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ABSTRACT
The commelinid monocotyledons consist of four well-established orders, the Poales, Zingiberales,
Commelinales and Arecales. The previously un-placed family, Dasypogonaceae, is now placed in a
separate order, the Dasypogonales, sister to the Arecales.

The commelinid monocotyledons are

distinguished from other monocotyledons by the presence of ferulate in their non-lignified primary
(NLP) cell walls. Both NLP and lignified secondary (LS) wall preparations were obtained from species
in the families from each of the four well-established orders and their polysaccharide, phenolic acid and
lignin compositions compared.
Heteroxylans likely to be glucuronoarabinoxylans (GAXs) were the major non-cellulosic
polysaccharides in the NLP wall preparations from each species examined, with the exception of that
obtained from Phoenix canariensis (Arecaceae; Arecales), which had a lower proportion of
heteroxylans and a higher proportion of pectic polysaccharides. A linkage analysis indicated that the
preparations from species in families in the Zingiberales have larger proportions of GAXs than those
from the Commelinales. However, the GAXs in the walls of the preparations from the Zingiberales
species may be less substituted with arabinose and -D-GlcA than those from the Commelinales
species. The LS wall preparations from species in all the families examined had higher proportions of
heteroxylans compared with the corresponding NLP wall preparations. Furthermore, the arabinose to
xylose ratios and the signals from glycosyl residues in the 2D-NMR spectra of the wall preparations
indicated that in the LS wall preparations the GAXs were less substituted with arabinose than the
GAXs in the NLP wall preparations.
In the NLP wall preparations, high concentrations of ferulic and lower concentrations of
p-coumaric acids were released by saponification, whereas in the LS wall preparations high
concentrations of p-coumaric and lower concentrations of ferulic acid were released. In the 2D-NMR
spectra of the purest NLP wall preparations, p-coumarate was present but S- and G-lignin units were
not detected. This indicated that as found in the Poaceae, p-coumaric acid is esterified to GAXs in the
walls of other families. It is likely that p-coumaric acid is esterified to GAXs in the LS walls and is
also esterified to lignin units; however it is mainly accumulated in conjunction with lignification. In
the LS wall preparations, the lignins were highly acylated with p-coumarate, which was largely
esterified to the γ-OH of S-units and some G-units.

In the LS wall preparations from Phoenix

canariensis, I also found large concentrations of p-hydroxybenzoate. This indicated that the lignins in
the walls of the Arecaceae may be unique as they are potentially acylated with both p-coumarate and
p-hydroxybenzoate.
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1.0 GENERAL INTRODUCTION
1.1 INTRODUCTION
1.1.1 PHYLOGENY OF THE ANGIOSPERMS (FLOWERING PLANTS)

Phylogenies based on gene sequences show the angiosperms (flowering plants) as being divided into
the basal angiosperms, monocotyledons, and eudicotyledons (Fig.1.1a) (Chase et al., 2006; APGIII,
2009; Givnish et al., 2010). The monocotyledons alone encompass 65,000 different species and these
have been divided into two groups: commelinid and non-commelinid monocotyledons. Most variation
in cell wall chemical composition is found within the commelinids, and these plants include grasses,
cereals, bromeliads, gingers, palms and bananas (Harris, 2007; Givnish et al., 2010). The commelinids
have four well-established orders: the Poales, which is the most derived, and includes the family
Poaceae (grasses and cereals) that comprise 33% of the entire monocotyledons; the Zingiberales
(gingers); the Commelinales; and the Arecales (palms) which is the most basal order (Fig.1.1b)
(Givnish et al., 2010). The previously un-placed family, Dasypogonaceae, has been placed within a
separate order, Dasypogonales, sister to the Arecales (Givnish et al., 2010). The order Poales now
includes a wider circumscription than that defined by Dahlgren et al (1985).

Figure 1.1a The phylogeny of the seed plants, showing the division of the angiosperms into the basal
angiosperms, monocotyledons and eudicotyledons (APGIII, 2009).
1

Figure 1.1b The phylogenetic tree of the monocotyledons adapted from Givnish et al (2010) and
Chase et al (2006), showing the five orders: Poales, Zingiberales, Commelinales, Arecales and
Dasypogonales. The further grouping of some of the families in the Poales as graminids, restids, xyrids
and cyperids is shown (APGIII, 2009; Givnish et al., 2010).
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1.1.2

PLANT CELL WALLS

Cell walls determine the size, shape and mechanical strength of plant cells and organs. Walls differ in
chemical composition depending on the cell type and plant species, but all have a similar basic
structure and lie external to the plasma membrane. Walls consist of a fibrillar phase of cellulose
microfibrils embedded in a matrix phase mostly composed of non-cellulosic polysaccharides (Harris,
2005). The non-cellulosic polysaccharides vary in type and structure depending on the cell type and
species. They can include the pectic polysaccharides (homogalacturonan, rhamnogalacturonan I and
II), heteroxylans, xyloglucans and (1→3,1→4)-β-D-glucans. In the maxtrix phase, there may also be
structural proteins, glycoproteins and phenolic components including lignin, and ferulate, p-coumarate
and p-hydroxybenzoate groups (Harris, 2005; Harris and Smith, 2006).

Cell walls may be classified as either primary (1°) or secondary (2°). Primary walls are deposited as
cells are expanding and adjacent cells are joined by a middle lamella between the two primary walls.
This primary wall, although a solid hydrated structure, undergoes dynamic changes that allow plant
organs to expand and grow. At maturity, some cell types such as parenchyma may have only a thin
non-lignified primary (NLP) wall. This is the most common cell type in fruit and vegetables. Other
cell types, at maturity, may have both primary and secondary walls. The thicker secondary wall is
deposited only after cell expansion has ceased and provides mechanical strength (Harris, 2005).
Sclerenchyma fibres and xylem tracheary elements are examples of cell types which at maturity have
lignified secondary (LS) walls. However, there are differences in the way in which the secondary wall
is deposited. Sclerenchyma fibres have a primary wall with its surface covered completely with the
thicker secondary wall. Xylem tracheary elements have a secondary wall laid down in a variety of
patterns covering just parts of the primary wall. In seeds from some species of angiosperms, the
endosperm or cotyledons are composed of parenchyma cells that have walls that are thickened but not
lignified. These walls are rich in non-cellulosic polysaccharides which act as a carbohydrate reserve
(Bacic et al., 1988; Harris, 2005).

Many studies have been done on the wall compositions of the eudicotyledons, but little is known of the
wall compositions of the basal angiosperms.

Investigations on the wall compositions of the

commelinid monocotyledons have focused on the Poaceae as it is a large group comprising forage
grasses and cereal crops. The wall compositions of the other families of commelinid monocotyledons
(Fig.1.1b) have been studied to some extent, and are extremely diverse (Harris and Hartley, 1980;
Smith and Harris, 1999, 2001; Trethewey et al., 2005; Hsieh and Harris, 2009). The other families of
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commelinid monocotyledons are ecologically successful species that may be potential sources for
future foods and bio-fuels (Givnish et al., 2010).

1.2 EUDICOTYLEDON CELL WALLS
1.2.1 NON-LIGNIFIED PRIMARY WALLS

The most studied NLP walls in vascular plants are those of the eudicotyledons, including some fruits
and vegetables. These walls contain cellulose, large amounts of pectic polysaccharides, some
xyloglucans (XG) and minor amounts of heteroxylans and galactoglucomannans (Harris, 2005).

1.2.1.1 CELLULOSE

Cellulose is the world’s most abundant organic compound and confers tensile strength to the cell wall
(O’Neill and York, 2003). Cellulose is an un-branched polymer of (1→4)-linked β-D-glucopyranosyl
residues (β-D-Glcp) which aggregate to form long thin microfibrils with diameters of 1.8 to 3.0 nm.
The chains of glucosyl residues are held in a crystalline lattice within the microfibril creating a
structure with high tensile strength that is stabilized through intermolecular and intramolecular
hydrogen bonds (Smith et al., 1998; Melton et al., 2007).

1.2.1.2 PECTIC POLYSACCHARIDES

The pectic polysaccharides have a block or domain type structure where commonly occurring domains
are as follows: homogalacturonan (HG), rhamnogalacturonan-I (RG-I) and rhamnogalacturonan-II
(RG-II) (Fig.1.2a) (Harris and Stone, 2008).

HG is a linear polymer of (1→4)-linked α-D-

galactosyluronic acid (GalpA) which can be methyl-esterified at O-6 and acetylated at O-2 or O-3
(Ralet et al., 2001).

The backbone of RG-I consists of alternating α-D-GalpA and α-L-

rhamnopyranosyl residues (-L-Rhap) which can be covalently attached to HG (O’Neill and York,
2003). The GalpA residues in RG-I may be methyl-esterified and hydroxyl groups may be acetylated.
Between 20 and 80% of the rhamnose residues have polysaccharide or oligosaccharide side-chains of
arabinan, galactan or arabinogalactan (Type I) (Harris and Stone, 2008). Arabinan is highly branched
with a backbone of (1→5)-linked α-L-arabinofuranosyl residues (-L-Araf) and side-chains of single
arabinosyl residues linked by (1→3) or (1→2) bonds to the backbone (Harris and Smith, 2006).
Galactan is made up of (1→4)-linked β-D-galactopyranosyl residues (-D-Galp) (Harris and Smith,
4

2006). Arabinogalactan (Type I) has a backbone of (1→4)-linked -D-Galp residues with short (1→5)linked -L-Araf side-chains attached to the O-3 of galactose. Ferulic acid (FA) has been found esterlinked in primary walls of species from the ‘core’ Caryophyllales (Hartley and Harris, 1981; Harris and
Trethewey, 2010) and in the family Amaranthaceae, FA is attached to RG-I side-chains. FA is found
on the O-2 of arabinose residues of arabinans and O-6 of galacose residues of galactans, in Spinacia
oleracea (spinach) and Beta vulgaris (sugarbeet) (Colquhoun et al., 1994; Ishii, 1994; Waldron et al.,
1997). RG-II occurs only in low concentrations and is highly complex containing a range of different
monosaccharides (Harris and Stone, 2008).

a.


4)--D-GalpA-(14)--D-GalpA-(14)--D-GalpA-(1--D-GalpA-(1

b.


2)--L-Rhap-(14)--D-GalpA-(12)--L-Rhap-(14)--D-GalpA-(1
4

Pectic arabinan, galactan
and arabinogalactan (Type I)

c.

d.
e.





-L-Araf

2
5)--L-Araf-(15)--L-Araf-(15)--L-Araf-(15)--L-Araf-(1
3
3


-L-Araf
-L-Araf
4)--D-Galp-(14)--D-Galp-(14)--D-Galp-(14)--D-Galp-(1
4)--D-Galp-(14)--D-Galp-(14)--D-Galp-(14)--D-Galp-(1
3

-L-Araf
5

-L-Araf

Figure 1.2a Structures of a) homogalacturonan, b) rhamnogalacturonan-I backbone, and
rhamnogalacturonan-I side-chains of c) arabinan, d) galactan, e) arabinogalactan (Type 1) (Harris and
Smith, 2006).
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1.2.1.3 XYLOGLUCANS

Xyloglucans (XGs) consist of a linear backbone of (1→4)-linked β-D-Glcp residues to which
α-D-xylopyranosyl residues (-D-Xylp) are attached at the O-6 position. The xylose residues may be
substituted with galactose and fucose giving rise to a series of different structures (Hoffman et al.,
2005). The structures of XGs can be examined by treatment with a XG-specific (1→4)-β-glucanase or
with cellulase which hydrolyses the glucan backbone next to an un-substituted β-D-Glcp thereby
releasing oligosaccharides that are then analysed. XG structures have been given a single letter
nomenclature (Fry et al., 1993) (Fig.1.2b): G represents an un-branched β-D-Glcp, X represents a β-DGlcp with a terminal α-D-Xylp at O-6, L represents a β-D-Glcp with a β-D-Galp(1→2)-α-D-Xylp sidechain at O-6, F represents a β-D-Glcp with an α-L-Fucp(1→2)-β-D-Galp(1→2)-α-D-Xylp side-chain at
O-6, and S represents a β-D-Glcp with an α-L-Araf(1→2)-α-D-Xylp side-chain at O-6.

In

eudicotyledon walls the most abundant oligosaccharides released are usually XXXG, XXFG and XLFG
together with XXLG, XLXG, XLLG (Fig.1.2b) and these have been referred to as
fucogalactoxyloglucans (Hsieh and Harris, 2009; Hsieh et al., 2009). There are other XG structures
and side-chains where those of the Asterid clade have been found to be variable and many contain
arabinose (S) (Hoffman et al., 2005; Hsieh and Harris, 2009; Hsieh et al., 2009).

4)--D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(1
6
6
6



-D-Xylp
-D-Xylp
-D-Xylp
XXXG
2
2


-D Galp
-D-Galp
XLLG
2

-L-Fucp
XLFG

X

L

F

G

Figure 1.2b Structures of some of the oligosaccharides released from the XGs of most eudicotyledons
referred to as fucogalactoxyloglucans (Hsieh and Harris, 2009).
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1.2.1.4 HETEROXYLANS

Heteroxylans all have a backbone of (1→4)-linked -D-Xylp that can be substituted with different sidechains (Fig.1.2c) (Harris and Stone, 2008). Only small amounts of heteroxylans occur in eudicotyledon
primary walls. Those from Acer pseudoplatanus (sycamore) suspension-culture cell wall have been
characterised as a glucuronoarabinoxylan. The side-chains are -L-Araf and glucuronic acid (α-DGlcA) linked at O-2 to the xylose residues of the (1→4)-β-D-xylan backbone (Darvill et al., 1980;
Harris, 2005).




4)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(1
2

2
 
 
 -L-Araf
α-D-GlcA




Figure 1.2c The possible structure of the glucuronoarabinoxylan in the primary walls of sycamore
suspension-culture cell walls (Harris and Stone, 2008).

1.2.1.5 HETEROMANNANS

Heteromannans are usually minor constituents of NLP walls of the eudicotyledons (Fig.1.2d) (Harris
and Stone, 2008).

They have a backbone of alternating -D-Glcp and -D-mannopyranosyl residues

(-D-Manp) to which -D-Galp is attached at O-6 of -D-Manp, and some also have -D-Galp attached
at O-2 of this residue (Eda et al., 1985; Sims et al., 1997; Harris and Stone, 2008).

4)--D-Manp-(14)-D-Glcp-(14)--D-Manp-(14)--D-Glcp-(1
6
6


-D-Galp
-D-Galp
2

-D-Galp

Figure 1.2d

The structure of galactoglucomannan (GGM) (Harris and Stone, 2008).
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1.2.2 LIGNIFIED SECONDARY WALLS

1.2.2.1 HETEROXYLANS

Heteroxylans are the major non-cellulosic polysaccharides in the LS walls of eudicotyledons. These
xylans have 4-O-methyl-α-D-glucopyranosyluronic acid residues (4-O-methyl-α-D-GlcA) attached to
approximately every tenth Xylp, mainly at O-2 and sometimes at O-3. There are also acetyl groups
attached to the Xylp usually at O-2 but in small amounts at O-3 (Harris, 2007).
1.2.2.2 HETEROMANNANS

The heteromannans in LS walls of eudicotyledons, including hardwoods, are glucomannans. These
have linear chains of (14) linked -D-Manp and D-Glcp that are randomly arranged but there is no
-D-Galp attached (Harris and Stone, 2008). Glucomannans in hardwoods usually have a ratio of
Glcp:Manp of approximately 1:2. Acetylated glucomannans have also been found in Populus tremula
(aspen) wood and the acetyl groups are attached to O-2 and O-3 positions of some of the Manp
(Teleman et al., 2003).

1.2.2.3 LIGNIN

When present in cell walls, lignin provides rigidity and strength and confers hydrophobicity allowing
transport of water and solutes through the vascular system (Ralph et al., 2007; Zong and Ye, 2009).
Lignin is traditionally thought to be formed from the three lignin monomers or monolignols: sinapyl
alcohol (SA), coniferyl alcohol (CA), and p-coumaryl alcohol (HA) (Fig.1.2e). The monolignols arise
from pathways starting with the deamination of phenylalanine. The pathway involves successive
hydroxylations of the aromatic ring, phenolic O-methylation and conversion of the side-chain carboxyl
group to an alcohol (Ralph et al., 2007). Lignin polymerization is then initiated by the oxidation of
each monolignol to its radical form by wall peroxidases or other enzymes including laccases (Boerjan
et al., 2003). The combinatorial process that follows, results in the assembly of the lignin polymer with
the lignin units syringyl (S), guaiacyl (G), and p-hydroxyphenol (H) arising from the respective
monolignol alcohols SA, CA and HA (Ralph et al., 2007). The inter-unit linkages are determined by
the combinatorial chemistry of the radicals reacting with each other and do not involve enzymes (Ralph
et al., 2008). Another group has postulated that the linkages are determined by dirigent proteins (Davin
and Lewis, 2005). However, dirigent proteins may well account for the synthesis of lignans but there is
no experimental evidence for their role in lignin polymerization (Ralph et al., 2008).
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There are normally syringyl (S) and guaiacyl (G) units with trace amounts of p-hydroxyphenyl (H)
units in eudicotyledon lignin (Boerjan et al., 2003). There may also be acetate groups on the γ-position
of the lignin side-chains of S-units such as those in Hibiscus cannabinus (kenaf) (Ralph, 1996; Del Rio
et al., 2008). In addition, p-hydroxybenzoates have been identified on the γ-position of lignin in
Populus sp. (poplars) and Salix sp. (willows) (Ralph et al., 2007).

Figure 1.2e

The monolignols sinapyl (SA), coniferyl (CA) and p-coumaryl (HA) alcohols and the

lignin units syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H), as well as acetate and
p-hydroxybenzoate groups which are found in the lignified walls of the eudicotyledons (Ralph et al.,
2007).
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1.3 MONOCOTYLEDONS
In a survey of the non-lignified cell walls of 104 species in 52 families of monocotyledons, UV
fluorescence microscopy was used to detect ferulate, which was identified in the walls of about half of
the species (Harris and Hartley, 1980). This marked the discovery of the commelinid monocotyledons,
which all have ferulate in their primary walls, whereas species in the non-commelinid group do not.
The walls containing ferulate fluoresced green at high pH (Harris and Hartley, 1980) as had earlier
been observed in the NLP walls of the Poaceae (Harris and Hartley, 1976). Many years later the
significance of these two groups of monocotyledons was supported by a phylogenetic study of the
angiosperms using DNA sequences (Chase et al., 1993). In this study, the commelinid monocotyledons
were identified as a monophyletic clade using nucleotide sequences of the chloroplast rbcL gene which
encodes the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (Chase et
al., 1993).

1.4 NON-COMMELINID MONOCOTYLEDON CELL WALLS
1.4.1 NON-LIGNIFIED PRIMARY WALLS

The non-commelinid monocotyledons comprise the orders Acorales, Alismatales, Asparagales,
Dioscorales, Liliales, Pandanales and Petrosaviales (Chase et al., 2006; APGIII, 2009). Detailed
analyses of the polysaccharide compositions of the primary walls within this group have been done on
only a few species, including Allium cepa (onion) and Asparagus officinalis (asparagus) (Redgwell and
Selvendran, 1986; Waldron and Selvendran, 1990). However, the monosaccharide compositions of the
primary walls of other species have been determined and are like those of the NLP walls of
eudicotyledons, with large proportions of pectic polysaccharides present (Harris et al., 1997; Harris,
2000). More recently, Hsieh and Harris (2009) characterised the XG structures from the NLP walls of
a wide range of monocotyledons. This was achieved by treating the cell wall preparations with 6 M
NaOH and the extracts dialyzed, freeze dried and treated with a XG specific (1→4)-β-glucanase. The
oligosaccharides released were analysed by high performance anion-exchange chromatography with a
pulsed amperometric detector (HPAEC-PAD) and by matrix-assisted laser-desorption ionization timeof-flight mass spectrometry (MALDI-TOF).

The XGs, like those of the eudicotyledons, were

fucogalactoxyloglucans with one major exception in the family Araceae where fucosylated
oligosaccharides were not released from the walls of Lemna minor (Hsieh and Harris, 2009).
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1.4.2 LIGNIFIED SECONDARY WALLS

The LS walls of the non-commelinids appear to have similar compositions to those of the
eudicotyledons (Bacic et al., 1988; Harris, 2005). The major non-cellulosic polysaccharides present are
4-O-methylglucuronoxylans (Fig.1.2f) and there are also small proportions of glucomannans. The 4-Omethylglucuronoxylans have been characterised in walls of species from Asparagaceae, including
Agave sisalana, Sansevieria trifasciata and Cordyline indivisa (Bacic et al., 1988; Harris, 2005). The
types of lignins in the walls of non-commelinid monocotyledons are similar to those found in the
eudicotyledons (Bacic et al., 1988; Harris, 2005). Analyses of lignins using two-dimensional nuclear
magnetic resonance (2D-NMR) and derivatization followed by reductive cleavage (DFRC) have
identified acetates on the γ-position on the lignin side-chains, mainly on S-units in Agave sisalana
(Asparagaceae) (Del Rio et al., 2008; Martinez et al., 2008).



4)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(1
2
 


4-O-Me--D-GlcA

Figure 1.2f Structure of a 4-O-methylglucuronoxylan.

1.5 COMMELINID MONOCOTYLEDON CELL WALLS
1.5.1 NON-LIGNIFIED PRIMARY WALLS OF POACEAE (ORDER POALES)

1.5.1.1 NON-CELLULOSIC POLYSACCHARIDES

Because of the economic value of the Poaceae and the large number of species in this family, it is the
most widely studied of all the commelinid monocotyledon families. The NLP walls of species in the
Poaceae are known to have quite different compositions from those of the eudicotyledons and noncommelinids (Harris, 2005). The most abundant non-cellulosic polysaccharides are the heteroxylans
(GAXs). The Poaceae walls also contain variable amounts of (1→3,1→4)-β-D-glucans and XGs. The
XGs in the walls of Poaceae contain no fucose and have a XXGG core motif, and some L side-chains
containing galactosyl residues (Hsieh and Harris, 2009).
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1.5.1.2 (1→3,1→4)-β-D-GLUCANS

The (1→3,1→4)-β-D-glucans are un-branched polymers.

In Poaceae walls, usually ~30% of the

linkages between -D-Glcp are (1→3), and occur singly, and ~70% of linkages are (1→4), and are
mostly in groups of two or three (Harris and Fincher, 2009). (1→3,1→4)-β-D-Glucans have been
found in the non-lignified walls of Lolium muliflorum and Lolium perenne (Smith and Harris, 1999;
Trethewey et al., 2005).
Cellotriosyl unit 

3)--D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(13)--D-Glcp-(1
Cellotetraosyl unit
Figure 1.5a

Structure of (1→3,1→4)-β-D-glucans found in Poaceae cell walls (Smith and Harris,

1999; Trethewey et al., 2005).

1.5.1.3 HETEROXYLANS

Glucuronoarabinoxylans (GAXs) are the major non-cellulosic polysaccharides in the NLP walls of the
vegetative organs of the Poaceae (Harris and Smith, 2006; Harris and Stone, 2008). These have a
backbone of (1→4)-linked -D-Xylp substituted with -L-Araf linked at O-3 and α-D-GlcA or 4-OMe-GlcA residues linked at O-2 (Fig.1.5b). Ferulic acid (FA), and small amounts of p-coumaric acid
(pCA) are found esterified through carboxyl groups at O-5 of some of the α-L-Araf (Harris and Hartley,
1980; Harris, 2000; Smith and Harris, 2001). Other glycosyl residues have been found linked to the
α-L-Araf residues resulting in oligosaccharides side-chains (Saulnier et al., 1995; Wende and Fry,
1997).







