of Csl genes through internode development. An average of 4 biological rep-

licates ± SE are displayed in the meristematic, cell elongation, transitional, and mature 

zones of the internode. Data was obtained from (76). 

Setaria heteroxylan synthase genes 
Xylan, represented in grasses as AX or GAX, makes up between 20 and 40% 

(dry weight) of the primary cell wall and between 40 and 50% of the secondary 

cell wall composition (Table 1; [8]). In maize, GAX makes up more than 30% 

of the primary cell wall and close to 50% in the secondary cell walls [27]. The 

glycosyltransferases contributing to the synthesis of heteroxylans are encoded 

by members belonging to a large superfamily of genes [80]. Setaria genes be-

longing in the GT family 47 (Figure 6) exhibit high levels of expression and 
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substantial Log2 fold changes in the transitional and maturing regions of the 

internode, consistent with these glycosylases being involved in elongation of 

the xylan backbone. Similarly, a number of members of the GT family 8 in-

crease strongly in expression in these same regions, consistent with their pur-

ported role in xylan backbone substitution [81].  

Figure 6. Expression profile of Glycosyltransferase (GT) genes in an elon-

gating internode of Setaria.RNAseq reads per kilobase per million reads (RPKM) 

expression levels of identified glycosyltransferase (GT) transcripts in S. viridis showing 

maximal expression of GT genes in the transitional zone of the developing internode. 

An average of 4 biological replicates ± SE are displayed in the meristematic, cell elon-

gation, transitional, and mature zones of the internode. Data was obtained from (76). 

Setaria lignin biosynthesis genes 
The genes encoding the ten enzymes participating in catalytic steps of lignin 

biosynthesis (See Figure 7) are well known [51]. The most highly expressed 

representatives of each group in Setaria are illustrated in Figure 8. All of the 

Setaria lignin biosynthesis genes analysed here are considered to be ‘highly en-

riched in the internode’ in that the Log2 fold expression is many times higher 
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than expression of the same gene in a ‘whole plant’ transcriptome analysis en-

compassing multiple tissues across three developmental stages of growth, 

namely seed germination, vegetative growth and reproduction [82]. 

Figure 7. The lignin biosynthesis pathway. This model depicts the ten enzymatic 

steps leading to monolignol synthesis. The hydroxycinnamyl alcohols produced, Guai-

acyl, ρ-Hydroxyphenyl and Syringyl polymerise to form lignin. The enzymes and ab-

breviations are: phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 

4-coumarate-CoA ligase (4CL), hydroxycinnamoyl CoA:shikimate transferase (HCT),

p-coumarate 3-hydroxylase (C3H), caffeoyl CoA O-methyltransferase (CCoAOMT),

cinnamyl CoA reductase (CRR), ferulate 5-hydroxylase (F5H), caffeic acid O-methyl-

transferase (COMT), and cinnamyl alcohol dehydrogenase (CAD). Modified from

(90).
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Figure 8. Expression profile of genes encoding enzymes involved in lignin 

biosynthesis in an elongating internode of Setaria. RNAseq reads per kilobase 

per million reads (RPKM) expression levels of identified lignin biosynthesis enzyme 

transcripts in S. viridis showing maximal expression in the transitional zone of the de-

veloping internode. An average of 4 biological replicates ± SE are displayed in the 

meristematic, cell elongation, transitional, and mature zones of the internode. Data was 

obtained from (76). 

Transcript profiling of carbon demands 
An overview of the levels of cell wall gene transcripts and other genes associ-

ated with the partitioning of photoassimilate (see Figure 1) within the context 

of a developing S. viridis internode was recently published [76].  
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Figure 9. Schematic model of carbon demands during internode develop-

ment based on transcriptomic analysis. A schematic pathway of carbon import 

into the developing S. viridis fifth internode, showing gene expression relating to the 

three major demands on carbon supply. Genes were assigned into categories (as la-

belled on the diagram) and their expression values were displayed as squared log2 fold 

change from the squared average of the four internode zones for each gene. Up-regu-

lated genes are shown in blue, whilst down-regulated genes are in red. MLG mixed 

linkage glucans, RS raffinose synthase, PDLP plasmodesmata localised proteins, 

SWEET sugars will eventually be exported transporters, CWI cell wall invertase, HT 

hexose transporters, PLT polyol transporters, SUT sucrose transporters, CI cytosolic 

invertases, HK hexokinase, FK fructokinase, FPBase fructose-1,6-bisphosphatase, 

F6P fructose-6-phosphate, PFK phosphofructokinase, AGPase glucose-1-phosphate 

adenylyltransferase, UGDUDP-glucose 6-dehydrogenase, UGPase UDP-glucose 

phosphorylase, G6PI glucose-6-phosphate isomerase, PGM phosphoglucomutase, SPP 

sucrose phosphate phosphatase, SPS sucrose phosphate synthase, Susy sucrose syn-

thase, TMT tonoplast membrane transporter, CWPS cell wall precursor synthesis, CWP 

cell wall protein, PAL phenylalanine ammonia-lyase,C4H cinnamate-4-hydroxylase, 
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4CL 4-hydroxycinnamate CoA ligase, HCT hydroxycinnamoyl transferase, C3H 

coumarate 3-hydroxylase, CCR cinnamoyl-CoA reductase, CCoAOMT caffeoyl CoA 

3-O-methyltransferase, COMT caffeic acid O-methyltransferase, F5H ferulate 5-hy-

droxylase, CAD cinnamyl alcohol dehydrogenase, CSLA-H cellulose synthase-like A-

H, CesA cellulose synthase complex, GT glycosyltransferase, PME pectin methylester-

ase, PS pectin synthesis, SE sieve element, CC companion cell. Blue and purple dots

are representative of sugar flow. Reproduced from (76).

As expected, within the developing internode, the ‘meristematic zone’ and ‘cell 

expansion zone’ showed gene expression related to metabolism/energy produc-

tion, some aspects of cell wall synthesis, namely callose synthases, and hemi-

cellulose synthesis via GT families, and AGPases implying starch accumula-

tion. Plasmodesmatal proteins were active, which indirectly implied that the 

carbon source was predominantly sugars imported through symplasmic connec-

tions from sieve elements containing sugars delivered to the growing sink tissue 

by bulk flow (Figure 9).  

The major carbon demand in the ‘transitional zone’ of the internode shifted to 

cell wall synthesis, specifically lignin, cellulose, cell wall proteins, and some 

GT families (hemicellulose synthesis). UDP-glucose 6-dehydrogenase (UGP) 

and cell wall precursor synthesis (CWPS) proteins were highly expressed show-

ing how carbon from UDP-glucose pools is directed into cell wall synthesis at 

this stage of internode development where cell expansion ceases and extensive 

deposition of secondary cell walls occurs (Figure 9).  

In the ‘mature zone’ of the developing internode, the cell walls are now thick-

ened secondary walls, and the internode can realise its capacity for sugar accu-

mulation. This is indicated by the expression of sugar transporter genes from 

the polyol transporter (PLT), hexose transporter (HT), sucrose effluxer 

(SWEET) and sucrose transporter (SUT) families. Photosynthesis genes are also 
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active in this mature region, indicating an additional carbon source that does not 

require long distance transport of sugars. Tonoplast monosaccharide transport-

ers (TMTs) also show increased expression in this zone indicating their role in 

sugar storage within vacuoles in mature internodes (Figure 9). 

This recently published overview of carbon partitioning within a developing 

internode provides a valuable platform for gene discovery; not only identifying 

gene families that are active at different stages of internode development, but 

also allowing identification of the dominant isoforms from each family for ge-

netic manipulation and further experimental study of internode development in 

a C4 grass.  

Germplasm to support the molecular dissection of plant 
cell wall components in Setaria 

We assembled 214 ecotypes of Setaria from around the world and evaluated 

them in a glasshouse experiment for agronomic traits and percent lignin. The 

plants were grown under controlled conditions 24°C/20°C day/night tempera-

ture in 2013. There was large variation for all traits measured (Table 2) includ-

ing height, maturity (anthesis), number of internodes, biomass, stem width, tiller 

number, number of leaves and percent lignin. Not surprisingly, biomass and 

other growth attributes such as stem width and number of internodes were pos-

itively correlated to height and maturity (see PCA in Figure 10; a narrow angle 

between vectors is indicative of high correlation). To a lesser extent percent 

lignin was also positively correlated to height and maturity while tiller number 

and leaf number traits in this germplasm set were independent of height and 

maturity.  

48



31 

Figure 10.  Geographical relationship to physiological attributes of Setaria 

genotypes Principal component analysis (PCA) of physiological attributes, includ-

ing lignin composition of stem tissue categorised by geographical origin of 214 

Setaria italica germplasm lines collected from around the world. The trial was con-

ducted at the University of Newcastle, NSW Australia under controlled temperature 

of 24/20 day/night and natural day-length (10.5-14.5 hrs) 

With respect to percent lignin the germplasm could be broadly divided into two 

groups, South Asia and North East Asia. Germplasm from South Asia (India, 

Bangladesh) was generally later maturing and had higher percent lignin com-

pared to the group from North East Asia (China, Taiwan, Japan, Russia) that 

were earlier maturing and had lower percent lignin. Nevertheless, germplasm 

within the same maturity group varied greatly for percent lignin and this mate-

rial could be exploited to study lignin deposition. 
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Table 2. Mean, minimum and maximum values for several attributes measured in 

214 Setaria italica germplasm lines grown in a controlled environment glasshouse at 

The University of Newcastle, NSW Australia in 2013. 

Attribute Mean Minimum Maximum 

Height (mm) 1276.0 110.0 2673.0 

Maturity (days to anthesis) 69.2 30.0 201.0 

Number of internodes 10.3 3.0 19.0 

Biomass (g dry weight) 3.8 0.04 15.9 

Stem width (mm) 10.7 3.0 19.0 

Number of tillers 2.5 1.0 21.0 

Number of leaves 22.3 5.0 72.0 

Percent lignin 20.3 16.6 23.8 

Techniques for the analysis of Setaria cell wall traits 

To characterise the genetic factors that contribute to variation in cell wall traits, 

robust phenotyping systems are needed. Identification of traits that enhance the 

conversion potential of plant biomass into liquid fuels requires screening of 

thousands of genetic variants. Phenotyping systems that are accurate, low cost 

and high throughput are needed. Examples of phenotyping systems include en-

zymatic assays to evaluate saccharification efficiency of biomass, chromato-

graphic tools to identify differences in composition of cell walls and spectro-

scopic methods such as near-infrared (NIR) and Fourier-transform infrared 

(FTIR) and pyrolysis molecular beam mass spectroscopy [83]. These techniques 

are combined with conventional chemical assays to analyse a set of samples and 

build calibration models to link compositional information with spectral varia-

tion [84]. These models and screening tools are then used to efficiently predict 

the biochemical properties of unknown samples based on their spectral finger-

print. 
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Fourier Transform Infra Red Spectroscopy: Application of a robust tool 
for cell wall characterisation 

Infrared (IR) spectroscopy can be readily applied as a rapid non-destructive tool 

for the investigation of cell wall composition in eudicots and monocot grasses. 

IR spectroscopy measures the transitions between molecular vibrational energy 

states as a result of absorption of mid-IR radiation. The vibrational energy levels 

are unique to each molecule and the frequencies of these molecular vibrations 

depend upon atomic mass, the geometric arrangement of the atoms and the 

strength of their chemical bonds [85]. Mid-infrared (MIR) absorption spectra 

(4,000 to 400 cm-1; 25000-2500nm) provide characteristic fundamental vibra-

tional modes directly, generating sharp peaks that are more readily interpreted 

than near-infrared (NIR; 13,000 to 4,000 cm-1; 700-2500nm) or far-infrared 

(FIR; 10 to 400 cm-1) spectra which reflect the broad overtones or combined 

bands of fundamental vibrations [85]. 

Although Fourier Transform MIR (FT-MIR or FTIR) spectra have been used in 

the analysis of plant cell walls for more than 30 years [86], the power of this 

tool has only been realised more recently, when coupled with multivariate data 

analysis techniques. FTIR spectroscopy is a robust and accurate method for 

high-throughput screening of cell wall mutations in experimental plant tissues, 

such as the model species Arabidopsis thaliana [87] and Zea mays coleoptiles 

[88]. In Sorghum, variation in the cell wall composition of a range of phenotyp-

ically different ecotypes grown in the field was identified following Principal 

Component Analysis (PCA) of FTIR spectra generated from ground stem sam-

ples (Figure 11). The PCA separation of the different Sorghum ecotypes (Figure 

11B) is based predominantly upon the wavenumbers corresponding to cellulose 

and lignin as shown in Figure 11C. Total lignin content was measured by the 

Acetyl Bromide method (Figure 11D), validating the differences in cell wall 

composition, particularly lignin, predicted by FTIR and PCA.   
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Figure 11. Principal Component Analysis (PCA) of FTIR spectra collected 

from Sorghum bicolor accessions grown under field conditions. A) Second 

derivative spectra with extended multiplicative scatter correction (EMSC) applied; In-

set highlights the differences between accessions at wavenumbers 1587 and 1604 cm-1 

(total lignin). B) Scores plot of PC1 against PC2 (C) PC1 loadings plot showing the 

main peaks contributing to PC1 and (D) Total lignin as determined by the Acetyl Bro-

mide method (Martin, Byrt, Furbank and Grof; unpublished).  

Development of a Partial Least Squares (PLS) model to predict cell wall 
composition in Setaria 

FTIR has also been used as a tool to assess Setaria as a model for unravelling 

the complexity of cell wall composition, assembly and subsequently decon-

struction in grasses. Drawing upon a set of 214 S. italica accessions a prediction 

of total lignin was made with an accuracy of close to 90% using FTIR spectra 

(Figure 12). This research is currently being extended to incorporate the predic-

tion of the full gamut of carbohydrate components making up Setaria cell walls 

following hydrolysis.   
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Figure 12. Prediction of the percentage of total lignin in accessions of 

Setaria italica using FTIR spectra. FTIR based predictions of lignin content in 

Setaria stem tissue that had been ground to a fine powder were made using a 2 factor 

partial least squared (PLS) predictive model. These values were plotted against wet 

chemistry data for lignin performed on the same samples.  

Conclusion 

The gene regulatory network controlling cell wall synthesis and modification in 

the developing Setaria stem internode is not yet known. One strategy to identify 

this network is gene expression profiling. In addition to the genes involved in 

the biosynthesis of components of the cell wall there are also upstream tran-

scription factors influencing cell wall biosynthesis. Identification and verifica-

tion of these ‘master regulators’ in grasses is lagging behind relative to infor-

mation about model eudicot species. We have reported a high-throughput 

experimental platform that will aid in the discovery of key genes involved in 

photoassimilate partitioning in the largest contributor to monocot plant biomass, 

the culm. This experimental platform includes Setaria gene expression analysis 
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and characterisation of differences in biomass composition of Setaria stems us-

ing FTIR. The genetic co-linearity of grasses [89] ensures that orthologs of key 

candidate genes identified in Setaria can be rapidly identified in the closely re-

lated annual or perennial C4 monocot species including economically important 

crop plants such as maize and Sorghum.  
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2.3 Literature review 

2.3.1. Building biomolecules 

The composition of life at an atomic level consists of six key elements (carbon 34 %, 

oxygen 21.9 %, hydrogen 43.5 %, nitrogen 0.3 %, phosphorous 0.05 % and sulphur 

0.02 %) and 19 trace elements that are considered essential. These atomic ratios 

are sourced from the bioenergy grass Miscanthus [6], however, elemental ratios are 

consistent in all living organisms with >99% of all life being composed of C, O, H 

and N [7]. Whilst these simple elements are the atomic constituents of life, they are 

the building blocks of a great diversity of carbohydrates, lipids, proteins, nucleic 

acids and other biomolecules which act in concert to produce the great diversity of 

life that surrounds us. Importantly it is the formation of biomolecules by 

autotrophic organisms, of which plants are the most prolific, that provides the 

entry point of energy into living systems. An understanding of this process 

(photosynthesis), the biomolecules it produces, how to best utilise them as a food 

source for humans and animal livestock and as a source of energy to fuel our 

industrialised world will be integral in meeting the demands of an over populated 

world.   

2.3.1.1 An introduction to C4 plants 

The plant kingdom is natures energy sector, converting sunlight, H2O absorbed 

from the soil, and CO2 from the atmosphere into stored chemical energy, initially in 

the form of sugars. These sugars, either directly, or indirectly, fuel all other 

kingdoms of life, with the exception of small groups of bacterial autotrophs.  

The plant kingdom can be divided into mosses, which lack vascular structure, ferns, 

which reproduce via spores, gymnosperms, which reproduce via ‘naked’ seeds, and 

angiosperms, the flowering plants. Angiosperms constitute the majority of plant 

life on earth and can be divided into class Dicotyledoneae (dicots) and class 

Monocotyledoneae (monocots). Most major agricultural crops are monocot grasses 

including wheat, rice, corn, barley, oats, sorghum and millet, thus this class of plant 



63	  

is the energy producing backbone upon which human evolution, the birth of 

civilisations and our over-populated globe relies. 

Figure 1. Representative leaf structure of a C3 dicot (A) with its cross section (B), and a C4 monocot (C) with its

cross section (D) highlighting the differences in both vascular and chloroplast arrangement 

(adapted from [8]). 

Monocot grasses first diverged from a common ancestor with dicots ~200 mya [4]. 

Importantly, grass species were the first to evolve the more efficient C4 

photosynthesis pathway approximately 24-35 mya [9] allowing these plants to 

convert sunlight into biomass more efficiently and allowing them to grow in 

harsher environments making many of these species ideal crops for domestication.  

The C3 photosynthesis pathway fixes CO2 in chloroplasts of mesophyll cells via the 

enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) [10]. This is an 

inefficient process since Rubisco competitively binds O2 that is produced as a by-

product of the light reactions of photosynthesis that also occurs in chloroplasts of 

mesophyll cells. Numerous plant species, of which the grasses were the first [9], 

have evolved molecular machinery and leaf anatomy that facilitates more efficient 
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CO2 fixation by Rubisco [11] (see Figure 1 for C3-C4 leaf anatomy).  Briefly, CO2 that 

diffuses into mesophyll cells through stomatal openings at the leaf surface is 

combined with H2O by the enzyme carbonic anhydrase to form carbonic acid [11] 

(Figure 2A). Carbonic acid is then combined with phosphoenolpyruvate in the 

cytoplasm of mesophyll cells by the enzyme phosphoenol pyruvate carboxylase 

(PEPC) to form the 4-carbon molecule oxaloacetate [11] (Figure 2B). Oxyloacetate 

is translocated to the mesophyll chloroplast where it is reduced to the C4 acid 

malate, using the reducing power of NADPH that is generated by the light 

reactions of photosynthesis [12] (Figure 2C). Mesophyll chloroplasts contain granal 

stacks of thylakoids, which generate the NADPH by harvesting light through 

photosystems I and II, and these are linked together by lamellar thylakoids which 

contain ATP synthase that utilise proton gradients to produce ATP [13]. Malate is 

then translocated out of the mesophyll chloroplasts, through plasmodesmata into 

neighbouring bundle sheath cells, and into specialised bundle sheath chloroplasts 

where Rubisco is present [12] (Figure 2D). Malate is decarboxylated in the 

chloroplast stroma releasing CO2 to effectively concentrate it around Rubisco [11] 

(figure 2E). Bundle sheath chloroplasts do not contain granal stacks of thylakoids 

and are specialised to harvest light for ATP production only [12, 13]. This ATP, and 

NADPH generated by the reducing power of malate, drives the Calvin cycle to 

produce an excess of 3 carbon sugars (3-phosphoglyceric acid; 3-PGA and 

glyceraldehyde-3-phosphate; G3P) as CO2 is fixed by Rubisco [13]. The 3-PGA is 

translocated back to the mesophyll chloroplasts (Figure 2F) where it uses NADPH 

and ATP produced from the light reactions to generate G3P before being 

translocated back to the bundle sheath chloroplasts [11] (Figure 2G). These 3 

carbon G3P sugars are used to synthesise glucose-1-phosphate, glucose-6-

phosphate and/or fructose-6-phophate [14] (Figure 2H) which are the building 

blocks of complex carbohydrates such as starch, cellulose, sucrose and all other 

plant biomolecules. By separating the light reactions of photosynthesis between 

mesophyll and bundle sheath chloroplasts, O2 is only produced in mesophyll 

chloroplasts thus eradicating competitive binding of Rubisco by O2 and in 

combination with increased CO2 concentrations this results in highly efficient CO2 

fixation and production of sugars [11, 12, 14]. This C4 photosynthesis mechanism is 
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the most utilised mechanism for introducing energy into biomolecules in 

domesticated bioenergy crops. 

 

Figure 2. An overview of the complex C4 NADP-ME photosynthesis pathway (utilised by Sorghum, Maize, 

Sugarcane, and Setaria). A-F are described in-text. 3-PGA; 3-Phosphoglyceric acid, G3P; 

Glyceraldehyde-3-phosphate. Cell cartoons were downloaded under a creative commons license 

(https://creativecommons.org/licenses/by-sa/3.0/) and annotation details were added. 

 

Whilst C4 photosynthesis has evolved separately over 45 times in 19 families of 

angiosperms including both dicots and monocots [9] (Figure 3), monocots 

comprise 79% (~5900 species) and monocotyledonous Poaceae (true grasses) 

family comprise 61% (~4600 species) of all C4 species [15]. This is likely why they are 

among the most efficient biomass producing plants on earth, rapidly and 

efficiently accumulating cell wall material, starch and soluble sugars with minimal 

nutrient and water input. C4 grass crop species such as Sorghum bicolor, Zea mays, 

Saccharum officinarum and Panicum virgatum are, therefore, ideal candidates for 

biofuel feedstocks. S. bicolor has been shown to be the highest yielding of these 

when relating a combination of cell wall and soluble sugar derived ethanol yields 

to fertiliser, water and economic inputs [1]. These crops have been domesticated 

and selectively bred over thousands of years to optimise yields of their food 

bearing organs. However, quality, high yielding biofuel feedstocks will possess 
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different characteristics namely, large biomass, high concentrations of soluble 

sugars and cellulose rich cell walls that are less recalcitrant to hydrolysis. Since the 

need for bioenergy crops has only emerged in the last decade there is a great need 

to explore the genetic potential of these crops.  

 

Figure 3. Phylogenetic tree of all plant taxonomic families. Model species within each family are listed and the 

Poales family is expanded to show the graminoids including C4 grasses suggested as biofuel 

feedstock crops. Black stars indicate species suggested as biofuel feedstocks. A red star highlights 

the C3 model grass species Brachypodium distachyon and bold type highlights the C4 model species 

Setaria viridis. Coloured phylogenetic arms indicate species possessing C4 photosynthesis and their 

subtype (C4 NADP-ME, C4 NAD-ME, C4 PCK and intermediates) as indicated in the legend. Adapted 

from [16] and [17]. 
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2.3.1.2 Sugar partitioning and storage 

Consuming CO2, H2O and energy from sunlight, the net products of the light and 

dark reactions of photosynthesis are O2 and the sugar phosphates glucose-1-

phosphate, glucose-6-phosphate and/or fructose-6-phosphate (each formed by 

joining two G3P molecules) [10, 14]. Whilst these sugars are the building blocks of 

all organic plant biomolecules, the plant initially uses them either a foliar energy 

store in the form of soluble sugars and starch or to transport to growing sink 

tissues in the form of sucrose. 

Starch molecules can be found in many plant tissues, and accumulates during 

daylight in leaves to be used for growth at night when sunlight is not available. In 

seeds it is an energy store which is used upon germination until the first 

photosynthetically active leaves are formed [10]. Glucose-1-phosphate molecules 

are converted to ADP-glucose, consuming energy in the form of ATP, which is then 

polymerised via α-1,4 glycosidic bonds, to form the linear polymer amylose [14]. α-

1,6 branch points are then introduced to form the branched glucose polymer, 

amylopectin [10] (see Figure 5 for starch chemical structures). Starch in plants 

generally consists of ~20-25 % amylose and 75-80% amylopectin [18]. Starch is 

insoluble in water [18] thus is osmotically inactive, unlike glucose, therefore it is 

found in chloroplasts as precipitated starch granules. This, among other 

advantages, provides an energy store that does not affect the osmotic components 

of the translocation of sugars from source leaves to growing sink tissues [10]. Alpha 

bonds linking glucose molecules are easily broken by amylase enzymes which 

allows the plant to easily access glucose when it is required [10] (i.e. for growth in 

the absence of sunlight). Amylases are abundant in human saliva [14] making the 

starch in grains such as maize, wheat, and rice an ideal food source for humans. 

Recently, however, starch from maize kernels has been used extensively as a source 

of glucose to fuel fermentation for bioethanol production in the United States [19]. 

This, however, generates competition for maize as a food source and drives food 

prices up igniting the food vs. fuel debate [20]. 
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The second major use of the sugars produced by the light and dark reactions of 

photosynthesis is the production of sucrose for transport to plant sink tissues 

where carbon is required for growth, storage in fruits and grains etc., or response 

to external stimuli such as pathogen attack [10]. To synthesise sucrose, G3P 

molecules are translocated from the chloroplast stroma to the cytoplasm via the 

triose phosphate translocator. From G3P, fructose-6-phosphate and UDP-glucose 

are synthesised, combined and dephosphorylated to form the disaccharide, 

sucrose [10]. Since sucrose is a 12-carbon sugar, composed of a glucose and 

fructose molecule (see Figure 5 for chemical structure), it is a more osmotically 

efficient transport molecule than glucose or fructose. 

Sugar transport and carbon partitioning in higher plants involves complex 

interactions between active and passive transport across membranes, osmotic 

gradients and hydrostatic pressures of xylem and phloem transport networks. A 

detailed description of these processes is beyond the scope of this review however, 

it is important to understand how plant tissues accumulate biomolecules such as 

sucrose stores in S. bicolor stems and how sugar molecules are delivered to 

growing plant tissues for incorporation into cell wall polymers such as cellulose. 

For recent reviews see [21-25].  

Once sucrose reaches sink tissues it can be: 

• Directly stored, for example in sugarcane and sorghum stems

• Hydrolysed by invertase enzymes to form glucose and fructose, which are

often the major storage sugars of commercial importance in fruits (since

fructose gives a sweeter taste than sucrose)

• Hydrolysed by the enzyme sucrose synthase (SuSy) to produce UDP-

glucose which is required to synthesise many of the biomolecules essential

for plant growth including many cell wall polymers such as cellulose and

hemicelluloses which provide structural support to a growing plant and

also act as energy stores.
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2.3.1.3 Plant cell walls 

The plant cell wall is a complex, highly specialized structure that encases every 

plant cell and is essential to all higher plants.  It provides mechanical strength to 

plant structures, determines cell shape and is involved in fundamental cellular 

processes such as cell expansion and cell division.  Furthermore, it helps regulate 

nutrient partitioning and provides a barrier to pathogen attack, gaseous diffusion 

and macromolecule transport [10].  

 

 

Figure 4.  Generic cell wall structure (adapted from [26]). 

 

A typical plant cell maintains a primary cell wall throughout cell expansion 

followed by the deposition of a secondary cell wall, often in three distinct layers 

(S1, S2 & S3), which is usually thickened by lignification and/or suberisation [26] 

(Figure 4). Primary and secondary cell walls therefore differ greatly in composition 

and their structure and deposition must be considered separately. Grass cell walls 

(type II) are also distinctly different in composition from dicot cell walls (type I) and 

thus must also be considered separately.  

 

The biomolecules that make up the plant cell wall are a rich source of fermentable 

sugars, particularly glucose, however, these molecules are generally β linked 

polymers which are much more recalcitrant to degradation than the α linked 

polymers of starch and the disaccharide bonds of sucrose. Plant cell walls are 

therefore not currently economically viable as a source of fermentable sugars for 
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bioethanol production. An in-depth understanding of the synthesis, structure and 

composition of the cell wall as a whole and the molecular switches that signal the 

transition from primary to secondary cell wall synthesis will be integral to 

engineering crops with higher ratios of fermentable, six carbon sugars and a 

structure that lends itself to more efficient deconstruction. 

2.3.1.3.1 Cell wall biomolecules of grasses 

Cell wall biomolecules are produced from a large pool of nucleotide sugars 

synthesised from sucrose that is transported to growing cells. Sucrose is 

hydrolysed by SuSy to generate UDP-glucose which can be interconverted to a 

range of five and six carbon nucleotide sugars through a series of complex 

enzymatic pathways [27]. Nucleotide sugar interconversions and transport to sites 

where they can be used to synthesise cell wall polymers are also vitally important 

processes in cell wall synthesis, however they are beyond the scope of this report 

and have recently been reviewed [27].  

 

The cell wall biomolecules produced from these nucleotide sugars are generally 

long chain polymers that are arranged in a complex matrix with the cellulose, 

hemicellulose and phenolic fractions highly integrated (see Figure 5 for an 

overview of the major polysaccharides that make up the cell wall and their 

nucleotide sugar substrate). In grasses, ~85% of the primary cell wall is composed 

of (1,4)-β-glucans (cellulose), and the hemicelluloses, glucurono(arabino)xylan 

(GAX) and xyloglucan (XyG), and (1,3;1,4)-β-glucans (mixed linkage glucans; MLG) 

[28]. The remainder is composed of small amounts of pectins, structural proteins, 

unpolymerised phenolics and silica [28]. Secondary cell wall composition is 

lignified to provide structural rigidity and therefore its main components are 

cellulose, GAX, silica and the phenolic polymer, lignin, which together comprise 

~95% of secondary cell wall dry weight [28]. It also contains small amounts of 

pectins and unpolymerised phenolics such as ferulic acid and ρ-coumaric acid [28] 

(table 1).  
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Figure 5. Major nucleotide sugar substrates required to build the major storage biomolecules and

cell wall polysaccharides of grasses. MLG; β(1,3;1,4)-glucans or mixed linkage glucans, GAX; 

glucurono(arabino)xylan. Six carbon monomers are coloured in shades of blue and five carbon 

monomers are coloured in shades of green whilst the nucleotide functional groups are black. An 

image of the natural product of each polymer is displayed. 

2.3.1.3.1.1 Cellulose 

Cellulose microfibrils are universally present in almost all cell walls in high 

proportions making cellulose the most abundant polymer on earth. Cellulose is an 

un-branched, β-1,4 linked polymer chain of D-glucose, successively inverted 180° 

and ranging in size from 2,000 – 25,000 glucose residues [29, 30].  The 

polymerisation of cellulose is catalysed by cellulose synthase (CesA) enzymes from 

the large cellulose synthase-like (Csl) gene family [30]. Immunogold labelling of 

CesA enzymes has revealed that CesAs, are embedded in the plasma membrane 
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and form a particle rosette [31] consisting of six rosette subunits which are each 

composed of six CesA enzymes [32, 33] (Figure 6).  The eight highly conserved 

transmembrane domains of the CesA gene family defines the barrel shape of the 

rosette and the cytosolic orientation of the enzymes active site [29] so that glucan 

chains are produced and secreted from the centre of the barrel into the 

extracellular space [29, 30, 33]. This cellulose synthase enzyme complex (CSC) 

produces multiple glucan chains that weave together like a piece of string, via 

hydrogen bonds, to produce cellulose microfibrils [29] typically consisting of 18 or 

24 interwoven glucan chains [29, 30, 34] (Figure 6). The CSC uses UDP-glucose as a 

substrate for cellulose synthesis, in comparison to starch synthesis which uses ADP-

glucose, and is guided through the plasma membrane by cytosolic microtubules 

which ensure that the orientation of cellulose microfibrils is organised [35]. This 

facilitates anisotropic cell wall expansion perpendicular to cellulose microfibril 

orientation and maximises strength in secondary cell walls [10].  

