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ABSTRACT

Miscanthusspp. are woody, perennial and rhizomatous grasses which have potential for high
growth ratesThe rapid growth and high biomass yield Miscanthusspp. with low fertilizer

inputs make ita genus of interest for the production of biofudd is already used for heat and
electricity production Four developmental stageere detected iMiscanthusgiganteusstems

over the growing season in field collected material using light microscopy and data obtained
from the measurement of stem heights, length of internodes and biomass Mieffiganteus

ti ssues att ai ne dNodemietaitewhithynd fulthgr ced wdll ddvedopment
wasobserved. These growth stages were used as a basis to study development of lignification in
M. giganteusat different harvesting times. Eaftyarvested material oM. giganteuswas
observedto be immature havingvery low lignin content withsubsequentlevelopment and
increasen lignification in different cell types. At the time of maturity (Octoldwvember), the

crop acquiredts maximum degree of lignification. Development of tissues and lignification also
differed conspicuously at different heights in the stem. Upper internodes of the stem appeared
immature with lower lignin content whilst basal internodes wei@e mature and highly
lignified. Development of tissues and lignification within the stenMofgiganteusproceeded

acropetally

Saccharification yield analysed using NREL protocols fluctuatil growth stage andegree

of lignification throughout the seasdBaccharification yield was highest at the beginning of cell
wall expansion stage (July), loweuring AugustSeptember, higher at cell wall thickening stage
(October) and then was lowest during maturation and senescence (November to January).

The bottom internodes with thick cell walls showed higher glucose yield after saccharification
than the upper internodes in which cells were still elongating and expanding. Saccharification
levels and patterns iNl. giganteusdid not vary substantially at different geographic locations
and observation frorthe flowering speciesMiscanthus saccharifloruand Miscanthus sinensis

(as well as on the main material of the stiullygiganteuswhich is nonflowering) also showed

that the seasonal saccharification vyjelgarticularly the characteristicreduction in
saccharification yieldwas not due toa pseudo floweng in M. giganteus Taken together, the

Abstract Page3



Developmental Characteristics of Miscanthus spp. thdluence saccharification and biofuel potential

results of saccharificatioat different harvesting timand at different heights in the stesaer
one growing seasosuggestOctober to be the ideal month to harvest the crop for eatigm

glucoserelease.

Enzymatc degradatiorby the action of cellulase enzymes different tissues and cell typés

27 um transverse sections M giganteusstemwas also studied under light microscopy from
early, mid- and lateharvested materials. Eatharvested material in Jufmmature andess
lignified) showed the highest rates of cell wall decay, whereashéatested material in
Novemberand January (mature amdth high degree of lignificatioh showeda low degree of

cell wall degradation. The most readily degradableu¢isswere the phloem, followed by
parenchyma and fibre cells. The cortex and epidermis were found to be recalcitrant to the
enzyma. However, thin cross section (2 um) of embedded material shewmé evidence at

high resolution ofdegradation of sclerencina, fibre cells and some cortex celladerthe

epidermis

Starch levels determined at different times over one growing season and at different heights in
the stem showed significant influences of stem awggeographic location. Different locations
influencal the concentration of starciihe starch concentration was not uniformly distributed
throughout the plant and was higher in mat@oettom) internodes than youngguppe)

internodes.
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Plate 3.7: (a & b) Cell wall expansion stage. (c & d) Cell wall thickening stage. (§ &
Maturation stage. (g & h) Senescee st age. 27 em TS stained
counterstained with Chlorazol bl ack. Scale Ba

Plate 3.8:(a, & b) cell wall expansion (c & d) Cell wall thickening (ef&Maturation stage. (g
& h) Senescence stagero@l7ucim dlS. s$@dlne dBawri t shh c

Plate 3.9:Lignin histochemicakco | our r eacti ons with safranin ar

sections of different months in Year 26078 . Scal e bar shows 180 &m.
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Plate 3.10:Lignin Histochemical Colour reactions withP  + CB. 27 em transev
different months in Year2000 8. Scal e bar -fs)lho& sl @@BOec mm nn ( a

Plate 3.11:Li gni n Hi st ochemi cal Col our reactions v

sections of different months in Year 2608. Scal e bar shows 180 &m.

Plate 3.12 Spatial developmental stages at different internodes of the stem in July22009.e m
TS stained with Safranin & AlcianBlu& c al e bar shows 185 em in (a
65 em in (b, d and f).

Plate 3.13 Spatal developmental stages at different internodes of the stem in Oct2009. € m
TS stained with Safranin & AlcianBlu& c al e bar shows 185 em in (a
65 em in (b, d and f).

Plate 3.14:Spatial developmental stages at different mbeles of the stem in Nov 200®.7 & m
TS stained with Safranin & Alcian Blu& c al e bar shows 185 em in (a
65 em in (b, d and f).

Plate 3.15:Spatial developmental stages at different internodes of the stem in De®2009.e m
TS staned with Safranin & Alcian BlueSc al e bar shows 185 em in (a
65 em in (b, d and f).

Plate 3.16:2 year Study; Development of lignifications at different month20070 8 . 27 €m
sections were stained with Safranin (1% ag.) aed tounterstained with Alcian Blue (1% aq.).

Scale Bars show 180 & m.

Plate 3.17:2 year Study; Development of lignifications at different month20070 8 . 27 €m
sections were stained with Safranin (1% aq.) and then counterstained with Alcian Blue)(1% aq.

Scale Bars show 180 & m.

Plate 3.18:2 year Study; Development of lignifications at different month20070 8 . 27 €m
sections were stained with Lignin Pink, and then counterstained with Chlorazol Black. Scale
Bars show 180 em bu@uly300aldSep2B&)Y is 100 e&em in
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Plate 3.19:2 year Study; Development of lignifications at different month20070 8 . 27 €m
sections were stained with Lignin Pink, and then counterstained with Chlorazol Black. Scale
Bars show 100 em in ¥e2008 2007 and 180 e€m in Y

Plate 3.20:2 year Study; Development of lignifications at different month20070 8 . 27 &€m
sections were stained with Periodic Acid Schi

Plate 3.21:St udy of anatomy of 2 em secaindn&d n Jul
stained with TOB, & Fucshin Basic. (e, & f) stained with Acridine. (g & h) Periodic Acid Schiff

reacti on. Scale bars show 180 g m.

Plate 3.222St udy of anatomy of 2 em section. (a & b
TOB, & FucshinBasic. (e & f) stained with Acridine. (g & h) Periodic Acid Schiff reaction.
Scale bars show 35 &gm.

Plate3.23:Li gni n Hi st ochemical Col our rverseectiormns wi
of different months in Year 2060 8 . Scal e bar shows 180 &m.

Plate 5.1:Pieces of IN2 in water (a, & e) and universals of cellulase mix buffer (b&d) for
7daysat56°C and then 25 em transverse sections w
Alcian Blue. The cells of the tissues exposed to water were {@ac& e) and those exposed to

the enzyme mix shows degradation of tissues in phloem tissue and secondary cell wall in the
parenchyma <cell s. Sc &lbe baanrd s2h oewns (4c0, edm ien &
degradation of tissues.

Plate 5.2:Pieces 0fN-2 in water (a, & €) and universals of cellulase mix buffer (b%d) for
12daysat56C and then 25 em longitudinal sections
Alcian Blue. The cells of the tissues exposed to water were intac&(a) and hose exposed to

the enzyme mix shows degradation of tissues i

&b) and 2 em (c, d, e & f). Arrow shows degr a

Plate 5.3:Pieces of IN2 in universals of cellulase mix buffer (a, b&cd) for 3 days at 5¢C
and then were embedded in LR white and 2 &m
Safranin. The cells of the tissues exposed to the enzyme mix shows degradation of tissues in

parenchyma cells. Fibre cells showed jagged and semsatéates from the inside showing the
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degradation of secondary cell wal |I&d). Brooaw|l e bar

shows degradation of tissues.

Plate 54:27 em Transverse sections exposed to cel
for3daysat56Candvascul ar bundles studied under | ight
Arrow shows degradation of tissues.

Plate 55:27 em Transverse sections exposed to cel
for 3 days at 50°C andparenchyma dis studied under light microscopy. Scale bar shows 40

em. Arrow shows degradation of tissues.

Plate 56:27 em Transverse sections exposed to cel
for 7 days at 56C andvascular bundle studied under light microscap Scal e bar show

Arrow shows degradation of tissues.

Plate 5727 em Transverse sections exposed to cel
for 7 days at 50°C andparenchyma cells studied under light microscopy. Scale bar shows 40

e m. Ashowse degradation of tissues.

Plate 58:27 em Transverse sections exposed to cel
for 15 days at 56C andvascular bundles studied under light microscopy. Scale bar shows 40

em. Arrow shows degradation of tissues.

Plate 59:27 em Transverse sections exposed to cel
for 15 days at 56C andparenchyma cells studied under light microscopy. Scale bar shows 40

em. Arrow shows degradation of tissues.

Plate 5.10:2 7 e m T r atosswexossedego csllalase enzyme preparations and incubated
for 25 days at 56C andvascular bundles studied under light microscopy. Scale bar shows 40

em. Arrow shows degradation of tissues.

Plate 5.11:2 7 e m Tr ansver se sect ymempreparations ansl sacubatecd ¢ el
for 25 days at 56C andparenchyma cells studied under light microscopy. Scale bar shows 40

em. Arrow shows degradation of tissues.
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Plate 512227 em Transverse sections exposed to cel
for 25 days at 5¢C and then stained with safranin and counterstained with Alcian blue and
vascul ar bundl es studied under l i ght mi cr osc
degradation of tissues.

Plate 5.13:2 7 e m Tr ansver se s aseénzyme @epaaignoasceincubated c e |
for 25 days at 5¢C and then stained with safranin and counterstained with Alcian blue and
parenchyma <cells studied wunder l i ght mi cr osc

degradation of tissues.

Plate 5.14:Piecesof IN 2 exposed to cellulase enzyme preparations, incubated for 3 days at 50
°©, removed from incubator and thin slices of
TS were cut and stained with safranin and studied under light microscopy. Scsi@warl50

em. Arrow shows degradation of tissues.

Plate 5.15:Pieces of IN 2 exposed to cellulase enzyme preparations, incubated for 7 days at 50
°©, removed from incubator and thin slices of
TS were cut andtained with safranin and studied under light microscopy. Scale bar shows 150
em. Arrow shows degradation of tissues.

Plate 5.16:Pieces of IN 2 exposed to cellulase enzyme preparations, incubated for 15 days at 50
°C, removed from incubator and thinskce of pi ece embedded in LR wh
TS were cut and stained with safranin and studied under light microscopy. Scale bar shows 150

em. Arrow shows degradation of tissues.

Plate 5.17:Pieces of IN 2 exposed to cellulase enzyme preparationgyated for 25 days at 50
°©, removed from incubator and thin slices of
TS were cut and stained with safranin and studied under light microscopy. Scale bar shows 150

em. Arrow shows degradation of tissues.

Plate 5.18:2 em TS of thin slices of degraded ti ss:

under | ight microscopy. Scale bar shows 100 ¢

Plate6.1:.Lugol 6 s reaction for detectiD8n 86 smafdShw

ss ained with Lugol és solution. Scale Bar shows
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Plate 6.2.Lugol 6s reaction for detection of starch

Stained with Lugol ds solution. Scale Bar show

Plate 6,3Lugol 6s remecttiioonfofr sitarch granule from
TS and 27 e€m LS were stained with Lugol 6s sol
em in (c, d, e & f).
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CHAPTER 1

Introduction

1.1 Project background

The nonrenewable fossil fuelthat provide energy for heat, electricity, and transportation are
expected to run out during the latter half of thé' 2&ntury, and the major disadvantage of
nuclear energy resources is that the waste produced from it remains hazardous for many
centuries. There is therefore a growing interest in the production of transport fuels such as
ethanol from renewable resources such as bioenergy crops (biofuel dtesintus has been
identified as the ideal bioenergy crop during the early 19®gherfordand Heath 1992)

Efficient conversion of radiain to biomass, high dry matter yield, efficient use of nitrogen and
water, perennial growth and good pest and disease resistance make it the best energy crop for
second generation biofuels

Miscanthusspecies are woody, perennial, rhizomatous grassehviaive the potential for very

high rates of growth. They may be familiar to many as a flowering garden ornamental, but it is
the nonflowering forms that are of interest agriculturally. The formsdva$canthuscurrently

grown for biomassMiscanthus sacdriflorus andMiscanthusgiganteuy, seldom flower in the

UK because oftheir short day lengttdemandand possibly an accumulated thermal time
requirement. Many other species, however, notably the many varieMisaainthussinensis do

flower readily inthe UK. Miscanthusshoots emerge from the rhizomes in spring (March to May)
and canes produced the summer are harvestddringwinter (usually February/Marchlevery

year, this growth pattern is repeated for the lifetime of the crop, which will beaat L5 years.

At the momentM. giganteuss being used for electricity and/or heat production in the UK by
direct combustion. The use bf. giganteudor the production of biofuel (bioethanol) has been
limited and relatively little investigation madd s potential for lignecellulosic bioethanol
production. However, with its low management inputs, growing agronomy database and

relatively high biomass yield potential its use as a feedstock for bioethanol production is
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becoming of interest. A compreisve developmental and chemical study of the stem shoots of
M. giganteuswould provide further valuable information to help define its potential for

bioethanol production.

Globally, each year about 1.2 x 13" of plant biomass are produced on lanavbfch 1.5- 1.7

x10"t are estimated to be plant cell wgBuchesne antarson, 1989)Secondary cell walls are
generally composed of cellulose (80%), hemicellulose (280%), and lignin (2680%), and
aretherefore referred to as lignocellulosic feedstock. Cellulose comprises glucose moieties and
represents an abundant resable biomaterialDing and Himmel, 2006; Dobliret al 2002
Saxenaand Brown 2005 Scheible and Pauly, 2004)he major hemicellulose in grasses is
glucuronoarabinoxylan. Lignin is a three dimensional polymenéal by the oxidative coupling

of three hydroxyl cinnamyl alcohols. Lignin concentration is generally recognized as the main

factor negatively correlated with cell wall digestibility.

The lower temperatures in autumn trigger senescence and the traoslotaeserves to below

ground parts of th#iscanthusplant. However, senescence and leaf fall between September and
harvest in March, may result in a 30% loss of above ground dry matter and, potentially, a
reduction in stem O6ofjhiotuédl (bibeghénolf The stemHractiop comtaine c t i o
the bulk of the above ground carbohydratéviiscanthus so optimising the acquisition of this

biomass via informed timing and mode of harvesting and approach specifically for bioethanol
production is exgcted to increase the value of this crop for biofuel production. This study will
explore the biochemical and histological parameterdViafcanthusspp. over the growing

seasons and the potential for glucose relelasm the cell wall material by enzymatic
saccharification.

1.2 Obijectives:

The following are the targets for this research:

A

1) To characterise any effects of differences in stérivliscanthusspp.6 qual i t y6 ove
growing season for the production of bioethanol.
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2) To undertake a detailed anatal/ultrastructural study of samples from different
monthly intervals and different regions in the stem e.g. heights, internodes at different
times in the growth cycle in order to investigate anatomical development stages of cell
wall by light microscopy

3) To study development of lignification by using different histochemical staining reactions
with respect to anatomical developmental stages of sbbdil. giganteus and by
guantification of lignin and finally ceelating these results with sugar yieldseaftell
wall saccharification over the growing season.

4) To investigate enzymatic degradation of plant cell wall of different tissues and cell types.

5) To investigate changes in starch, and carbohydrate content with the help of staining, and
chemical assay4 different harvesting months.

6) To develop a working model for understanding the optimal stem qualitsgfanteus
for bioethanol production based on histochemgtainingreactionsand saccharification

sugar yield, with chemical composition of plaetl wall.

