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Preface

First of all thank you for reading my M.Sc. thesdport. | hope it is relevant and/or interestingdol.

| must say that it was worthwhile spending my tiamel energy on this project for eight months. This
was not only because | was able to acquire knoveleagl practical skills in the field of plant breegli
and molecular biology but also to discover the ‘‘daf energy”. In the future, many fossils fuelsitth
our society currently depends on will be deplefidds brings forth a problem, yet also a challermge t
cope with or solve this problem. This was my mdiwafor doing this research, which focuses
mainly on cell wall biosynthesis relating to bicefyproduction. Cell walls provide a major source of
biomass that may be used for producing bio-eth@yhaving done this research | hope to have
contributed to this topic. | hope society may oag de fueled with sustainable energy sources and

that the transition towards this state may occa jpeaceful manner without conflict.

| hope you enjoy reading my thesis report.

Michiel T. Klaassen

Wageningen, September 2010
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Abstract

As the global reserves of fossil fuels run outfinibs become an attractive alternative energy sourc
The high yielding biomass plahtiscanthus (also known as Elephant Grass), is consideredta hi
potential second generation biofuel crop. Curremédgalcitrance to breakdown of the plant cell sall
is considered a major drawback in the producti@cgss of bio-ethanol froidiscanthus biomass.
The organic secondary cell wall polymer lignin @nsidered a major cause of this recalcitrance.
This descriptive study investigates the morpholaigitaracteristics of stems and internodes
and expression of genes involved in cell wall biabegsis at four different stages of developmené Th
purpose of this study is to contribute new insigbtthe development dfliscanthus genotypes for
bio-ethanol uses. A collection of twenty genotypese assessed in terms of six morphological
aspects of the stems and internodes. The resuolis tlait there is ample morphological variation
within theM. sinensis genotypes. Three strong correlation®} were found between stem mass and
internodes mass, stem mass and internode dianmetdresween internode mass and internode
diameter. Within six contrasting genotypes, gergession and biochemical composition of the stem
internodes was monitored over four stages of glamelopment. Gene expression patterns of PAL,
4CL, LAC and CESA differ across the stages of dgwalent. Differential expression of the genes
was not observed between the top, middle and basahode sections. In terms of biochemistry,
lignin and cellulose content changes across tlgestaf development. However, a clear relationship

between the levels of gene expression with lignith eellulose contents was not observed.

Keywords: Miscanthus sp., Bio-ethanol, Cell wall biosynthesis, Gene expmssPCR,

Biochemical analysis, Lignin, Cellulose.
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1. Introduction

Critical geopolitical implications may arise becawsir society is heavily dependent on a number of
limited energy sources (e.g. petroleum), mainlydpiad in politically unstable countries and regions
(Soetaert and Vandamme 2009). The World Energy €lbstates that fossil fuels (petroleum, natural
gas and coal) account for approximately 82% ofglbeal energy needs (WorlEnergy Council

2010). Moreover, fossil fuels have disadvantagemnsequences for the environment which entalil
greenhouse gas emissions, air pollution and aondVduebbles and Jain 2001; Soetaert and
Vandamme 2006). Furthermore, the supply of fossiburces will not last forever. Soetaert and
Vandamme (2009) state that at the present rateesfjg consumption, it is generally agreed upon that
petroleum will run out within 50 years, natural gathin 65 years and coal in approximately 200
years. It is predicted that the world productiorpefroleum will reach its maximum at around 2010
(Campbell and Laherrere 1998), from that momentasde production levels will decrease (Figure 1).
These manifestations occur in a global setting e/lesergy use annually increases at a rate of 2-3 %
due to industrial developments in South East ABiazil, China and India (Hastings, Clifton-Brown

et al. 2008).

Therefore, initiatives are undertaken to develapeveable energy sources that principally do
not run out and are largely carbon neutral. Bid-{aey. bio-ethanol) from biomass is such an
alternative. The U.S. Government intends to repBice&o of petroleum use in 2005 (in the
transportation sector) with U.S. produced renewhldesthanol in 2030 (Milliken, Joseck et al. 2007)
The European Union aims to displace 5.75 % and D fdssil fuels in the transportation sector with
bio-fuels in 2010 and 2020 respectively (Fultonwde et al. 2004). Currently, bio-energy resources
such as forestry, agricultural crops, biomass tesichnd wastes account for approximately 14 % of
the worlds primary energy supplies (IAE 2010). Rartore, the International Energy Agency (IEA)
stresses that bio-energy can potentially suppl§658f world energy needs in the*2dentury (IAE
2010).

An ideal biomass crop is one with a high energyotivhilst requiring minimal inputs. The
plant genudMiscanthus (includingMiscanthus x giganteus) is a potential lignocellulosic biomass
feedstock in Europe because it may produce up torgfes dry matter Haannually (Jones and Walsh
2001).Miscanthus has a higher energy yield per hectare than otilbeeergy crops such as willow,
poplar, oil and starch crops (Hastings, Clifton-Bnoet al. 2008)Miscanthus has an efficient C-4
photosynthesis process, use of water and nitrageatén, Voigt et al. 2004; Yuan, Tiller et al. 208
Furthermore, from a sustainability point of vieve ttrop has the advantage of fixating atmospheric
nitrogen (Christian, Riche et al. 2008).

However, a major obstacle in developing second ig¢io@ lignocellulosic bio-fuels is the

resistance to breakdown of plant cell walls (k. tecalcitrance problem). Increasing the efficjenic

10
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process steps in converting lignocellulosic biomassethanol is necessary to decrease the
production costs.

This thesis focuses mainly on gene expressiorgnoirli(PAL, 4CL and LAC) and cellulose
(CESA) biosynthesis genes. These genes are invaivibeé formation of plant cell walls. The aim is
to gain insight into the process of cell wall bio8yesis, and so to get a handle on the improveofent
the efficiency of processing lignocellulosic biomasto bio-ethanol. Furthermore, biochemical
components that are related to the genes of intefbde investigated, along with multiple

morphological characteristics.

32
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Figure 1. Scenario of Oil and gas liquids productin in 2004 (Bentley 2002).

NGL = natural gas and liquids.
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2. Review of literature

Chapter 2 provides a brief descriptionMifscanthus. The genus is depicted in Section 2.1. The cell
wall structure, composition and biosynthesis areflyrpresented in Section 2.2. Section 2.3 exglain
how cell wall components are applied in bio-ethgrolduction. Finally, the industrial conversion of

lignocellulosic biomass into bio-ethanol is elaltedaon in Section 2.4.

2.1 The genuMiscanthus

Section 2.1 reports basic factshdifscanthus sp. Section 2.1.1 provides information on the gemd a
its natural distribution. Next, the taxonomy isg@eted in Section 2.1.2 and finally Section 2.1.3

elaborates on the morphology of the crop.

2.1.1 General description

Miscanthus sp. are woody rhizomatous C-4 grass species, origigdtom South East Asia (Jones and
Walsh 2001). Its natural boundary stretches fromtis&ast Asia into Polynesia, with a few species
present in Africa too (Figure 2). Currentijscanthusis found in large parts of Europe. As a non-
food crop it was introduced mainly for its ornansmalue. Globally, the crop is mainly distributed
tropical to sub-tropical areas, and performs welhf sea level to altitudes up to more than 300G m.
is a perennial crop with a life span of at least-11b years. Both the leaves and stems may be
harvested on a yearly basis, which provide higHityuggnocellulosic biomasaViiscanthus is well
known for its high yields (10 — 25 t hgear expected in Northern Europe), high dry mattettent at
harvest, efficient use of water and nitrogen amistance against pests and diseases. Therefore the
crop is considered to be a suitable biomass cmpegland Walsh 2001; Heaton, Voigt et al. 2004;
Hastings, Clifton-Brown et al. 2008; Yuan, Tilldrad. 2008).

12
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M. sacchariflorus,

M. / - i i
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--------- X

.L -
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\“'\‘.

M. ecklonii

Figure 2. Major distribution areas of Miscanthus. (Hodkinson, Chase et al. 2002).

2.1.2 Taxonomy

Andersson was the first to descridéscanthus in 1885 (Jones and Walsh 2001). The genus
Miscanthus is part of the family Poaceae and consists of@pprately 14 species (Hodkinson,
Renvoize et al. 1997). Through interspecific hylzation, many hybrids have come about, such as the
interesting biofuel speciddiscanthus. x giganteus. The hybridM. x giganteus was initially collected

in Japan, cultivated in Denmark and narvidcanthus sinensis ‘Giganteus’ hort. (Greef and Deuter
1993). Subsequently, the hybrid spread throughaute, and some authors suggest it originated
from a cross betweéaw. sinensis andM. sacchariflorus (Linde-Laursen 1993; Hodkinson, Renvoize et
al. 1997). However, the evidence of this claim remaebateable and the taxonomy of this hybrid and

its genus remains unsettled (Jones and Walsh 2001).

2.1.3 Morphology and diversity

Much morphological variation is present in the gelisscanthus, but far less at species level (except
in M. sinensis) (Jones and Walsh 2001). Based on multiple mog@icél characters (e.g. length of
main axis of inflorescenc@y. sinensis andM. sacchariflorus clearly separated into different groups,
whilst other species (e.il. fuscus, M. floridulus andM. transmorrisonensis) did not show such
discrete differences at this level (Jones and W20§H ). Within theMiscanthus taxa,M. sinensis, M.
floridulus, M. oligostachyus andM. sacchariflorus from South East Asia form a discrete monophyletic
group which differs from Africamiscanthus and Assum-Thailan. fuscus species (Hodkinson,

Renvoize et al. 1997). Table 1 illustrates the slosome number and ploidy level of several

13
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Miscanthus species. The basic chromosome numbédistanthusis 19. Due to different ploidy levels
the number of chromosomes differs between sevpegiiss.

Table 1. Genetics oMiscanthus (Lafferty and Lelley 1994).

Species No. chromosomes  Ploidy level
M. sinensis 38 di

M. x giganteus 57 tri

M. sacchariflorus 76 tetra

Figure 3 illustrates plantations BF. X giganteus. The plants may grow to a length of 2.5 — 3.5amnet
and may produce an annual biomass of 20 — 25 taingesatter per hectare (Jones and Walsh 2001).
Miscanthus is a perennial crop with upright cane-like stemmagng from a multi-tillering

rhizomatous base (Hodkinson, Renvoize et al. 1997).

M. sinensis is the most commonly cultivated species througlgantiens in Europe. Several
cultivars have been developed which differ in teohkeight, leaf width, leaf colour and inflorescen
colour. Depending on the cultivar, its colour varieom pale silver to deep purple red. Stems are
retained well in the winter and continue growttspring.M. sacchariflorus andM. x giganteus are the
largest cultivatedviscanthus species. The triploit¥l. x giganteus differs from the tetraploit¥1.
sacchariflorus and diploidM. sinensis in having longer rhizomes in established form hading

shorter inflorescence axes. In non-flowering stidfie,difficult to distinguish between the species

using morphological characteristics, but can bémdjaished using cytogenetic methods provide
(Jones 2004).

g

Figure 3. M. x giganteus plantation with height of3.4 meter (University_of_llinois 2010).

14
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2.2 Pant cell walls

Section 2.2 provides a brief overview of the coniipms and structure of the plant cell wall (Section
2.2.1), and a general description of the biosymsh@®cess of cellulose (Section 2.2.2) and lignin

(Section 2.2.3). Section 2.2.4 illustrates the pssing of lignocellulosic biomass into ethanol.

2.2.1 Plant cell wall structure and composition

Plant cell walls can be divided into three sectidhe middle lamella, primary cell wall and secayda
cell wall (Figure 4 and Figure 6). The primary aedll develops between the plasma membrane and
the middle lamella during cell growth and elongatiafter growth has halted, the secondary cell wall
is deposited. Lignocellulosic biomass originatesrithe plant cell wall and plays an important riale
defining the structure of a plant and defendirggginst pathogens and insects. The structure,
configuration and composition of cell walls depepdn plant taxa, tissue, age and cell type (Bothast
and Schlicher 2005; Ding and Himmel 2006). The priyrcell wall is composed of cellulose fibrils
deposited in anti-parallel planes, cross linkedhésnicelluloses and positioned in a pectin matrix
(Figure 4). Extensin (structural glycoproteinkesigthens and adds flexibility to primary cell walls
through cross-linking with pectins (Brady, Sadleal 1996; MacDougall, Brett et al. 2001).
Monocots (i.e. grasses such lsscanthus), have type Il cell walls containing
glucuronoarabinoxylans which make up their croskitig glucans, and omit pectin and structural
proteins (Sticklen 2008). It contains ample polysaeides (e.g. cellulose and hemicellulose), which
can be converted into bio-ethanol.

Cellulose, hemicellulose and lignin are the maimponents of the secondary cell wall. The
secondary cell wall is typically composed of calké, hemicellulose and lignin (Awano, Takabe et al.
2002). Presently no detailed model has been prodos¢he secondary cell wall (Obembe, Jacobsen
et al. 2006). The cellulose microfibrils are criisked with lignin. Multiple layers (i.e. S1, S2&i$3
lamellae) of the secondary cell walls may arisémdudevelopment of the cell (

Figure 9. These layers come about through the shiftechgerment of cellulose microfibrils

deposition in time. The dry body mass of primamnplcell walls consists of up to 90 %

polysaccharides (Rose 2003).
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lamella

 — Pectin
Middle—[ gl , . "

Cellulose
microfibril

—Hemicellulose
Plasma

membrane
X Soluble protein

Figure 4. Schematic illustration of a plant cell wd (Sticklen 2008).