 

 

 

Ten CesA genes have been identified in A. thaliana [36], 10 in rice [37], 12 in 

sorghum, 14 in maize and 12 in S. viridis all with high homology [38] suggesting 

Table	  1. Primary and secondary cell wall composition (% dry weight) of grasses and genes that have
been implicated in the biosynthesis of each component in grasses

Cellulose

Primary cell wall Secondary cell wall

Genes

20-30 35-45

% % Genes

CesA1-9, KOR A3 & B5, BC1L4 CesA10-12, KOR, COBRA

Hemiellulose
MLG

Xylans

XyG

Pectin

Structural proteins

Phenolics
Ferulic acid &
ρ-coumaric acid

Lignin

Silica

10-30

20-40

1-5

5

1

1-5

minor

?

minor

40-50

minor

0.1

minor

0.5-1.5

20

5-15

CslF & CslH families

GT43, 47, 61, 75 GT43, 47, 61, 75

PAL pathway (Figure	  7)

PAL pathway (Figure	  7) PAL pathway (Figure	  7)
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that the CSC is highly conserved among all land plants. It is has been shown by 

mutant analysis that there are at least three non-redundant CesAs that form a 

functional CSC [37]. In rice, mutant analysis has suggested OsCesA 4, 7 and 9 are 

required for secondary cell wall synthesis [37]. Expression analysis in maize has 

suggested that ZmCesA1-9 are involved in primary cell wall deposition whilst 

ZmCesA10-12 are involved in secondary cell wall cellulose deposition [39]. In A. 

thaliana, homologous CesAs have been shown to be co-expressed in a range of 

tissues and have protein-protein interactions [36]. This suggests that three CesAs 

may form a protein complex that forms half of the rosette, which is known to 

contain six subunits, and that combinations of CesAs (in lots of three) are tightly 

transcriptionally co-regulated in specific tissues corresponding to primary and 

secondary cell wall synthesis (and possibly different plant tissues).  

 

Mutational analysis of A. thaliana lines has implicated the KOBITO (unknown 

function), KOR (a membrane localised β-1,4 glucanase), COBRA (COB - has been 

shown to act as a chaperone to facilitate cellulose crystallisation in the β-1,4 glucan 

polymers emerging from the CesA rosette [40, 41]) and POM/CSI (chitinase-like 

protein that encode β-1,3 glucanases) genes in cellulose synthesis, however, their 

exact mechanisms remain elusive [35, 36, 42, 43]. Mutations affecting primary cell 

wall cellulose synthesis tend to result in swelled cells, most likely due to isotropic 

cell expansion and inability to regulate cell turgor in an expanding cell [44]. In grass 

species, barley, maize and rice, mutations in secondary cell wall cellulose synthesis 

genes consistently result in a brittle stem phenotype [37, 45-47] and in A. thaliana 

collapsed xylem elements are observed [36]. 
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Figure 6. Overview of cellulose synthesis (a) immunogold labelling of CesA rosettes embedded in 

the plasma membrane (b) diagram of particle rosette structure and mechanism of CMF synthesis 

and (c) cellular overview of cellulose synthesis (adapted from [33] and [35]). 

 

2.3.1.3.1.2 Hemicelluloses 

Hemicelluloses are named as such because they are polymers of β linked sugars, 

often with a glucan backbone, making them chemically similar to cellulose and 

also a rich source of fermentable sugars. Hemicelluloses however, are often 

composed of a mixture of six and five carbon sugars and their backbone is often 

highly substituted with monosaccharide or disaccharide side chains [36]. Whilst 

most work on hemicellulose structure and function within the cell wall has been 

done on dicot species (i.e. A. thaliana), in grasses it is generally accepted that 

hemicelluloses coat cellulose microfibrils, linking them together via hydrogen 
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bonds and forming the cellulose-hemicellulose network that confers mechanical 

strength to a cell wall.   

2.3.1.3.1.2.1 Xylans 

Glucurono(arabino)xylan (GAX) is a polymer of β-1,4 linked D-xylose (five carbon 

sugar) with variable non-repeating arabinose and glucuronic acid side chains [48]. 

It is the predominant hemicellulose in grass cell walls [28] (Figure 5).  

 

Synthesis of xylans occurs in the golgi using UDP-xylose as the substrate for the 

xylan backbone, however, the enzymatic processes involved are only recently 

being revealed [49]. The xylose backbone of GAX is highly substituted with 

arabinose and glucuronic acid side chains during synthesis in the golgi, however, 

these side chains are removed upon excretion to the wall and ferulic acid is often 

linked to the remaining arbinose side chains [28].  This method of synthesis has 

implications for cell wall structure.  Since GAX is the predominant hemicellulose, 

rather than a cellulose-XyG network linking CMFs together, as in dicots, there is a 

cellulose-GAX network.  The GAX is thought to bind to CMFs via hydrogen bonds 

forming a chain fence like mesh which is also held together by hydrogen bonds 

(Figure 5) [50].  The arabinose and xylose side chains are usually attached at the O-

2 and O-3 position [28] which blocks efficient hydrogen bonding to CMFs and 

other GAX [51, 52] and this is thought to be the basis for cell wall expansion in type 

II primary cell walls. 

 

Xylan biosynthesis requires initiation, elongation and termination of the xylan 

backbone and, in the case of GAX, addition of arabinose and glucuronic acid side 

chains [36]. In A. thaliana GUX1 and GUX2 genes have been identified that localise 

to the golgi and when knocked down result in reduced addition of side chains to 

xylan backbones but without a reduction in xylan backbone synthesis [53]. This 

indicates that xylan backbone synthesis occurs via an independent mechanism to 

side chain substitution. Recently a number of glycosyltransferases (GT) families 

have been implicated in both xylan backbone synthesis and side chain substitution 

of xylans in grasses [54]. The glycosyltransferase 43 and 47 (GT43 and 47) gene 

families have been implicated in xylan backbone synthesis [55]. The GT61 gene 
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family, although its precise role is still unclear, has been implicated in side chain 

addition of both arabinose and glucuronic acid, and the GT75 gene family has been 

implicated in side chain addition of glucuronic acid [54, 55]. Mostly these 

implications are based on heterologous expression in A. thaliana, rather than in a 

grass species. 

 

Most yeast cannot efficiently ferment five carbon sugars such as xylose, therefore 

grass cell wall xylans such as GAX, which comprise ~40% of grass cell walls [28], are 

not particularly useful in the production of bioethanol. Bioengineering of yeast 

strains that efficiently ferment five carbon sugars is currently in progress however 

[56], and will greatly increase the value of this cell wall fraction in grasses. 

2.3.1.3.1.2.2 Mixed linkage glucans (MLG) 

Mixed linkage glucans (MLG) are a polymer of glucose with mixed β-1,3 and β-1,4 

glycosidic linkages making their structure very similar to cellulose with similar 

hydrogen bonding properties. This hydrogen bonding potential is because, unlike 

other hemicelluloses, they do not have any side chains [28]. The mixed linkages 

between glucose monomers result in a polymer very similar to cellulose but with 

regular ‘kinks’ or bends along the chain (Figure 5). They are specifically present in 

high proportions (10-30% cell wall dry weight) in expanding primary cell walls of 

grasses with maximum levels occurring at the peak of cell expansion [57, 58] while 

mature organs with secondary cell walls have very low amounts with 

measurements in mature Sorghum bicolor leaves and stem of 0.12 and 0.34 % 

(w/w) respectively [59].  This suggests a major role in cell expansion of grass 

primary cell walls for MLGs. It has been shown that MLGs tightly bind to the surface 

of CMFs in expanding cell walls [60]. I propose a novel mechanism by which CMFs 

expand by a ‘ratchet’ system where substituted GAX slides along ‘kinks’ in the MLG 

polymers providing resistance to recoiling. This ‘ratchet’ system would provide a 

mechanism for expansion that maintains cell wall strength during cell expansion. 

This requirement of expanding cell walls to maintain strength and allow expansion 

simultaneously is clearly observed in expanding leaf epidermal cells, which are also 

the major load bearing cells. These expanding leaf epidermal cell wall have been 

shown to contain higher levels of MLG in comparison to mesophyll cells [60]. 
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Since MLGs are mostly specific to grasses, relatively little is known about the 

molecular mechanisms of their synthesis. Recently immunocytochemistry has 

revealed that MLG polymers are synthesised at the plasma membrane [61, 62]. 

Identification of a quantitative trait loci for MLG content in barley grain has also led 

to the discovery of six rice cellulose synthase-like F (CslF) genes in the syntenic 

region of the sequenced rice genome [63]. These CslF genes were heterologously 

expressed in A. thaliana, which naturally produces no MLG, and small amounts of 

MLG were detected [63]. In addition, the CslF family is one of three grass specific 

Csl gene families supporting the argument that CslF genes are responsible for 

biosynthesis of MLG, which is specific to grasses. Similarly, the CslH gene family 

that is also specific to grasses has been shown to produce small amounts of MLG 

when heterologously expressed in A. thaliana [64]. Expression studies have 

resulted in the suggestion that CslF genes are required in expanding primary cell 

walls, whilst CslH genes are required in seed endosperms or secondary cell walls 

where MLG is used as a carbon energy store [36]. Both gene families are thought to 

only introduce β-1,4 glycosidic bonds into MLGs and since heterologous 

expression in A. thaliana only produces minute quantities of MLG it is thought that 

another unidentified gene family is responsible for producing the β-1,3 linkages in 

the MLG polymer [36]. A recent study, however, has suggested that Brachypodium 

distachion CSLF6 is capable of producing both the β-1,4 and β-1,3 linkages [65]. 

 

MLGs are a rich source of the fermentable six carbon sugar glucose, therefore are 

of interest in bioethanol production, however, in mature Sorghum bicolor stem 

tissue they are only found in low amounts [59]. It has, however, been suggested 

that MLG is present in high proportions in mature rice stems although the only 

quantative data available reports levels of no greater than 5 % (w/w) of the acid 

insoluble residue (i.e. cell walls) [66, 67]. 

2.3.1.3.1.2.3 Xyloglucan (XyG) 

Xyloglucan (XyG) is a polymer of β-1,4 linked D-glucose with variable xylose side 

chains substituted in repeating units of four glucose backbone monomers. It is 
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only present in small proportions in grass cell walls (Table 1) and is therefore only 

mentioned for completeness, however it is a major component of dicot cell walls. 

2.3.1.3.1.2 Phenolics 

Phenolics are a broad class of chemical compounds produced by plants and 

microorganisms. Their fundamental unit is an OH group bound to an aromatic 

hydrocarbon ring which is very different from the mono/polysaccharides which are 

based on long chain carbons joined by glycosidic bonds. They are produced from 

the phenylpropanoid pathway yielding a large variety of aromatic compounds that 

are generally responsible for the myriad of colours, odours and tastes produced by 

the plant kingdom. In the cell walls of grasses three significant phenolics have 

been observed. These are the hydroxycinnamates, ferulic acid and ρ-coumaric acid. 

The polyphenol lignin is a complex polymer that varies in monomer composition 

between species and cell types, and is also a major component of secondary cell 

walls. 

2.3.1.3.1.2.1 Lignin 

Lignin is the second most abundant biomolecule on earth after cellulose and 

presents the greatest hurdle to efficient release of fermentable sugars from cell 

wall polysaccharides. It is a complex aromatic polymer generated by irregular 

linkage of three main phenylalanine derived monomers (H, G & S lignin) [68-70]. 

The resultant polymer is highly branched due to a variety of possible linkages (β-O-

4, β-β, β-5) between monomers.  Varying linkage ratios and varying H, G and S 

lignin ratios are observed between different species, cell types and even within a 

cell wall [71].  H lignin is uniquely present in grass cell walls with a typical grass cell 

wall containing ~35-49% G units, 40-61% S units, and 4-15% H units [28]. 

Monomers polymerise through pores in the cellulose-hemicellulose network and 

covalently bind to hemicelluloses to rigidify cell walls and render them 

impermeable to water and solutes [72]. The ratio of S:G lignin has been implicated 

in defining cell wall characteristics since G lignin is more highly branched than S 

lignin and therefore has greater opportunity to cross-link to cell wall 

polysaccharides. A lower S:G ratio therefore, typically results in a more rigid and 

less digestible cell wall [73]. Lignin is an aromatic polymer thus can be used in the 



	   79	  

production of a variety of aromatic compounds, however, unlike polysaccharides it 

does not contain fermentable sugars therefore it cannot be used as a fuel source 

for bioethanol production. 

 

Lignin biosynthesis begins in the cytosol where the amino acid phenylalanine is 

deaminated by the enzyme phenylalanine ammonia lyase (PAL) to form cinnamic 

acid [70]. PAL is an important enzyme because its substrate, phenylalanine, is not 

only a precursor to lignin but is also a precursor to an array of phenylpropanoids 

such as flavanoids, stillbenes, coumarins and benzoic acid derivatives [68, 74, 75].  

In angiosperms, PAL gene families are usually quite large with up to 40 members, 

suggesting gene regulation of phenylpropanoid biosynthesis via differential 

expression of these 40 isoforms [68].  Sorghum is thought, by homology, to contain 

9 PAL genes [76] as does S. viridis (unpublished data).   

 

PAL has been shown to associate with cinnamate 4-hydroxylase (C4H) in 

microsomal membranes [77-79].  Thus it is thought that the substrate of PAL, 

phenylalanine, is ‘channelled’ through a membrane complex [79-83] consisting of a 

series of enzymes which modify it to form the monolignols, ρ-coumaryl alcohol, 

coniferyl alcohol and sinapyl alcohol [70, 84, 85].  These act as the building blocks 

for ρ-hydroxyphenyl (H), guaiacyl (G) & syringyl (S) lignin, respectively [68, 70]. ρ-

coumaroyl CoA is an important substrate because the subsequent pathway flux 

can be directed, depending on the enzyme catalyst, either towards monolignols, 

catalysed by hydroxycinnamoyl CoA shikimate:quinate hydroxycinnamoyl 

transferase  (HCT), or towards flavanoids, catalysed by chalcone synthase (CHS) [86] 

(see Figure 7A for an overview of the lignin biosynthesis pathway and Figure 7B 

for an example of a membrane complex specific for monolignol synthesis). 
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Figure 7. The highly conserved lignin biosynthesis pathway in flowering plants (a) (adapted from 

[70] and a model for membrane channelling of intermediates through the phenylpropanoid 

biosynthesis pathway (b) (adapted from [79].  Enzymes involved in multiple phenylpropanoid 

synthesis pathways are in purple with asterix (*) representing enzymes for which multiple isoforms 

have been identified; enzymes specific to a particular phenylpropanoid biosynthesis pathway (i.e. 

monolignol biosynthesis in this case) are in white. PAL, phenylalanine ammonia lyase; C4H, 

cinnamate 4-hydroxylase; 4CL, 4-(hydroxy)cinnamoyl CoA ligase; HCT, hydroxycinnamoyl CoA 

shikimate:quinate hydroxycinnamoyl transferase; C3ʹ′H, ρ-coumaroylshikimate 3ʹ′-hydroxylase; 

CCoAOMT, Caffeoyl CoA O-methyl transferase; CCR, (hydroxy)cinnamoyl CoA reductase; F5H, ferulic 

acid/coniferaldehyde/coniferyl alcohol 5-hydorxylase; COMT, caffeic acid/5-hydroxyferulic acid O-

methyl transferase; CAD, (hydroxycinnamyl alcohol dehydrogenase; PER, peroxidase; LAC, laccase; 

CHS, chalcone synthase.  
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Whilst monolignol biosynthesis is fairly well characterized (at least in terms of the 

chemistry and enzymology), the mechanism of lignin polymerization has only 

recently begun to be elucidated.  This is partly due to the fact that polymerization 

occurs within the complex cell wall matrix and attempts to mimic these conditions 

in vitro have been unfruitful [87].   

 

It has long been accepted that monolignols are transported and excreted into the 

extracellular space by golgi bodies and this was supported by immunolocalisation 

studies of monolignol biosynthesis enzymes [88, 89].  However, recently TEM 

autoradiographs of radiolabelled monolignols in Lodgepole pine tracheids (cells 

undergoing lignification) have allowed monolignol transport to be visualized, 

revealing that they are not, in fact, translocated via the golgi [90].  Instead, a 

number of ATP-binding cassette (ABC) transporters have been suggested as 

candidates for energy-dependant monolignol export across the plasma membrane 

[90].  This is based on transcript profiling, which shows tight co-expression of some 

ABC transporters with monolignol biosynthesis genes [91] and subsequently, 

several gene knockout studies have also supported the role of ABC transporters in 

lignin excretion into the extracellular space [92]. Once the monolignols have been 

excreted into the extracellular space (cell wall), irregular polymerization of H, G & S 

lignin occurs.   

 

Once lignin monomers have been delivered to the cell wall they must be 

polymerised, however the exact mechanism remains elusive. Currently, a model of 

random polymerisation where monolignols are ‘primed’ for polymerization before 

being randomly incorporated into the growing lignin polymer has been proposed 

[93]. Cell wall peroxidases and laccases are capable of oxidising monolignols in 

vitro (utilizing H2O2 produced by cell wall NADPH oxidases, and O2 respectively) 

allowing polymerisation to occur and are therefore the primary candidates for the 

proposed ‘priming’ agents [94, 95].  A number of peroxidases and laccases have 

also been shown to be expressed in tissue undergoing lignification [96, 97], and 

several apoplastic peroxidases bind strongly to Ca2+ rich pectin gels which are 
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present in the middle lamella [96-98].  The later observation has prompted the 

claims that these peroxidases act as nucleation sites for lignin polymerization [94].  

It has been very difficult, however, to identify specific peroxidases or laccases 

which act in lignin polymerization in vivo since most act on numerous substrates 

without having high specificity for monolignols [99]. Recently, LAC4 and LAC17 

(laccases) have been shown to be required for lignin polymerisation [100-103], 

casparian strip domain proteins (CSDPs) in complex with NADPH peroxidases have 

been shown to direct site specific lignin polymerisation in Arabidposis roots [104], 

and a loss of function AtABCG29 mutant in Arabidopsis has been shown to reduce 

ligninification [105], thus strengthening the proposed mechanisms of lignin 

monomer export to cell walls and their polymerisiation. 

 

Whilst the peroxidase/CSDPs complex has been shown to act as a nucleation site in 

developing Arabidopsis roots, it has been suggested that ferulic acid, which cross-

links lignin to the cell wall matrix [106], acts as a nucleation site for lignin 

polymerisation within the secondary cell wall [94].  In fact, it has been observed 

that ferulic acid binds to arabinose side chains of GAX [106].  Thus, regions where 

peroxidase/laccase, monolignols and ferulic acid bound to GAX are present will be 

able to initiate lignin polymerisation from which large lignin polymers can grow.  

This is by random incorporation of monolignols which have been translocated to 

the cell wall matrix [106] (Figure 8). 

Figure 8. Schematic of lignin polymerisation facilitated by peroxidises, at nucleation sites where 

ferulic acid cross-links the growing lignin polymer to the cell wall matrix via arabinose side chains of 

GAX (adapted from [106].  
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2.3.1.3.1.2.2 Hydroxycinnamates 

The hydroxycinnamates are intermediates in the monolignol synthesis pathway 

and therefore are phenolics which contain no fermentable sugars for bioethanol 

production. Significant amounts of ferulic acid (up to 4%) and ρ-coumaric acid (up 

to 3%) are uniquely incorporated into both primary and secondary cell walls of 

grasses [28]. The function of these hydroxycinnamates is relatively unknown, 

however, ferulates can dimerise and form cross links to GAX and to lignin. It has, 

therefore been suggested that ferulic acid replaces the functional role that 

structural proteins play in type I cell walls, cross linking hemicellulose, cellulose and 

lignin fractions [28]. It has also been suggested that ferulic acid acts as initiation 

sites for lignin polymerisation within the secondary cell wall [94]. 

Hydroxycinnamates are a major contributor to the recalcitrance of grass cell walls, 

particularly in ruminant digestion [107]. They are also inhibitory to yeast 

fermentation [28], thus they are a target for genetic manipulation of cell walls for 

increased digestibility. 

2.3.1.3.1.3 Pectins 

Pectins are the most structurally complex polysaccharides. They are galacturonic 

acid-rich and contain many and varied branch points producing complex polymers 

of many acidic and neutral five and six carbon sugars monomers [10]. Pectins form 

the middle lamellae of all plant cells acting as a glue that hold cells together [10]. 

They also facilitate plasmodesmatal connections between neighbouring cells [10]. 

Whilst pectins contain many sugar moieties, some of which are easily fermentable, 

they only comprise a small proportion of the cell walls of grasses [28]. This small 

proportion is greater in thin primary cell walls than thick secondary cell walls and 

therefore is probably only present in the middle lamellae. Therefore, whilst pectins 

in the middle lamellae play an important physiological role in the middle lamellae, 

the proportion of pectins in the grass cell wall is not enough to warrant interest as 

product for bioethanol production and will not be discussed further here. For a 

recent review see [108]. 
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2.3.1.3.1.4 Structural proteins 

Proteins are highly ordered polymers built from the 20 standard amino acids that 

are encoded in the genetic code of deoxyribonucleic acid (DNA). Whilst many of 

these amino acids contain sugar moieties and are able to be converted to the 

fermentable sugar glucose by gluconeogenesis, this is a complex metabolic 

pathway and would not be an efficient means of producing fermentable sugars for 

bioethanol production. Amino acids do, however, form an essential component of 

animal nutrition and therefore should be considered when assessing plant cell 

walls as ruminant feedstocks (however amino acids are supplemented in 

ruminants, to an extent, by gut bacteria that synthesise them from ammonia and 

urea).  

 

The plant cell wall is an active organ that contains numerous proteins and enzymes 

that are specialised in individual cell types to facilitate cell wall deposition, cell 

expansion, respond to environmental stimuli, transport solutes and interact with 

neighbouring cells. These proteins can be soluble, loosely bound, or covalently 

bound to the cell wall, however, in grasses they are generally not structural [28]. In 

fact significant amounts of structural proteins have only been observed in primary 

cell walls of grasses and only make up ~1% of the dry weight. Recently, proteomic 

studies of the cell wall elongation zone of a primary maize root examined the 

soluble and loosely bound protein fractions. While many proteins had previously 

been identified in dicot cell walls, 18% were found to be unique to the type II maize 

cell wall [109]. Specifically an endo-1,3;1,4-β-D-glucanase was found which is 

implicated in MLG mediated expansion of primary cell walls, and an α-L-

arabinofuranosidase which has been implicated in modification of GAX were 

identified [109] and are of specific interest since MLG and high proportions of GAX 

are unique to the grass cell wall. Further characterisation of these proteins and of 

the many other proteins unique to the grass primary cell wall will be of great 

interest in dissecting the molecular mechanisms involved in grass cell wall 

expansion and synthesis. Proteomic studies of grass cell walls in various species 

and tissues will also lead to a greater understanding of the role of proteins in the 

grass cell wall. 
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2.3.1.3.1.5 Silica 

Silica, or silicon dioxide (SiO2) is another component of the grass cell wall that is 

uniquely present in high proportions (2-15%) [28, 110] in comparison to most type 

I cell walls. Silica is mostly found in shoots of grasses, particularly leaves but also in 

stems [111]. It is also present in the endodermis and casparian strip of roots [111]. 

In shoots, silica is found in silica bodies (phytoliths) that are formed after secondary 

cell wall thickening, silicification of the cell wall and cytoplasmic degeneration of 

leaf epidermal cells [112]. Cells are slowly ‘filled’ with silica to form dumbbell, 

saddle and bulliform shaped clear silica bodies [113] at leaf maturity [112]. Silica is 

also found in intracellular spaces between cells and importantly, in the cell wall 

where silicification occurs. Very little is known about silicification of grass cell walls.  

 

It has been shown that silicon may combine with the phenol (ferulic acid) or lignin 

fraction of the cell wall rather than the carbohydrate fraction [114] through a SiO-

aromatic ring bond [115], however, it is unknown what form this silicon is in. It has 

also been shown that silicon promotes cell wall extensibility in elongating (primary 

cell walls) in rice [116], oats [116, 117], wheat [116] and sorghum [118] but 

conversely aids in rigidifying cells undergoing secondary cell wall deposition thus 

decreasing their extensibility [118]. The mechanisms by which this occurs is 

unknown however, it has been suggested that increased extensibility of primary 

cell walls could be due to the reduced density of cell wall polysaccharides when 

silica is present [117].  

 

It is well established that silica is beneficial for plants [119]. It has been shown to: 

enhance resistance to herbivory, pathogen, metal toxicity, salt, and temperature 

stress [120, 121]; provide structural support to the plant [121]; allow regulation of 

leaf shape in drought conditions [121]; and increase canopy photosynthesis rates 

and grain yields of rice, wheat and maize [122]. The increased resistance to stresses, 

particularly resistance to herbivory by producing a stronger, more rigid cell wall, 

however, results in silica negatively effecting cell wall digestibility. In one case it 

was reported to have a greater effect than lignification [123], therefore regulation 

of silicification is a poorly studied area which presents opportunities for re-
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engineering cell walls for greater digestibility, however, the beneficial effects of 

silica make this task a difficult balancing act. 

 

On a molecular level, silica transport and enzymatic control of its localisation and 

polymerisation are poorly understood. Only recently three silica transport genes 

were functionally identified in rice, and their homologues were functionally 

confirmed in maize [124], barley [125], wheat [126] and pumpkin [127]. The three 

genes are the silica influxer Lsi1 [128], the silica effluxer Lsi2 [129] and Lsi6 which is 

likely involved in xylem unloading of silica [124, 130]. It has been suggested that 

the mechanism of silica transport is slightly different in maize and barley in 

comparison to rice [131]. 

2.3.1.3.2 A model for primary cell wall expansion 

Cell wall biosynthesis and the structural arrangement of its polymers is highly 

regulated by the plant in concert with developmental and environmental cues 

such as cell division, cell expansion, cell maturity, response to pathogens and so 

on. This regulation is complex, involving hormones, transcription factors and 

microRNAs [132] which act as master regulators of large suites of genes. 

 

Once a cell divides in the meristem it must immediately begin synthesis of the cell 

wall. Following determination of cell fate the cell must then expand, depositing cell 

wall polymers in a complex manner that involves deposition of newly synthesised 

polymers and ‘slippage’ or cell wall ‘creep’ of existing polymers to accommodate 

and control an expanding cell. Synergistic action of hormones has been shown to 

regulate this process activating genetic switches that control gene expression 

[132]. Recently a brassinosteroid response transcription factor, BES1, was shown to 

bind to primary cell wall CesA gene promoters and regulate their expression in A. 

thaliana [133] implicating it as a transcriptional regulator of cell wall expansion. In 

rice a phytochrome-interacting factor-like protein PIL1/13 was shown to regulate 

cell expansion, and therefore plant height in the elongating regions of internodes 

[134]. 
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Molecular regulation of primary cell wall expansion is clearly not well defined and 

is an open area of research. Also of interest is the mechanism by which the primary 

cell wall expands. Models have been proposed for dicot cell walls involving cell 

expansion by α-expansin mediated ‘slippage’ of CMFs at an auxin induced acidic 

pH of ~5 [10, 135]. Grass cell walls, however, have a very different primary cell wall 

composition and therefore the mechanism of cell wall expansion is poorly defined. 

GAX is the predominant hemicellulose in grasses and it forms a cellulose-GAX 

network via hydrogen bonds to CMFs.  The GAX is thought to form a chain fence 

like mesh which is also held together by hydrogen bonds [50].  The arabinose and 

glucuronic acid side chains of GAX [28] block efficient hydrogen bonding to CMFs 

and other GAX [51, 52] and this is currently thought to be the basis for cell wall 

expansion in grass cell walls. 

Highly substituted GAX is secreted into the cell wall space thus it is not able to bind 

to CMFs or other GAX efficiently until its side chains are removed by cell wall 

enzymes [60].  Addition and removal of these side chains, therefore, presents a 

model for cell wall loosening and cell expansion where CMFs are able to ‘slip’ by 

each other and thus expand the cell wall (driven by turgor pressure) when side 

chains are present on GAX.  As the cell wall ceases expansion it is strengthened and 

held into place by the removal of GAX side chains.  This is supported by analysis of 

maize coleoptile cell walls by gas chromatography-mass spectroscopy showing 

that the amount of side chains present on GAX in expanding cell walls is much 

higher than that in mature, expanded cells [52].   

The expansion of the grass cell wall is however, more complex than this simplified 

version.  MLGs closely follow cell expansion with maximum levels occurring at the 

peak of cell expansion [57] suggesting a major role in grass primary cell wall 

structure and expansion.  Hydroxycinnamates (phenolics such as ferulic acid and ρ-

coumaric acid) are also present in much higher amounts in grass cell walls in 

comparison to dicots and are thought to aid in cross-linking GAXs, facilitating 

binding to CMFs [28, 51].   
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We can, therefore, present a more current model of the grass primary cell wall as 

consisting of CMFs densely coated in MLGs [60] and low-substituted GAXs, cross-

linked by phenolics such as ferulic acid, embedded in a matrix of highly substituted 

GAX, and silica [28, 50, 51, 60] (Figure 9). In this model, cell expansion is facilitated 

by ‘slippage’ of CMF bound polymers, which is most likely modulated by regulating 

side chain removal from GAX and almost certainly involves MLG presence or 

modification [60]. β-expansin genes homologous to the well-characterized A. 

thaliana α-expansin gene family have also been identified in maize [136-138], 

however their precise role in cell wall loosening of grass cell walls is yet to be 

elucidated.  Since no proteolytic or hydrolase activity of β-expansins has been 

detected [139] and β-expansins in maize have been shown to solubilise GAX [138], 

the current theory of cell wall loosening is based on the ability of β-expansins to 

reduce non-covalent bond strength of GAX, thus making GAX ‘slippery’ and 

allowing turgor pressure to force cell wall expansion. 

Figure 9. Current model of the grass primary cell wall (A) and a more detailed sketch of the

structure of the GAX mesh that bonds (via hydrogen) to CMFs (B). Adapted from [50, 51]. 