1.3 Structure of Thesis

A general introduction is presented in chapter 1. A review of literature in chapter 2 stars with
general background dhe genusMiscanthusand its biology including origin, taxonomy and
botany of the crop. Literata on growth stages and development of relevant crojglisttanthus

spp. is presented complemented with a section on development of lignification ins sifoot
Miscanthus spp.Then it focuses on chemical composition, cell wall characteristics and
saccharication of biomass from crops closely relatedMiscanthusspp The effects of season

and different locations within the stem on stem attributes is presented for crops relevant to

Miscanthusspp.

In Chapters 3 to 6, the experimental work of the thesresented with the detailed discussion
section at the end of each chapter. Growth and anatomical developmental stdgggyahteus

is described in Chapter 3 which also includes development of lignification of crop stem at
different monthly intervalsra at different internodes of the stem. Four developmental stages of
crop have been characterised including work on the measurement of stem height and individual
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internodes length and total biomass vyield of the crop. Development of lignification has been

described on the basis of developmental stages of the crop.

Study on enzymatic saccharification and cell wall characteristics is presented in Chapter 4. This
includes cell wall saccharification ®. giganteusat different monthly intervals throughout the
growth season in year 1 and year 2 and saccharification of different internodes within the stem of
crop. Effect of different climatic sites and different specieMtanthuson the production of
saccharification is also presented. Variation in the ch&ngemposition of biomass across the

time of maturity of the crop has also been presented at the end of this chapter.

Chapter 5 deals with the enzymatic degradation of cellulose of different tissues and cell types
observed in the cross section of stemM. giganteusharvested at different months. In situ
investigation of degradation of cell walls obsahby the light microscopys described and in
addition, cell wall degradation of thin sectiot@spum) is also presented after saccharification of
stem inernodessamples Effect of incubation length and harvest month and their interactive
effect on the degradation of parenchyma and fibre cells estirbgtlight microscopy is also

described in this chapter.

Chapter 6 describes the effect of different lkeatvmonth on the production of starch M.
giganteus This is presented by doing both qualitative and quantitative determination of starch
and then comparison is also included. This chapter also comprises the effect of different
locations and different ternodes of stem on starch yielBffect of different anatomical
developmental stages on the production of statehonthly intervalss also described.

The overall main findings of this thesase presented in general discussion section in Chapter 7
which also includes a working model representing a correlation of growth stages and
lignification development with cell wall saccharification, starch production and degradation of

different tissues and cell types.
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CHAPTER 2

Review ofLiterature

A comprehense review of literature has been undertaken regarding objectives of this study.
This review covers four main aspects. The first two parts deal with the general background of
genus Miscanthus the third part concerns the histochemical staining to undedstidue
developmental stages of anatomy and to visualize the process of lignification, and lignin
deposition. The fourth part focuses on chemistry of cell wall of closely related crops to
Miscanthusspp. The rext part concentrate othe enzymatic sacchardation and cell wall
characteristics anthe last part deals with the effect of differdmirvesting time, climatic sites,

different heights of crop stem on the production of starch in plant.

2.1 Miscanthus

Miscanthusis a genus of 19 species of perehgiasses which are native to tropical, and-sub

tropical regions of Africa, and southern Asia. It is the sterile hybrid betWeesacchariflorus

andM. sinensisskhi ch has been trialed since tHhkee early
genusMiscanthis is in the grass familffoaceaend belongs to the tribkndropogoneadt can

grow to 3m in height in one growing seasdhtakes 25 years to reach full maturity. Expected
production cycles 125 years before replanting is required. It is very econalnand ecological

plant. LindeLaursen (1993 described thaW. giganteusvas introducedy Aksel Olsen during

1935in Europeandobserved to have exceptionally vigorous growth.

Greef and Deutef1993 reported that M. giganteusis propagated vegetatively eithertiwvi
rhizome cuttings or by micpyopagation. CliftorBrown et al. (20018) described that
Miscanthusgene pool was cated by combining collections directly from Asia and material
already made available in Europe by German, Danish, and Swedish bre8ddesd et al.
(1995) reported 2044 t dry.wt. hd per yearthe biomass production of these species, and
observed the crop height was in excess of. 3 ield trials ofM. giganteuson lalge scale were
carried out innorthern Europe, described by Schwarz e{1#8194)showingthe capacity of this
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genotype for yields more than 20 t dry mattet* fp@r year.The simplest possible use Bf.
giganteusis to burnthe plantto heat, and for production of Biofud ilpatrick et al. (1994)
reported thatM. giganteusis a strong candidate as a new crop suited to the set aside scheme
which received considerable attention as a Biomass source for ren@naldg production and

as raw material for cellulose and paper industry.

2.2 Biology of M. giganteus

M. giganteuds an erectrhizomatous, perennial and very ca@derant warm seasograss that

exhibit a G, photosynthetic pathway. As a sterile hybridpitoduces no seed, it must be
propagated vegetatively. The general appearance of the plant is that of a loose bunchgrass, but it
will spread slowly via short rhizomes (horizontal underground stems) that can form dense stands.

Stems are to 4 metresall with 150 cm deep roots.

2.2.1 World habitat and distribution of Miscanthusspp.

The genusMiscanthusoriginatesfrom Southeast Asia. Its geographical distribution is from
tropical, subtropical, and temperate parts of Southeast Asia to the Pacific ishadd$grows

from sea level to altitudes of East 3000m. Miscanthusspecies are native to Japan and the
Philippines, India, East Asia, Malaysia, and Polynesia, and extends to Portugal, UK, Africa,
Canada, USAwith a few species occurring in Africkour species are native to Southern Africa
and two to Himal aya. " The SacaharumandlMiscanthuslyjavea s s e s 6
beendevelopedanthropogenicallyvith forest clearing(Moore, 1964) It has beembserved that
interspecific hybridization is common and gives rise to many sterile hy{@addly et al., 2001)

M. gigantausis distributedin tropical and subtropical areaadthroughout much of Europé is
generally considered to be a weed of disturbed dk@m et al., 1979; Scally et al., 2001)

2.2.2 Origin and taxonomyof M. giganteus

The genudMiscanthusbelongs to family Poacealksel Olsen introducet¥. giganteusn 1935

from Japa (Yokohama) to Denmark. This hybrid was cultivated by Karl Foerster and named as
M. sinensisd@Giganteu® H batet on it was propagated and distributed to some European

countries. On the basis of some evidence, it is said that this hybrid is a oésultross between
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M. sinensisand M. sacchariflorus(Greef and Deuter, 1993 ; Hodkinson et al., 1997; Linde
Laursen, 1993)M. giganteushas an amphidiploid type of origin based on its cytological and
morphologicaktudies(Adati and Shiotani, 19§2High basicnumber of\M. giganteushows that

it was derived from two different ancestors, one with ten chromospn&sccharimaeand the
other with ninein Eulaliininae(Adati and Shiotani, 1962 ; Li etl., 1961; LindeLaursen, 1993)
Miscanthusspp. not only hybridise with the species itd own genus but also with other related
Genera likeSaccharumThese complications make it difficult to resolve the taxonomy of the

genusMiscanthusand its individal species.

At Trinity College, Dublin, collection of a wide range of species, hybrids, and cultivars of genus
Miscanthusfrom various botanic gardens and research institutes throughout the world was
carried out to study i t(18%) cdancdudea rthatnmporpholdtyicad k i n s ¢
assessment was impractical due to low level of information itiges, and time consuming to

screen genotypic variation within the genus. They carried out sequencing of the nuclear and
plastid regions (ITS, 5S andnlL-F) to study the direct assessment of genetic diversity. They
distinguished monophyletic group (inciag M. sinensis, M. floridulus, M. oligostachyasdM.
sacchariflorusoriginated from Southeast Asia) from Africaliscanthusspp. and M. fuscus

from AssamThailand on the basis of their results from sequencing of ITS region. They also
mentioned that its impossible to differentiate more closely relakidcanthusspp due to lack

of sequence divergence within the African region.

Hodkinson and Renvoiz€001) published nomenclature ®f. giganteusby providing a Latin
diagnosis and a designated type specimen according to rules of international code of Botanical
nomenclature. They reported th\t giganteuss an allotriploid (2n=3x=5)fwith genomes from

M. sinensisand M. sacchariflorususing DNA sequences of ITS region of nuclear ribosomal
DNA and AFLP fingerprinting.

This species has been classified in the section Triarrf@neef and Deter, 1993. Many
taxonomists described its different species sucimpsrata, erianthus, saccharum and eulalia

The genusMiscanthusis a member of tribe Andropogoneae, and included in-trsiod

Sacchar i ne a eMiscarithlidiseinclgledniru gshe Smahrum complex (Saccharum,
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Eriant hus, Sclerostachya, and Nar efDgraegjanddue t o
Roach, 1987)

2.2.3 Taxonomic hierarchy of M. giganteus
Taxonomic classificationf M. giganteuds given below:
Domain: Eukaryota

Kingdom: Plantae

Sub-Kingdom: Viridaeplantae

Phylum: Magnoliophyta

Subphylum: Euphyllophytia

Infraphylum: Radiatopses

Class:Liliopsida

Subclass:Commelinidae

Superorder: Poanae

Order: Poales

Family: Poaeae

Subfamily: Panicoideae

Genus: Miscanthus Andersson, 1856

Specific epithet:giganteus

Botanical name: Miscanthuggiganteus

2.2.4 Classification of M. giganteus
The genuMiscanthushas been classified into following four sectigAslati, 1958; Lee, 1964a;
Lee, 1964Db; Lee, 1964c)
GenusMiscanthusAndress
Section . Triarrhena HONDA (2X -6X) (Honda, 1930)
M. sacchariflorustMAXI M.) BENTH
M. xgiganteusGREEF et DEU.
Section Il. EumiscanthusHONDA (Honda, 1930)
M. sinensiSANDERSS(2X)
M. floridulus (LABILL.) WARB. (2x)
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M. condensatuslACK (2x, 3x)
M. tinctorius (STEUD.) HACK
Section Ill. Kariyasua OHWI ex HIRAYOSHI (2x -6x)
M. oligostachyusSTAPF
M. intermediugHonda)HONDA
M. changiiLEE
M. tinctorius (STEUD.) HACK
Section IV. Diandra KENG (2x-?)
M. nepalensigTRIN.)HACK.
. eulaiodeKENG
. s2chuanensi&ENG
. brevipilusHAND.-MAZZ
. nupides(GRIESEB.)HACK

= L

Others

. taylorii BOR

. wardii BOR

. flavidusHONDA

M. transmorrisonensisiAY.

< Z Z

As the basic chromosome number found within the genus is 19, so there existigiamepsis
behaviour with 19 bvalents in species with a number of 2n=38, and irregular meiosis behaviour
with uni and multivalents in hybrids and polyploids. TMiscanthusgenus has polyploidy in a
range of 2x to 6XAdati, 1958; Adati and Mitsuishi, 1956; Adati and Shiotani, 1962 ; Hirayoshi
et al., 1959; Li, 1951; Takizawa, 1952)

Greef and Deutef1993 found the same somatic chromosome setudinout the plant material
collected from the original species of Aksel Olsen, and some more plants from different
localities of EuropeTriploid chromosome set d¥l. giganteuspoints to its hybrid origin. This
species resemblad. sacchariflorusand M. sinensiswith respect to the inflorescence and the
leaf anatomy. It also shows an intermediate type of rhizome between the extrefiles of

sacchariflorusand M. sinensis Greef and Deutef1993 reported thatM. giganteusis to be
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grouped in the section Triarrhena on the basis of anatomical and morphological characters of this

species and they proposed that it is a natural hybrid betMesacchariflorusandM. sinensis

2.2.5 Botany of Miscanthus

Hodkinson and Renvoizg001)reportedthat M. giganteuss a tufted rhizomatous grass having
erect, solid, slender to robust culms with basal or cauline leaves. They found linear and flat leaf
blades. They observed paired, and pedicelled spikelets. Greef and (28@t&)also described
morphlogical and anatomical descriptionMfgiganteus They observed the gross morphology,

leaf epidermis, leaf cross section and inflorescendé. giganteus

2.25.1 Gross morphology

Greefand Deutel(1993)observed primordia of roots and aerial branches at lower internodes,
and they reported that leaf blades were flat, linear more tham306ng, more than 3 cm wide,
Ligules tuncated with hairs (3 mm) on the apical nodes, node without hairs.

2.25.2 Leaf epidermis

Greef and Deutgi1993)studied the leaf morphology, and stated that stomata are present on both
sides of leaf surfaces, and epidermal cells were strongly waved. They observed dome shaped
subsidiary cells, and some triangular cells as well. They observed that bicellular micro hairs were
only present on adaxial leaf surfaces, and micro hairs we8® 7fn long, and basal cells were

30-40 um long. They reported that papillae were present on abaxial leaf surfaces in intercostals
rows, and werd(0-15 um long and wide. Taflilica bodies were also observed between and over

the viens by them. They reported ttheaves are 250 um long an@8Qum wide. They observed

that vascular bundiewere round shaped having more or lassheath of parenchyma cells and

bundle capwere narrower than bundles

2.2.6 Photosynthetic light interception by M. giganteus

It has bel observed that the dry matter production of many crops is directly related with the
guantity of photosynthetic active radiation. Maximum conversion efficiency in biomass for C4
crops is also 40% higher than that of C3 crops, and the total PRR@§aneuswas 5% higher
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than other cool temperate C4 grasses, and 83% of solar radiation was trappedigggnteus
(Long and Beale, 2001; Monteith, 197&)has been studied that N fertilisation had no effect on
light interception over 3 years, nevertheless reductions in light interception would occur in the
absence of N fertilisation in the longer tefbhong and Beale, 2001)

Long and Beale(2001)reported that there was insufficient heterogeneitylimgiganteuslots to

allow other species to grow in the gaps making weed contblLwaecessary in the first year of

gr owt h. RnThe excell ent | i g Mtgiganteusre Eumgepnayiimn obs
part reflect the current diseases and pests, however, BYDY (Barley Yellow Dwarf Virus) has

affected some standsand sigrdfint | y decr e as e(Ghridtimnatfal., 8994¢ a gr owt h

The quantity and energy conteftindividual plant organs determines the overall energy content
of the whole crop. It is reported that the mean energy content of the above ground dry matter is
18.4 MJ/kg, and energy value of the crop including roots, rhizomes and leaves was 18.1 MJ/kg
It has been observed that leavesMbfgiganteusgrown at 12C, and 18C showed the same
photosynthetic capacity. However growth 4€8showed a 50% reduction in photosynthesis
capacity giving a threshold for impairment of the photosynthetic apparatweere 8C and

12°C (Long and Beale, 2001)Fifty percentreduction of quantum yield!. giganteuswas
observed after exposing it to high light which also caused moreats0? reduction in the
maximum efficiency of photosystem II. Althoug¥l. giganteuscan form photosynthetically
competent leaves down ta’8, and growth temperature down to @ does not have any effect

on its photosynthetic activity. This suggests ttmeshold for photosynthesis and development

of the photosynthetic apparatus M giganteusis 3-5 °C which is below than that of maize.
High light use efficiency oM. giganteuss due to its capability to carry out photosynthesis at
low temperatures sigficantly (Long, 1999)

2.2.7 Nitrogen dynamics

High nitrogen use efficiency is assdeid with the C4 photosynthetic pathwéyong, 1983)
Seasonal variations in the concentration of nitrogeabof/e ground matter (leaves and stems) of
M. giganteushave been examined at the Writtle College Farm, UK and LWG, Germany, where

highest nitrogen concentrations in leaves and stem were found at the beginning of the growing
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season, and then N concenwatiwas decreased in the above ground dry matter, and decreased
more at the time of senescer{dedi et al., 1996)Similar results were found M. giganteusand

M. sinensisin Western Denmrk by Jorgensefil997) Nitrogen concentration in the dame

was less than in the leaf or stem, and showed a general pattern of decline from emergence until
mid-summer and then increased through to the end of the growth season until February. N

concentrations in the roots were lower than those in the rhiz(Beete and Long, 1997)