2.2.2 Cellulose structure and function

In maize coleoptiles, cellulose accommodates roqughl% of the dry weight of the cell wall (Carpita
1996). Cellulose is made up of unbranched chaifislo#-linked glucose (Figure 5). These sugar
chains are coated with hemicellulose. Rosette tstres (Figure 6; Figure 8) are thought to produce
cellulose microfibrils (Tsekos and Reiss 1992). Sghstructures, consisting of six catalytic subunits
are part of the biosynthesis machinery (Arioli, enal. 1998). However, the detailed working @& th
cellulose biosynthesis by the protein complexe®tsvell understood (Obembe, Jacobsen et al.
2006).

Figure 7illustrates the metabolic pathway of cellulosesyitthesis. Multiple modifications of

glucose take place to produce the glucose glucaim.ch
Presently cellulose is the only cell wall polysaaitie used in commercial production of bio-

ethanol. This is because the currently used y&@séhs are only able to convert hexose into ethanol

OH

ol

L OH n

Figure 5. Cellulose molecule.
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Figure 6. Cellulose synthase enzymes in rosettestire plasma membrane (Sticklen 2008).

Cellulose bio-synthesis

Swift progress has been made in the area of cdlbiesynthesis after the first cellulose synthase
(CESA) genes were isolated (Saxena, Lin et al. 1B6ar, Kawagoe et al. 1996; Dhugga 2007).
Based on mutational genetic and gene expressidiestiumany genes of the CESA family appear to
be active in the primary cell wall formation in m@iand other species (Appenzeller, Doblin et al.
2004; Djerbi, Lindskog et al. 2005; Somerville 2RDABESAL, CESA3, CESA6 genes are involved in
cellulose synthesis of the primary cell wallAvibidopsis (Arioli, Peng et al. 1998; Fagard, Desnos et
al. 2000), whilst CESA4, CESA7 and CESAS are inedlvn synthesizing cellulose for the secondary
cell wall, also inArabidopsis (Taylor, Howells et al. 2003). CESA proteins fdnexameric arrays
named rosettes that are embedded in the plasmanaeenfiKimura, Laosinchai et al. 1999). The six
subunits of the rosettes are encoded by three geuaethe assembly process of CESA subunits into
the hexameric array is not yet understood (CosgPO@®). Together six CESA protein rosettes make
cellulose microfibrils by means of bundling thidix (1,4)-linkedB-D-glucan chains (Somerville,
Bauer et al. 2004). It is thought that the rosett@plexes are assembled in the golgi apparatus and
subsequently exported to the plasma membrane (Si@&006).

Other proteins that influence cellulose synthesiskabito, Korrigan and Cobra. All these
proteins have a trans-membrane domain and are el®téd the plasma membrane (Somerville
2006). The Cobra gene family has been identifidoetinvolved in thé\rabidopsis secondary cell
wall formation and is thought to be involved in threntation of cell wall expansion (Schindelman,
Morikami et al. 2001). Recent studies have showhttie CoblL4 gene frodrabidopsis (and
orthologs in other species) is directly involvedtie build up of the secondary cell wall (Li, Qigin
al. 2003; Brown, Zeef et al. 2005; Ching, Dhuggale2006). Other enzymes (or classes of enzymes)

involved in the process are GDP-mannose pyrophaoglaise — involved in the anchor formation of
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the Cobra-like proteins and glycosidases — gly@isyl processing of proteins (Somerville 2006).
The exact function of Korrigan and Kobito genesaara unclear (Pagant, Bichet et al. 2002;
Cosgrove 2005). It is believed Korrigan could beoimed in cleavage of glucosylated sitosterol
primers for cellulose synthesis, or in editing ¢ilewing microfibrils to arrange packing of indivialu
glucan chains, or in termination of the microfiibngation (Peng, Kawagoe et al. 2002; Robert,
Mouille et al. 2004). Mutations in Korrigan resintless cellulose in the primary and secondary cell
wall (Szyjanowicz, McKinnon et al. 2004).

At early stages of development, secondary cell eelllulose synthases (CESA) are expressed
at a significantly higher levels than for the prisnaell wall (Appenzeller, Doblin et al. 2004). The
regulators of cellulose synthesis are yet to beritiled (Dhugga 2007). The transcription facttnatt
play a role in changing from primary to secondaa}l\wynthesis have been isolated (Zhong, Demura
et al. 2006; Demura and Fukuda 2007). Dhugga (20@nYion regulatory elements (in response to
mechanical stress) that may provide methods forutatidg cellulose formation.

Figure 7 shows the metabolic pathway of the transédion froma-D-glucose to the cellulose

glucan chain. The last steps in this process ehi@iCESA and Korrigan products. Figure 8 illussat

the cellulose microfibril formation by rosette sttures made up of CESA proteins.

o-o-Glucose

. /
— Dl Glucckinase B-(1,4)-glucan CESA % % Plasbma
(ADE) chains y - membrane
- \ Rosette -
| -Glucose-6-phosphate L | . 1
1 PGM / ‘:ﬁ

Cellulose ()
o-o-Glucose-1-phasphate microfibril
‘!::’ i n
Dl UDR-PP :L/ CESA -
LIDBY-F
UDP-glucose o
. B-(1,4)-glucan
@::P.f'i-c-:u-:;;s-; chain Secretory . :
== ‘—’>l e vesicle <@ @
G Golgi cisterna
Sitostercl-B-glucoside
I CesAi glucosyltransferase
Sitostero! cellodextrins Ntorminal CYmp!asm
1 Korrigan cellulase C-terminal
Plasma
Cellodextrins _ membrane (b) (c)
1(’.’99\0 Figure 8. lllustration of polysaccharide formation by rosettes
Cellulosa glucan chain (Lerouxel, Cavalier et al. 2006).

, ) (a) Rosettes which are mobile on the membrane whigiroduce
Figure 7. Steps in cellulose

) . . cellulose microfibrils. (b) CESA protein complex. €) Matrix
biosynthesis (Sticklen 2008).

polysaccharides are produced in the golgi apparatusefore

transported to the plasma membrane by vesicles.
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2.2.3 Lignin structure and function

Lignin is a characteristic component of the seeopdell wall (Figure 6; Figure 9; Figure 10) (Rose
2003). It is widely accepted that lignin may beided as an amorphous, polyphenolic material made
up of an enzyme-mediated dehydrogenative polym@sizaf three phenylpropanoid monomers:
coniferyl, sinapyl and p-coumaryl alcohols (Fig@reéFigure 11). Between 10 — 25 % of total plant dry
matter is made up of this component (Sticklen 2088present, it is not exactly clear how the
biosynthesis of lignin and cross-linking with cethll polysaccharides takes place (Sticklen 2007).
The cross linking of lignin with other wall polyngee.g. cellulose and hemicellulose) strengtheas th
cell wall but increases recalcitrance of vegetatisgue to hydrolytic enzymes (Dhugga 2007). Lignin
plays an important role in protecting the cell fromasive pathogens and insects and prevents water
from entering the cell wall (Elkind, Edwards et H990; Sewalt, Ni et al. 1997; Boerjan, Ralph et al
2003). Lignin is thought to contribute to resistama compression rather than tensile strength @ hin
Dhugga et al. 2006). When cells of different plamé&se subjected to compression, lignin synthesis
was up-regulated whilst tension caused down-reigulgDonaldson, Singh et al. 1999; Joseleau, Imai
et al. 2004; Andersson-Gunneras, Mellerowicz e2@0D6; Schmitt, Singh et al. 2006). Plant growth
and development are affected when lignin conceatrd¢vels become too low (Shadle, Chen et al.
2007).

Secondary
wall (S3)

wall (S2)

Secondary
wall (S1)

Primary
wall

* Middle
lamella

Figure 9. Layers of lignification in the cell wall(Sticklen 2008). Figure 10. A random fragment of lignin.

Lignin bio-synthesis

Many enzymes are involved in the lignin biosynth@iithway (Figure 11; Figure 36 in Appendix
9.1). The pathway has been changed many timestilrérmains under debate (Dixon, Chen et al.
2001; Humphreys and Chapple 2002). Lignin monoraggssynthesized in the cell and subsequently
transported to the cell wall where they undergalation by peroxidases and/or laccases, necessary
for polymerization (Vanholme, Morreel et al. 2008)number of regulatory genes in lignin bio-

synthesis have been identified in multiple specesstly Arabidopsis (Raes, Rohde et al. 2003;
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Rogers and Campbell 2004; Rogers, Dubos et al.)2805st of the lignin biosynthesis genes are part
of small multi-gene families and there is limiteabkvledge on the role of each specific gene member
in the gene families (Barriére, Méchin et al. 2009rthermore, the developmental stage and tissue
type are factors thought to play a role in thiscpss.

Lignification of the cell wall is dependent on tigstype and plant maturity (Barriere, Riboulet
et al. 2007). Lignin content increases in maizenstas the plant matures. Lignins come about from
the three main pre-cursors — paracoumaryl, conigargl sinapyl alcohols — which are synthesized
separately but in an interconnected pathway (StickI007). Lignin is composed of the three
polymers:p-hydroxyphenyl (H), guaiacyl (G) and syringyl (Shnomeric units which come about
from the previous mentioned pre-cursors. In mataée stalks, the S, G and H units come about in
ratios of 61, 35 and 4% (Riboulet, Guillaumie et24l09). During plant development, the S/G ratio
increases within the composition of lignified xytaand sclerenchyma cells, i.e. S-rich tissues (Buxt
and Russell 1988; Chen, Auh et al. 2002). It haseen clearly established whether the proportfon o
lignin units H, G and S units, affect the degraliigldf normal, mutant and transgenic plant cellla/a
of by hydrolytic enzymes (Grabber, Ralph et al. 9%rabber, Ralph et al. (1997) found that the
degradability of maize cell walls was not affeckgdthe lignin components composition.

Many pre-cursors are involved in the biosynthesiggss of lignin (Vanholme, Morreel et al.
2008). Presently little is known about the geneslwved in the regulation of monolignol (source
material of lignin) biosynthesis in maize and geas@arriére, Méchin et al. 2009). Within the
monolignol pathway, the mutation of COMT in theniaize influences the transcription level of other
genes (up regulation of OMT and cytochrome P45@ttoer pathways (i.e. hydroxylation and
methylation) (Guillaumie, Pichon et al. 2007).

Many studies have been conducted whereby ligniegbave been down-regulated. This is presented

in the following paragraph.

Riboulet, Guillaumie et al. (2009) discovered thamajority of lignin biosynthetic specific
genes of PAL, 4CL, COMT, CAD and peroxidases weégbli expressed at the first stages of
development in maize stems. In a number of alfglfidies, specific enzymes have been down
regulated. Down regulation of C3H (4-coumarate 8rbyylase) led to a shift in lignin profile and
structure, resulting in improved digestibility hyminants (Ralph, Akiyama et al. 2006). In a separat
study in alfalfa, down regulating CAD (cinnamyl altwl dehydrogenase) did not result in decreasing
the amount of lignin, but did increaseiimsitu digestibility (Baucher, Bernard-vailhé et al. 1999
down regulation of COMT (caffeic acid O-methyltréerase) in alfalfa and maize reduced lignin
content by 30 % in both species (Boerjan, Ralpl.€2003). In this case the most apparent effest wa
the reduction of the syringyl phenylpropanaitts and incorporation of 5-hydroxyconiferyl alttod

into the lignin molecules (Boerjan, Ralph et al02p
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In dicotyledonous tobacco, enzyme OMT (O-methyhsfarase) led to a higher biomass yield
without decreasing the overall lignin content (Blalee, Legrand et al. 2004). When 4CL (4-coumarate
CoA ligase) was down regulated in aspen, this teduh 45 % decrease lignin and 15 % increase in
cellulose content (Hu, Harding et al. 1999). Wh&RJ'cinnamoyl CoA reductase) was
downregulated in tobacco, it resulted in a decreéigain content and increased xylose and glucose
levels of the cell wall (Chabannes, Barakate eé2@01). Down regulation of PAL (phenylalanine
ammonia-lyase) and C4H (cinnamate 4-hydroxylagggla decreased lignin content in tobacco
(Elkind, Edwards et al. 1990; Sewalt, Ni et al. ZRPAL reduced mainly gaiacyl units, whilst C4H
decreased syringyl units in lignin, which is apparghen studying Figure 11. Boerjan et al. (2003)
mention three possible reasons why this takes ptamt as that C4H may not be part of the metabolic
route of syringyl lignin. In an expression studylighin biosynthesis in Norway spruce, PAL and
COMT did not show differential expression leveldifferent tissue types (Koutaniemi, Warinowski
et al. 2007). Furthermore, Koutaniemie et al. (30Ddicate that certain peroxidases and laccases
show differential expression levels in 1 and 40ry@d trees; hence suggesting that expression®f th
gene affects maturation of this tree.

Down regulating CCoAOMT (caffeoyl CoA 3-O-methyhsterase) and COMT (caffeic acid
3-O-methyltransferase) in alfalfa led to higheraéincies of acid pre-treatment and enzymatic
hydrolysis of dry, milled, extractive free lignoHtaosic residue (Chen and Dixon 2007). Suppressing
genes at the beginning of the pathway is most &2 reducing lignin content (Chapple, Ladisth e
al. 2007).
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Figure 11. A putative biosynthetic pathway of monagnols, lignins and ferulic acid in maize and grass
(Barriére, Méchin et al. 2009).

2.3 Plant cell wall components and bio-ethanol potidn

The main monosaccharides in plant tissues are gfuand xylose and can be used to produce
biofuels. Through a fermentation process (Figurg tt2se monosaccharides can be converted into
bio-ethanol similarly to the conversion processtafch in bio-ethanol.