Based on additional information showing that MLG and silica increase cell wall 

extensibility in grass primary cell walls, a novel mechanism for grass cell wall 

expansion is presented here. In an expanding primary cell wall, GAX polymers are 

highly substituted [140] and therefore do not bind CMFs tightly. MLG is 

synthesised and tightly coats CMFs [60]. The ‘kinks’ in the MLG polymers act like a 
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ratchet system allowing CMFs to stretch and slide along each other without 

recoiling. Silica has been shown to aid cell wall extensibility [116-118] and silicone 

oil (a polymer of silica combined with organic methyl groups, which are possibly 

provided by increased amounts of ferulic acid in primary cell walls) is widely used 

as a lubricant. Silica could therefore act as a lubricant in expanding cell walls 

facilitating efficient ‘slippage’ of CMFs along the MLG derived ratchet system that 

coats it, thus increasing cell wall extensibility. Since β-expansins have been shown 

to solubilise GAX [138], they could act to reduce hydrogen bonding specifically 

between the GAX-GAX mesh structure, thus this hypothesis explains cell wall creep 

of both the CMFs and GAX fraction of the network. As the cell ceases expansion, 

MLG is hydrolysed and GAX side chains are removed enzymatically, causing GAX to 

bind strongly to CMFs. Ferulic acid concentration is decreased and lignin is 

polymerised through the spaces in the cell wall matrix to rigidify and water proof 

the cell walls. This reduction in ferulic acid accompanied by an increase in silica, 

and the availability of methyl groups of lignin for interaction with silica could cause 

a chemical change in the silicon polymer that alters its properties to become rigid 

like sand or quartz. This would be in agreement with the observation that silica 

decreases cell wall extensibility [118] and cell wall digestibility [123] of secondary 

cell walls and provides protection against abiotic and biotic stresses [119]. 

2.3.1.3.3 Transition to secondary cell wall deposition 

The secondary cell wall contains the greatest proportion of biomass [141], thus it is 

of most interest as a renewable source of carbon for bioenergy. The transition from 

primary to secondary cell wall synthesis is a highly regulated process. In A. thaliana 

many transcription factors involved in activation or repression of secondary cell 

wall synthesis have been identified [142]. These transcription factors are generally 

within the MYB or NAC domain gene families [142] and bind to specific AC 

elements of other MYB/NAC promoters and numerous cell wall biosynthesis gene 

promoters [143]. Since grass cell wall composition, anatomy and cellular 

distribution of secondary cell walls is vastly different to that of dicots, it is thought 

that novel transcriptional regulation will be acting in grasses [143].  
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To date only two transcription factors, which are homologous to those identified in 

A. thaliana, have been functionally tested in grass species suggesting that novel 

secondary cell wall regulatory networks remain to be discovered in grasses. The 

transcription factor, ZmMYB31 has been shown to reduce lignin deposition in 

secondary cell walls by regulation of the phenylpropanoid pathway in maize [144]. 

Similarly, overexpression of the switchgrass transcription factor PvMYB4 was 

shown to decrease lignin and phenolic contents of secondary cell walls by binding 

to AC-I, AC-II and ACII elements of monolignol biosynthesis genes [145].  

 

Indirect evidence for the role of a number of other A. thaliana MYB and NAC 

homologues in secondary cell wall synthesis has also been provided. 

Complementation studies in A. thaliana show that rice and maize MYB46 and a 

number of secondary cell wall NAC domain (SWN) transcription factors, namely 

OsSWN1,3 and 7, and ZmSWN1, 3, 6 and 7, activate secondary cell wall biosynthesis 

[146] however, functional roles and physiological effects of altered expression has 

not been determined within a grass system. Similarly, by heterologous expression 

in A. thaliana, ZmMYB42 was shown to decrease cell wall lignin content [147], 

however this effect has not been reproduced in a grass species. 

 

Once the regulatory factors have signalled a transition to secondary cell wall 

synthesis, the secondary cell wall is deposited inside the primary cell wall in the 

extracellular space. This is usually in three distinct layers, a thin primary layer (S1), a 

thick multilamellar secondary layer (S2), and occasionally a third layer (S3)  (Figure 

4). As opposed to the primary cell wall, which is designed for malleability, thus 

facilitating growth and defining cell shape, the secondary cell wall is designed for 

strength and its composition reflects this function [10, 26].  A typical grass 

secondary cell wall is composed of cellulose in the form of CMFs, embedded in a 

matrix consisting of GAX, lignin, silica and phenolics (i.e. ferulic acid & ρ-coumaric 

acid) [28, 110]. Since secondary cell walls are not required to expand (a very 

complex process), much of the complexity of the primary cell wall is absent.  This 

can be seen with the absence of MLGs, reduced amounts of hydroxycinnamates 

and a reduction of side chain substitutions of GAX in secondary cell walls [28]. 
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Secondary cell walls are generally deposited in a highly ordered manner with CMFs 

in each layer being deposited parallel to each other and offset by a set angle in 

each subsequent layer [10]. 

There is limited description in the literature of secondary cell wall structure. 

Despite this, an abbreviated model of secondary cell wall structure consists of 

CMFs bonded via hydrogen to a matrix of low-substituted GAX, which is cross-

linked in a mesh structure, and is strengthened and rigidified by lignin, silica and 

phenolics [28, 87, 148].  Since lignin is probably the most prominent defining 

feature of secondary cell walls and due to its agricultural and industrial 

implications (i.e. reducing digestibility of lignocellulosic feedstocks for bioethanol 

production and rumen digestibility), most of the research in this area has focussed 

generally on the incorporation of lignin into the cell wall. 

Lignification begins at the cell corners in the middle lamella where lignin polymers 

form spherical structures that infiltrate the primary, followed by the secondary, cell 

wall. Lignin forms lamella which coat CMFs and cross-link with hemicelluloses to 

strengthen the cell wall and create a hydrophobic environment [94]. It is thought 

that ferulic acid, which has been shown to cross-link lignin to the cell wall matrix 

[106], acts as a nucleation site for lignin polymerisation within the secondary cell 

wall [94].  In fact, it has been observed that ferulic acid binds to arabinose side 

chains of GAX [106].  Thus, regions where peroxidase/laccase, monolignols and 

ferulic acid bound to GAX are present, will be able to initiate lignin polymerisation 

from which large lignin polymers can grow through the deposited primary cell wall 

and the growing secondary cell wall.  This is thought to be by random 

incorporation of monolignols which have been translocated to the cell wall matrix 

[106] although this is yet to be fully unravelled.

2.3.2. Harnessing energy from biomolecules 

So far we have reviewed the process by which C4 plants harness energy from the 

sun to build the three main plant biomolecule stores, that is: starch; soluble sugars; 

and cell walls. By breaking down these biomolecules, we are able to harness the 

energy stored within them and an understanding of how to do this efficiently will 
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be key to producing cost effective, carbon neutral fuels. Natural systems have been 

harnessing the energy from these molecules for millions of years, therefore it is 

helpful to have an understanding of how these processes work so that we can 

apply an understanding of these finely tuned evolutionary pathways to industrial 

processes. 

2.3.2.1 Natural systems 

Many natural systems are capable of breaking down, and therefore harvesting 

energy from the biomolecules produced by plants. In fact, in most cases these 

molecules are a major food source and are essential for the survival of almost all 

animal, fungal, bacterial and protozoan species. 

The simplest food sources to deconstruct are disaccharides such as sucrose which 

can be metabolised by most animals, fungi, bacteria and protozoa by simple 

cleavage into its monosaccharide units of glucose and fructose. Heat and acids are 

able to cleave sucrose, however there is often an enzyme catalyst involved to 

increase the efficiency and gain biological control over the process. In mammals 

sucrose is hydrolysed by sucrases and the resulting monosaccharides are absorbed 

into the blood stream [149]. Bacteria and some animals use invertases to cleave 

sucrose into its monosaccharides. Plants also possess a number of invertases and 

sucrose synthase enzymes that are capable of cleaving sucrose [10]. The enzyme 

kinetics of sucrose hydrolysis and metabolism is well understood in many species 

and invertases are commonly used in efficient industrial processes to produce 

inverted sugar syrup which is a mixture of glucose and fructose that has a sweeter 

taste than sucrose [150]. Sucrose is also efficiently used directly as a fermentation 

substrate by yeast to produce ethanol and CO2 [151]. 

Starch is also a relatively simple molecule to deconstruct. Most mammals contain 

α-amylase enzymes in their saliva that are capable of cleaving the α-1,4 glycosidic 

bonds of starch to yield glucose and maltose [149]. Maltose is then further digested 

by maltase and isomaltase enzymes that cleave the maltose and the α-1,6 

glycosidic bonds that are not cleaved by α-amylase respectively [149]. Plants also 

contain α-amylases and α-glucosidases capable of degrading starch to yield 
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glucose [10]. The kinetics of starch degrading enzymes is well understood [152] 

and α-amylases are used in industrial processes, including bioethanol production 

from corn kernels to yield fermentable sugars. 

 

Much fewer species are able to deconstruct the polysaccharides of the cell wall due 

to the β-glycosidic bonds from which cellulose, hemicellulose and pectin polymer 

backbones are constructed. Ruminants are capable of digesting cellulose and 

hemicellulose to some extent, however this is due to the presence of bacteria and 

fungi that live in their rumen (the first of four chambers of the ruminant stomach) 

[153]. The ruminant firstly masticates the plant cell wall material to disrupt the 

protective barriers of the tissue and release saliva that hydrates the material at 

alkaline pH [154]. Alkaline pretreatment has been shown to remove lignin from 

biomass and alter the hemicellulose and cellulose to allow better access of 

degrading enzymes [155]. The cell wall material is then swallowed exposing it to 

the acidic conditions of the foregut. The acidic conditions of the foregut solubilise 

hemicelluloses and also aid in the removal of lignin from the cell wall matrix 

reducing hydrophobicity and increasing the accessible surface area of cellulose 

[156]. This allows fungal and bacterial β-glucoside hydrolases to access the cell wall 

polysaccharides. The ruminant then regurgitates the cell wall material and re-

masticates to further reduce particle size, thus increasing surface area of accessible 

cellulose which has been shown to greatly increase digestibility of lignocellulose 

[157]. The ‘cud’ is then swallowed again for further degradation by bacterial and 

fungal β-glucoside hydrolases and fermentation [158]. The degradation and 

fermentation products are then absorbed into the blood stream in the hindgut 

[158] (Figure 10). This process is a highly evolved mechanism for the 

deconstruction of cell wall polysaccharides and, in fact, the mechanism and 

process chemistry varies between ruminant species that have evolved from diets of 

different plant species with different cell wall types [158]. 
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Figure 10. The ruminant digestive system that is capable of digesting plant cell wall polymers.

The four chambers of the stomach are numbered in order from foregut to hindgut. This is the 

model from which most industrial bioethanol plants are based. Adapted from Addison Wesley 

Longman, 1999. 

Whilst the ruminant pre-treats the lignocellulosic material and provides a 

fermentation/reaction vessel where bacteria and fungi thrive, it is clearly these 

microorganisms that possess the unique β-glucoside hydrolase enzymes for 

deconstruction of β linked cell wall polymer backbones. In fact numerous species 

of bacteria and fungi have been identified that possess numerous β-glucoside 

hydrolase gene families. Digestion of cellulose requires three main enzymes: 

exocellulases which cleave two to four unit chains of glucose from the exposed 

ends of cellulose polymers; endocellulases which randomly cleave internal bonds 

of cellulose polymers; and β-glucosidases which then convert these products into 

monosaccharides for metabolism or fermentation [159]. These enzymes have been 

identified in many fungal and bacterial species, thus a large number of glycoside 

hydrolase (GH) gene families have been identified, each with different enzyme 

kinetics and specificities for cellulose containing substrates [153, 159].  
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Complete digestion of GAX, the major hemicellulose in grass cell walls, requires six 

enzymes: endoxylanase, which randomly cleaves the xylan backbone of GAX; β-

xylosidases, which release xylose monomers from the non-reducing ends of the 

xylan backbone of GAX; α-arabinofuranosidases, which catalyse the removal of 

arabinose side chains from GAX; α-glucoronidases, which catalyses the removal of 

glucuronic acid side chains from GAX; acetylxylan esterases, which remove acetyl 

groups from the xylan backbone of GAX; and ferulic acid esterases which catalyse 

the hydrolysis of arabinose-ferulate ester bonds which link GAX to lignin [159]. 

These enzymes have also been identified in many fungal and bacterial species, 

thus a large number of GH gene families exist with a range of enzyme kinetics and 

substrate specificities [159]. In addition, most of these enzymes, and cellulase 

enzymes, contain a carbohydrate-binding module (CBM) which increases substrate 

specificity and hydrolysis efficiency [153]. Many CBMs have been identified with 

different substrate specificities ranging from cellulose to hemicellulose to starch 

[160].  

Fungi and bacteria are known to assemble these cellulose and hemicellulose 

degrading enzymes into complex structures called cellulosomes which contain 

multiple catalytic sites [153]. The arrangement of enzymes around structural 

cellulosome proteins has synergistic effects for the fungi [153] and allows the 

secretion of complex, but controlled enzyme cocktails. The range of GH gene 

families required for cellulose and hemicellulose deconstruction are also found in 

most plants, but rather than being assembled into cellulosomes, have been 

implicated in cell wall expansion and deposition [160]. 

Deconstruction of the phenolic component of cell walls, namely lignin, is a much 

more difficult process. Lignin is hydrophobic, non-porous and has a highly variable 

structure. Enzymatic degradation therefore seems impossible since the 

hydrophobicity of lignin reduces enzyme access to the polymer, the small pores of 

lignin do not allow the penetration of enzymes which are relatively large 

molecules, and the variable structure is incompatible with enzymatic cleavage 

which is usually highly specific to a certain bond type. For this reason only very few 
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organisms have been identified that can deconstruct and metabolise lignin [161]. 

Initially only the white-rot basidiomycetes (fungi) were thought to be able to 

metabolise lignin, however recently it has been suggested that bacterial species 

exist which are also capable of this feat [161]. By analysing the deconstruction of 

lignin by white-rot fungi it has been suggested that, rather than a direct enzyme 

catalysed reaction, deconstruction occurs via oxidative mechanisms [162]. Lignin 

peroxidase, manganese peroxidase and glyoxyl oxidase have been identified in 

white-rot fungi and have been shown to be capable of deconstructing synthetic 

lignin polymers (whose structure closely resembles in vivo lignin but does not 

represent its complexity) [162]. These enzymes produce oxidative species, such as 

Mn3+, that are small and able to penetrate the small pores of the lignin polymer 

[162] . They are also less specific and are able to act on moderately activated

aromatic rings that are present throughout the variable lignin polymer [161]. In

vitro degradation of lignin using synthesised enzymes has not been demonstrated

(at least not with any efficiency) and therefore enzymatic lignolysis cannot

currently be applied to the pretreatment of biomass.

A comprehensive understanding of the biomass pretreatments applied by 

ruminants, the range of fungal and bacterial GH gene families and the specificities 

of their CBMs, and a better understanding of lignolysis in bacteria and fungi will 

lead to the engineering of efficient enzyme cocktails for industrial deconstruction 

of lignocellulose. 

2.3.2.2 Human systems 

Humans have utilised the energy stored in plant derived biomolecules as a tool 

ever since the mastery of fire. In modern times, many processes have been 

developed that utilise this stored chemical energy, however, by far the most 

common method is the combustion reaction. Hydrocarbons (i.e. methane and 

octane) consist of C and H atoms, alcohols (i.e. ethanol and butanol) consist of C 

and H atoms with a terminal OH group, and carbohydrates (i.e. sucrose, glucose, 

fructose, starch, cellulose and hemicellulose) consist of C, O and H atoms with 

higher proportions of O atoms than alcohols [14] (see Figure 11). If supplied with 

sufficient energy to initiate the reaction (auto ignition temperature), all carbon 
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based molecules will readily combine with O2 to form the less complex, more 

stable, CO2 and H2O [163]. In fact, in reality most combustion is incomplete, since 

the O2 supply is not always optimal, and reaction intermediates such as CO, H2 and 

C are released [163].  

The proportions of O and H atoms greatly affects the combustion properties of a 

fuel. Generally the proportion of H atoms in a molecule is proportional to the 

volatility and heat of combustion (energy released upon combustion MJ/kg) of that 

fuel. For example, carbohydrates have increased proportions of O atoms and 

decreased proportions of H atoms on the carbon backbone resulting in less volatile 

substances with a lower heat of combustion (viewed MSDS for sucrose, glucose, 

fructose, cellulose and starch). Hydrocarbons and alcohols such as ethanol, 

however have higher proportions of H atoms and are therefore more volatile and 

release more energy upon combustion (viewed MSDS for methane, methanol, 

ethane and ethanol). Their increased volatility also results in alcohol and 

hydrocarbon fuels being a liquid or gas at room temperature making them ideal 

for combustion engines used in transportation. For this reason, sugars, starch and 

cell wall polymers must be deconstructed and fermented into reduced molecules 

with higher proportions of H atoms such as ethanol for efficient use as 

transportation fuels. 

Figure 11. Chemical structures of common sugars and transportation fuels highlighting the

requirement for fermentation due to the difference in H:O atom ratios. 
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2.3.2.3 Industrial bioethanol production 

Industrial bioethanol production can be either 1st generation or 2nd generation. 1st 

generation is bioethanol produced from simple sugars such as sucrose, glucose, 

fructose and starch (which is easily hydrolysed by α-amylases). Corn kernels (mainly 

starch) are widely used in the US and sugarcane sucrose is used extensively in 

Brazil to efficiently produce 1st generation bioethanol that is economically 

competitive. The use of these foodstuffs as fuel however, reduces their availability 

as food and drives prices up, thus it is not thought to be sustainable on a large 

scale in most countries [20]. Sucrose from sugarcane can be directly fermented 

whilst corn starch is processed by either dry milling or wet milling [164]. These 

processes are well established, efficient industrial processes and will not be 

discussed further here. 

2nd generation bioethanol is produced from lignocellulosic plant biomass and 

requires the additional steps of weakening the cell wall matrix and hydrolysing its 

β linked polysaccharide backbones. The industrial process for 2nd generation 

bioethanol production is currently an active field of research since lignocellulosic 

biomass is a large un-tapped resource but its conversion to fermentable sugars is 

not currently commercially viable. As of 2009 there were four functional non-

commercial 2nd generation bioethanol pilot plants operational in the US and there 

is currently one in Australia [165]. More recently, 2nd generation bioethanol plants 

have become more widespread in the US. 

Most industrial processes mimic the process employed by ruminants, that is, 

particle size reduction, alkaline and acid pretreatment, enzyme digestion and 

fermentation followed by distillation of high purity ethanol [159]. Many 

pretreatments have been trialled including liquid hot water, steam, steam 

explosion, hydrogen peroxide, ionic liquids, ammonia (alkaline), lime (alkaline) and 

dilute sulphuric acid [155, 156]. Alkaline treatment (specifically ammonia) has been 

shown to be effective at removing and altering the structure of lignin, and 

reducing the crystallinity of cellulose [155]. Yields of 90% of theoretical were 

reported after ammonia treatment and enzyme digestion [155]. Dilute sulphuric 
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acid has been shown to be effective at removing hemicellulose and altering the 

structure of lignin to increase the enzyme accessible surface area [155]. Yields of 

over 90% theoretical have been reported [166]. Like in ruminants, each 

pretreatment method must be optimised to specific substrates and processing 

plants. It is therefore difficult to suggest that any method is more efficient than 

another, however recently a method that closely mimics ruminant pretreatment of 

a two-step acid-alkaline treatment shows great promise with high yields of both 

glucose and xylose with few inhibitors of fermentation formed as by-products 

[167]. 

Enzyme digestion of pretreated lignocellulose is another area of active research. 

The most efficient methods employ simultaneous saccharification and 

fermentation (SSF). Recently, with the development of yeast strains with increasing 

pentose fermentation efficiency [56], simultaneous saccharification and co-

fermentation of hexoses and pentoses (SSCF) is now possible [159]. Furthermore, 

efforts have been made to engineer a single organism that carries out both 

saccharification and fermentation (consolidated bioprocessing; CBP), however 

there are no current reports of commercially viable CBP organisms [168]. Attempts 

at bioengineering cellulosome complexes have also been made but none have 

been reported to increase cellulase activity of crystalline cellulose [169]. For recent 

reviews on cellulase developments see [153, 159, 168-170]. 

Continued progress towards more efficient, substrate specialised pretreatment and 

enzyme saccharification along with more efficient fermentation of pentoses by 

engineered yeast strains will lead to productive economically viable commercial 

scale lignocellulosic bioethanol plants.  

2.3.3. Bioenergy feedstocks 

So far we have reviewed the processes by which C4 plants build biomolecules, 

natural systems that have evolved to harness energy from these molecules and the 

use of these molecules by humans as an energy source. To efficiently utilise these 

biomolecule production and degradation systems we must also identify optimal 

feedstock species and employ targeted strategies for improvement of these crops.  
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In the case of bioethanol, energy feedstocks must contain biomolecules that are 

easily deconstructed to yield fermentable molecules (i.e. six carbon sugars, and to a 

lesser extent five carbon sugars). This means that feedstocks containing high levels 

of soluble six carbon sugars such as glucose and fructose are ideal, as are those 

that accumulate high levels of disaccharides such as sucrose that is readily 

metabolised into its monosaccharide components. Polymers containing glucan 

backbones such as starch, cellulose and some hemicelluloses (i.e. XyG), and to a 

lesser extent polymers containing xylan backbones such as arabinoxylan are also of 

great value and coincidently are the main storage molecules of plants [10]. In 

considering potential plant based biofuel feedstocks it is therefore essential to find 

species that store energy in molecules based on six carbon sugars and that 

accumulate these molecules rapidly whilst using water and nutrients efficiently. It 

will also be pertinent to consider the potential for crop improvement for each 

species and the environments in which they prosper. Rather than choosing one 

energy feedstock to meet world fuel supplies, a more effective approach will 

involve the improvement of multiple technologies and crop species each selected 

to thrive in a particular environment or community. 

Microalgae are effectively a single cell plant that reproduces rapidly and when 

grown in a nutrient rich medium can accumulate biomass more rapidly than 

terrestrial plants [171, 172]. Microalgae are capable of photosynthesising (thus 

fixing CO2) and have been used as a bioenergy feedstock, however most research 

has focused on using its lipid fraction to produce biodiesel [171-175]. Lipids are not 

readily fermentable therefore cannot be used to produce ethanol. Since naturally 

occurring algae store up to 70% of their energy as lipids [173] they are not 

currently ideal for bioethanol production, however they are easily transformed and 

therefore their metabolic pathways can be easily manipulated. An example of this 

is the AlgenolTM technology which has engineered the DIRECT TO ETHANOL® 

pathway into cyanobacteria (blue-green algae) allowing pyruvate produced by 

photosynthesis to be directly metabolised to ethanol [176]. Microalgae also rarely 

produce lignin or hemicellulose therefore their cell walls are a rich source of 
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cellulose and a two-step process where biodiesel is produced from the lipid 

fraction and bioethanol is produced from the carbohydrate fraction has been 

suggested [174]. Patents for rapid growing multicellular algae (such as kelp) 

containing microalgae transgenes for the production of hydrocarbons have also 

been issued [177]. 

Terrestrial plants such as poplar, which rapidly accumulates biomass, have also 

been proposed as a biofuel feedstock, however it is generally accepted that the C4 

grasses such as sugarcane, maize, switchgrass, miscanthus and sorghum are the 

optimal terrestrial crops for bioethanol production [178]. Sugarcane and certain 

sweet sorghum varieties uniquely accumulate high concentrations of sucrose in 

their stems at maturity and also produce high yields of lignocellulosic biomass 

[179, 180]. In fact, when combining fermentable sugar yields from both the soluble 

and lignocellulosic fractions of bioenergy crops, sorghum was shown to be the 

highest yielding with low cost, energy and nutrient inputs [1]. Sweet sorghum 

varieties have had little optimisation through breeding therefore there is a greater 

potential for crop improvement than in sugarcane. Adding Sorghums potential for 

improvements via breeding is the fact that it has a small, diploid genome and is 

easily crossed, compared with Sugarcane and Miscanthus which are both massively 

polyploidy, hard to cross, and have infrequent flowering making breeding very 

difficult. Sweet sorghums also produce a large seed head adding to the value of 

each crop and making sowing of seed much easier than sugarcane, which is 

propagated vegetatively from buds on stem billets. Sweet sorghums also grow 

optimally in mid to northern Australia and therefore strategies for crop 

improvement as an Australian biofuel feedstock will be further explored here.  

2.3.3.1 Crop improvement strategies 

Most food crops, especially grasses such as wheat, corn and rice, have been 

domesticated for thousands of years. Over time a range of breeding strategies have 

been employed, from primitive phenotype selection through to advanced 

molecular marker and transgenic techniques, to optimise these food crops for 

yield, quality and resistance to pathogens. Food crops including grain sorghum 

therefore produce reliable high yielding crops. Sweet sorghums, however have had 
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very little selection pressure placed upon them with respect to their use as a 

biofuel feedstock. For this reason, advanced crop improvement strategies capable 

of improving biofuel quality and yield must be developed and deployed. If plant 

derived bioethanol is to contribute to mitigating the effects of climate change, 

these strategies must be capable of condensing thousands of years of selection 

pressure into a commercial, high quality, high yielding biofuel feedstock in 

decades.  

To achieve such a feat, multiple approaches will be required, including: 

• Cataloguing and utilising natural variation in sweet sorghum genotypes

• Plant breeding including classic observable phenotype-based breeding

strategies and marker assisted breeding

• Mutagenesis of existing lines and mapping of quantitative trait loci (QTL) to

improve marker assisted breeding

• Improvements in agricultural practises

• Awareness of these issues within the agricultural community.

Clearly rapid deployment of such strategies will require a simple high-throughput 

method of assessing phenotypes in relation to biofuel feedstock quality and yield 

and is perhaps the greatest hurdle in generating rapid progress, especially due to 

the complex nature of the cell wall and the complexities of its deconstruction into 

fermentable sugars which currently require expensive, time-consuming methods 

to assess.  

2.3.3.1.1 Utilising natural variation 

There is a great diversity among wild and domesticated sweet sorghum varieties. 

The largest most diverse collection of sweet sorghum genotypes has been 

collected by the United States Department of Agriculture (USDA) and contains 

2180 variable genotypes [181], however over 40, 000 accessions are thought to 

exist worldwide [182]. Screening of small subsets of the USDA Sorghum diversity 

collection, requiring large-scale expensive destructive analysis, have revealed great 

diversity in cell wall composition and hydrolysis potential. 381 field grown 

accessions were screened for cellulose hydrolysis yields [183]. A selection of 20 
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accessions from the same panel were screened for hydrolysis yield (fermentation 

products were quantified), cellulose crystallinity, and amounts of cellulose, 

hemicellulose and lignin in stem and leaf tissues [181]. Similarly, a collection of 152 

biomass, forage, Sudangrass-like and sweet accessions were screened for biomass 

composition using the standard National Renewable Energy Laboratory (NREL) 

chemical hydrolysis method [184]. This method quantifies relative amounts of 

lignin and component monosaccharide sugars of the cellulose and hemicellulose 

fractions of the cell wall [185]. None of these studies accounted for biomass or the 

soluble fraction of the plants. 

To understand and utilise this great natural resource, clearly there is a requirement 

for more high throughput methods that are capable of screening the full diversity 

that lies within the 40,000 accessions that are available around the world. 

2.3.3.1.2 Breeding 

Breeding programs found in the literature can be categorised as crossing of 

existing lines for optimisation of traits which can be marker and/or phenotype 

assisted, recombinant inbreeding for the identification of quantitative trait loci 

(QTL), and chemical mutagenesis of existing lines. Generally crossing is used as a 

tool for transferring beneficial traits of one line, such as disease resistance, with 

beneficial traits of another line, such as high yield, to generate progeny with both 

beneficial traits. This approach can also be used to generate hybrids with more 

vigour (thus yield) and produce male sterile lines. There are very few scientific 

reports of this form of crop improvement in Sorghum since it is not generally of 

interest to the scientific community and is often performed by commercial seed 

companies who desire specific traits for commercialisation under specific 

agricultural conditions. Well defined genetic markers, however can be used in 

marker assisted breeding with this approach and this relies on the identification of 

QTL for desirable traits. 

Recombinant inbreeding of lines that differ greatly in a trait of interest generate 

progeny that inherit the trait in a mendelian or mendelian-like manner. The trait 

variability within these lines can be used to genetically map QTL thus facilitating 
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marker-assisted breeding. As of 2011, 50 QTL studies had been published mapping 

sorghum phenotypes to genomic regions [186]. Since then, as of August 2015, at 

least 6 more reports have been published [187-192] focussing on bioenergy traits 

including stem sugar concentrations and biomass composition and 

saccharification efficiency. QTL associated with: grain germination, morphology, 

composition and weight; leaf senescence, composition, morphology and yield; 

maturity; panicle yield and architecture; stress resistance to cold and stay-green 

phenotype; resistance to 16 pathogens; stem yield, morphology, biomass 

composition, sugar accumulation, tillering, height lodging tolerance, regrowth and 

‘rhizomatous-ness’ have all been mapped numerous times [186]. There is, however, 

often disagreement on the location of genomic QTL between studies [186], likely 

due to different growth conditions, parental lines used, and methods of 

measurement and data analysis. Despite this, integration of 50 QTL studies was 

performed to generate confidence intervals for each QTL and collapse overlapping 

QTL into metaQTL which in some cases contain multiple traits [186]. The best 

understood QTL is probably that of plant height (PHT) [193]. In sorghum PHT has 

been mapped to four genetic loci contained on chromosomes 6 and 7: Dw1, Dw2, 

Dw3 and Dw4 [194]. Only Dw3 however, has been linked to the polar auxin 

regulating gene responsible for the trait [195]. The QTL for PHT has been shown to 

correlate with numerous traits including high biomass, delayed flowering time, 

high soluble sugar accumulation in sweet lines and increased lodging [193]. 

Besides the increased lodging associated with PHT QTL, the increased biomass and 

sugar accumulation are desirable for bioenergy feedstocks and therefore of 

interest in future breeding programs.  

Whilst many QTL have been accurately mapped and the PHT QTL are a well 

characterised example, studies identifying QTL for biomass hydrolysis and stem 

sugar accumulation are small in number and none have integrated bioenergy 

related traits to look at synergistic or negative correlations between QTL. For 

example, to understand whether a QTL for cell wall yield is positively or negatively 

correlated with soluble sugar accumulation it would be ideal to examine both traits 

simultaneously within one population of recombinant inbred lines (RILs) grown 
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under the same conditions. High throughput screening methods would also 

increase the efficiency of such studies and allow measurements of numerous 

bioenergy traits simultaneously and allow the effects of environmental conditions 

to be studied without a huge requirement for resources. 

Chemical mutagenesis has also been used in many species as an efficient way of 

generating variable traits and has been instrumental in the discovery of novel 

phenotypes and mapping those traits to single nucleotide polymorphisms (SNPs) 

of single genes [196, 197]. With respect to the plant cell wall the first induced 

alteration of the lignin biosynthesis pathway was by chemical mutagenesis of 

sorghum which identified 28 brown midrib mutants (bmr) mutant lines. These 

mutants have provided and continue to provide information regarding the nature 

of lignin biosynthesis and an experimental system for studying the effects of 

reduced and altered lignin on plant fitness [198, 199]. Bmr mutants, due to their 

increased saccharification efficiency have also been of great agricultural 

importance as a forage crop and now as a potential biofuel feedstock [200, 201].  

Interestingly, despite such success with these bmr mutants, very few reports of 

genetic mapping of sorghum mutants exist. Whilst numerous Sorghum 

mutagenesis populations exist and large repositories of chemically induced 

phenotypes are available [202-204], most phenotyping is purely observational and 

no reports of mapped chemically induced mutations relating to bioenergy traits 

have been reported. The maturation of next-generation sequencing has allowed 

much more rapid detection of genome SNPs, therefore will facilitate the more 

rapid characterisation of chemically induced mutation. This will be an integral step 

in identifying the missing genetic links in cell wall synthesis of grasses and lead 

toward a better understanding of the genetic control of bioenergy traits.  