There was an increase in Nrtent from 0 to 25.3 g2 in above ground matter from the start of
growing season until July of which 9% was provided by rhizome, and the remaining was from
soil reservegBeale and Long, 1997The percent of total N found in the rhizome at the time of
harvest, and the percentage that is potentiallyavaill e i n the rhizome for
growth was 58%. Nitrate losses were negligible (Omi%) through leachingBeale and Long,

1997) The nitrogen concentration observed in above ground dry matddr giganteuswere

lower (1530%) as compared to reported concentrations5(®®) of C4 crop Maize.The low
concentrationin the shoots oM. giganteusat the time of harvest was due to translocation
(efficient nutrient recyclingjLong and Beale, 2001)

2.2.7.1 Effect of different nitrogen rates on growth and yield of

M. giganteus
Christian et al(2008)investigated the effect of N fertilisation on stem numbers per plant, stem
height and yield oM. giganteusover the 10 years, and concluded that nitrogen rate$26&kg
N ha' yr) had no significant effect on number of stems. Durinditseyear of growth number
of stem were maximum with the average 32 stems per plant, and then this trend gradually
decreased in the following years. But in each year, they have seen that different treatments of N
had no remarkable difference in the numbestems per plant. They observed that different N
fertilisation rates had no effect on stem height of the crop except in year 9. They also studied the
effects of N rates on yield. They stated that average dry matter yield in year 1 was low, and
increasedn subsequent years until year 7, and then slightly decreased in year 8 and year 9, and
again increased in year 10. But overall they found no significant effect of nitrogen rates on yield

of M. giganteusRelationships between rainfall, temperature, aeltlywere also examined, and
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they found no significant relation amongst these three parameters. The average yield recorded
was 17.9t ha

Similar trends of decline in stem number with increasing years was also reported by Clifton
Brown and LewandowsKR002. Clifton Brown et al(2001b) also did not find any remarkable
influence of N application rates on stem heighMofgiganteusduring the first two years of the
growth. Overall, nitrogen fertiliser application rates appear to have véeydifect on biomass

yield of M. giganteus(Himken et al.,, 1997) Schwarz and Liebhard1994) carried out
experiments at two Austrian sites and showed that while elifté fertilisation rates did have a
significant effect on biomass yield in some years they did not in others. They concluded that the
highest yield with N fertilisation was consistently obtained with maximum rainfall (844 Mm y
Trials in Greece anddty also showed highest biomass yield with N fertilisation with the high
rate of irrigation(Christian et al., 2001)

2.2.7.2 Nutrient uptake

Christian et al(2001)reported that at the time of the beginning of active groshioptsof M.
giganteusemerged from buds on the rhizomes. The rhizome is a storage organ which aids initial
growth until the stem and leaves start to prodaggmilates. They have taken measurements at
Rothamsted, UK, and noted that maximum N and K uptake occurs in September while maximum
P uptake occurs in July. Himken et @997)reported that the amount which can be mobilised or
re-mobilised from rhizome to stem an@t® versa was in the range of-2€6% for N, 3650% for

P, 1430% for K and 26% for Mg. Christian et #2001) reported the nutrient off take the
biomassof M. giganteuscalculated during the@year of growth at Rothamsted, UK, and noted
that each tonne of dry matter contained 8.14 kg N, 0.69 kg P, ankBK/.4

2.2.8 Water use efficiency ofM. giganteus

Theoretically, C4 species have higher water use efficiency than C3 sfiamgs 1983) Long
and Bealg2001)reported thaM. giganteuss able to use a large quantity of water (93Z%en
') to produce thejield of 31.6 t hd. Beale(1996) concluded on the basis of his triah M.
giganteusat Writtle College UK, by abstracting water both from irrigated and-imayated
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farms that irrigation reduced the water use efficiency of the crop by 18%. Similar results were
also found in the university of Catania where higher irrigatiaies reduced the water use
efficiency (Long and Beale, 2001pPespite high water use efficiendyl, giganteusgives good
response to additional water supply due itshhpgoduction of biomass. Beale et £1999)
carried out analysis of water use efficiencyMf giganteus and concluded that in order to

achieve the yield of 30 tonnes per ha, 50 of water is required during the growing season.

2.2.8.1 Effect of different levels of irrigation

Christian et al(2001) observed that irrigation rates were found to affect plant height from late
June to end of the growth phase and had also a significant effect on leaf area index (LAI). They
further reported thatrigation rates significantly increased the number of leaves per shoot and
yield of M. giganteusas it has also been studied that doubling the irrigation rates might result in
dry matter yield increase of 43D%. They also noted that, at higher irrigatiates, a remarkable

effect of N on yield ofM. giganteuswas found and there was no need of additional irrigation
under high ground water table. So water supply is a principal determinant influencing the plant

height, number of leaves, leaf area index] dry matter yield.

2.2.9 Temperature requirements ofM. giganteus

The rates of leaf expansion, canopy development, length of growing season, and dry matter yield
of M. giganteusare known to be affected by ambient temperatures. In the trials d¥lthe
giganteusProductivity Network, it was observed that ambient temperatures influence the growth
and development oM. giganteus and regulate the length of the growing season. Low
Temperature strongly limits leaf expansionMf giganteuswith a thresholf 5-10°C. Yield of

M. giganteusis also limited by very low temperature, so temperature is one of the main
determinants for the productivity M. giganteugChristian et al., 2001)

2.2.10 Soil preferences

Hotz (1996)conducted research to determine the soil preferendds gijanteusand concluded

that soil type and soil quality are most important determinants for the productivity of this species.
The most ideal soil fothis speciess medium textured such as sandy or silty loam, with a good
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aeration, and high water holding capacity, and organic matter. It has been observed that on a
shallow soil during long hot summers mawim yield is not achieveable. Cold and heavyewrva
logged soils (clayey) are not suitable for this crop. On sandy soils with low water holding
capacity, growing is possible, however yields obtained on such soils werkll@iganteusan

be grown well on soils where maize is normally grown well witdximum yield. The optimum

pH range foM. giganteuss 6.1 to 7.8.

2.2.11 Propagation of Miscanthusspp.

Normally Miscanthusspecies can be propagated by seeds, vegetative propagdtioni eiret, g
1999, and by micrepropagation by using tissue culture of explants. Commercial propagation by
seeds in Europe is not suitable because of the short growing peridiisadnthusspp. to
produce ripe fertile seeds. However, vegetative ggagion by rhizomes or rhizome cuttings by
direct planting in the field is well adapted in Europe. Huismen and Kortl8) carried out a
comparative study on emergence rates from different rhizome pieces, and concluded that
rhizome pieces planted immediately after harvesting from the mother planineagesce rates

of 70-95%, wheras those rhizome pieces which were stdrefdreplanting had emergence rates

of 50-60%. It is also reported that planting of rhizomes of fresh weight more tgawihin a

short time after harvesting resulted in-84% emergence rates. The Danish Institute of
Agricultural Sciences conducted angparative study between propagation by mechanical
rhizome establishment and establishment of propagated plantldis gfganteus and M.
sinensisat Foulum in 1993. It was reported that survival of plants propagated by mechanized
rhizome planting were 2.times higher than those done by plantlets, and dry matter production
of plant established by rhizome planting was 12.8 times higher than those propagated by
plantlets. Winter survival of the plants from rhizome established was also significantgr high
than others. This suggests that rhizome established planting propagation techniddes of
giganteuss effective. Rhizome size, planting depths, and the storage prior to planting are factors
found to affect the establishment and winter surv{@ristian et al., 2001)The ideal time for
rhizome plating is from March until MayChristian et al(2001)recommended thdtom 1 ha

of mother plant, 120 ha of newM. giganteusanbe planted.
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2.2.12 Weed control

Christian et al(2001)reported that as the initial growth Bf. giganteusn the £'year is slow, it
reduces its ability to compete with weeds and so weed control is necessary at this stage.
Mechanical weed control is very salile to get rid of weeds at this stage. However, a range of
herbicides can also be used for weed control. In subsequent years, weed interference is
suppressed whav. giganteusachieves maximum vigour. Bullard et @1996)reported that any
herbicides which are appropriate for weed control in cereals should be suitdldlegiganteus
Keeping this all under consideration, expenditan weed control should be carefully calculated

and minimisedqSpeller, 1993)

2.2.13 Pestsand Disease®f M. giganteus

Miscanthusspp. are resistant to pestsdaiseases. No disease has been found that can cause
serious damage td. giganteusut some diseases which do affect other graminaceous plants can
also affect thispecies. CliftorBrown (1997)observed-usariumin Ireland inM. giganteusThe

aphid transmitted Barley Yellow Dwarf luteovirus (BYDY) has also been reported in the UK
(Christian et al., 1994 Yamashitaand Nonaka(1985) reported the presence Miscanthus

streak virus in Japan.

2.3 Growth and development ofM. giganteus

Kaack et al.(2003)studied the developmental pattern of stem internodidd. giganteus and
summarized that the intehgiof vascular bundles (VB) in the TS of stesh M. giganteus
internode decreased from the epidermis towards the internal part of the stem which has the
highest density of parenchyma cells. They also reported that cells around the VB are rich in
lignin andcellulose content. An earlier account on the anatomy of rhizomds saccabhriflorus

was given by Sangstét985) To date, ittle research has been dedicated to the anaton. of
giganteus No information is available with respect to the developmental stages of anatbiny of
giganteusstem cell. However, considering closely relaspecies, a comprehensive account of
the develpmental anatomy of Bamboo has been made by Gr{&@d3) She identified four
developmental stages ibendrocalamus aspetegarding different internodal positions of the

stem. She concluded that shoots developed basipetatiythare was alsa basipetal pattern of

Review of Literature Page39



Developmental Characteristics of Miscanthus spp. thdluence saccharification and biofuel potential

development in each individual internodie et al.(2000)categorised fibre cell developnian

Bamboo into four stages- cell differentiation, elongation, thickening, and
maturation/lignification.Schertz et al(1977) condwcted anatomical study of sorghum and,
reported distinct differences in terms of the number and thickness of lignified cells contributing
to the epidermis, the sclerenchyma ring, and vascular bundles. Bleeckgil686).conducted
comparative anatomical study from air grown, and submerged rice, and described development
patterns in the internodes with three zones of internodal development. Kaafichahdams
(1965)observed a basipetal growth pattern in internodesveha sativaThey reportedhat cell

division and cell elogation were overlapping processes during the earliest stages of internodal

development.

2.3.1 Temporal developmentaltages ofM. giganteus

Crow (2000) defined three stages of fibre and parenchyma development in Bamboorsthe fi
stage comprises cell division in both cell types. Second stage involves elongation in which
parenchyma cells continue to divide but fibre cells start to elongate. During the 3rd stage, both
cell types elongate. Gritsch and Murp{®005)included a maturation stage after elongation in
addition to three stages described by Crow. Hui et28I09) have characterised six elongation
stages and three reproductive stages in switch grass.

Gritschet al.(2004)showed a gradual pattern of increasing thickness in the cell walls of fibres
which were adjacent to the outer part gfexn and phloem caps of vascular bundles from stage
of division, elongation and up to maturatiocells have reached their maximum thickness

potential.

It was thought that primary wall consist of cell wall microfibrils randomly arranged in a single
layer (Parameswaran and Liese, 1976t later on Crow(2000) found that primary walin
Bamboo were deposited initially in an axial orientation, but later on a transverse microfibril

layers superseded this initial layer, suggesting that primary walls may comprise two layers.

There is a difference of opinion about the deposition of skryncell wall material. Some

authors observed that secondary cell wall starts deposifter the cell has stopped egating
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(Brett and Waldron, 1996; Wardrop, 19648ut it is also mentioned in many reports that
secondary cell wall deposition might begin before the cessation of cell expédAberet al.,

1997; Juniper et al., 1981; Schubert et al., 19[f3)as alsdeen reported that processes of cell
expansion and elongation slows down and are stopped due to the deposition of secondary cell
wall (Abe et al., 1997; Gritsch and Murphy, 20Q5Mui et al.(2009) have seen increase in
thickness of cell walfrom first elongation stage to last elongation stage, and all the cells were

well developed and lignified at this late elongation stage of E4.

2.32 Spatial developmentl stages ofM. giganteus

Development of tissues within the internode proceeds baBipé&ritsch, 2003; Hsiung et al.,

1982; Hui et al., 2009)Hsiung et al.(1982) stated that the earliest stage of development is
dominded by cell division at the top of the internode which is followed by cell elongation and
maturation. During elongation which commenced at the top of the internode the bottom part was
undergoing division and at the maturation stage, cells at the uppenpafrinternode started to
mature whilst those at base may still be elongating. But at final stage when whole internode is
mature. Hsiung et al1982) indicated that the overall height growth of a bamboo shoot is
achieved acropetally by successive extension and development of internodes while the growth
activity within the internode proceeds basipetally.

Sarath et al(2007 )also reported that parenahg cells have thin cell walls with less developed
secondary cell wall in the upper (youngest) internodes of switchgrass stem, whereas basal
internodes exhibited remarkable cell wall thickening suggesting that development of tissue

within the stem proceedgropetally. Gritscli2003)has observed similaesults in Bamboo.

2.33 Development of lignification

Stem is considered as preferred material to investigate lignin and cell wall digestibility in grasses
and legumeg¢Buxton and Russell, 1988; Engels and Jung, 1998; Vailhe et al.,. Z0@Ogffect

of maturity stage of plant on lignin content and cell wall digestibility have been reported for
various grass speci€Besle et al., 1994; Jung, 1989)
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2.33.1Lignin and phenylpropanoid biosynthesis

Lignin is chemical compound found in plant tissues and is a gobupsoluble polymers of
aromatic alcohols (phenolic residues) which provide significant strength to the celligmaihs

are derived mainly from three hydroxycinnamyl alcohol monomers which differ in their degree
of methoxylation,p-coumaryl, coniferyl and sinapyl alcohol@~reudenberg and Neish, 1968)
These monomers produgehydroxyphenylH, guaiacylG, 5.hydroxy guaiacyl (5 OHG) and
syringyl S units which incorporate into the lignin polymer. Imagsegmonocots) guaiacyland
syringyl units are incorporated at comparable levels, whereas more hydroxyl guaiacyl units are
incorporated in dicotgBaucher et al., 1998)Lignin biosynthesis is an end product of the
phenylpropanoid pathway, a major biosynthetic pathway responsible for the production of many

important molecules and intermediates in plant ¢&l&namoto et al., 1989)

T PHENYL PROPANOID PATHWAY
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Figure-2.1: The phenylpropanoid pahway leading to lignin biosynthesis. Adapted from(Boerjan et al., 2003)
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2.33.2 Temporal development of lignification in $em

There is a difference of views about the development of lignidicah Bamboo. Some authors
have reported that lignification is completedthe first growing seasofitoh, 1990; Itoh and
Shimajii, 1981) however, Lin et ali2002)noted that lignification proceeds up to the first year of
growth, especially in fibore and parenchyma cells, and might continue up to seven years.
Chemical constituents and lignin increased from one to three years ¢Mabd Nor et al.,
1992.) Li et al.(2007)reported higher lignin content in three to five year old bamboo plants than
at one year with the maximum degree of lignification in the year 3 when fibre thickness reached
a maximum They also reported that with the gradual development of lignification process,

fibres thicken from juvenility to maturity.

The lignin content varies remarkably depending on environmental factors and the developmental
stages in switchgragsiui et al., 2009) They found that lignin content increased with increasing
plant maturity between first elongatistagedo last elongation stag€henet al.(2002)found a

drastic increase in lignification from the elongation stage to cell wall thickening stage in tall
fescue and also reported that lignin content increased from the younger (upper) to the basal
(lower) internodesThere are a large volume of studies on ligaimd maturation effects on cell

wall digestibility at different time points in grass@urns, 1997; Stegt al.,1994) Chenet al.
(2002)observed a major increase in lignification in when Tall fescue reached to the reproductive

stage from elongation stage and decrease in lignin content from the basalgpahmternodes.