Figure 1.5b

4)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(1
3
2
3
 


-L-Araf
[4-O-Me-]-D-GlcA
-L-Araf
5

Ferulic acid

Structure of a glucuronoarabinoxylan (GAX) found in Poaceae cell walls where ferulic

acid is esterified to some of the α-L-Araf residues (Harris and Trethewey, 2010).
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1.5.1.4 OCCURENCE OF PHENOLIC ACIDS

FA and pCA have been found in the NLP walls of the Poaceae (Fig.1.5c) (Harris et al., 1980; Harris
and Trethewey, 2010), and sinapic acid has been identified at low concentrations in the cell walls from
grains of Zizania aquatica (wild rice) (Bunzel et al., 2002). However, FA is the major phenolic acid
present and because of its phenylpropane structure, it was initially believed to be associated only with
lignin (Higuchi et al., 1967). Further work demonstrated that FA is in fact esterified to GAXs in NLP
walls of Poaceae species. In addition to the UV fluorescence microscopy at two pHs of a range of
species (Harris and Hartley, 1980), Harris et al (1980) isolated preparations containing only nonlignified mesophyll walls from the leaf blades of Lolium perenne which contained ester-linked FA.
Furthermore, non-lignified wall preparations from Phyllostachys edulis (Mouso-chiku bamboo) were
treated with Driselase, a commercial enzyme preparation containing endo- and exo-glycanases, but no
hydroxycinammoyl esterases (Ishii and Hiroi, 1990a, b). Feruloyl oligosaccharides were released and
separated and FAXX (O-[5-O-(E-feruloyl)-α-L-arabinofuranosyl]-(1→3)-O-β-D-xylopyranosyl-(1→4)D-xylopyranose)

was identified. In another study, FAXX was the major feruloyl oligosaccharide

released from walls of Zea mays (maize) shoots, indicating that FA was esterified to GAXs (Kato and
Nevins, 1985).

Small proportions of pCA have also been identified in the NLP walls of mesophyll cells of Lolium
perenne (Harris et al., 1980) and PAXX (O-[5-O-(E-p-coumaroyl)α-L-arabinofuranosyl]-(1→3)-O-β-Dxylopyranosyl-(1→4)-D-xylopyranose) was identified by Ishii et al (1990) after treating non-lignified
walls of Phyllostachys edulis with Driselase. The pCA and FA esterified to GAXs in non-lignified
walls can form cross-links through cyclo-dimerization to yield the truxillic and truxinic acids. These
have been identified in the Poaceae, and Hartley et al (1990) separated 12 substituted truxillic and
truxinic acids by GC-MS from compounds released from walls of Cynodon dactylon.

Figure 1.5c The phenolic acids (hydroxycinnamic acids) identified as being ester-linked in nonlignified primary walls of Poaceae: sinapic acid, ferulic acid, and p-coumaric acid (Ralph et al., 2007).
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1.5.1.4.1 OCCURENCE OF ESTER-LINKED FERULATE OLIGOMERS

Ferulate dimers also occur in the non-lignified walls of Poaceae (Harris et al., 1980) and for many years
the only known dehydrodimer was 5,5-dihydroferulate (5,5-DFA), first identified in Triticum sp.
(wheat) cell walls (Markwalder and Neukom, 1976). Further dehydrodimers were obtained by Ralph et
al (1994) by saponifying walls from a Zea mays cell suspension culture where they found a range of
products occur through 8-5, 8-O-4, 5-5, 8-8 or 4-O-5 radical coupling (Fig.1.5d). Bunzel (2010) has
also identified higher oligomers of ferulate including trimers and tetramers. Ferulate dimers form
cross-links in the cell wall between polysaccharides (GAXs) (Fig.1.5e) and also between
polysaccharides and lignin (Bunzel, 2010). The diferulate bridges between GAXs add mechanical
strength to the walls and there is evidence that ferulate esters act as initiation sites for lignification
(Ralph, 2010).

Figure 1.5d The formation of a ferulate phenoxyradical by peroxidase and its resonance stabilisation
where coupling of two radicals can result in 8-5, 8-O-4, 5-5, 8-8 or 4-O-5 ferulate dimers (Bunzel,
2010).

Figure 1.5e Ferulate dimers forming cross-links between GAXs in the cell wall.

1.5.2 LIGNIFIED SECONDARY WALLS OF POACEAE

1.5.2.1 NON-CELLULOSIC POLYSACCHARIDES

The major non-cellulosic polysaccharides in the LS walls of Poaceae are GAXs, but compared with
those in NLP walls, these are less substituted with arabinose residues (Smith and Harris, 1999). There
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are also smaller amounts of XGs in the walls as well as (1→3,1→4)-β-D-glucans and
glucomannans/galactoglucomannans (Smith and Harris, 1999).

1.5.2.2 LIGNINS

The lignins in the walls of the Poaceae consist of G-, S- and smaller proportions of H-units. Unlike
eudicotyledon lignins, the lignins in the Poaceae may also be acylated with pCA (Harris, 2005).
Acetates have also been found on lignins isolated from Bambusa sp., Pennisetum purpureum and
Triticum durum (Del Rio et al., 2007b; Del Río et al., 2012a; Del Río et al., 2012b). GAX esters of
ferulic and dehydrodiferulic acids, provide nucleation sites for lignification and take part in free-radical
cross-coupling reactions. In this way ferulate becomes integrated into the lignin polymer, is no longer
released upon saponification, and is therefore difficult to quantify (Ralph, 2010).

1.5.2.3 OCCURENCE OF ESTERIFIED FERULIC ACID AND OLIGOMERS

The characteristic green fluorescence from ferulate was observed at high pH with UV fluorescence
microscopy in sections of cells with secondary walls, but where lignification had not started, such as in
immature sclerenchyma fibres (Harris and Hartley, 1976; Harris and Trethewey, 2010). In addition, the
LS walls of barley straw when ground finely and treated with fungal enzyme preparations containing
glycanases but no hydroxycinnamyl esterases, also yielded FAXX (Mueller-Harvey et al., 1986).
Although a portion of the FAXX may have come from feruloylated GAXs in associated primary walls
(Harris and Trethewey, 2010), some very likely arose from secondary walls. As in the NLP walls of
the Poaceae, the LS walls contain ferulate dimers (Bunzel, 2010). Ferulate trimers and tetramers have
also been identified in maize bran (Allerdings et al., 2005; Bunzel et al., 2008; Bunzel, 2010).

The

occurrence of cross-links between GAXs and cross-links between lignin and GAXs reduce the
degradability of the cell-wall by enzymes to yield monosaccharides that can be converted by
fermentation to ethanol, and used as a bio-fuel (Morrison et al., 1998; Hatfield et al., 2008b; Ralph,
2010).

1.5.2.4 OCCURENCE OF ESTERIFIED p-COUMARIC ACID

Small proportions of pCA are esterified to GAXs in the secondary walls as found for ferulate (MuellerHarvey et al., 1986). When barley straw cell walls were finely ground and treated with fungal enzyme
preparations containing glycanases but no hydroxycinnamyl esterases, in addition to yielding FAXX,
PAXX was released (Mueller-Harvey et al., 1986). In the LS walls of Poaceae, pCA is esterified
mainly to lignin units forming sinapyl p-coumarate and coniferyl p-coumarate esters (Lu and Ralph,
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1999). The potential role of sinapyl p-coumarate is as a radical transfer mechanism in grass lignin
formation (Hatfield et al, 2008). Furthermore, in an investigation on the wall composition of maize
internodes at different maturities, it was found that the concentrations of pCA esters increased with
internode maturity, reflecting the presence of p-coumarate associated with increasing concentrations of
lignin (Morrison et al., 1998).

1.5.2.5 PATHWAYS OF P CA INCORPORATION INTO LIGNIN

Lu and Ralph (1999) described the derivatization followed by reductive cleavage (DFRC) method for
the detection of the p-coumaroylated units, sinapyl p-coumarate and coniferyl p-coumarate (Fig.1.5f).
The method produced analyzable lignin units by cleaving the α- and β-ethers and leaving the γ-ester
groups mostly intact.

Lu and Ralph (1999) postulated three possible pathways for pCA incorporation

into lignin, with two separate regiochemistries: 1) free pCA reacts with lignin intermediates resulting
in p-coumarate at the α-position of lignin monomer side chains; 2) monolignols are pre-acylated with
p-coumarate and incorporated into lignin, resulting in p-coumarates exclusively on the γ-position; 3)
acylation occurs post-lignification through an activated p-coumarate post-lignification and would result
in esters at either α- or γ-positions .

Figure 1.5f The p-coumaroylation of monomer units in grass lignin, where R=H for coniferyl alcohol
(CA) and R=OCH3 for sinapyl alcohol (SA); p-coumarate is mainly esterified to SA (Lu and Ralph,
1999).
Lu and Ralph (1999) found pCA exclusively present on the γ-position of lignin monomer units, and in
the lignified walls of Zea mays and Bambusa sp., on the S-units to a higher degree than on the G-units.
This specificity indicated that enzyme acylation could be a possibility but due to the attachment to both
S- and G-units, the favoured pathway was that of SA preferentially acylated with pCA and incorporated
as a monolignol (Lu and Ralph, 1999). The enzyme p-coumaroyl transferase (pCAT) from Zea mays,
can in vitro catalyze p-coumaroylation of monolignols (Hatfield et al., 2009). More recently, Withers
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et al (2012) identified what they described as a “grass specific” rice gene, (Oryza sativa p-coumarate
monolignol transferase, OsPMT), encoding an acyltransferase which p-coumaroylates monolignols.
The gene was identified in Oryza sativa and expressed in Escherichia coli. Though the OsPMT was
shown to p-coumaroylate SA, CA and HA, the enzyme had the strongest affinity for SA. This may
explain why in Poaceae walls, 90% of the pCA acylating lignin is esterified to S-units (Withers et al.,
2012).

The strongest evidence for acylated lignins being formed from acylated monolignols comes from
studying kenaf lignin which is naturally acylated. In vitro studies showed that novel tetrahydrofuran
β-β-(cross)-coupled dehydrodimers were formed by free radical coupling of sinapyl γ-acetate or crosscoupling between sinapyl acetate and SA. These novel structures were found in kenaf lignin by DFRC
and NMR showing that syringyl acetate is the precursor of acetylated lignin (Lu and Ralph, 2008).

1.5.3 NON-LIGNIFIED PRIMARY WALLS OF OTHER COMMELINID
MONOCOTYLEDONS

1.5.3.1 NON-CELLULOSIC POLYSACCHARIDES

A linkage analysis of a NLP wall preparation of Ananas comosus (Bromeliaceae, Poales) (Smith and
Harris, 1995) and of three other species in the Poales (Centrolepis strigosa, Flagellaria indica,
Leptocarpus similis) (Smith and Harris, 1999) identified GAX as the major non-cellulosic
polysaccharide in the walls of families other than Poaceae.

However, the authors used a more

restricted circumscription of the Poales (Dahlgren et al., 1985) and besides the study on Ananas
comosus, species were confined to families in the graminids and restids (Fig.1.1b). In other studies,
neutral monosaccharide compositions of NLP walls from Aechmea (Bromeliaceae) (Ceusters et al.,
2008), and the edible tubers of Eleocharis dulcis and Cyperus esculentus (Cyperaceae) (Parker and
Waldron, 1995; Parr et al., 1996; Parker et al., 2000), identified GAXs as the likely major noncellulosic polysaccharides.

Neutral monosaccharide analyses of NLP wall preparations from selected species of families of
Zingiberales and Commelinales have also been done (Harris et al., 1997), but there have been no
linkage analyses of wall preparations from species in these two orders. However, there have been
neutral monosaccharide analyses of wall preparations from three species from the Arecaceae and
linkage analyses for two of these preparations (Harris et al., 1997; Carnachan and Harris, 2000). Harris
et al (1997) found that the neutral monosaccharide composition of the wall preparations from Phoenix
17

reclinata (Arecaceae) was different from equivalent wall preparations from other species of commelind
monocotyledons. The composition was found to be more like those of NLP wall preparations of
eudicotyledons and non-commelinid monocotyledons, with large proportions of pectic polysaccharides
(Harris et al., 1997).

Carnachan and Harris (2000) examined two Arecaceae species, Phoenix

canariensis (Canary Island date palm) and Rhopalostylis sapida (Nikau palm). The wall preparations
from these species were also found to have large proportions of pectic polysaccharides and smaller
proportions of XGs, glucomannans and/or (galacto-)glucomannans and heteroxylans (Carnachan and
Harris, 2000).

The structures of the XGs in NLP walls of commelinid monocotyledons have also been investigated
(Hsieh and Harris, 2009). The XGs in the Arecaceae were found to be fucogalactoxyloglucans similar
to those in the walls of non-commelinid monocotyledons and eudictoyledons. The XGs in the walls of
the species of Zingiberales and Commelinales were similar to each other with XXGn (where n = 1-5
repeated G) and XXXG core motifs and smaller proportions of XXFG. The XGs in the walls of the
species of Poales were more variable and had both XXXG and XXGn core motifs or only XXXG
(Hsieh et al., 2009).

Smith and Harris (1995) used an enzyme assay to examine the NLP wall preparation of Ananas
comosus for the presence of (1→3,1→4)-β-D-glucans, and Smith and Harris (1999) examined similar
wall preparations from eight other Poales species from families other than Poaceae in the same way.
No (1→3,1→4)-β-D-glucans were found in the wall preparation from Ananas comosus, but variable
amounts were found in the wall preparations from other Poales species examined with the exception of
two species from Restionaceae (Chondropetalum tectorum and Ischyrolepis subverticellata) where
none were found. Later, immunogold electron microscopy of the vegetative organs from 12 species in
9 families of Poales, using a monoclonal antibody for (1→3,1→4)-β-D-glucans, showed no labelling in
the walls of Bromeliaceae or the Typhaceae, but labelling in the walls of species in the graminids,
restids and xyrids (Trethewey et al., 2005).

1.5.3.2 OCCURENCE OF ESTER-LINKED PHENOLIC ACIDS

UV fluorescence microscopy demonstrated that ferulate was present in the NLP walls of other
commelinid taxa (Harris and Hartley, 1980). Since then, UV fluorescence microscopy has shown the
presence of ferulate in a range of other commelinid taxa in families other than the Poaceae (Harris and
Trethewey, 2010).

These include the parenchyma cell walls of Eleocharis dulcis and Cyperus

esculentus (Cyperaceae) in which the isolated walls were found to contain FA and small proportions of
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pCA (Parker and Waldron, 1995; Parr et al., 1996). The parenchyma walls from Ananas comosus
(Bromeliaceae) were also shown to contain FA and small proportions of pCA (Smith and Harris, 2001).
Although pCA was identified in wall preparations of all the species where ferulate was found (Harris
and Hartley, 1980), because the preparations contained mixtures of NLP and LS walls, it was not
known if the pCA was esterified to GAXs in the NLP walls, or to GAXs or to lignin in LS walls. In
addition, in a small number of cell wall preparations of species examined by Harris and Hartley (1980)
p-hydroxybenzoic acid (pHBA) (Fig.1.5g) was found.

Figure 1.5g The structure of p-hydroxybenzoic acid (pHBA).

1.5.4 LIGNIFIED SECONDARY WALLS OF OTHER COMMELINID MONOCOTYLEDONS

1.5.4.1 NON-CELLULOSIC POLYSACCHARIDES

The non-cellulosic polysaccharide compositions of the LS walls of species in the other families in the
Poales that have been examined, have been found to be similar to those of the Poaceae (Smith and
Harris, 1999). GAXs have been identified in wall preparations of Cyperus papyrus (Cyperaceae)
(Buchala and Meier, 1972) and in Ananas comosus (Bhaduri et al., 1983), the latter by linkage analysis.
Immunogold labelling with transmission electron microscopy showed that (1→3,1→4)-β-D-glucans
were present in LS walls from species in the Restionaceae and Xyridaceae, with the strongest labelling
being in the walls of sclerenchyma fibres and xylem tracheary elements. The LS walls of species in the
Cyperaceae and Juncaceae showed the least labelling (Trethewey et al., 2005).

There have been no

detailed analyses of the non-cellulosic polysaccharides in the LS walls of species in families from the
Zingiberales, Commelinales or Arecales as far as I am aware.

1.5.4.2 LIGNINS

Little is known about the lignins in the walls of the Poales s.l. (other than in the Poaceae),
Commelinales, Zingiberales and Arecales. Research on the occurrence of pCA esterified to lignins in
the walls of the commelinid monocotyledons has been confined, with a few exceptions, to the Poaceae
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(Lu and Ralph, 1999). The lignins from secondary walls of Musa textilis (Zingiberales) and Ananas
erectifolius (Bromeliaceae) were found to be acylated with p-coumarates and acetates (Del Rio et al.,
2007a; Del Rio et al., 2008; Martinez et al., 2008). In the secondary walls of Metroxylon sagu (sago
palm) (Arecales), pHBA has also been found to be ester-linked to lignin units (Kuroda et al., 2001).
Furthermore, in the coir fibres of Cocos nucifera (coconut) (Arecales), acetate and p-hydroxybenzoate
have been found esterified to lignins, and the lignins are composed mainly of G-units (Rencoret et al.,
2013).

1.6 OBJECTIVES
The objectives of the present study were to determine the non-cellulosic polysaccharide and phenolic
compositions of both NLP and LS cell wall preparations from selected species in commelinid
monocotyledon families, other than the Poaceae (Poales). For this investigation, tissues containing cell
types with mostly NLP or mostly LS walls were dissected from plant organs. Cell wall preparations
were then obtained from these tissues. Phoenix canariensis (Arecaceae) was selected for the present
study to provide a reference species for comparison with previous work (Carnachan and Harris, 2000).

Although it is known that GAXs are the major non-cellulosic polysaccharide in both the non-lignified
and lignified walls of Poaceae, walls from only a few species of the Poales s.l. families have been
examined. Furthermore, as far as I am aware, there have been no linkage analyses of the NLP walls of
species from the Zingiberales and Commelinales, and the non-cellulosic polysaccharide compositions
of the LS walls have not been investigated. The NLP walls of the Arecales have been investigated, but
with a few exceptions the non-cellulosic polysaccharide and phenolic compositions of the LS walls
have not (Ozawa et al., 1998; Kuroda et al., 2001; Rencoret et al., 2013). In the present study, methods
used to analyze the non-cellulosic polysaccharides included determination of the neutral
monosaccharide compositions and solution-state 2D-nuclear magnetic resonance (2D-NMR) of whole
cell walls (Kim and Ralph, 2010). Linkage analyses (methylation analysis) were also carried out on
NLP wall preparations from selected species in the Commelinales and Zingiberales.

The hypotheses for the non-cellulosic polysaccharide compositions of the walls were as follows:

1. As in the Poaceae (Poales), the major non-cellulosic polysaccharides in the NLP and LS walls of the
Poales s.l. species are heteroxylans (GAXs).
2.

Heteroxylans (GAXs) are the major non-cellulosic polysaccharide in the NLP walls of the

Commelinales and Zingiberales species. However, compared with the Poales, the NLP walls of the
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Commelinales and Zingiberales species have lower proportions of GAXs and higher proportions of
pectic polysaccharides.
3. As in the Poaceae, the LS walls of all the other commelinid monocotyledon families have a much
higher proportion of GAXs compared with their NLP walls.

Esterified pCA has been found in cell wall preparations from species in a wide range of commelinid
monocotyledons (Harris and Hartley, 1980). However, the preparations contained both NLP and LS
walls and the distribution of pCA between the two wall types was not determined, but will be examined
in the present study. In the walls of the Poaceae there is evidence that ester-linked pCA is present in
small proportions in NLP walls (Harris et al., 1980; Harris and Trethewey, 2010). In the walls of the
Poaceae, there is evidence that pCA occurs in lignified walls esterified to lignins (Lu and Ralph, 1999)
usually to the γ-OH of S-units rather than of G-units.

There is likely to be more ferulate released by saponification in NLP walls than LS walls since ferulate
is incorporated into lignin in the latter. In addition, the Arecales also have pHBA in both NLP and LS
walls. In the present study, ester-linked phenolic acids were determined using saponification and
HPLC and also by examining with 2D-NMR spectroscopy. Lignin units acylated with pCA in the LS
wall preparations were examined using the DFRC method.

The hypotheses for the phenolic compositions in the walls were as follows:

1. In commelinid monocotyledon families, the LS walls contain high proportions of pCA which is
esterified to lignins, and pCA is present in the NLP walls, possibly esterified to GAXs.
2.

As in the Poaceae, in other families of commelinid monocotyledons, pCA esterified to lignins is

mainly attached to the γ-OH of S-units and the rest to the the γ-OH of G-units. In the Arecales species,
lignin units are also acylated with pHBA.
3.

As in the Poaceae, in other commelinid monocotyledon families there are S-, G- and small

proportions of H-units in the lignins.
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2.0 ISOLATION OF NON-LIGNIFIED PRIMARY AND
LIGNIFIED SECONDARY CELL WALL
PREPARATIONS
2.1 INTRODUCTION
Before cell walls can be isolated, the plant material under study must be examined microscopically to
determine the cell types present and the extent of lignification of the walls. This means that the
subsequent chemical analyses of the cell walls can be related back to the wall types present. To be able
to relate compositions to cell wall types and their components across taxa, some researchers have
isolated the walls of particular cell types or walls that are either non-lignified or lignified,
independently (Smith and Harris, 1999; Harris, 2005).

Determining whether the walls of particular cell types are lignified or not can be done by making handcut sections of the fresh material, then treating with histochemical reagents and viewing them by bright
field microscopy. There are a number of bright-field stains and colour reagents which can be used to
identify and hence differentiate between non-lignified and lignified walls. Toluidine-blue (pH 4.4)
stains lignin in lignified walls and other phenolics green and non-lignified walls purple or blue (Feder
and O'Brien, 1968). A solution of phloroglucinol-HCl reacts with lignin in the walls producing a red
colour and is often used for identifying lignin. Phloroglucinol-HCl reacts with the cinnamaldehyde
groups on lignin (Pomar et al., 2002). However, the intensity of the red coloration may not be
proportional to the total lignin content (Ralph et al., 2007; Albersheim et al., 2011). The Mäule reagent
is more specific and reacts with the S-units in lignin giving a red colour most likely from chlorinated
O-quinones (Chapple et al., 1992; Weng et al., 2010; Albersheim et al., 2011). However, Weng et al
(2010) reported that the presence of G-units in lignin results in a yellowish coloration. An excellent
way to differentiate between non-lignified and lignified walls of commelinid monocotyledons is to
examine the colour of the autofluorescence of the walls when they are examined by UV fluorescence
microscopy after mounting in water (pH ~5.4) and then at high pH (pH 10.3) (Harris and Hartley,
1976). When mounted in water, both non-lignified and lignified walls fluoresce blue, but when
ammonium hydroxide solution (pH 10) is added the non-lignified walls fluoresce bright green, due to
the presence of ferulate, and the lignified walls continue to fluoresce blue but more intensely (Harris
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and Hartley, 1976; Harris and Hartley, 1980). When sections of what are now recognised as a number
of commelinid monocotyledons were examined using UV fluorescence microscopy in water and in
ammonium hydroxide solution, walls that fluoresced blue at high pH gave a red colour with
phloroglucinol-HCl. However, there were a few exceptions (Harris and Hartley, 1980).