2.3.3.1.3 Transgenic 

Transgenic manipulation of plant cell walls provides an opportunity to fine-tune 

cell wall composition to the requirements of the biofuel industry however, in 

practise this requires a transformable model species and a comprehensive 

understanding of the fundamental molecular machinery that underlies cell wall 

construction and how that relates to its physiological function in a growing plant.  
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Transgenic manipulation of cell wall components by down-regulation or 

overexpression of genes is currently limited by the transformation efficiency of 

biofuel feedstock species. While there are reports that C4 grasses maize [205], 

switchgrass [206], sugarcane [207] and sorghum [208] are all transformable at 

acceptable levels, tissue regeneration of C4 grasses is difficult and in species with 

polyploid genomes such as sugarcane, transgene stability can be an issue [207]. In 

addition, crop species have long life cycles therefore obtaining homozygous 

transgenes and performing crosses to introduce multiple transgenes is time 

consuming. A model species that is transformable with fast regeneration times will 

be required to allow rapid progress. Brachypodium distachyon is a C3 grass with 

type II cell walls that is transformable and has rapid regeneration times [209]. It is 

currently being used as a model species for cell wall research [210], however, 

considering the deleterious effects of reduced cell wall lignin in Bmr plants that is 

specific to C4 grasses [201], we suggest that the model species Setaria viridis is a 

more appropriate choice. S. viridis is a C4 grass that is genetically more closely 

related to maize, switchgrass, sugarcane and sorghum than B. distachyon (Figure 

3) [16, 17, 211, 212] and has recently been adopted as a model species for the

study of C4 photosynthesis [5, 210, 212].

Despite issues with transformation of C4 grasses, a collection of gene knockdown 

and overexpression studies have been performed, generally in C3 dicots such as 

Arabidopsis thaliana, alfalfa, poplar and tobacco. Whilst many cell wall synthesis 

genes, specifically those of the lignin biosynthesis pathway have been 

transgenically manipulated in these species giving great insight into cell wall 

deposition and outcomes for biofuel feedstocks, almost all studies involve single 

gene knockdowns or overexpression and there have been very few attempts at 

altering multiple genes for positive synergy towards improved feedstocks. New 

‘omics’ platforms including proteomics, transcriptomics, genomics and 

metabolomics will facilitate understanding of whole systems at a molecular level 

and this systems approach will inform coordinated genetic manipulation of 

multiple genes in the future.  
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Numerous gene knockdown and overexpression lines have been mentioned 

throughout this review, however in general, gene effects on biofuel characteristics 

(i.e. secondary cell walls) can be summarised as follows:  

• Single gene knockdowns that reduce cellulose deposition consistently

result in brittle stems in rice and maize

• Very few genetic manipulations of hemicellulose synthesis genes in grasses

have been performed and therefore no consistent phenotype can be

proposed

• No genetic manipulations of cell wall MLG, pectin, silica or

hydroxycinnamates have been performed

• Knockdowns of lignin biosynthesis genes result in either a reduction in

lignin content, usually with adverse affects on yield, or altered lignin

structure which generally increases digestibility of cell wall polysaccharides.

Of great interest is the genetic manipulation of transcription factors that regulate 

cell wall deposition. Two MYB family genes have been shown to control lignin 

deposition in maize, however of most interest is the SHINE/WAX INDUCER 1 (SHN1) 

which has proven to be a global regulator of cell wall synthesis in rice [213]. SHN1 

increases cellulose and hemicellulose proportions and decreases lignin universally 

in cell walls. This greatly increased fermentable sugar yields upon digestion. Cell 

walls of these mutants are thickened which may compensate for the lack of lignin 

as plant biomass is increased and show no growth defects [213]. Another 

interesting transgenic line, whilst not in a grass species, is the overexpression of 

sucrose synthase in poplar which produced an increase in cellulose without any 

detrimental effects on plant health [214]. An ideal transgenic biofuel feedstock will 

likely contain multiple gene manipulations that will hopefully act synergistically to 

produce the large yield increases required to make industrial bioethanol 

production economically viable. 
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2.3.4. An improved breeding strategy for Sorghum bicolor 

Fourier Transform infrared spectroscopy (FTIR) has been used to characterize 

molecules for ~100 years and were first used in the analysis of plant cell walls more 

than 30 years ago [215]. More recently, when coupled with multivariate data 

analysis techniques, FTIR spectroscopy has proven to be a robust and accurate 

method for high-throughput screening of cell wall mutations in experimental plant 

tissues such as the model species A. thaliana [216, 217] and Z. mays coleoptiles [60, 

218] where even slight variations in the molecular structure of cell walls were 

detected. Recently, FTIR spectra have been used as a predictor for enzymatic 

hydrolysis of pre-treated biomass [219] and similarly, in the food industry to rapidly 

quantify sucrose, glucose and fructose in juice including mango and apple [220, 

221] as well as other foodstuffs such as honey [222]. To date however, there have 

been no studies to incorporate this technology into high-throughput screening 

methods for biofuel feedstocks. To this end, a holistic high throughput screening 

strategy has been developed based upon stalk geometry, and PLS predictive 

models of FTIR spectra collected from the soluble sugar and cell wall fractions. This 

methodology enabled the identification of both high sugar accumulating and 

highly digestible lines and an assessment of total fermentable sugars in sorghum. 

Furthermore, we were able to characterise variations in soluble sugars and identify 

cell wall compositional changes irrespective of the effect on digestibility in a large 

variable population. 

 

This novel methodology will be an ideal tool for thorough characterisation of 

natural sorghum germplasm collections, chemical mutagenesis populations and 

recombinant inbred lines and will hopefully help to realise the collective goal of 

generating high quality, high yielding bioenergy feedstocks within decades rather 

than millennia.  
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CHAPTER THREE 

A high-throughput screening strategy 

for Sorghum bicolor 
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3.1 Summary 

This chapter consists of two publications and outlines a high-throughput screening 

approach that utilises fourier transform infrared (FTIR) spectroscopy and 

mathematical modelling to rapidly screen large populations of Sorghum bicolor 

plants. Both publications were submitted to Biotechnology for biofuels. The first, 

which outlines the method has been published, while the second, which shows the 

use of the method to detect cell wall variants, was initially accepted but with 

additional data requested by reviewers. Additional data is currently being collected 

and the manuscript is being prepared for re-submission. It is presented in its 

current form here. 

3.2 Publication 2: A holistic high-throughput screening framework 

Martin AP, Palmer MP, Byrt CS, Furbank RT, Grof CPL A holistic high-throughput 

screening framework for biofuel feedstock assessment that characterises 

variations in soluble sugars and cell wall composition in Sorghum bicolor 

Biotechnology for Biofuels 6, 1-13, doi:10.1186/1754-6834-6-186 (2013) 
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METHODOLOGY Open Access

A holistic high-throughput screening framework
for biofuel feedstock assessment that characterises
variations in soluble sugars and cell wall
composition in Sorghum bicolor
Antony P Martin1, William M Palmer1, Caitlin S Byrt1,2, Robert T Furbank3 and Christopher PL Grof1*

Abstract

Background: A major hindrance to the development of high yielding biofuel feedstocks is the ability to rapidly
assess large populations for fermentable sugar yields. Whilst recent advances have outlined methods for the rapid
assessment of biomass saccharification efficiency, none take into account the total biomass, or the soluble sugar
fraction of the plant. Here we present a holistic high-throughput methodology for assessing sweet Sorghum bicolor
feedstocks at 10 days post-anthesis for total fermentable sugar yields including stalk biomass, soluble sugar
concentrations, and cell wall saccharification efficiency.

Results: A mathematical method for assessing whole S. bicolor stalks using the fourth internode from the
base of the plant proved to be an effective high-throughput strategy for assessing stalk biomass, soluble sugar
concentrations, and cell wall composition and allowed calculation of total stalk fermentable sugars. A high-throughput
method for measuring soluble sucrose, glucose, and fructose using partial least squares (PLS) modelling of juice Fourier
transform infrared (FTIR) spectra was developed. The PLS prediction was shown to be highly accurate with each sugar
attaining a coefficient of determination (R2) of 0.99 with a root mean squared error of prediction (RMSEP) of 11.93, 5.52,
and 3.23 mM for sucrose, glucose, and fructose, respectively, which constitutes an error of <4% in each case. The sugar
PLS model correlated well with gas chromatography–mass spectrometry (GC-MS) and brix measures. Similarly, a
high-throughput method for predicting enzymatic cell wall digestibility using PLS modelling of FTIR spectra obtained
from S. bicolor bagasse was developed. The PLS prediction was shown to be accurate with an R2 of 0.94 and RMSEP of
0.64 μg.mgDW-1.h-1.

Conclusions: This methodology has been demonstrated as an efficient and effective way to screen large biofuel
feedstock populations for biomass, soluble sugar concentrations, and cell wall digestibility simultaneously allowing a
total fermentable yield calculation. It unifies and simplifies previous screening methodologies to produce a holistic
assessment of biofuel feedstock potential.

Keywords: FTIR, High-throughput, PLS modelling, Cell wall, Soluble sugar, Digestibility, Sorghum, Biofuel
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Background
The photosynthetic fixation of atmospheric CO2 to pro-
duce sugars by C4 plants is an efficient conversion of
sunlight into stored chemical energy. In grasses a large
proportion of these sugars are stored either as soluble
sugars, plant cell wall polymers, or starch. Maximising
sugar yields from these three fractions for a broad
spectrum of uses including animal feedstock, human nu-
trition, and second generation biofuels is imperative for
efficient utilisation of plant productivity in the face of a
burgeoning global population.
This study focused on the soluble sugar and cell wall

fractions as a biofuel feedstock. Considering these two
fractions, there are four main contributors that maxi-
mise total fermentable sugar yields of biofuel feedstocks:
juice volume (V), sugar concentration ([S]), biomass (B),
and digestibility (D). These attributes can be formulated
as:

V : S½ � þ B:D ¼ total fermentable sugar yield

A European Union EPOBIO project [1], and a more re-
cent report [2], stipulate that there is a need for a high-
throughput method for assessing cell wall digestibility
[1,2]. Since these reports, a number of high-throughput
digestibility assays have been developed [3-5]. These
methodologies present feasible high-throughput plat-
forms for screening biomass, however, do not present
strategies for high-throughput quantification of total
plant biomass (B), or of the soluble sugar fraction (V
and [S]). In addition, analysis requires automated robot-
ics which is costly, and uses wet chemistry assays that
are, again, costly, use hazardous chemicals, and even
when automated, can be time consuming. This study
focused on quantifying all of these attributes (V, [S],
B, and D) simultaneously, whilst maximising efficiency and
reducing cost.
The principal components of cell walls are cellulose,

hemicellulose, and lignin. The composition and arrange-
ment of these carbohydrates and phenolic polymers is very
diverse across plant species, organs, tissues, and even cell
types [6]. With a strong focus on renewable energy being
derived from plant biomass, the highly efficient C4 plants
and more specifically monocot grasses have garnered sig-
nificant interest in recent times as potential biofuel feed-
stocks [7]. A promising saccharification approach for plant
biomass requires reduction to a uniform size, pretreatment
with weak acid or alkali, followed by enzymatic hydrolysis
to release sugars for fermentation. The commelinoid group
of monocotyledons which includes the grasses, hence prin-
cipal biofuel feedstock targets such as sugarcane, Sorghum,
and Miscanthus, possess cell walls containing ferulic acid
and glucuronoarabinoxylan as the major non-cellulosic
polysaccharide. Furthermore, the grasses differ from other

commelinoids in possessing (1,3;1,4)-β-glucans [8]. Cell
walls of non-commelinoid monocotyledons and most di-
cotyledonous plants do not contain ferulic acid and the
non-cellulosic polysaccharides are pectins and xyloglucans
[6,9]. These differences in cell wall composition and archi-
tecture as well as the bonds between the principal compo-
nents strongly influence ‘digestibility’ of the plant biomass,
whether this be undertaken in a biofuels processing context
or by rumen/gut microorganisms.
Analysis techniques based upon infrared (IR) spectros-

copy are proving to be highly effective tools for the de-
tailed resolution of plant cell wall composition. IR
spectroscopy is based on the absorption of IR light by
specific quantized vibrational energy states of bonds be-
tween atoms and within molecules [10]. Mid-infrared
(MIR) absorption spectra (4,000 to 400 cm-1) define vi-
brational modes directly, generating sharp peaks that are
more readily interpreted than near-infrared (NIR; 13,000
to 4,000 cm-1) or far-infrared (FIR; 10 to 400 cm-1) spec-
tra [10]. Fourier transform MIR (FT-MIR or FTIR) spec-
tra have been used to characterise molecules for
approximately 100 years and were first used in the ana-
lysis of plant cell walls more than 30 years ago [11].
More recently, when coupled with multivariate data ana-
lysis techniques, FTIR spectroscopy has proven to be a
robust and accurate method for high-throughput screen-
ing of cell wall mutations in experimental plant tissues,
such as the model species Arabidopsis thaliana [12,13]
and Zea mays coleoptiles [14,15], where even slight vari-
ations in the molecular structure of cell walls were de-
tected. Recently, FTIR spectra have been used as a
predictor for enzymatic hydrolysis of pre-treated bio-
mass [16] and similarly, in the food industry to rapidly
quantify sucrose, glucose, and fructose in juice including
mango, apple, and sugarcane [17-19] as well as other
foodstuffs such as honey [20]. Similarly, NIR has been
used for rapid prediction of soluble sugars in sugarcane
[21] and of biomass composition in Miscanthus and Sor-
ghum [22,23].
Whilst these studies are suggestive of an application in

high-throughput screening of biofuel feedstocks, there
have been no reports incorporating this technology into
a holistic, high-throughput assessment of biofuel feed-
stock potential. To this end, a screening strategy has
been developed based upon stalk geometry, and partial
least squares (PLS) predictive models of FT-MIR spectra
collected from the soluble sugar and cell wall frac-
tions. The methodology (Figure 1 and Additional file 1
for detailed protocol) was shown to be accurate for
plants harvested at 10 days post-anthesis and enabled
the identification of both high sugar accumulating and
highly digestible lines leading to an assessment of total
fermentable sugars in the model C4 monocot Sorghum
bicolor. The use of FT-MIR for both soluble sugar
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concentration and cell wall digestibility prediction simpli-
fied the process and reduced set-up costs. Furthermore,
the collection of FT-MIR, rather than NIR, spectra pro-
vides an opportunity for downstream spectral inter-
pretation of cell wall modifications that lead to altered
digestibility.

Results
A detailed step-by-step protocol for undertaking the pro-
posed screening method is available in Additional file 1.
Briefly, the main stalk from each plant, harvested at ap-
proximately 10 days post-anthesis, was cut at the base of
the first elongated above ground internode and laid along
the length of a 4-meter ruler. Two heights and two diame-
ters were recorded in a personal digital assistant (PDA) and
the fourth internode from the base of the plant that had ex-
panded more than 2 cm was sampled by cutting at the
node with secateurs. Using this method, one person was
able to sample approximately 100 internodes per hour.
Samples were then pressed and the released juice was
placed on the attenuated total reflectance (ATR) crystal of a
portable FTIR spectrometer for spectral acquisition. The

remaining bagasse was simultaneously placed in a drying
oven followed by grinding, washing with water, and placing
on the FTIR ATR crystal for spectral acquisition. Data was
then batch processed by applying predictive models to
FTIR spectra and incorporating data into yield calculations.
An overview of this process is displayed in Figure 1 and the
results describing the calibration and accuracy of each pre-
diction process are presented below.

High-throughput calculation of whole stalk biomass,
sugar content, and cell wall hydrolysis yield
For the purpose of calculating the whole stalk volume it
was assumed that a S. bicolor stalk approximates a conical
frustum (Figure 2). By simply measuring the radius at the
top (r) and bottom (R) of the stalk and the stalk height (H),
the volume of the whole stalk (VWS) could be derived using
the equation for the volume of a conical frustum:

VWS ¼ πH
3

r2 þ rRþ R2
� �

Using only two additional measurements, length from
the base of the stalk to the base of the sampled

DRY

1 2 3

4 5 6 7

Total Calculated

Yield

8 9 10

A

B

C

Figure 1 High-throughput methodology flow chart. (A) (1) Diverse plant population; (2) harvest the fourth internode; and (3) record in-field
geometric measurements. (B) (4) Process into juice and bagasse; (5) dry bagasse; (6) grind dried tissue; and (7) process juice and bagasse. (C) (8)
Collect FTIR spectra; (9) PLS prediction of FTIR spectra; and (10) calculate combined total fermentable sugar yield incorporating juice volume (V),
sugar concentration ([S]), biomass (B), and digestibility (D) (see Additional file 1 for full protocol). FTIR, Fourier transform infrared; PLS, partial
least squares.
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internode(s) (HB) and length of the sampled internode
(LSI), the volume of the sampled internode (VSI) was cal-
culated. Both measurements were acquired simply by
using a ruler during stalk height measurement, whilst
the base radius (RI) and top radius (rI) of the sampled
internode(s) were derived using simple geometry to ob-
tain the following equation:

VSI ¼ πLSI
3

R2
I þ rIRI þ r2I

� �

where RI ¼ R−HB
R−r
H and rI ¼ R− HB þ LSIð Þ R−rH

See Additional file 2 for full derivation.
The volumetric ratio of the sampled internode to the

whole stalk was then calculated as:

Vratio ¼ VSI=VWS

From this ratio, measurements taken on the sampled
internode could be extrapolated to the whole stalk by
simply dividing by Vratio. This, of course, is under the as-
sumption that the concentration, or density of the mea-
sured variable in the sampled internode(s) is either
equivalent to, or a fixed ratio of that in the whole stalk.
In our case, the fourth internode from the base of the

stalk was used as the sample internode since a stable re-
lationship between sugar concentrations in the fourth
internode and the whole stalk had been repeatedly ob-
served in previous field measurements (unpublished
data) and it has been shown that lower internodes in
maize stalks within a genotype are less variable [24]. The
relationship between fresh weight (FW), dry weight
(DW), sugar concentration, and cell wall digestibility of
the fourth internode and that of the whole stalk was de-
termined using 15 mature, field grown sweet S. bicolor
genotypes harvested at 10 days post-anthesis with a
height and FW range of 237 to 338 cm and 228 to 941 g
(Additional file 3), respectively (Figure 2). Four replicate,
glasshouse grown ‘Rio’ sweet sorghum plants, also har-
vested at approximately 10 days post-anthesis, were used
in the cell wall digestibility correlation calculations to
supplement lost samples.
Calculations using Vratio and measurements from the

fourth internode were compared to those taken from the
whole stalk. FW and DW returned values that were 91 ±
2% and 100 ± 2% of the whole stalk with correlations of
0.97 and 0.98, respectively. Sucrose, glucose, and fruc-
tose returned values that were 97 ± 2%, 105 ± 2%, and
97 ± 2% of the whole stalk with correlations of 0.94, 0.88,

FW (g) DW (g)
Sucrose 

(mM)
Glucose 

(mM)
Fructose 

(mM)
Digestibility

(µg.mgDW-1.h-1)

IN/WS ratio 0.91 0.02 1.00 0.02 0.97 0.02 1.05 0.02 0.97 0.02 1.29 0.05

Correlation (r) 0.97 0.98 0.94 0.88 0.87 0.85

RMSEP (%) 5.2 4.9 5.6 8.2 5.8 10.8

H

HB

r

R

LSI

RSI

rSI

V
h

3
(R 2 rR r 2 )

A B

C

Figure 2 Extrapolating sampled biomass characteristics to whole stalks. (A) S. bicolor stalks were assumed to approximate a conical frustum
allowing a simple volumetric calculation. (B) The fourth internode from the base of the plant that had expanded more than 2 cm was harvested
and the height (H), stalk radius at the base (R) and top of the stalk (r), the height to the bottom of the fourth internode (HB), and the length of
the fourth internode (L) were recorded. Fresh weight (FW), dry weight (DW), sucrose, glucose, and fructose concentrations of pressed juice and
digestibility of the lignocellulose were measured in the fourth internode at approximately 10 days post-anthesis. Using the volumetric ratio (Vratio),
these measurements were extrapolated to whole stalks and compared to equivalent measures taken from the same whole stalk. (C) The ratio of
extrapolated fourth internode measures to whole stalks (IN/WS ratio), their correlation (r), and the error in prediction (RMSEP, %) are tabulated.
DW, dry weight; FW, fresh weight; RMSEP, root mean squared error of prediction.
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and 0.87, respectively. Digestibility as calculated from
the fourth internode, however, gave values that were
129 ± 5% of the whole stalk with a correlation of 0.85
(Figure 2C). Whilst not all ratios approached 100%, all
had small standard errors suggesting that these fixed ra-
tios were consistent across genotypes, and could there-
fore be used in extrapolating measurements from the
fourth internode to whole stalks.
Using these experimentally determined ratios, FW, DW,

sucrose, glucose, fructose, and digestibility values were ad-
justed and the root mean squared error of prediction
(RMSEP) was determined to be 5.2%, 4.9%, 5.6%, 8.2%,
5.8%, and 10.8%, respectively (Figure 2C). The calculation-
based method proposed here is, therefore, accurate across
the 15 examined genotypes and is suitable for assessing
total biomass, juice volume, sugar content, and digestibility
of whole stalks in a high-throughput screen of sweet S. bi-
color populations. Whilst these correlations allow relatively
accurate predictions to be made in a high-throughput man-
ner, it should be noted that it is the nature of predictive
modelling that cultivars or samples which do not follow the
established rule, such as a lower stem-specific gene muta-
tion, will not perform well in the model. Often these sam-
ples will be identified as outliers for more rigorous study;
however, one must also accept that there is always a statis-
tical probability that a phenotype of interest will not be
detected.
To our knowledge, this is the first mathematical-based

modelling strategy for assessing total stalk biomass in a
high-throughput manner in S. bicolor or any other bio-
fuel feedstock. Whilst high-throughput methods for
assessing shoot biomass are being developed using two-
dimensional images [25] this technology is not applic-
able to dense field plots with thick canopies and does
not allow extrapolation of other measurements. The
method presented here not only produced data on stalk
geometry including height and stalk diameter which are
traits of interest when breeding lines for increased bio-
mass yields, but also greatly reduced processing time by
eradicating the need to: strip whole stalks of their leaves
and leaf sheaths; transport large stalks from the field to
the laboratory; operate large balances; press juice from
whole stalks; dry whole stalks in large drying ovens; and
grind whole stalks in a large roller mill. In addition,
since this approach relies on stalk geometry that resem-
bles a conical frustum, it is suggested that it could be ap-
plied to other grasses with similar geometry such as
sugarcane, maize, and millet; however, the fixed ratios
would have to be separately determined in each species.

FTIR prediction of sucrose, glucose, and fructose
concentrations in stalk juice
FTIR spectra were collected from pure sucrose, glucose,
fructose, and H2O samples (Figure 3A) for comparison

with S. bicolor juice samples that were known to contain
low, medium, and high mixtures of sucrose, glucose, and
fructose (as determined initially by brix and then gas
chromatography–mass spectrometry, GC-MS, data not

Wavenumber (cm-1)

A

B

C

1055 998

10341063

924

10801138

Figure 3 FTIR spectra of pure sugars, S. bicolor juice, and the
PLS model calibration set. FTIR spectral fingerprint region
collected from: (A) pure sucrose, glucose, fructose, and H2O; and (B)
S. bicolor juice containing low, medium, and high concentrations of
sugars and a low and high mixture of pure sucrose, glucose, and
fructose against a H2O background. (C) Set of 216 samples
consisting of varying mixtures of sucrose, glucose, and fructose
making up the calibration set. Wavenumbers between 1,190 to
850 cm-1 were plotted. X-axis represents spectral wavenumber (cm-1)
and y-axis units are arbitrary. FTIR, Fourier transform infrared; PLS,
partial least squares.
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shown) and low/high concentration mixtures of pure
sugars (Figure 3B). Pure sucrose, glucose, and fructose
each exhibit unique spectra that were easily identifiable
above the consistent H2O background (Figure 3A); how-
ever, each had overlapping IR signatures making quanti-
fication by Beer’s law inappropriate, since the variations
of one sugar would affect the IR signature of the others.
Multivariate PLS regression was therefore required to
generate predictive models for each sugar that would
model this accurately.
It was shown that pure sucrose, glucose, and fructose

mixtures have almost identical IR signatures in the fin-
gerprint region (specifically from 1,190 to 850 cm-1) to
that of juice pressed from S. bicolor (Figure 3B), not sur-
prisingly, as sucrose, glucose, fructose, and H2O are the
major constituents of S. bicolor juice [26]. Hence, a PLS
model for sucrose, glucose, and fructose could justifiably
be calibrated using 216 mixtures of pure sucrose, glu-
cose, and fructose as the calibration set (Figure 3C) (see
Additional file 4 for concentrations).
Using these 216 calibration mixtures, PLS regression

models were generated using the non-linear iterative
partial least squares (NIPALS) algorithm (Unscrambler
X, Camo, Woodbridge, NJ, USA) with mean centred
data and full cross-validation. The FTIR spectral finger-
print region (1,800 to 800 cm-1) was used as the x-
predictor variables and sucrose, glucose, and fructose
concentrations as the y-response variables. It was found
that variable reduction (that is, reducing the number of
spectral prediction variables) resulted in more robust
models. Raw spectra truncated to 1,180 to 900 cm-1

wavenumbers were found to give the most accurate
models and were used to generate the final PLS models
for sucrose, glucose, and fructose. A model with six la-
tent variables (LVs) minimised the root mean squared
error of calibration (RMSEC) and maximised R2 for su-
crose and fructose giving a RMSEC of 5.62 and
2.46 mM, respectively, and both with R2 of 0.99. A
model with nine LVs was selected for glucose, which
gave a RMSEC of 2.69 mM and R2 of 0.99. It is not de-
termined why glucose required three additional LVs,
however, predictions with six LVs were also accurate.
This was not thought to be over-fitting since independ-
ent validation samples performed slightly better with
nine LVs in comparison to six LVs.
Each PLS model was offset by subtracting the y-

intercept of the cross-validation predicted versus refer-
ence plot (effectively subtracting the water background)
and a small slope adjustment factor was introduced for
sucrose to minimise the slope deviation from one of the
cross-validation samples. The PLS models, including ad-
justment factors, were then assessed with an independ-
ent test set consisting of three variable S. bicolor juice
samples of known sugar concentrations, which were

either spiked with pure sucrose, glucose, and fructose,
separately and mixtures of the three, or diluted to
achieve a large variable set of juice samples with known
amounts of sugars. This was thought to be a more ac-
curate method for generating a variable test set of juice
samples than collecting a large variable set of S. bicolor
juice samples and determining their sugar concentra-
tions by GC-MS or HPLC. When the predicted values
were plotted against the reference values for sucrose
(Figure 4A), glucose (Figure 4B), and fructose (Figure 4C),
the independent test set achieved a root mean squared
error of validation (RMSEV) of 11.93, 5.52, and 3.23 mM,
respectively, and a validation coefficient of determination
(Q2) of 0.99 for each (R2 is used to denote the coefficient of
determination of calibration samples and Q2 is used for
validation samples). According to Tamaki and Mazza
(2011) [27] these indicate ‘excellent’ models since Q2 >0.9
and Q2 – R2 <0.2, and are certainly adequate for a high-
throughput screen. Furthermore, LV coefficient peaks for
each sugar corresponded with the major sucrose, glucose,
and fructose peaks (Figure 3A) (Additional file 5) indicat-
ing that the PLS regression models are indeed based on
the chemistry of the sugars. The lower limit of detection
(LoD) was conservatively determined to be approximately
25 mM, and spike/dilution tests were shown to be accurate
(Additional file 6).
To further assess the accuracy of the generated PLS

models, sucrose, glucose, and fructose were measured in
three variable S. bicolor juice samples ‘low’ (120 mM su-
crose, 52 mM glucose, 22 mM fructose), ‘medium’
(290 mM sucrose, 126 mM glucose, 70 mM fructose),
and ‘high’ (461 mM sucrose, 56 mM glucose, 23 mM
fructose) with six technical replicates using GC-MS
and compared to results obtained with the PLS models
(Figure 5A). Results were comparable (Figure 5A). Simi-
larly 1,000 S. bicolor juice samples for which brix had
been measured were assessed using the high-throughput
FTIR-based PLS models. Total sugars (g/100 mL) were
obtained by addition of sucrose, glucose, and fructose
(g/100 mL) calculated from their respective PLS predic-
tions using molar masses. A correlation of 0.94 between
brix and total sugars (g/100 mL) was observed over the
range of 5 to 20 g/L with an offset of −1.87 g/100 mL
and a slope of 1.08 (Figure 5B). The observed negative
offset indicated that brix readings were generally higher
than those obtained from the FTIR PLS models. This
was to be expected since brix measures not only sugars
but all soluble solids in the sample. A slope greater than
1 suggests that this affect is less pronounced at higher
sugar levels. This relationship to brix therefore supports
the robustness of the PLS prediction models and it is
suggested that this could be a more accurate method for
widespread adoption by the sugar industry, specifically
since it facilitates high-throughput quantification of
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sucrose, glucose, and fructose separately. In addition, the
FTIR method (30 seconds per sample) is much more
rapid than GC-MS (1 hour per sample) or HPLC (20

minutes per sample) and requires no sample prepar-
ation. S. bicolor juice samples have been shown to de-
grade rapidly at room temperature [26] which means
that samples must be treated to remove bacterial con-
tamination and enzyme activity or HPLC devices must
have a refrigerated autosampler if long sample runs are
to be performed. Since the FTIR PLS prediction method
is rapid there are no such issues with degradation of
sugars. Whilst FTIR and NIR prediction of juice sugars
have been reported previously [17,19,21], to our know-
ledge, this is the first report of accurate predictions of
sorghum juice sugars. Although, based on previous re-
ports, it was expected that models would be accurate,
developing them was integral to the implementation of
this high-throughput methodology.
To convert the measured sugar concentrations into

sugar yield per stalk,Vratio and the calculated whole stalk
FW and DW (thus relative water content) from Section
1 could be used.