Chenet al. (2002) also studid anatomically the developmeat lignification at different plant

stages and concluded that structural changes in the stem during development were associated
with the increase in lignin content and decreassetifwall digestibility. They also described that

walls of highly lignified cells are much thicker than parenchyma cells and their cell wall dry

mass comprise a significant part of the stem biomass.

2.3.3.3 Spatial development of lignification in $em
Gritsch (2003)found that overall lignification begs first in thebasal internodes of the stem and
proceeds upwards to the higher, later developing intern@despetally). Hui et al(2009)also

observed lower lignin content at the top section of the stem than that of basal part of stem. They
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di dnot find any difference in I|lignification
elongation stage like E4. Sarath et(@2D07 )also reported that parenchymalsdiave thin cell

walls with less developed secondary cell wall in the upper (youngest) internodes, whereas in the
basal internodes they exhibited remarkable cell wall thickening. They also reported that when the
stem is mature, more phenolic compoundsweither linkage are integrated. It is also reported

that structural variation of lignin can be found among internodes and species of thelpland
Terashima, 1990; He and Terashima, 1991)

Tomoko et al.(2009) observed that lignin content Iswer in the top portion of stem and is
higher in the bottom portion of bamboo shoot. June e{18195) also described that lignin
concentration increased from the youngest (upper) to the oldest)(basahodes in maize
stems. Shengying and Ch&006)showed that lignin content is lower in the upper portion of

the rice stem and is highertime basal portion.

Gritsch (2003) reported thatignification within bamboo internodes start at the top and moves
towards the base of the internode (basipetally). Hui ¢2@09)also elucidged that lignification

within the internode of switchgrass stem proceed basipetally. Their microscopic analyses showed
that only vascular bundle was lignified and parenchyma cells were not lignified at the bottom
part of the internode 2 at early elongatistage, however at the top part of internode,
parenchyma cell walls increasingly lignified.

2.34 Histochemical staining reactions used for the study of developmerand

lignification of M. giganteus

A number of histochemical staining reactions are knawhe useful for the detection of plant
polymers such as lignin and carbohydrates:

2.34.1 Safranin and alcian blue
Safranin is a red basic dye of azine group th

is red and Alcian blue is incorpordteto cellulose and stains them blue in the absence of lignin
(Gurr, 1965; Sewalt et al., 1997
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2.34.2 Lignin pink and chlorazol black

Lignified tissues can be identified by staining the sections of stem shoots with Lignin pink which
imparts pink colour, and then counterstaining it with chlorazol black whiebs black i.e.

representative of gelatinofsellulosic)layer(Jeffs and Northcote, 1966)

2.3.4.3 Maule and Wiesner colour reactions

Lignin can be visualized in light microggic studies using colour reactions such as the Wiesner
(phloroglucinol/hydrochloric acid) and Maule (successive treatments with permanganate,
hydrochloric acid, and ammonia) reactid@arkanen and Ludwig, 197I)he Wiesner reagent
reacts with coniferyl aldehygdeinnamyldehydand sinapyl aldehyde units in lignins and gives a

bright red color(Sarkanen and Ludwig, 1971; Srivastava, 1966)

2.3.4.3aMaule colour reaction

The Maule test is specific of S units in lignifiNakano and Meshitsuka, 1998ed colour by

Maule color represents syringyl unit of lignin However, brown color represents guaiacyl unit.
liyama and Piat (1988)observed purpleed colour with the M&ule colour test from methylated
lignin of hardwood, and concluddbat it was produced by reaction of syringybups which

were IBERSated by/dether cleavage under the permanganate oxidation conditions. They
observed that the consumption of permanganate by treated softwood lignin was higher than by
hardwood lignin, which suggests that the guaiacyl nuclei welebrdown severely.

2.3.4.3 Wiesner reaction

fiThe Wiesner test (phloroglucinbiCl staining) is considered to be specific of cinnamaldehyde
endgroups, which are systematically present in native lignins, albeit in low at@akano

and Meshitsuka, 1992The Wiesner reaction has universal applicability to guaiacyl and syringyl
lignins (Lin et al., 2002; Sarkanen and Ludwig, 1971; Yoshizawa et al., 1993)

2.3.4.4 Acridine red/chrysoidin

The Acridine red/Chrysoidinstain mixture is less frequently found in the literature than

Phlorogluciml/HCI and it appears to have been exclusively used in studies by German

Review of Literature Page45



Developmental Characteristics of Miscanthus spp. thdluence saccharification and biofuel potential

researcherssurr (1960)described that Chrysoidin Y is an oradgewn basic dye of the mono
azo group, sometimes also known as Basic Orange. The staining of plant tissues witte Acrid
red/Chrysoidin results in colours that range from deep red to bright of@nge, 1961; Grosser
and Liese, 1971, Gurr, 1960.)

2.3.4.5 Periodic acid schiff PAS)

The PAS staining system is used as a gerstagh for representing the qualitative content of
cellulose, hemicellulsoe, pectin, and glycoproteins, and is not a quantitative stain. These
polymers stain a deep magenta red color in the stelwh giganteuswith PAS (Kaack et al.,

2003; Kasten, 1989; Ruzin, 1999)

2.4 Chemistry of cell walls of crops closely related tiMiscanthusspp.

A comprehensive review of literature has been carried out on the chemistry of cell Wall of
giganteusand its closely related cropmd this is summarised in Tables 2.1 and 2.2. Cell walls
consist of two phases: a microfibrillar phase, and matrix phase. In the microfibrillar phase,
cellul ose, a -i,4égluoan @irkddglocese unds) is drganised into microfibrils
(Carpita et al., 2001)n the matrixphase, hemicellulose such as xylan, glucomannan, mannan,
glactomannan, gl ucur onoma-t,8&a@lny c a®3ypil,égjucan,c a n ,
arabinogalactans and other hemicellulose form a medium in which the microfibrils are
embedded. Further componerdf the matrix phase oklt walls may also include pghpenols

such as lignin, and ferulic acid, and to lesser extent pratigrett and Waldron, 1996)

Primary cell walls cotain cellulose, a matrix of hemicellulose and pectins, with some structural
proteins. In the primary walls of Poales, such as grasses, arabinoxylan is the major hemicellulose
in addition to cellulose, and a small amount of pectins, and prdtearpita, 1996.)Secondary

walls contain cellulose, and arabinoxylan, and/or glucomannan as the major hemic@ietise

and Waldron, 1996)Cell walls from higher plants differ quite substantially in their polymer
contents, both qualitatively and quantitatively. The most dominant polysaccharttie cell

walls is cellulose which generally makes up 40 % of the wall material. The next largest fraction
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consists of hemicellulose, making up 28% to 37% of the wall. Lignin makes up lower

percentagesn the walls i.e. 14% to 28%.

2.4.1 Cell wall compasition of Miscanthusspp.

Magid et al.(2004) studied the chemical composition lf. giganteusand reported that there

was about 42% cellulose, 27% hemicellulose and 13% ligni. igiganteus Bae et al(1983)

studied chemical composition bf. sinensisand reported that there was 72% holocellulose, and

7% lignin. Vrije et al. (2002) reported thatM. giganteuscontains 380 cellulose, 24%
hemicellulose, 24% lignin, and 2% ash. They also determined monomeric residues in
polysaccharide fraction and noted that there was 40% glucose, 19% xylose, 2% arabinose, 0.4%
galactose, and 2 % uronic acid. Sgrensen €P@08 )studied hydrolysis oM. gigarteusand

noted that there was 40% cellulose, 18% hemicellulose, 25% lignin, and 6% ash, and 40 %
glucose and 21% xylose of hemicellulose fractigiichel et al.(2007)noted thatM. giganteus

contains 43% cellulose, 27% hemicellulose, 24% lignin, and 4% ash.

Table 2.1: Cell wall composition (%) dry matter in the stem of M. giganteus Upper case letter in

brackets indicates referencesvhich are given belowthe table 2.2

Chemical Compments M. giganteus(A) (%)
Holocellulose 64.3

Cellulose 40

Hemicellulose 24.3

Lignin 25

Extractives 6

Ash 2

Monomeric residues in polysaccharides fraction

Glucose 40.5
Xylose 19
Arabinose 1.8
Galectose 04

Review of Literature Page47



Developmental Characteristics of Miscanthus spp. thdluence saccharification and biofuel potential

Table 2.2:Cell wall composition (%) dry matter of closely related cropsUpper case letters in
bracketsindicates referenceswhich are given belowthe table.

Chemical Maize stem | Rice Switch Sugar cane | Wheat Hard wood | Soft wood
stover straw grassstem | stem straw H) 0}

Composition (B) © (E) (F) ©)

Holocellulose 73 74 74 81 79 75 71

Cellulose 40 42 42 49 47 43 40

Hemicellulose 33 32 32 32 32 32 31

Lignin 15 14 13 12 10 24 28

Ash 12 4.2

Monomeric residues in polysaccharides fraction

Glucose 35 39

Xylose 10 35 25

Arabinose 10 12 3

Galectose 4

(Vrije et al., 2002)
(Chundawat et al., 2007; Jung and Casler, 800@rrison et al., 1998)
(Azuma et al., 1996; Jin and Chen, 2007; John and Kende,.1984)
(Bailey, 1973; Billa et al., 199Fritz et al., 1994; McBee and Miller, 1990; Nandra et al., 1983; Nordin, 1958; Tarpley et al., 1994 ; Verbruggen et al., 168&n¥aigata,
1960; Woolrad et al., 1976)
(Adler et al., 2006; Luginbuhl et al., @0; Lynd et al., 1999; Qin et al., 2006; Sarath et al., 2007)
(Amjed et al., 1992; Okano et al., 2006; Sanjuan et al., 2001)
(Amjed et al., 1992; Bowyer et al., 2Bristensen et al., 2008; Xing, 1995)
(Fengel and Wegener, 1989)

oo w® >

T T emm

(Fengel and Wegener, 1989)

As shown by the data in Table 2.1 and 2.2, it is clear that chemical composithrgafanteus
is compatiblewith that ofmaize, sugarcane and sorghum. The content of monomeric glucose and
xylose ofM. giganteuds greater than in maize stem. So hydrolysis of cell walogiganteus
after suitable préreatments may be expectedyield higher bioethanol levelthan related crop

stems.

2.4.2 Cell wall composiion of Zeamays

Chundawat et al. (2007) reported that corn stover contained 39.4% cellulose, 33.1%
hemicellulose, 14.9%ignin, and 8.9% solubles while studying the effect of particle size based
separation of milled corstover onammoniafibres expansionAFEX) pretreatmenand enzyme

digestibilty. Jung and Caslef2006) studied cell wall concentration and composition during
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different developmental phases ofaize sten. They observed that maize stem cell wall
polysaccharides contained 34.9% glucose, 18% xylose. 10% arabinose, 14.5% uronic acids, and
0.59% ether, and ester linked ferrulates. Morrigbal. (1998)studied cell wall composition of
different maturity from the youngest internode to the oldest intenwdenize. They observed

that cell wall lignin concentration increased from 7.5% to 14% and neutral sugar ardaaidni
concentrations decreased from 83.6% and 10.1% to 75.9% and 3.6% respeativaiyernode

age They observed thdterulic acid concentrations decreased from 0.6% to 0.36%pand
coumaric acid concentration increased with internode maturity frb8%€to 2.3%.

2.4.3 Cell wall composiion of Oryzasativa

Jin and Cher{2007)reported cellulose 41.6%, hemicellulose 31.5%nin 12.5%, and 14.4%

ash in rice straw while designing calibration model for rapid quantification of cell wall
components, and concluded that near infrared reflectance spectroscopy \Wékxsjtable for
accurate and quick quantification of cell wall components. Azetva. (1996)studied changes

in the cell wall polysaccharides in the internodes of rice. They reported that ¢gelkdagent in

the cell wall increagefrom 48% to 60% and then plategliand nonrcellulosic neutral sugars
decreased from 50% to 40%. They added that-cstimlosic neutral fraction contained
arabinose, xylose, galactose, glucose, rhamnose, fucose, andseanhe nowellulosic neutral

sugar fraction contained 3% glucose, 228% xylose, 1620% arabinose, and-9Pb
galactose. John an#&ende (1984) studied the impa of submergence on the cell wall
composition of rice internodes. Thepserved that cell walls of internodes of air grown rice
contained 47.9% cellulose, 7.7% uronic acid, 14.6% lignin, and the cell walls of submerged
internodes had 48.3% cellulose, 7.5%6nic acid and 16.2% ligniTheyalso reported that the
non-cellulosic neutral sugars fraction comprisdmbut 50% of total. This necellulosic fraction

had 10% arabinose, 47.6% xylose, 2.3% galatose, 40% glucose in air grown rice, and 11%

arabinose48.5% xylose, 2.53% galatose, 36.3% glucose in submerged rice.

2.4.4 Cell wall composiion of Sorghum

The main sugar present in sorghum kernel are glucose, fructose, sucrose, maltose, and raffinose

(Nordin, 1958 ; Watson and Hirata, 196@orghum cell wall polysaccharides are mainly

Review of Literature Page49



Developmental Characteristics of Miscanthus spp. thdluence saccharification and biofuel potential

cellulose, and hemicellulosgBailey, 1973) Woolrad et al. (1976) reported that sorghum
hemicélulose are highly branched and had a high proportion of arabinose. Verbreiggén
(1993)extracted arabinoxylans from sorghum which were composed of uronic acids, acetyl and
feruloyl substituents. It was observed that cellulose content in sorghum was higher in stem than
blades, wereashemicellulosecontent was higher in blades than st@mitz et al., 1994; McBee

and Miller, 1990) Nandraet al.(1983)reported thathe cellulose contet increasedin sorghum
fodder andhat thedigestibility of hemicellulose decreased with increasing maturity. Sucrose is
the primary storage non structural carbohyd(&8C) in sorghum stems, whereas starch is the
primary NSC carbohydrate in sorghum pani¢egrpley et al., 1994 Billa et al.(1997)reported
thatthe cellulose, hemicellulose, and lignin contenttaod cell walls of sccghumstemapproached

15%, 12.3%, and 5.8% respectively

2.4.5 Cell wall composiion of Switchgrass Panicumvirgatum)

Lynd et al. (1999) studied chemical composition of cell wall of swigass and reported that
cellulose, hemicellulose and lignin content of cell wall approached 46%, 32%, and 12%
respectively. Saratlet al. (2007) studied cell wall composition of different internodes in
maturing tillers of switch grass. They observed thelt wall componentsn top internodes
comprised 21%and decreasednarkedly in the bottom internodes They reported that
hemicellulosdevel was highesin the top internod@and then declinedtthe bottominternode

(33% versus 28% respectively). They determined 2rb41% inthe top and nexinternode
respectively with approx.41% celbse in the remaining internodes. The highest levels of lignin
occurred in the tomternode whichthen decreased through to the bottom internode (12% to 6%
respectively). They also quantified the cell wall bound coumaric and ferulic acids and reported
that coumarate was 0.6% in the top internode increasing gradually through the following
internodes and was highest ( 1.3%) in the bottom internode. Ferrluate remained stable at 0.3% in
all internodes. Adler et a{2006)measured the cell wall components of switch grass in different
growing seasns. They found 28% cellulose, 26% hemicellulose, and 16% klason ligin during
the fall season iyear 2002 and observexdhincreaseo 32% cellulose, 29%emicellulose and

17% ligninin material fromthe springseason in year 200Buginbuhlet al.(2000)measured the

chemical components of cell wall of switchgrass while studying the teffe@reservation
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method on intake and chewing behaviour of stedmney reported that cell wall polysaccharides
of switchgrass had 32% cellulose, 368@micellulose and 4% lignin.Qin et al. (2006)
conducted an analytical study on environmental, economicteafhological implications of
using switch grass to replace coal in power generation, and reportéaetbell walls contained

37% cellulose, 32%emicelluloseand 17% lignin.