Cellulosic ethanol is produced by pre-treating ptiked biomass with extreme heat and/or
chemicals (e.g. acid), thus disrupting the assiociadf lignin (Figure 10) with polysaccharides and
partly hydrolyses hemicellulose and other polysaddes (Sticklen 2008). After separating the
hydrolysate from insolubles, it is fermented bystear bacteria into ethanol. The insoluble part is
treated with cellulase and glycosidases to freeagie which is also fermented to make ethanol. The
pre-treatment costs and cellulases increase thkctmdts of cellulosic ethanol by factor two toer
when compared to corn grain ethanol (Sticklen 2008)at is left over (mostly lignin) is burned to
produce heat for use in the process. A currentloiaaiin hydrolyzing cellulose is the vast amount of

cellulase required in the process. Discovering hemgymes (e.g. originating from termite guts and
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rumen) with a higher turnover of current cellulasesertainly interesting for innovation. Making
various steps in the bio-ethanol production mofieiefit, will lead to cost effective cellulosic bio

fuels which are less expensive than liquid fosel$ (Somerville 2007).

2.4 Processing lignocellulosic biomass into bicaath

Although lignocellulosic biomass is the most pramgsfeedstock for bio-ethanol production, large-
scale commercial production plants are not in @tenythe US or EU because of the high production
costs (Somerville 2007; Balat, Balat et al. 200&;K&en 2008). However, large-scale implementations
are underway in the US and will be operating inrtbar future (Lin and Tanaka 2006; Sticklen 2008).
A lignocellulosic feedstock biorefinery transfortmemass (e.g. straw or stover), consisting maimhly o
polysaccharides and lignin, into a variety of eyeagd chemical products (Clark and Deswarte 2008).

Figure 12 represents a schematic overview of stepsnverting lignocellulosic into bio-ethanol.

Lignocellulosic
biomass

Pretreatment

.«

Disrupted biomass

Glucose, xylose
and others

Fermentation

‘*

Bioethanol

Figure 12. Processing platform of lignocellulosicibmass (Yuan, Tiller et al. 2008).

Procession lignocellulose into bio-ethanol occar®ur main steps: pre-treatment, hydrolysis,
fermentation and product separation/distillatioretfeatment is the first step in order to reduee th
size of the lignocellulosic material, hence inchegshe potential rate of hydrolysis in cellulosela
hemicellulose (Mosier, Wyman et al. 2005). In ttisge the lignocellulosic matrix is physically
disrupted, which can be accomplished by differeeans (e.g. chemical (acid), biological and
mechanical). The second step is hydrolysigHigOs), + nH,O — nCgH1,0¢. The third step is
fermentation of sugars into ethanol. The lignode8ic sugars come in different forms, such as
glucose, xylose, mannose, galactose, arabinoselgodaccharides. Xylose and glucose are

transformed into ethanol and carbon dioxide infttlewing way respectively: 36,05 —

23



An investigation of gene expression of cell wall biosynthesis and morphology in Miscanthus
M.T. Klaassen (2010)

5CGH:0OH + 5CQ, CGH1,0s — 2CHsOH + 2CQ. The fourth and final step involves a distillatistep
(separate ethanol from water) and removing sotideé mixture. The lignin residue is removed
during the hydrolysis in the process and may be éseheat production or serve other purposes
(Arshadi and Sellstedt 2008).

A major limitation in converting lignocellulosic danass into ethanol is its recalcitrance to
saccharification. By decreasing lignin contentseti walls, biomass components can more easily be
assessed by hydrolytic enzymes (Chen and Dixon)20@jhin modification could therefore bypass
or improve the efficiency of the pre-treatment dtethe process of converting lignocellulosic biama
into ethanol (see Figure 12). The production obaf@ble ethanol from plants is based on the

knowledge of the cell wall composition and assen{Blgrriere, Méchin et al. 2009).
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3. Research rationale and scope

Chapter 3 describes the rationale and scope oétihity. First the research goal (Section 3.1) and
objective (Section 3.2) are addressed. Next, thia maearch question (Section 3.3) and sub-research

questions (Section 3.4) are presented.

3.1 Research goal

This research project intends to contribute toftilewing research goato develop cost effective,
renewable and sustai nable bio-energy cropsin order to replace significant quantities of fossil based

fuels necessary in society.

3.2 Research objective

In order to contribute to the research goal, tiseaech objective is defined as followsimprove the
yield and fermentability of Miscanthus biomass, by investigating the morphological variation and

molecular aspects of cell wall biosynthesisin steminternodes.

3.3 Main research question

The main research question is stated as folltvas:does the stem and internode structure,
biochemical composition and gene expression relate to cell wall biosynthesis changes across different

developmental stagesin Miscanthus?

3.4 Sub-research questions

1 Do the genotypes show variation in terms of morpgialal characteristics of the stems and
internodes?

2 Does arelationship (i.e. correlation) exist betwe®rphological characteristics of the stem and
internodes?

3 How does the biochemical composition of the steterimodes of the genotypes (i.e. cell walls)
change over time?

4 Does the expression of cell wall biosynthesis gehesige over time?
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Do the genotypes show differences in terms of esgioa of cell wall biosynthesis genes across
time?
Does the expression of cell wall biosynthesis gelifésr between sections (top, middle & basal)

of the stem internodes?
Does a relationship (i.e. correlation) exist betavgene expression and biochemical composition

of cell walls?
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4. Methodology

Chapter 4 describes the materials and methodseapiplithis study. First, Section 4.1 describes the
plant material and Section 4.1.1 the greenhousdittons. Section 4.2 presents the methodology used
to describe the morphology of the field grown ggpes. Section 4.3 and Section 4.4 depict the
approach of the gene expression and biochemicylsssarespectively. Section 4.5 elucidates the

statistical methods. Finally Section 4.6 illustsade overview of conceptual framework.

4.1 Plant material

A collection ofM. sinensis (N=17),M. sacchariflorus (N=1), M. x giganteus (N=1) and inter-specific
hybrid (N=1) genotypes were used in the study. @hisrse set of genotypes was obtained from a
breeding programme at Wageningen University. Thisiqular set of genotypes was chosen due to
their variation in length, stem thickness and dgrafi stems. Several biochemical characteristics ha
already been assessed from field grown genotypesgeNo. 20) (Table 2). Appendix 9.2 provides
further details on the biochemical content and direecodes of the genotypes. Within the breeding
programme the genotypes had spent their existertcil fields and/or greenhouses for a number of

years. In terms of genetics the genotypes areynlgtterozygous.

Table 2. Miscanthus genotypes with corresponding biochemical compositn.

"Serial No. Species NDF (%) ADF (%) pLIG (%) Hemlokse (%) Cellulose (%)  YAsh (mg/g)
1 Interspec hybrid 86 54 15 32 39 5.3
2 M. sinensis 87 56 17 31 39 8.97
3 M. sinensis 86 57 16 29 42 8.68
4 M. sinensis 85 57 15 28 42 9.67
® M. sinensis 85 56 16 29 40 6.18
6 M. sinensis 83 57 16 26 41 6.19
7 M. sinensis 82 53 20 29 33 7.03
8 M. sinensis 83 54 18 29 36 4.86
9 M. sinensis 81 53 17 27 37 5.24
10 M. sinensis 82 54 16 28 38 6.37
11 M. x giganteus 87 67 12 20 55 4.44
12 M. sinensis 86 59 13 27 47 5.76
13 M. sinensis 84 55 15 29 40 5.05
14 M. sinensis 83 55 15 29 40 6.57
15 M. sinensis 84 56 18 28 38 6.4
16 M. sinensis 85 60 15 25 45 6.88
17 M. sinensis 82 53 14 29 39 5.8l
18 M. sinensis 85 55 15 29 40 8.16
19 M. sinensis 83 56 18 27 38 5.42
20 M. sacchariflorus n.d. n.d. n.d. n.d. n.d. n.d.
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Key: NDF=Neutral Detergent Fibre, ADF=Acid Deteng€&ibre, pLIG=Permanganate Lignin, Hem=HemicebeloCel=Cellulose.
DM=Dry Matter, n.d.=no data.
Bold: 6x genotypes selected for gene expression amthémical analyses in this particular study.

*Genotypes 1 to 10 had spent part of their existemaegreenhouse; whilst others were field growrs(hl to 20).

¥ Ash is sum of K, Na, Cl, Mg, Ca R@ SO..
Pre-selection of the genotypes

Within this study, two separate sets of genotypas fTable 2 were utilized. The first set was usad f
the morphological study and consisted of all 20oggpes cultivated on field plots. The second set
(applied in the gene expression and biochemicdls@es) comprised of the six greenhouse grown
genotypes 4, 7, 9, 14, 15 and 16.

The 20 genotypes of the morphology study were gromwfield plots at Wageningen
University from 2009 to 2010. The stems were haedgesn 19 January 2010 by cutting the stems off
the rhizomes at the ground level. Subsequentlgetineere dried by a warm air blower for six days (25
— 27C, 24hrs day). Finally, the mature stems/internodes were stbjeto morphological analysis
(Section 4.2).

The six genotypes 4, 7, 9, 14, 15 and 16 were imsdubth the gene expression and
biochemical analyses. This set was chosen dueitodbntrasting levels of cellulose and pLIG
contents. Replicated rhizomes (N=2) were colle@teah field plots on 19 January 2010. These were
subsequently placed in 7 litre pots and grown gneeenhouse in a double randomized block design
(Appendix 9.3) from 19 January until 16 June 201 samples for gene expression and biochemical
analyses consisted of tissue from second stemrmoder(counting from the rhizome). This particular
material was used because it grew relatively festdy stages of development, thus providing more
biological material than other internodes of themeatem. The internodes were harvested periodically
from the moment that the internodes reached actifi length to work with (i.e. enough stem
material for RNA extraction). This was done dug¢hte fact that expression of multiple genes involved
in lignin bio-synthesis are expressed relativetyhtat early stages of development (stage of sijkimg
maize (Riboulet, Guillaumie et al. 2009). The repled sets of internodes were harvested at four
moments in time (3 - 5 March, 6 - 9 April and 3May and 16 June 2010) and directly frozen in
liquid nitrogen. In an attempt to synchronize tkeelopmental stages of the harvested internodes, th
number of visible leaves on the stems was usedlasedopmental marker (Appendix 9.4). Due to a
limiting number of internodes growing from the rizes, only a single stem was collect at each time
of harvest. The second internode was cut longialljifin half and transversely into three separate
sections in the second to fourth stage of developiffiegure 14). The harvested internodes of thet fir
stage of development of genotypes 4, 7, 9 and 16 twe small to be split up into separate parts.

Therefore the tissue of the complete second intkrmzas used for the gene expression analyses.
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4.1.1 Greenhouse conditions

In the greenhouse the average temperatures atidgediamidity (RH) ranged between 16 - Z2and
60 - 70 % (Figure 13); fluctuations in average Rétevconsiderable. The plants received two water
and fertilizer treatments per week. During Januaryebruary the plants received extra lighting. In
May, an infection (i.e. etiolated leaves) withie tipenotypes was observed (assumebly dirgttoum
sp.). There after, the plants were treated with fudgid\liette® (Bayer CropScience). Slowly the

leaves turned back to their normal green colour.

80 1
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40 —e— Average Temperature (0C) —8— Average RH (%)

30

20

10

January February March April May June

Figure 13. Average temperature and relative humidi (RH) in the greenhouse with S.D. bars.

4.2 Characterization of stem and internode morgolo

The morphology of the stems and the internodes eleeacterized in terms of mass, length and
diameter. The diameter of the stems was measutbd aentre of the internodes. Because the stems
were slightly oval, the stem diameter was recomtdtie narrowest distance. The samples (per
genotype) consisted of a batch of approx. 20 sténasn this batch, three stems were randomly

picked out for subsequent quantification. Priotaking the measurements, the leaves were completely
stripped off the stems. Measurement data was tetldicom a gravimetric scale and measurement

tape.

29



An investigation of gene expression of cell wall biosynthesis and morphology in Miscanthus
M.T. Klaassen (2010)

4.3 Gene expression analysis

Section 4.3 illustrates the molecular methods applieeded to conduct the gPCR. Section 4.3.1
presents the choice of the candidate genes. SetBadhillustrates the materials used for condggctin

the gene expression analysis.

4.3.1 Choice of candidate genes

The expression PAL, 4CL, LAC, CESAs;tub and GADPH were monitored by means of qPCR.
These genes were selected due to their putativggbication (i.e. di-/convergent sections) in the
lignin biosynthetic pathway (except for CESA). CE®As included due to its role in cellulose
synthesis of the cell walls. The primers of CESAeueadily available from previous research at
Wageningen University. The primers of PAL were daed from an availableliscanthus sequence
fragment at Wageningen University. The gPCR prinoé#CL and LAC were developed by
designing initial primers from aligned sequencetheke genes in related species (e.g. maize agd ric
isolating the DNA fragment, sequencing the fragnaamd finally designing the gPCR primers in
exons regions. Primers of the reference g@rebulin and GADPH were available from literature
(Iskandar, Simpson et al. 2004). Moreover, eaMecanthus research at Wageningen University
confirmed that these primers tubulin and GADPH were functional within the geyyds.

Within the lignin biosynthetic pathway, a failedesthpt was made to develop gPCR primers
for TAL, HCT, C3'H, COMT and CAD. Functional primecould not be developed for the isolation
of PCR fragments using Genbank sequence data/(ncbi.nim.nih.goy.

4.3.2 Materials used for gene expression

Section 4.3.2 describes the methods of DNA extactragment isolation and cloning, sequencing,

development of primers, RNA extraction, cDNA syrsiseand the gPCR approach.