FTIR prediction of cell wall digestibility
Biomass, or more specifically, the plant cell wall, is a
complex matrix of polymers; therefore, it was not pos-
sible to create a variable calibration set of cell walls in
the laboratory, as was done with the soluble sugar PLS
models. A selection of 90 highly variable S. bicolor eco-
types at varying developmental stages, grown under a
range of different conditions (see Additional file 7 for
sample descriptions) was, therefore, used to calibrate
and validate an FTIR-based cell wall digestibility model.
Digestibility (D) was quantified by enzymatic hydroly-

sis of ball-milled cell walls using a Trichoderma reesei
cellulase mixture (Sigma-Aldrich, Castle Hill, Australia)
and the released reducing sugars were measured by the
3,5-dinitrosalicylic acid (DNS) method [2]. A large range
of digestibility was observed from 0.95 to 12.1 μg.
mgDW-1.h-1 with the majority of samples lying between
1 and 10 μg.mgDW-1.h-1 (Figure 6A). From this variable
set of samples, 52 were selected as the calibration set
and 38 as the independent validation set so as to ap-
proach a uniform distribution between 1 and 10 μg.
mgDW-1.h-1 as closely as possible for each set.
FTIR spectra were collected from the selected cali-

bration set and a PLS regression model for cell wall
digestibility was generated using second derivative spec-
tra with an extended multiplicative scatter correction
(EMSC) applied (spectra available in Additional file 8). A
PLS model with spectra truncated to 1,800 to 850 cm-1

was calibrated and regression coefficients with 90% confi-
dence intervals that spanned 0 were removed (that is,
insignificant variables). The final PLS prediction model
was calibrated from 147 wavenumbers with four LVs
minimising the RMSEC (0.52 μg.mgDW-1.h-1) and max-
imising the R2 (0.94) (Figure 6B). The model was then
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used to predict the digestibility of an independent test
set.
When the predicted values of the independent test set

were plotted against the reference (as determined by
DNS assay) a RMSEV of 0.64 μg.mgDW-1.h-1 and Q2 of
0.94 were observed (Figure 6B). This indicated an ‘excel-
lent’ model since Q2 >0.9 and Q2 – R2 <0.2 [27], and is
adequate for a high-throughput screen. In addition, the
PLS model regression coefficients resembled cell wall
spectral peaks (Additional file 9) indicating that the
model was based on cell wall chemistry. Analysis of the
FTIR spectral peaks contributing to the prediction of cell
wall digestibility in the PLS model could elucidate novel
cell wall chemistry that is related to digestibility, how-
ever, this was outside the scope of this methods paper.
To further assess the PLS digestibility model, the di-

gestibility of S. bicolor mutants, bmr6, bmr12, and their
parent line was measured (six biological replicates) using
both DNS assay and the FTIR-based PLS model (Figure 7).
An increase in digestibility in both bmr6 and bmr12
was observed, as previously reported in the literature
[28-30], and both methods produced comparable values
(Figure 7). The observed biological variation (standard
error), was also comparable between the two methods
(Figure 7) providing further validation of the PLS predic-
tion of digestibility.
To convert the measured digestibility into cell wall hy-

drolysis yield per stalk, the calculated stalk DW (using
Vratio from Section 1) could be used, assuming a 24-
hour cellulase digestion.
FTIR prediction of digestibility by this method is much

more rapid (approximately 45 seconds per sample) than
cellulase digestion, which requires a 24-hour incubation
and an average total processing time (excluding
incubations) of approximately 15 minutes per sample.
FTIR prediction of enzymatic cell wall hydrolysis has

previously been demonstrated [16], as has biomass ana-
lysis by NIR spectroscopy in Miscanthus giganteus [22],
switchgrass [31], and corn stover [32]; however, this is
the first example in S. bicolor and the first time these
predictive models have been incorporated into a holistic
high-throughput screen in a biofuels context. FT-MIR
was advantageous in our high-throughput screen since
MIR spectra were used in the prediction of soluble
sugars, thus only one Portable IR machine was re-
quired. MIR cell wall spectral peaks are also more
readily interpreted than NIR spectral peaks [10],
which allowed downstream interpretation of cell wall
chemistry in variants identified from the high-throughput
screen, but is beyond the scope of this publication.
It should also be noted that each PLS predictive

model is specific for the wet chemistry method
employed. In our case, a T. reesei cellulase mixture was
used on biomass subjected to milling followed by a
weak acid pre-treatment under 100 KPa pressure, a 24-
hour incubation at pH 4.8/55°C, and the resulting redu-
cing sugars measured by the DNS assay. Currently, bio-
mass composition data as determined by the National
Renewable Energy Laboratory (NREL) method [33] is
being used to calibrate PLS models from the exact
same spectral and biomass sample set. This high-
lights the fact that numerous wet chemistry and hy-
drolysis methodologies can be applied to the same
variable sample set to calibrate numerous PLS predict-
ive models. Prediction of biomass composition and
enzymatic hydrolysis under varying conditions could
then be made simultaneously from a single spectra. Once
plants are being grown specifically for lignocellulosic
ethanol production, this technique could be applied in an
agricultural context to dictate price per ton based on a
predicted hydrolysis yield that is unique to the methods
employed by each processing plant.
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Calculation of total fermentable sugars
Using the equation:

V : S½ � þ B:D ¼ total fermentable sugar yield

where whole stalk juice volume (V) and dry weight of
biomass (B) were calculated in Section 1, total sugar
concentration ([S]) was determined in Section 2, and di-
gestibility (D) was determined in Section 3, the total fer-
mentable sugar content of bmr6, bmr12, and their
parent line (WT) were calculated (Figure 8). The high-
throughput methodology was compared to values ob-
tained using traditional methods (that is, brix and DNS
cellulase assay) on whole stalks (see Additional file 10
for whole stalk yield equations). Both methods produced

comparable results with comparable standard errors
(Figure 8) showing the accuracy and robustness of
the holistic high-throughput screening methodology.
In addition, bmr6 and bmr12 mutations have been re-
ported numerous times to result in a yield reduction of
15% to 30% [30,34], which is consistent with the observed
total fermentable yield reduction of 19% and 16% in bmr6
and bmr12, respectively (Figure 8).
Using this holistic high-throughput methodology for

screening large variable biofuel feedstock populations, once
samples were oven dried, three workers with very minimal
training were able to process approximately 200 samples
per day which encompassed harvesting through to a total
fermentable sugar yield calculation. Data on cell wall com-
position, stalk sucrose, glucose, and fructose concentra-
tions, relative water content, and stalk geometry including
plant height was collected in the process. In addition, the
majority of the processing time was consumed in the press-
ing and grinding of internodes, thus automation of these
processes has the potential to dramatically increase
throughput. The methodology was, however, designed to
be transportable to any field site or laboratory, thus the use
of non-portable, specialised, or expensive equipment was
avoided. In comparison, using a traditional wet chemistry
approach, and once samples were accumulated through
multiple processes including oven drying and numerous
incubation steps, three workers with moderate laboratory
skills could process only approximately ten samples per day
without collecting any information on cell wall composition
or plant geometry. The traditional method required a
laboratory set-up and was not easily portable to
field sites.
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Conclusion
FTIR spectral prediction models have been used in the
food industry to predict sucrose, glucose, and fructose in
fruit and sugarcane juice [17-19] and, more recently, to
predict cellulase digestibility of lignocellulose [16]. Here
we present a high-throughput screening methodology
that unifies and simplifies previous methods to produce
a holistic assessment of biofuel feedstock potential via a
total fermentable sugar yield calculation. In the process,
a wealth of information on cell wall composition, the
soluble sugar fraction, and plant geometry was generated
rapidly using equipment that is relatively cheap, access-
ible, easily operated, and transportable to any field site.

Materials and methods
Plant growth conditions
One hundred sweet S. bicolor ecotypes were field grown
at the Pacific Seeds Gatton Research Centre (Queensland,
Australia) in September 2009 and were harvested in
February 2010 approximately 10 days post-anthesis. Fifteen
genotypes were selected as possible cell wall digestibility
variants based on physical characteristics such as stalk
strength, stiffness, and leaf midrib colour which were deter-
mined subjectively. Subsequently, seed from these 15 se-
lected genotypes, along with the sweet sorghum variety
‘Rio’, were sown in a glasshouse in Newcastle, Australia, in
May 2010 in 25 cm diameter pots. Plants in Newcastle were
supplemented with 300 μmol.m-2.s-1 photosynthetically ac-
tive radiation (PAR; 400 to 700 nm) from 4:00 pm to
6:30 pm each day and natural sunlight throughout the win-
ter growth period ranged from 200 to 1,100 μmol.m-2.s-1

PAR with 28°C/15°C day/night temperatures. Plants were

harvested in August 2010. This provided a set of phenotyp-
ically variable plants from which predictive models were
built. The correlation studies were performed on 15 propri-
etary sweet sorghum cultivars that were field grown during
the 2009 planting at the Pacific Seeds Gatton Research
Centre. Descriptive data for these 15 lines is available in
Additional file 3. Cell wall digestibility correlations were
supplemented with four replicate glasshouse grown ‘Rio’
plants to replace lost samples.

Biomass assessment
A new high-throughput methodology was developed for
screening large variable populations of S. bicolor for bio-
mass, soluble sugar concentrations, and cell wall com-
position using a volumetric correlation between the
fourth internode from the base of the stalk that had
expanded more than 2 cm, to that of the whole stalk
(Figure 1). During harvest of the fourth internode four
field measurements were taken: stalk height (H), stalk
base diameter (R), stalk top diameter (r), and length
from the base of stalk to the base of the fourth internode
(HB). Each internode was cooled then transported to the
field station where internode length (LSI) and internode
FW were recorded. Each internode was pressed using a
Sukra Sugarcane Crusher (S.A. Ivy Multi Pumps Limited,
Tamil Nadu, India) and FTIR spectra acquired. Two mL
of juice was frozen and stored at −20°C. Pressed S. bi-
color bagasse was bagged, dried, weighed, and ground.
For correlations analysis, whole stalks were stripped of
leaves, weighed, pressed, dried, and ground. See Additional
file 1 for detailed protocol.

Fourier transform infrared (FTIR) spectroscopy of soluble
sugars
Juice samples were centrifuged at 10,000 g for 30 sec-
onds before 50 μL was placed onto a Spectrum II
(PerkinElmer, Waltham, MA, USA) with a universal dia-
mond ATR attachment operated by Spectrum One soft-
ware package (PerkinElmer). Absorbance spectra were
collected at a resolution of 4 cm-1 over two scans from
4,000 to 400 cm-1 wavenumbers. Spectra were imported
into Unscrambler X 10.0.1 (Camo) and truncated to the
fingerprint region. Predictive models were optimised
when variable reduction was employed to further trun-
cate spectra to 1,180 to 900 cm-1 wavenumbers. A 9-
point Savitzky–Golay smoothing algorithm was applied
to juice spectra from both the calibration and validation
sets (see Additional file 4 for sample catalogues) before
model calibration and prediction.

Gas chromatography–mass spectrometry (GC-MS) of
soluble sugars
Eleven μL of sorghum juice, plus 5 μL of a 2 mg mL-1

ribitol internal standard was lyophilised. Derivatisation/
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Figure 8 Calculated total fermentable sugar yield in S. bicolor
mutants. Combined total sugar yield from saccharification of the
cell wall fraction and soluble sugar fraction in S. bicolor bmr6 and
bmr12 mutants harvested at 10 days post-anthesis as determined by
wet chemistry of whole stalks (measured) and FTIR predictive
models extrapolated from the fourth internode (predicted). Data are
represented as means of six biological replicates ± SE. FTIR, Fourier
transform infrared; SE, standard error.
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trimethylsilylation and quantification of sugars by GC-
MS were performed following the published procedure
[35] with the following modifications. The GC-MS sys-
tem used was a 5973A MSD (Agilent Technologies,
Santa Clara, CA, USA), GC was performed on a 30 m
BPX5 column (SGE, Victoria, Australia), and both chro-
matograms and mass spectra were evaluated using the
Enhanced MSD ChemStation D.01.02 software (Agilent
Technologies). Mass spectra of eluting sugars were iden-
tified using the Wiley Registry of Mass Spectral Data
(Wiley-Blackwell, Hoboken, NJ, USA), and all com-
pounds were verified by subsequent analysis of pure
standards. Absolute quantification of sugars was achieved
by equating normalised areas to a set of standard curves
for sucrose, glucose, and fructose.

Cell wall preparation
Dried S. bicolor bagasse (pressed internode) was ground to
a fine powder (<100 μm) with a TissueLyser II (Qiagen,
Venlo, Netherlands) at a frequency of 1/30 for 2 minutes
using 1.5 cm diameter stainless steel ball bearings. A total
of 150 mg of powder was then washed with 1.7 mL of water
and dried in a vacuum concentrator centrifugal evaporator
(Jouan RC 10.10, St. Herblain, France) before acquiring
FTIR spectra. For model calibration and validation, a series
of extraction steps following the published procedure [36]
was performed on 120 mg of washed powder before deter-
mination of cell wall saccharification efficiency by enzym-
atic hydrolysis.

FTIR spectroscopy of cell walls
Approximately 50 mg of washed and dried cell wall ma-
terial was mounted onto a Spectrum II (PerkinElmer)
with a universal diamond ATR attachment operated by
Spectrum One software package. The cell wall powder
was forced onto the ATR crystal with a press at a con-
stant force. Spectra were collected at a resolution of
4 cm-1 and co-added over three scans. Once all spectra
were collected, data was imported into Unscrambler X
10.0.1 (Camo) for pre-treatment. Spectra were truncated
to the cell wall fingerprint region (1,800 to 850 cm-1

wavenumbers), second derivative spectra were calculated
by the Savitzky–Golay method with nine smoothing
points and an EMSC was applied to correct for light
scattering by cell wall particles.

3,5-Dinitrosalicylic acid (DNS) determination of cell wall
saccharification
Fifteen mg of isolated cell wall was vacuum infiltrated
under 100 KPa pressure for 5 minutes in 1.25 mL of
50 mM sodium citrate buffer (pH 4.8) followed by addition
of 50 μL of 1 mg/mLT. reesei cellulase mixture
(Sigma-Aldrich) and a control was included for each
sample where cellulase was replaced with buffer. Samples

were vortexed briefly and incubated at 55°C with gyrorota-
tion at 250 rpm for 24 hours. Cellulase digested material
was centrifuged at 3,500 g for 3 minutes. One mL of super-
natant was added to 3 mL of DNS reagent and incubated
for 15 minutes in a 100°C water bath. One mL of 40%
(w/v) potassium tartrate and 20 mL of dH2O was immedi-
ately added to dilute and stabilise the colour. Absorbance
was measured at 540 nm and compared to a D-glucose
standard curve to determine the total amount of reducing
sugars.

Partial least squares (PLS) model calibration and
validation
Pre-treated spectra were imported into the Unscrambler X
10.0.1 (Camo) for data analysis. The soluble sugar predict-
ive model used 216 sugar standards to calibrate a PLS re-
gression using the NIPALS algorithm, and the cell wall
digestibility predictive model used 58 hand-picked calibra-
tion samples (that were representative of the range in di-
gestibility) with the ‘wide-kernel PLS’ algorithm [37]. All
models used mean centred data, computed a default of 15
factors, and used full cross-validation. Outliers were identi-
fied using residual and leverage plots and were manually
examined to ensure that they were outliers based on tech-
nical errors in spectral collection or wet chemistry before
removal, and then PLS algorithms were re-calculated. The
optimal number of factors was chosen as that which mini-
mised the RMSEV and maximised the amount of sample
variation that was described by the model. The perform-
ance of models must be continually checked against wet
chemistry and continually updated with biological extremes
to increase the range of samples accurately predicted by the
model, therefore samples that lie outside of the range of the
model should be analysed and incorporated into the cali-
bration set. The models presented here are, therefore con-
stantly being updated and improved as more samples are
screened and this is an integral part of the methodology of
chemometric model development.
PLS models were validated by prediction on an in-

dependent test set of 33 soluble sugar samples and 25
cell wall samples (see Additional files 4 and 7 for
calibration and validation sample catalogues). Pre-
dicted values were plotted against reference values
and the RMSEP and validation coefficient of deter-
mination (Q2) were used to assess the accuracy of the
models. The analysis of bmr6, bmr12, and their par-
ent line (WT) was performed independently using the
methods outlined above.

Additional files

Additional file 1: High-throughput screening protocol. A detailed
step-by-step protocol for performing the described high-throughput
screening platform.
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Additional file 2: Volumetric ratio derivation. A mathematical
derivation of the volumetric ratio used to relate measurements on the
fourth internode to whole stalks.

Additional file 3: Sweet sorghum lines used for correlation analysis.
Fresh weight (FW), dry weight (DW), and height data for the 15 sweet
sorghum lines used in the correlations analysis. DW, dry weight; FW, fresh
weight.

Additional file 4: Calibration and validation samples used for the
sugar PLS models. Sucrose, glucose, and fructose content of the
calibration and validation sample sets used for calibrating and validating
the sugar FTIR PLS models. FTIR, Fourier transform infrared; PLS, partial
least squares.

Additional file 5: Sugar model regression coefficients. Weighted
regression coefficients from the sucrose, glucose, and fructose PLS
models showing that regression coefficients resemble pure standard
spectra of each sugar. PLS, partial least squares.

Additional file 6: Spike/dilution recovery and limit of detection of
the FTIR PLS sugar models. Limit of detection and spike/dilution
recovery of sucrose, glucose, and fructose using the FTIR PLS models for
each sugar. FTIR, Fourier transform infrared; PLS, partial least squares.

Additional file 7: Calibration and validation samples used for the
digestibility PLS model. Sorghum lines and sampled tissue used for
calibrating and validating the digestibility PLS model. PLS, partial least
squares.

Additional file 8: Processed spectra used to calibrate the
digestibility PLS model. Second derivative spectra with an EMSC
applied, which were used to calibrate the digestibility PLS model. EMSC,
extended multiplicative scatter correction; PLS, partial least squares.

Additional file 9: PLS digestibility model diagnostics and band
assignment chart. Model diagnostics for the PLS digestibility model
showing clear separation of digestibility in the scores plot and a
representation of cell wall peaks in the regression coefficients. A band
assignment chart is displayed for reference. PLS, partial least squares.

Additional file 10: Whole stalk fermentable sugar calculations.
Whole stalk calculations for fermentable sugars in the soluble sugar
fraction and cell wall fraction resulting in a total fermentable sugar yield
calculation.
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Abstract	

Background:	 The	 identification	 of	 cell	 wall	 variants	 in	 genetically	 modified,	 mutant,	 and	

breeding	 populations	 will	 be	 integral	 to	 furthering	 our	 understanding	 of	 the	 relationship	

between	 cell	 wall	 recalcitrance,	 cell	 wall	 composition,	 and	 crop	 yields	 in	 a	 lignocellulosic	

biofuel	context.	A	holistic	high-throughput	(HTP)	screen	was	developed	which,	in	part,	used	

FTIR	spectra	to	quantify	the	digestibility	of	the	cell	wall	fraction	of	S.	bicolor	stalks.	Here	we	

used	the	spectra	collected	from	this	HTP	screen	to	identify	and	qualitatively	characterise	cell	

wall	 variants	 using	 Bmr6	 and	 Bmr12	mutants	 with	 altered	 cell	 wall	 lignin	 as	 a	 proof	 of	

concept	 and	 then	 applying	 this	 to	 a	 selection	 of	 100	 EMS	mutant	 sorghum	 lines	 from	 a	

segregating	M3	population.		

Results:	 Principle	 component	 analysis	 (PCA)	 of	 FTIR	 spectra	 collected	 from	 a	 HTP	 screen	

showed	that	type	I	and	type	II	cell	walls	formed	distinct	clusters	as	did	different	plant	tissues	

from	S.	bicolor	 and	 that	 this	was	based	on	changes	 in	FTIR	 spectral	peaks.	This	 led	 to	 the	

development	of	a	hierarchical	classification	model	which	accurately	classified	both	type	I	&	

II	 cell	walls	 and	 repeatedly	 classified	 the	well	 established	Bmr6	 and	Bmr12	mutants	with	

altered	 lignin	 into	 a	 ‘lignin	 deficient’	 clade.	 Similar	 hierarchical	 classification	models	were	

built	on	spectra	collected	from	a	selection	of	sorghum	mutant	lines	and	6/100	lines	formed	

distinct	 clusters	 away	 from	 the	 parent	 cluster.	 Cell	 wall	 composition	 was	 shown	 to	 be	

altered	 in	all	6	 lines	and	confirmed	that	 the	FTIR	spectral	classification	model	was	able	 to	

cluster	 into	 low	and	high	 lignin	clades,	and	an	altered	glucan	monomer	clade,	 likely	 to	be	

indicative	of	a	reduction	in	cellulose	content.	

Conclusions:	FTIR	spectra	collected	from	a	HTP	screening	framework	designed	for	assessing	

biofuel	 feedstocks	were	used	to	accurately	classify	and	partially	characterise	S.	bicolor	cell	

wall	mutants	without	the	need	for	calibrating	quantitative	prediction	models.	The	fact	that	

FTIR	 spectra	 could	 also	 distinguish	 cell	 wall	 differences	 in	 a	 range	 of	 species	 and	 plant	

organs/tissues	suggests	that	this	approach	could	be	applied	to	cell	wall	variant	detection	in	

any	plant	species	or	tissue.	

Keywords:	 FTIR,	 cell	 wall,	 hierarchical	 modelling,	 high-throughput	 screening,	 sorghum,	

biofuel,	digestibility		
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Background	

A	typical	plant	cell	maintains	a	primary	cell	wall	throughout	cell	expansion	followed	by	the	

deposition	 of	 a	 secondary	 cell	 wall	 (often	 in	 three	 distinct	 layers:	 S1,	 S2	 &	 S3),	 which	 is	

usually	 thickened	by	 lignification	and/or	 suberisation	 [1].	The	 secondary	cell	wall	 contains	

the	greatest	proportion	of	biomass	[2],	thus	it	is	of	most	interest	as	a	renewable	source	of	

carbon	for	bioenergy.	However,	an	 in-depth	understanding	of	 the	synthesis,	structure	and	

composition	of	the	cell	wall	as	a	whole	will	be	integral	to	engineering	its	deconstruction	for	

biofuel	production.		

The	 basic	 principles	 of	 cell	 wall	 synthesis	 and	 deposition	 are	 relatively	 well	 conserved	

between	 type	 I	 and	 II	 cell	 walls.	 The	 composition	 and	 molecular	 interactions	 between	

components,	however,	 is	different,	particularly	 in	 the	hemicellulose	 fraction	 [3,	4].	Type	 II	

walls	 are	 of	 most	 interest	 to	 lignocellulosic	 bioethanol	 production	 with	 monocot	 grass	

species	such	as	maize,	wheat,	 rice,	sugarcane	and	sorghum	accounting	 for	 the	majority	of	

world	 biomass	 production.	 Type	 II	 primary	 cell	 walls	 are	 typically	 composed	 of	 20-30%	

cellulose	 in	 the	 form	 of	 cellulose	 microfibrils,	 35-70%	 hemicelluloses,	 ~5%	 pectin,	 ~1%	

structural	 glycoproteins,	 1-5%	 phenolics	 and	 a	 small	 percentage	 of	 cell	 wall	 enzymes	 [5].	

This	differs	most	prominently	from	the	type	I	cell	wall	 in	the	amount	of	pectin	(reduced	in	

type	II	cell	walls)	and	the	amount	and	type	of	hemicellulose	[3,	5,	6].	Most	significant	is	the	

type	of	hemicellulose,	which	 in	type	 I	cell	walls	 is	predominantly	xyloglucan,	but	 in	type	 II	

cell	walls	is	predominantly	glucuronoarabinoxylans	(GAX)	[3,	5].	As	opposed	to	the	primary	

cell	 wall,	 secondary	 cell	 wall	 composition	 is	 designed	 for	 strength	 and	 rigidity,	 and	 its	

composition	reflects	this.	A	typical	grass	secondary	cell	wall	is	composed	of	35-45%	cellulose	

embedded	in	a	matrix	consisting	of	40-50%	GAX,	20%	lignin,	5-15%	silica,	0.5-1.5%	phenolics	

(i.e.	ferulic	acid	&	ρ-coumaric	acid)	and	0.1%	pectin	[5,	7].	Since	secondary	cell	walls	are	not	

required	 to	 expand	 (a	 very	 complex	process),	much	of	 the	 complexity	 of	 the	primary	 cell	

wall	is	absent.	This	can	be	seen	with	the	absence	of	mixed	linkage	glucans,	reduced	amount	

of	pectin,	and	the	fact	that	the	GAX	is	mostly	present	as	low	substituted	GAX	(as	opposed	to	

a	mixture	of	low	and	high	substitution),	in	the	secondary	cell	wall	of	grasses	[5].	

To	generate	bioethanol	 from	 lignocellulosic	material,	 the	cell	wall	must	 first	be	 treated	to	
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increase	porosity	and	break	cross-links	between	components,	thus	increasing	accessibility	of	

enzymes	 to	 cellulose	 [1,	 8].	 During	 secondary	 cell	 wall	 deposition,	 lignin	 content,	

composition,	and	structural	 integrity	have	been	strongly	 implicated	in	cell	wall	digestibility	

due	to	the	ability	of	 lignin	to	‘shield’	cellulose	from	enzyme	degradation	by	forming	cross-

links	to	polysaccharides	and	forming	a	hydrophobic	layer	around	cellulose	microfibrils	[1,	4,	

9-11].	The	S.	bicolor	brown	midrib	(Bmr)	mutants	Bmr6	and	Bmr12	are	a	well	characterised

example	where	reduced	lignin	content	results	in	increased	digestibility	[12].	Here	we	show

that	 FTIR	 spectra	 generated	 from	 a	 high	 throughput	 (HTP)	 screening	 framework	 [13]	was

able	 to	 detect	 cell	 wall	 variants	within	 a	 variable	 S.	 bicolor	 population	 and	 could	 classify

them	 based	 on	 cell	 wall	 chemistry.	 Classification	 of	 A.	 thaliana	 cell	 wall	 variants	 has

previously	been	shown	[14],	but	in	largely	undifferentiated	tissue	of	young	hypocotyls	prior

to	substantial	lignification,	as	has	classification	of	young	developing	Z.	mays	coleoptiles	[15].

This	 is	 the	 first	 example,	 to	 our	 knowledge,	 of	 classification	 using	 FTIR	 spectra	 in	mature

secondary	 cell	 walls	 of	 a	 C4	 grass	 population	 in	 a	 HTP	 screening	 context	 for	 biofuel

application.

Results	and	discussion	

1. FTIR	 spectra	 differentiate	 type	 I	 and	 type	 II	 cell	 walls	 from	 different	 species	 and	 plant

tissues

To	demonstrate	that	cell	wall	FTIR	spectra	generated	from	a	HTP	screening	framework	[13]	

were	 able	 to	 detect	 variations	 in	 cell	 wall	 chemistry,	 a	 variety	 of	 cell	 walls	 with	 well	

established	 structural	 differences	 were	 analysed.	 These	 included	 type	 I	 cell	 walls	 from	

tomato	 (Solanum	 lycopersicum),	 tobacco	 (Nicotiana	 tobaccum),	 and	Arabidopsis	 thaliana;	

type	 II	 cell	 walls	 from	 S.	 bicolor	 and	 Setaria	 viridis;	 and	 the	 unique	 cotton	 fibre	 cell	 wall	

which	 consists	 of	 ~95%	 cellulose	 and	 no	 lignin	 [16].	 An	 extended	 multiplicative	 scatter	

correction	 (EMSC)	 was	 applied	 to	 adjust	 for	 light	 scattering	 due	 to	 particle	 size,	 and	 the	

second	 derivate	 was	 calculated	 and	 plotted	 (Figure	 1A).	 As	 expected,	 clear	 spectral	

differences	 were	 observed.	 Since	 FTIR	 spectra	 are	 multivariate	 in	 nature,	 principal	

component	analysis	(PCA)	was	used	to	reduce	the	data	to	2	principal	components	(PC’s)	that	

described	80%	of	the	spectral	variability.	Type	I	and	type	II	cell	walls	from	multiple	species	
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separated	along	PC1	and	PC2	distinctly	as	did	the	unique	cotton	fibre	cell	wall	 (Figure	1C)	

indicating	that	the	FTIR	spectrum	is	suitably	robust	for	differentiating	cell	wall	types.	

Figure	1.	Spectral	differentiation	of	type	I	and	type	II	cell	walls	from	a	variety	of	species	

and	 plant	 organs/tissues.	 (A)	 Second	 derivate	 spectra	 of	 type	 I	 cell	 walls	 (red;	 Solanum	

lycopersicum	 (young	 stem,	 young	 leaf,	 and	 mature	 leaf),	 Nicotiana	 tobaccum	 and	

Arabidopsis	thaliana	young	whole	plant),	type	2	cell	walls	(green)	and	the	unique	cell	wall	of	

mature	cotton	fibre	(blue).	 (B)	PCA	of	cell	wall	spectra	showing	separation	between	type	I	

(red),	type	II	(green)	and	cotton	fibre	(blue)	cell	walls.	(C)	Second	derivative	spectra	of	type	II	

cell	 walls	 (S.	 bicolor	 (mature	 leaf	 midrib	 (orange;	 SbMLM),	 mature	 stem	 (green;	 SbMS),	

young	stem	(grey;	SbYS),	young	leaf	(red;	SbYL)	and	mature	leaf	(black;	SbML))	and	Setaria	

viridis	(mature	stem	(blue;	SvMS)).	(D)	PCA	of	type	II	cell	walls	showing	separation	between	

species	and	plant	tissues.	
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To	further	explore	the	capability	of	FTIR	spectra	to	distinguish	cell	wall	differences	in	organs,	

type	II	cell	walls	from	young	and	mature	stems	and	leaves	were	analysed.	Second	derivative	

spectra	with	an	EMSC	applied	were	plotted	(Figure	1B)	and	PCA	was	performed	(Figure	1D).	

Clear	spectral	differences	were	observed	and	this	was	reflected	in	the	PCA	plot	which,	once	

again,	 showed	 distinct	 separation	 into	 clusters	 along	 PC1	 and	 PC2	 for	 each	 plant	 tissue	

suggesting	that	the	FTIR	spectra	were	able	to	distinguish	more	subtle	cell	wall	differences	of	

different	 organ/tissue	 types	 within	 S.	 bicolor.	 Interestingly,	 spectra	 derived	 from	 stem	

samples	 from	 both	 S.	 bicolor	 and	 S.	 viridis	 clustered	 together	 suggesting	 that	 these	

genetically	similar	species	[17]	have	very	similar	cell	wall	composition.	

2. FTIR	cell	wall	cluster	model	produced	a	lignin	deficient	clade

To	 further	explore	 the	classification	ability	of	 cell	wall	 FTIR	 spectra	generated	 from	a	HTP

screening	 framework	 of	 a	 variable	 collection	 of	 S.	 bicolor	 genotypes,	 an	 unsupervised

hierarchical	classification	model	based	on	the	squared	Euclidean	distance	between	samples

was	generated.	Typical	type	I	cell	walls	(N.	tabacum,	S.	lycopersicum	and	A.	thaliana	cultivar

Col-0)	 were	 included	 as	 controls	 to	 demonstrate	 the	 classification	 ability	 of	 the	 cluster

model.	 Similarly,	 an	 A.	 thaliana	 T-DNA	 insertional	 mutant	 line	 ref8	 (SALK_048706C;

AT2G40890)	which	has	been	reported	to	have	reductions	 in,	and	an	altered	form	of	 lignin

[18] was	 included	as	 a	 control	 since	 clustering	of	A.	 thaliana	 cell	wall	mutants	using	 FTIR

spectra	has	been	demonstrated	previously	[14].

The	cluster	model	 firstly	classified	type	 I	and	type	 II	cell	walls	 in	two	distinct	clades	whilst	

the	unique	cotton	fibre	cell	wall	clustered	separately.	In	addition,	all	3	biological	replicates	

of	 the	 ref8	mutant	clustered	separately	 from	the	Col-0	A.	 thaliana	cell	walls.	The	reduced	

lignin	phenotype	of	the	Ref8	T-DNA	insertional	line	was	confirmed	by	a	simple	stain	before	

FTIR	spectra	were	collected	(Additional	file	1).	