Once the cell wall types are known, specific tissues can then be carefully dissected out by scraping or
peeling away the known tissue types (Harris, 1983). The dissection process can be performed and
monitored by bright-field microscopy by using histochemistry to ascertain the degree to which this has
been achieved. Nevertheless, the presence of a few thick lignified cell walls will make a significant
contribution to the overall weight of a preparation containing mostly thin non-lignified walls.
Obtaining preparations of only one wall type, either non-lignified or lignified, is challenging due to the
complexity of tissue organisation within plant organs. For this reason, it can be difficult to isolate and
analyze preparations of purely NLP walls. An exception is that of walls from suspension-culture cells
such as those of Acer pseudoplatanus (sycamore). However, differences have been observed among
the pectic polysaccharides of walls from suspension cultured cells and those of intact plants (Talmadge
et al., 1973).

In the present study, after the isolated wall preparations had been obtained they were examined
histochemically using phloroglucinol-HCl to estimate the percentage of lignified walls present. These
percentages can be further checked by examining the preparations by UV fluorescence microscopy
after mounting in ammonium hydroxide solution. One group of wall preparations should contain as
exclusively as possible NLP walls, whereas the other should contain mainly LS walls. This would
allow the analysis of the non-cellulosic polysaccharides and phenolic compounds in the non-lignified
and lignified walls of the different plant species. In addition to determining the types of walls in the
plant material, sections and the resultant cell wall preparations can be examined histochemically for the
presence of starch using a solution of iodine in potassium iodide which gives a blue-black colour with
the starch granules (Jensen, 1962). The presence of starch, if not removed, will result in elevated
estimations of glucose in subsequent neutral monosaccharide compositions and 4-Glcp in linkage
analyses of the walls.

Procedures for isolating cell walls are selected depending on the plant material under study and reasons
for the study (Pettolino et al., 2012). Usually the walls are fractured mechanically in an isolating
medium to remove the contents of the cells. The insoluble walls may then be further treated with the
medium which may include buffers, detergents and/or organic solvents (Albersheim et al., 2011).
However, the use of hot organic solvents is not recommended because these can cause cytoplasmic
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proteins and polyphenols to precipitate onto the wall, contaminating the alcohol insoluble residue
(AIR) (Selvendran, 1975).

Also, hot detergent solutions have an unknown effect on wall

polysaccharides. Hence the better method is simply to mechanically fracture the walls in buffer while
taking care not to break up the walls to such an extent that they cannot be easily recovered (Harris,
1983; Pettolino et al., 2012). The isolating medium chosen for the present study was the zwitterionic
buffer MOPS [3-(N-morpholino)propanesulfonic acid] with the pH adjusted to 6.8 using KOH. MOPS
buffer was selected because it has good temperature stability and low metal binding (Good et al., 1966).
A neutral or slightly acidic pH would ensure ester-linkages are protected.

Following mechanical breakage of the cells in buffer, the homogenate is centrifuged at a sufficiently
low gravitational force to pellet the walls but not the cytoplasmic contents. Then walls are recovered
by filtering onto nylon mesh (11 µm pore size) and further washed with buffer and water. The whole
procedure must be performed quickly and at 4°C. This reduces degradation and solubilisation of wall
components by endogenous wall enzymes (Hedenström et al., 2009; Kim and Ralph, 2010; Albersheim
et al., 2011). If starch granules are present in the tissue, these pellet during centrifugation and may be
too large to remove by filtration through the pores of the nylon mesh. For this reason, the final wall
preparation must be checked for starch by staining with iodine in potassium iodide and viewing by
bright-field microscopy (Jensen, 1962). If present in the preparation, starch granules can be hydrolysed
by first gelatinizing them and then treating them with a mammalian α-amylase. Mammalian
α-amylases are preferred because bacterial or fungal α-amylases may be contaminated with wall
polysaccharide-degrading enzymes and therefore should not be used (Pettolino et al., 2012). The destarched walls can then be dried using a solvent series and stored over silica gel, protected from light
(Harris, 1983; Pettolino et al., 2012).

The objective of the work described in this chapter was to obtain preparations of NLP and LS walls
from the excised tissues of the selected commelinid monocotyledon species. To differentiate between
the non-lignified and lignified walls in sections of fresh plant material the sections were examined by
UV fluorescence microcopy at two pHs (Harris et al., 1980). The subsequent cell wall preparations
were examined using phloroglucinol-HCl and UV fluorescence at two pHs to get an estimate of the
percentage of walls in the preparations that were lignified.
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2.2 MATERIALS AND METHODS
2.2.1 PLANT MATERIAL

The order, family and species of the plants used in the present study and the source of the plants are
shown in Table 2.2. The species were selected on availability and presence of cell types that could be
used for NLP and LS wall preparations.

The Anigozanthos sp. is a cultivar (‘Bush Elegence’)

developed by Ramm Botanicals and was grown by Colorworx Nursery Ltd., Tauranga, NZ.

Table 2.2a The plant species and sources of plant material for the current study.

Order
Poales

Family

Species

Restionaceae

Baloskion tetraphyllum (Labill.) B.G.Briggs

Source1
AK

and L.A.S Johnson

Zingiberales

Commelinales

Arecales

Elegia capensis (Burm.f.) Schelpe

AU

Cyperaceae

Cyperus papyrus L.

AD

Juncaceae

Juncus inflexus L.

KP

Typhaceae

Typha orientalis C. Presl.

AK

Bromeliaceae

Aechmea fasciata Baker

KP

Ananas comosus (L.) Merr.

LS

Cannaceae

Canna indica L.

AP

Marantaceae

Maranta leuconeura E.Morr.

KP

Zingiberaceae

Hedychium gardnerianum Ker Gawl.

AK

Musaceae

Musa sp. L.

AD

Heliconiaceae

Heliconia schiedeana Klotzsch

AD

Strelitziaceae

Strelitzia reginae Banks ex Aiton

AU

Commelinaceae

Tradescantia fluminensis Vell.

AK

Dichorisandra thyrsiflora J.C.Mikan

KP

Haemodoraceae

Anigozanthos (Labill.) x cv. ‘Bush Elegance’

KP

Pontederiaceae

Pontederia cordata L.

KP

Arecaceae

Phoenix canariensis Hort. ex Chabaud

AK

1

AK = collected in the Auckland area by H.C.A Free and B.G Smith, KP = Kings Plant Barn store in Auckland,
AD = Auckland Domain Winter Gardens, LS = from local supermarket, AU = The University of Auckland grounds,
AP = Albert Park, Auckland.
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2.2.2 REAGENTS

All chemicals were of analytical grade and water was purified with Millipore (Darmstadt) equipment
following reverse osmosis. The α-amylase from porcine pancreas (catalogue number A6255), MOPS
and Ponceau 2R were from Sigma-Aldrich Co., St Louis, USA. Phloroglucinol-HCl was prepared
fresh by mixing phloroglucinol (2% w/v) in ethanol (95% v/v) with 12 M HCl (1:2 v/v) (Harris et al,
1980).

The Ponceau 2R was prepared by dissolving 0.2 g Ponceau 2R in 100 mL of water with the

addition of 2 drops of 18 M sulfuric acid (Harris, 1983).

2.2.3 HISTOCHEMISTRY

Microscopy was carried out using a Zeiss Axioplan 2 microscope, which was equipped for
epifluorescence with a HBO 100 W mercury vapour lamp, a G 365 nm excitation filter, a FT 395 nm
beamsplitter and a LP 490 nm barrier filter (Carl Zeiss, Jena, Germany). Images were captured using
an Axiocam HR digital camera. To determine which plant, organ and cell types could be used in the
study, fresh sections of tissue were hand cut using a double edged razor blade and excised from
selected organs of the commelinid monocotyledon species listed in Table 2.3. The sections were
mounted in water and in ammonium hydroxide (0.1 M), and examined using UV fluorescence
microscopy (Harris and Hartley, 1980). UV fluorescence microscopy was used as the main method of
detecting lignin, but the sections of some plant organs were also treated with phloroglucinol-HCl
(Harris and Hartley, 1976; Harris and Hartley, 1980). A control solution was also prepared in which
the phloroglucinol was excluded. Iodine in potassium iodide was used to detect starch (Jensen, 1962).
To obtain an estimate of the proportion of lignified walls in the final cell wall preparations, a small
quantity of preparation was treated with phloroglucinol-HCl and observed by bright-field microscopy.
The observed red colour reaction was used as the primary measure to obtain the percentage of lignified
walls and to categorize the cell wall preparation as being NLP or LS. This was determined by
estimating the proportion of the walls in a ~5 mg sample of each preparation which gave a red colour
reaction with phloroglucinol-HCl.

UV fluorescence microscopy of the cell walls mounted in

ammonium hydroxide solution (0.1 M) was used as a secondary measure of the lignified walls in the
preparations and the percentage of walls fluorescencing blue compared with that obtained with
phloroglucinol-HCl (Appendix A).
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2.2.3 ISOLATION OF CELL-WALL PREPARATIONS

Isolation procedures were performed quickly and at 4°C. Excised plant material (fresh weight ~ 40 g)
was immersed in MOPS-KOH buffer (20 mM, pH 6.8) and cut into pieces (~ 0.5 cm3). The material
was transferred in small batches (~ 5-10 g) to a rock grinder jar (Rocklabs Ltd, New Zealand) in
MOPS-KOH buffer (10 mL). Grinding for one or two min was required to fracture the walls in most
preparations. Dithiothreitol (DTT) (10 mM) was added to the buffer to prevent browning reactions
when isolating NLP walls from Phoenix canarensis and Canna indica (Harris, 1983; Carnachan and
Harris, 2000). A small aliquot of each homogenate was mixed with a drop of Ponceau 2R and viewed
by bright-field microscopy. This was done to check that all cells were broken, which was indicated by
the absence of red-staining cytoplasmic proteins in intact cells (Harris, 1983). The homogenate was
then centrifuged (1000 x g, 10 min) and the pellet re-suspended in buffer. This was filtered onto nylon
mesh (11 µm pore size) and washed with buffer until the filtrate ran clear. The isolated walls were then
washed with ethanol, followed by methanol and n-pentane (2 mL each), and left to dry in a fume
cupboard after loosely covering with aluminium foil, before storing in glass vials, protected from light,
over silica gel in a desiccator.

2.2.4 STARCH REMOVAL

Isolated cell wall preparations in which starch granules were identified from the positive blue-black
colour reaction with iodine in potassium iodide were: Cyperus papyrus (LS), Juncus inflexus (Prep. A)
(LS), Typha orientalis (Prep. B) (LS), Aechmea fasciata (NLP), Canna indica (NLP), Maranta
leuconeura (NLP), Hedychium gardnerianum (NLP and LS), Musa sp (LS), Heliconia schiedeana
(NLP), Pontederia cordata (NLP) and Phoenix canariensis (NLP and LS). The cell wall preparations
(5 mg) were suspended in Tris-maleate buffer (1 mL, 5 mM, pH 6.9) and placed in a 100˚C water bath
for 5 mins to gelatinize the starch granules. The contents of the tubes were then cooled by placing in a
40˚C water bath. A solution of Tris-maleate buffer (1 mL, 15 mM, pH 6.9) containing calcium chloride
(2 mM) and porcine pancreatic α-amylase (10 µL, 300 enzyme units) was added and mixed well.
Following one hour in a water bath (40˚C), the walls were washed onto nylon mesh (11 µm pore size)
using Tris-maleate buffer (5 mM, pH 6.9). A small amount of the wall preparation was placed on a
glass slide with one drop of iodine in potassium iodide solution and viewed by bright-field microscopy
to check again for the presence of starch granules. If no starch was observed, the preparations were
washed with water, ethanol, methanol and n-pentane, then loosely covered with foil and dried in a fume
cupboard before storing protected from light, over silica-gel in a desiccator. If starch was detected,
then the treatment was repeated. The NLP wall preparations from Aechmea fasciata, Canna indica,
27

Maranta leuconeura, Hedychium gardnerianum, and Phoenix canariensis were particularly abundant
with starch granules and a second treatment with α-amylase was needed to effectively remove all the
starch granules. Following the de-starching procedure, no starch granules were identified in any of the
preparations. The preparations were washed with water, ethanol, methanol and n-pentane then dried
and stored as above.
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2.3 RESULTS
From the selected commelinid monocotyledons species listed in Table 2.2a, cell walls in representative
sections were distinguished as being NLP or LS walls on the basis of the colour of their UV
fluorescence when mounted in 0.1 M ammonium hydroxide (Harris and Hartley, 1980).

This

information was used to assist with the separation and dissection of tissues that contained
predominantly non-lignified or lignified walls for isolation. In certain plant material, tissues could be
dissected out by scraping or peeling away the layers of cells with non-lignified walls and monitoring
the process microscopically. These methods of dissection were used to obtain the non-lignified wall
preparations from Dichorisandra thyrsiflora (Fig.2.3a), Ananas comosus, Canna indica, Hedychium
gardnerianum, and Phoenix canariensis, and the lignified preparations from Baloskion tetraphyllum,
Juncus inflexus, Ananas comosus, and Strelitzia reginae.

For all others, the tissues contained a

mixture of cells with non-lignified and lignified walls which could not be separated by microdissection. In such situations, the best preparation, either non-lignified or lignified walls, was obtained.
Two LS wall preparations were made for both Juncus inflexus and Typha orientalis, each with differing
proportions of lignified cell walls (named Prep. A and Prep. B). This was to gain information on the
cell wall composition with increasing proportions of lignification. A summary of the species, organs
and cell types used for the NLP wall preparations is given in Table 2.3a and for the LS wall
preparations in Table 2.3b.

The cell types with the NLP walls were epidermal and parenchyma cells,

including mesophyll cells from leaves, as well as collenchyma and parenchyma cells in stems and some
non-lignified phloem parenchyma cells (Fig.2.3a). The cell types with the LS walls were sclerenchyma
fibres and xylem tracheary elements.

For all preparations, an estimate was made of the proportion of the walls that are lignified by treating
the preparation with phloroglucinol-HCl and viewing using bright-field light microscopy.

UV

fluorescence microscopy of the preparations mounted in ammonium hydroxide (0.1 M) was also used.
If there was a positive colour reaction with phloroglucinol-HCl in less than 20% of walls, the wall
preparation was categorized as non-lignified. If greater than 20% of the walls had a positive reaction,
the preparation was categorized as being lignified, due to the greater weight contribution of lignified
walls in the overall preparation. The wall preparations from Musa sp. and Ananas comosus were of
mixed cell wall types, containing ~40% and ~50% lignified walls respectively. However, the weight
contribution from the lignified walls would be overwhelming therefore these were categorized as LS
wall preparations. Micrographs of the UV fluorescence when wall preparations were mounted in water
and in ammonium hydroxide solution are shown in Appendix A and examples from the non-lignified
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and lignified wall preparations from Dichorisandra thyrisflora are shown in Fig.2.3a. There was good
consistency between estimations of the proportions of lignified walls in the preparations determined by
phloroglucinol-HCl and by UV fluorescence microscopy. The Juncus inflexus Preparation B was
interesting as this was the only preparation in which the walls reacted strongly with phloroglucinol-HCl
but fluoresced blue only weakly under UV radiation when mounted in ammonium hydroxide. Another
unusual result was given by the walls of the hypodermal cells in sections of Strelizia reginae. These
walls gave no red colour with phloroglucinol-HCl but fluoresced blue in UV radiation when mounted
in ammonium hydroxide solution (Appendix A).

Figure 2.3a

Micrographs of sections from Dichorisandra thyrsiflora stem. Bright-field microscopy

of sections stained with A) phloroglucinol-HCl where a red colour reaction in the walls of the xylem
tracheary elements and sclerenchyma indicates lignin, whereas the non-lignified walls of the
parenchyma and phloem do not give a red colour, B) starch granules stained blue-black with iodine in
potassium iodide in the parenchyma cells.

UV fluorescence microscopy of sections mounted in

ammonium hydroxide solution, C) where lignin in the walls of the xylem tracheary elements and
sclerenchyma fibres fluoresces blue, D) a section from excised tissue in which non-lignified walls
fluoresce green due to ferulate, E) the final NLP wall preparation where the contaminating lignified
walls have a blue fluorescence and F) the final LS wall preparation where the lignified walls have a
blue fluorescence.
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Table 2.3a

The source, organs and cell types of non-lignified1 primary cell wall preparations.
~ % of walls that
are lignified

Species

Organ and cell types2

Typhaceae

Typha orientalis

Base of juvenile leaf (10 to 15 cm) [1]3

<5

Bromeliaceae

Aechmea fasciata

Leaves mature [1]

<5

Ananas comosus

3

Fruit, locule lining [1]

<5

Cannaceae

Canna indica

3

Petiole with leaf sheath removed [1]

<5

Marantaceae

Maranta leuconeura

Leaf blades [1]

<5

Zingiberaceae

Hedychium gardnerianum

3

<5

Heliconiaceae

Heliconia schiedeana

Petiole and stem including leaf sheath [1]

20

Strelitziaceae

Strelitzia reginae

Flowering stalk, leaf sheath [1]

20

Tradescantia fluminensis

Stem (immature) [1]

15

Dichorisandra thyrsiflora

3

20

Haemodoraceae

Anigozanthos sp.

Flowering stem [1]

20

Pontederiaceae

Pontederia cordata

Flowering stem [1]

<5

Order and family
Poales

Zingiberales

Rhizome (centre) [2]

Commelinales
Commelinaceae

Stem epidermis plus 7 layers of parenchyma [2]

Arecales
3
Arecaceae
Phoenix canariensis
Stem apex [1]
15
2
20% or less of the cell walls in the isolated wall preparation gave a red colour reaction for lignin with phloroglucinol-HCl. [1] = Parenchyma and a few
epidermal, xylem tracheary elements and sclerenchyma fibres, [2] = parenchyma. 3Tissues dissected.
1

31

Table 2.3b

The source, organs and cell types of lignified1 secondary cell wall preparations.

Order and family

~ % of walls that
are lignified

Species

Organ and cell types2

Baloskion tetraphyllum

3

Elegia capensis

Stem (mature) [3]

80

Cyperus papyrus

Flowering stem (mature) [3]

80

Juncus inflexus

3

Prep. A: Stem with pith removed [3]

80

Juncus inflexus

3

Prep. B: Stem pith [2]

100

Typha orientalis

Prep. A: Leaf blade tip (mature) [3]

100

Typha orientalis

Prep. B: Leaf base (immature) [3]

90

Ananas comosus

3

40*

Poales
Restionaceae
Cyperaceae
Juncaceae
Typhaceae
Bromeliaceae

Stem with epidermis removed [3]

Core [3]

100

Zingiberales
Zingiberaceae

Hedychium gardnerianum

Stem (mature) [3]

80

Musaceae

Musa sp.

Petiole [1]

50*

Strelitziaceae

Strelitzia reginae

3

100

Dichorisandra thyrsiflora

Stem (mature) [3]

Flowering stalk with epidermis removed [3]

Commelinales
Commelinaceae

100

Arecales
Arecaceae
Phoenix canariensis
Stem (mature) [3]
100
Greater than 20% of the isolated wall preparation gave a positive colour reaction for lignin with phlorologlucinol-HCl. 2[1] = Parenchyma and a few
epidermal, xylem tracheary elements and sclerenchyma fibres, [2] = parenchyma, [3] = sclerenchyma fibres, xylem tracheary elements and parenchyma.
3
Tissues dissected. *wall preparations containing non-lignified and lignified walls but the weight contribution from the lignified walls would be
overwhelming.
1
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2.4 DISCUSSION
The objective of the work described in this chapter was to obtain preparations of NLP and LS walls of
the selected commelinid monocotyledons species. UV fluorescence microscopy of the walls mounted
in water and ammonium hydroxide solution was used to identify non-lignified and lignified walls. A
number of limitations and difficulties presented when selecting the tissues containing non-lignified and
lignified cell walls for isolation.

Firstly, identifying wall components histochemically must be

undertaken with caution. The methods used to identify non-lignified and lignified walls by their autofluorescence colours in UV radiation, as well as using the colour reagent phloroglucinol-HCl, did not
always give consistent results. Secondly, for most species it was difficult to find tissue which consisted
of cell types with only non-lignified walls. Because of the complex anatomy of the tissues, it was
complicated to dissect out cell types with non-lignified walls in sufficient amounts, given that speed of
operation was also important to minimise the activity of wall-degrading enzymes.

Harris and Hartley (1980) found for what are now known as commelinid monocotyledon species that
the walls of cell types which gave a positive phloroglucinol-HCl test for lignin also gave a blue
fluorescence in UV radiation, when mounted in ammonium hydroxide solution, indicating the presence
of lignin. However they also recognized that there were exceptions to this observation in certain cell
types for certain species. For example, they found no colour reaction with phloroglucinol-HCl, but a
blue fluorescence was still observed, in the following walls: of the xylem tracheary elements of
Tradescantia virginiana; of the hypodermis, inner vascular bundle sheath, schlerenchyma fibres and
xylem tracheary elements of leaves from Ananas comosus; and of the hypodermis of the petiole from
Strelitzia reginae. Likewise, in the present study, a blue fluorescence in UV radiation was observed in
the walls of the hypodermis of sections taken from the petiole of Strelitzia reginae when treated with
ammonium hydroxide solution, but these walls gave no reaction with phloroglucinol-HCl. In the work
carried out by Harris and Hartley (1980), there was only one example where there was a weak reaction
with phloroglucinol-HCl but no blue fluorescence in UV radiation. This was in the walls of the
sclerenchyma fibre cells that form caps at the poles of the vascular bundles in Hedychium coccineum.
In the present study, the lignified walls of the pith parenchyma from Juncus inflexus (Prep. B) gave a
very strong colour reaction with phloroglucinol-HCl, but not a very strong blue fluorescence in UV
radiation when mounted in ammonium hydroxide solution.

It is possible that another wall component is contributing to the blue auto-fluorescence of walls in
addition to the lignin in commelinid cell walls. The specificity of phloroglucinol-HCl was examined
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by Pomar et al., (2002) who showed the pink colour in the walls of xylem tracheary elements was due
to the 4-O-linked hydroxycinnamyl aldehyde components in lignin, whereas coniferyl and sinapyl
alcohol, as well as their condensed dehydrogenation products, did not react with the reagent. As the
aldehyde component of lignin is only minor, the colour reaction with phloroglucinol-HCl may not be
proportional to the total amount of lignin present (Ralph et al., 2007; Albersheim et al., 2011).

The UV fluorescence micrographs of the NLP wall preparations from Typha orientalis, Aechmea
fasciata, Ananas comosus, Maranta leuconeura, Canna indica, Hedychium gardnerianum and
Pontederia cordata indicated that lignified walls made up of less than 5% of the walls. It is difficult to
get NLP wall preparations as pure as these, because plants are made up of different tissue systems
assembled into organs.

There is a dermal tissue system where the epidermal tissue provides a

protective outer covering, a vascular tissue system, including phloem and xylem tissues which transport
nutrients and water, and a ground tissue system which includes parenchyma and sclerenchyma tissues.
Ideally the small amounts of LS walls would be excluded from the preparation, but this was not always
feasible (Selvendran et al., 1985; Albersheim et al., 2011). Some researchers have managed to do so in
the past (Smith and Harris, 1999; Carnachan and Harris, 2000; Hsieh and Harris, 2009), but they often
required only very small quantities of wall preparations for their analyses. In the present study, for all
the analyses of the wall preparations ~ 300 mg was required for each preparation from the selected
species. The amount required was easily achieved when isolating LS walls, but was much more
difficult to achieve with only thin NLP walls. Hence, it was much more challenging to get a pure
preparation of non-lignified than lignified walls. As a result, there was some contamination of the nonlignified wall preparations with lignified walls.