2.4.6 Cell wall composiion of Sugarcane

Sanjuaret al.(2001)reported that celluloséemicelluloseand lignin content in the cell wall of
sugarcanare 48%, 31%and 19% respectively. Amjeet al.(1992) obseved that cell walls of
sugarcane had 49% cellulose, 2&#micellulose and 13% acid detergent lignin. Okaebal.
(2006) conducteda comparative study ah vitro digestibility and chemical composition among
sugarcane baggases treated by four white rogifuThey observed in untreated sugarcane
samples that cell walloenponent®of sugarcane had2%o cellulose, 46% hemicellulose, and 10%
lignin but by treating with different fungal straingey found substantial change resulted to
cellulose (50%)hemicelulose(18%), and lignin9%).

2.4.7 Cell wall composiion of Triticum aestivum

Xing (1995) reported that cell wallsf wheatstemcontain46% cellulose, 32% hemicellules

and 6% acidsolublelignin andthe leaf sheatthas49% cellulose, 26%hemicelluloseand 7%

acid soluble lignin and inleaf blade was 46% cdlulose, 18%hemicellulose and 5% acid
solublelignin. Bowyeret al.(2003) reported that cell wall polysaccharidestioé stalk ofwheat

straw had 40% cellulose, 408eémicelluloseand 20% lignin Wweres leaves cell walls contained

35% cellulose, 55%emicellulose and 10%ignin. Kristensen et ak2008)observed cell wall
structural changes by hydrothermal pretreatmena meactor of wheat straw for bioethanol
production. They repced that cell wall polysaccharides contained 39% cellulose, 24% xylan,
3% arabinan, 22% Klason lignin, and 4% ash in the untreated samples, whereas there was 59%
cellulose, 5% xylan, 0% arabinan, 25% Klason lignin and 5% ash in the pretreated samples and
in delignified wheat straw samples the cell walls had 75% celluld8é,xylan,no arabinarand

no Klason lignin, and 8.8% ash. Aadj et al. (1992) noted thatcell walls of wheat straw had

51% cellulose, 43%emicelluloseand 5% acidolublelignin.
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2.4.8 Cell wall composiion of hardwood and softwood

There are numerous dasailable on softwood and hardwood ahd following has been cited
as an exampld=engel and Wegen€t989)reported in the cell wall of hardwood and soft wood.
They noted that the cell walbf beech Fagus sylvatica contained cellulose (43%),
hemicelluloses (32%), and lignin content (24%) while the cell wall of spiRicega(abie3 has

cellulose (40%), hemicelluloses (31%), and lignin content (28%).

2.5 Enzymatic Saccharification and CelWall Characteristics

Plant biomass used for cell wall saccharificatiorussially made up of polysaccharides and
lignin. When the cell growth stops, biosynthesistloé secondary cell walls startsnd the
primary walls become lignifiedduring this phase ofwall development(Bacic et al., 1988;
Boerjan et al., 2003As theresults of saccharifation of plant material varies with the different
composition and structure dfie cell walls being usedthe composition of cell wallhas a
substantial effect which variesvith factors such as theplant species, tissue type, cell type

region withinthe cell wall, developmental stagad growth conditios (Moller, 2006)

While a considerable amount of literature has been published on evaluatibigighnteusas a
possible raw material for paper, energy (heat and electricity), geotextiles and buildinglshateria
There has been an increasing amount of interest recently on investigation of saccbardiuet
biofuel potential ofM. giganteus(Le et al., 2010) It has been includeds an ideal candidate
energy resource for thequuction of ethanol due to its high cellulose content and high biomass
yield. There is a large volume of published studies describing the bioconversion of
lignocelluloses to bioethanol, as saccharificaiton of lignocellulosic biomass is recognised as
potertial low cost source of sugars for the production of bioeth&Galroll and Somerville,

2009; Sun and Cheng, 2002)his bioconversion needs hydrolysis of cellulose to glucose and

then fermentation of glucose to ethanol by yeast or bacteria.

Enzymatic hydrolgisis advantageous in many respects and key to effective production of
monosaccharides in biomass procesgiamelinck et al., 2005)Lignocellulosic enzymesan
be categorized into (i) cellulases; (ii) hemicellulases; and (iii) ligninases (oxidases, peroxidases

and laccases that act on lignejcording to their substrates specificifyhe cellulases are ¢h
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cellulosedegrading enzymes. A cellulase preparationsigally amixture of differentcellulose
degradingenzymes that work synergistically. The endoglucanases make free chain ends by
acting on places of low crystallinity in the cellulose microfibrilthe cellobiohydrolases
breakdowrthe b 1,4) D-linkages of the free cellulose chains and release cellobiose, which is a
glucose dimer, and finally thB-glucosidases hydrolyse the cellobiose to glucose molecules.
Hemicellulose are degraded by hemicellalmainly xylanases and galagiocomannan active
mannanases which act synergistically with cellulases to make the saccharification process highly
efficient (Berlin et al., 2005; Teter et al., 2006)here are also other enzymes (oxidases,
peroxidases, and laases) reported in the literature to degrade lignin which catalyze the
formation of free radicals to speed up enzymatic deconstruction of cell wall m@arédhez et

al., 2005; Teeri, 2004)

2.5.1 Cell Wall Saccharification at Different Harvesting Months

Although several studies have revealed the chemical and enzymatic breakdbigtarithus

spp, but there are small numbers of reporesatibing the chemical composition and cell wall
components of the crop. Investigation on saccharification potential of crop with respect to
different harvesting dates is scarcely mentioned in the literature. In addition, no attempt was
made to evaluate ¢henzymatic hydrolysis of. giganteusamong different species and at

different locations and at different heights of stem.

A strong negative correlation was observed between overall lignin content and biomass
saccharificaiton efficiencyChang and Holtzapple, 2000; Hui et al., 2009; Kumar and Wyman,
2009; Ohgren et al., 20Q7A)ignin is one of the determining factor affecting saccharification and
cell wall degradabilitfChen and Dixon, 2007 ; Dien et al., 2006 ; Jung and Caslera2006

The effect of the maturity of the plant on lignin content and cell wall digestibility have been
reported in various grass speci{gsle et al., 1994; Jung, 198%ui et al.(2009) have studied

the correlation btween cell wall composition and saccharification efficiency of different switch
grass cultivars without any pretreatment. They described that maturity stages and lignification

are negatively correlated with enzymatic saccharification efficiency. Theyveloksdighest
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enzymatic saccharification efficiency (34%) in the first elongation stage which declined in the
2" (22%), 3¢ and 4" elongation stages (20%). However it increased again in"treoBgation

(22%) stage and decreased again and then it Bedegfter inflorescence in th& 8eproductive
stage(22%). They concluded that lignification and maturity stages are inversely correlated with
enzymatic saccharification efficiency. Regarding the biomass, lignin content and sugar yield, it
was concludedhat reed canary grass should be harvested in late ajRahikala et al2007)

During plant developmental stages, lignification has been detected as the major factor limiting
cell wall degradability(Buxton and Russell, 1988; Vogel and Jung, 200L)ng et al(1995)
reported that lignin content increased from the immatureatnm shoots of maize and decrease

in the cell wall degradability of mature plants is linked with a large increase in lignin. Li et al.
(2007) reported that inease in carbohydrate content with age in Bamboo is correlated with
increase in specific gravity and content of both carbohydrates and specific gravity stabilizes at
about three years of age which is an ideal time for harvesting the crog1B@ji)also reported

that lignin content and the growth stage of the shoot were closely related to the saccharification.
They observed lower lignin content in immature Bamboo shoot and reported that Bamboo with
low lignin content was more readily hydrolysed by the action of enzymes in order to produce
higher ethanol yield. It hasso been reported that bamboo containsstasctural sugars (starch,
sucrose, fructose and glucose) and immature bamboo is shown to ¢togit@namount of non
structural sugars than mature ones which could be a possible reason of higharfisaticm

yield of immature shoot&®kahisa et al., 2005)

Shengying and Che®006) reported that lignin and silicon (Si) had a negative effect on
enzymatic hydrolysis of cellulose in ricEhenet al. (2002) described that there is a strong
negativecorrelation between cell wall digestibility and lignin from studies in tall fescue stems in
which they found that cell wall digestibility decreased with the increasing maturity dropping
from 82% digestibility at the first elongation stage to 33% at t&8 reproductive stage.
Shengying and Chef2006) also noted that parenchyma cell and fibre cells content are
positively correlated with hydlysis performance as they observed higher saccharification yield

in stems with higher content of parenchyma and fibre cells. They also indicated that
saccharification yield increased by increasing hydrolysis time up to 40 hours and then plateaued.

They oncluded that biomass fraction with content of higher parenchyma and fibre cell, and
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content of lower lignin and lower silica was more readily and completely hydrolysed and

produced higher saccharification yield.

2.52 Cell Wall Saccharification with respect to different heights of stem
Tomoko et al.(2009) observed that lignin content is higher in the bottom portion of bamboo
stem and is lower at the top poniof the stem and showed that saccharification yields were

higher in the upper portion of stem and lower in the bottom section.

Jung et al(1995)also described that lignin concentration increased from the youngest (upper) to
the oldest (basal) internodes in maizenstand with respect to this saccharification yield was
higher in younger (elongating) internodes than mature intern@lenet al. (2002) observed
higher cell wall digestibility in upper internodes of tall fescue stem due to lower lignin content
and lowercell wall digestibility in bottom internodes due to higher lignin content. Shengying and
Chen(2006) also produced the similar results with thighest saccharification yield in the top

portion of stem due to the lowest lignin content.

2.53 Cell Wall Characteristics

There are significant differences between grasselsdicots with respect to the polysaccharide
polymers that associate with cellose. Primary cell wall of dicots are rich in pectin and
xyloglucan which form the major hemicelluloses. However, glucuronoarabinoxylan (GAX) and
mixed glucans form the major hemicelluloses in grasses, as primary cell wall of grasses have less
pectin andkyloglucan(Carpita et al., 2001 Hemicelluloses of dicot secondary cell wall contain
arabinoxylan with only few side chains, the glucuronoarabinoxylan of geasmdary cell wall

have very complex side chaifSsomez et al., 2008; Pauly and Keegstra, 2008)

Pahkala et al(2007) reported that soluble sugars reduced drastically when barley and reed
canary grass reached the onset of maturity and was lowest when plants were fully mature. They
observed that cellulosend lignin content increasedp to maturation stageJung (2003)
described that more than 50% of the cell wall material in meggeegatafter thecompletion of
internode elongation. He also reported that galactose and arabinose started to accumulate during

the early stages of cell wall development and their accumulation is associated with primary wall
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growth during internode elongation. Major sedary wall constituents (xylose) begin to amass
after the completion ahternode elongatiofJung, 2003)Tomoko et al(2009)observed large
amount of xylose in the solution aftemultaneous saccharification and fermenta{68F) So
the production of ethanol can be doubled friommature bamboo shoot, if xylose inditibn to

glucose is fermented into ethanol.

Li et al. (2007)observed that chemical components of bamboo stem differed significantly with
age. One year old bu had lower cellulose and lignin content thad Jear old.Chenet al.

(2002) observed more hemicelluloses and pectin in the younger stems at elongation stage and
more cellulose in the older stems at the maturity stage and mature (older) internodesreave mo
cellulose and less hemicelluloses than younger internodes. Li @08I7) also reported that
extractive deposition increases with the increasing maturitgamboo and this increase in
extractives imparts greater resistance to degradation. They found that top sections of the culm

had higher extractives than the middle and basal portion.

2.6 Starch

Starch is a major storage carbohydrate in most p{&atams et al., 1986; Ford and Deans, 1977
Kozlowski, 192 ; Tromp, 1988 It serves as a primary source of food for human beings. It has
major industrial applications and plags important physiological role in platKkossman and

Lloyd, 2000) Starch is a polymer aflucose and is divided structurally iramnylose(16i 30%)

and amylopectin65i 85%). These glucose monomers are joined to each other to form either

l inear po(llyme4d) byl ylcosi dic bonds or branched
(Kossman and Lloyd, 2000)
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2.6.1 Accumulation, mobilization and re-translocation of starch over the

growing season

Perenial plants depend on a well ordered bugdof photosynthates and of different other
storage carbohydrates that are attained during favourable conditions, stored during the dormant
season and mobilidefor reuse in growth and reproduction when needg&édrch accumulate
seasonally in the parenchymatous cellthastem, rhizome arttie rootof grasses and tree&sn
enormous amount of researefork has beerundertakenon deposition and mobilization of
stored materials in plant&ozlowski, 1992 ; Kramer and Kozlowski, 1979 ; Smith, 2008 ;
Ziegler, 1964 )

Parenchyma cells have distinct intracellular space for the storage of protein, fat and starch grains
as eported by Sauter and Van Cley#94) Studies in the past thirty years have showed
significant differences among the accumulation behaviour of individual compounds, among
various plant species and even among varities and gendison, 1989; Fischer and Holl,

1991; Harms and Sauter, 1%92oll, 1985 Nelson and Dickon, 1981; Pregitzer et al., 1990;
Sauter and Van Cleve, 199 Perennial plants usually store carbohydrates in the form of starch

in rhizomes, roots and tubers fromelaummer to autumn for the survival of the plant during
winter and also for rgrowth during springCyr et al., 1990; Dickmann arregitzer, 1992;
Dickson, 1991 Kozlowski, 192 ; Kramer and Kozlowski, 1979; McAdter and Haderlie, 1985;
Tromp, 1983 New stem growth of the plant is associated with quick removal of stored

carbohydrates in underground plant parts.

Several studies have shown tltfag level of starch increased in the tisswés/arious trees and
grassedrom mid-August to midNovember and decreased until aidbruary(Dickson, 1991
Essiamah and Eschrich, 1985; Harmse and Sauter,bl9®fhansson, 1993; Jorg and
Wellenkamp, 1998Kozlowski, 1992; Madsen, 199 Nelson and Dickson, 1981; Nguyen et al.,
1990; Sauter and Cleve, 1994u8a and Van Cleve, 1998eki and Aoyama, 1995; Sennerby
Forsse and Von Fircks, 1987; Shibata and Nishida, 1993; Terzieva et al., Tl95@ variations
seemed to be controlldyy the enzymesamylase and starch phosphorylasechiactivity is low
whenthe level of starch deposition is high antte versa(Elle and Sauter, 200; Giichi, 1954;
Koussa et al., 2005; Shibata and Nishida, 199an8 et al., 2008)
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Age is one of the most important factors which significantly affect the starch yield, and several
studies showed that there is a direct relationship between age obtharat its starch yield.
Lower level of starch was observed lre tyoung crop when all the cells were dividargdstarch
content starts increasing wheretbrop reachethe stage of cell wall expansion and starch is
maximum in mature cragg(Baafi and Safd<antanka, 2007; Firckand Sennerbyorsse, 1998;
Giichi, 1954; Norul Hisham et al., 2006; Seki and Aoyama, 1995; Wormer and Ebagole, 1965)
Age has beerfound to have remarkable effect on the starch conterthefrhizome of plant
(Klimes et al., 1999)Basic density of plardlsoincreass with the increase of starch content and
maturity of the crogWahab et al., 2009)

2.62 Effect of different plantation sites onstarch

Geographic location is an important component in the climate system and plays a key role on the
deposition and mobilization of starch in the pd&arEnvironmental conditions under which plants
grow influence the starch yield and also affects the physical and chemical compositions of plants
(Beta and Corke, 2001; Tester and Karkalas, 20@®gafi and SafdKantanka (2007)
investigated e influence of age and location on cassava starch yield by studying three
parameters (solubility, swellingpower and water binding capacifd reported that starch yield

is significantly affected by different locatian§hese marked changes among varitacations

might be attributed to the different amylose content and granule size of starch since these
influence the bonding forces between the granules and water molecules. W(R808&)also

found that geographic locations had significant effect on starch yield of sorghum. Stored starch
in the rhizome of plant is also significantly affected by differgedgraphidocation( KI i me g et
al., 1999)