DNA extraction

DNA was extracted for the purpose of testing prerard necessary for the isolation of the putative
fragments of 4CL and LAC. In order to carry out Dié&lation, young leaf material was collected
from 5 week old plants (pooled across the replitgEnotypes: N=2). The harvested leaves were

directly frozen in liquid nitrogen and stored af*®. A modified version Tanksley’s method (Fulton,
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Chunwongse et al. 1995) was carried out to isale@edNA from the leaf material (Appendix 9.5).
After isolation, the DNA quality was inspected deatrophoresis agarose gel. Moreover, a
spectrophotometer (Nanodrop ND-1000, ISOFEN Lifeefsee) was used to quantify the DNA
concentrations. Absorbance ratios of ~1.8 and 22 +for 260/280nm and 260/230nm respectively
were used to determine the purity and quality efINA samples. The DNA samples were diluted

with Milli-Q water to generate working solutionsttviconcentrations of 25ng/pl.

Fragment isolation and cloning

Putative fragments of 4CL and LAC were needed égugencing and development of gPCR primers.
The fragments were synthesized in a PCR using 8h&dHigh-Fidelity DNA Polymerase, (cat. No.
F-530S, Finnzymes Oy.). Phusion® polymerase wag dse to its high accuracy (i.e. low error rate).
After the addition of gelred, the DNA fragmentshligd up in agarose gel by UV light and were
subsequently removed from the gel by means ofar t@ade. In the case of 4CL, two fragments
bands were observed under the UV light and therupgoed was selected; LAC showed multiple
bands and the brightest band was chosen. The fragmere extracted from the gel by using
MinElute® gel extraction kit (QIAGEN). Subsequentbply-A tails were added to the fragments
(Appendix 9.6) and were purified with DNA Clean &kentrator™-5 (Zymo Research, cat. No.
D4004).

Cloning was performed by inserting the fragments uitra-competenri. coli cells (XL10-
Gold Ultracompetent Cells, Stratagene) using th& @&EM-T Easy Vector (by Progema) (see
Appendix 9.6 for details). Due to the size of thagfnents (~700bp), a ligation mix with 1:3 ratio
(vector:insert) was used. The competent cells weltivated (overnight at 3€) in LB-ampicillin
agar plates. Next, the positively transformed (e/kttined) cells were multiplied through incubation
(overnight at 37C) in 120 pul LB medium to be used in a PCR whichdsded for the sequence

reactions.

Sequencing

Sequencing was performed in order to design qP@Reps based oNliscanthus DNA. A forward

and reverse PCR sequence reaction (see Appendiardd@tails) was carried out on the cloned
fragments (Section 4.3.2) of 4CL and LAC. Beforayiag out the sequence reaction, the fragments
of the PCR were cleaned using Sephadex (Append)x Bhe forward and reverse fragments were
sent to Greenomics (Wageningen UR) for sequending.sequences of 4CL and LAC were aligned
using software (DNAStar Lasergene v.8 — Segman)cangpared (BlastX procedure) to NCBI
Genbank\www.ncbi.nlm.nih.goy data. This was done in order to confirm the (pud identity of

the gene (
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Table 7 in Section 5.2.1). The exons of consensggence of 4CL and LAC were subsequently used
for developing gPCR primers.

Development of primers

Two sets of primers were developed in this stullyiritial primers — for the isolation of the putet
gene fragments needed for sequencing and (2) qPGRIB.

The initial primers (Table 3) were designed frdigreed sequences of 4CL and LAC of
relatedMiscanthus species (e.g. rice, maize, sorghum and other egastilizing NCBI Genbank data
(www.ncbi.nlm.nih.goy. Consensus contigs were made using software (&gdmasergene package
v.8, DNAStar Inc.). Primers were designed usingvearfe (Gene Runner v3.05, Hastings Software
Inc.).

gPCR primers were designed from exons of the canuseinagments of the sequences. Table 5

(in this section) provides an overview of the prisnased in the gPCR experiments.

Table 3. Overview of initial primers used for fragnent amplification.

Melting Size

Gene Abbr. Function Orientation  Primer sequence T (°C) (bp)
Laccase * LAC Lignin biosynthesis F 5-TCAACKCGCACCTCTTCTTC-3 60 ~650

R 3-CTGSAGCACGAYCTCCACC-5 64
4-coumarate: 4CL Lignin biosynthesis F 5-GGACAGGRYIGGGATG-3 61 ~800
CoA ligase § R 3-GWAGAYCTTGTGCAGCCTC-5 58

* LAC based on alignment of NCBI accessions: AY89F2AY897208, AF465470 and BQ739797. § 4CL basedlignment of NCBI
accessions: AX204867, AX204867, BT034270, NM_00x0®8and AF052221.

RNA extraction

MRNA was extracted for the purpose of synthesiziDhA. Total RNA was extracted from three
separate sections (i.e. top, middle and basaheo§écond stem internode (counting from the rhizome
upwards). Replicated internode sections (N=2) weed. The bast and stem pith tissue were not
separated from each other because it is rathécudiffo separate these. At the first stage of
development the internodes of genotypes 4, 7, 9.éndere too small to be split up. Therefore, the
complete internodes of these genotypes were usd®NA extraction. The internodes were cut and
divided as shown Figure 14 (except for genotypes 8,and 16 at the first stage of development). In
an attempt to increase discrimination betweenhheetinternode sections, a small part (2-5mm) was
removed in between the sections (for RNA extragtiém adapted CTAB—based method was applied
to isolate RNA from the stem material (Appendix)9\alidation of successful RNA isolation was

done by inspecting the presence of typical RNA badelectropheresis agar gel. Furthermore,
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spectrophotometer (Nanodrop ND-1000 of ISOFEN [Steence) quantification was carried out to
determine the final RNA concentrations at an OD/280 ratio.

Longitudinal cut of stem internode (replicated: N=2)

Y] o~
* Transverse cut
— of the stem internode

Samples: RNA isolation  [Eeis] [E=SE1 [EEE

I | Sample: biochemical analysis
RNA isolation pooling of replicates (N=2) Biochemical analysis pooling of replicates (N=2)

Sample 1 Sample 2
Complete stem intenode samples

Top stem intenode sample I + I e

Sample 1 [

Middle stem intenode sample I + I

V
V

Bottom stem intenode sample I + I

Figure 14. Separation and pooling of stem internod#ssue.

Note: the internodes of genotypes 4, 7, 9 and 1i6edfirst stage of development were not split iht@e sections due to limiting biological
sample material.

CcDNA synthesis

First, the RNA samples were treated with DNase pAfication Grade kit (cat. no. 18068-015 by
Invitrogen) to remove all DNA. This was confirmeg & PCR using the RNA DNase treated samples
as template. Next, cDNA was constructed by applyfregiScript cDNA Synthesis Kit (cat. no. 170-
8890 by Bio-Rad Laboratories, Inc).
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Quantitative PCR (gPCR)

Gene expression was measured by means of the gB@Fession levels of the genes PAL, 4CL,
LAC and CESA were compared to the candidate refergenes: GADPH arfidtubulin. This
comparison was made by means ofAlt-calculation method (i.&Ct-value = reference Ct-value —
sample Ct-value). To minimize the effect causethigyamount of cDNA in the samples, the average
transcript level of each sample were normalizetthédevel of the reference genes. Expression levels
were measured by using the CFX96™ Real-Time PCRdlieh System (Bio-Rad Laboratories, Inc).
Table 4 presents the iQ-SYBRSreen supermix gPCR miBip-Rad) The gPCR programme was as
follows: 95°C 3', (95°C 15", 60°C 1) x 40, 95C 10", 65°C 5", 95°C 5",

Table 4. gPCR mix per well

cDNA (60 ngfu) 2ul
Buffer (iQ-SYBR® Green supermix) 8
Forward primer (10 pmall) 0.3ul
Reverse primer (10 pmal) 0.3ul
MQ 2.4
Total volume 1qQl

The candidate reference genes were analyzed togeithehe samples in duplo (N=2) on the same
gPCR plate. The samples were derived from a smglgtermix tube (buffer and MQ). The mastermix
was divided into six new tubes (for each gene)thedgrimers were added. Next, the content of each
tube (buffer, MQ and primers) was divided into saveew tubes and the cDNA samples were added.

Finally, the duplo samples were pipetted from thize into the gPCR plate.
gPCR primers
Table 5 presents the genes with subsequent prapelied in the gPCR. Four cell wall biosynthesis

genes were investigated (i.e. lignin: PAL, 4CL &aid; cellulose: CESA), along with two
endogenous reference gengdubulin and GADPH).
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Table 5. Overview of primers applied in the gPCR.

Melting Size

Gene Abbr. Function Orientation  Primer sequence T (°C) (bp)
Phenylalanine- PAL Lignin biosynthesis F 5-GCCATGGCGTCCTACTGCT-3 55 110
ammonia-lyase # R 3-ACGTCCTGGTTGTGCTGCTC-5 55
4-coumarate: 4CL Lignin biosynthesis F 5-ACTTACGGBGBACGGCG-3 56 120
CoA ligase t R 3-CATCGTCGACCGGCTCAAG-5 56
Laccase t LAC Lignin biosynthesis F 5-CAGCACCGCCATGTAGTAG-3 49 90
3-GGACACGCTCGTTCTCGC-5 54
Cellulose synthase CESA  Cellulose biosynthesis F 5-GAACCGCACACCAACAATC-3 51 200
R 3-AGCCTCTTCAAATAATAGTCACG-5 50
B-tubulin A B-tub  Reference gene F 5-CCAAGTTCTGGGAGGTGATCTG-3 55 130
R 3-TTGTAGTAGACGTTGATGCGCTC-5 54
Glyceraldehyde-
3-phosphate- GADPH  Reference gene F 5-CACGGCCAGAMSGCA-3 53 130
dehydrogenase R 3-TCCTCAGGGTTCCTGATGCC-5 56

Key: # Primers developed from available gene sequeoittg at Wageningen University. T Primers devetbfeough bioinformatics and

sequencing in this particular project « Primersilaée from Wageningen Universiti Primers from study (Iskandar, Simpson et al. 2004)

4.4 Biochemical analysis

The biochemical analyses were carried out in a@euantify the cellulose, lignin and ash contexrits
the second stem internodes of genotypes 4, 7,,951ldnd 16. This information was needed for the
analogy between the gene expression and biocheounglonents of these genes. The sequential
method (Goering and Vafoest 1970) using the ANKOM 2000 Fiber Analyzer (XDM
Corporation, USA) with the filter bag system waglsgd. The acid detergent fibre (ADF),
permanganate lignin (pLIG) and total ash contersevdetermined by carrying out the modified
protocol of ANKOM (TorresSalvador 2010). ADF is the sum of cellulose, ligaimd ash contents in
the samples.

Due to a limiting amount of biomass of the sampteast samples could not be replicated
(except genotype 16 at th& 8nd 4 stage of development: N=2). Only genotypes 14l&nhdere
analyzed at the first stage of development. Mamymas weighed less than the minimal mass (0.459g)

specified in the protocol (Appendix 9.10).
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4.5 Analogy of gene expression with biochemicaltenh

A comparison between gene expression and biocheagingents was made in an attempt to discover
a relationship between expression PAL, 4CL, LAC @&S5A with their biochemical counterpart.
This was done by comparing th€t-values with pLIG and cellulose content in thieerinodes. The
comparison was not investigated statistically beeaanly two stem internode samples could be

replicated in the biochemical analyses (due toifcmount of biological material).

4.6 Data analysis

Data analysis was carried out using the statisticliivare packages Genstat version 12.1.0 and PASW
Statistics version 17.0. Analysis of variance (AN&)\Wvas carried out to investigate differences
between the treatments. The significance (p-valokEg)e post-hoc tests are based on Bonferroni,
Sidak and Tukey methods due to their differing Ieeé stringency. The relationship between data
attributes was assessed by means of Pearson’satiomeanalysis. Threshold values were based on

the cut off value 06=0.05. Normality of the data was inspected by viepthe Q-Q plots and equality

of variance was tested by means of Levene’s test.

4.7 Conceptual framework

The conceptual framework of this study is presemidelgure 15. The process inside the large box
represents structure of this study, whereas thdl barees (with green arrows pointing towards the
large box) illustrate the potential factors of irghce. The genotypes from the greenhouse were
subjected to gene expression and biochemical amalyhe field grown genotypes were subjected to

stem internode analysis.
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Genotypes

Greenhouse

grown Field grown

Development of
novel gPCR
primers

1&2

Expression of cell Biochemistry of
wall biosynthesis H stem internodes

Stem internode

genes (i.e. cell walls) analysis
Stage of Biotic factors Abiotic factors
development

Figure 15. Conceptual framework of the research.
Blue arrows indicate a flow. The orange arrow iaths the correlation analysis. Green arrows indlicat

influential factors on cell wall biosynthesis. Nuenb 1 — 7 indicate sub-research questions pos8ddtion 3.4.
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5. Results and discussion

Chapter 5 presents the results and discussioreaperiments. Section 5.1 presents the resuttseof
morphological investigation of the stems and imeles grown on field plots. Next, Section 5.2 and
Section 5.3 depict the results and discussion ae g&pression and biochemical composition of the
greenhouse grown genotypes respectively. Finadlgti&n 5.4 presents the analogy between gene

expression patterns and biochemical compositidhettem internodes.