Within	 the	 collection	 of	 variable	 S.	 bicolor	 genotypes,	 cell	walls	 clustered	 accurately	with	

biological	 replicates	of	Rio,	Bmr12,	Bmr6,	 and	 their	parent	 line,	WT	AF805,	 clustering	 into	

distinct	groups.	Previous	studies	have	shown	that	S.	bicolor	Bmr6	and	Bmr12	mutants	have	

reduced	 cinnamyl	 alcohol	 dehydrogenase	 (CAD)	 and	 caffeic	 acid/5-hydroxyferulic	 acid	 O-

methyl	 transferase	 (COMT)	activity	 respectively,	 resulting	 in	 reduced	and	altered	 forms	of	

cell	 wall	 lignin	 [12,	 19,	 20].	 The	 hierarchical	 cluster	model	 was	 able	 to	 cluster	Bmr6	 and	
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Bmr12	 separately	 from	 their	 parent	 line	 (WT	 AF805)	 in	 a	 ‘lignin-deficient’	 clade.	

Interestingly,	 Bmr6	 clustered	 together	 with	 OMR-SC1201.	 The	 uncharacterized	 mutant	

OMR-SC1201	was	observed	to	have	brown	colored	midribs		(Additional	file	2)	suggesting	it	

harbors	an	equivalent	mutation	to	that	of	Bmr6.		

The	cluster	model	was	therefore	able	to	cluster	a	range	of	cell	wall	types	into	distinct	clades,	

and	within	a	set	of	variable	S.	bicolor	cell	walls	was	able	to	form	a	clade	of	lignin	deficient	

mutants	that	separated	from	their	parent	line.	This	provided	a	simple	analytical	method	for	

detection	of	 cell	wall	 variants	 from	a	HTP	screening	 framework	which	did	not	 require	 the	

calibration	of	quantitative	predictive	models	and	could	be	applied	 to	any	plant	 species	or	

tissue.	 Here	we	 have	 used	 the	 approach	 to	 identify	 a	 lignin	 deficient	 clade,	 and	 as	more	

genotypes	are	screened,	samples	that	fall	into	this	clade	will	be	putatively	classed	as	‘lignin	

deficient’	 awaiting	 further	 analysis.	 Similarly,	 clades	 representing	 other	 cell	 wall	

modifications	 could	 be	 characterized	 by	 detailed	 chemical	 analysis	 of	 a	 select	 number	 of	

lines	from	that	clade	to	infer	cell	wall	modifications	characteristic	of	the	clade.				

Before	undertaking	detailed	chemical	analysis	however,	 the	FTIR	spectra	could	be	used	to	

attribute	certain	cell	wall	modifications	to	a	particular	clade.	As	a	proof	of	concept,	the	FTIR	

spectra	 of	 the	 well	 established	 lignin	 modifications	 of	 Bmr6,	 and	 Bmr12	 cell	 walls	 were	

analysed	(Figure	3).	
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Figure	2.	Cell	wall	hierarchical	cluster	dendrogram	generated	using	the	squared	Euclidean	

distance	 between	 2nd	 derivate	 FTIR	 spectra	 to	 determine	 relative	 distance	 between	 cell	

wall	 types.	Six	clusters	were	defined	by	 relative	distance	 to	 their	branch	point	and	colour	

coded.	 These	 clusters	 were	 S.	 bicolor,	 mature	 cotton	 fibre,	A.	 thaliana	Col-0,	A.	 thaliana	

Ref8	T-DNA	insertional	mutant	of	Col-0,	S.	lycopersicum,	and	N.	tabacum.	Type	I	and	type	II	

cell	walls	are	marked,	as	is	the	‘lignin	deficient’	clade.	Numbers	102-146	represent	distinct	

proprietary	S.	bicolor	genotypes.	
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3. Spectral	analysis	of	Bmr6	and	Bmr12	cell	walls

It	 is	well	established	that	both	Bmr6	and	Bmr12	mutations	result	 in	reduced	total	cell	wall	

lignin	 content	 [19,	 20]	with	 a	 small	 corresponding	 increase	 in	 cellulose	 and	hemicellulose	

[21].	The	Bmr6	mutation	results	in	a	reduction	in	total	lignin	with	a	H:S:G	lignin	ratio	similar	

to	that	of	WT	plants	[12,	19,	20].	The	Bmr12	mutation	results	in	a	less	severe	reduction	in	

total	 lignin,	however	S	 lignin	units	are	particularly	reduced	compared	to	WT	plant	[12,	19,	

20].		

Three	spectra	were	collected	from	each	of	three	replicate	plants	for	WT,	Bmr6	and	Bmr12	

(Figure	 3A)	 and	 a	 PCA	 was	 performed	 (Figure	 3B).	 WT,	 Bmr6,	 and	 Bmr12	 formed	 tight	

clusters	which	clearly	separated	the	three	cell	wall	types	(Figure	3B).	Firstly,	to	examine	the	

reduction	in	total	lignin	that	is	more	severe	in	Bmr6	than	Bmr12,	the	peak	at	1604	cm-1	that	

is	attributed	to	the	α-β	double	bond	of	the	propanoid	side	group	in	lignin-like	structures	[22-

24] was	used,	since	this	bond	is	present	in	all	lignin	structures.	As	expected,	it	was	observed

that	both	Bmr6	 and	Bmr12	 had	a	 reduction	 in	absorbance	at	1604	 cm-1	with	 the	 reduced

absorbance	being	more	severe	 in	Bmr6	 than	 in	Bmr12	 (Figure	3A).	To	specifically	examine

the	reduction	in	G	lignin	units	that	is	more	severe	in	Bmr6	than	in	Bmr12,	the	peak	at	1515

cm-1	 associated	 with	 the	 C=C	 bond	 of	 the	 guaiacyl	 ring	 of	 lignin	 [22,	 23]	 was	 used.	 As

expected,	 both	 Bmr6	 and	 Bmr12	 had	 a	 reduction	 in	 absorbance	 at	 1515	 cm-1	 with	 the

reduced	absorbance	being	more	severe	 in	Bmr6	 than	 in	Bmr12	 (Figure	3A).	To	specifically

examine	the	reduction	in	S	lignin	units	that	is	more	severe	in	Bmr12	than	in	Bmr6,	the	peak

at	 1463	 cm-1	 attributed	 to	 the	 C-H	 deformation	 of	 syringyl	 lignin	 [22-24]	 was	 used.	 As

expected,	 both	 Bmr6	 and	 Bmr12	 had	 a	 reduction	 in	 absorbance	 at	 1463	 cm-1	 with	 the

reduced	 absorbance	 being	 more	 severe	 in	 Bmr12	 than	 in	 Bmr6	 (Figure	 3A).	 To	 our

knowledge,	no	 specific	 spectral	peaks	have	been	assigned	 to	H	 lignin	units,	however,	 it	 is

known	that	both	Bmr6	and	Bmr12	have	equivalent	reductions	in	H	lignin	units	[19,	20].	It	is

speculated	that	the	peak	at	1587	cm-1	could	be	attributed	to	H	lignin	since	both	Bmr6	and

Bmr12	show	equivalent	reductions	in	absorbance	at	1587	cm-1.

This	analysis	confirmed	the	clustering	of	Bmr6	and	Bmr12	separately	 from	each	other	and	

WT	 and	 that	 these	 clusters	 were	 based	 on	 cell	 wall	 chemistry,	 suggesting	 that	 a	 similar	
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approach	 could	 be	 taken	 to	 identify	 clusters	 with	 other	 cell	 wall	 modifications.	 This	 also	

provided	experimental	evidence	 for	 the	peak	at	1604	cm-1	being	 indicative	of	 total	 lignin,	

the	peak	at	1515	 cm-1	being	 indicative	of	G	 lignin	units,	 and	 the	peak	at	1463	 cm-1	being	

indicative	of	S	lignin	units	in	S.	bicolor	cell	walls.	

Figure	3.	FTIR	spectral	analysis	of	Bmr6	and	Bmr12	cell	walls.	(A)	Average	second	derivative	

FTIR	 spectra	 collected	 from	 isolated	 cell	 walls	 of	 ground	mature	 stem	 tissue	 from	 Bmr6,	
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Bmr12	and	their	parent	line	(WT)	with	the	lignin	absorption	region	of	the	spectra	expanded	

and	 inset.	 (B)	Principle	 component	analysis	 (PCA)	of	 the	 spectra.	3	 spectra	were	collected	

from	 each	 of	 3	 replicate	 plants	 for	 PCA	 analysis,	 all	 units	 are	 arbitrary	 and	 percentages	

represent	 the	 amount	 of	 variability	 described	 by	 that	 PC.	 	 Peaks	 attributed	 to	 lignin,	

cellulose,	and	hemicellulose	are	coloured	red,	green,	and	pink	respectively.	

4. Screening	of	a	segregating	M3	EMS	sweet	sorghum	mutant	population

To	show	that	 this	method	of	cell	wall	 classification	 is	applicable	 to	novel,	uncharacterised

populations	 of	 S.	 bicolor,	 FTIR	 spectra	 from	 100	 EMS	 mutants	 were	 pre-treated	 as

previously,	and	classified.	A	large	cluster	containing	8	parent	lines	and	85	EMS	mutant	lines

formed,	indicating	a	cell	wall	composition	that	was	un-altered	by	the	chemical	mutagenesis.

Four	that	differed	from	the	parent	cluster,	containing	a	total	of	7	S.	bicolor	EMS	lines,	were

identified.	Line	M454	formed	cluster	1,	lines	M865	and	M744	formed	cluster	2,	lines	M720

and	M379	formed	cluster	3,	and	lines	M419	and	M014	formed	cluster	4	(Figure	4).

Figure	 4.	 Cell	 wall	 hierarchical	 cluster	 dendrogram	 generated	 from	 100	 segregating	M3	

EMS	sweet	sorghum	lines	Five	classification	clusters	were	defined	by	their	relative	distance	

to	the	branch	point	and	were	color	coded.	Out-dented	samples	are	parent	lines	and	shades	

of	blue,	green	and	brown	indicate	clusters	that	differ	from	the	parent	clade	(red).	Lines	that	

were	classified	differently	from	the	parent	cluster	are	indented.	

To	show	that	these	lines	which	clustered	separately	from	the	parent	lines	were,	in	fact,	cell	
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wall	 variants,	 and	 to	 characterise	 these	 variations,	 klason	 lignin	 and	 the	monosaccharide	

composition	 of	 the	 cell	walls	were	measured.	 In	 comparison	 to	 the	 parent	 line,	 cluster	 1	

(M454)	showed	a	48	%	increase	in	klason	lignin	content,	cluster	2	(M865	and	M744)	showed	

a	16	%	reduction	in	glucan	monosaccharides	(likely	indicative	of	cellulose),	cluster	3	(M720	

and	 M379)	 showed	 a	 16	 %	 reduction	 in	 klason	 lignin,	 and	 cluster	 4	 (M419	 and	 M014)	

showed	 a	 26	 %	 increase	 in	 klason	 lignin	 (table	 1).	 The	 consistent	 cell	 wall	 phenotypes	

observed	 in	 each	 clade	 supports	 the	 applicability	 of	 the	 FTIR	 based	 classification	 system	

presented	here.	Cell	wall	 variants	of	 lignin	and	 cell	wall	 glucan	were	detected	 from	a	M3	

segregating	population	of	uncharacterized	S.	bicolor	EMS	mutants.	

Conclusions	

Using	FTIR	spectra	generated	from	a	HTP	screening	framework,	a	hierarchical	model	capable	

of	 robustly,	 and	 accurately	 clustering	 cell	 wall	 variants	 across	 a	 variety	 of	 cell	 wall	 types	

including	both	type	I	and	type	II	cell	walls	was	generated.	Bmr6	and	Bmr12	were	identified	

in	 a	 ‘lignin	 deficient’	 clade	 and	 both	 mutants	 were	 characterised	 in	 terms	 of	 their	 FTIR	

spectra	in	relation	to	reported	cell	wall	modifications	of	these	mutants.	The	approach	was	

then	applied	to	100	lines	from	a	segregating	M3	EMS	sorghum	population	and	6	lines	were	

identified	 that	 clustered	 distinctly	 from	 the	 parent	 line.	 These	 lines	 were	 shown	 to	 have	

altered	lignin	and	cell	wall	glucan	content,	using	wet	chemistry,	as	predicted	by	FTIR	spectral	

analysis.	This	therefore,	provides	a	blueprint	for	characterising	cell	wall	mutant	populations	

of	 any	 species	 without	 the	 need	 for	 laborious	 ‘wet’	 chemical	 analysis	 or	 calibration	 of	

quantitative	predictive	models	which	may	be	species	specific.	
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Materials	and	Methods	

Plant	growth	conditions	

One	hundred	sweet	Sorghum	bicolor	ecotypes	were	field	grown	at	the	‘Pacific	Seeds	Gatton	

Research	 Centre’	 Queensland,	 in	 September	 2009	 and	 were	 harvested	 in	 February	 2010	

approximately	10	days	post	anthesis.	Subsequently,	seed	from	15	selected	genotypes,	along	

with	the	sweet	sorghum	variety	‘Rio’,	were	sown	in	a	glasshouse	in	Newcastle,	Australia	in	

May	2010	in	25cm	diameter	pots.	Plants	in	Newcastle	were	supplemented	with	300	μmol.m-

2.s-1	PAR	(400-700	nm)	from	4-6:30pm	each	day	and	natural	sunlight	throughout	the	winter

growth	 period	 ranged	 from	 200-1100	 μmol.m-2.s-1	 PAR	 with	 28/15°C	 day/night

temperatures.	Plants	were	harvested	in	August	2010.

Additionally,	 ~3300	 sweet	 sorghum	 seed	 of	 the	 ‘Rio’	 variety	were	 soaked	 for	 16	 hrs	with	

agitation	 in	 200	 mL	 of	 0.2	 %	 (v/v)	 ethyl	 methanesulfonate	 (EMS)	 to	 induce	 ~300	 point	

mutations	of	G:C	to	A:T	base	pairs	per	seed.	Seed	were	then	washed	in	400	mL	of	water	for	

5	hrs	with	changes	every	30	min.	Seed	were	planted	at	the	‘Pacific	Seeds	Research	Centre’	

Queensland,	 in	 September	 2009.	 Plants	 were	 self	 fertilised	 and	 propagated	 to	 the	 M3	

generation	 and	 planted	 at	 the	 same	 site	 in	 September	 2011.	 100	 individual	 plants	 were	

sampled	as	per	the	high-throughput	screening	protocol	outlined	in	[13].	

FTIR	spectroscopy	of	isolated	cell	walls	

Once	all	spectra	were	collected,	as	outlined	in	[25],	data	was	imported	into	Unscrambler	X	

10.0.1	 (Camo	 Inc.)	 for	 pre-treatment.	 Spectra	 were	 truncated	 to	 the	 cell	 wall	 fingerprint	

region	(1800-850	cm-1	wavenumbers),	an	extended	multiplicative	scatter	correction	(EMSC)	

was	applied	to	correct	for	light	scattering	by	cell	wall	particles	and	second	derivative	spectra	

were	calculated	by	the	Savitsky-Golay	method	with	9	smoothing	points.		

Statistical	analysis	

Principal	component	analysis	(PCA)	was	performed	with	full	cross-validation	and	a	default	of	

15	 principal	 components	 were	 computed	 using	 the	 ‘Singular	 Value	 Decomposition’	

algorithm	 (The	 Unscrambler	 X	 10.0.1,	 CAMO)	 with	 mean	 centred	 data.	 The	 hierarchical	
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cluster	models	were	 generated	using	unsupervised	hierarchical	 classification	model	based	

on	the	squared	Euclidean	distance	between	samples	where	the	number	of	cluster	was	set	

manually.	

Cell	wall	chemistry		

Klason	lignin	and	monosaccharide	content	of	cell	walls	was	determined	by	the	NREL	method	

for	determination	of	structural	carbohydrates	and	lignin	in	biomass	[26].		

List	of	abbreviations	used	

FTIR,	 fourier	 transform	 infrared;	HTP,	 high-throughput;	Bmr,	 brown	midrib;	 PCA,	 principal	

component	 analysis;	 WT,	 wild	 type;	 GAX,	 glucuronoarabinoxylan;	 EMSC,	 extended	

multiplicative	 scatter	 correction;	 PC,	 principal	 component;	 CAD,	 cinnamyl	 alcohol	

dehydrogenase;	 COMT,	 caffeic	 acid/5-hydroxyferulic	 acid	 O-methyl	 transferase;	 Col-0,	

Columbia-0;	 ANOVA,	 analysis	 of	 variance;	 PAR,	 photosynthetically	 active	 radiation;	 ATR,	

attenuated	total	reflection;	HPLC,	high	performance	liquid	chromatography.	
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CHAPTER FOUR 

Gene discovery in a developing Setaria 

viridis internode 
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4.1 Summary 

This chapter consists of one publication that outlines the use of a developing 

Setaria viridis internode as an ideal experimental system for gene discovery in 

relation to the biogenesis of stem tissue, sugar accumulation in mature stems and, 

importantly for this thesis, cell wall biosynthesis. It provides a framework for 

identification of cell wall genes that are important in cell wall biosynthesis during 

stem development. The publication has been published in Biotechnology for 

Biofuels. Furthermore, specific genes for future investigation and genetic 

manipulation identified during the production of this publication have been 

outlined in the final discussion chapter of this dissertation. 

4.2 Publication 4: A developing Setaria viridis internode: an 

experimental system for the study of biomass generation in a C4 model 

species 

Martin AP, Palmer WM, Brown C, Abel C, Lunn JE, Furbank RT, Grof CPL A 

developing Setaria viridis internode: an experimental system for the study of 

biomass generation in a C4 model species Biotechnology for Biofuels 9:45 

doi:10.1186/s13068-016-0457-6 (2016). 
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A developing Setaria viridis internode: an 
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generation in a C4 model species
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Abstract 

Background: Recently, there has been interest in establishing a monocot C4 model species with a small genome, 
short lifecycle, and capacity for genetic transformation. Setaria viridis has been adopted to fill this role, since reports of 
Agrobacterium-mediated transformation in 2010, and sequencing of its genome in 2012. To date, S. viridis has primar-
ily been used to further our understanding of C4 photosynthesis, but is also an ideal system for the study of biomass 
crops, which are almost exclusively C4 panicoid grasses. Biogenesis of stem tissue, its cell wall composition, and 
soluble sugar content are important determinants of bioenergy crop yields. Here we show that a developing S. viridis 
internode is a valuable experimental system for gene discovery in relation to these important bioenergy feedstock 
traits.

Results: The rate of maximal stem biomass accumulation in S. viridis A10 under long day growth was at the half-head 
emergence developmental stage. At this stage of development, internode 5 (of 7) was found to be rapidly expanding 
with an active meristem, a zone of cell expansion (primary cell walls), a transitional zone where cell expansion ceased 
and secondary cell wall deposition was initiated, and a mature zone that was actively accumulating soluble sugars. A 
simple method for identifying these zones was established allowing rapid dissection and snap-freezing for RNAseq 
analysis. A transcriptome profile was generated for each zone showing a transition from cell division and nucleic acid 
synthesis/processing in the meristem, to metabolism, energy synthesis, and primary cell wall synthesis in the cell 
expansion zone, to secondary cell wall synthesis in the transitional zone, to sugar transport, and photosynthesis in the 
mature zone.

Conclusion: The identification of these zones has provided a valuable experimental system for investigating key bio-
energy traits, including meristematic activity, cell wall biosynthesis, and soluble sugar accumulation, in a C4 panicoid 
grass that has genetic resources, a short life cycle, and small stature allowing controlled experimental conditions in 
growth cabinets. Here we have presented a comprehensive map of gene expression and metabolites in this experi-
mental system to facilitate gene discovery and controlled hypothesis testing for bioenergy research in S. viridis.

Keywords: Setaria viridis, RNAseq, Stem, Bioenergy, Cell wall, Sugar, C4 grass

© 2016 Martin et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Setaria viridis, the wild relative of foxtail millet (Setaria 
italica), has recently been adopted as a model species for 
the study of C4 panicoid grasses by the photosynthesis 

research community [1–6]. The support of the research 
community for this model is evidenced by the first 
Setaria conference held in Beijing in 2014 [7]. Reported 
uses of Setaria viridis to date have focused on the collec-
tion of natural diversity panels [8, 9], the development 
of mapping populations [10], transformation [11–14] 
and crossing [15] techniques, and generation of molecu-
lar resources such as transformation vectors [12] and 
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notably a genome sequence [16]. Most research using 
these resources has been directed towards the study of C4 
photosynthesis and associated leaf development and cel-
lular differentiation [17]; however, S. viridis is also a valu-
able model species for the study of biomass crops, which 
are almost exclusively C4 panicoid grasses (e.g. giant mis-
canthus (Miscanthus x giganteus), switchgrass (Panicum 
virgatum), sugarcane (Saccharum officinarum), maize 
(Zea mays), and sorghum (Sorghum bicolor)) sharing a 
highly similar lineage to Setaria. Whilst photosynthesis is 
an important determinant of crop biomass yield, knowl-
edge of the factors controlling biogenesis of stem sink tis-
sue, its cell wall composition, and soluble sugar content 
are crucial for the improvement of forage and bioenergy 
crop quality and yields.

The main agricultural products of forage and bioen-
ergy crops are soluble sugars and the cell wall fractions of 
culms, which are used as a source of feed or fuel. To max-
imise yields, larger culm volumes with high sugar content 
and easily hydrolysed cell wall polymers are required. The 
cell wall composition of S. viridis has been shown to be 
consistent with that of major bioenergy crops with equiv-
alent conversion rates of cellulose to fermentable sugars 
[18]. No study of soluble sugar levels in S. viridis culms 
has been published; however, Brix concentrations of up 
to ten can be achieved (Martin et al. unpublished obser-
vations), which is equivalent to that of mid-range sweet 
sorghum [19] and sugarcane [20] crops. Setaria vir-
idis culms therefore possess attributes that suggest they 
would be a valuable C4 model system for the study of not 
only cell wall synthesis and stem development but also 
sugar accumulation in C4 panicoid grass culms.

A grass culm consists of multiple repeating phytomeric 
units, comprised of a node and an internode. Stalks 
develop and elongate acropetally, whilst individual inter-
nodes develop and elongate basipetally with a sigmoidal 
elongation pattern [21]. At the midway stage in its devel-
opment, an internode will contain an active intercalary 
meristem at its base, acropetally followed by a cell expan-
sion zone, before transitioning into mature cells towards 
the top. Based on early physiological studies of oat culm 
development [22] and extensive literature in sugarcane 
and sweet sorghums, which show the accumulation of 
sugar in mature internodes [23–25], the following picture 
emerges for a developing internode in panicoid grass spe-
cies. The meristem contains actively dividing cells under-
going mitosis and cell differentiation processes, and the 
expansion zone contains cells that are actively expanding 
under turgor whilst synthesising primary cell walls and 
cell membranes. As the cells mature, secondary cell wall 
deposition terminates cell expansion and the cells realise 
their capacity to import and store sugar.

Here we characterise a developing S. viridis internode 
that contains an active intercalary meristem, rapidly 
expanding cells with primary cell walls, a transitional 
zone where secondary cell wall synthesis is initiated, fol-
lowed by a mature zone where sugar import and stor-
age are occurring. RNA sequencing of tissues from each 
of these developmental zones provides a framework 
for gene discovery. Ultimately, genetic manipulation 
of genes discovered here has the potential to alter sink 
size by affecting cell division and expansion in the mer-
istematic and cell expansion zones, and to influence the 
molecular composition of cell wall polymers and solu-
ble sugars by affecting metabolic pathways in the tran-
sitional and maturation zones. Whilst there have been 
other transcript studies conducted in grass stems at vari-
ous stages of development, including young and mature 
maize internodes [26], and in bamboo [27], this is the 
first study to characterise and utilise the developmen-
tal zones within an elongating internode, and the first 
whole RNAseq transcriptome dataset for S. viridis stem 
tissue. This experimental system and transcriptomic 
resource in the C4 model species, S. viridis, will facilitate 
gene discovery with respect to grass culm development 
and allow controlled experimental exploration of traits 
relevant to bioenergy crops such as culm sink size, cell 
wall composition, and soluble sugar content. The genetic 
and physiological similarities between Setaria viridis 
and key bioenergy crops will increase the translatability 
of results into forage and bioenergy crop improvement 
programmes.

Results
To identify a rapidly expanding internode, S. viridis plants 
were grown under highly controlled conditions and seven 
developmental stages were examined. The fourth devel-
opmental stage, half-head emergence, was defined as the 
point when half of the seed head had emerged from the 
leaf sheath (Fig. 1a). This was chosen as the developmen-
tal stage with the most rapid rate of stem growth, which 
also corresponded with the most rapid rate of sucrose 
accumulation (Fig. 1b). At this developmental stage, the 
leaf sheath was carefully stripped to expose the stem 
and its constituent internodes. Internode five, counted 
from the bottom (considering only internodes ≥5 mm in
length), or, interchangeably, the second internode from 
the top (not including the flag internode), was selected 
as a rapidly elongating internode containing well-defined 
elongation and mature zones (Fig.  1c). To ensure this 
internode was rapidly elongating, the same internode 
was also measured in mature plants and was shown 
to increase from an average length of 3.8  cm at harvest 
(half-head emergence) to 10.2 cm at maturity (Fig. 1d).
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To define the meristematic, cell expansion, transitional, 
and mature zones of internode five, nuclei density and 
cell size were examined using fluorescence microscopy. It 
was also essential to develop a method for visually iden-
tifying these zones of internode five so that harvest for 
RNAseq analysis could be achieved rapidly, without any 
need for microscopy, and therefore without excessive tis-
sue damage.

Internodes were photographed (Fig.  2a), whilst intact 
and then embedded in agarose and sectioned longitudi-
nally. Nuclei were stained with DAPI, illuminated with 
UV light and viewed using a long-pass DAPI filter that 
allowed red chlorophyll fluorescence (Fig.  2b) and blue 
DAPI fluorescence of nuclei (Fig.  2c) to be visualised 
simultaneously. Processing DAPI images allowed nuclei 
density (a proxy for the number of cells) and also cell size 
to be plotted along the length of the internode (Fig. 2d). 
A spike in nuclei density mapped to a well-defined 
white band at the base of the internode, and this was 
defined as the meristematic zone (MsZ) (Fig. 2a) allow-
ing for rapid identification of this zone. Directly above 
the meristematic zone, cell size increased and nuclei 
density decreased, both asymptotically. It was observed 

that this cell expansion zone was dark green in colour, 
which was also indicated by the increased red chloro-
phyll fluorescence observed in longitudinal sections of 
this region (Fig. 2b). The base of the internode was flex-
ible (Fig. 2a), likely due to the lack of lignified secondary 
cell walls. The point where the internode became rigid 
corresponded with the end of the chlorophyll-enriched 
zone and the approach of nuclei density and cell size 
towards their asymptote. Both the end of the chlorophyll-
enriched zone and the point where the internode became 
rigid were therefore used as markers to dissect the cell 
expansion zone (CEZ) (Fig.  2a) of the internode with-
out the need to stain or section the tissue. The region of 
the internode directly above this point, cut to ~85 % the 
length of the CEZ, was dissected and defined as the tran-
sition zone (TZ) (Fig. 2a). A zone immediately below the 
node above internode five, cut at the same length as the 
CEZ, was dissected as the mature zone (MZ) (Fig. 2a).

Using brightfield microscopy, it was evident that there 
were many different cell types within these zones. The 
cell expansion zone contained immature vascular bun-
dles with protoxylem and very little cell wall thickenings 
in any cell types (Fig. 2e). The transition zone contained 
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fully developed vascular bundles with fully developed 
xylem, but only modest cell wall thickenings (Fig. 2f ). The 
mature zone contained fully developed vascular bundles 
with fully developed xylem and more cell wall thickening 
than the transitional zone (Fig.  2g). Based on evidence 
from these images, the dissected zones contained a vari-
ety of cell types, but were sufficiently enriched in expand-
ing, transitioning, and mature tissues to reveal differences 
in metabolite levels and gene expression between each 
developmental stage.

Primary metabolites were measured in the four zones 
of the developing internode to establish carbon pools 
(Fig.  3). Starch was found only in the developmentally 

young meristematic and cell expansion zones. The ratio 
of sucrose to hexoses was high in the meristematic zone, 
reduced in the growing cell expansion and transitional 
zones, and increased in the mature zone, which was 
likely at the beginning of a sugar storage phase as sugar 
levels rise towards the maximal concentration observed 
in stage 6 (Fig.  1b). High levels of the soluble C4 acid 
malate were also measured and correlated strongly with 
sucrose levels. The role of malate in this developing C4 
internode is unclear; however, it may be involved in a 
functional C4 pathway, used as a pH regulator,  a storage 
molecule in vacuoles, or an osmolyte for turgor regula-
tion [28].
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Fig. 2 Defining meristematic (MsZ), cell expansion (CEZ), transition (TZ), and cell maturation (MZ) zones of internode 5. a Internode 5 harvested at 
the half-head emergence developmental stage with its leaf sheath stripped, alongside an equivalent internode 5 where the lower, flexible zone has 
been bent to display the differentiation between the upper rigid zone and the lower flexible zone. The green line indicates the interface between 
the flexible and rigid zones of the internode. The harvested meristematic (MsZ—black), cell expansion (CEZ—pink), transitional (TZ—blue), and 
mature (MZ—orange) zones are indicated. b and c Longitudinal, vibratome cut, 50-μm thick section of the lower region of the internode (indicated 
by dashed black lines), stained with DAPI and viewed under UV illumination with b, the red chlorophyll emissions isolated, and c, the blue DAPI emis-
sions isolated. Enlarged regions are offset in c, and white scale bars are 50 μm. d Nuclei density and cell size measured using image J were plotted at 
intervals along the lower region of the internode. e, f and g, Microtome cut 2-μm-thick cross-sections from e, the cell expansion, f, transitional, and 
g, mature zones, stained with Toluidine blue, counter stained with Lugol’s iodine and imaged using brightfield illumination. Protoxylem (PX), imma-
ture vascular bundles (IV), metaxylem (MX), mature vascular bundles (MV), storage parenchyma (SP), and thickened cell walls (TCW) are labelled. 
Black scale bars in e, f, and g are 100 μm
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The lignin content of cell walls was also measured in the 
cell expansion, transitional, and mature internode zones 
as an indicator of the presence of primary or secondary 
cell walls (Fig. 3). Very low levels of lignin were observed 
in the cell expansion zone; however, the cell walls rapidly 
became lignified in the transitional zone, and continued 
to accumulate lignin up to the mature zone (Fig. 3). This 
suggested that the cell expansion zone contained primary 
cell walls, whereas the transitional zone was rapidly syn-
thesising secondary cell walls, and that this synthesis was 
maintained, up to higher levels in the mature zone where 
it has, likely, completed lignification.

Once the developmental status of the four internode 
zones was established, RNA was extracted, sequenced, 
mapped (see Additional file  1 for mapping details), and 
expression values calculated. Principal component analy-
sis (PCA) of global gene expression confirmed that each 
internodal zone had a unique gene expression profile 
with the meristematic and cell expansion zones cluster-
ing separately from the transitional and mature zones 
(Fig.  4a). Very little variation between biological repli-
cates was also observed confirming the reproducibility of 
the harvesting technique.