In recognition that NLP and LS may walls have quite different compositions, there have been a number
of studies where NLP walls have been cleanly separated for analysis (Harris et al., 1997; Smith and
Harris, 1999). In a study on the wall compositions of two species of Arecaceae, Carnachan and Harris
(2000) used NLP wall preparations from Rhopalostylis sapida and the stem apex, including the preemergent leaflets and rachides, of Phoenix canariensis. Moreover, Hsieh et al., (2009) successfully
isolated non-lignified walls from commelinid monocotyledon species some of which have also been
used in the current study. Hsieh et al., (2009) used intact plant organs or organs from which tissues
containing cells with lignified walls were removed to analyse the XGs in the walls. However, for this
study the wall preparations were alcohol-insoluble residues, which was sufficient as they were treated
with a XG specific enzyme.
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In the present study, for the isolation of NLP walls from Phoenix canariensis and Ananas comosus,
DTT was added to the MOPS buffer to prevent any browning reactions that can affect the analysis of
the phenolic compounds in the walls. In addition, the starch removal using α-amylase was successful
following gelatinization of the granules, although in some species the starch granules were in such
large concentrations that the procedure had to be repeated to remove all of the granules. Ideally all
starch would have been removed during the first treatment to prevent any solubilisation of the wall
components into the buffer (Pettolino et al., 2012). However, it is essential to remove all the starch or
this can make an overwhelming contribution to the glucose content in the neutral monosaccharide
compositions and affect the linkage analyses. This is because starch contains the 4-linked glucosyl
residues also found in (1→3,1→4)-β-D-glucans, XGs, (galacto-)glucomannans and cellulose (Pettolino
et al., 2012).
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3.0 MONOSACCHARIDE AND LINKAGE ANALYSIS
OF THE CELL WALL POLYSACCHARIDES

3.1 INTRODUCTION
3.1.1 NEUTRAL MONOSACCHARIDE ANALYSIS

The monosaccharide compositions of the polysaccharides in cell walls are determined by first
hydrolysing the polysaccharides with an aqueous acid to their constituent monosaccharides. The
neutral monosaccharides are then separated, identified and quantified as: rhamnose, fucose, arabinose,
xylose, galactose, mannose and glucose (Albersheim et al, 1976). There are also the uronic acids
galacturonic (GalA), glucuronic (GlcA) and 4-O-methylglucuronic (4-O-Me-GlcA) acid present in the
wall. The monosaccharides vary in susceptibility to acid hydrolysis therefore a compromise must be
reached between cleavage of glycosidic linkages and degradation of the sugar units. Trifluoroacetic
acid (TFA) is commonly used for hydrolysis of non-cellulosic polysaccharides although a two stage
sulphuric acid hydrolysis can be used for complete hydrolysis, including cellulose (Harris et al., 1988;
Pettolino et al., 2012). Once hydrolysed, the neutral monosaccharides can be converted to their
respective alditols through reduction with sodium borohydride and then acetylated to form alditol
acetates (Blakeney et al., 1983). The volatile alditol acetates are separated and quantified by capillary
gas chromatography (GC). This particular method is advantageous because a straight chain alditol is
produced with no anomers therefore generating only one peak for each monosaccharide. These peaks
have good resolution when analysed by GC using a high polarity cyanopropyl column (Harris et al.,
1988; Smith and Harris, 1995). The polysaccharide composition is then inferred from the proportions
of the constituent monosaccharides. However, since the same monosaccharide can occur in different
types of polysaccharides, further information is required.

3.1.2 OTHER METHODS FOR DETERMINING MONOSACCHARIDES

Another common method of separating the monosaccharides in cell-wall hydrolysates is by highperformance anion-exchange chromatography (HPAEC), where the monosaccharides are detected
using pulsed amperometric detection (PAD) (Hardy and Rohrer, 2007). A derivatization step is not
required for analysis by this method and the uronic acids may be determined at the same time.
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However, base-line separation of glucose, xylose and mannose may be difficult to achieve, particularly
if rhamnose and arabinose are also present (Hardy and Rohrer, 2007). Prior to a monosaccharide
analysis, researchers may also chemically fractionate the walls (Selvendran, 1985; Redgwell and
Selvendran, 1986).

Wall preparations are often treated first with cyclohexane-E-l,2-diamine

tetraacetate (CDTA) to chelate calcium ions that cross-link HGs, allowing these polysaccharides to
solubilise. Increasing concentrations of alkali (Na2CO3, 1 M and 4 M KOH) are often then used to
sequentially extract other pectic polysaccharides, heteroxylans and xyloglucans by cleaving hydrogen
bonds and ester linkages. Pectic polysaccharides which have a higher galacturonic acid content are
found in the CDTA fraction, whereas pectic polysaccharides with a greater neutral monosaccharide
component (e.g. RG-I) are extracted by Na2CO3, 1 M and 4 M KOH.

The final insoluble residue

consists predominantly of cellulose, some pectic polysaccharides and other polysaccharides in smaller
amounts. After collection of the fractions, they are dialysed against water, freeze dried and the
monosaccharide compositions of each fraction determined.

3.1.3 URONIC ACID ANALYSIS

Uronic acids are present in the walls of commelinid monocotyledons as constituents of different
polysaccharides. GalA is a major constituent of HG and RG-I whereas GlcA or its 4-O-methyl
derivative may be attached to heteroxylans, including GAXs. A common method for quantifying the
total uronic acid content of cell wall preparations requires hydrolyzing the wall polysaccharides with
sulphuric acid and then using a quantitative meta-hydroxybiphenyl colorimetric assay (Blumenkrantz
and Asboe-Hansen, 1973; Rae et al., 1985). Uronic acid glycosyl linkages are known to be acidresistant, but free uronic acids are readily de-carboxylated in hot acid, therefore a stronger acid or
higher temperature cannot be used (Fry, 1988). Conditions for hydrolysis that are commonly used are
2 M TFA for one h at 121°C (Albersheim et al., 1967). However, a low yield of monosaccharides can
be a problem. The hydrolysis gives only an estimate of the uronic acid present (Pettolino et al., 2012),
but the quantification is strengthened using the colorimetric assay (Fry, 1988).

The uronic acid

glycosyl linkages can be more easily cleaved with acidic methanol (Fry, 1988). Methanolysis can be
useful for determining neutral and acid monosaccharides simultaneously, but is recommended for
soluble isolated wall fractions, rather than for insoluble whole cell walls (Pettolino et al., 2012).

3.1.4 GLYCOSYL LINKAGE ANALYSIS

A glycosyl linkage analysis by way of methylation is often used together with a neutral
monosaccharide analysis and is useful for determining polysaccharide structures. A glycosyl linkage
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analysis gives information on the positions of linkages between adjacent monosaccharide residues in
wall polysaccharides. With known linkages from standards, further information can be determined on
the types and relative proportions of the different polysaccharides. In this method, the hydroxyl groups
of the polysaccharides are methylated and following hydrolysis, the partially methylated sugars
released can be reduced and acetylated resulting in partially methylated alditol acetates (PMAAs). The
PMAAs can be separated by capillary GC and identified by retention times and mass spectra compared
with standards.

However it is difficult and expensive to obtain standards for the individual

monosaccharides (Lindberg, 1981; Harris et al., 1984; Nunan et al., 1997; Ciucanu, 2006; Pettolino et
al., 2012).

The same monosaccharide linkage may be present in different polysaccharides. For example, if both of
the linkages, 1,4-Glcp and 1,3-Glcp are found then (1→3)(1→4)-β-glucans may be present, provided
starch has been removed. Monosaccharide linkages occuring in heteroxylans include 1,4-, 2,4-, 3,4and 2,3,4-Xylp as well as terminal, and 1,2-Araf. A linkage analysis does not determine the position of
the monosaccharide linkage in the polysaccharide or the anomeric configuration of the residue
(Pettolino et al., 2012).

3.1.5 OBJECTIVES

The objective of this chapter was to determine the non-cellulosic polysaccharide compositions of the
NLP and LS walls of the selected commelinid monocotyledon species.

There was emphasis on

establishing the polysaccharide compositions of walls from the Zingiberales and Commelinales species
in particular, using both a monosaccharide analysis and a linkage analysis. The linkage analysis was
used to determine the proportions of linkages 1,4-, 2,4 and 3,4-Xylp arising from GAXs as well as to
differentiate the arabinose residues on side-chains of GAXs, from the arabinose on pectic side-chains of
RG-I.

The hypotheses of this chapter were:

1. As in the Poaceae (Poales), the major non-cellulosic polysaccharide in the NLP and LS walls of the
other Poales species are heteroxylans (GAXs).
2. Compared with the Poales, the non-lignified primary walls from species in the Commelinales and
Zingiberales have a slightly lower proportion of GAXs and a slightly higher proportion of pectic
polysaccharides. The non-cellulosic polysaccharide composition is intermediate between that of the
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Poales and Arecales however, the Zingiberales are slightly closer in composition to the Poales and the
Commelinales slightly closer in composition to the Arecales.
3. In the LS walls of the Commelinales and Zingiberales there are larger proportions of heteroxylans
(GAXs) and lower proportions of pectic polysaccharides compared with their NLP walls.
4. Compared with the other orders, the NLP walls of species in the Arecales have larger proportions of
pectic polysaccharides and lower proportions of heteroxylans (GAXs), and the composition is more
similar to the non-commelinids/eudicotyledons.
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3.2 MATERIALS AND METHODS
3.2.1 REAGENTS

Trifluoroacetic (TFA) was from Scharlau Chemie, Barcelona, Spain; erythritol, 2-deoxy-D-ribose,
L-rhamnose, L-fucose, D-ribose, L-arabinose, D-xylose,
D-galactose, D-glucose,

USA. The

2-deoxy-D-glucose, D-allose, D-mannose,

myo-inositol and 1-methylimidazole were from Sigma-Aldrich, St Louis, MO,

D-galacturonic

acid, 3-phenyphenol, di-sodium tetraborate were from BDH Chemicals

Limited, Poole, UK. The TFA (2 M) was prepared and the headspace flushed with nitrogen gas (BOC
Limited, Auckland, NZ). The 0.5 M NaBH4 in DMSO was prepared fresh as described by Blakeney et
al (1983). The 13 individual sugars (20 mg mL-1) were combined to make a 13 sugar standard.
Sodium tetraborate (0.0125 M) (Na2B4O710H2O) in sulphuric acid and meta-hydroxybiphenyl (0.15%
w/w) in sodium hydroxide (0.5%) were prepared.

3.2.2 NEUTRAL MONOSACCHARIDE ANALYSIS

The wall preparation was weighed precisely, in duplicate (5 mg). TFA (2 M, 0.5 mL) was added to
each wall preparation and to a control with no cell walls. The tubes were flushed with nitrogen gas and
the contents mixed on a vortex mixer before heating at 121ºC for one h (Albersheim et al., 1967).
Tubes were allowed to cool before adding an internal standard of allose (20 µL, 20 mg mL-1) and
mixing well. The hydrolysate was filtered with a glass syringe using a Swinney stainless steel 13 mm
filter unit and 0.22 µm pore size PTFE filter (Advantec MFS Inc, CA, USA). A gentle stream of
nitrogen was used to evaporate the filtrate to dryness. The neutral monosaccharides were reduced to
their corresponding alditols using the method of Blakeney et al (1983). Water (100 µL) was added to
the dried hydrolysates as well as to an additional control tube and a 13 sugar standard (100 µL)
prepared as another control. To all tubes, ammonia (15 M, 20 µL) was added, followed by sodium
borohydride in DMSO (0.5 M, 1 mL). The contents were mixed then heated at 40ºC for 90 min. Next,
acetic acid (18 M, 100 µL) was added and the contents of the tubes were mixed. The alditols were then
acetylated with acetic anhydride (2 mL) and the catalyst 1-methylimidazole (200 µL). The contents of
the tubes were mixed then left at room temperature for 10 min to cool. Water (5 mL) was added and
tubes were mixed and left to cool for another 10 min. DCM (1 mL) was added and the contents mixed
to extract the alditol acetates. The lower DCM phases were collected and the extraction process
repeated. Then water (4 mL) was added to the combined DCM extracts and the contents mixed well.
The upper aqueous phase was removed and discarded and the wash process repeated three times. The
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DCM extracts were then evaporated under a gentle stream of nitrogen. A final volume of DCM (2 mL)
was added to each dried sample and the control tubes.

Alditol acetates were separated and quantified by capillary gas chromatography (GC) using a Hewlett
Packard HP6890 Series GC system and HP GC ChemStation Programme (Hewlett-Packard
Development Company, L.P., CA, USA) with BPX70 column (25 m, 0.33 mm i.d., film thickness 0.25
µm) (SGE, Melbourne, Aus). The carrier gas was helium used at a flow rate of 20 mL min-1, FID
detector was set at 250°C, and the oven temperature programme had an initial temperature of 38°C,
ramped 50°C min-1 to 170°C, then ramped 2°C min-1 to 230°C and held for 12 min.

3.2.3 URONIC ACID ASSAY

Approximately one mg of each wall preparation was weighed in duplicate and exact weights were
recorded. H2SO4 (72 % w/w, 125 µL) was added and samples flushed with nitrogen then placed on a
shaker (3 h, 750 rpm). The samples were diluted with water (1.37 mL) and then 1 M H2SO4 (2 mL)
added.

The samples were mixed then filtered through a 0.2 µm pore size PTFE filter in a

polypropylene housing (WhatmanTM) (Blumenkrantz and Asboe-Hansen, 1973; Rae et al., 1985).
Tubes were set up with sodium tetraborate in sulphuric acid (0.0125 M, 1.2 mL). Each hydrolysate and
control was prepared in duplicate and samples (0.2 mL) were added to the sodium tetraborate in
sulphuric acid. The contents were mixed then placed in an ice slurry for 10 min. The tubes were then
heated (100°C) for 5 min and returned to the ice slurry for 10 min.

The colour reagent meta-

hydroxybiphenyl in sodium hydroxide (0.15% w/w, 20 µL) was added to all tubes except sample
controls and one set of water blanks, to which NaOH (0.5%, 20 µL) was added instead. The tubes were
mixed and a pink colour developed immediately in the sample tubes. The solutions were transferred to
narrow volume cuvettes and the absorbance was read at 520 nm against the control using a UV-VIS
spectrophotometer (Shimadzu Scientific Instruments, Columbia, USA).

A standard curve of

D-

galacturonic acid was produced from which the total uronic acid content was calculated for each cell
wall preparation, as an average of the two hydrolysates in duplicate.

3.2.4 GLYCOSYL LINKAGE ANALYSIS

The linkage analyses was performed by Dr Tracey Bell (Research Scientist, Polysaccharide Chemistry,
Callaghan Innovation, Lower Hutt 5010, NZ) (Kim and Carpita, 1992; Sims and Bacic, 1995). Five
NLP wall preparations were selected for this procedure.

From the Zingiberales, Canna indica

(Cannaceae) and Strelitzia reginae (Strelitziaceae) and from the Commelinales, Tradescantia
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fluminensis (Commelinaceae), Dichorisandra thyrsiflora (Comelinaceae) and Pontederia cordata
(Pontederiaceae).

3.2.4.1 SAMPLE PREPARATION

Dry cell wall preparations (1 mg) were weighed accurately, in duplicate, then dispersed in DMSO (200
µL), the headspace flushed with argon and then stirred overnight at 30 °C. A NaOH/DMSO slurry
(200 µL, ~120 mg NaOH mL-1) was added and the samples were sonicated (30 min), stirred (30 min)
and sonicated again (10 min). Methyl iodide (50 µL) was added and the samples sonicated (15 min),
then stirred (15 min) and a second and third aliquot of methyl iodide (50 µL) added and the samples
sonicated and stirred between aliquots. Water (2 mL) was added to the samples along with acetic acid
(100 µL) and the tubes mixed and centrifuged gently (200 x g, 2 min). The upper, aqueous phase was
removed and the step was repeated after which the lower phase was removed and evaporated to dryness
in a stream of air. TFA (2.5 M, 200 µL) was added to each sample which was then flushed with argon
and heated (121°C, 1 h). Following this, the hydrolysates were evaporated to dryness with air, the
myo-inositol (100 µL, 0.1 mg mL-1) added and the solutions evaporated to dryness. The hydrolysates
were then dissolved in NH4OH (2 M, 100 µL) to which 1 M NaBD4 in 2 M NH4OH (100 µL) was
added and the tubes were mixed then heated (60 °C, 1 h). Next, acetic acid (50 µL) was added, the
samples mixed, and acetic acid in methanol (5 % v/v, 500 µL) was added and then evaporated. This
step was repeated twice, then once more with methanol only (500 µL), and the sample was evaporated
to dryness.

To each sample residue, glacial acetic acid (40 µL), ethyl acetate (200 µL), acetic

anhydride (600 µL) and 60 % perchloric acid (23 µL) was added and the samples left for 15 min.
Then, water (2 mL) and 1-methylimidazole (40 µL) was added and the samples were mixed before
DCM (2 mL) was added. The samples were centrifuged (200 x g, 5 min) and the top aqueous phase
discarded. Then 0.5 M Na2CO3 (2 mL) was added, the sample mixed and the aqueous phase discarded,
then the wash was repeated twice with water (2 mL). The DCM phase was collected and evaporated to
dryness before being re-suspended in acetonitrile (500 µL) and evaporated to dryness again. The
resulting PMAAs were re-suspended in acetone and analysed by GC-MS.

3.2.4.2 GC-MS ANALYSIS

The PMAAs were separated by GC-MS using splitless mode on a BPX-90 capillary column (29 m x
0.25 mm id., 0.25 µm film thickness) (SGE, Melbourne, Aus) with the GC oven programmed from
80°C (held for 1 min) to 140°C at 25°C min-1 and then to 250°C at 4°C min-1 with analysis by MS
using an Agilent 5973 Inert MSD. As some of the PMAAs co-elute, the samples were also run on a
second HP-5 MS capillary column (30 m x 0.25 mm i.d, 0.25 um film thickness) with the GC oven
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programmed from 50°C (held for 1 min) to 130°C at 50°C min-1 and then to 230°C at 3°C min-1.
Identiﬁcations were based on peak retention times and response factors relative to myo-inositol and on
comparisons of electron impact mass spectra with the mass spectra obtained from reference
compounds.
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3.3 RESULTS
3.3.2 NON-LIGNIFIED PRIMARY CELL WALL PREPARATIONS

The monosaccharide compositions of the wall preparations from the Poales species Typha orientalis
(Typhaceae), Aechmea fasciata (Bromeliaceae) and Ananas comosus (Bromeliaceae), all had xylose in
the largest proportions (Table 3.3a). This was followed by arabinose, which together with xylose is
indicative of the heteroxylan, GAX. GAXs were also found to be the predominant polysaccharides in
the walls of Poales species examined by Smith and Harris, 1995 and 1999 where both monosaccharide
and methylation analysis were carried out. In the next largest proportions were galactose and glucose,
which could both come from XGs, and together with mannose, from a heteromannan.

The

monosaccharide compositions of the walls had an average of 0.9 % rhamnose (Appendix B), indicating
a small proportion of RG-I to which some of the arabinose and/or galactose could contribute as sidechains. There were also small proportions of fucose in the hydrolysate of Typha orientalis and Ananas
comosus walls, likely to arise from a fucosylated XG. The hydrolysates of these two species had the
highest proportions of arabinose and therefore the lowest xylose to arabinose ratio. The hydolysate of
Aechmea fasciata walls had the highest proportion of xylose of all the non-lignified wall preparations
and the highest xylose to arabinose ratio (7.0).

Five NLP wall preparations from species in the Zingiberales were analysed, each was from a different
family: Canna indica (Cannaceae), Maranta leuconeura (Marantaceae), Hedychium gardnerianum
(Zingiberaceae), Heliconia schiedeana (Heliconiaceae), and Strelitzia reginae (Strelitziaceae).

Of

these, the hydrolysates from the walls of Canna indica, Maranta leuconeura and Strelitzia reginae all
had xylose in the largest proportions, followed by arabinose, and xylose to arabinose ratios of 1.8-2.0.
The neutral monosaccharide compositions of the Hedychium gardnerianum and Heliconia schiedeana
wall preparations had slightly higher proportions of arabinose than xylose. The proportions of xylose
for these two were lower than for the other three species analysed. Furthermore, the hydrolysate of the
Hedychium gardnerianum walls had a high proportion of glucose which was an unusual result. The
neutral monosaccharides in the next greatest proportions for all of the species of the Zingiberales were
galactose followed by glucose. The galactose was likely arising from RG-I galactans, XGs and
together with mannose from minor proportions of heteromannans. All the hydrolysates had minor
proportions of rhamnose except that of Maranta leuconeura walls in which this monosaccharide was
not detected. The hydrolysate of the Canna indica walls had the highest proportions of rhamnose and
uronic acid. On average, the walls of the Zingiberales species contained 11.1 % w/w uronic acid,
indicating similar proportions of pectic polysaccharides (as HG or RG-I) to the walls of the Poales
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species (Appendix B). However, the proportion of UA in the hydrolysate of Canna indica was much
higher than any of the other species examined in either Poales or Zingiberales and closer to the
proportions found in hydrolysates in species from Commelinales and Arecales.

From the glycosyl linkage analysis of the wall preparations (Table 3.3b) from the two species of
Zingiberales (Canna indica and Strelitzia reginae) the major linkage was 4-Glcp arising from cellulose,
small amounts of XGs, and possibly minor amounts of heteromannans. The linkage in the next greatest
proportion of the walls of both species was 1,4-Xylp, which is found in heteroxylans, likely GAXs, and
is consistent with this being the major non-cellulosic polysaccharide in the walls. This was followed
by terminal Araf probably mostly arising from heteroxylans, likely GAXs, and linked through O-3 to
the xylose residues in the xylan backbone. The proportion of 1,4-Xylp was much greater in the walls
of species in the Zingiberales compared with those of the Commelinales, indicating higher proportions
of heteroxylans, but there were similar proportions of 3,4-Xylp and 2,4-Xylp arising from heteroxylan
branch points. The small proportions of the glycosidic linkages, terminal Xylp, terminal Galp, terminal
Fucp and 1,4-Glcp found in the walls may in part arise from XGs. However, the derivative from
1,2-Xylp co-eluted with the derivative from 1,4-Xylp and in F side-chain of XGs, the Galp is linked
through O-2 of Xylp. It is also possible that the terminal Xylp and terminal Galp residues may also
occur in side-chains of GAXs.

Four NLP wall preparations from species in three families in the Commelinales were analysed:
Tradescantia

fluminensis

(Commelinaceae),

Dichorisandra

thyrsiflora

(Commelinaceae),

Anigozanthos (Haemodoraceae) and Pontederia cordata (Pontederiaceae). The most abundant neutral
monosaccharide in the hydrolysates was xylose followed by arabinose, except in the Pontederia
cordata hydrolysate which had more arabinose than xylose. The average of 43.7% xylose in the
hydrolysates of the walls from species in the Commelinales (Appendix B) was similar to that of the
average of the Zingiberales hydrolysates. Besides glucose, galactose, mannose then fucose were in the
next largest proportions in the hydrolysates.