5.1 Morphology of stems and stem internodes

Section 5.1 presents the results of the stemsotetldfrom the field plots. The stems were collegted
the end of the growing season (see Section 4 ddf@ils). The results reflect upon the means and
confidence interval bars (95%) of the stem massndength, inflorescence length, number of
internodes, internode length, internode mass aediode diameter. The results are presented in a
descriptive manner and should not be used for aigWward conclusions upon. Section 5.3.4 presents

the discussion.

5.1.1 Stems

Section 5.1.1 presents the morphological charatiesiof the stems of the tweriiscanthus

genotypes.

Figure 16 illustrates the mean mass of the stemetugiing the inflorescence which was not present on
all genotypes). Genotype 1 (x giganteus) has the highest stem mass (43g). Stems of geg®8/p

10, 16, 17 and 20 have a relatively high stem r(&28g), whilst those of genotype 1, 6, 7, 12 and 13
have a relatively low mass (<10§). sinensis genotypes (2 — 10 & 12 — 19) show much variation in
terms of this attribute; many of these genotypéersignificantly from each other (see 95%

confidence interval bars).
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Figure 16. Mean stem dry mass including inflorescare with 95% C.I. bars of field lines.

Figure 17 illustrates the mean stem length (exolydhne inflorescence). The mean stem length of
approximately half of the genotype is less than @0 Genotypes 9, 10, 17 and 18 have the longest
stems, whilst genotypes 1, 6, 7, 12, 13, 16 anka®@ relatively shorter stenid. sinensis genotypes

(2 -10 & 12 — 19) show much variation in termsmafan stem length; many of these genotypes differ

significantly from each other (see 95% confidemterival bars).
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Figure 17. Mean stem length excluding inflorescencgith 95% C.1. bars of field lines.
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Figure 18 illustrates the mean inflorescence lenfithe genotypes. In genotypes 11, 16 and 20 the
inflorescences were missing, presumably becaugehte broken off the main stem. The mean
inflorescence length ranged between approximately 38 cm. Genotypes 9, 10 and 14 have the
longest flowers, whilst genotypes 1, 12, 13 andhdve relatively the shortedil. sinensis genotypes
(2-10, 12 — 15 and 17 — 19) show much variatioieims of mean inflorescence length; a number of
these genotypes differ significantly from each oflsee 95% confidence interval bars).

30 27 28

21
204 19

Inflorescence length (cm

10 -

0 0 0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Genotype

Figure 18. Mean length of inflorescences with 95% € bars of field lines.

Note: genotype 11, 16 and 20 did not have infl@ases, presumably broken off the stems.

Figure 19 illustrates the mean number of internaddbe stems. Genotypes 17 and 20 have a high
number of internodes, whilst genotypes 2, 7, 8@ 13 have the leastl. sinensis genotypes (2 — 10
& 12 — 19) show much variation in terms of mean hanof internodes; many of these genotypes

differ significantly from each other (see 95% cdefice interval bars).
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Figure 19. Mean number of internodes with 95% C.lbars of field lines.

5.1.2 Internodes

Section 5.1.2 presents the results of the stemmioties (length, mass and diameter). The results per
genotype are based on the data of three randomlgled stems (N=3). Therefore, the results are

presented in a descriptive manner.

Figure 20 presents the mean length of the intesddenotypes 2, 8, 9, 10, 15 and 18 have relatively
long internodes, whilst genotypes 1 and 20 scaokeolo this characteristid/. sinensis genotypes (2 —
10 & 12 — 19) show much variation in terms of maamber of internodes; a number of these

genotypes differ significantly from each other (9886 confidence interval bars).
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Figure 20. Mean internode length with 95% C.I. barsof field lines.
Figure 21 presents the mean mass of the genotigradaules. It is evident there are ample differences

between the genotypes. The internodes of genotyprelspecific hybrid) weights the least whilst
genotype 11Nl. x giganteus) the highest.

Mean internode mass (¢

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Genotype

Figure 21. Mean mass of dry internodes with 95% C.lbars.

Figure 22 illustrates the mean diameter of thermddes. Genotypes 9, 10, 11 and 16 have a rehativel
large diameter, whilst genotypes 1, 12 and 13 doover on this characteristic.
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Figure 22. Mean diameter of internodes with 95% C.lbars.

5.1.3 Correlations between the morphological cherestics

Table 6 presents the inter-item correlations betvthe stem and internode characteristics. Nine

significant correlations are found between thélaites and ranged between -.5 and .94. Relatively

high correlations (>.9) are found between: stemsmasternode mass, stem mass - internode diameter

and internode mass - internode diameter. A negatiweslation (-.5) was found between no.

internodes & internode length.

Table 6. Correlations between stem and internode @hnacteristics for all genotypes (N=20).

Stem Stem Flower No. Internode  Internode
mass length length internodes mass length
Stem length .48
Sig. .030
Flower length -.36 41
Sig. 121 .068
No internodes .53 .39 -.27
Sig. .015 .087 .259
Internode mass .94 .36 -.40 .30
Sig. <.001 A17 .082 194
Internode lengtr 14 .52 .50 -.50 .25
Sig. .559 .018 .026 .026 .281
Internode diameter .90 .55 -.13 .38 .92 .30
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Sig. <.001 011 573 .096 <.001 .198

Key:  Bold = significant result (p<.05).

5.1.4 Discussion

The morphological results of the stems and inteesate based on a random collection of stems from
the field plots at Wageningen University. Threerstaternodes (N=3) were randomly selected per
genotype and subsequently measured. Because this dased on three stem samples of a single
growth season of a single growth location, the dadg not be accurately representative for the
genotypes over time.

A solution to overcome these potential drawbackald/be to analyze a higher number of
stem samples from different growth seasons andidotsain order to gain a more precise insight into

the morphological characteristics of these genatype

5.2 Gene expression

Section 5.2 presents the results regarding the gB€&ion 5.2.1 exhibits information on the
annotation of the sequences used for designingRI&R primers. Subsequently, Section 5.2.2 depicts
information about the reference genes needed toadifeir suitability for application in the gPCR

analysis. Finally, Section 5.2.3 details on theegexpression patterns of the genes.

5.2.1 Overview of genes and primers

The DNA sequences used to design the gPCR prirherg significant resemblance with other

sequences of relatddiscanthus species (
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Table 7) in Genbankafvw.ncbi.nim.nih.goy. PAL, 4CL, LAC and CESA sequences correspond with
those of rice, sugarcane, maize and sorghum. Merethe putative identity of the genes
corresponding with the fragments is confirmed duthé fact that the related speciedscanthus
show a high similarity with the sequences. PAL 4G4 show the same E-values between the
Genbank accessions of the different species. BAth &nd CESA show the highest resemblance with

maize (LAC: laccase 1; CESA: cellulose synthase 1).
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Table 7. Gene sequence analysis and annotation tosely relatedMiscanthus species.

Gene  Genbank accession no.*  Species Putative éumcti E-value
PAL  NP_001055608.1 Rice phenylalanine ammonia-lyase 1 * 10%
ABM63378.1 Sugarcane phenylalanine ammonia-lyase 1 * 10%
ACG44219.1 Maize phenylalanine ammonia-lyase 1 * 10
BAJ09365.1 Sorghum  phenylalanine ammonia-lyase 1 * 10%
4CL ABR25503.1 Rice 4-coumarate: CoA ligase 2 10*8
AAF37733.1 Ryegrass 4-coumarate: CoA ligase 2 10™
BAD05189.1 Rice 4-coumarate: CoA ligase 1 1*40
LAC  NP_001105789.1 Maize laccase 1 71073
AAL73970.1 Ryegrass laccase LAC5-4 7¥10%
BAD82649.1 Rice putative laccase LAC6-8 6*10"3
CESA NP_001105574.1 Maize cellulose synthase 1 1a%
NP_001105574.1 Maize cellulose synthase 2 1%10
AAF89963.1 Maize cellulose synthase 3 1*40

* Results are based on Genbank BlastX proceduney ncbi.nlm.nih.goy.

5.2.2 Choice of reference genes

Table 8 shows Ct-value descriptives of the two gP€fBrence genef:tubulin and GADPH. The
mean Ct-value gB-tubulin is 1.5 higher in comparison to GADPH. Bgénes have a stable relative
mean Ct-value and standard error of mean. Inter-gerrelation are high>(982) (Table 9). Therefore
the averag@Ct-value of the two endogenous genes is used aisable reference for the gPCR

analyses.

Table 8. Ct-value descriptives of the reference ges.

Gene Mean Ct-value Standard error of mean
B-tubulin 25.56 0.174
GADPH 24.04 0.156

Table 9. Correlations betweemCt-values of the reference genes.
ACt-B-tubulin  ACt-GADPH  ACt-average

ACt-B-tubulin 1
ACt-GADPH .930 1
ACt-average* .982 .983" 1

* ACt-average = average valueAxEt-3-tubulin andACt-GADPH
A Correlation significance p<.001
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5.2.3 Gene expression patterns

Section 5.2.3 presents the results of the geneesgjon analyses. Due to unbalanced data in the firs
stage of development, analysis of variance (ANOW&Ajonducted on the data from the second to

fourth stage of development.

Phenylalanine ammonia-lyase (PAL)

Main effects and interactions between second and fourth stage of devel opment

All main effects (Stage of development; Genotypegti®n) and interactions (Stage of development *
Genotype) are significant for PAL (
Table 10). The model fits the data relatively well’@®878), hence 12.2% of the variance remains is

unexplained (i.e. residual). The interaction Stalggevelopment * Genotype * Section could not
conducted in the ANOVA due to insufficient degreé$éreedom.

Table 10. PAL ANOVA: 2" to 4" stage of development.

Source of variation d.f. S.S. m.s. F-stat. sig.
Stage of development 2 105.64 52.82 5242 <.001
Genotype 5 22.34 4.47 443 0.006
Section 2 6.94 3.47 3.44 0.049
Stage of development * Genotype 10 26.57 2.66 2.64).026
Genotype * Section 10 6.92 0.69 0.69 0.726
Residual 23 23.18 1.01 17.72
Sample * Units * stratum 53 3.01 0.06
Total 105 189.03

R*=.878

PAL expression patterns across stages of development

As indicated in
Table 10, gene expression of PAL differs across the setoffiourth stage of development

(F(10,105)=2.64; p=.026). Figure 23 illustratesAlt-values of PAL of the complete internodes of

the genotypes across the stages of development.
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Stage of development

Figure 23. PAL expression ACt) across stages of development with standard emrdars.
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* Data of the first stage of development origindtesn a different data set than second to fourth (inbalanced

comparison). Hence a statistical analysis is nesjde between the first and other stages of dpwedmt due to

limited degrees of freedom.

Within the complete internodes, expression of P&highest during the second or third stage of

development in the genotypes (Table 11). Frompbak, expression subsequently declines

substantially.

Table 11. Relative expression of PAL.

PAL fold change relative to first stage

Genotype Stage 2 Stage 3 Stage 4
4 3.6 4.1 2.6

7 15 1.8 -2.5

9 2 25 -0.1

14 1.6 2.4 5.4

15 7.4 5.8 1

16 4.8 5.7 5.3

PAL expression patterns across steminternode sections
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Expression of PAL does not differ significantly Wween the internode sections of the stems across the
genotypes (F(10,105)=.69; p=.726). Although th&iteis non-significant, all genotypes express PAL
higher in the basal internode section than in ¢ipeg(Table 12). Furthermore, genotypes 4, 9, 141&nd
show an increasing trend of expression from topitidle to basal stem section.

Table 12. PAL ACt-value of internode sections.

ACt-value of internode section

Genotype Top Middle Basal

4 2.10 2.31 2.84
7 1.03 0.92 2.16
9 1.87 2.24 2.32
14 1.90 2.49 2.54
15 1.60 2.71 2.37
16 2.83 3.12 .769

Note: positiveACt-value is high expression.
L.S.D. (5%) = 1.24

4-coumarate:CoA ligase (4CL)

Main effects and interactions between second and fourth stage of devel opment

The main effect ‘Stage of development’ and intécactStage of development * Genotype’ are
significant for 4CL (Table 13). The model fit withe data (B is .765, hence 23.5% of the variance
remains is unexplained (i.e. residual). The intépacStage of development * Genotype * Section
could not conducted in the ANOVA due to insuffidielegrees of freedom.

Table 13. 4CL ANOVA: 2" to 4" stage of development.

Source of variation d.f. S.S. m.s.  F-stat. sig.
Stage of development 2 17.37 8.69 6.30 .007
Genotype 5 6.26 1.25 0.91 493
Section 2 1.29 0.64 0.47 .633
Stage of development * Genotype 10 67.77 6.78 4.9%k.001
Genotype * Section 10 5.05 0.51 0.37 .949
Residual 23 31.72 1.38 12.57
Sample * Units * stratum 53 5.81 A1
Total 105 135.11

R*=.765

ACL expression across the stages of devel opment
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As indicated in Table 13, expression of 4CL diffacsoss the second to fourth stage of development
(F(10,105)=4.91; p<.001). Figure 24 illustratesAla#-values of 4CL of the complete internodes for
the genotypes across the stages of development.
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Gene expression of 4CLACt)

Stage of development

Figure 24. Gene expression of 4CLACt) across stages of development with standard emrdars.

* Data of the first stage of development origindtesn a different data set than second to fourth (inbalanced
comparison). Hence a statistical analysis is nesjde between the first and other stages of dpwedmt due to
limited degrees of freedom.

Across all genotypes, relative expression of 4Gteds significantly over the second to fourth stafie
development (Table 13). Genotypes 4 and 16 incrimeieexpression of 4CL trough all four stages of
development. Genotypes 7 and 14 show a maximunession of PAL at the third stage. It is
apparent that genotype 15 shows a large decreasgiiassion of 4CL at the third and fourth stage of
development.
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Table 14. Relative expression of 4CL in comparisoto the first stage of development.