Comparing log2 fold-change expression of each gene 
to that obtained from a ‘whole plant’ background tran-
scriptome [3], lists of genes that were up-regulated (>1 
log2 fold) in each zone were generated and displayed as 
a Venn diagram (Fig. 4b). This also revealed a dichotomy 
between the two younger meristematic and cell expan-
sion zones, and the two older transitional and mature 
zones. Thousand eight hundred and sixty genes were 

up-regulated in common in MsZ/CEZ and 983 in TZ/
MZ. In comparison, only 52 MsZ/TZ, 157 MsZ/MZ, 
213 CEZ/TZ, and 12 CEZ/MZ genes were up-regulated 
in common (Fig. 4b). The number of up-regulated genes 
and the number expressed above a threshold of one 
fragments per kilobase per million reads (FPKM) also 
showed dichotomy with more being found in younger 
than older tissues (Fig.  4c). This suggests that greater 
biological complexity is required for meristematic activ-
ity and cell expansion than for the established biological 
processes of mature tissues including secondary cell wall 
synthesis and carbon storage.

Using criteria of gene expression above a level of 80 
FPKM (chosen by visually examining read coverage 
of genes with ~80 FPKM), and a log2 fold change >2.5 
against the whole plant (WP) background transcriptome, 
418 ‘stem-enriched’, 13 ‘MsZ-enriched’, 8 ‘CEZ-enriched’, 
84 ‘TZ-enriched’, and 45 ‘MZ-enriched’ genes were iden-
tified which can be used to identify promoter sequences 
for the construction of tissue-specific, and likely cell-spe-
cific, expression vectors (‘enriched’ genes are marked in 
Additional file 2).

To further characterise the segregation of biological 
processes within each zone of the developing internode, 
genes were categorised based on the most recent Map-
man ontology, which was updated for this analysis (Addi-
tional file  3). The meristematic zone was enriched in 
processes related to cell division and cell cycle including 
DNA, RNA, and protein synthesis/regulation, confirm-
ing that this zone is actively undergoing cell division. The 
cell expansion zone was enriched in metabolism, energy 

Fig. 3 Primary metabolites and cell wall lignin in the developing internode. Starch (measured as molecules of released glucose), glucose, fructose, 
sucrose, and malate were assayed enzymatically in extracts from the meristem, cell expansion, transition, and mature zones of the fifth internode. 
Lignin was measured using the acetyl bromide method. All values are mean ± SE of four biological replicates of pooled material from ten plants
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production, and lipid biosynthesis, which are required to 
drive cell expansion. The transitional zone was enriched 
in secondary cell wall biosynthesis-related gene catego-
ries including lignin biosynthesis, laccases, cell vesicle 
transport, MYB, and NAC transcription factors (which 
are maintained in the mature zone), and amino acid 
metabolism. The mature zone was enriched in sugar 
transporters, photosynthesis (which begins to operate, 
however, not to the levels observed in the whole plant), 
and flavonoid biosynthesis (Fig. 5). These transcript pro-
files confirm that the transcriptional machinery required 
for stem-specific intercalary meristem cell division and 
differentiation is active in the meristematic zone; energy-
driven cell expansion is active in the cell expansion zone; 
secondary cell wall synthesis, including transcriptional 
switches, is active in the transitional zone; and sugar 
unloading, storage, and possibly synthesis (photosynthe-
sis) is active in the mature zone.

To encapsulate the effectiveness of this experimental 
system for gene discovery and manipulation in a vari-
ety of fundamental biological processes, Mapman was 
used to visualise the expression of gene families relating 
to three major carbon demands of a developing grass 
culm (Fig.  6). In the meristematic zone, gene expres-
sion suggested predominantly symplasmic import of 

photoassimilate and utilisation of starch for cell metabo-
lism and energy production (demand 1), since expression 
of sugar transporters, including SWEETs (sugar efflux-
ers [29], SUTs (sucrose-H+ symporters [30]), HTs (hex-
ose transporters [31]), PLTs (polyol transporters [32]), 
and CWI (cell wall invertase [33]) was low (Fig. 6). Gene 
expression in the cell expansion zone also suggested 
that photoassimilate is imported predominantly sym-
plasmically [i.e. low expression of SWEETs, SUTs, HTs, 
PLTs, and CWIs and higher expression of plasmodes-
matal located proteins (PDLPs)] not only in this zone 
and is directed towards demand 1 (energy/metabolism), 
but also primary cell wall synthesis, including hemicel-
lulose, pectin, and cell wall protein synthesis (demand 
2) (Fig.  6). The transitional zone is a pivotal develop-
mental stage switching from predominantly metabolism
(demand 1) and symplasmic photoassimilate import to a
highly significant up-regulation of genes associated with
apoplasmic sugar transport, coupled with a major switch
and a re-direction of carbon flow to secondary cell wall
synthesis (demand 2) (Fig.  6). The mature zone showed
down-regulation of genes linked to metabolism (demand
1) and cell wall synthesis (demand 2), whilst apoplasmic
transport genes (SWEETs, SUTs, HTs, PLTs, and CWIs)
and vacuolar sugar storage (demand 3) genes (tonoplast

Fig. 4 Internode zones have unique RNAseq profiles and contain stem- and zone-specific genes. a Principal component analysis of FPKM values 
obtained from RNA sequencing of the MsZ, CEZ, TZ, and MZ of internode 5. b Venn diagram of genes up-regulated greater than a log2 fold change 
of one against the background levels in the whole plant (WP) transcriptome. c Table showing the number of genes expressed >1 FPKM, number of 
genes up-regulated against the WP transcriptome with >1 log2 fold, number of identified ‘stem-specific’ genes with >2.5 log2 fold change against 
the WP background and >80 FPKM in any internode zone, and the number of ‘zone-specific’ genes with, in addition to being ‘stem-specific’, >2 log2 
fold change against all other internodal zones (with some exceptions, see Additional file 2)
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monosaccharide transporters—TMTs [34]) showed fur-
ther up-regulation. This suggested that the mature zone 
had ceased most of its transcriptional activity related to 
secondary cell wall synthesis and is actively transcribing 
genes that are associated with apoplasmic unloading of 
photoassimilate for storage.

Discussion
Setaria viridis is becoming more widely accepted as a C4 
grass model species, especially within the photosynthe-
sis research community. Here we have presented the first 
transcriptomic analysis of this model system in tissue 

relevant to bioenergy research, at a gene discovery level. 
We have identified and shown that a developing S. vir-
idis internode contains (i) an active meristematic zone 
that utilises starch and likely symplasmically imported 
sucrose and malate as a carbon source to drive metabo-
lism, energy production, and synthesis of DNA, RNA, 
and protein, (ii) a zone of cell expansion with predomi-
nantly non-lignified primary cell walls which also utilises 
starch and symplasmically imported sugars, in the form 
of hexoses to produce energy, driving cell expansion, 
(iii) a transitional zone where cell expansion ceases, sec-
ondary cell wall synthesis is initiated and sugar import

MZ 

Fig. 5 Meristematic, cell expansion, transition, and mature zones are enriched in unique gene families. Average expression of selected gene fami-
lies, based on the Mapman annotations, arranged into categories that are enriched in the meristematic (MsZ), cell expansion (CEZ), transition (TZ), 
and mature (MZ) zones of the internode. Mean expression is tabulated for MsZ, CEZ, TZ, MZ, and whole plant (WP) and the heat map is generated 
from the log2 fold change across the four internode zones. Blue indicates higher expression, whilst red indicates lower expression, and values are 
given as mean FPKM for each gene category
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switches to a, likely, apoplasmic step, and (iv) a mature 
zone containing thickened, lignified cell walls, that is 
actively accumulating and storing carbon in the form of 
sucrose and malate via the expression of energy-depend-
ent sugar transport genes, suggesting a, likely, apoplasmic 
step during the unloading of photoassimilate into this 
tissue.

Dye feeding experiments in sugarcane [35] and sor-
ghum [36] have shown that 5(6)-carboxyfluorescein (CF) 
moves symplasmically from vascular phloem to stor-
age parenchyma cells in mature stem sink tissues. Inter-
estingly, high expression of energy-dependent sugar 
transport genes within mature internodes has also been 
observed, in sorghum [37]; however, the protein cellular 

Fig. 6 Schematic model of carbon demands during internode development based on transcriptomic analysis. A schematic pathway of carbon 
import into the developing S. viridis fifth internode, showing the three major demands on carbon supply. A Mapman pathway file (Additional file 4 
and Additional file 5) was created to generate this visualisation of gene expression with regard to each carbon demand (also using the updated S. 
viridis mapping file, Additional file 3, and the experiment file, Additional file 2). Genes were assigned into categories (as labelled on the diagram) 
and their expression values were displayed as squared log2 fold change from the squared average of the four internode zones for each gene. 
Up-regulated genes are shown in blue, whilst down-regulated genes are in red. The.mp4 animation (Additional file 6) changes from meristematic 
zone (a), to cell expansion zone (b), to transition zone (c), to mature zone (d) indicating the internode region with a transparent grey box on the left 
and highlighting the greatest demand for carbon in each region. MLG mixed linkage glucans, RS raffinose synthase, PDLP plasmodesmata localised 
proteins, SWEET sugars will eventually be exported transporters, CWI cell wall invertase, HT hexose transporters, PLT polyol transporters, SUT sucrose 
transporters, CI cytosolic invertases, HK hexokinase, FK fructokinase, FPBase fructose-1,6-bisphosphatase, F6P fructose-6-phosphate, PFK phospho-
fructokinase, AGPase glucose-1-phosphate adenylyltransferase, UGD UDP-glucose 6-dehydrogenase, UGPase UDP-glucose phosphorylase, G6PI 
glucose-6-phosphate isomerase, PGM phosphoglucomutase, SPP sucrose phosphate phosphatase, SPS sucrose phosphate synthase, Susy sucrose 
synthase, TMT tonoplast membrane transporter, CWPS cell wall precursor synthesis, CWP cell wall protein, PAL phenylalanine ammonia-lyase, C4H 
cinnamate-4-hydroxylase, 4CL 4-hydroxycinnamate CoA ligase, HCT hydroxycinnamoyl transferase, C3H coumarate 3-hydroxylase, CCR cinnamoyl-
CoA reductase, CCoAOMT caffeoyl CoA 3-O-methyltransferase, COMT caffeic acid O-methyltransferase, F5H ferulate 5-hydroxylase, CAD cinnamyl 
alcohol dehydrogenase, CSLA-H cellulose synthase-like A-H, CesA cellulose synthase complex, GT glycosyltransferase, PME pectin methylesterase, PS 
pectin synthesis, SE sieve element, CC companion cell. Blue and purple dots are representative of sugar flow
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localisation, and therefore precise role in sugar accumu-
lation within grass stems has not yet been elucidated. 
The strong expression of SWEET, SUT, HT, PLT, and 
CWI genes in mature sink tissue of the S. viridis develop-
ing internode provides evidence that an apoplasmic step 
may exist in Setaria. Localisation and characterisation of 
these sugar transport proteins, however, will determine 
the cellular localisation of a possible apoplasmic unload-
ing step, which may be vascular in origin or located on 
storage parenchyma cells to facilitate unloading of sugar 
into the apoplasm for storage and regulation of turgor. 
Whilst the role of these transporters in phloem unload-
ing and assimilate storage in maturing internodes is yet 
to be investigated, this experimental system has provided 
gene candidates and a biological system for protein local-
isation and phenotyping of gene knockdown lines which 
will further unravel this biological process that is integral 
to controlling soluble sugar levels in C4 panicoid grasses.

Similarly, the clear transition from primary cell wall 
synthesis to secondary cell wall synthesis in this sys-
tem, coupled with gene expression data, has uncovered 
numerous S. viridis gene candidates which can now be 
manipulated and studied under controlled conditions 
to further our understanding of cell wall biosynthesis in 
C4 grass stems. Cellulose synthase-like (CSL) families A, 
C, D, F, and H were all switched on in the meristematic 
and cell expansion zones of the internode, implicating a 
potential role in cell division and/or primary cell wall syn-
thesis of hemicelluloses. As an example of gene discovery 
in this system, we will examine the proteins encoded by 
the CSLF and CSLH gene families. Homologues of CSLF 
and CSLH have been shown to produce mixed linkage 
glucans (MLGs) in primary cell walls of barley [38, 39] 
during wall expansion, and in secondary cell walls of 
rice stems [40]. The dataset presented here has identi-
fied a CSLF and a CSLH gene expressed in primary cell 
wall tissues, and a CSLF gene expressed in mature tissues 
(Fig. 6) differentiating transcriptional control over MLGs 
in primary and secondary cell walls of S. viridis. Charac-
terisation in this biological system by protein localisation, 
promoter reporter constructs, and genetic knockdown 
using available S. viridis transformation techniques [12, 
13] is now possible to further our understanding of the
role of each of these genes in MLG deposition. Similarly,
a number of gene isoforms can now be identified within
this dataset for the manipulation and characterisation
of lignin precursor synthesis, lignin polymerisation, cel-
lulose synthesis, and hemicellulose synthesis, examining
genes associated with both primary and secondary cell
wall synthesis (Fig. 6). Expression of transcription factors
in this experimental system was not characterised here
but would also be of great interest when manipulating

cell wall deposition and composition in this experimental 
C4 panicoid grass system.

Conclusions
The developing internode characterised here is a valu-
able experimental system for gene discovery related to 
a variety of fundamental biological processes, especially 
for traits important in determining bioenergy crop yields. 
These include meristematic control of sink size, biosyn-
thesis of cell walls, and accumulation of soluble sugars. 
Coupling this resource with genetic transformation tech-
niques in S. viridis [12–14], generating controlled experi-
mental data for the genetic manipulation of sink size, cell 
wall composition, and soluble sugar content in a C4 grass 
model system is now possible.

Methods
Plant growth conditions
Setaria viridis A10 was grown in 2  L of 7:3:5:5 top 
soil:sand:perlite:crushed clay with 1  g/L of Plantacote 
depot 4M© (14:9:15 NPK) inside a growth cabinet with 
16/8  h, 28/20C, and 55/70  %rH day/nights. Plants were 
illuminated with ~600 μmol  s−1 m−2 PAR from fluores-
cent lamps during light hours. After germination, plants 
were thinned to leave one plant per pot and were given 
150 mL of water (with 1.5 mL/L of Previcur® on the first 
watering) approximately 3 h into the light cycle every day.

Identification of a developing internode
Plants were harvested at seven developmental stages. 
These were defined as the 6-leaf stage (emerging but still 
straight), 9-leaf (emerging but still straight), booting, half 
emerged head, anthesis (3/4 visible pollen), milky dough, 
and hard dough. Dry weights of whole plants and inter-
nodes were measured by freeze drying for ~5  days to 
determine biomass. Plant heights and internode lengths 
were also measured. Whole stems were frozen slowly at 
−20  °C and thawed before centrifuging through glass
wool filters to obtain the soluble fraction of the stem. 
Sucrose was measured in the soluble fraction by FTIR 
spectroscopy as previously described [19].

Histological determination of developmental zones 
within the internode
The fifth internode from the base of the main stalk har-
vested at the half emerged stage was photographed, dis-
sected, and fixed in 4  % (w/v) paraformaldehyde/1.5  % 
(w/v) glutaraldehyde. Fixed tissue was halved longitu-
dinally, embedded in 6  % agarose and sectioned lon-
gitudinally on a vibratome along the entire length of 
the internode at a thickness of 50  μm. These sections 
were stained with 10  μg/mL DAPI and viewed under 
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UV illumination on a Zeiss Axiophot microscope (Carl 
Zeiss Pty. Ltd., Oberkochen, Germany, http://www.zeiss.
com). Nuclei, and therefore cells, were counted along the 
length of the internode using the ITCN plugin for imageJ 
(http://imagej.nih.gov/ij/plugins/itcn.html). Nuclei den-
sity and cell size were calculated in a sliding window 
by dividing the number of each within the window by 
the width of the window at 5-μm interval. Cell size and 
nuclei density were immediately matched with defining 
features of the unsectioned half of the internode. Other 
internodes were quartered transversely, dehydrated 
through an ethanol series, and infiltrated with Techno-
vit© (Heraeus Kulzer, Hanau, Germany, http://www.her-
aeus-kulzer.com). Technovit© blocks were polymerised 
and 4-μm transverse sections were cut on a microtome. 
Sections were stained with 0.05  % Toluidine blue and 
counterstained with Lugol’s iodine before viewing under 
brightfield illumination.

Harvest of a developing internode
Eighty plants were harvested at the half emerged head 
stage (see “Results” section for details) from two crops 
grown under the same conditions (40 plants per crop) 
between 8 and 11 h into the light cycle. Harvest was stag-
gered as plants reached the half emerged stage from 25 
to 28 days after sowing (DAS). Plants were photographed; 
height and fresh weight were measured to ensure uni-
formity, and the fifth internode was dissected immedi-
ately after removal from the growth cabinet. The leaf 
sheath was removed from the fifth internode, and the 
intercalary meristem, cell expansion, transition, and 
mature zones were dissected and snap frozen in liquid 
N2. Since each dissected segment was only 5–15  mg, 
tissue was pooled from ten plants for each replicate to 
generate four biological replicate pools for each develop-
mental zone.

Acetyl bromide lignin
Twenty mg of fresh, ground tissue was weighed and 
washed sequentially with water, ethanol, and acetone 
before being freeze dried overnight. Lignin was solu-
bilised by incubating in a thermomixer at 55  °C and 
600  rpm for 150  min in 25  % (v/v) acetyl bromide pre-
pared with glacial acetic acid. After cooling, acetic acid: 
2 M NaOH mixture (50:9 v/v) and 0.5 M hydroxylamine 
chlorhydrate were added and the absorbance was read 
at 280 nm. Acetyl bromide lignin content was calculated 
using an extinction coefficient of 20.48 that was previ-
ously determined for corn stover [41].

Primary metabolites
Soluble sugars and malate were measured enzymatically 
in ethanolic extracts from 20 mg fresh weight of frozen, 

ground tissue powder, and starch was measured enzy-
matically in the ethanol-insoluble residue, as previously 
described [42].

RNA extraction, library preparation, and sequencing
Samples were ground to a powder at −60 °C using a cryo-
genic grinding robot (Labman Automation, Middlesbor-
ough, UK; http://www.labman.co.uk). RNA was extracted 
from aliquots (80–100  mg FW) of frozen tissue pow-
der using a standard TRIzol© (Life technologies, Carls-
bad, USA, http://www.lifetechnologies.com) extraction 
method and precipitated with EtOH. DNase treatment 
was performed using Turbo DNA-free™ kit (Life tech-
nologies, Carlsbad, USA, http://www.lifetechnologies.
com) as per the manufacturer’s instruction. RNA qual-
ity was assessed by analysis with an RNA 6000 Nano kit 
and Bioanalyzer 2100 (Agilent Technologies; Santa Clara, 
CA, USA; http://www.agilent.com). RIN scores of above 
eight were considered acceptable. RNAseq libraries were 
generated with polyA enrichment and rRNA depletion 
using NEBNext® Ultra™ Directional  RNA Library Prep 
Kit (NEB, Ipswich, USA, http://www.neb.com) for Illu-
mina® and were sequenced on an Illumina® HiSeq 2500 
at the Max Planck Genome Centre, Cologne, Germany.

RNAseq analysis
Illumina 100  bp paired-end reads from four biological 
replicates of the four internode zones were imported 
into CLC genomics workbench 8 (CLCbio, Aarhus, Den-
mark, http://www.clcbio.com) for adapter removal, trim-
ming, mapping, and read counting. A single-end Illumina 
read library, generated from a mixture of leaf, stem, 
node, crown, root, spikelet, floret, and seed tissue across 
three developmental stages (seed germination, vegeta-
tive growth, and reproduction), was downloaded from 
the NCBI short read archive (SRA784127), imported 
into CLC genomics workbench 8, and analysed in paral-
lel with the internode data. This ‘whole plant’ sample was 
used as an indication of background expression for the 
assessment of stem- and zone-specific gene expression.

Adapter sequences were trimmed from all reads. Low-
quality reads were trimmed using a modified Mott trim-
ming algorithm within CLC genomics 8. Reads with a 
quality score limit below 0.05 and regions containing 
more than two base ambiguities were trimmed. Reads 
were then mapped to the S. italica genome version 2.1 
with gene annotations obtained from Phytozome 10.1 
on the 29th April, 2015 [16], since an annotated Setaria 
viridis transcriptome and genome were not publically 
available. Mapping was performed using the principles of 
Mortazavi et  al. [43] using a mismatch cost of 2, inser-
tion cost of 3, deletion cost of 3, a length fraction of 0.8, 
and a similarity fraction of 0.8. Paired read distances were 
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set at 180–660 bp, based on Bioanalyser runs of the RNA 
libraries, and the maximum number of hits for a read 
was set at 10. Fragments per kilobase per million (FPKM) 
was calculated for each gene, and EDGE test [44] and 
ANOVA false discovery rates were calculated. Log2 fold 
change between internode regions was calculated against 
the average of the four zones for each gene using x2 
transformed data. Mapman bins were assigned to genes 
using the Mapman Phytozome v9.0 mapping file for S. 
italica downloaded on the 12th May, 2015. Genes encod-
ing sugar transporters and cell wall synthesis related 
enzymes/proteins were manually annotated by BLAST 
against maize, rice, and sorghum proteome sequences 
and Mapman bins were assigned accordingly. A file con-
taining FPKM, log2 fold change, Mapman bin numbers, 
and gene annotations can be found in Additional file  2. 
This file was used, along with our updated Mapman map-
ping file (Additional file 3) to generate Mapman visualisa-
tions of the RNAseq dataset.

Principal component analysis was performed in ‘The 
Unscrambler® X 10.2’ (CAMO) with standard deviation-
weighted FPKM values using the NIPALS algorithm and 
full cross validation [45]. Venn diagrams were generated 
using ‘Venny 2.0’ [46]. Gene categories of interest were 
selected using the Mapman binning system in Additional 
file 3 and average FPKM was calculated for each category.

Abbreviations
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CHAPTER FIVE 

In situ imaging techniques for 

understanding structure, composition 

and function of plant tissues 
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5.1 Summary 

This chapter outlines two imaging techniques that will greatly enhance the study 

of genetic manipulations in S. viridis and our understanding of the molecular and 

structural workings of plants. The first is a technique for imaging in situ proteins by 

immunohistochemistry and expressed fluorescent proteins within whole plant 

organs in 3D. This work is published in Scientific Reports (Nature). The second is an 

adaption of a published technique for Raman confocal imaging of cell wall 

composition. The published method was applied to S. viridis for the first time to 

show its applicability in assessing cell specific, in situ cell wall compositional 

changes in S. viridis plants. This work was performed by myself and is unpublished, 

however, a description of the results is described in the body of this thesis.  

5.2 Publication 5: PEA-CLARITY: 3D molecular imaging of whole plant 

organs 

Palmer WM, Martin AP, Flynn JR, Reed SL, White RG, Furbank RT, Grof CPL PEA-

CLARITY: 3D molecular imaging of whole plant organs Scientific Reports (Nature) 

5, Article number: 13492 doi:10.1038/srep13492 (2015). 
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PEA-CLARITY: 3D molecular 
imaging of whole plant organs
William M. Palmer1, Antony P. Martin1, Jamie R. Flynn2, Stephanie L. Reed1, 
Rosemary G. White3, Robert T. Furbank4 & Christopher P. L. Grof1

Here we report the adaptation of the CLARITY technique to plant tissues with addition of enzymatic 
degradation to improve optical clearing and facilitate antibody probe penetration. Plant-Enzyme-
Assisted (PEA)-CLARITY, has allowed deep optical visualisation of stains, expressed fluorescent 
proteins and IgG-antibodies in Tobacco and Arabidopsis leaves. Enzyme treatment enabled 
penetration of antibodies into whole tissues without the need for any sectioning of the material, thus 
facilitating protein localisation of intact tissue in 3D whilst retaining cellular structure.

Fixation and embedding of plant tissue for molecular interrogation using techniques such as histological 
staining, immunohistochemistry or in situ hybridisation has been the foundation of cell biology studies 
for decades. Applying these techniques for 3D tissue analysis is seriously limited by the need to section 
the tissue, image each section, and then reassemble the images into a 3D representation of the struc-
tures of interest. Here we present a fundamental shift from the two dimensional plane to that of three 
dimensions whilst retaining molecular structures of interest without the need to section the plant tissue. 
Recent advances in fixation and ‘clearing’ techniques such as SeeDB1, ScaleA22, 3DISCO3, CLARITY4 
and its recent variant PACT5 enabled intact imaging of whole embryos, brains and other organs in 
mouse and rat models. The new CLARITY system fixes and binds tissues within an acrylamide mesh 
structure. Proteins and nucleic acids are covalently linked to the acrylamide mesh by formaldehyde, then 
optically interfering lipid structures of animal cell membranes are removed using detergent (SDS). This 
renders such tissue optically transparent and suitable for deep imaging of up to ~5 mm using confocal 
microscopy4.

Three dimensional imaging of plants using confocal microscopy has been limited to already 
semi-transparent tissue types such as root tips or meristems but resolution becomes limiting in cells 
deeper within tissues6. Other plant specific imaging techniques including modified pseudo-Schiff propid-
ium iodide (mPS-PI) staining do allow for deep optical penetration, although the clearing steps also 
remove proteins and nucleic acids7,8. A major hindrance to applying techniques such as CLARITY to 
plant material is the cell wall, comprised mainly of cellulose, hemicellulose, lignin and pectin, which is 
permeable only to molecules under 60 kDa9. This creates a significant permeability barrier as common 
IgG antibodies used in immunohistochemistry are ~150 kDa in size and therefore unable to penetrate cell 
walls. PEA-CLARITY overcomes this limitation by using cell wall degrading enzymes to increase wall 
permeability, together with starch hydrolysing enzymes to reduce optical interference from starch grains. 
Cell wall degrading enzymes have been used to achieve 3D immunofluorescence within A. thaliana apical 
meristems however with harsh enzymatic degradation, the tissue lost structural integrity10. A contrasting 
method using urea as clearing agent, together with enzyme treatment, generated 3D structural images 
of plant tissues to localise nuclei and cell walls simultaneously. They also retained fluorescence from 
transiently expressed mTalin-citrine, revealing intact actin microfilaments deep within cleared tobacco 
leaves11. Nevertheless, this protocol used sectioned pea root nodules to aid antibody penetration and 
could only use short enzyme treatments to avoid structural damage to the tissue. The PEA-CLARITY 
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technique described here combines hydrogel fixation, tissue clearing and enzymatic degradation, allow-
ing visualisation of expressed fluorescent proteins, including GFP and CFP, simultaneously with immu-
nofluorescence labelling using common IgG antibodies in whole, intact tissues, without loss of structural 
integrity.

PEA-CLARITY was applied to leaf tissue from two model species, A. thaliana and N. tabacum 
(Fig. 1A), initially to confirm that molecular structures remained intact during fixation, hydrogel polym-
erization and clearing. During the fixation and clearing process the leaf tissue became transparent due to 
the removal of lipids, chlorophyll and other pigments (Fig. 1B). Following clearing, cell walls and starch 
were enzymatically degraded to allow passage of antibodies during immunolabelling and to slightly 
increase transparency of the tissue (Fig. 1C).

Tobacco leaf tissue fixed in hydrogel and cleared in SDS but not enzymatically degraded was stained 
with propidium iodide (PI, red-nucleus) and calcofluor white (CW, green—cell wall) to assess the reten-
tion of DNA and cellular structure (Fig. 2). Using CLSM the whole, intact tobacco leaf disc was imaged 
and the z-stacks were assembled into a raw, unprocessed 3D slice reconstruction (Fig. 2B). Optical pen-
etration through the entire leaf thickness (~150 μ m) was achieved. Vascular, epidermal, palisade meso-
phyll and spongy mesophyll cell structure was maintained with all nuclei fixed within the cytosol of the 
cell. Even long trichome protrusions remained perpendicular to the epidermal surface layer across the 
entire leaf disc (see supplementary 1 for basal trichome orientation; full trichomes were not imaged). 
Furthermore the staining of nuclei by PI demonstrated the retention of nuclear DNA. This technique also 
allowed deep optical penetration into the vascular bundle with nucleus of the sieve element / companion 
cell (SE/CC) clearly defined without the need for sectioning or epidermal peeling.

Mature leaves from A. thaliana lines stably transformed with GFP localised to the endoplasmic retic-
ulum (C16251; ER-GFP) or with CFP localised to peroxisomes (C16259; Px-CFP)12, were CLARITY 
treated to assess the retention of endogenous fluorescent proteins. Strong ER-GFP and Px-CFP was 
observed throughout cleared A. thaliana leaves, including the internal leaf phloem at a depth of ~80 μ m 
(Fig. 3).

Mature leaves from the N. tabacum stably transformed line, Sv-40, with GFP localised to nuclei13 was 
processed using the PEA-CLARITY treatment, incubated with cell wall digestion enzymes and immuno-
labelled with a tobacco RuBisCO polyclonal antibody14 to demonstrate the retention of proteins and tis-
sue penetration of IgG antibodies for 3D whole tissue immunolocalisation. Immunolabelling of RuBisCO 
was observed in intact chloroplasts of both the palisade and spongy mesophyll cells (Fig.  4). Strong, 
nuclear localised GFP fluorescence was also observed indicating that GFP fluorescence was maintained 
in the correct subcellular compartment through enzyme treatment. N. tabacum negative controls and 

Figure 1. PEA-CLARITY clearing of N. tabacum and A. thaliana leaves. (A) fresh leaf disc from a fully 
expanded N. tabacum leaf (left) and a whole fully expanded A. thaliana leaf (right). (B) fixed, hydrogel 
embedded, passively cleared leaves. (C) cleared cell wall enzyme treated leaves for immunohistochemistry 
and imaging. Scale bar: 1 mm
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further examples of immunolabelling following PEA-CLARITY treatment in the model grass species, 
Setaria viridis, can be found in supplementary Figs 2 & 3 respectively.

Here PEA-CLARITY has been demonstrated as a powerful technique allowing the use of common 
molecular probes, including stains, endogenous fluorescent proteins and immunohistochemistry, ena-
bling the localisation of cell components in whole unsectioned tissues. Whilst in situ hybridization using 
RNA probes has not been demonstrated here, it is theoretically possible, as demonstrated in animal 
tissues4.

As a proof of concept, mature leaves of two model species, A. thaliana and N. tabacum, were used 
in this study but it is anticipated that the PEA-CLARITY protocol will be applicable to a wide range of 
species although it may require tailoring to individual species and tissue types. Preliminary trials were 
conducted applying this protocol to an array of species and tissues and it was noted that some tissues, 
usually older or those with high sugar contents, developed a brown coloration during the clearing pro-
cess (supplementary 4). Other drawbacks include: incomplete clearing of some tissues, fragility of tissue 
after enzymatic treatment, and fading of GFP fluorescence after extended passive clearing (~6 months or 
greater). We found that impure enzyme preparations may contain nucleases and proteases that degrade 
certain cell contents, and note that infusion of antibodies through cell walls remains difficult after incom-
plete enzyme digestion. Application of intermittent vacuum during enzyme and antibody incubations 
greatly improved penetration when compared to non-vacuum treated samples. Clearing was improved 
in many tissues by harvesting at the end of the dark photoperiod which reduced levels of starch.