Of all the non-lignified wall preparations, the

Dichorisandra thyrsiflora hydrolysate had the greatest proportion of mannose, rhamnose and uronic
acid, and rhamnose was equal to that found in the hydrolysate of the walls of Phoenix canariensis
(Arecales). This may indicate higher proportions of RG-I and possibly a heteromannan compared with
the walls of other species. The uronic acid content of the walls was on average 18.3 % w/w for species
in the Commelinales (Appendix B), similar to the walls of Phoenix canariensis (Arecales), and much
higher than of the walls of species in the Poales and Zingiberales, with the exception of Canna Indica.
Most of the xylose probably comes from heteroxylans, but with glucose and mannose some may arise
from XGs or minor amounts of heteromannans.
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Linkage analyses were carried out on wall preparations from three Commelinales species: Tradescantia
fluminensis (Commelinaceae), Dichorisandra thysiflora (Commelinaceae) and Pontederia cordata
(Pontederiaceae). Besides 1,4-Glcp, the predominant linkages were 1,4-Xylp, 3,4-Xylp, 2,4-Xylp and
terminal Araf indicating heteroxylans, possibly GAXs as the likely major non-cellulosic
polysaccharides in the walls.

There were lower proportions of 1,4-Xylp and therefore fewer

heteroxylans compared with that found of the Zingiberales. In the walls of Tradescantia fluminensis
there were trace proportions of 1,5-Araf likely from arabinan side-chains of RG-I. Other linkages
likely to be from arabinans were detected in Dichorisandra thysiflora walls, including 2,3,5-Araf and in
Pontederia cordata walls which had the highest proportions of 2,5-Araf. The linkages 1,4-Glcp,
terminal Galp and trace proportions of terminal Fucp may arise from XGs in the walls. Dichorisandra
thysiflora walls had the highest proportion of 1,4-Manp, indicating the highest proportions of
heteromannans.

Cell walls were isolated from one species from the Arecales, Phoenix canariensis (Arecaceae). The
most abundant neutral monosaccharide in the hydrolysate of these walls was arabinose (45.9 %).
Galactose (28.4 % w/w) was in the next greatest proportion, followed by xylose. In hydrolysates of
these walls, there were smaller amounts of glucose, mannose, rhamnose and fucose. Some of the
arabinose and xylose may arise from small proportions of heteroxylans, possibly GAXs. However,
much of the arabinose could form arabinan side-chains of RG-I. The uronic acid content of the wall
preparation was 20.6 % w/w, which was slightly higher than found on average for walls of
Commelinales species. The hydrolysate of the Phoenix canariensis walls had the highest proportions
of rhamnose (equal to Dichorisandra thrysiflora walls) and this, together with the high proportions of
arabinose, indicate there is likely to be a RG-I with extensive arabinan side-chains.

The high

proportions of galactose in the hydolysate may arise from (1→4)-β-galactan side-chains of RG-I, with
smaller proportions arising from XGs and heteromannans. The overall monosaccharide composition of
the Phoenix canariensis walls indicates fewer heteroxylans compared to the hydrolysates of wall
preparations from species in families in the other orders and a greater proportion of RG-I with arabinan
and galactan side-chains.
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Table 3.3a

The mean neutral monosaccharide1 composition (%) and uronic acid3 (UA) content (% w/w cell wall) of the non-lignified primary cell wall

preparations analysed in duplicate.
Monosaccharides
Species

Rha

Fuc

Ara

Xyl

Man

Gal

Glu

Xyl:Ara2

UA3

Typhaceae

Typha orientalis

1.4

1.3

30.5

42.4

4.7

14.5

5.3

1.4

14.3

Bromeliaceae

Aechmea fasciata

0.5

0.0

10.5

73.3

2.0

9.5

4.2

7.0

6.7

Ananas comosus

0.7

0.9

28.0

49.3

2.1

14.2

4.8

1.8

10.2

Cannaceae

Canna indica

1.2

0.3

28.6

51.7

1.3

12.5

4.5

1.8

19.9

Marantaceae

Maranta leuconeura

0.0

0.0

29.4

55.4

2.2

6.5

6.6

1.9

9.0

Zingiberaceae

Hedychium gardnerianum

0.2

0.0

21.9

21.7

0.9

15.4

39.9

1.0

9.8

Heliconiaceae

Heliconia schiedeana

0.7

0.0

39.3

37.3

2.6

12.4

7.7

0.9

6.2

Strelitziaceae

Strelitzia reginae

0.7

0.0

28.4

57.8

1.6

7.2

4.4

2.0

10.7

Tradescantia fluminensis

1.2

0.0

25.8

40.8

2.9

8.4

20.9

1.6

13.6

Dichorisandra thyrsiflora

2.0

0.0

32.0

37.0

4.9

16.9

7.3

1.2

21.5

Haemodoraceae

Anigozanthos sp.

1.1

0.7

17.5

65.5

4.0

6.2

5.0

3.8

20.2

Pontederiaceae

Pontederia cordata

0.8

0.6

43.1

31.6

2.4

11.8

9.6

0.7

18.2

Arecales
Arecaeae

Phoenix canariensis

2.0

1.1

45.9

17.9

1.5

28.4

3.3

0.4

20.6

Order, family
Poales

Zingiberales

Commelinales
Commelinaceae

1

The mean neutral monosaccharide compositions determined by TFA hydrolysis of duplicate samples and given as the % w/w of total neutral monosaccharides. 2The ratio of
xylose:arabinose. 3Total uronic acid content given as the % w/w of cell wall and determined colourmetrically (as GalA) (mean of two determinations for two hydrolysates), calculated
separately to the neutral monosaccharides.
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Table 3.3b Glycosyl linkage analysis1 of the non-lignified primary cell wall preparations from
species in the Zingiberales (Canna indica, Strelitzia reginae) and Commelinales (Tradescantia
fluminensis, Dichorisandra thyrsiflora, and Pontederia cordata).
mol %
Canna
indica

Strelitzia
reginae

Tradescantia
fluminensis

Dichorisandra
thyrsiflora

Pontederia
cordata

Terminal

3

1

2

1

3

1,4

21

17

9

6

3

3,4

2

3

3

2

2

2,4

2

3

1

1

2

2,3,4

1

2

1

tr

2

Terminal

6

5

4

5

8

5 or 4 (p)

1

tr

tr

1

-

1,3

2

1

2

1

2

1,2

tr

tr

tr

1

1

2,3

-

-

-

-

1

2,5

tr

-

-

-

1

2,3,5

tr

tr

-

1

1

Arap

Terminal

tr

-

-

tr

tr

Glcp

Terminal

1

1

2

1

2

1,4

56

62

72

70

69

4,6

1

1

2

1

1

3,4

tr

tr

1

1

1

2,4

tr

tr

tr

2

1

3,4,6

-

tr

-

-

tr

Terminal

1

tr

1

1

1

1,4
1,2 or 1,6Glcp

tr

tr

tr

2

tr

-

tr

-

-

tr

Rhap

2,4

tr

tr

tr

tr

tr

Fucp

Terminal

tr

tr

tr

tr

tr

Manp

1,4

1

tr

1

3

1

Glycosidic linkage

Xylp

Araf

Galp

1

Mean values of duplicate samples analysed. tr, trace < 0.5 mol %.
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3.3.2 LIGNIFIED SECONDARY CELL WALL PREPARATIONS

From the Poales, eight LS wall preparations were analysed from six species in five families: Baloskion
tetraphyllum (Restionaceae), Elegia capensis (Restionaceae), Cyperus papyrus (Cyperaceae), Juncus
inflexus (Prep. A and B) (Juncaceae), Typha orientalis; (Prep. A and B) (Typhaceae) and Ananas
comosus (Bromeliaceae). Xylose was found in the highest proportions in all of the hydrolysates of the
walls examined from the Poales species. Arabinose was in the next highest proportion except in the
hydrolysate from the Baloskion tetraphyllum walls in which glucose was slightly higher. Galactose
was present in the next highest proportion which may arise from (1→4)-β-galactan side-chains of RGI, from XGs or together with mannose from heteromannans. Rhamnose and fucose were found in small
proportions, or not at all, in the hydrolysates of these walls. On average the uronic acid content of the
wall preparations was slightly lower (7.5 % w/w) (Appendix B) compared with the NLP wall
preparations from the Poales species. The uronic acid may have in part arisen from the associated NLP
walls in the LS wall preparations. The average xylose to arabinose ratio for the hydrolysates from the
walls of the Poales species was 4.4, but ranged from 1.9 for Ananas comosus walls to 7.6 in Baloskion
tetraphyllum. The proportion of xylose was greater in the hydrolysates from the lignified walls than the
non-lignified walls of Typha orientalis, but was approximately the same for both wall types from
Ananas comosus. The average proportion of xylose for the LS wall preparations of species in the
Poales was ~15% higher than the NLP wall preparations, indicated a higher proportion of heteroxylans.
On average the proportion of arabinose was ~5% lower, and the galactose and mannose half that found
in the NLP wall preparations.

The LS wall preparations analysed from the Zingiberales species were Hedychium gardnerianum
(Zingiberaceae), Musa sp. (Musaceae) and Strelitzia reginae (Strelitziaceae).

Xylose was in the

greatest proportion for all the hydrolysates of these walls and was on average was 71.7 %. Arabinose
was in the next highest proportion, followed by galactose and small proportions of mannose and
rhamnose, but no fucose was detected in any of the hydrolysates. The xylose to arabinose ratio was 2.3
in the walls of Hedychium gardnerianum, 5.9 in Musa sp. walls and 7.2 in those from Strelitzia
reginae. The proportions of xylose were greater in the hydrolysates from the LS wall preparations than
NLP wall preparations for Hedychium gardnerianum and Strelitzia reginae. On average the proportion
of xylose in the hydolysates was ~25% greater in hydrolysates of the LS than in NLP wall preparations.
The proportion of arabinose, galactose, mannose and glucose were on average half that found in the
non-lignified primary wall preparations.

These proportions indicate a higher proportion of

heteroxylans compared with the non-lignified walls. In addition, the heteroyxlans in the LS wall
preparations may be less substituted with arabinose.
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The LS wall preparation from Dichorisandra thyrsiflora (Commelinaceae, Commelinales) had xylose
in the greatest proportion (78.5 %) followed by arabinose (8.0 %). The uronic acid content of the wall
preparation was approximately half of the NLP wall preparation (8.3%), indicating fewer pectic
polysaccharides in the LS wall preparation. There were small proportions of glucose and galactose in
the hydrolysate of this wall preparation from XGs, but no fucose was detected indicating fucosylated
side-chains may be in very minor proportions or absent. The proportion of xylose in the hydrolysate of
the wall preparation of Dichorisandra thyrsiflora was approximately twice that found in the
corresponding NLP wall preparation, and the proportion of arabinose was a third. These proportions
indicate higher proportions of heteroxylans in the LS wall preparations than the NLP wall preparations.
The ratio of xylose and arabinose in the hydrolysates may indicate a GAX which is likely to be less
substituted with arabinose than in the NLP wall preparation. However, the ratio does not differentiate
arabinose from arabinan side-chains of RG-I and heteroxylans.

The LS wall preparation examined from the Arecales was from Phoenix canariensis (Arecaceae), and
in the hydrolsate xylose was in the highest proportion followed by arabinose. Small proportions of
galactose, glucose and mannose were also found. The uronic acid content of the wall preparation was
the highest of all the LS wall preparations examined (17.8 % w/w) and was similar to the concentration
found in the NLP wall preparations. This indicated larger proportions of HG or RG-I compared with
the LS wall preparations of species from the other orders. Some of the uronic acid may be GlcA or
4-O-Me-GlcA on GAXs (or 4-O-methyl-glucuronoxylans). The proportion of xylose was 3.5 times
greater than that found in the NLP wall preparation of the same species. This indicates higher
proportions of heteroxylans in the LS wall preparations compared with the NLP wall preparation.
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Table 3.3b

The mean neutral monosaccharide1 (%) composition and uronic acid (UA) content (% w/w) of lignified secondary cell wall preparations

analysed in duplicate.
Monosaccharides
Species

Rha

Fuc

Ara

Xyl

Man

Gal

Glu

Xyl:Ara2

UA3

Baloskion tetraphyllum

0.0

0.0

9.9

75.6

1.4

2.4

10.6

7.6

2.0

Elegia capensis

0.0

0.0

12.4

80.6

0.7

3.5

2.7

6.5

7.1

Cyperaceae

Cyperus papyrus

0.9

0.0

23.5

58.1

3.8

8.2

5.5

2.5

12.2

Juncaceae

Juncus inflexus Prep. A4

0.3

0.1

18.8

72.8

0.6

4.3

3.1

3.9

4.9

Order, family
Poales
Restionaceae

4

Juncus inflexus Prep. B

0.0

0.0

14.3

81.2

1.0

2.4

1.1

5.7

2.7

5

1.0

0.4

15.0

68.2

2.7

6.5

6.2

4.5

7.9

5

Typha orientalis Prep. B

0.7

1.0

21.1

59.5

2.6

10.1

5.0

2.8

11.8

Ananas comosus

0.7

0.4

25.1

48.8

2.6

17.2

5.3

1.9

11.1

Zingiberaceae

Hedychium gardnerianum

0.0

0.0

26.5

59.7

0.0

8.8

5.0

2.3

5.8

Musaceae

Musa sp.

0.4

0.0

13.1

77.4

0.7

3.7

4.8

5.9

8.0

Strelitziaceae

Strelitzia reginae

0.7

0.0

10.9

78.1

0.6

4.0

5.8

7.2

5.2

Dichorisandra thyrsiflora

0.7

0.0

8.0

78.5

2.4

4.6

5.7

9.8

8.3

Phoenix canariensis

0.9

0.0

14.7

72.8

1.4

5.3

4.9

4.9

17.8

Typhaceae
Bromeliaceae

Typha orientalis Prep. A

Zingiberales

Commelinales
Commelinaceae
Arecales
Arecaceae
1

The mean neutral monosaccharide compositions determined by TFA hydrolysis of duplicate samples and given as the % w/w of total neutral monosaccharides. 2The ratio of
xylose:arabinose. 3Total uronic acid content given as the % w/w of cell wall and determined colourmetrically (as GalA) (mean of two determinations for two hydrolysates), calculated
separately to the neutral monosaccharides. 4Juncus inflexus Prep. A contained ~80% lignified and Prep. B ~100% lignified walls, 5Typha orientalis Prep. A contained 100% lignified and
Prep. B 90% lignified walls
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3.4 DISCUSSION
The neutral monosaccharide compositions of the NLP wall preparations from the species examined in
the present study indicate that, as in the Poaceae, GAXs are the major non-cellulosic polysaccharide in
the other species of Poales s.l. (APGIII, 2009; Givnish et al., 2010). The NLP wall preparations from
the species in the Poales families had similar monosaccharide compositions to those found in the study
by Smith and Harris (1999), with xylose, and then arabinose in the greatest proportions. From the
linkage analysis by Smith and Harris (1999), the NLP wall preparations of Flagellaria indica
(Flagallariaceae), Centrolepis strigosa (Centrolepidaceae), Lolium perenne (Poaceae), and Leptocarpus
similis (Restionaceae) had linkages arising from heteroxylans likely to be GAXs, including 1,4-, 3,4and 2,4-Xylp, indicating this was the most abundant non-cellulosic polysaccharide in the walls (Smith
and Harris, 1999). The neutral monosaccharide composition of the walls from fruit of Ananas comosus
(Bromeliaceae) examined in the present study, was consistent with that found by Smith and Harris
(1995) who studied a NLP wall preparation from fruit, and Harris et al (1997), who examined a NLP
wall preparation from leaf bracts of the same species. However, compared with the other species of
Poales examined in the present study, the neutral monosaccharide composition of the hydrolysate of the
wall preparation from Aechmea fasciata (Bromeliaceae) had unusually high proportions of xylose and
much less arabinose. This high ratio of arabinose to xylose would be expected for LS wall preparations
and indicated that the Aechmea fasciata wall preparation may contain a greater proportion of LS walls
than estimated histochemically using phloroglucinol-HCl (Table 2.3a). However, Ceusters et al (2008)
investigated the structures of GAXs from the non-lignified leaf chlorenchyma cell walls of Aechemea
cultivars in relation to wall strength.

They found that Aechmea, which has crassulacean acid

metabolism (CAM), has malic acid concentrations which can rise causing increased turgor pressure in
the chlorenchyma cells. In sensitive plants, this can result in some of the chlorenchyma cells bursting.
From the neutral monosaccharide compositions of different cultivars of Aechmea, Ceusters et al (2008)
identified that sensitivity to cell burst was related to the structure of the GAXs in the walls. Cultivars
of Aechmea with low sensitivity to cell burst had an arabinose to xylose ratio of 3.8 to 4.9 compared
with 7.1 to 8.0 in high sensitivity plants. The neutral monosaccharide compositions of chlorenchyma
walls of high sensitivity plants indicated that the GAXs in the walls were 40% more substituted with
arabinose (Ceusters et al., 2008). The NLP wall preparation of Aechmea fasciata in the present study
also had an arabinose to xylose ratio of 7, indicating this may be a cultivar with low sensitivity to cell
burst. Whereas the high sensitivity cultivars have xylose and arabinose in proportions that are similar
to those found in the cell walls of other species in the Poales. However, the arabinose to xylose ratio
found for the NLP wall preparation from Aechmea fasciata is more likely to be the consequence of
GAXs arising from LS walls.
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From the linkage analysis of the NLP wall preparations from selected species in the Zingiberales
examined in the present study, similar proportions of 4-Xylp were found as in a linkage analysis of wall
preparations in species of Poales examined by a Smith and Harris (1999). In the wall preparations from
Commelinales species examined in the present study there was approximately twice the proportion of
4-Xylp than for Zingiberales species and therefore likely higher proportions of heteroxylans. These
results may indicate that although the non-lignified walls of species in the Zingiberales and
Commelinales have wall compositions that are intermediate between Poales and Arecales (Harris,
2005), the proportions of heteroxylans in the walls of the Zingiberales may be more similar to those in
the walls of the Poales compared with those in the walls of the Commelinales. In addition, wall
preparations from both Zingiberales and Commelinales species had similar proportions of 2,4- and 3,4Xylp, indicating that the GAXs in the walls of the Zingiberales may be less substituted with arabinose
and -D-GlcA than those in the Commelinales. In the walls of species from the Commelinales and
Arecales, there were also greater concentrations of uronic acid and larger proportions of rhamnose in
the neutral monosaccharide compositions, indicting there may be a greater proportion of pectic
polysaccharides than in the walls of the Poales and Zingiberales.

The proportions of the neutral monosaccharides found in the non-lignified wall preparations of species
of Commelinales, Anigozanthos sp., Dichorisandra thyrsiflora and Tradescantia fluminensis were
consistent with those found in a study by Jones et al (2005) on the walls of the epidermal cells of a
Commelina communis (Commelinaceae) NLP wall preparation.

They found that the major

monosaccharides were xylose, then arabinose and smaller proportions of mannose, glucose, galactose,
and minor proportions of rhamnose and fucose (Jones et al., 2005). However in the present study, the
hydrolysates of the wall preparations from one species in the Zingiberales, Hedychium gardnerianum
(Zingiberaceae), and one species in the Commelinales, Tradescantia fluminensis (Commelinaceae),
both had high proportions of glucose. Although no starch granules were detected histochemically in
the wall preparations, small amounts of starch may have been present. It is possible that the high
proportions of glucose may also arise from phytoglycogen stores in these tissues (Associate Professor
Rachel Burton Personal communication). Although high proportions of glucose were found in the walls
of Hedychium garnderianum (Zingiberaceae), the arabinose to xylose ratio was consistent with that
found in the walls of Zingiber officinale (Zingiberaceae) by Harris et al (1997).

The neutral monosaccharide composition and uronic acid content of the NLP wall preparation of
Phoenix canariensis (Arecaceae) used in the present study were consistent with those found in previous
studies (Harris et al., 1997; Carnachan and Harris, 2000), which indicated that, compared with the other
commelinid monocotyledons, the proportions of heteroxylans are lowest and pectic polysaccharides are
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greatest in the Arecales. The Phoenix canariensis wall preparation used the present study was selected
for reference with work by Carnachan and Harris (2000) who used a similar preparation and carried out
both a monosaccharide and linkage analysis. The monosaccharide composition determined in the
present study was comparable with that determined by Carnachan and Harris (2000) who found pectic
polysaccharides were the predominant non-cellulosic polysaccharide in the NLP walls. From a linkage
analysis, they also found large proportions of branched pectic arabinans consisting of chains of 1,5-α-LAraf residues mostly branched through O-3 and some though O-3 and O-2. There were smaller
proportions of pectic galactans and/or arabinogalactans (Type 1 or 2) forming side-chains of RG-I as
well as large proportions of HG in the walls.

They also found smaller proportions of XGs,

heteromannans and xylans, where minor proportions of 2,4- and 3,4-Xylp linkages were consistent with
the occurrence of GAXs (Carnachan and Harris, 2000).

Most of the uronic acids found in the wall preparations of the commelinid monocotyledons in the
present study are likely to be in the form of GalA arising from pectic polysaccharides, although some
may be GlcA or 4-O-GlcA attached to heteroxylans (Fig. 1.5a). Harris et al (1997) found that of the
total UA content in the walls from species in the Poales examined, there was 46 to 78% GalA, 19 to
50% GlcA and ~2 to 3% 4-O-Me-GlcA. In the walls of species of Zingiberales, ~65% was GalA,
~30% GlcA and ~2% 4-O-Me-GlcA and in those of the Commelinales there was ~80 to 90% GalA, ~7
to 17% GlcA and 3 to 4% 4-O-GlcA. In the study by Carnachan and Harris (2000) of the total UA in
the walls of Phoenix canarensis, 97% was GalA, 2.3 % GlcA and 0.7 % 4-O-Me-GlcA.

The

proportions of GalA determined by Harris et al (1997) are consistent with larger proportions of
heteroxylans and fewer pectic polysaccharides in the Poales and Zingiberales and larger proportions of
pectic polysaccharides in the Arecales and Commelinales.

The XGs comprise a minor proportion of the total non-cellulosic polysaccharides in the NLP of
commelinid monocotyledons (Harris, 2000; Harris, 2005). From the proportions of fucose found in the
hydrolysates of the walls examined in the present study, F side-chains in XGs may be present in the
walls of some of the species. Hsieh and Harris (2009) found that the XGs in the species of Poales,
when treated with XG-specific (1→4)-β-glucanase, had XXXG and XXGn core motifs or XXXG, and
fucosylated units of XXFG were also identified. The linkage analysis of the species in the Zingiberales
and Commelinales in the present study had small proportions of linkages from terminal Xylp and 4,6Glcp which may arise from XGs. There were also trace proportions of linkages for terminal Fucp
found in all the species and trace proportions of 1,2-Galp in the walls of Strelitzia reginae and
Pontederia cordata. The linkages indicate there may be minor proportions of L, as well as F sidechains in the walls of Strelitzia reginae and Pontederia cordata. The XG oligosaccharides released
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from the walls by the (1→4)-β-glucanases in the study by Hsieh and Harris (2009), of species from the
Zingiberales had XXGn and XXXG core motifs and small proportions of XXFG and XLFG units
(Hsieh and Harris, 2009). In the present study, the monosaccharide composition of the walls of Phoenix
canariensis (Arecaceae) had both fucose and high proportions of galactose. Hsieh and Harris (2009)
found that XGs from the walls of Phoenix canariensis were fucogalactoxyloglucans with both XXFG
and XLFG units. At least some of the large proportion of galactose found in hydrolysate of Phoenix
canariensis in the present study may arise from L side-chains of XGs and the rest likely from (1→4)-βgalactan side-chains of RG-I.