2.6.3Starch atdifferent regions within stems

Starch is not uniformly distributed throughout the plant. Several studies investigatoantbat
of starch from differensteminternodes have revealed thaidrch levels in internodal tissues
increased more thahtimes from young to mature internodes. Starch content in elirarious
grasses (sugarcane and rice) and flowering planisually higher in lower internodes, and with

the ascent of node order it starts to decrédsaeira, 2007; Kaichi and Hiroshi, 1955; Koussa et
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al., 2005; Madsen, 1997; Wormer and Ebagole, 19%6)s pattern of starch fluctuation is
associated with the developmenttlo¢ plant, as young internodes have lower starch content and
mature inérnodes athe bottom have higherThe level d starch is controlled by the enzyme
amylase which activities are five times higher in younger internodes compared to mature
internodegFerreira, 2007; Koussa et al., 2005)

2.6.4 Effect oftemperature onstarch content at different monthly intervals

Cold acclimatization is a complex phenomenon causeagation in cell metabolism, starch
sugar equilibrium and protein synthesis. Conversion of starch to sugar in plants is a discrete
physiological phenomenon of cold harden{hgvitt, 1980. Numerous studies have attempted to
explain sugar deposition in plant tissues in response to low tempefidtisen and Dickson,

1981) High temperature decreases starch deposition in plants and accumulation of starch is
increased at low temperature. Growth conditions and temperature have been repoftstt to af
the chemical composition of starch in many créfsaoka et al., 1991; Asaoka et al., 1985a;
Asaoka et al., 1986; Asaoka et al., 1985b; Asaoka et al., 1984; MacLeod and Duffus, 1988a;
MacLeod and Duffus, 1988I8hi et al., 1994; Tester et al., 1995; Tegeal, 1991) Many
researcherdave argued that sugar accumulation after stagahrolysisin various trees and
flowering plantsmay be a factor in increased freezing resistance as maximum sugar content in
plant has been observed in wineevitt, 1941;Nelson and Dickson, 1981; Rodrigues and Ryan,

1960; Shibata and Nishida, 1998hd sugar content decreases as plants deacclimate in the

spring.
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CHAPTER 3

Growth and Development ofM. giganteus

3.1 Introduction

This chapter presents investigations on the anatmmdydevelopment d¥l. giganteuscell walls

in the fibre and parenchyma cells. The main objective of this work was to elucidate the temporal
and spatial deelopmental stages of internode and the development of lignification across these
stagesn M. giganteudoy using histochemical staining techniques and light micros(@pspita

et al., 2001)

3.1.1 Growth and anatomical developmental stages bf. giganteus

As described in chapter 2, three developmental stages of fibre and parenchyma cells, including
first cell division stage, second intermediate stage (divisigparenchyma cells and elongation

of fibre cells) and third elongation stage of both cells, have been described in b@nbeo

2000) A fourth stage of maturation was included after elongation in addition to previously
defined three stages dfamboo (Gritsch aad Murphy, 2005) The four stages have been
characterized for fibre developmdhte et al., 2000)vhile six elongation and three reproductive
stages were identified in switch gra§ldui et al., 2009) So far, no research work on

developmentastages oM. giganteushas been described in literature.

In this chapter, the followingotir temporal developmental stages of internddieom the same

position in eak harvesting time were observed:

1. Cell wall expansion stage
2. Cell wall thickeningstage
3. Maturation stage

4. Senescence stage

By the end of the first stage (Cell wall expansion), cell divisions in both fibre and parenchyma

cells of stemof M. giganteusvas almost completeaind, at the end of this stage, ttedls were
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virtually fully expandedand/orelongated.The completion of this stage in internode @/as
indicated in late July which is th&™ monthafter shoot emergence and a rapid period of overall
shoot elongation after Aprile. Six monthsafter shoot emergence- October)the 2nd stagewas
nearing completiom which thickness of cell walls of fibres and parenchyma egdls reaching

a maximum During the 3rd stage(7 months after shootemergencg both cells acquired
maturity, and were highly lignifiedFinally the 4™ stage i.e. senescenaecurred from abous
months after shoot emergence which continuetii the end of the seasom late
December/January.

As mentioned in Chapter 2, the acropetal development of bamboo shoot was indicated by
successive cell division, elgation and maturation stages of groWitsiung et al., 1982)The
parenchyma cells in the top stem internodes of svgtaks have been described toéthin cell

walls with less developed secondary cell walls, whereas those of basal internodes have been
shown to undergo cell wall thickening. These reports suggested the same acropetal development
of stem(Sarath et al., 2007gs previously concluded. The similar observations in bamlave w
exhibited as wel(Gritsch, 2003)In this Chapter, the spatial studies of stem developwfelit
giganteuswere made in Jy (internode 2, 4 and 7), October, November and January (internodes
2,4, 7 and 11). Finally, the correlation of yield with the growth and developmbhtgifjanteus

was investigated from July to November and then in January.

3.1.2 Development of ligrfication in M. giganteus

Lignin constitutes the second most abundant plant biopolymer after cellulose and accounts for
about 30% of the organic carbon in the biospherddistanthusspp, approximately 226 %

lignin contributes to the chemical compositiof cell wall. The levels of lignin in softwood and
hardwood have been found to be22%6 and 1730%, respectivelyFengel and Wegenet989)

As previously mentioned in Chapter 2, ligninais insoluble phenolic polymer which is an end
product of phenylpropanoid pathway. The Ilignin molecule is formed as a result of
polymerization of aromatic alcohols (the monolignglsoumaryl alcohol, coniferydlcohol and
sinapyl alcohol)and is composedfahree units namedyuaiacyl (G), syringyl (S) angb-
hydroxyphenyl (H) unitsThe relative ratios of these units make significant differences between

grasses, softwood and hardwood. The studies on various grass species have shown that the
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growth stages gplant affects the deposition of lignin content. As reported by Hui ¢2@09)

the variability of lignin content depends on factors and dewvednpal stages in switchgrass.

The purpose of this study is to explore the lignin development in different parts of internodes of
stemof M. giganteusand evaluate the temporal effect on lignification. Special emphasis is given

to the understanding of tlamatomical developmental stages at different harvesting months.

3.2 Materials and Methods

3.2.1 Collection of plant material

Internode 2 oktem samples dfl. giganteuswvere collected from a plantation site established in
1993 at Rothamsted Researdat®n, UK at one month intervals starting from July in years
2007 and 2008. It was propagated at Rothamsted from Hagemann, Berlin, Germany in 1993. In
year 2009, lignification was studied at different heights by selecting internode 2, 4, 7 and 11 at
five monthly intervals (July, Sep, Oct, Nov and December). For the purpose of sample
collection, plants were cut&n above the ground level and whole stem lengths were returned to
the laboratory at Imperial College London. Blocks (approx 4 cm) of internodés72and 11

were immediately stored in Formalin acetic acid alcqif@A) (Hamelinck et al. 2009 for

histological sudy.

3.2.2 Fixation, sectioning, and staining

Pieces (approx 4cm lengths) of the migt of relevant internodes bf. giganteuswvere fixed in

FAA within approx. 5 hours of stem harvesting at Rothamsted after return of the stems to
Imeprial College Lodon. The FAA comprised 90% of 70% ethanol, 4% glacial acetic acid and
6% formaldehyde (of a 348% solution). Transverse and longitudinal sections eémbedded
material were cut at 27 pum thickness with a Reichert sliding microtome fitted with a disposabl
low profile blade.

The tranverse sections were stained with the following histochemical staining reactions and dyes

to investigate the temporal and spatial development of tissues of internodes:
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1- Safranin and alcian blue

2- Lignin pink and chlorazol black
3- Acridine red/chrysoidin

4- Wiesner reaction

5- MauleColour reaction

6- Periodic acid shiff

3.2.2.1 Safranin and Alcian blue

Transverse & longitudinal sections were stained with Safranin for 2 min followed by sequential
rinsing with deionized water for 2 minuteounterstained in Alcian blue for 3 minutes, followed

by rinsing for 3 minutes in d®nized water and then dehytlkd gradually in a graded ethanol
series of 50%, 70%, 100%, and 100%, cleared in histoclear, mounted in DPX and observed
under light micrgcopy (LM) following the protocols described Mpshida et al.(2002) and
Johansel(1940)

3.2.2.2 Lignin pink and chlorazol black

Transverse sectiongere also stainedith 5% aqueous Lignin pink for 8 minutes, dehydrated in
95% ethanol for 5 seconds, followed by washing inicthezed water for 5 seconds, again
dehydrated in 95% ethanol for 5 seconds, followed by 100% ethanol. They were counterstained
with 1% aqueous Gbrazol black for 1 minute according to protocol described by Robards and
Purvis (1964)and dehydrated in 100% ethanol for 1 minute. After clearing in Histoclear for 25
seconds, they were peanently mounted in DPX for LM observation

3.2.2.3 Acridine red/chrysoidin

Transverse sectiongere also stained with aqueous Acridine/Chrysoidine for 3 minutes, and then
dehydrated these sections gradually in 50%, 70%, 100%, and 100% ethanol for 30 seconds in
each respectively, cleared in histoclear for 30 seconds, and mounted in DPX for LM tdaserva

Lignified cell walls stained deep red to bright orange color.

3.2.2.4 Weisner Reactions

Transverse sectiongere stained for 30 seconds with Wiesner reagents (3% wi/v phloroglucinol

in 96 % ethanol)Phloroglucinol in acidic conditions gives a rpthk product with mainly the
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cinnamaldehyde groups present in lignins, and dehydrated with concentrated HCL for 2 minutes.
Freshly stained sections were mounted in glycanol observed under LM within 20 minutes of
staining (this stain is temporary)he paitive red staining indicates the presence of guaiacyl
lignin types due to the reaction with coniferylaldehyde, and also with cinnamaldehyde end

groups in the lignin molecul&arkanen, 197 Srivastava, 1966

3.2.2.5Maule colour reaction

Sectionswere also stained using Maule reagent as described by Chapple et al. (1992) by
immersing in 1% (W/V) KMNQ aqueous solution for 30 seconds, dehydrated in diluted 10%
HCL for 1 minute(Chappleet al, 1992) They were then rlydrated for 2 minutes in distilled
water. Moistened with 10% NJ@OH for 36 minutes, hydrated again for2l minutes, then
dehydrated sections gradually in ethanol series of 50%, 70%, 100%, and 100%, and then
mounted in glyceroand observed under LM within 20 minutes of staining due to the temporary

nature of the stain.

3.2.2.6Periodic acid Shiff

Rinsed FAA fixed 27 pum section in denized water for 1 minute. Immersed sections in periodic

acid soln. (Catalogue No0.395 SigmaAldrich) at room temperature for 5 minutéRuzin,

1999) Hydrated sections in severdlanges of déonized water for 2 minutes. Then immersed
sections in Schiff s r2%3gmnaAldrich)sabrbom temge@tare farl o g u e
15 minutes. Hydrated section in-baized water for 5 minute, and then dehydrated in ethanol

series 0650%, 70%, 100%, and 100% again 30 seconds in each, and then cleared in histoclear for

30 seconds, mounted in DPX and observed uniier L

3.2.3 Microscopic study

Prepared slides were examined using Light bBcopy (LM).A Zeiss Axioskop 2 with axiocam
andaxiovision software v 3.1 were used for observations and image collection. Image J (1.41)
NIH Image program (developed at the US National Institute of Health and available on the
internet at http://rsb.info.nih.govj) was used for measuring the thickness of fibre, and

parenchyma cell walls.
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3.24 Measurement of plant height and internode length

Ten different plants were selected randomly from different parts of CS408 plot at Rothamsted
and were lablled with the date of first measuremeS8ize of plot CS 408 was 100°nAll the
measurements of plant height were done with the help of measuring tape from bottom to top of

stemof M. giganteusand those of internode length as well.

3.25 Measurement oftotal biomass yield ofM. giganteus

Total biomass yield oM. giganteuswas estimated in 2009 in June to November and then in
January. Six different plants were harvested randomly from different positions of CS 408 plot in
each month; the fresh weight tfe individual plant (stem and leaves) was measured, and then
averaged to get a representative biomass yield. The total number of plants was counted in a one
square metre area. The number was multiplied by 10, 000 square metre which gave the total
number @ plants in one ha = 10, 000°nThe representative biomass yield of one plant in each
month was multiplied with the total number of plants in one ha to get the total biomass yield per
ha and this was expressed as total biomass yield in tons per ha.

3.2.6 Basic density and moisture content

Fresh Pieces (approx 7 cm) &t Biternode were taken for determinatiomadisture content and

basic density.

3.2.6.1 Basic density
Basic density or basic specific gravity, was obtained as the ratio between theidhy and
volume of the green woo@Nogueiraet al, 2005;Stone and Gifford1997)from the following

formula:
Basic density (g/cf) = oven dry weight (g) / green volume @réa é é .(1)
Green volume was measured by the water displacement method. A sample bf. fggganteus

from internode 3 (approx 6@m length x stem diameter) was placed on a mounted needle which

was fixed in stand. A beaker was tared on the balance at zero. The mountedvgasnihien
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submerged and the reading on the balance recordg) i this being eqivalent to is the green

volume in cri. The sample was then oven dried as above and then weight was recorded.

326.2 Moisture content

Moisture content was determined on oven dry basis atCl@&& 24 hours by the following

formula-
M.C. (%) = wet wt.T drywt. x 100 € é é é . (2)
(Oven dry basis) dry wt
3.3 Results

3.3.1 Anatomical development of internodeof M. giganteus

The cross section oM. giganteusculm showed atypical monocotyledon arrangement of
scattered vascular bundles with parenchyma and fibre cells. Fibre cell walls were relatively
thicker than parenchyma cells. Higher numbers of vascular bundles were observed around the
periphery of the internode whiclecreased towards the internal part of the stem which has the

highest density of parenchyma cells.

3.3.12 Temporaldevelopment of internodeof M. giganteus

Four temporal developmental stages of internddeom the same position in each harvesting

time were observed

1. Cell wall expansion stage

2. Cell wall thickening stage

3. Maturation stage

4. Senescence stage
By the end of the first staged|l wall expansion), cell divisions in both fibre and parenchyma
cells was almost completed. Cells weabout fully expanded/elongated. After six months of

shoot emergence®stage started in which thickness of cell walls of fibres and parenchyma cells
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increased. During'8stage after montf of emergence, both cells acquired maturity, and were
highly lignified, and after this started the fourth stage i.e. senescence which remains until the end

of the season.

3.3.12.1 Cellwall expansion

This was observed in thé*3nonth harvesting time (in July) after the shoot emergence including
the tissue divisiorand considerable shoot elongation. Because at this stage basic density was
less, moisture content was mo#d this stage, differentiation of fibres, and parenchyma cells
was almost complete, and cells were almost fully expanded/elorigdades3.1(a, B; 3.2(a, b);

3.3(a, b);3.4(a, b);35(a, b);3.6(a, b);3.7(a, b);3.8(a, b) with different histochemical staining
reaction$ Parenchyma cells were irregular in shape, and their cytoplasm was located around the
cell periphery. Fibres were round in shaped cell walls started thickening. Cell walls of fibres
were relatively thicker than that of parenchyma cells. Average thickness of combined cell walls
of parenchyma, and fibre cells was 0.22 um, and 0.5 pm respectively, amdeade@ameter of
parenchym cell was 18 um [Plat8.6(a, b)]. 2 um sections were also stained with different

histochemical reactions to see pattern of cell wall development at this stage[Plasad3.22].