Barriers to further clearing and penetration of larger fluorophores include tissues containing waxes 
and phenolics, for example, thick epidermal surfaces and lignified tissues. While no commercially avail-
able ligninases and cutinases are currently available, enzymes such as these may be developed in future 
and chemical treatments are being explored to potentially improve clearing of waxy and phenolic tissues. 
In addition, optimisation of tissue specific cell wall degrading enzyme cocktails may further enhance 
antibody penetration and optical clarity. The enzyme degradation step presented here in PEA-CLARITY 
may also be of benefit to mammalian systems, aiding in clearing and fluorophore penetration of difficult 
animal tissues. Also in animal tissues, light sheet microscopy has been used to reduce image acquisition 
times, decrease tissue bleaching, and improve z-plane resolution when generating 3D reconstructions15.

The adaptation of CLARITY clearing and imaging protocols to plant tissues paves the way for 3D 
molecular interrogation of intact plant samples. Implementation of PEA-CLARITY will allow a more 
complete understanding of the relationship between structure and function within plant organs and of 
spatially regulated molecular processes.

Figure 2. Structurally intact 3D projection of a cleared N. tabacum leaf showing retention of nuclear 
DNA. CLSM 3D projection of a passively cleared (without cell wall enzyme digestion) N. tabacum leaf 
showing nuclei stained with propidium iodide (red), and cell walls stained with calcofluor white (green). The 
3D projection with epidermal layer cut away is shown in (B) and the x, y, z slices are shown in (A, D) and 
(C) respectively. The 3D video file can be viewed in supplementary 1.
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Figure 3. Two-dimensional optical sections of passively cleared, whole A. thaliana leaves showing 
retention of GFP and CFP fluorescence. Whole passively cleared (without cell wall enzyme treatment), 
whole mount A. thaliana leaves containing (A) endoplasmic reticulum localised GFP with WT negative 
control (C) and (B) peroxisome localised CFP with WT negative control (D). All were imaged through the 
internal phloem (arrows) of the leaf at a depth of ~80 μ m. Scale bar: 50 μ m

Figure 4. CLSM 3D projection of a PEA-CLARITY treated N. tabacum leaf showing immunostaining of 
RuBisCO and retention of GFP fluorescence. CLSM 3D projection of a passively cleared, cell wall enzyme 
treated (PEA-CLARITY) Sv-40 (nuclear localised GFP-green) N. tabacum leaf, immunostained with tobacco 
RuBisCO primary and Cy5 secondary antibodies (red). The 3D projection is shown in (B) and the x, y, z 
slices are shown in (A, C, D) respectively.

164



www.nature.com/scientificreports/

5Scientific RepoRts | 5:13492 | DOi: 10.1038/srep13492

Experimental Procedures
Plant Growth Conditions. Nicotiana tabacum plants were grown in a glasshouse in Newcastle, 
Australia with supplemented sunlight for 16 hrs light and 8 hrs dark. Arabidopsis thaliana GFP and CFP 
lines C16251 and C1625912 were grown in a growth cabinet with 16 hr/8 hr, 23/18 °C day night cycles and 
photon flux of ~150 μ mol. m−2. s−1 during light hours.

Tissue Fixation and Clearing. N. tabacum leaf discs were excised using a 7 mm leaf punch 30 min 
prior to commencement of the light period thus limiting starch accumulation. Discs were then immedi-
ately drop fixed into CLARITY hydrogel solution (see supplementary 6) and kept on ice. Whole leaves 
of A. thaliana were also harvested 30 mins prior to commencement of the light period and drop fixed as 
above. All tissues were put under vacuum for 1 hr at − 100 kPa whilst on ice to facilitate infiltration of the 
hydrogel. Samples were kept at 4 °C overnight in hydrogel solution. Each disc/leaf was transferred to a 
separate tube, filled with hydrogel, taking care to remove air bubbles before being sealed and polymerised 
at 37 °C overnight. Excess hydrogel was removed after polymerisation and samples transferred to 50 ml 
4% SDS clearing solution buffered with boric acid (see supplementary 6). Samples were passively cleared 
at 37 °C with gentle agitation for 4 to 6 weeks (or until clear), changing the clearing solution daily. Once 
cleared, samples were stained, or those containing endogenous fluorescence were mounted for imaging.

Staining. Cleared tobacco leaf discs were stained with 0.1% aqueous propidium iodide and/or 
(depending on enzyme cocktail mix) 0.05% aqueous calcofluor white for 20 mins in dark before being 
washed with 0.001% NaN3 in PBS pH 7.4.

Enzyme Degradation. Enzymatic degradation of the cell wall was achieved by firstly washing the 
cleared sample with 0.001% NaN3 in PBS pH 7.4 with at least 3 changes to remove all SDS (SDS inhibits 
enzymatic activity). Once all SDS was removed samples were carefully placed into the enzyme cocktail mix 
containing cellulase, xylanase, arabinofuranosidase, pectate lyase and α -amylase (see supplementary 6)  
and vacuum infiltrated 3 ×  5 mins at − 100 kPa. Samples were then incubated at 37 °C with very gentle 
agitation in darkness. Vacuum infiltration was repeated daily for 5–7 days and samples were transferred 
into fresh enzyme solution after 3 days. Samples were removed from the enzyme cocktail with care, 
before washing 3 times with 0.001% NaN3 in PBS pH 7.4.

Immunofluorescence localisation of RuBisCO. Tissues were placed into solution containing 
anti-RuBisCO14 diluted 1:100 in PBST pH 7.4 and incubated for 5 days with intermittent vacuum infil-
tration at − 100 kPa for 3 ×  5 mins, 3 × daily. Samples were then washed for 24 hrs in 50 ml PBST pH 
7.4 with three solution changes and very gentle agitation. After washing, tissues were transferred into 
anti-rabbit Cy5 secondary antibody (1:200 in PBST pH 7.4) and incubated for 5 days with intermittent 
vacuum infiltration as above. Samples were washed in 0.001% NaN3 in PBS pH 7.4 for 24 hrs and were 
mounted for imaging.

Imaging. Samples were mounted in PBS pH 7.4 and imaged with a Leica SP8 CLSM using a Leica 20 ×  
na =  0.5 water immersion objective, white light laser and Hybrid Detectors at a resolution of 1024 ×  1024 
pixels. For full microscope settings (see metadata supplementary). All images displayed in this article 
are raw images taken from the Leica SP8. Unprocessed 3D reconstructions were performed in the Leica 
Applications Suite—Fluorescence (LAS-AF) software.
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5.3 Unpublished data: Raman imaging of Setaria viridis cell walls 

Raman confocal imaging of plant cell walls, in situ, has been used since 1985 when 

the orientation of lignin in black spruce was investigated [223]. Since then it has 

been used with many species for the investigation of cell wall polymer orientation 

and composition, including New Zealand Flax [224], rice, polypogon, sweet corn, 

onion and carrot [225], and poplar wood [226]. Recently, a detailed protocol was 

published outlining Raman confocal imaging of major cell wall polymers, including 

lignin [227]. Using this methodology and equipment, imaging of cell wall polymers 

to a resolution of <0.5 μm was possible [227].  

This methodology and equipment, located at the Max Planck Institute of Molecular 

Plant Physiology, was used to image lignin in a mature region of a developing S. 

viridis internode for the first time. Lignin-rich cell walls were observed in xylem, and 

schlerenchyma cells and cellulose-rich cell walls were observed in phloem and 

parenchyma cells (Figure 5.3.1). A chemical map of lignin was generated using the 

area under the raman spectral peak at 1100-1200 cm-1 which showed finer detail of 

lignin distribution in epidermal cell walls and in cell corners of outer parenchyma 

cells. These results showed that Raman confocal imaging of lignin was applicable 

to S. viridis stem sections. 

The methods used for imaging were exactly as outlined in Gierlinger et. al., 2012 

[225] and was performed using the same equipment and data analysis pipeline.

Since this method was simply applying an established technique to a new species,

publication will not be pursued, however, it was included in this dissertation for

completeness. We believe it will facilitate an understanding of cell wall

biosynthesis through the identification of cell specific cell wall variations in

genetically manipulated S. viridis plants. It will, therefore, be an important

methodology in a toolkit that will ultimately lead to genetic improvement of

bioenergy crops.
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Figure 5.3.1. Raman confocal imaging of lignin in a mature region of a Setaria 

viridis internode. Raman spectra (A) were collected on cryosections from the 

outer region of the mature zone (MZ) of a developing S. viridis internode (B). 

Cellulose-rich cell walls (cyan) and lignin-rich cell walls (red) were spectrally 

separated using principle component (PC) analysis, and the PC scores were 

mapped onto the image (C and D respectively). The integrated area under a raman 

peak at 1100-1200 cm-1 associated with lignin (A) [227] was calculated for each 

pixel on the raman image to produce a chemical map of lignin (E).   
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The rapid improvement of bioenergy crops will be integral to the survival of the 

biofuel industry. Here I have presented a toolkit that will enable such rapid 

improvements and have presented the findings as three major advances: 

1) A high throughput screening methodology, utilising FTIR spectroscopy and

mathematical predictive modelling, was developed in the bioenergy crop S.

bicolor. Bioenergy crops can now be screened for variations in biomass, cell

wall degradability, and soluble sugar content driving bioenergy specific

plant breeding, trait discovery, and genetic linkage maps in a high

throughput and efficient manner.

2) Setaria viridis, the wild relative of foxtail millet, was developed as an

experimental system for generating a fundamental understanding of the

genetic and physiological factors that contribute to vegetative biomass

production, cell wall composition and soluble sugar content in bioenergy

crops. Using transcriptomic and metabolite profiles of a developing

internode as a resource for gene discovery, there is now a system for

investigating the effects of genetic manipulation of bioenergy crops in a

rapid and efficient manner.

3) An imaging technique for 3D visualisation of plant structures and in situ

protein localisation named PEA-CLARITY was developed. Raman confocal

microscopy of cell wall lignin composition was also shown to be an effective

method for imaging the spatial distribution of cell wall components in the

model C4 grass Setaria viridis. Together, these two imaging technique will

move our understanding from tissue level gene discovery (chapter 4) to

cellular level organisation of proteins in a 3D space, and spatial distribution

of cell wall composition.

6.1 High-throughput phenotypic screening to drive bioenergy crop 

improvement 

Phenotyping of plant diversity under different environmental conditions and 

genetic backgrounds has been identified as the major bottleneck to crop 

improvement in the genomic era [228]. Sequencing technologies have improved 

exponentially, however, to interpret this expanse of genetic data, it must be 
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coupled with high-resolution phenomics data. Even without genomic data, large 

seed banks containing a huge diversity of species and traits exist around the world 

[229], but without phenotypic data to accompany them, mining this diversity for 

breeding is not feasible.  

 

Phenotyping platforms have seen a rapid improvement over the last 10 years with 

most utilising electromagnetic radiation, from visible light up to infrared, coupled 

with computational interpretation, for non-destructive ‘imaging’ of plant 

phenotypes. Automated platforms for imaging and interpreting plant morphology 

in 3D, thermal imaging for crop stress, chlorophyll fluorescence imaging for crop 

photosynthetic performance, and hyperspectral imaging for crop composition are 

all under constant development [228]. They are, however generally expensive to 

setup and maintain, and are either applicable to small model species on a lab scale, 

or by bulk imaging of crops from above. None of these techniques are, currently, 

easily deployable on a small scale, or provide organ level resolution for ‘real-world’ 

field phenotyping and have not been tailored for examining bioenergy traits other 

than simple measures of biomass and growth rates.  

 

In 2013, we published a holistic high-throughput screening method that utilised 

Fourier Transform Mid-infrared (FTIR) spectroscopy, coupled with partial least 

square algorithms for screening cell wall and soluble sugar composition of S. 

bicolor stem tissue [230]. We also included a mathematical approximation of stalk 

biomass, allowing a holistic high-throughput assessment of yield and quality of S. 

bicolor stalks. This methodology was designed to be simple and cheap to setup and 

deployable from small to large scale. Since then, this approach has been improved 

upon with near infrared modelling of more detailed cell wall components 

including hemicellulose, cellulose, lignin and stalk sugar yields [231, 232]. These 

advances, coupled with the simple, cheap, holistic approach presented here can 

now be used to screen diverse populations in high-throughput and high-

resolution for chemical phenotyping of bioenergy traits without expensive wet 

chemistry or bioreactor testing. 
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Numerous mutagenesis, recombinant inbred, and natural diversity populations 

exist for most potential bioenergy crops. Included in this dissertation is a S. bicolor 

EMS mutagenesis population (3.3 publication 3) generated and propagated, now 

to the M6 generation, in Gatton, Queensland. Additionally, during the course of 

this project, a S. bicolor natural diversity panel and a recombinant inbred 

population was propagated and sampled for high-throughput screening. In the 

literature there are also numerous reports of S. bicolor populations for which 

genomic data is available [233, 234]. High-throughput screening for bioenergy 

traits could be applied to these populations, utilising the genomic data for 

quantitative trait loci (QTL) and single nucleotide polymorphism (SNP) discovery 

considering genomic data is already available. This rationale applies to switchgrass, 

miscanthus, maize, rice, and sugarcane (although confounded by its complex 

genome) populations that currently exist. The holistic screening methodology is 

applicable to any crop species with similar morphology and composition to sweet 

sorghums, although mathematical modelling would need to be recalibrated. 

 

Additionally, the application of this high-throughput bioenergy phenotyping 

platform to a C4 grass model species will rapidly improve our understanding of the 

relationship between genotype and phenotype in these Panicoid grasses. Setaria 

viridis has recently been adopted by the C4 photosynthesis research community for 

the study of C4 photosynthesis in a C4 grass model species [235]. Diversity panels, 

mutagenesis populations, and recombinant inbred populations have all, recently, 

been produced [236] and we are currently using this screening approach to 

process thousands of S. viridis mutagenesis lines for cell wall variations 

(unpublished data). The rapid life cycle and small stature of S. viridis [235] makes it 

ideal for high-throughput phenotyping such as this, and its small genome of ~515 

Mb [211] simplifies genetic mapping.  

 

We hope that combining this high-throughput morphological and chemical 

phenotyping approach with recent advances in genome sequencing technologies, 

will rapidly improve yields of bioenergy crops such as sorghum, and using S. viridis 
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as a model species, will rapidly improve our understanding of the relationship 

between genotype and phenotype in C4 monocot grasses. 

6.2 A C4 grass model system for the study of bioenergy traits    

The lack of a model species with genetic and morphological similarities to 

bioenergy crops within the Panicoideae clade has hindered rapid progress in the 

understanding of bioenergy traits. Setaria viridis has recently been adopted by the 

C4 photosynthesis research community as their C4 grass model species [235]. It has 

also been shown to have similar lignocellulosic feedstock composition and cell wall 

saccharification dynamics to bioenergy crops sorghum, maize and switchgrass 

[237]. While the recent C3 monocot grass model Brachypodium distachyon [238-

240], and dicot Arabidopsis will complement our understanding of plant biology, S. 

viridis will allow a much more direct comparison with panicoid grass crop species 

and genetic engineering of bioenergy traits will be more transferable.  

 

Within this dissertation we identified and characterised a developing S. viridis 

internode showing that it contained an active meristem, a zone of cell expansion 

that was synthesising primary cell walls, a transitional zone that was actively 

synthesising secondary cell walls, and a mature zone that was accumulating 

soluble sugars (4.2 publication 4). This experimental system, therefore, contained 

the biology that dictates:  

a) Stem sink size in bioenergy crops via transcriptomic and metabolic control 

of an active intercalary meristem and cell expansion.  

b) Cell wall composition via control of primary cell wall biosynthesis during 

cell expansion, and secondary cell wall biosynthesis (the major source of 

cell wall sugars in bioenergy crops) in the transitional zone of the internode 

c) Soluble sugar content via control of the accumulation of soluble sugars in 

mature cells of the internode.  

 

The focus of this dissertation was the utilisation of cell walls as a biofuel feedstock, 

therefore this discussion will mostly be limited to discussion of (b). 
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Transcriptomics of these tissues provided a platform for gene discovery, specifically 

with respect to these three processes. The resource provided here will, therefore, 

be an invaluable tool for selecting candidate genes and utilising S. viridis 

transformation [241, 242] for the genetic manipulation of stem sink size, cell wall 

composition, and soluble sugar content.  

 

Towards this goal, a number of cell wall biosynthesis genes were identified from 

the transcriptomic dataset that was presented in 4.2. Genes that were expressed 

highly in stem tissue and showed a transcriptional profile that was consistent with 

their role in either primary or secondary cell wall biosynthesis were selected and 

listed for future genetic manipulation, or in situ investigation of protein localisation. 

 

 

Cellulose synthesis is performed primarily by CesA proteins which form a rosette 

consisting of 6 CesAs, likely comprised of three different CesA proteins [36]. 

Interestingly, in primary cell walls, there was little CesA expression, however, there 

was high expression in secondary cell walls (4.2 publication 4). CesAs were highly 

expressed in the transitional and mature tissues of an S. viridis internode and three 

candidates were selected with the largest up-regulation in the transitional zone 

(table 2) where secondary cell wall synthesis was occurring at its highest rate (4.2 

publication 4). Each showed similar expression profiles raising the possibility that 
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these three genes are co-expressed, forming a CesA rosette responsible for 

secondary cell wall synthesis of cellulose. COBRA proteins, whilst not directly 

responsible for cellulose synthesis, have been shown to form part of the cellulose 

synthesis complex as a “polysaccharide chaperone” which binds the emerging 

β1,4-glucan chain to facilitate cellulose crystallisation [40]. One COBRA gene was 

highly expressed in S. viridis stems and it showed a large spike in expression during 

the transitional phase of internode development, co-incident with the expression 

of CesA genes. Together, genetic manipulation of these genes has the potential to 

alter cellulose deposition in secondary cell walls and may lead to increased 

proportions of cellulose for improved bioethanol production.  Whilst low, but 

significant, levels of CesA expression were observed in primary cell walls, some 

CesA-like gene families (annotated from the glycosyltransferase 2 (GT2) family) 

have also been shown to be capable of synthesising cellulose and may play a role 

in this process [36]. CSLD families have been shown to synthesise cellulose in 

dividing/expanding cells of maize coleoptiles, likely playing a role in formation of 

the cell plate and cell expansion [243]. In S. viridis stems there was only one CSLD 

gene that was highly expressed, and it was predominantly found in meristematic 

and cell expansion tissues (table 1). Si005721 (CSLD) is therefore a strong candidate 

for manipulation of cellulose synthesis during cell division (i.e. cell plate formation) 

and cell expansion in early internode development.  

Hemicellulose synthesis is more complex than cellulose synthesis and a number of 

large gene families, predominantly within the GT family, are thought to be 

responsible for their synthesis. The CSLA gene family has been shown to synthesise 

mannan backbones of hemicellulose polymers in dicots [36]. In S. viridis stems, only 

three CSLA genes were expressed highly in stems and these showed expression in 

meristematic and cell expansion tissues (table 1). Specifically, Si016912 (CSLA) was 

highly expressed and is a candidate for genetic manipulation of the mannan 

component of primary cell walls. Little is known about the role of mannan 

backbones in cell walls of dividing and expanding cells in grasses, therefore, 

manipulation of this CSLA gene may provide novel insights into cell wall formation 

during early internode development. The CSLC gene family has been shown to 
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synthesise glucan backbones of xyloglucan hemicellulose polymers, but also may 

be capable of synthesising cellulose [36, 244]. In S. viridis stems, only one CSLC gene 

was highly expressed in stems, and this was in meristematic and cell expansion 

tissues (table 1). Si021376 (CSLC) may therefore be a candidate for xyloglucan 

backbone synthesis in grass primary cell walls. Whilst xyloglucan is a major 

component of type I cell walls, it is only present in the primary cell walls of grasses 

and little is known of its role during cell division and expansion, especially during 

internode development. Alternatively, CSLC may play a role in cellulose synthesis 

in primary cell walls of grasses. Genetic manipulation of this gene will provide 

insight into the role of CSLC in xyloglucan or cellulose synthesis in primary cell 

walls of grasses. CSLH has been shown to synthesise small amounts of mixed 

linkage glucans (MLG), however, playing a relatively minor role in comparison to 

CSLF genes [64]. In grasses, MLGs are found in high amounts (10-30 % cell wall dry 

weight) [58] in primary cell walls, and are absent in secondary cell walls, however, 

recently rice has been shown to contain MLG in secondary cell walls of its 

internode tissue [67]. In S. viridis, no CSLF genes were expressed in the primary cell 

wall tissue, however, CSLH was (table 1). This suggests that Si009413 (CSLH) plays a 

major role in synthesis of primary cell wall MLGs in S. viridis internodes and is an 

interesting target for genetic manipulation of these MLGs, which have implications 

for cell expansion [57] and are also a useable product for bioethanol production, 

since MLG is a polymer of glucose. 

 

These CSL gene families are annotated from the glycosyltransferase (GT) family 2, 

however, there are 97 GT families [245] of which many (including GT8, GT31, GT34, 

GT37 and GT47) have a suggested role in hemicellulose synthesis [246]. The GT 

families are generally large gene families that are not well characterised in terms of 

their role in cell wall synthesis, especially in grass species. From the large GT31, 

GT34 and GT37 gene families, surprisingly only a small number were highly 

expressed in stem tissue of S. viridis. Two GT31 genes were identified that were 

highly expressed in meristematic and cell expansion tissues that contain primary 

cell walls, whilst one GT31 (Si017391) was identified that was expressed highly in 

the transitional and mature tissue (table 1 and 2) which are undergoing secondary 
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cell wall synthesis (4.2 publication 4). Genetic manipulation of these genes will 

provide insight into the role of the GT31 family in both primary and secondary cell 

wall synthesis in S. viridis internodes. From the GT34 and GT37 gene families, only 

one highly expressed gene was identified in each and both were expressed 

predominantly in meristematic and cell expansion tissues (table 1). Interestingly, 

Si019396 (GT37) showed much higher expression in meristematic tissue than all 

other internode zones suggesting that it may have a more specific role in cell plate 

formation during cell division. Conversely, three GT47 genes, which have been 

shown to be involved in xylan backbone synthesis, showed high expression in 

stems, specifically in the transitional and mature tissues where secondary cell wall 

synthesis was occurring (table 2). Since glucuronoarabinoxylans (GAX) are a major 

component of secondary cell walls of grasses (40-50 % cell wall dry weight [28]), 

these genes may play a major role in their synthesis. If these GT47 genes do play a 

major role in GAX synthesis, genetic manipulation should result in a severe 

phenotype and will be of interest to the biofuel research community. Reductions in 

the amount of xylan in secondary cell walls of bioenergy crops has the potential to 

increase yields of bioethanol through indirect increases in the cellulose content 

which may also have implications for accessibility of cellulase enzymes to cellulose 

microfibrils embedded in the cell wall matrix of hemicelluloses and lignin.  
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Lignin biosynthesis is well understood and is generally highly conserved between 

both type I and type II cell walls. Phenylalanine lyase (PAL) uses the amino acid, 

phenylalanine as a substrate which undergoes a series of enzyme catalysed steps 

to produce monolignols which are excreted into the cell wall space where 

polymerisation of the irregular polymer, lignin, occurs [94]. This process is a 

defining feature of secondary cell walls and is responsible for the cessation of cell 

expansion and the rigidity of mature tissues. All enzymes involved in the 

biosynthesis of lignin (i.e. PAL, C4H, 4CL, HCT, C3H, CCR, CCoAOMT, COMT, F5H and 

CAD) showed high expression of at least one gene in transitional and mature 

tissues of the S. viridis internode (table 2). Three PAL genes, and one C4H, 4CL, HCT, 

C3H, CCR, CCoAOMT, COMT, F5H and CAD were highly expressed in stem tissue, and 

especially in the transitional region of the S. viridis internode (table 2) where the 
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highest rates of lignin deposition occur (4.2 publication 4). Interestingly, two 

COMT genes were relatively highly expressed in the meristematic region of the 

internode (table 1) and are therefore candidates for lignification of developing 

protoxylem within this tissue. Disruption of C4H, HCT, C3H, CCoAOMT, F5H, COMT 

and CAD genes has been observed in alfalfa plants by RNAi knockdown [247-249], 

and COMT and CAD in mutagenesis populations of maize, perl millet, and sorghum 

producing Brown midrib (Bmr) mutants [201]. All of these gene disruptions caused 

major reductions in lignin content/composition and lignocellulosic hydrolysis rates 

[249], and therefore, genetic manipulation of these stem specific gene candidates 

identified here in S. viridis will likely have the potential to alter lignin content in 

stems of S. viridis without affecting other organs. It would also be of great interest 

to investigate the cell specificity of such manipulations using Raman confocal 

imaging of cell walls (5.3 unpublished data). Using this S. viridis model system, the 

optimal cell and organ specific gene disruptions can be rapidly determined and 

then applied to crop species for bioenergy crop improvement. 

 

 

While biosynthesis of the major cell wall components is very important for 

dictating cell wall composition, there are many other genes that also play a major 
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role. These roles include co-ordinating gene expression, producing cell wall 

precursors, structural proteins, and modification/re-organisation of already 

synthesised cell wall polymers. Some important, and highly expressed genes from 

each of these categories were also identified as candidates for genetic 

manipulation.  

 

UDP-glucose is diverted toward the production of cell wall precursors, and 

ultimately cell walls, by UDP-glucose dehydrogenase (UGD) (2.2 publication 1). 

Two UGD genes were identified with very high expression in stems (table 3), 

specifically in the cell expansion and transitional regions where the majority of 

primary cell wall and secondary cell wall synthesis occur respectively (4.2 

publication 4). These two genes, Si013662 and Si035448, are therefore interesting 

candidates for the manipulation of carbon partitioning between cell walls, 

metabolism, and storage. A UPD-xylose synthase (UXS - precursor for xylan, the 

major 5 carbon sugar of grass cell walls [28]) and a UDP-glucose uridyltransferase 

(UGUT-which regulates UDP-glucose utilisation) with similar profiles were also 

identified as candidate genes. Genetic manipulation of these genes, especially the 

UXS has the potential to alter the 5 carbon/6 carbon composition of cell walls of S. 

viridis which has implications for bioethanol production since 6 carbon sugars 

(glucose) are more fermentable than 5 carbon sugars (xylose). 

 

Structural proteins are also a very important component of cell walls and can affect 

its physical properties in many ways. Arabinogalactan glycoproteins (AGPs) have 

been shown to covalently link hemicellulosic and pectic polymers within the 

Arabidopsis type I cell wall [250], and are therefore thought to act as a structural 

component of the cell wall matrix. Two highly expressed AGP glycoproteins were 

identified in the transitional region of the S. viridis internode suggesting that they 

are a structural component of the secondary cell wall. A 1,4-glucan protein 

synthase (responsible for linking 1,4-glucans to protein), and a type I allergen 

extension protein (also called expansin B proteins that are thought to be involved 

in cell expansion in grasses [251]) showed high expression in the cell expansion 

and transitional regions of the S. viridis internode respectively. This is somewhat in 
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contrast to their predicted roles. Genetic manipulation will provide insights into 

the contribution of these highly expressed genes in cell expansion, an important 

process dictating (along with cell division) the sink size of bioenergy crops. 

 

Deposition of cell walls also requires constant modification, especially in complex 

processes such as the formation of the cell plate during cell division, or during cell 

expansion. Modification and degradation of cellulose requires three enzymatic 

activities, cellobiohydrolase, endoglucanase, and β-glucosidase, [252]. The in situ 

role of these enzymes in plant development are not well understood, however 

they have been implicated in cell expansion and cellulose deposition [160].  Two 

cellulase genes were identified with high expression in S. viridis stems. One 

(Si016976) was a homologue of the endoglucanase AtCEL1 and was expressed 

uniquely in meristematic tissue. The other (Si034713) was a homologue of the 

endoglucanase AtKORRIGAN1, which has been shown to be required for normal 

cellulose synthesis [253], and was expressed in mature tissues during secondary 

cell wall deposition (table 3). Si016976 (SiCEL1) is therefore a candidate for its 

involvement in the formation of cell plates during cell division, whilst Si034713 

(SiKOR1) is a candidate for re-organisation of secondary cell walls and production 

of crystalline cellulose. This has implications for biofuel production as utilisation of 

lignocellulosic material requires efficient enzymatic hydrolysis of cellulose. These 

candidate cellulase enzymes will likely be specialised for cellulose hydrolysis in S. 

viridis. Particularly SiKOR1 would likely be specialised for the efficient hydrolysis of 

secondary cell walls within grass stems. Cloning and overproduction of these 

cellulase enzymes has the potential to improve the efficiency of enzymatic 

saccharification of lignocellulosic material from panicoid grasses for bioethanol 

production. 

 

The co-ordination of transcription, especially during the transitional phase from 

meristematic/expanding tissue with primary cell walls, to mature tissues with 

lignified secondary cell walls, is the most important point of control determining 

how an internode develops. Whilst an extensive investigation of transcription 

factors required for cell wall synthesis was beyond the scope of this body of work, 
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two of the most highly expressed MYB transcription factors were identified as gene 

candidates for genetic manipulation. These two most highly expressed MYBs were, 

in fact, homologous to MYB42 and MYB61, which have been shown in Arabidopsis 

to form part of the transcriptional cascade that is required for activation of 

secondary cell wall synthesis [146]. MYB61 has been shown to affect lignin 

biosynthesis and resource allocation, and is expressed in xylem cells of sink tissues 

[254]. MYB42 is expressed in fiber and xylem cells of stems and has been shown to 

repress the phenylpropanoid pathway in maize [255], but overexpression of its 

homologues cause ectopic deposition of lignin in Arabidopsis [256]. Both genes 

were highly expressed in transitional and mature tissues of the S. viridis internode 

where secondary cell wall synthesis occurs (4.2 publication 4). 

 

All of the genes listed above are now targets for the manipulation of cell wall 

composition in S. viridis stems via gene knockdown or overexpression, utilising 

transformation of S. viridis (which is currently being performed in our laboratory). 

These genetically modified plants will be screened at the organ level for cell wall 

variations using an FTIR screening approach (3.3 publication 2 & 3), and on a 

cellular level using in situ chemometric Raman imaging of cell wall composition 

(5.3 unpublished data). It will also be of great interest to examine the protein 

localisation of these genes in 3D within the S. viridis experimental system using 

PEA-CLARITY (5.2 publication 5) and correlate that with cell specific compositional 

data obtained using Raman imaging of cell walls. 

 

6.3 Concluding statement 

Within this body of work we have developed a framework for the rapid 

improvement of bioenergy crops. A holistic high-throughput screening strategy for 

S. bicolor, that can be applied to other panicoid grass crops, will drive rapid 

phenotype-to-genotype discoveries in bioenergy crops. A powerful experimental 

system in the new C4 model species Setaria viridis that shows metabolic and 

transcriptional changes through development of an internode will drive rapid 

gene-to-phenotype discoveries with respect to bioenergy traits. Coupled with 

efficient transformation [241, 242] and crossing [257] techniques (not explored in 
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this dissertation), two new imaging techniques, PEA-CLARITY and Raman confocal 

imaging of cell walls, will facilitate a detailed understanding of the effects of gene 

modification at a cellular, and sub-cellular level, within the S. viridis internode 

experimental system. This understanding will unravel further opportunities for 

bioenergy crop improvement. 

	  
	  
	  
	  

Appendices 

	  

All additional files are available electronically on a USB supplied with this thesis and 

are labelled as they appear in text. All publications and their corresponding 

supplementary material, and all conference papers, posters and talks are supplied. 
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