The LS wall preparations for species from all the orders examined on average had higher proportions of
xylose, and lower proportions of arabinose compared with the corresponding NLP wall preparations.
These neutral monosaccharide compositions were indicative of larger proportions of heteroxylans in
the LS walls. The differences between the proportions of neutral monosaccharides in the non-lignified
and lignified wall preparations of Baloskion tetraphyllum were comparable to those found in the walls
of the same species analysed by Smith and Harris (1999). They found the LS wall preparations of the
Baloskion tetraphyllum had ~82% w/w xylose and ~10% w/w arabinose and this was consistent with
the proportions in the present study in which the proportions of xylose was ~30% greater in the LS than
NLP wall preparations.

Smith and Harris (1999) also found that in the LS wall preparation of

Leptocarpus similis (Restionaceae) the proportion of 4-Xylp linkages was triple that found in the NLP
wall preparation of the same species. The hydrolysates of the LS wall preparations of species from the
Zingiberales and Commelinales in the present study also had ~30% greater proportions of xylose than
those found in the NLP wall preparations.

The data supports the hypotheses that as in the Poaceae the major non-cellulosic polysaccharide in the
NLP and LS walls of the other Poales species are heteroxylans (GAXs). However, the data from this
chapter alone was inadequate to support that in the LS walls of the Commelinales and Zingiberales
there are larger proportions of heteroxylans (GAXs) and lower proportions of pectic polysaccharides
compared with their NLP walls. The linkage analysis supported the hypothesis that compared with the
Poales, the NLP walls from species in the Commelinales and Zingiberales have a composition
intermediate between that of the Poales and Arecales. Also, the Zingiberales are slightly closer in
composition to the Poales and the Commelinales slightly closer in composition to the Arecales. The
data from this chapter alone was inadequate to support the hypothesis that compared with the other
orders the NLP walls of species in the Arecales have larger proportions of pectic polysaccharides and
lower proportions of heteroxylans (GAXs).
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4.0 ESTER-LINKED PHENOLIC ACID
CONCENTRATIONS AND LIGNIN ANALYSIS

4.1 INTRODUCTION
4.1.2 METHODS FOR DETERMINING PHENOLIC ACID CONCENTRATIONS

To determine the concentrations of ester-linked FA, pCA and pHBA, isolated wall preparations can be
treated with 1 M NaOH, for 24 h at room temperature. These conditions break the ester bonds between
the phenolic acids and polysaccharides in the walls, releasing the sodium salts of the phenolic acids.
This saponification step must be carried out under an inert atmosphere to prevent oxidation of phenolic
compounds (Barberousse et al., 2008). The work should be done under a source of illumination which
omits the UV region since the hydroxycinnamic acids, FA and pCA, isomerise in UV radiation and are
converted from the trans (E) form to the cis (Z) form (Barberousse et al., 2008). If care is not taken
then an erroneous estimation of the relative amounts of trans and cis forms may result. Following
treatment with NaOH, the solutions are acidified with HCl to convert the sodium salts of the phenolic
acids to the free acids which are extracted using diethyl ether. The phenolic acids can then be separated
by HPLC and detected and quantified using a UV detector. Response factors relative to an internal
standard, which is usually 2-hydroxycinnamic acid, are determined (Dobberstein and Bunzel, 2010).
Alternatively, the phenolic acids can be converted to their trimethylsilyl derivatives and analysed by
GC (Grabber et al., 1995; Hatfield et al., 2008a; Hatfield and Chaptman, 2009). The silylating reagents
of pyridine and TMCS with 1% BSTFA are sensitive to moisture and oxygen, therefore the reaction
must be performed in a dry atmosphere and under nitrogen. For this reason, the HPLC method was
preferred for the current study which allowed for a more rapid analysis of the large number of samples
in the study (Barberousse et al., 2008).

4.1.4

THE DERIVATIZATION FOLLOWED BY REDUCTIVE CLEAVAGE (DFRC)
METHOD FOR LIGNIN ANALYSIS

The derivatization followed by reductive cleavage (DFRC) method for the analysis of lignin was first
described by Lu and Ralph (1997). In the DFRC method, lignin or LS cell walls are solubilised and
derivatized with acetyl bromide (Fig.4.1a). This is followed by a reductive cleavage step where α- and
β-ethers are cleaved, but the γ-esters are protected and remain mostly intact. Because γ-esters are not
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cleaved, this method can be used for identifying p-coumarate esterified to lignin units at this position
(Lu and Ralph, 1999). The resulting lignin monomers and p-coumaroylated monomers are identified
by their diagnostic mass spectra and quantified by GC-MS methods using model compounds.

The

lignin monomers produced are trans and cis isomers of 4-acetoxycinnamyl acetate, 4-acetoxy-3methoxylcinnamyl acetate and 4-acetoxy-3,5-dimethoxycinnamyl acetate from
H-, G- and S-units, respectively (Fig.4.1a) (Lu and Ralph, 1997).

The p-coumaroylated lignin

monomers released are cis and trans isomers of 4-acetoxyl-3-methoxylcinnamyl (G-pCA) and 4acetoxyl-3,5-dimethoxycinnamyl 4-hydroxyphenylproprionate (S-pCA) (Fig.4.1b). A modified DFRC
method replaces acetate based reagents with propionate analogues which allow the natural acetates on
lignin to be observed (Ralph and Lu, 1998). In addition, because p-hydroxybenzoic acid esterified to
lignin breaks down using GC-MS, HPLC methods can be used to identify these lignin monomers (J.
Ralph personal communication).

Figure 4.1a Ether cleavage of lignins by the DFRC method to produce the derivatives of the H-, Gand S- lignin monomers (Lu and Ralph, 1997).

Figure 4.1b Ether cleavage of lignin by the DFRC method to produce the derivatives of the
p-coumaroylated lignin monomers, S-pCA and G-pCA, in which p-coumarate is attached at the γ-OH
position (Lu and Ralph, 1997, 1999).
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4.1.5 HIGHLY ACYLATED LIGNIN IN THE COMMELINID MONOCOTYLEDONS

In the LS walls of the Poaceae, the lignins may be acylated with pCA or acetate which is found
exclusively attached to the γ-position (Ralph et al., 1994a; Del Rio et al., 2007b; Ralph et al., 2007;
Hatfield et al., 2008b; Del Río et al., 2012b). Poaceae lignins contain G- and S-units, and more H-units
than found in lignins of eudicotyledons (Ralph et al., 2007). In the LS walls of two other commelinid
monocotyledons, Musa textilis (abaca) (Musaceae) and Ananas erectifolius (curaua) (Bromeliaceae),
the lignin has been found to have acetates and p-coumarates at the γ-position of S-units (Del Rio et al.,
2007a; Del Rio et al., 2008; Martinez et al., 2008). In addition, p-hydroxybenzoates have been
identified in lignins of Metroxylon sagu (sago palm) (Arecaceae) (Kuroda et al., 2001; Li and
Lundquist, 2001; Lu and Ralph, 2003) and esterified to γ-positions of lignins in Cocos nucifera
(Rencoret et al., 2013).

4.1.1 OBJECTIVES

The objective of this chapter was to compare the concentrations of ester-linked phenolic acids, FA,
pCA and pHBA, in NLP wall preparations with those in LS wall preparations. It was expected that
lower concentrations of ferulate in the LS walls would be found as it becomes incorporated into lignin,
and therefore can no longer be released by saponification (Ralph, 2010). However, it was expected that
pCA concentrations would be higher in the LS walls since pCA is esterified to lignin as a pendant
group that may be released by saponification. The present study will determine if the NLP and LS wall
preparations of Phoenix canariensis (Arecaceae) have lower esterified phenolic acid concentrations
than wall preparations of species in the other commelinid orders. In addition, the occurrence of pHBA
in the NLP and LS wall preparations of the commelinid monocotyledon families was examined. The
types of lignin units (H-, G-, S-), and p-coumaroylated lignin units (S-pCA, G-pCA), in the LS walls
were also investigated using the DFRC method.

The hypotheses of this chapter were:

1.

Both ferulate and p-coumarate occur in the NLP and LS cell walls of all the commelinid

monocotyledons.
2. There are large concentrations of FA and lower concentrations of pCA esterified to GAXs in the
NLP walls.
3.

Compared with the NLP walls, the LS walls have lower concentrations of FA but higher

concentrations of pCA released by saponification.
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4. Most of the pCA esterified to lignin units is esterified to the γ-OH of S-units (S-pCA), and only
small proportions esterified to the γ-OH of G-units (G-pCA).
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4.2 MATERIALS AND METHODS
4.2.2 QUANTIFICATION OF ESTER-LINKED PHENOLIC ACIDS

To prevent isomerisation of the hydroxycinnamic acids (FA and pCA) caused by UV radiation, all
work was performed under a UV stop bulb (Belgium Sylvania 51, 12 V, 50 W, Professional UV stop
13°). Each cell wall preparation (~5 mg) was weighed accurately in duplicate. The internal standard
2-hydroxycinnamic acid in 2 M NaOH (10 µL, 1 mg mL-1) was added to each tube along with 2 M
NaOH containing 10 mM ascorbic acid (1 mL). It has been found that FA released from cell wall
preparations of Ananas comosus was susceptible to degradation during saponification and the addition
of ascorbic acid prevented this (Zhang, 2012). The sample tubes were flushed with nitrogen and mixed
on a shaker (200 rpm, 20 h, RT). The contents were then filtered (Whatman GF/C glass microfibre
filter) and the filtrate was acidified to pH <2 using HCl (12 M). Diethyl ether (1 mL) was added to the
tubes which were then mixed, and once the phases had separated, the upper diethyl ether phase was
collected. This process was repeated three times and the diethyl ether extracts were then evaporated to
dryness under nitrogen and re-dissolved in tetrahydrofuran (200 µL, 1% v/v). The sample was filtered
(Sartorius 0.45 µm, single use syringe filter, non-sterile, regenerated cellulose membrane with
polypropylene housing), and collected. The phenolic acids were separated by HPLC using the methods
of Dobberstein and Bunzel (2010). The HPLC was carried out on a Luna phenyl hexyl column (250
mm long, 4.6 mm, i.d., 5 µm particle size with a 3 mm x 4.6 mm i.d. guard column), at a flow rate of 1
mL min-1, an injection volume of 20 µL and at a temperature of 45˚C. The solvent mixtures are shown
in Appendix C.

4.2.3

DERIVATIZATION FOLLOWED BY REDUCTIVE CLEAVAGE (DFRC)

4.2.3.1 METHOD DEVELOPMENT

A preliminary trial using the method from Lu and Ralph (1997) was carried out when I was a guest at
the laboratory of Professor J. Ralph, Department of Biochemistry, Enzyme Institute, University of
Wisconsin (UW), Madison, WI, USA. This was successful in determining the lignin monomers and
the presence of p-coumaroylated lignin monomers in the LS wall preparation of Dichorisandra
thyrsiflora. When attempts were made to reproduce the method at The University of Auckland on the
same wall preparation (Section 4.2.3.2), there were problems extracting and analysing the
p-coumaroylated lignin monomers. A second version of the method, which incorporated a solid phase
extraction (SPE) purification step to remove some of the degraded polysaccharides (Section 4.2.3.3),
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was also trialled at The University of Auckland. The need for this step was commented on by Lu and
Ralph (1997) and a protocol was provided (J. Ralph personal communication).
4.2.3.2 DFRC METHOD

The Dichorisandra thyrsiflora (20 mg) LS wall preparation was accurately weighed in duplicate and
acetyl bromide in glacial acetic acid (2.5 mL, 20% v/v) was added. The sample was heated and mixed
(50°C, 3.5 h) then the acetyl bromide and glacial acetic acid were removed under vacuum using a
rotary evaporator. The residue was re-dissolved in dioxane:acetic acid:water (5:4:1 v/v, 2 mL), zinc
dust (30 mg) was added and the sample mixed (25 min). The pH was adjusted to <3 with HCl (3%)
and the sample added to a separation funnel with the internal standard, 4,4ˈ-ethylidenebisphenol (1 mL,
0.25 mg mL-1) (4,4-EDB, Sigma-Aldrich Co., St Louis, USA). NH4Cl (saturated) was added followed
by DCM (10 mL) and after vigorous mixing the lower DCM phase was separated and the extraction
process repeated a further four times. Sodium sulphate (~2 g) was added to the DCM phase to remove
residual water. The DCM phase was separated off and dried under vacuum. DCM (1 mL), and then
acetic anhydride and pyridine (1:1 v/v, 0.4 mL) was added and the sample left (40 min, RT). Ethanol
(1 mL) was added and the sample dried under vacuum. DCM (1 mL) was then added and the sample
dried in a stream of nitrogen before re-dissolving in DCM (1 mL).

4.2.3.3 DFRC WITH SOLID PHASE EXTRACTION

The Dichorisandra thyrsiflora (20 mg) LS wall preparation was prepared in duplicate using the method
from Lu and Ralph (1997). The SPE column (DSC –18, reversed phase, 500 mg, 3 ml, Supelco) was
washed successibely with aqueous ethanol (1 mL) and water (1 mL).

The sample was prepared as

described in 4.2.3.2 but once the sample was mixed with the dioxane:acetic acid:water, the sample (200
µL), and then water (1.2 mL) was added to the SPE-column and mixed. The column was slowly
drained under vacuum and the filtrate was discarded. Ethanol was added to the column (95% v/v, 3 ml)
in two aliquots and the filtrate collected. The filtrate was dried using a stream of nitrogen and the
residue re-dissolved in a mixture of acetic anhydride and pyridine (0.3 and 0.2 mL) and left (40 min,
RT). The sample was dried using a stream of nitrogen with the addition of a little ethanol (1 mL). The
residue was then transferred with DCM to a clean tube and dried under a stream of nitrogen, before redissolving in DCM (150 l). Samples were analysed by GC-MS at The University of Auckland.
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4.2.3.4 GC-MS

The samples from Sections 4.2.3.3 and 4.2.3.4 were analysed on an Agilent 78090A-5975C GC-MS at
The University of Auckland. The Agilent GC-MS was fitted with an Agilent DB-1 column (0.2 mm x
25 m). To analyze the lignin monomers produced by DFRC, the initial column temperature was 60°C,
held for one min, ramped at 6°C min-1 to 300°C and held for 15 min. The injector temperature was set
at 250°C, and the FID temperature was 300°C. To analyze the p-coumaroylated lignin monomers, the
initial column temperature was 100°C, held for one min, ramped at 15°C min-1 to 300°C and held for
25 mins. The injector and FID temperature were as above (Lu and Ralph, 1999).

Splitless injection

mode was used for both the monomers and p-coumaroylated monomers with a scan range of m/z 43700 (Lu and Ralph, 1997, 1999). When the p-coumaroylated monomers were not observed in the
chromatograms, the sample volume was reduced and re-run with a new GC-MS inlet liner for each
injection. In addition, a split ratio of 20:1 was trialled along with a lower initial column temperature
(50°C) (J. Ralph personal communication).

4.2.3.5 FINALISED DFRC PROCEDURE

The final sample analyses were kindly carried out in the J. Ralph laboratory at The University of
Wisconsin by Dr Steven Karlen, Dr Dharshana Padmakshan and Dr Fachuang Lu.

LS wall

preparations analysed by the DFRC method were from the following species: Baloskion tetraphyllum,
Elegia capensis, Cyperus papyrus, Juncus inflexus (Prep. B), Typha orientalis (Prep. A), Ananas
comosus, Hedychium gardnerianum, Strelitzia reginae, Dichorisandra thyrsiflora, and Phoenix
canariensis.

Wall preparations (15-20 mg) were mixed with a solution of acetyl bromide in acetic acid
(20% v/v, 2 mL) and heated in a sand or oil bath (55°C, 3 h). The samples were then quantitatively
transferred to a flask using acetyl bromide in acetic acid (20% v/v, 2 mL). The acetyl bromide in acetic
acid was then removed under vacuum, a mixture of 1,4-dioxane:acetic acid:water (5:4:1 v/v, 2 mL)
followed by zinc dust (10–50 mg) was added. The samples were stirred (45 min), then quantitatively
transferred to a separating funnel with DCM and quenched with NaHCO3 (saturated). The DCM layer
was removed and the organic compounds extracted from the aqueous layer with ethyl acetate (2 x 10
mL). The combined extracts were dried with Na2SO4, and the solvent removed under vacuum. The
resulting oily film was dissolved in a mixture of pyridine and acetic anhydride (1:1) and stirred at RT
(16 h). The acetylated crude product was then quantitatively loaded on a Sep-Pak silica-gel cartridge
(Waters Corporation, USA) with DCM (~1 mL) and the product eluted off with a mixture of 1,4dioxane and ethyl acetate (1:1 v/v, 5 mL). The sample was evaporated to dryness and transferred with
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DCM. The internal standard 5,5΄-diethyl diferulate (25 μg) was added and the solution was evaporated
to dryness. The sample was reconstituted with DCM (1 mL) and analyzed on a GC-MS at The
University of Wisconsin.

GC-MS was done using a GC-MS QP 2010 quadruple detector instrument (Shimadzu, UK) equipped
with a Shimadzu AOC-20i auto injector, Agilent DB-1701 column (0.25 mm x 30 m x 0.25 μm film)
with helium as the carrier gas with a flow rate of 0.85 cm3 min-1. A 10:1 split ratio and injection
temperature of 250°C were used. The initial oven temperature was 150°C, held for one min, then
ramped at 30°C min-1 to 300°C and held for 23.5 min. The mass spectrometer was operated in positive
mode at 0.07 kV with the source at 260°C and the system in selective-ion mode. Three characteristic
m/z values were chosen for each compound of interest and a 5-point calibration curve was developed
using synthetic standards. Two different internal standards were used, bis-(4-acetoxyphenyl)ethane
(BPA) for the monomers and 5,5΄ diethyl diferulate (DEDF) for the p-coumaroylated monomers. To
analyse the monomers an injection volume of 0.1 μL was used and for the p-coumaroylated monomers
(S-pCA and G-pCA) an injection volume of 1 μL was used.
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4.3 RESULTS
4.3.1 ESTER-LINKED PHENOLIC ACID CONCENTRATIONS IN THE NON-LIGNIFIED
PRIMARY CELL WALL PREPARATIONS

In the NLP wall preparations from all the species examined, FA and pCA were always found and in the
same wall preparation the trans-isomers were always present at higher concentrations than the cisisomers. There was a great deal of variation in the concentrations of FA in the wall preparations of the
species examined (Table 4.3.1a). The highest concentrations of total FA were found in the wall
preparations from the fruit of Ananas comosus (Bromeliaceae, Poales) with 13,760 µg g-1 and in the
wall preparations from the rhizome of Hedychium gardnerianum (Zingiberaceae, Zingiberales) which
had 10,848 µg g-1. The next highest concentrations were found in the wall preparations from leaves,
petioles and stems of the other species from the Poales, Zingiberales and Commelinales. The wall
preparations from Phoenix canariensis (Arecales) had the lowest FA concentration with 1,032 µg g-1.
The average concentration of total FA (Appendix C) for all the NLP wall preparations examined was
5,144 µg g-1. On average the concentration was highest in the wall preparations of species in the Poales
(7,253 µg g-1), followed by the Zingiberales (6,498 µg g-1), Commelinales (2,319 µg g-1) and Arecales
(1,032 µg g-1) (Appendix C).

There was also variation in the total pCA concentrations in the wall preparations of the species
examined, from 403 µg g-1 for the wall preparation of Phoenix canariensis, to 11,196 µg g-1 from those
of Aechmea fasciata. The average concentration of total pCA for all the NLP wall preparations was
3,393 µg g-1 which was lower than the average FA concentration. Concentrations of FA were greater
than pCA for the 13 NLP wall preparations except for the preparations from Aechmea fasciata,
Maranta leuconeura, Tradescantia fluminensis, Dichorisandra thyrsiflora, and Angiozanthos sp. The
concentrations of pCA in the wall preparations from species in each order was on average lower
compared than the concentrations of FA. On average the wall preparations from species in the Poales
had the highest concentrations of pCA (4,769 µg g-1), the Zingiberales and Commelinales were
intermediate, and the Arecales had the lowest (403 µg g-1).

The FA:pCA ratios from the wall preparations ranged from 0.3:1 in Aechmea fasciata to 14.2 for
Ananas comosus and 16.2 for Hedychium gardnerianum. On average for the orders, the highest
FA:pCA ratio for the wall preparations was 5.6 for the Poales, followed by 4.7 for the Zingiberales, 1.1
for the Commelinales and 2.6 for the Arecales. There were also low concentrations of pHBA detected
in the wall preparations of Phoenix canariensis, Typha orientalis and Strelitzia reginae.
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Table 4.3.1a The mean concentrations (µg g-1 dry cell wall) of the phenolic acids in the non-lignified primary cell wall preparations analysed in duplicate.
Order/family

Species

trans-pCA

cis-pCA

Total pCA

trans-FA

cis-FA

Total FA

p-HBA

FA:pCA

Poales
Typhaceae

Typha orientalis

2,126

18

2,144

5,023

147

5,170

22

2.4

Bromeliaceae

Aechmea fasciata

9,952

1,244

11,196

2,435

394

2,829

0

0.3

Ananas comosus

967

0

967

13,653

107

13,760

0

14.2

Zingiberales
Cannaceae

Canna indica

3,716

69

3,785

5,607

569

6,176

0

1.6

Marantaceae

Maranta leuconeura

5,695

116

5,811

4,887

125

5,012

0

0.9

Zingiberaceae

Hedychium gardnerianum

671

0

671

10,726

122

10,848

0

16.2

Heliconiaceae

Heliconia schiedeana

1,923

37

1,960

6,572

146

6,718

0

3.4

Strelitziaceae

Strelitzia reginae

2,050

242

2,292

3,401

335

3,736

39

1.6

Commelinaceae

Tradescantia fluminensis

6,481

409

6,890

2,671

318

2,989

0

0.4

Commelinaceae

Dichorisandra thyrsiflora

2,749

321

3,070

1,344

143

1,487

0

0.5

Hemodoraceae

Anigozathos sp.

Pontederiaceae

Pontederia cordata

1,603

135

1,738

4,550

418

4,968

0

2.9

Phoenix canariensis

403

0

403

1,014

18

1,032

85

2.6

Commelinales

Arecales
Arecaceae
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4.3.2 ESTER-LINKED PHENOLIC ACID CONCENTRATIONS IN THE LIGNIFIED
SECONDARY WALL PREPARATIONS

In the LS wall preparations from all the species examined, FA and pCA were always found and in the
same walls the trans-isomers were in higher concentrations than the cis-isomers (Table 4.3.1b). The
total FA ranged from 172 µg g-1 in the wall preparation from Phoenix canarensis to 6,842 µg g-1 for the
wall preparation of Ananas comosus.