4CL fold change relative to first stage

Genotype Stage 2 Stage 3 Stage 4
4 3 4 4.9
7 2.9 3.5 3.2
9 3.4 3.2 4.2
14 1 1.9 1.8
15 3.2 4.1 -2.7
16 5.2 5.9 7.6

4CL expression patterns across steminter node sections

The 4CLACt-values of the stem internode sections do néerdsignificantly (F(10,105)=.37;

p=.949). No apparent trend in expression of 4Chbiserved within the internode sections of the

genotypes (Table 15). In genotypes 4, 7 and 9 sgjme is higher in the top part than in the basal
part; for genotypes 14, 15 and 16 the oppositeués t

Table 15. 4CLACt-value of internode sections.

ACt-value of internode section

Genotype Top Middle Basal
4 -3.82 -4.07 -3.97
7 -3.98 -4.35 -4.27
9 -4.11 -4.14 -4.28
14 -3.87 -3.83 -3.56
15 -4.12 -3.43 -3.04
16 -4.42 -4.19 -3.68

Note: positiveACt is high expression.
L.S.D. (5%) = 1.40

Laccase (LAC)

Main effects and interactions between second and fourth stage of devel opment

The main effects of ‘Stage of development’ and ‘@Ggpe’ and the interaction ‘Stage of development

* Genotype’ differ significantly across the stagéslevelopment for 4CL (Table 16). The model fit

with the data (B is .805, hence 19.5% of the variance remainsiéxplained (i.e. residual). The

interaction Stage of development * Genotype * $&ctiould not conducted in the ANOVA due to

insufficient degrees of freedom.

Table 16. LAC ANOVA: 2" to 4" stage of development.
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Source of variation d.f. S.S. m.s. F-stat. sig.
Stage of development 2 51.05 25.52 4.72 .019
Genotype 5 158.66 31.73 5.86 .001
Section 2 14.52 7.26 1.34 .281
Stage of development * Genotype 10 191.32 19.13 3 3.5 .006
Genotype * Section 10 90.75 9.08 1.68 147
Residual 23 12450 541 32.64
Sample * Units * stratum 53 8.79 17
Total 105 639.32

R* = .805

LAC expression across stages of development

Across all genotypes the relative gene expresdiai\6 differs significantly across thé2to 4"
stage of development (F(10,105)=3.53; p=.006) @4®l). Figure 25 illustrates thet-values of
LAC for the genotypes across the stages of devetopm
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Gene expression of LAC ACt)
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Figure 25. Gene expression of LACACt) across stages of development with standard emrdars.
* Data of the first stage of development origindtesn a different data set than second to fourth (inbalanced
comparison). Hence a statistical analysis is nesjde between the first and other stages of dpwedmt due to

limited degrees of freedom.
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No apparently clear trend in the expression of Li&\@Gbserved within the genotypes across the stages
of development (Table 17). Genotypes 9 and 16esgit AC relatively higher at stages 2, 3 and 4
(compared to stage 1), whilst genotypes 7 andirst show a decrease and subsequently an increase

in expression.

Table 17. Relative expression of LAC in comparisoto the first stage of development.

LAC fold change relative to first stage
Genotype Stage 2 Stage 3 Stage 4

4 -4.9 -0.4 -0.1
7 -0.2 3.5 2.3
9 1.4 2.9 1.7
14 -4.2 1.2 -2.8
15 1.8 -1.8 -3.4
16 1.3 4.2 4.2

LAC expression patterns across steminternode sections

The LACACt-values of the stem internode sections do néerdéignificantly (F(10,105)=1.68;
p=.147). No apparent trend in expression of LAGkserved within the internode sections of the
genotypes (Table 18). The only clear exceptioreisotype 15, major differences (up by factor 3.56

gene fold expression) are observed between thertioldle and basal section.

Table 18. LAC ACt-value of internode sections

ACt-value of internode section

Genotype Top Middle Basal
4 -6.93 -7.24 -7.81
7 -6.89 -6.07 -6.07
9 -6.69 -7.11 -7.40
14 -6.34 -5.71 -6.30
15 -6.80 -3.24 -1.18
16 -5.19 -5.11 -5.20

Note: positive is high expression.
L.S.D. (5%) = 2.78

53



An investigation of gene expression of cell wall biosynthesis and morphology in Miscanthus
M.T. Klaassen (2010)

Cellulose synthase (CESA)

Main effects and interactions between second and fourth stage of devel opment

The main effects ‘Stage of development’ and ‘Gepetyand interaction ‘Stage of development *
Genotype’ are significant for CESA (Table 19). Thedel fit with the data (Bis .767, hence 23.3%
of the variance remains is unexplained (i.e. red)dThe interaction Stage of development *

Genotype * Section could not conducted in the ANOd(® to limiting degrees of freedom.

Table 19. CESA ANOVA: 2 to 4" stage of development.

Source of variation d.f. S.S. m.s. F-stat. sig.
Stage of development 2 20.98 10.49 4.27 .026
Genotype 5 77.99 15.60 6.35 <.001
Section 2 3.51 1.76 0.72 .500
Stage of development * Genotype 10 56.93 5.69 2.32.046
Genotype * Section 10 24.53 2.45 1.00 AT72
Residual 23 56.47 2.46 24.14
Sample * Units * stratum 51 5.19 0.10
Total 103 242.11

R*=.767

CESA expression across stages of devel opment
Across all genotypes the expression of CESA differss the™ to 4" stage of development

(F(10,103)=2.32; p=.046) (Table 19). Figure 26siliates the\Ct-values of CESA for the genotypes

across the stages of development.
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Figure 26. Gene expression of CESA\Ct) across stages of development with standard emrdoars.
* Data of the first stage of development origindtesn a different data set than second to fourth (inbalanced comparison). Hence a
statistical analysis is not possible between tfst éind other stages of development due to lindtgiees of freedom.

No apparently clear trend in the expression of CES#bserved within the genotypes across the
stages of development (Table 17). Genotypes 4 axgh@ss LAC relatively higher at stages 2, 3 and
4 (compared to stage 1), whilst all other genot\giesv a relatively lower expression at these stages

Table 20. Relative expression of CESA in comparisao the first stage of development.

CESA fold change relative to first stage

Genotype Stage 2 Stage 3 Stage 4
4 2.8 2.7 25
7 -0.1 -6 -1.5
9 1.4 1.2 1.9
14 -1.4 -3.6 -2.9
15 -1.5 -4.2 -4.2
16 -0.8 -1.5 -1.8

CESA expression patterns across stem internode sections

The CESAACt-values of the stem internode sections do né¢rdéignificantly (F(10,105)=1.00;

p=.472). No apparent trend in expression of LAGHserved within the internode sections of the
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genotypes (Table 21). Genotypes 4, 7, 15 and 1% shelatively higher expression in the basal

internode than the top.

Table 21. CESAACt-value of internode sections

ACt-value of internode section

Genotype Top Middle Basal
4 -1.25 -1.20 -.63

7 -2.60 -4.72 -2.44
9 -74 -.39 -.80

14 -2.11 -2.53 -2.14
15 -1.89 -1.79 -1.01
16 -1.76 -0.99 -1.95

Note: positive is high expression.
L.S.D. (5%) = 1.87

5.2.4 Discussion

Experimental setup

The interaction between the expression levels@fjimes and stage of development differed
significantly across the genotypes for PAL, 4CL,@ And CESAA priori, one would expect that
expression levels of lignin and cellulose biosysthgenes are higher in genotypes with a relatively
higher lignin and cellulose content. Based on #seilts in Section 5.2.3, this is not the case. Titag

be due to the following factors of influence: tles@med putative gene function, SNPs and alleles of
the genes, type of tissue used as a sample, pailihg RNA samples and the developmental stage of
the harvested material.

The exact putative functions of PAL, 4CL, LAC anB®A remain unknown. Furthermore,
the genes are part of multi-gene families. Forainse, LAC has been associated with multiple
physiological functions (e.g. formation of phenorgtlicals and phenolic cross-linking in the cell
wall) (Liang, Haroldsen et al. 2006), but in pautar with lignin biosynthesis (Cai, Davis et al.0&).
However, studies show that over expression (DeaRalette et al. 1998) and down regulation
(Ranocha, Chabannes et al. 2002) of LAC did net #tjnin content. The genetic evidence of LAC
involvement with in lignification remains under dab (O'Malley, Whetten et al. 1993; Sato, Wuli et
al. 2001). In aspen, 4CL two isomers of the gengl§ehave been proposed to be specifically
involved in lignin biosynthesis and participationfiavonoid formation (Hu, Kawaoka et al. 1998). It
cannot be concluded that PAL is strictly relatetignin biosynthesis because it is involved in othe

pathways too (van den Broeck, Maliepaard et al8200
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The highly heterozygous genotypes used in thisystualy contain multiple alleles (and
SNPs). Therefore the exact type of PAL, 4CL, LA@ &ESA genes in the genotypes remains

unknown and may bring forth a bias effect of exgi@s (
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Table 7 in Section 5.2.1). Riboulet et@009) illustrate that different contigs of PAL, 4@nd LAC
in maize are differentially expressed across pliavelopment.

In this study, the tissue (i.e. bast and pith cai#f)in the internode sections (used for RNA
isolation) was not separated. Van den Broeck €2808) show that the expression PAL, 4CL and
LAC show differential expression between the baskt@ore pith tissues in fibre hemp. Although fibre
hemp andViiscanthus are different species, the “pooling” of the bastl @ore pith may bring about a
certain unknown bias.

Each RNA sample used for cDNA synthesis, consistedio pooled stem internode sections
(see Figure 14). It was attempted to pool two imades of the same stage of plant development (by
means of the biological marker: no. of visible leg However, the preciseness of this marker is
unknown and may bring forth error (when RNA samplediffering stages of development are
pooled). Therefore, this potential error of poolmgy have influenced the gene expression levels by

averaging out the high and/or low values.

Biotic factors

It is known that biotic factors influence the biaflyesis of lignin (cf. Vanholme, Demedts et al. @01
A fungal infection (assumed to Bythium sp.) was observed in the plants in the greenhouseagluri
the 3% to 4" stage of development. This phenomenon may haweéttan alteration in expression

levels at the time of infection and there after.

Potential improvements

A possible solution to overcome (a part of) theeptitil biases, would be to perform this study in a
model species (e.gwvabidopsis or maize). In such a case, homozygous (inbred}Ilmay be used
with more research and bioinformatics data resauageilable (e.g. DNA sequences and SNPs).
Hence, primers of specific genes (with known fumetand family membership) may be monitored.
The developmental stages may be synchronized niitceetly by growing the plants from seeds

instead of rhizomes.
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5.3 Biochemical composition of the stem internodes

Section 5.3 presents the results of the biocheraitalyses of the complete second stem internode at
the four stages of plant development. The biochaihaentent entails the dry matter content (DM),
acid detergent fiber (ADF), permanganate ligninl@). cellulose and ashes (Section 5.3.1). Due to a
lack of biomass material, only genotypes 14 and/dfe analyzed at the first stage of development. In
most cases the measurements are based on a stayjeocht (N=1). Only genotype 16 was replicated
(N=2) at the % and 4" stage of development. Therefore no statisticallyccete conclusions can be
drawn from differences between the genotypes aighesdevelopmental stage. Statistical analyses are

possible between the stages of developmental @nadairessed in Section 5.3.2.

5.3.1 Biochemical composition within each stagd@felopment

First stage of development

Genotypes 14 and 15 show relatively large diffeesrin terms of ADF, cellulose and ash, and a small

discrepancy between pLIG (Figure 27). The DM conigsimilar between the two genotypes.
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Figure 27*. Biochemical composition of the completsecond stem internodes at developmental stage 1.
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* Data is based on a single measurement (N=1). gpes 4, 7, 9 and 16 could not be analyzed duestdfficient biomass material at this
stage of development. Figures are rounded off tolevhumbers.

Second stage of devel opment

In terms of DM content, genotypes 4, 15, 16, 9add 7 are ranked highest to lowest respectively
(Figure 28). The genotypes show approximately &mesDM values, and the maximum DM
difference between the genotypes (4 and 7) is 5AD. ranks highest to lowest for genotypes 7, 15,
4,14, 9 and 16. The maximum ADF difference is 8(B#ween 7 and 16). pLIG values do not show
very much difference between the genotypes. Thyesardifference (between sample 16 and 15) is
3.2%. Cellulose composition ranked from high to iavgenotypes 16, 9, 14, 15, 4 and 7. The largest
cellulose difference (5.3%) is between sample IbAarAsh content differs considerably differences
between the genotypes. Genotype 16 scores theshifhé3 mg/g DM) and 4 (28 mg/g DM) the
lowest on ash content.
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Figure 28*. Biochemical composition of the completeecond stem internodes at developmental stage 2.

* Data is based on a single measurement (N=1).r&sgare rounded off to whole numbers.

Third stage of development

DM content ranges between 29.1 — 46.6 % for thetypes. Genotype 16 has a standard deviation

(SD) of 4.5 (10% of mean value). In terms of ADFg&notypes show relative approximate values
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(43.6 — 46.1 %DM), the SD of genotype 16 is 0.8Glzalues are highest for genotypes 15, 9 and 16
and lower for 14, 4 and 7. The SD of genotype 163s Cellulose content ranges between 32.3 — 36.9

% between the genotypes; the SD of genotype 1®isAsh content showed ample difference

between the genotypes (0.376 — 0.767 mg/g DM). Gees 9 and 4 have the highest ash content,
whilst 14, 7, 15 and 16 contain much less. The Sgeootype 16 in ash is 0.2.
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Figure 29*. Biochemical composition of the completeecond stem internodes at developmental stage 3

with S.D. bars.