3.3.122 Cell wall thickening stage

This was observed in thé"6nonh harvesting time (in October) after the shoot emergence. At
this stage, basic density was relatively more and moisture content was less, and there was an
increase in parenchyma and fibre cell wall thickness. Fibre cells were polygonal shaped, and
parenchyna cells had larger diameter, and thegre oval shapedPlates:3.1(c, d);3.2(c, d);

3.3(c, d);3.4(c, d);3.5(c, d);3.6(c, d);3.7(c, d);3.8(c, d); with different histochemical staining
reactiong All cell walls were thicker than those at early stajedevelopment. Cell walls of

fibres were relatively thicker than that of parenchyma cells. Average thickness of combined cell
walls of parenchyma, and fibre cells was 0.44 um, and 0.71 pum respectively, aageaver
diameter of parenchyma cell was 24 unafe3.6(c, d)]. Increase in cell wall thicknesslicates

the deposition of secondary cell wall.
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3.3.123 Maturation stage

This was observed durind"7month harvesting time (Nov) after the shoot emergebeaves

started falling and nutrients aretranslocated into the rhizomat this stage, Parenchyma and

fibore cells acquired full maturity. Fibres close to the vascular bundle were thickened
conspicuouslyPlates:3.1(e, f);3.2(e, f);3.3(e, f);3.4(e, f);3.5(e, 1);3.6(e, 1);3.7(e, 1);3.8(e, f)

with different histochemical staining reactipnbiter cellular spaces were more clear between
parenchyma cells. Parenchyma cells stained darker as compared to the early stage. Average
thickness of combined cell walls of parenchyma, and fibre cellsOa&6& pum, and 0.92 um

respectively, and average diameter of parenchyma cell syasiZPlate3.6 (e, f)].

3.3.124  Senescence stage

This was observed in the 8th month harvesting time (December) after the shoot emergence, and
this stage remains until trend of the crop seasoDuring this stagea large proportion deaves
havefallen There was no more change in the thickness of parenchyma and fibre cell walls.
[Plates:3.1(g, h); 3.2(g, h); 3.3(g, h); 3.4(g, h);3.5(g, h); 3.6(g, h);3.7(g, h); 3.8(g, h) with

different histochemical staining reactipns Average thickness of combined cell walls of
parenchyma, and fibre cells was 0.66 um, and 0.92 um respectively, and average diameter of

parenchyma cell wassqum [Plate3.6 (g, h)].

3.3.13 Spatid development ofM. giganteusstudied at different regions of

stem
Following spatial developmental stages have been observed at different regions of the stem at

four temporal phases times described in section 3.3.1.2.

Cell elongation stage
Cell wall expasion stage
Cell wall thickening stage

S -

Maturation stage
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3.3.1.3.1 Cell elongation stage

This has been observed in internode 7 and internode 4 in July and to some extent in internode 11
in October. Cell division has almost been completed but parenchgohdibre cells were still
elongating [Plates 3.12 and 3.13]. Parenchyma cells were irregular in shape. Cell walls of both
parenchyma and fibre cells were thin. Average thickness of combined cell of parenchyma and
fibre cells was 0.15m and 0.3Qum respetvely [Plate 3.12 and 3.13].

3.3.1.32 Cell wall expansionstage

This has been observed in internode 2 in July and internode 7 and 4 in Gatddeternode 7

and 11 in NovemberAt this stage, differentiation of fibres, and parenchyma cells wassalmo
complete, and cells were almost fully expanded/elongg@éate 3.12 and 3.]13Parenchyma

cells were irregular in shape, and their cytoplasm was located around the cell periphery. Fibres
were round in shape, and cell walls started thickening. Celéwéfibres were relatively thicker

than that of parenchyma cells. Average thickness of combined cell walls of parenchyma, and
fibre cells was 0.22 um, and 0.5 um respectively, andageediameter of parenchyma cell was

18 pm.

3.3.1.33 Cell wall thickening stage

Cell wall thickening stage has been found in internode 2 and 4 in October and internode 7 in
November and also in Internode 7 and 11 in December [Plates 3.13, 3.14 and 3.15]. Average
combined thickness of parenchyma and fibre cell wall wae@sed over those observed in
previous stages of development. Both parenchyma and fibre cells were round shaped and
thickness of fibre cells was more than parenchyma cells. Increase in cell wall thickness proposes
the deposition of secondary cell wallverage thickness of combined cell walls of parenchyma,

and fibre cells was 024um, and 068 um respectively

3.3.1.34 Maturation stage
Maturation has been observed in internodes 2 and 4 in November and December [Plates 3.14 and
3.15]. Parenchyma and fi cells became fully maturédverage thickness of combined cell

walls of parenchyma, and fibre cells wa82um, and 088 um respectivelyBoth parenchyma
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and fibre cells were darker than those observed in previous stages. Thickness of fibre cell wall

was more than parenchyma cells.

3.3.14  Growth characteristics ofM. giganteus

Total biomass vyield (t/ha) calculated for different months fluctuated throughout the season.
Figure 3.1 shows that biomass yield was low in June (5.51) and gradually @éitcieaduly
(12.47), August (13.83), September (14.98) and October (15.05) and then decreased in
November (14.42) and January (12.81). Basic densicyn® measured in year 2009 was low in

July (0.14) and then it gradually increased up to November (&/@8Yhen was constant up to
January (Figure 3.1). Moisture content (%) measured in year 2009 from CS 408 was maximum
in July (574.23) and then it gradually decreased up to November (139.19) but it increased a little
in January (175.38) (Figure 3.1).
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3.3.141

different monthly intervals

Measurement of stem height and length of internodes 2 and 3 at

Table 3.1 shows that stem heights increabesticallyfrom June (141 cm) to July (258 cm).
There is a gradual ineasing trend of stem height from July (258 cm) to Oct (326 cm) and then it

is stable from Oct to November (Table 3.1). Error bars show small variation amadhiffeesnt
replicates (Figure 3)1 Length of Internode 2 increases more from June (15.46 crijlyo

(17.86 cm) and then increases gradually up to Oct (18.82 cm) and then it becomes stable (Table
3.2). Error bars shows small vara@at among 10 repeats (Figure B.LLength of internode 3 also
increases more from June (16.54 cm) to July (18.51 cm}rerdit increases gradually up to

September and then it is Bla (Table 3.3). Figure 3ghows small variation among 10 repeats.

Table 3.1: Height of stem in different months (cm)

June July Aug Sep Oct Nov
A 147.3 241.3 306.1 311.2 311.2 311.2
B 148.6 263.4 313.7 327.9 328.4 328.4
C 151.1 271 323.9 327.7 328.7 328.7
D 140.2 271.8 346.7 353.1 353.8 353.8
E 162.6 269.2 322.6 332.7 333.2 333.2
F 138.4 266.7 315 315.2 316 316
G 140 264.2 322.6 328.9 329.9 329.9
H 130.8 248.4 302.3 312.9 313.7 313.7
I 137.4 244.3 321.3 328.9 329.7 329.7
J 123.2 248.2 309.9 316.2 316.7 316.7
Average 141.9 258.8 318.4 325.4 326.1 326.1
Table 3.2: Length of Internode 2 (cm)

June July Aug Sep Oct Nov
A 17 19.7 20.5 20.6 20.6 20.6
B 18.5 19.5 20.8 20.9 209 20.9
C 15.5 18.0 18.2 18.2 18.2 18.2
D 15.7 19.6 20 20 20.1 20.1
E 16.5 18 18.2 18.2 18.2 18.2
F 13.6 19.6 20.7 20.7 20.7 20.7
G 18.5 194 20.8 20.8 20.8 20.8
H 11.5 13 14.5 14.5 14.5 14.5
| 13.5 14.4 15.2 15.3 15.3 15.3
J 14.3 17.4 18.8 18.9 189 18.9
Average 15.46 17.86 18.77 18.81 18.82 18.82
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Table 3.3: Length of Internode 3 (cm)

June July Aug Sep Oct Nov
A 18.2 20.1 20.6 20.8 20.8 20.8
B 19.8 21.5 21.9 22.2 22.2 22.2
C 16 18.5 18.9 19.4 19.4 19.4
D 16.5 18.5 18.8 19.2 19.2 19.2
E 16.9 18.5 18.9 19.2 19.2 19.2
F 15.5 18.2 18.7 18.9 18.9 18.9
G 19 21.2 21.7 21.9 21.9 21.9
H 12.5 14.1 14.5 14.8 14.8 14.8
I 15.1 16.8 17.3 17.6 17.6 17.6
J 15.9 17.7 18 18.3 18.3 18.3
Average 16.54 18.51 18.93 19.23 19.23 19.23
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3.3.14.2 Periodic acid schiff reaction system (PAS)or developmental

studies ofdetection ofpolysaccharides/carbohydrates of stem

Micrographs in Plat8.4ab(July) show that the walls of epidermal cells, especially on the cortex
side, of xylem fibres and phloem fibregised Magenta red colour with Periodic acid Schiff
reaction system representing the detectiopatysaccharides/carbohydraiaesluly. Micrographs

in Plate3.4c-d(Oct) show that the walls of epidermal cells, especially on the cortex side, of
xylem fibresand phloem fibres stained relatively strong Magenta red colour with Periodic acid
Schiff reaction system. Whereas micrographs in P8def (Dec) show that the walls of
epidermal cells, especially on the cortex side, of xylem fibres and phloem fiahesdsvery

strong Magenta red colour with Periodic acid Schiff reaction system. Initially epidermal cell and
all fibre cells of xylem and phloem showed deep red colour staining while parenchyma cells
were lightly stained. Plates of August indicated expansif deeply stained area around xylem

and phloem thus encompassing few parenchyma (eliige 3.20) These plates also showed
deep staining of cell walls of companion cells. However all plates prepared from the sample of
September showed deep stainindilofe cell, sieve elements and parenchyma cell. Periodic acid
Schiff reaction system represents a very good picture of increase of carbohydrate content
throughout the season which is obvious by strengthening of the Magenta red colour gradually

until December.

3.3.14.3 Comparative  developmental study of detection  of
polysaccharides/carbohydrates of stem between 2007 and 2008 wiReriodic

acid Schiff reaction

There was no significant change in the pattern of carbohydrate detection observed between 2007
and 2008 [Plat&.20], which suggest that the particular season has little or no influence on the
development of the carbohydrate structure of the stem tissues.

3.3.1.5 Development of lignification revealed with various histochemical

staining reactions

Micrographs show the epidermis, cortex, parenchyma cells, fibres and the vascular bundles of

transverse and longitudinal sections from internode 2 of shoots at different stages of
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development over the growing season. Each of the histochemical staining edickited that
variation in cell wall development processes, particularly lignification, occurred according to
location of cells. The epidermis, composed of a single layer of-thatled cells, often showed
distinct staining contrasting with the thigkalled cells of the cortex below it. The cortex is
bounded on the inside by the endodermis, and is composed mostly of undifferentiated cells
usually large parenchyma cells. Fibre cell walls also stained deeper than parenchyma, xylem and
phloem cell. For exaple, the cell walls of epidermis cells, of few fibres adjacent to xylem, and
phloem stained red color (indicative of lignin) with Safranin, and cell wall of parenchyma cells,
of phloem, and of protoxylem stained blue (indicative of-hgnin) after coungrstaining with

Alcian blue [Plate8.9a (July)], Whereas the cell walls of epidermis cells, of some fibres adjacent
to xylem, and of few fibres adjacent to phloem stained red color (positive) with Safranin, and cell
wall of parenchyma cells, and of phloend of protoxylem stained (blue) after counterstaining
with Alcian blue [Plate3.9b (August)].With the Acridine red/Chrysoidin test, relatively dark
orange colour was detected in the walls of epidermal cells, of fibre walls next to vascular
elements, andf few parenchyma cells [Plate33) July]. With the Maule colour test [Pla@e23

(a,b)] brown colour (positive) i.e. qualitative indication of guaiacyl lignin was detected in the
walls of epidermal cells, especially on the cortex side, of xylem fibrdsf@am parenchyma

fibres.

3.3.15.1 Safranin & Alcian blue

Lignin containing cell walls contents appeared as red with safranin whiteondmw-lignin cell

walls appeared as blue colour with alcian blue. The deposition of lignin tended to increase
gradwally with each month intervalintii Decemberas apparent from the Plag&9 (July to
February. Plate3.1a-c(July) thecell walls of epidermis, of few fibres adjacent to xylem, and
phloem stained red color (positive) with Safranin, and cell wall of payemelcells, and of
phloem and of protoxylem stained blue (positive) after counterstaining with Alcian Blue [Plate
3.9 (in July)] whereas cell walls of epidermis cells, of some fibres adjacent to xylem, and of few
fibres adjacent to phloem stained red c@pmsitive) with Safranin, ahcell wall of parenchyma
cells, of phloem and of protoxylem stained (blue) after counterstaining with Alcian blue [Plate
3.9 (in August)]. In Plate3.9 (in Sep), the cell walls oépidermiscells were more lignified.
Fibres adacent to phloem and particularly xylem were lignified. Only few cell walls of xylem,
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cell walls of Phloem, and that of Parenchyma stained Blue color with Alcian Blue. In3Blate
(Oct, Nov, and Dec), Thick cell walls ofpidermisand cortex, of all fioresand most
parenchyma stained deep red with Safranin (positive)/highly lignified. Only few cell walls of
phloem stained blue (positive) with Alcian Blu®uring January, and February, thick cell walls

of both cells were strongly lignifiethdicating dark ed colour.During the early development
phase in July, lignin staining was mainly observed in the fibre cells adjacent to the vascular
elements. However during August, September, October, November, and December months,
patches of lignin widened showing arcrease in lignin contents in November, and December

months.

3.3.15.2 Lignin pink and Chlorazol black

Generally, samples of July were primarily cellulosic as appeared from the black drlalzck

colour of parenchyma and phloem cells and their wBllat€3.10]. However, fibre cells close to
vascular elements and the epidermis were stained red showing presence of lignin in these
regions. The accumulation of lignin in the stems was independently confirmed by staining
transverse sections with lignin gin which demonstrated considerable deposition in
sclerenchyma fibres and the xylem tracts. Generally, samples from July showed abundance of
cellulose as appeared from the black or dadck colour of parenchyma and phloem cells and
their walls. However,ibre cells, epidermis and cortex cells were stained red showing presence
of lignin with in these regions. In the Month of August [PI&t&0(Aug)] the cell walls of
epidermiscells, of few fibres adjacent to xylem, and phloem stained red color (posititre)

Lignin Pink, and cell wall of parenchyma cells, of phloem, and of protoxylem stained black
(positive) after counterstaining with Chlorazol black. In September [Bla®, cell walls of
epidermis and cortex below it were more lignified. Fibres adjate phloem and particularly

xylem were highly lignified with Lignin Pink. Only few cell walls of xylem, and of phloem, and

of few parenchyma stained black color with Chlorazol black. In B4 (October) thick cell

walls of epidermis and cortex, ofl dibres, and most parenchyma stained deep red with Lignin
pink (positive). Only few cell walls of phloem stained black (positive) with Chlorazol black. In
November, and December [Pl&40] thick cell walls of all fibres, and most parenchyma stained

deepred with Lignin pink (positive). Only few cell walls of phloem stained black (positive) with
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Chlorazol black. During January, and February, thick cell walls of both cells were strongly
lignified [plate3.10].

3.3.15.3  Acridine/chrysoidin red

The stainng of plant tissues with Acridine red/Chrysoidin results in colours that range from deep
red to bright orange [Plat&3]. Deep red color indicates less lignification whereas bright orange
colour shows more lignification and maturation of cells. Epiderceit appear distinct from
other cells as bright redrange. Fibre cell walls stained orange, whereas parenchyma cell walls
staindeep redMost fibre cell walls are dark orange in colour and cell walls of fibres adjacent to
the vascular elements exhibitbaight orange colour. The brightest orange colour is associated
with fibres close to the metaxylem vessels. PlaBir8licates a general change in the staining
colour of both fibres and parenchyma cell walls over time. Initially, fibore caps and parenchym
cells showed deep red colour during the months of July [B&@b)] while in October,

November andecemberthey were stained as orange colour.