Overall, the LS wall preparations had an average total FA

concentration of 2,859 µg g-1. This concentration was approximately half the average concentration
found for the NLP wall preparations. The average total FA concentration was highest in the wall
preparation from the Poales (Appendix C) (3,703 µg g-1), followed by those from the Zingiberales
(2,102 µg g-1), then from Dichorisandra thyrsiflora (Commelinales) (1,069 µg g-1) and from Phoenix
canariensis (Arecales) with the least (172 µg g-1).
The total pCA concentrations ranged from 2,798 µg g-1 in the wall preparation for Phoenix canarensis
(Arecales) (7 times higher than found in NLP wall preparation from the same species), to 22,807 µg g-1
in the wall preparation from Cyperus papyrus (Cyperaceae, Poales). The total pCA concentrations in
the LS wall preparations were higher than in the NLP wall preparations from the same species. All of
the LS wall preparations had higher concentrations of pCA than of FA, with the only exception being
the wall preparation from Ananas comosus. This wall preparation contained a mixture of both nonlignified and lignified walls (Table 2.3b) which may be responsible for this unusual result. The wall
preparation from Typha orientalis (Prep. B) was estimated to contain 90% lignified walls (Table 2.3b)
and had pCA concentrations ~ 4 times higher and a FA concentration ~ half that of the NLP wall
preparation from the same species. Typha orientalis (Prep. A) was estimated to contain 100% lignified
walls had an even higher pCA concentration and a FA concentration half of that found in Prep. B. Of
the four orders, the average total pCA of the wall preparations was highest in species from the
Commelinales (13,740 µg g-1) and Poales (13,011 µg g-1), followed by the Zingiberales (7,443 µg g-1)
the Arecales had the least (2,798 µg g-1).

The FA:pCA ratios from the wall preparations were lower for the LS than NLP wall preparations and
similar for the different orders, with 0.4:1 for the Poales, 0.3:1 for the Zingiberales, 0.1:1 for the
Commelinales and Arecales alike.

pHBA was found in the LS wall preparations from Phoenix

canariensis and was present at a concentration 12 times higher than in the NLP wall preparation of this
species. pHBA was also detected in smaller concentrations in the LS wall preparations of Typha
orientalis (Prep. A and B), and Strelitzia reginae, and similar concentrations were found in the NLP
wall preparations of these species.
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Table 4.3.1b The mean concentrations (µg g-1 dry cell wall) of the different phenolic acids in the lignified secondary cell wall preparations analysed in
duplicate.
Order/family

Species

trans-pCA

cis-pCA

Total pCA

trans-FA

cis-FA

Total FA

pHBA

FA:pCA

Baloskion tetraphyllum

4,413

138

4,551

2,149

121

2,270

0

0.5

Elegia capensis

14,692

229

14,921

3,537

309

3,846

0

0.3

Cyperaceae

Cyperus papyrus

22,450

357

22,807

3,046

137

3,183

0

0.1

Juncaceae

Juncus inflexus (Prep.A)1

16,265

421

16,686

3,478

135

3,613

0

0.2

Juncus inflexus (Prep.B)1

17,132

60

17,192

5,900

100

6,000

0

0.3

Typha orientalis (Prep.A)2

13,240

456

13,696

1,184

70

1,254

36

0.1

Typha orientalis (Prep.B)2

9,172

261

9,433

2,568

51

2,619

11

0.3

Ananas comosus

4,751

52

4,803

6,629

213

6,842

0

1.4

Zingiberaceae

Hedychium gardnerianum

10,459

81

10,540

3,320

108

3,428

0

0.3

Musaceae

Musa sp.

3,503

240

3,743

1,901

247

2,148

0

0.6

Strelitziaceae

Strelitzia reginae

8,046

0

8,046

729

0

729

47

0.1

13,562

178

13,740

1,016

53

1,069

0

0.1

2,762

36

2,798

170

2

172

1,082

0.1

Poales
Restionaceae

Typhaceae

Bromeliaceae
Zingiberales

Commelinales
Commelinaceae Dichorisandra thyrsiflora
Arecales
Arecaceae

Phoenix canariensis

1

Juncus inflexus Prep. A contained ~80% lignified and Prep. B ~100% lignified walls, 2Typha orientalis Prep. A contained 100% lignified and Prep. B 90% lignified walls (Table 2.3b).
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4.3.3 DFRC ANALYSIS OF LIGNIFIED SECONDARY WALL PREPARATIONS

4.3.3.1 METHOD DEVELOPMENT

The preliminary work undertaken at the University of Wisconsin showed which lignin monomers and
p-coumaroylated lignin monomers were present in the LS wall preparation of Dichorisandra thyrsiflora
(Fig.4.3a). The GC-MS chromatogram of duplicate samples showed the derivatives of the lignin
monomers eluted in the order cis and trans G-units (Gc, Gt), followed by cis and trans S-units (Sc, St)
then the cis and trans p-coumaroylated monomers (S-pCAc, S-pCAt). The retention times and m/z
spectra were used to identify these compounds. The S-pCA derivative had the diagnostic major ions
400, 193 and 161 (Lu and Ralph, 1999).

Figure 4.3.3a The GC-MS chromatogram of Dichorisandra thyrsiflora acquired at the University of
Wisconsin using the DFRC method (section 4.2.3.1). The derivatives of the lignin monomers eluted in
the order of Gc Gt, Sc, St, followed by the internal standard (4,4ˈ-ethylidenebisphenol) and the
derivatives of the p-coumaroylated monomers, S-pCAc and S-pCAt.

Later, the version of the DFRC method described in Section 4.2.3.3 was tested at The University of
Auckland and, although the monomer units could be identified, it appeared that the p-coumaroylated
units were lost during the additional SPE step. A second SPE clean up system was recommended (J.
Ralph and F. Lu personal communication) which used a 50 mg silica SPE column and hexane:ethyl
acetate (5:1, 12 mL) to recover the lignin monomers and hexane:ethyl acetate (1:1, 10 mL) to recover
the p-coumaroylated monomers. However, this required extensive developmental work beyond the
scope of the present study. To avoid potentially losing any compounds, the original version of the
DFRC method with no clean up was selected for all further work (Section 4.2.3.2 and 4.2.3.5).
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Duplicate wall samples were prepared using the methods of Lu and Ralph (1997), and again this
method consistently yielded the lignin monomers (Gc Gt, Sc, St) but not the lignin p-coumaroylated
monomers (S-pCAc and S-pCAt). Trace concentrations of S-pCA were identified in a single GC-MS
sample run (Appendix C). It became evident that the lignin p-comaroylated lignin monomers, which
were present in high concentrations in the sample prepared and analyzed at the University of
Wisconsin, were lost during the procedure and analysis. The S-pCA was possibly breaking down at the
GC-MS inlet or was lost during the sample preparation, most likely at the derivatization step where
these monomers are most sensitive (J. Ralph personal communication). However, the Gc/Gt and Sc/St
were identified in the chromatograms at consistent retentions times, in duplicate samples (Appendix C).
The m/z values and relative intensities of the major ions in the mass spectra confirmed these identities
(Lu and Ralph, 1999).

Following personal communication with J. Ralph, the University of Wisconsin undertook further
method development and analyzed the wall preparations for the present study. The researchers had ongoing issues with the reproducibility of the concentrations of p-coumaroylated monomers and of the
lignin monomers.

However, the concentrations were determined albeit with poor reproducibility

(Appendix C). To publish these findings additional method development is in progress and the analysis
of the wall preparations will be repeated (J. Ralph personal communication).

4.3.3.2 LIGNIN MONOMER UNITS AND LIGNIN P -COUMAROYLATED MONOMER UNITS

From the quantification of the lignin monomers and lignin p-coumaroylated monomers, the
concentrations (µmol mg-1) were difficult to compare. The duplicate samples often gave dissimilar
results with losses of the p-coumaroylated monomers and also of the more stable monomer lignin units.
The exceptions to this were for LS wall preparations from Cyperus papyrus, Juncus pallidus and
Phoenix canariensis where the replicate samples gave similar results. To reduce variation due to these
errors, the percentages were used for comparisons. The lignin monomers are shown as percentages of
the total lignin monomers (monomers and p-coumaroylated monomers), and the G-pCA and S-pCA as
a percentage of the total G- or S- units respectively, and a percentage of total p-coumaroylated units.
As percentages of the total lignin monomers including the p-coumaroylated monomers, H-units
normally contributed less than 0.1%. An unusual result was that for the lignified pith parenchyma wall
preparation for Juncus pallidus (Prep. B) with 12-16% H-units. The contribution from G-units as a
percentage of the total lignin monomers, ranged from 23% in the wall preparation of Elegia capensis to
78% in that of Typha orientalis. The proportions of S-units ranged from 3% in the wall preparation of
Cyperus papyrus, to 63% in that of Phoenix canarensis. Overall the lignin in the wall preparations
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usually consisted of G-, S- and some H-units, and all the species had lignins with greater proportions of
G- and S- than H-units (Table 4.3.3b).

Of the total lignin monomers, the proportion of G-pCA ranged from <1% in wall preparations from a
number of species to 14% in the wall preparation of Typha orientalis and S-pCA ranged from 1% to
56%, with the highest proportions in the wall preparation of Dichorisandra thyrsiflora. Of the total
lignin monomers in the lignin, the Phoenix canariensis (Arecales) wall preparation had 63% S-units
which was the highest proportions of S-units found. However, only a small proportion of lignin
monomers were p-coumaroylated, with 5% to 6% S-pCA and <1% G-pCA. An interesting result was
that for the p-coumaroylated monomers in the wall preparation of Phoenix canarensis: the pCA was
very specifically esterified to S-units with 99% in the form of S-pCA. Overwhelmingly in the species
examined the pCA was esterified to S- rather than to G-units. As a total of the p-coumaroylated
monomers, the percentage of S-pCA ranged from 53% in the wall preparation of Typha orientalis to
100% in that from Hedychium gardnerianum. Of the total p-coumaroylated monomers, on average for
each of the four orders (Appendix C), the wall preparations from the Poales had 88% S-pCA and the
other three orders were very similar with between 97 to 99% S-pCA.
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Table 4.3.3a The lignin monomers as a percentage (%) of the total lignin monomers (monomer and p-coumaroylated monomer units), and the G-pCA and SpCA as a percentage of the total G- or S-units1 respectively, and total p-coumaroylated units2 of wall preparations analysed in duplicate.

Poales
Baloskion tetraphyllum
Elegia capensis
Cyperus papyrus
Juncus pallidus
Typha orientalis
Ananas comosus
Zingiberales
Hedychium gardnerianum
Strelitzia reginae
Commelinales
Dichorisandra thyrsiflora
Arecales
Phoenix canariensis

H:
units

G:
units

S:
units

G-pCA:
units

S-pCA:
units

G-pCA:
G-units1

S-pCA:
S-units1

G-pCA:
G/S-pCA2

S-pCA:
G/S-pCA2

<1
tr
tr
tr
3
3
17
13
tr
tr
tr
tr

35
84
24
23
57
47
39
34
50
78
24
27

33
16
51
41
3
3
28
42
13
17
40
53

2
n/a
<1
2
4
6
1
<1
14
3
2
0.3

29
n/a
24
34
32
42
16
11
23
3
34
20

6
n/a
<1
7
6
11
1
1
22
3
7
1

47
n/a
32
46
90
92
36
21
64
15
46
27

7
n/a
1
5
11
12
4
3
38
47
5
1

93
n/a
99
95
89
88
97
98
62
53
95
99

tr
tr
1
1

32
52
51
74

24
39
20
24

<1
tr
1
0.1

44
9
27
1

1
n/a
3
<1

65
19
58
6

<1
0
5
5

99
100
95
95

tr
tr

24
55

19
29

<1
<1

56
17

1
<1

74
36

1
1

99
99

2
2

30
31

62
63

<1
<1

6
5

<1
<1

8
6

1
1

99
99

Values of <0.1% are annotated as trace (tr) and values of 0.1 to 0.9 annotated as <1, if no result was achieved or note detected this is annotated as not applicable (n/a).
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Table 4.3.3b The percentages of the H-, G-, S- lignin units from the lignified secondary cell wall
preparations analysed in duplicate using the DFRC method.

Order/family
Poales
Restionaceae

Species
Baloskion tetraphyllum
Elegia capensis

H-units

%
G-units

S-units

0
0
0
0
3
3
17
13
0
0
0
0

37
84
25
24
61
52
40
34
64
81
26
27

62
16
75
76
35
45
43
53
36
19
74
73

0
0
1
1

32
51
52
74

68
49
47
25

Cyperaceae

Cyperus papyrus

Juncaceae

Juncus inflexus (Prep. B)

Typhaceae

Typha orientalis (Prep. A)

Bromeliaceae

Ananas comosus

Zingiberales
Zingiberaceae

Hedychium gardnerianum

Strelitziaceae

Strelitzia reginae

Commelinales
Commelinaceae

Dichorisandra thyrsiflora

0
0

25
55

75
45

Arecales
Arecaceae

Phoenix canariensis

2
2

30
31

68
68
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4.4 DISCUSSION
4.4.1 ESTER-LINKED PHENOLIC ACIDS IN NON-LIGNIFIED PRIMARY WALLS

The results are consistent with both FA and pCA being esterified to polysaccharides, most likely to
GAXs, in the NLP walls of the commelinid monocotyledons species examined in the present study.
The concentrations of FA found in the wall preparations from species of Poales s.l. were comparable
with early work on the Poaceae, where Harris et al (1980) reported 5,740-6,290 µg g-1 in a mesophyll
cell wall preparation from leaves of Lolium perenne. Parker et al (2000) investigated a cell wall
preparation from the cortex of tubers of Cyperus esculentus (Poales, Cyperaceae) and found 4,492 µg
g-1 of FA in this non-lignified wall preparation (Parker et al., 2000). In addition to FA and pCA, I
found pHBA in the NLP wall preparations of Typha orientalis (Typhaceae, Poales), Strelitzia reginae
(Strelitziaceae, Zingiberales) and Phoenix canarensis (Arecaceae, Arecales). The concentrations were
small (< 100 ug g-1) but this acid has not previously been reported in the non-lignified walls of these
species. However in an earlier study, pHBA was found in a wall preparation from Typha latifolia
(Typhaceae) containing both NLP and LS walls (Harris and Hartley, 1980).

On average the walls from species of the most derived commelinid order Poales had the highest FA
concentrations of the four commelinid orders. In comparison with the Poales, there were slightly lower
concentrations in the wall preparations of species from the Zingiberales, but much lower concentrations
in the wall preparations of Commelinales species. The one species analysed from the most basal
commelinid order Arecales had the lowest FA concentrations of the wall preparations from the
different species.

This is consistent with the hypothesis that during evolution FA probably first

appeared in the walls of the Arecales in small concentrations which increased as the commelinid
monocotyledons became more derived (Carnachan and Harris, 2000).

The differences in the

concentrations of wall ferulate between the Zingiberales and Commelinales species were consistent
with reports of the cell-wall polysaccharide linkage analysis (Chapter 3).

Compared with the

Zingiberales, the analyses showed fewer glycosyl linkages arising from heteroxylans (GAXs) and
fewer branch points on the 1,4-linked Xylp residues in the heteroxylans in the wall polysaccharides of
the Commelinales.

FA is esterified to GAXs in the non-lignified walls of species in the Poaceae and Bromeliaceae (Ishii
and Hiroi, 1990; Smith and Harris, 2001). However, there is no evidence for pCA being esterified to
GAXs in non-lignified walls other than in the Poaceae (Ishii and Hiroi, 1990; Ishii et al., 1990). But
pCA has been found esterified to lignin (Lu and Ralph, 1999) and also esterified to heteroxylans in LS
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walls of Hordeum vulgare (barley) straw (Mueller-Harvey et al (1986). In the present study, it is
possible that some of the pCA found could have come from contamination of the NLP preparation with
lignified walls, and this is very difficult to prevent (Chapter 2). The wall preparation from Aechmea
fasciata had very high concentrations of pCA indicating that contamination with lignified walls may be
likely although the histochemistry indicated <5% lignified walls were present. Likewise, there are NLP
walls associated with the LS walls of the LS wall preparations. This is not uncommon in wall analyses
(Mueller-Harvey et al., 1986; Smith and Harris, 1999; Harris and Trethewey, 2010), and usually did not
hinder interpretation of results in the present study, since the overwhelming contribution was from
either the non-lignified or lignified walls for each type of preparation. In the purest preparations of
NLP, determined histochemically (Chapter 2), those from Typha orientalis, Aechmea fasciata, Ananas
comosus, Canna indica, Maranta leuconeura and Hedychium gardnerianum were estimated to have
less than 5% lignified walls, and it is likely that the pCA detected here is indeed esterified to GAXs. In
the purest NLP wall preparation, Hedychium gardnerianum, there was ~700 µg g-1 of pCA found.
Moreover, the Phoenix canarenis walls were ~95% non-lignified and had ~400 µg g-1 of pCA. This
indicates that pCA is likely to have been esterified to GAXs in these non-lignified walls.

The

concentration of pCA was ~25% of what was found in corresponding LS wall preparations from these
same species. For such a large concentration to be detected when there is such a small amount of
contaminating LS walls, it seems unlikely that pCA is esterified only to lignin. The results here would
indicate that there may be a substantial proportion of pCA esterified to GAXs although these
concentrations were much less than those of ferulate in the same walls.

4.4.2 ESTER-LINKED PHENOLIC ACIDS IN LIGNIFIED SECONDARY WALLS

Both FA and pCA were found in all of the LS wall preparations examined in the present study. There
were considerable differences in the overall concentrations of these phenolic acids between the NLP
and LS wall preparations. On average for each order the FA concentrations of the LS wall preparations
were half those found in the NLP wall preparations. In the Poaceae, FA has been shown to initiate
lignin synthesis in the cell wall (Ralph, 2010). The FA esterified to GAXs becomes incorporated into
lignin by bonds that are not hydrolysed by ~1 M NaOH, hence the apparent concentration of FA in the
walls falls (Ralph, 2010). Only an estimate of total FA in the walls can be obtained using saponification
methods since FA can become etherified to lignin, in which case it is irretrievably incorporated into the
growing lignin polymer (Lam et al., 1994; Ralph, 2010).

Overall the concentrations of pCA were much higher in the LS than NLP wall preparations. On
average for each order there was at least twice the concentration, but in the LS wall preparation of
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Phoenix canariensis (Arecales) the concentration was 7 times higher. The large concentration of pCA
in the lignified walls is likely to be esterified to lignin monomers. In a study comparing
p-coumaroylation of lignin of walls from different tissues (rind, pith, roots) from Zea mays (Poaceae),
the concentrations of pCA ranged from 13-33 mg g-1 of cell wall. In all the walls studied, except for
those in the roots, concentrations of pCA were higher when the proportion of lignin was higher,
indicating that pCA may be esterified to the lignin (Hatfield and Chaptman, 2009). In an earlier
investigation on the cell wall composition of Zea mays using internodes at different maturities, the
concentration of pCA also increased with internode maturity (Morrison et al., 1998). They found a
trend where pCA concentration was opposite to that of FA, as observed in the present study.

In the

present study, the purest NLP wall preparations contain pCA. Therefore it is likely that pCA would be
esterified to GAXs in both the NLP and also in the LS walls. Some pCA may be esterified to GAXs in
the associated NLP walls contained in the LS wall preparations.
Using the DFRC method demonstrated that, as in the Poaceae, pCA is esterified to the γ-OH of S- and
G-units of the lignins from species in the Poales, Zingiberales, Commelinales and Arecales. As in the
Poaceae, pCA esterified to lignins in these was predominantly esterified to S-units and this is the first
time S-pCA from the walls of these species has been identified. Compared with the Poaceae, many of
the species examined have even higher proportions of the pCA esterified to S-units rather than G-units.
In studies on Zea mays (Poaceae), it was found that 90% of the pCA was esterified to S-units and 10%
to G-units (Lu and Ralph, 1997, 1999). In the wall preparations from the species in the Commelinales,
Zingiberales and Arecales, 97-99% of pCA on lignin was esterified to S-units, whereas only a small
percentage was esterified to G-units. In a study on milled-wood-lignin (MWL) from Musa textilis
(Zingiberales), it was found that this lignin had a high (S/G) ratio and 85% of the lignin units were
acylated with either acetates or p-coumarates which were mainly on the S-units (Del Rio et al., 2008).
On average in the Poales families, 88% of the pCA on lignin was on S-units and this was lower when
compared with the lignin from wall preparations of species from other orders. The unusually high
proportions of pCA esterified to G-units in Typha orientalis lowered the overall average for the Poales.

In the Poaceae, there is no evidence for pCA having a role in cross-linking polymers in the wall in the
way FA does (Hatfield and Marita, 2010). However, the present study found substantial concentrations
of pCA in non-lignified walls that are likely to be esterified to GAXs. Although pCA may be esterified
to GAXs in NLP walls, it is present in much greater concentrations in conjunction with lignification,
making pCA a good indicator of lignin deposition (Lu and Ralph, 1999; Del Rio et al., 2008). In the
families of commelinid monocotyledons examined, pCA is esterified to the γ-position of mainly S-units
of lignin as found in the Poaceae (Ralph et al., 1994b; Lu and Ralph, 1999; Grabber et al., 2004).
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There were a number of difficulties with the DFRC method, with losses of the lignin p-coumaroylated
monomers (G-pCA and S-pCA) as well as the lignin monomers (H-,G-,S-units). These problems
occurred at The University of Auckland during method development and at the University of
Wisconsin, where samples were sent for the final analysis. The main losses of S-pCA and G-pCA
likely occurred as a result of hydrolysis during the bromination of the α-carbon. This is the step where
the cell walls are treated with 20% AcBr in AcOH. The loss in the p-coumaroylated monomers can
cause the lignin monomers to be apparently over-represented.

As well as FA and pCA, pHBA was also found in the LS wall preparations of the following species:
Typha orientalis, Strelitzia reginae and Phoenix canariensis. But it was only in Phoenix canarensis
that higher concentrations occurred in the LS than NLP wall preparation of the same species. Since
pHBA has been identified esterified to lignin monomers in coir from Cocos nucifera (Arecales)
(Rencoret et al., 2013), it is likely that this is the case in the walls of Phoenix canarensis, although it
may also be esterified to polysaccharides. It is not possible to use the DFRC method, as described in
the present study, to determine if the lignin monomers are acylated with pHBA. The ester bond with
pHBA breaks down during GC and therefore it cannot be identified. However, a HPLC method for this
determination is under development in the laboratory of J. Ralph. pHBA may acylate lignin monomers
in the same manner as pCA, that is on the γ-OH of the lignin monomers (Rencoret et al., 2013). The
LS wall preparations of Typha orientalis and Strelitzia reginae had very similar proportions of pHBA
to those found in the NLP wall preparations indicating that pHBA may be attached to polysaccharides
in the LS walls or the associated non-lignified walls in these preparations.

4.4.3 LIGNIN MONOMER UNITS (H,G,S)

From the DFRC of the cell wall preparations, species examined in the present study had mainly lignin
S- and G-units and some H-units, as previously found in Poaceae lignin (Harris, 2005). There was poor
reproducibility of the replicates of the two LS wall preparations from the Zingiberales species
examined, but the lignin appears to have similar proportions of G- and S-units. In a study on the lignin
of Musa textilis (Zingiberales) there were predominantly S-units found (Del Rio et al., 2007a). The
lignin of Phoenix canariensis examined in the present study had more S-units than the lignin from
Cocos nucifera (Arecales) which was examined by Rencoret et al (2013) who found predominantly Gunits. However, Rencoret et al (2013) took coir fibres of Cocos nucifera for analysis, whereas stems
fibres of Phoenix canariensis were used in the present study. Compared with others species examined
in this study, the lignified wall preparation from Juncus inflexus (Juncaceae) (Prep. B) had an unusual
lignin monomer composition. The wall preparation was taken from the lignified pith parenchyma from
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the stem of this species and was found to have a very high proportion of H-units and fewer G-units and
S-units compared with other species.