* Data is based on a single measurement (N=1) p¢xXoegenotype 16 (N=2). Figures are rounded@ff/hole numbers.

Fourth stage of devel opment

The DM content ranged between 36.9 — 53.8 % (FigQjeThe standard deviation (SD) of DM in
genotype 16 is 5.0 (10% of mean). ADF content \mtyveen 44.8 — 52.5 % DM, with genotype 14
and 9 showing the highest and lowest values reispéctThe SD of ADF in genotype 16 is 0.4. pLIG
values ranged between 18.1 — 21.4 % DM, the S2motype 16 is 0.4. Cellulose levels ranged
between 28 — 33.2 % DM. The SD of cellulose in ggo® 16 is 0.8. Ash content showed relatively
more variation (between 0.4 — 0.65 mg/g DM). Theds@sh in genotype 16 is 9.6.
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Figure 30*. Biochemical composition of the completeecond stem internodes at developmental stage 4
with S.D. bars.

* Data is based on a single measurement (N=1) p¢xoegenotype 16 (N=2). Ash has missing valuegemotype 15. Figures are rounded
off to whole number.

5.3.2 Biochemical composition between the stagekewélopment

Investigating the statistical assumptions

Normality of all the data was validated after havinspected the Q-Q plots. Levene’s statistic
indicated that DM (p=.204), pLIG (p=.354) and Aglr 820) have equal variances, whilst ADF
(p<.001) and cellulose (p<.001) do not.

Dry matter content

As shown in Figure 31 DM content is not equal aherfour stages of development (F(3,18)=47.3,;
p<.001). A clear positive trend in DM content issebved across plant development. The pair-wise
comparisons between all stages of developmenigmgisant for Tukey’s method (p<.049).
Bonferroni and Sidak methods consider all compagsignificant, except between development 3
and 4 (p=.065 and p=.063 respectively).
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Figure 31. DM content across the stages of developmt with values and 95% C.I. bars.

Acid detergent fiber content

Figure 32 shows that ADF content is not equal ¢iwerfour stages of development (F(3,18)=47.0;
p<.001). ADF content is relatively high at théstage of development, then declines and remains
approximately stable through the rest of the sta@as-wise comparisons (Tukey, Bonferroni and
Sidak) show a non-significant difference betweageas of development2 & 3,2& 4and 3 &4
(Tukey p-values: .208, .994 and .114 respectivélif)comparisons with the first stage of
development are highly significant (p<.001).
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Figure 32. ADF content across the stages of devetopnt with 95% C.I. bars.
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Permanganate lignin content

As presented in Figure 33, pLIG content is unequabss all stages of development (F(3,18)=86.5;
p<.001). pLIG content clearly increases over stdg®s3. From stage 3 to 4 no significant change is
observed (Tukey p=.680; Bonferroni p=1.0; Sidakgps). All other comparisons are significantly
different from each other €p001).
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Figure 33. pLIG content across the stages of deveiment with 95% C.I. bars.
Cellulose content
As shown in Figure 34, the cellulose content isquia¢ over all stages of development (F(3,18)=12.9;
p<.001). ADF content increases from stage 1 — @ tla@n gradually decreases from 2 — 4. The pair-

wise comparisons between stages 1 & 2, 1 & 3 atadl lare unequal to each other(P04). All other

comparisons are non-significant(p89).
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Figure 34. Cellulose content across the stages @walopment with 95% C.I. bars.

Ash content

As presented in Figure 35, ash content does rier difgnificantly across the stages of development
(F(3,18)=1.58; p=.231). Furthermore, the pair-wiseparisons between all the stages of

development are highly non-significant on Tukey.({81), Bonferroni (p.253) and Sidak 284)
methods.
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Figure 35. Ash content across the stages of devetognt with 95% C.I. bars.
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5.3.4 Discussion

In this study, a number of potential influentiattars may have caused a bias in the biochemical
analysis of the stem internodes. These factorsentgil the sampling of the biological material ve t
analysis and the method of analysis.

The rhizomes were not all of identical size wheacplin the greenhouse pots. In a number of
rhizomes small shoots from the previous seasoraleddy developed. These were the first
internodes to grow tall during plant growth. In geal, these stems were the first to be harvested
because they were taller than the others (i.e. mmotegical material for analysis). Due to thisesff
there may be a bias in the results.

The ANKOM method requires biomass samples betweth@55g. However due to limiting
biological material this was not the case in 1#hef22 samples (Appendix 9.10). Furthermore, most
samples were based on a single measurements (edgly two samples were replicated (N=2).

Thus the measurement error in most samples is wrkno
Potential improvements
A solution to these potential biases would be taenase of plants that are grown in field plots from

rhizomes of identical size and developmental sthgthis way, sufficient biological material would

be available for the biomass samples and replicates
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5.4 Relationship between gene expression and maichécomposition

Section 5.4 aims to illustrate the relationshipiwetn expression of PAL, 4CL, LAC and CESA with
lignin and cellulose in the second stem internode.
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Table22 presents thACt-values (=Ctndogenous Ct-sampld with corresponding pLIG and cellulose
contents across the four stages of developmentrélative expression data in
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Table22 should be considered per gene within each stadewvaflopment.

First stage of development

No apparently clear relationship is observed betvike gene expression levels and biochemical
contents. Cellulose content differs considerabtyben two genotypes (11.5 % DM), whilst the
differential expression between the samples of CEE3Ainimal ACt = 0.1). PAL, 4CL and LAC
displayACt differences between 0.5 - 1.1, yet pLIG contemies by only 0.6 % DM.

Second stage of devel opment

No strikingly coherent relationship is observeda®sn the gene expression levels and biochemical
contents. Cellulose and pLIG content varies betvwase6 — 37.9 and 14.8 — 17.9 % DM respectively.
Genotypes 9, 14, 15 & 16 show a moderate relatipristween CESA expression and cellulose
content, whilst genotypes 9 and 16 clearly no Réi. expression of genotypes 4, 7, 14 15 & 16
shows association with pLIG values, but genotypasdt15 do not. In general, 4CL and LAC

expression matches the association with pLIG valeresept for genotype 15.

Third and fourth stage of devel opment

Seemingly there is no clear relationship betweergtime expression levels and biochemical contents
at the third and fourth stage of development. Essic of CESA, PAL, 4CL and LAC do not show a

plausible relationship with cellulose and pLIG aarit In a number of cases expression is high whilst
the cell wall contents of the stems are low ane wviersa (e.g. PAL expression genotype 14 and 15 at

stage 3 respectively).
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Table 22. Gene expression levels and biochemicahgposition of the stem internodes.

Biochemical composition

Stage of Genotype Relative gene expressiakCt{value) (% DM)
development PAL 4CL LAC CESA pLIG Cellulose
1 14 ++ (1.6) + (-4.2) + (-4.2) +(0.2) 4.8 28.4
15 +(0.5) ++(-3.7) ++(-3.2) +(0.2) 4.2 16.9
2 4 +(2.6) + (-4.9) --(-8.8) +(-0.3) 16.5 34.0
- (2.0) +(-4.4) - (-7.6) - (-0.5) 15.3 32.6
+(2.4) +(-3.8) -(-7.1) +(-0.2) 15.9 36.8
14 +(2.5) + (-4.3) - (-7.5) +(-0.2) 17.2 35.3
15 ++ (3.5) +++ (-1.5) +++ (-0.5) - (-0.4) 14.8 .83
16 +(2.8) +(-4.3) - (-6.6) - (-0.6) 17.9 37.9
3 4 +(3.0) - (-3.9) -- (-7.0) +(-0.3) 18.3 34.8
+(2.9) -(-3.8) - (-5.0) -(-1.8) 203 33.9
+(2.9) - (-4.0) - (-5.7) +(-0.3) 21.4 334
14 ++ (3.9) +(-3.4) + (-3.6) - (-0.7) 18.2 36.9
15 +(2.7) -- (-4.5) - (-4.7) - (-0.9) 22.0 33.8
16 ++ (3.7) -(-3.7) + (-3.6) + (-0.3) 21.1 33.7
4 4 ++ (1.6) +(-3.0) - (-5.2) - (-0.4) 18.4 32.9
- (-0.8) -(-4.1) -(-6.2) - (-0.9) 20.2 33.1
+(1.1) + (-3.0) -- (-6.8) ++ (0.0) 21.4 33.2
14 -(0.3) +(-3.5) - (-7.0) - (-0.6) 19.1 28.0
15 - (0.5) -(-4.3) - (-5.6) -- (-0.8) 18.1 325
16 +++ (3.2) ++ (-1.9) + (-3.7) +(-0.2) 19.8 30.
* Relative expression across complete stem interimodicated at 4 levels: --, -, +, ++. Relative i@gsion should be considered per gene

within each stage of development. Posithét-values represent relatively high expressioroimgarison with the endogenous genes (and

vice versa).

5.4.1 Discussion

In Section 5.4 the attempt is made to identifylati@nship between the expression of the genes with
corresponding cell wall component. This analogy meyiased by a number of factors namely: the
putative function of the genes, the accuracy otibbehemical analyses, the time lag between gene
expression and biosynthesis of cell wall components

Firstly, the genes show a relatively high corregjgmte with their putative candidate but it
remains debatable if the genes are truely PAL, 4@C and CESA. Secondly, the biochemical
analyses may bring forth a certain error becausesdimples did not all have the minimum mass as
specified in the protocol. These two factors oliahce are integrated together in the analogy aag m
bring forth a bias.
Furthermore, in cells a time lag exists betweensitéption (expression) and translation (synthesis)

Therefore, comparing the expression levels witlehsonical contents both at the same stage of
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development (i.e. same moment in time) may notrbiea@ccurate procedure of analogy. For example,
if expression of CESA is relatively high at timeiqtal the effect may not be noticeable at time pain

but at time point 2 or 3.

Potential improvement

In order to correct for the time lag between traipsion and translation, the biological samples for
gene expression may be harvested earlier than tho#ee biochemical analyses. However, in such as
case it remains unclear as to how much time shoetiddeen these steps. In an ideal situation, nea ti
information would be gathered on both expressiahtdachemical content but this is not possible in
practice. Therefore, a potential improve coulddedllect many more samples to analyze the changes
across the stages of development. This could bahgesf this study is performed on genotypes

grown in the field from large rhizomes with abundstem material.
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6. Conclusions

Chapter 6 provides statements that provide answibietsub-research questions posed in Section 3.4.
The conclusions are presented per topic in Seétibimorphology of the stems and internodes),
Section 6.2 (gene expression patterns), Sectio(b&®8hemistry of the stem internodes) and finally

Section 6.4 (the relationship between gene exmessid biochemistry of stem internodes).

6.1 Morphology of stems and internodes

Considerable variation in terms in the number t#rimodes per stem, length, mass and dianidtet.
giganteus has the highest internode mass and diameter.ntéespecific hybrid has a relatively low
internode length, mass and diameter. Considerabiphnlogical variation is present in the stem and
internodes characteristics of thike sinensis genotypes.

Within all 20 genotypes, eight positive and a séngbgative correlation are found between the
stem and internodes characteristics. Strong coiweia(>.9) were present between stem mass -

internode mass, stem mass - internode diametantrdode mass - internode diameter.

6.2 Gene expression patterns

Expression of PAL, 4CL, LAC and CESA alter sigrefintly over the stages of development across the
genotypes. In general, expression of PAL and LA&hetheir maximum expression at the third stage
of development. Genotypes 14, 15 and 16 expressdPlLLAC relatively high across a number of

stages of development.

6.3 Biochemistry of stem internodes

Across the stages of development the levels of BDF, pLIG and cellulose are not constant for the
genotypes 4, 7, 9, 14, 15 and 16. DM and pLIG auritereases through all four stages of
development. Cellulose levels are the highesteaséitond stage of development and subsequently
decline in the third and fourth stage. ADF contestches the highest point in the third stage of

development.
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6.4 Relationship between gene expression and askry of stem internodes

No clear relationship is observed between the asggya of PAL, 4CL and LAC with pLIG content;
and CESA with cellulose content. In the case dfifighiosynthesis, rather a mild negative relatigmsh
is observed. Genotypes with lower amounts of pli@Gus higher relative expression for PAL, 4CL
and LAC. Therefore, no hard evidence is found tmeisite PAL, 4CL, LAC and CESA (of this study)

with cell wall biosynthesis function.
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7. Recommendations

Chapter 7 provides recommendations for researatelbrvall biosynthesis iiMiscanthus and other

species.

FutureMiscanthus research should be carried out using genotypesgrgon field plots. In doing so
the environmental conditions of the experiment$ malidentical to hovliscanthusis cultivated in
society for bio-based products. Hence, the reseastlits will not be biased by differential
environmental conditions in a greenhouse. Growlireggenotypes in the field will yield more stems
than in the greenhouse and more pooling and réjlrcavill be possible in the analyses. Also the
genotypes should be grown from rhizomes of idehs$iizz. In doing so, plant developmental stages
can be synchronized accurately. The applicatianlmid lines would make genetic analysis far less
complex.

In order to gain insight into fundamental conceyteell wall biosynthesis, it is recommended
to perform the research in model species sudkrasdopsis or maize. In such a case, homozygous
(inbred) lines may be used with ample bioinformatiesources available (e.g. on primers, sequences,
QTLs and SNPs). Primers of specific genes (withaméunction, isomeric form and family
membership) may be monitored. Moreover, the devetopal stages may be synchronized more
efficiently by growing the plants from seeds insteérhizomes.