In Plate3.3ab (July), bright orange colour (positive) could be detected in the walls of epidermal
cells, of fibre walls next to vascular elements, and of few parenchyma cells. The outcome of the
colour reactions in the cell walls of fibres varied according to their position in relation to the
vascular elements. In Plate38-d (Oct), relatively dark orangsolour was detected in the walls

of epidermal cells, of fibre walls next to vascular elements, and of few parenchyma cells.
Micrographs in Plate .3e-f (Nov) show that bright orange colour was detected which became
more dark on the walls of epidermis amnl the cortex side, of Parenchyma, and of xylem cells.
Walls of phloem were relatively less dark as compared to xylem fibres. Micrographs in Plate
3.3g-h(Deg) show that bright orange colour detected was more darker on the walls of epidermis

and on the coex side, of parenchyma, and of xylem cells.

3.3.15.4  Wiesner reaction

Epidermal cells appeared as deep red colour when stained with the Wiesner reagent. This deep
red colour appeared on cortex below the epidermis gradually with the late season (October
February). Similarly fibre caps at protoxylem region also appeared deeply stained red.

Micrographs in Plat&.11 (July) show that most cell walls were weakly stained. Cell walls of
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epidermis and those of fibres surrounding the vascular elements wees stdnPositive). Cell

walls of parenchyma did not stain red. Micrographs in FBdte(Aug & Sep) show that with the
development cell walls of parenchyma started staining red. Cell walls of epidermis and those of
fibres surrounding the vascular elememsre strongly stained red (Positive). Micrographs in
Plate3.11d (Oct) show that mostly cell walls were strongly stained red with Wiesner test. Cell
walls of epidermis, especially on the cortex side, of parenchyma and those of fibres surrounding
the vasclar elements were strongly stained red (Positive). This strength of staining increased
from the month of November to February where in February [F4tH, there was strong

lignification.

3.3.15.5 Maule colour reaction

Micrographs in Plate 3.23 (Jylghow that brown colour (positive) i.e. a tentative indication of
guaiacyl lignin was detected in the walls of epidermal cells, especially on the cortex side, of
xylem fibres and few parenchynaad fibre cells Micrographs in Plate 3.23 (Aug & Sep) show
that the walls of epidermal cells, especially on the cortex side, of xylem fibres and phloem fibres
stained a strong brown colour with the Maule reaction at the August and September sampling.
The brown colour of the cell walls of Parenchyma was more int&kereas micrographs in
Plate 3.23 (Oct) indicated that the walls of epidermal cells, especially on the cortex side, of
xylem fibres and phloem fibres stained dark strong brown colour with Maule colour reaction.
This dark strong brown colour kept incraagifrom the month of November to onward where in
December [Plate 3.23], it was strongest which showed that it was more lignified. Cell walls of

Parenchyma were also strongly brown coloured.

3.3.1.6 Comparative developmental study of lignification betweer2007

and 2008seasonsvith safranin, and alcian blue, and lignin pink and chlorazol
black

To study the comparative development of lignification between year 2007 and 2008, 27um
transverse sections of “ambedded samples of internodédV. giganteuscollected during July,

August, September, October, November, December,adgnand February. Sections were
stained using Safranin/Alcian blue [PI&846, & 3.17] and Lignin Pink/Chlorazol Black [Plate
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3.18 & 3.19] . There was no significant change in theihgievelopment observed between 2007
and 2008, which suggest that the particular growing season has little or no influence on the

development of lignification.

3.3.17 Development of lignification within different regions of the stem

High degree of vaation in the development of lignification has been observed at different
internodes of the stem M. giganteuslt has been found that lignin content develops acropetally
in the stem of crop at all monthly intervals in growing season. Internode 7,tbeitap of stem,

was found to be the least lignified in July (Plate 3.1). ©nly epidermis, few fibre cells
surrounding metaxylem and protoxylem and phloem were lignified. A large proportion of the
culm was noHignified. Internode 4 showed relativelyare lignification than internode 7 (Plate
3.12 cd). Epidermis, cortex, and more fibre cells were lignified in internode 4. Internode 2
(basal) was highly lignified (Plate 3.12by Epidermis, Cortex, sclerenchyma fibres were highly
lignified. There weranore lignified fibres cell surrounding xylem and phloem.

Stem harvested in October also showed similar pattern of lignification in the stdvh of
giganteuscrop except the fact that they were relatively more developed (Plate $11.3 g
Internode 11 was thtop upper internode in Oct, as the crop grown up in October. Fibre caps
were lignified in internode 11 but both fibre and parenchyma cells were thinner and in internodes
4 and 7, thickness of cells increased and in internode 2, both fibre and paremneigmeere

darkly stained, indicating high degree lignification.

Stems in November and December were similar to that Octaberespect tdignification but
in November and December, cells acquired full maturity and were darkly stained more red
colour han that observed in October (Plates 3.14 and 3.15).
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3.4 Discussion

3.4.1 Development dfl. giganteus

The results of this study showed four temporal developmental stages in one growing season of
M. giganteus Current study corroborates thadings of a great deal of previous warkother
biomass crop (Crow, 2000; Gritsch and Murphy, 2005; He et al., 2000; Hui et al., 2009)
revealed a gradual patteohincrease of thickness in the cell wallspafrenchyma and fibre cells

from stage of cell wall elongation to maturation at which cell wall acquired maximum thickness.
These findings of the current study are consistent with those of Gritsch(20@4) Resultsof

current studyshowed that processes of cell wall thickness were slowed down and ultimately
ceased resulting in increased cell wall thickness, proposing the deposition of secondary cell wall.
Abe et al.(1997)found similar results in Bamboo. But some authors have found contradictory
results and reported that secondary cell wall deposition starts before the cessatibmalf ce
expansion(Juniper et al., 1981; Schubert et al., 19&8) some researchers have argued that
deposition of secondary cell wall begins after the cell has stopped gr@@vrietty and Waldron,

1996; Wardrop, 1964)Hui et al.(2009) have observed increase in thickness of cell wall from
first elongation stage to fourth elongation stage in switch grass, proposing the deposition of cell

wall.

The results of this study also revealedttgrowth ofM. giganteusshoot proceeds acropetally by
successive cell elongation, cell wall expansion, cell wall thickness and maturation. Different
cells in the culm in the basal portion (bottom internode) were found with thick cell wall and
those at uper internodes with thin cell wall which means upper internodes were still growing.
This pattern was similar in all monthly intervals investigated except the fact that bottom
internodes studied at later temporal stages-{I&ct) were thicker anchore matue than those
observed at early harvest month (July) and upper internodes at later maturity stage #uoguired
stage of cell wall expansion and cell wall thickness whereas those studied at early harvest (July)
were at elongation stage. These findings areagneement with Hsiung et a{1982) who
indicated that Bamboo shoot grows acropetally. Sarath €2@07 )observed thin cell wall of
parenchyma cell ith less developed secondary cell wall in the upper internodes of switch grass

and thick cell walled parenchyma in bottom internodes, indicating that development of tissues
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within the stem of switch grass proceeds acropetally. Gr{ab3)also found similar results in

Bamboo.

Results of current study also indicated that growth activity within the single odieraf M.
giganteusstem proceedbasipetly, as top portion of single internode acquired maturity and
bottom portion of the same internode were at cell wall thickening stage. These findings were in
consistent with those of Hsiung et @982) Gritsch(2003)and Hui et al(2009)in Bamboo and

switch grass.

These results showed that total biomass yielMofiganteusncreased at theme of maturity

stage of the crop and then declined at the time of senescence and remain decreased afterwards
until January. These findings were consistent with Pahkala ¢€2G07) who reported double
biomass yield at the time of maturity in reed canary grass which decreased when plant began to
senesce. Imprad cell wall characteristics M. giganteusvere also linked with increased basic
density at maturity stage which is due to anatomical changes in the vascular bundles (VB), as
number of fibre cells with thickened secondary cell wall increased surroutihdingB and also

in the whole culm. These observations support the idelaifmod et al. (1993) who also
observed similar results in Bamboo. Results ofidbatensity and biomass yield are also
supported by the results of stem height and length of individual internodes which were increased
from cell elongation stage and were maximum at maturity stage. These results validate the fact
that at the stage of matty, maximum development of cells was achieved and after this, there

was no more growth and development.

3.4.2 Development ofignification in M. giganteus

This study produced a strong correlation between maturity stage and development of
lignification in M. giganteus Current results showed that at the time of cell division and
elongation, plant has less lignin content but when plant cell wall acquired full maturity and
thickness, at this stage, it has attaiheghestdegree of lignification. These finuljs support the

idea of Jung1989)and Besle et ak1994)who dso reported the effect of maturity stages on
lignin content in various grass species. Hui e{2009)found that lignin content increased with
increasing plant maturity in switch graghenet al.(2002)observed effect of maturity stage in
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tall fescue and reported increased lignin content at the time when plant acquired full maturity.
Current research findings indicated that structural changdisei stem oM. giganteusduring
development were associated with the increase in lignin content and fibre cell walls of highly
lignified content are much thicker than parenchyma cell walls and these results are consistent
with those of Li et al.(2007) in Bamboo. These results also indicated that development of
lignification proceeds acropetally as basal internodeM.ofjiganteusshowed high degree of
lignification than upper internodes and these results are in line@h#net al. (2002) who
observed similar pattern of lignification at different regions within the stem.

3.43 Various histochemical staining reactions for growth andDevelopment of
lignification in M. giganteus

Current studies indicated various histochemical staining reactions for the identification of lignin
and non lignin content in the cell wall bf. giganteus Safranin and Alcian Blue were found the
best dyes, indicated lignin containing ogllls as red with Safranif@dohansen, 194@nd non or

low lignin content as blue with Alcian Blu&arkanen and Ludwig, 1971)ignin Pink showed

red colour which was indicative of lignifRobards and Purvis, 1964nd cell walls of
parenchyma cells, of phloem and of protoxylem stained black (indicatindigmim content)

after counterstaining with Chlorazol bla¢®rivastava, 1966)The staining of plant tissues with
Acridine red/Chrysoidin resulted in colours thatgad from deep red to bright orange. Bright
orange colour found was typical of mature fibres. The variations in colour of this stain are not
usually described in literature where this stain combination has been emplayedion from

red to bright orangeolour shoved the development from less lignified to more lignified which
show that this stain gives a very good contrast of colours over the growing seasons to study the

development of cell and lignification.

Lignin distribution in the stem of M. gigantus samples during different monthly intervals
investigated by Wiesner reaction which indicated red to deep red colour from immature to
mature samples was supported by the results of Kuehl{d985) The positive red staining
indicates the presence of guaiacyl lignin types due to the reaction with coniferylaldehyde, and
also with cinnamaldehyde emploups in the lignin moleculéSarkanen and Ludwig, 1971;

Srivastava, 1966) Guaiacyl G is the phenylpropanoid unit derived from one of the
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hydroxycinnamyl alcohol and this G unit is arporated into the lignin polymer [See Figure

2.1]. Dark strong brown colour with Maule colour reaction indicated the presence of guaiacyl
lignin (Parham and Cote, 197Based on Méde test, a high degree of variability was observed.
Thus, the low level of total aldehydes detected by oxidation analysis of the brownish tissue
throughout the whole season M giganteusmight suggest a reduced proportion of syringyl

units in the tissueThis hypothesis is supported by the results of Méaule staining of the brownish
tissue in theC4 plant (Monties, 1989) Samples oM. giganteusafter staining with priodic acid

Schiff ~ (Jensen, 1962)showed Magenta red colour representing the detection of
polysaccharides/carbohydrates. Parenchyma cells also showed dots of stains with in cell apart
from deep staining of their cell walls, thus sling storage otarbohydratesvith in cell (Gahan,

1984) These results suggestedéérat until December there was maximum basic density which
showed that at that stage maximum development of cells was achieved and after this time there

was no more growth and development.

3.5 Conclusions

Lignification and development o&fl. giganteuddiffer at various harvesting times and at different
regions within the stem. Four temporal developmental (cell wall expansion, cell wall thickness,
maturation and senescence) stages were observed at different monthly intervals and these stages
exist differenty at different internodes of stem. Upper internodes of stem were found to be
immature whereas basal internodes were mature. Lignin content is not uniformly distributed
throughout the plant and is highest in the bottom internodes. Increase in biomasstgrald

height and basic density at the time of maturity stage suggested that there was no more growth
and development after Octobdfuture research should investigate the time of deposition of

secondary cell wall between cell wall expansion and maturstage.
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(b) July

(d) Oct

Plate 3.1: (a & b) Cell wall expansionstage.(c, & d) Cell wall thickeningstage. (e &f)
Maturation stage. (g & h)Senescencstage. 27 um TS stained with Safranin & Alcian Blue.
Scale Bar shows 0gum.
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(b) July

(d) Oct

Plate 3.2: (a & b) Cell wall expansion stage. (c, & d¥ell wall thickening stage. (e &f)
Maturation stage. (g & h) Senescence stage. 27 um TS stained with Lignin Pink & Alcian Blue.
Scale Bar shows 0gum.
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(b) July

(o) Oct AL P (d) Oct

(e) Nov (f) Nov

Plate3.3: (a & b) Cell wall expansion stage. (c, & dfell wall thickening stage. (e &f)
Maturation stage. (g & h) Senescence stage. 27 um TS stained with Acridine. Scale Bar shows
180 pm.
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(b) July

(a) July

(c) Oct (d) Oct

Plate 3.4: (a & b) Cell wall expasion stage. (c, & dFell wall thickenng stage. (e &f)
Maturation stage. (g & h) Senescence stage. 27 um TS stained with PAS. Scale Bar 8hows 18

pm.
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.|

(b) July

Plate 3.5: (a & b) Cell wall expan®n stage. (¢, & d)Cell wall thickening stage. (e &f)
Maturation stage. (g & h) Senescence stage. 27 um TS stained with Safranin & Alcian Blue.

Scale Bar show40 pum.
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™ (b) July

(a) July

(f) Nov

(h) Dec

Plate 3.6: (a & b) Cell wall expansion stage. (& d) Cell wall thickening stage. (e &f)
Maturation stage. (g & h) Senescence stage.27 um TS stained with Safranin & Alcian Blue.
Scale Bar show40um in (a,c,e,& g), and shows 10 um in (b, d, f, & h).
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(b) July

(c) Oct . (d)Oct

(f) Nov

(e) Nov

Plate 3.7: (a & b) Cell wall expansion stage. (c, & d}ell wall thickening stage. (e &f)
Maturation stage. (g & h) Senescence stag@é. um TS stained with Lignin Pink, and
counterstained with Chlorazol black. Scale Bar sha@gm.
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(a) July ’ ) (b) July

(g & h) Senescencstage. 27 um TS stained with Phloroglucinol. Scale Bar skdA@wsn.
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July Aug

ions with safranin and alcian blue. 27 pm
transevrse sections of different months in Year ZI®7Scale bar shows 180ru
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Oct

Plate 3.10: Lignin Histochemical Colour reactions with LP + CB. 27 um transegesgions of
different months in Year 20@8. Scale bar shows 180 um in (JtDec), & 100 um in [Jan

Fel.

Growth and Development oM. giganteus Page93



Developmental Characteristics of Miscanthus spp. that influence saccharificatind biofuel potential

Y

\!

7
L ./.‘
§ 3AA

R AN §
"‘ +

- @ . [t DL v : e > ~
Plate 3.11: Lignin Histochemical Colour reactions with Phloroglucinol. 27 pm transevrse
sections of differamrmonths in Year 20008. Scale bar shows 180ru
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MR SHTAlt N YV e -,

Plate 3.12 Spatial developmental stages at different internodes of theist@aty 2009 27 um
TS stained with Safranin & Alcian Blu&cale bashows185 umin (a, ¢ & e) Scale bar shows
65 um in (b, d and f).
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(a) IN-2

(©) IN-4

- ," r_ @, i
Spatial develop
TS stained with Safranin & Alcian Blu&cale bashows185 pmin (a, ¢ & e) Sale bar shows
65 um in (b, d and f).
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(b) IN-2

(e) IN-7

(9) IN-11 (h) IN-11

Plate 3.14:Spatial developmental stages at different internodes of theistiiov 2009 27 um
TS stained with Safranin & Alcian Blu&cale bashows185 umin (a, ¢ & e) Scalebar shows
65 um in (b, d and f).
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