In comparison to this study, an alternative mettagioal approach is to analyze the
expression of cell wall biosynthesis genes betwsesh and pith tissue of the stem internodes (see
study in Hemp (van den Broeck, Maliepaard et ad&0In this way, the expression of the putative
genes may discriminate in the different tissue sydénis may be used as a tool to validate thatthes
genes are likely to be involved in their putativedtion.

In future research, more bioinformatics data walldvailable through databases. These should
be exploited to design gPCR primers for cell wadkgnthesis genes that were omitted in this study.
Moreover, it is also interesting to investigate éx@ression of genes in pathways prior to lignichsu

as the shikimate and aromatic amino acid biosyigipehways.
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9. Appendix

9.1 Phenylpropanoid (lignin) biosynthesis pathway

Figure 36 illustrates the phenylpropanoid biosysithgathway in Sorghum (KEGG 2010).
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Figure 36. Phenylpropanoid biosynthesis pathway iSorghum (KEGG 2010).

Codes in the boxes illustrate the EC enzyme codes.

9.2 Further specifications of genotypes

Table 23 presents the details of the genotypegdbrg programmes codes and trace elements) used
in this study. Two studies describe genotype M3:88-n further detail (Jgrgensen 1997; Clifton-
Brown, Lewandowski et al. 2001).

Table 23. Specifications of the field and greenhoegyenotypes.

Serial Trace elements (mg/g)
No. Clone  Genotype Trial Plot  Entry_Name Cl PO4 SO4Ha K Mg Ca
1 G0106 HO0144 OD0608 168 EMI8 .00 217 58 .05 .67 .70 1.15
2 G0107 HO0146 0OD0608 170 EMI 13 .00 347 93 .06521.1.28 1.73
3 G0112 HO0160 ©ODO0608 184 MB 23 A3 273 98 48 263 .83 .92
4 G0114 HO0180 OD0608 204 MB 54 .03 3.29 90 .30 23.6.41 1.13
5 G0117 H0210 ODO0608 233 MB 148 .00 225 68 .13 162 .67 .83
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6 G0118 H0223 OD0608 245  Sirene .03 240 54 15231, 52 133
7 G0119 H0227 ODO0608 249 Prof.Richard Hanser .00 196 .47 .15 226 .55 1.65
8 G0120 H0233 OD0608 256 MB 162 .00 1.70 .64 .08 8 .9.73 74
9 G0121 H0242 ODO0608 265 MB171 .00 197 38 .16 142 52 81
10 G0123 H0244 OoD0608 267 MB173 .00 244 55 11371 .82 1.09
11 HO0118 ODO0307 118 Giganteus .02 9 81 .41 135 49 42
12 HO0119 OD0307 190  MS-90-2 .06 152 J7 .07 15278 1.06
13 H0120 ODO0307 120 MS-88-110 .00 146 68 .22 138 .56 .76
14 HO0151 OoD0608 175 MB11 01 225 53 .20 2458 3.76
15 HO0165 ODO0608 189 MB 31 .00 186 .62 .13 236 .56 .88
16 HO0211 OD0608 234  MB 150 .00 245 52 .29 20766 . .92
17 H0238 ODO0608 261 MB 167 .00 184 42 .14 131 .69 .98
18 H0241 OD0608 264 MB 170 31 227 57 .54 3.4638 . .66
19 H0248 ODO0608 271 MB 190 .01 168 .67 .12 174 .43 .78
20 H0139 OD0608 (162) EMI5 nd. nd. nd nd.dn nd nd

9.3 Double randomized block design

Figure 37 illustrates the randomized block desifgine genotypes grown in the greenhouse. The first

two left columns make up the first block; the nexo the second block.

168 249 16 261

267 184 118 271

189 234 245 170

233 204 267 256
162 118 120 265

265 175 175 204

120 264 233 189

170 16 168 184

245 271 264 249

256 261 162 234

Figure 37. Double randomized block design of the genhouse grown genotypes.

9.4 Morphological characteristics of the harvestens

Table 24 - Table 27 provide basic information @& Harvested plant material (i.e. stem internodes fo

gene expression and biochemical analyses) at timestages of development.

Table 24. Harvested stems at first stage of develognt

Base stem Max. broadness Leaves from previous

Harvesting date Acesssion Nr. No. leaves Plargttei diameter leaf season
/ Genotype (cm) (mm) (mm)

3-3-2010 204.1/16.1 8 38 5 10 yes 1

3-3-2010 204.2/16.2 8 51 4 10 yes 2
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3-3-2010 249.1/7.1 8 59 6 10 yes 3
3-3-2010 249.217.2 8 57 6 10 yes 3
3-3-2010 265.1/9.1 8 60 12 no
5-3-2010 265.2/9.2 7 54 10 no
5-3-2010 234.1/16.1 73 8 19 no
3-3-2010 234.2116.2 44 12 yes 3
3-3-2010 175.1/14.1 12 120 13 22 yes
5-3-2010 175.2/14.2 9 130 10 23 yes
5-3-2010 189.1/15.1 12 108 12 26 yes
3-3-2010 189.2/15.2 11 97 11 23 yes
Table 25. Harvested stems at second stage of deyef@nt
Base stem Max. broadness Leaves from previous
Harvesting date Acesssion Nr. No. leaves Plargtttei  diameter leaf season
/ Genotype (cm) (mm) (mm)
3-3-2010 204.1/16.1 15 161 <) 24 yes 2
3-3-2010 204.2/16.2 13 140 6 22 yes 2
3-3-2010 249.1/7.1 12 130 6 14 yes 2
3-3-2010 249.217.2 14 146 7 13 yes 3
3-3-2010 265.1/9.1 14 156 23 yes 1
5-3-2010 265.2/9.2 13 160 18 yes 1
5-3-2010 234.1/16.1 12 198 8 16 yes 3
3-3-2010 234.2/16.2 12 169 10 18 yes, 3
3-3-2010 175.1/14.1 17 174 11 25 yes 6
5-3-2010 175.2/14.2 14 203 9 23 yes 3
5-3-2010 189.1/15.1 16 135 22 yes 3
3-3-2010 189.2/15.2 14 137 20 yes 3
Table 26. Harvested stems at third stage of develognt
Base stem Max. broadness Leaves from previous
Harvesting date Acesssion Nr. No. leaves Plargtttei  diameter leaf season
/ Genotype (cm) (mm) (mm)
3-3-2010 204.1/16.1 13 112 8 22 yes 1
3-3-2010 204.2/16.2 14 177 <) 23 yes 3
3-3-2010 249.1/7.1 15 111 13 yes 4
3-3-2010 249.2/17.2 16 135 14 yes 4
3-3-2010 265.1/9.1 15 137 20 no
5-3-2010 265.2/9.2 16 194 21 yes 3
5-3-2010 234.1/16.1 16 256 12 26 yes 3
3-3-2010 234.2/16.2 16 252 9 25 yes 4
3-3-2010 175.1/14.1 18 206 14 24 yes 4
5-3-2010 175.2/14.2 17 214 9 23 yes 3
5-3-2010 189.1/15.1 16 150 20 yes 3
3-3-2010 189.2/15.2 16 150 20 yes 5
Table 27. Harvested stems at fourth stage of devg@iment
Harvesting Plant Base stem Max. Leaves
date Acesssion Nr. No. leaves height diameter  broadness from Remarks
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leaf previous
season
/ Genotype (cm) (mm) (mm)
slightly etiolated
3-3-2010 204.1/16.1 11 67 4 13 yes 1 leaves
starting to flower
3-3-2010 204.2/16.2 14 147 6 21 yes 1 slightly
slightly etiolated
3-3-2010 249.1/7.1 13 216 9 yes 1 leaves
3-3-2010 249.2/17.2 12 197 14 yes 3 fully flomegr
3-3-2010 265.1/9.1 14 97 22 yes 2 etiolated leaves
5-3-2010 265.2/9.2 14 161 16 yes 2 almost flowering
5-3-2010 234.1/16.1 15 214 18 yes 2
3-3-2010 234.2116.2 16 189 22 yes 2
3-3-2010 175.1/14.1 21 244 23 yes 6
5-3-2010 175.2/14.2 18 178 20 yes 6
5-3-2010 189.1/15.1 15 177 6 20 yes 3 startirfiptoer
3-3-2010 189.2/15.2 21 115 6 18 yes 7

9.5 DNA isolation protocol (Tanksley’'s modified rhetl)

DNA was isolated from the leaves using the follayvprotocol:

Place the leaves in a 2 ml tube with liquid nitnoged mill it completely fine

N

bisulfate) and vortex well

© 00 N oo o1 b~ W

Pour off the supernatant
10 Wash the pellet with 1000 pl 70 % ethanol

Add 700 pl supernatant into new 1.5 ml tube
Add 560 pl isopropanol and shake the tubes cayefunite again (40x)
Spin down for 5 minutes

11 Dry the pellet and dissolve it in 50 pl TE buffer*

12 Measure the DNA concentration.

Place tubes in 6% bath for 1 hour (vortex 4x in between the hour)
Add 800 pl chloroform and shake the tubes care{didx)

Spin down for 5 minutes

* Details of buffers are found in the books of thelecular lab of the Plant Breeding department.

Add 800 ul fresh buffer* (extraction buffer + lysisiffer + sarcosyl solution (5 % w/v) + sodium
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9.6 DNA fragment isolation and cloning

Section 9.6 shows the technical details of howpitig-A tails were added to the purified PCR

fragments (Section 9.6.1) and the molecular clotwog place in the competent cells (Section 9.6.2).

9.6.1 Addition of poly-A tails to the purified PORagments

Master mix (for 15 samples): 7.8l dream taqg. pol.
19.5ul 10x tag. buffer
2.7u 0.25mM dATP
2.7ul MQ

Total volume: 2.18l per well + 1@l purified PCR fragments.

Incubation programme: 25’ 72°C, 0 10°C.

9.6.2 Cloning procedure

Ligation mixture: 0.25ul vector (50ngil)
1ul ligase
5ul 2x buffer
3.75ul MQ

Total volume: 1Qul per sample and left over night at (s

9.7 Sequence PCR

The sequence PCR was carried out to synthesizafdrand reverse fragments (of the isolated PCR

fragments) needed for sequencing.

Forward and reverse PCR reaction mix

4 ul purified PCR fragments

4 ul DETT

0.5ul M13F primer (forward reaction)/ M13R primer (rese reaction) (10 pmail)
1ul MQ

Total volume = 1Qul per sample.
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Sequence PCR programme; 30" 94°C, (20" 94°C, 15" 50°C, 1’ 60°C) 25x,0 10°C.

9.8 Sephadex cleaning method

The sephadex cleaning method (see list below) ywpalsea to purify the DNA fragment of the

sequence PCR.

1 Add sephadex (G50-fine, Amersham) to the 96 weltisareen filter plates (Millipore cat. No.
MAHVN4550) using column loader (Millipore cat. NBIACL09645)

Add 330ul MQ to the number of wells to be used

Let it stand for 4 hours at room temperature oraight at £C

Place the waste plate under the filter plate amdrifege for 5 minutes at 729g

a b W DN

Replace waste plate with collection plate and adddrward and reverse sequence PCR samples

to the wells

(o3}

Centrifuge for 5 minutes at 7299

7 Continue with sequence reaction or store atG20

9.9 Adapted CTAB-MINI RNA extraction protocol

RNA was isolated from the stem internodes usingdahewing protocol:

Crush and grind the internode completely in a aeamortar with liquid nitrogen
Add 400pl pre-warmed CTAB buffer and incubate for 10 mirsudé 65C

3 Vortex thoroughly. Emulsify tissue/buffer mixturetiw800ul chloroform and vortex. Spin down
in microfuge for 2 minutes at room temperature

4 Transfer top phase to fresh microfuge (@ add the same amount of choloform and vortex
thoroughly. Spin in microfuge for 5 minutes at roamperature and carefully pour off
supernatant

5 Add 500ul wash buffer (80 % ethanol) and leave for 2 misufpin down 3 minutes and discard
supernatant with pipette

6 Dry pellet on ice and dissolve it in 100MQ

7 Add 33ul 8M LiCl. Place at -28C for 30 minutes. Spin down (cold centrifuge) forr@inutes at
14.000 RPM

8 Rinse with cold 80 % ethanol. Spin down for 2 mesuat 14.000 RPM (cold centrifuge)
Dry pellet and dissolve in 28 MQ.
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9.10 Mass of samples in biochemical analysis

Table 28. Mass of samples in biochemical analysis.
Sample Stage of development  Sample mass (g)

4 2 A5
7 2 .29
9 2 .34
16 2 49
14 2 .50
15 2 .39

4 4 .21
7 4 .48
9 4 .28
16 (rep.1) 4 .50
16 (rep.2) 4 .52
14 4 .51
15 4 .28
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9.11 Conducted activities during thesis study

During the period of research a wide range of é@/were conducted. Table 29 provides the cHadtiating which activities were carried out duyithe 36

week period.

Table 29. Conducted thesis project activities durig the study.

Project activity January February March April May uné July August September

1112111211112 |2(2|2|2(2|2|2|2|2|3|3|3|3|3|3]3
11 2| 3] 4 5 6 7 8§ 901|283 |4|5]|6]|]7|8[|9]|0|1 |2 |3 |4 |5|6|7|8|9]|]0]1 ]2 |3 |4|5]|6

Review literature

Write proposal

Make a planning

Stem internode analysis
Molecular lab activities

Collecting stem material . - -

Gene expression

Biochemical analysis
Holidays/break
Write thesis report
Examination of draft thesis repornt
Examination of final thesis repor
Collogium and thesis defence
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