The data supported the hypotheses that both ferulate and p-coumarate occur in the NLP and LS cell
walls of all the commelinid monocotyledons in this study and that there are large concentrations of FA
and lower concentrations of pCA esterified to GAXs in the NLP walls. Also, that compared with the
NLP walls, the LS walls have lower concentrations of FA but higher concentrations of pCA released by
saponification. The data supported the hypothesis that most of the pCA esterified to lignin units is
esterified to the γ-OH of S-units (S-pCA), and only small proportions esterified to the γ-OH of G-units
(G-pCA), and in many cases the attachment to S-units was highly specific.
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5.0 SOLUTION STATE 2D-NMR OF CELL WALL
PREPARATIONS

5.1 INTRODUCTION
5.1.1 2D-NMR 13C-1H CORRELATION SPECTROSCOPY (2D-NMR 13C-1H HSQC) OF CELL
WALL GELS

Recent advances in solution state NMR spectroscopy now allow chemical information on plant cell
wall polysaccharides to be determined without chemical fractionation of the whole cell walls to extract
the various components. Fractionation can result in the loss of polymer interactions and can cause
changes to wall polysaccharides, and polysaccharides may or may not be completely extracted
(Hedenström et al., 2009; Kim and Ralph, 2010; Albersheim et al., 2011). The use of hydrogen bond
disrupting solvents which allow for the dissolution of un-fractionated walls, mean whole cell walls
need only be finely ball-milled and then swelled in DMSO-d6 to form a gel. Two-dimensional nuclear
magnetic resonance

13

C-1H correlation spectroscopy (2D-NMR

13

C-1H HSQC) of the cell wall gel

produces a spectrum and certain signal correlations have been determined for wall components (Kim
and Ralph, 2010; Del Río et al., 2012a).

In addition, by using per-deuterated solvents the natural

acetylation of components can also be seen in the spectra (Kim and Ralph, 2010).

DMSO was originally selected for use in this method because it is an excellent swelling reagent for
cellulose and other cell wall components (Kim and Ralph, 2010). Mixing DMSO-d6 with
N-methylimidazole-d6 (NMI-d6) was tested by Kim and Ralph (2010) but caused a loss of information
on the H-units in lignin due to an overlap of correlations in the spectra from incompletely deuterated
NMI-d6 (Kim and Ralph, 2010). The current recommended solvent system is a mixture of DMSO-d6
and pyridine-d5 which gives a superior spectrum than using DMSO-d6 alone (Allerdings et al., 2006;
Kim and Ralph, 2010). To prepare samples for 2D-NMR analysis using this solvent system, destarched whole cell wall preparations are finely ground using a ball mill containing a zirconium jar and
zirconium ball bearings. The amount of time the walls are milled is the shortest that will allow the
dissolution of the walls in the solvent system. It is important not to over mill in order to prevent
extensive bond cleavage or fragmentation of lignin and other polysaccharides in the cell wall (Kim and
Ralph, 2010). The ball-milled material is then mixed in the NMR tube with DMSO-d6 and pyridine-d5
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(4:1) preserving small samples, and results in the formation of an amber coloured gel (Kim and Ralph,
2010) The resulting spectra from the 2D-NMR

13

C-1H HSQC of the wall components are complex.

Signals result from correlations between carbons and directly attached protons for the residues
comprising the polysaccharides in the whole cell wall. However, specific signals from some noncellulosic polysaccharides and many of the phenolic compounds found in cell walls have been
identified which correlate to known chemical structures (Kim and Ralph, 2010).

The signal

correlations have been determined for the S-, G-, and H-units of lignins as well as other phenolic
compounds including FA, pCA and pHBA, which are found in the walls of commelinid
monocotyledons (Allerdings et al., 2006; Yelle et al., 2008; Kim and Ralph, 2010) indicating that this
would be a suitable technique for the present study. Kim and Ralph (2010) were first to use solution
state 2D-NMR 13C-1H HSQC experiments with DMSO-d6 and pyridine-d5. The first investigation was
on LS cell wall preparations and isolated lignin from species including Zea mays (Poaceae) (Kim and
Ralph, 2010). Others have since used the 2D-NMR

13

C-1H HSQC experiment with DMSO-d6 as the

solvent to analyse wall preparations and milled wood lignin (MWL) from a number of species. These
include wall preparations from the cortex and pith of stems from Pennisetum pupureum (Poaceae),
walls and MWL from Triticum durum (Poaceae) (Del Río et al., 2012b), leaf fibre wall preparations
from Ananas erectifolius (Bromeliaceae) and Musa textilis (Musaceae) (Del Rio et al., 2008), a MWL
preparation from coir fibres of Cocos nucifera (Arecaceae) (Rencoret et al., 2013) and a preparation
from Triticum aestivum (Poaceae) (wheat) straw (Yelle et al., 2013). However, these studies have
focused on the aromatic components rather than cell wall polysaccharides. The resulting 2D-NMR
spectrum can be described in three separate zones, the polysaccharide anomeric region, the aliphatic
side-chain region and the lignin aromatic region.

5.1.2 POLYSACCHARIDE ANOMERIC REGION

The information on wall polysaccharides obtained from solution state 2D-NMR is complementary to
that obtained from a neutral monosaccharide and linkage analysis, but gives further information on
individual and adjacent residues, types of linkages and side chains, as well as the anomeric
configuration of reducing ends.

However, correlations for the non-cellulosic polysaccharides

commonly found in walls of the commelind monocotyledons are not well established for 2D-NMR
13

C-1H HSQC experiments of gels in DMSO-d6 and pyridine-d5. Since chemical shift assignment is

necessary for the interpretation of peaks in the spectra, a range of oligosaccharide and polysaccharides
reference preparations were analysed and correlations assigned by comparison with data from the
literature. Although the combined solvent system of DMSO-d6 and pyridine-d5 as well as the 2DNMR

13

C-1H HSQC experiment has not been widely used to date, solutions of extracted
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polysaccharides and oligosaccharides have been subjected to other NMR conditions (Picard et al.,
2000; Teleman et al., 2003; Imkovic et al., 2010; Skendi et al., 2011).

5.1.3 ALIPATIC SIDE-CHAIN REGION

This is a complex region of the spectrum to interpret as there can be many signals from lignin sidechains (Fig.5.1a) as well as from the different polysaccharides, including any acetyl groups.

From

correlations in D2O (Teleman et al., 2003), Kim and Ralph (2010) identified the chemical shifts in
DMSO-d6 and pyridine-d5 possibly from the C-3/H-3 of 3-O-Ac-Manp (72.2/5.00 ppm), and for the
C-2/H-2 of 2-O-Ac-β-D-Xylp (73.5/4.64 ppm) and C-3/H-3 of 3-O-Ac-β-D-Xylp (75.0/4.94 ppm).
However, the 3-O-Ac-Manp signal may overlap with a signal from a β-O-4 ether lignin component
(Fig.5.1a, A) and this was the case in the spectrum from the wall preparation of Zea mays (Kim and
Ralph, 2010). Other components which have been identified in the wall preparation of Zea mays
include A-H/G in which the β-C has a signal at ~83.54/4.41 ppm and A-S in which the β-C has a signal
at ~87.2/4.09 ppm.

Figure 5.1a The lignin components which may have signals in the aliphatic (side-chain) region of the
spectrum (Kim and Ralph, 2010).

5.1.4 LIGNIN AROMATIC REGION

The signal correlations for the lignin H-, G-, S-units and the esterified phenolic acids in the aromatic
region of the spectrum have been taken from Kim and Ralph (2010) (Fig.5.1b). The C/H correlations
from the G-units are resolved for C-2 (110.8/7.02 ppm), and C-5/C-6 (115.2/6.90 and 119.0/6.87 ppm).
However, C-6 of phenylcoumaran (β-5) units overlaps with the C-5 of the G-units so these cannot be
separated. The C-2/6 of S-units gives a signal at 103.7/6.73 ppm and the readily oxidised S-units can
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give a separate signal from C-2/6 (106.7/7.24 ppm). The C-2/6 of H-units gives a signal at 127.9/7.27
ppm but the C-3/5 overlaps with that of C-3/5 from G-units. An additional signal from H-units at
129.1/7.23 ppm has also been identified by Kim and Ralph (2010). The signal correlations for the
ferulate involved in cross-links with lignin have not yet been identified, and the signals described here
arise from ferulate attached to polysaccharides (Kim and Ralph, 2010). Ferulate has resolved signals
from the C-6 (123.3/7.13 ppm) and C-8 (115.6/6.391 ppm), however C-7 of ferulate and p-coumarate,
have the same chemical shift (144.9/7.53 ppm). The C-2 of ferulate (111.1/7.36 ppm) may overlap
with a signal from oxidised G-units and the C-5 from ferulate overlaps with C-5 from G-units. The C2/6 of p-coumarate has a signal at 130.2/7.49 ppm but the C-3/5 (115.8/6.84 ppm) can overlap with
signals from G-units, as can the C-8 of p-coumarate (113.9/6.29 ppm). The C-2/6 from
p-hydroxybenzoate has a signal at 131.4/7.71 ppm.

Figure 5.1b The aromatic lignin units and other phenolic components: syringyl (S), oxidised α-ketone
of syringyl (S’), guaiacyl (G), p-hydroxyphenyl (H), p-hydroxybenzoate (pHBA), ferulate (FA), and
p-coumarate (pCA), where the carbons numbered correspond to signals from C-1 to C-8 in the
spectrum.
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5.1.5 OBJECTIVES

The key objectives of this chapter were to determine the 2D-NMR

13

C-1H HSQC correlations in

DMSO-d6 and pyridine-d5, for the residues present in a range of non-cellulosic oligosaccharide and
polysaccharide reference preparations. Then the correlations will be used to identify the likely major
non-cellulosic polysaccharides in the NLP and the LS cell wall preparations from the commelinid
monocotyledon species in the study. I also aimed to identify the aromatic compounds in the cell wall
preparations from the signals in the spectra for FA, pCA, pHBA and H,G,S-units.

The hypotheses for this chapter were:
1. 2D-NMR 13C-1H HSQC using DMSO-d6 and pyridine-d5 can be used to analyze NLP cell walls as
well as LS cell walls.
2. The neutral monosaccharide compositions, glycosyl linkage analyses, phenolic acid concentrations
and the lignin units determined by DFRC, correspond to the information collected from the 2D-NMR
spectra.
3. If lignin is not detected in the NLP wall preparations, but a signal from pCA is still identified, the
pCA is most likely esterified to heteroxylans (GAXs).
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5.2 MATERIALS AND METHODS
5.2.1 REAGENTS

The following were from Megazyme International, Ireland: (15)-α-L-arabinotriose (O-ATR), linear
(15)-α-L-arabinan (P-LARB) from sugarbeet, branched arabinan (P-ARAB) from sugarbeet, barley
(13),(14)-β-D-glucan (P-BGBM), lupin (14)-β-D-galactan (P-GALLU), 63,64-di-α-D-galactosylβ-D-mannopentaose (O-GGM5) from carob galactomannan, konjac glucomannan (P-GLCML),
laminaribiose (O-LAM2), laminaritriose (O-LAM3), (14)-β-D-mannotetraose (O-MTE), (14)-β-Dxylotetraose (O-XTE), insoluble wheat starchy endosperm arabinoxylan (P-WAXYI), xyloglucan
tamarind (P-XYGLN), xyloglucan heptasaccharide XXXG (O-X3Glc4), xyloglucan XXXG, XLXG,
XXLG, XLLG oligosaccharides (O-XGHON). Cellotetraose (400402) was purchased from Seikagaku
Corporation, Tokyo, Japan. cellobiose (C-7252), dimethyl sulfoxide-d6 (99.9 atom % D), fucosyl-Dlactose (F0393), lactose, 4-O-methylglucuronoxylan (M-5144) and pyridine-d5 (99.96 atom % D) were
purchased from Sigma-Aldrich, St Louis, MO, USA.

5.2.2 SAMPLE PREPARATION

Commercial preparations of the oligosaccharide and polysaccharide reference preparations (1-100 mg,
depending on availability), which was typically powder, were spread up the side of a 5 mm NMR tube
by tapping gently. This ensured the powder was not trapped at the bottom of the tube when the solvent
was added. Using a glass Pasteur pipette, a pre-mixed solution of 4:1 (v/v) DMSO-d6 (99.9 atom % D)
and pyridine-d5 (99.96 atom % D) (565 µl) was added to the NMR tube. The tube was then capped
and inverted several times to ensure the powder was mixed homogenously throughout the solvent. To
prepare the isolated and de-starched whole cell wall preparations for 2D-NMR, the wall preparations
(120 mg) in duplicate, were ground in a Retsch (Haan, Germany) PM-100 planetary ball-mill with a
zirconium dioxide (ZrO2) grinding bowl and ZrO2 ball bearings (10 mm x10). Milling was carried out
at 600 rpm following the recommend grinding times of Kim and Ralph (2010) of 1 h with 5 min
interval breaks (i.e. 30 min actual grinding time), to reduce sample heating. The grinding time was first
tested on a preparation of LS walls isolated from Zea mays to ensure the grinding was sufficient to gain
a good quality spectrum. The finely ground material was then collected from the grinding jar with
some losses due to adherence to the jar, weighed, and 60 mg transferred to a 5 mm NMR tube. A premixed solution of DMSO-d5 and pyridine-d6 (4:1, 565 µL) was added to the NMR tube using a glass
Pasteur pipette and the cell walls mixed using a Teflon lined magnet placed inside the NMR tube.
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5.2.3 2D-NMR 13C-1H HSQC

Training on data acquisition using the 600 MHz NMR equipment was provided by Dr Michael Schmitz
(NMR laboratory manager, The University of Auckland) and Professor John Ralph at the University of
Wisconsin. In addition, training in the subsequent data processing and analysis was provided by the J.
Ralph laboratory group. Spectra were acquired using the NMR facilities at The School of Chemical
Sciences, The University of Auckland, NZ. The parameters of the HSQC pulse sequence to be used
were optimised by Dr M. Schmitz in conjunction with Professor J. Ralph. Cellobiose, cellotetraose,
mannotetraose, xylotetraose and arabinotriose spectra were acquired on a Bruker 400 MHz UltraShield
plus spectrometer equipped with a 5 mm BBFO Plus probe using the Bruker standard pulse sequence
“hsqcetgpsisp.2” typically with the following parameters: spectra were acquired from -1 to 11 ppm in
F2 (1H) using 800 data points for an acquisition time of 100 ms, an interscan relaxation delay (D1) of
0.5 s, and 0 to 200 ppm in F1 (13C) using 300 data points for an F1 acquisition time of 7.96 ms, using
16 scans per increment, with a total acquisition time of 10 h. Spectra for all other oligosaccharides,
polysaccharides and cell wall gels were acquired on a Bruker 600 MHz UltraShield spectrometer
equipped with a 5 mm QNP 1H/13C/31P/19F z-gradient cryoprobe. The

13

C–1H correlation experiment

was an adiabatic HSQC variant (Bruker standard pulse sequence “hsqcetgpsisp2.2”) typically with the
following parameters: spectra were acquired from -1 to 11 ppm in F2 (1H) using 2048 data points for an
acquisition time of 136 ms, an interscan relaxation delay (D1) of 1 s, and 0 to 210 ppm in F1 ( 13C)
using 512 data points for an F1 acquisition time of 8.08 ms, using 16 or 32 scans per increment, with a
total acquisition time of 5 h 20 min. The DMSO solvent peak was used as an internal reference (C
39.51, H 2.5 ppm).
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5.3 RESULTS
5.3.1 POLYSACCHARIDE ANOMERIC REGION OF THE SPECTRA FROM NON-LIGNIFIED
PRIMARY CELL WALL PREPARATIONS

Figures 5.3a to 5.3d show the spectra from the NLP wall preparations and Table 5.3a is a summary of
the signal strengths from the anomeric regions of the glycosyl residues in the wall polysaccharide
components. One of the spectra is shown for each wall preparation analysed in duplicate. A weak to
strong signal from the 1,4-β-Glcp (I) residues, was most likely mainly from cellulose (102.4/4.44 ppm)
(Appendix D), but some may arise from XGs or GGMs, observed in the spectra of the walls from all
species. A signal possibly from the α-Xylp (NR) linked to O-6 of β-Glcp from XGs (98.8/4.74 ppm)
was observed in the spectra from the walls of species from the Zingiberales and Commelinales,
although this signal was not detected in the spectra from the walls of species of Poales or Arecales. No
other signals from XGs were detected in any of the spectra, with the exception of a weak signal
possibly from α-Fucp (NR) residues linked to O-2 of β-Galp (100.3/5.10 ppm) in the spectrum from the
walls of Typha orientalis (Typhaceae).

In the wall spectra for all the species examined, there was a signal from the 1,4-β-Xylp (I) residue
(101.5/4.35 ppm) from xylans, and generally this was of medium strength. However, the spectrum of
Phoenix canariensis (Arecaceae) walls gave a weak signal from this residue. The signal from
1,4-β-Xylp (I) with Ac linked to O-2 (99.7/4.58 ppm) or 1,4-β-Xylp (I) with Ac linked to O-3
(102.7/4.58) from xylans, varied in strength among spectra of the walls examined. Overall, this residue
gave a strong signal in the spectra from walls from species of Poales, a weaker signal in species from
the Zingiberales and Commelinales, and was absent in the spectra of the walls of Phoenix canariensis
(Arecales). There were trace, weak and strong signals observed from the 1,4-α-Xylp (R)
(92.2/5.00 ppm) and 1,4-β-Xylp (R) (97.5/4.38 ppm) residues from xylans, except in the wall spectrum
of Phoenix canariensis, where no reducing residues were detected. The reducing ends are likely
formed during the milling stage of the sample preparation since it is known to cause some
polysaccharide chain breakage (Kim and Ralph, 2010). A weak to strong signal from α-4-O-Me-GlcA
(NR) linked to O-2 of β-Xylp (97.5/5.21 ppm) from xylans was observed in all of the wall spectra
except that of Phoenix canariensis where no signal was detected. In general, a weak signal possibly
from α-Araf (NR) linked to O-3 of singly substituted Xylp (107.7/5.30 ppm) from GAXs was
observed in the wall spectra of species of Poales, and a strong signal observed in the spectra of species
of Zingiberales. This signal was observed in the spectrum of Tradescantia fluminensis walls but was
otherwise absent in the wall spectra from the species of the Commelinales and the Arecales. A strong
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signal, tentatively assigned as α-Araf (NR) linked to O-3 of doubly substituted Xylp (107.9/4.91
ppm), was observed in the wall spectra of two of the three species from the Poales. A strong signal
was also observed in the spectrum of Canna indica (Zingiberales) walls but absent in the spectrum
from the walls of Phoenix canariensis (Arecales). Generally, a strong signal tentatively assigned to
α-Araf (NR) linked to O-2 of doubly substituted Xylp (108.8/5.13 ppm) from GAXs, was observed in
the wall spectra of the species in the Poales and Zingiberales. This signal was absent in the spectrum
from the walls of species of Commelinales and Arecales.

A signal from 1,4-β-Galp (I) (105.4/4.40 ppm) from 1,4-β-galactan side-chains of RG-I was observed
in all the wall spectra of all the species examined, except Maranta leuconeura (Marantaceae,
Zingiberales) and Tradescantia fluminensis (Commelinaceae, Commelinales). A strong to very strong
signal from 1,5-α-Araf (I) (108.3/4.92 ppm) residues from the main-chain of arabinan sidechains of RG-I, was observed in the spectra of walls from Aechmea fasciata (Bromeliaceae),
Dichorisandra thrysiflora (Commelinaceae), Anigozanthos (Haemodoraceae), Pontederia cordata
(Pontederiaceae) and Phoenix canariensis (Arecaceae). A signal probably from α-Araf (NR) linked to
O-3 of 1,5-α-Araf (I) (107.3/5.07 ppm) from a branched arabinan was observed in all of the wall
spectra except those of Aechmea fasciata and Tradescantia fluminesis. An interesting result was that
there were strong or very strong signals observed in the wall spectrum of Phoenix canariensis arising
from the galactan and arabinan residues.
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Table 5.3a The signal strength from correlations in the polysaccharide anomeric region of the 2D-NMR spectra from the non-lignified primary cell wall
preparations.

1,4-β-Glcp
(I)

Order, family

α-Xylp (NR)
linked to
O-6 of
β-Glcp

α-Xylp (I)
linked to
O-6 of β-Glcp
with β-Galp
at O-2

α-Fucp
(NR)
linked to
O-2 of
β-Galp

1,4-α-Xylp
(R)

1,4-β-Xylp
(R)

1,4-β-Xylp
(I)

1,4-β-Xylp
(I) with Ac
linked to
O-21

Species

Poales
Typhaceae

Typha orientalis

++

-

-

+

±

±

++

++

Bromeliaceae

Aechmea fasciata

++

-

-

-

++

++

++

++

Ananas comosus

++

-

-

-

++

++

++

++

Cannaceae

Canna indica

++

++

-

-

++

±

++

++

Marantaceae

Maranta leuconeura

++

++

-

-

++

+

++

++

Zingiberaceae

Hedychium gardnerianum

+

-

-

-

++

++

+

-

Heliconiaceae

Heliconia schiedeana

++

++

-

-

+

+

++

+

Strelitziaceae

Strelitzia reginae

++

++

-

-

+

+

++

+

Tradescantia fluminensis

++

++

-

-

±

+

++

+

Dichorisandra thyrsiflora

+

++

-

-

±

+

++

+

Haemodoraceae

Anigozanthos

++

++

-

-

++

++

++

++

Pontederiaceae

Pontederia cordata

+

++

-

-

±

+

++

+

Phoenix canariensis

+

+

-

-

-

-

+

-

Zingiberales

Commelinales
Commelinaceae

Arecales
Arecaeae

Where ± indicates a trace signal, + a weak signal, ++ a strong signal, +++ a very strong signal and a – indicates a signal is not present. I = internal residue,
NR = non-reducing end residue, R= reducing end residue. 1Correlation may also arise from 1,4-β-Xylp (I) Ac linked to O-3 (Teleman et al., 2003). 2The 1,4-β-Galp (I) has the same signal
as Galp (NR) linked to O-2 of α-Xylp.
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Table 5.3a continued The signal strength from correlations in the polysaccharide anomeric region of the spectra for the non-lignified primary cell wall
preparations.

Order, family

α-4-O-Me-GlcA
(NR) linked to
O-2 of β-Xylp

α-Araf (NR)
linked to O-3 of
singly sub'd
Xylp

α-Araf (NR)
linked to O-3
of doubly
sub'd Xylp

α-Araf (NR)
linked to O-2
of doubly
sub'd Xylp

1,4-β-Galp
(I) 2

1,5-β-Araf
(I)

α-Araf (NR)
linked to O-3
of α-Araf 3

Species

Poales
Typhaceae

Typha orientalis

++

+

++

++

++

-

++

Bromeliaceae

Aechmea fasciata

++

-

-

-

+

++

-

Ananas comosus

++

+

++

++

+++

-

+

Cannaceae

Canna indica

++

++

++

+

++

-

++

Marantaceae

Maranta leuconeura

++

++

-

++

-

-

++

Zingiberaceae

Hedychium gardnerianum

+

++

-

++

+

-

++

Heliconiaceae

Heliconia schiedeana

++

++

-

++

++

-

++

Strelitziaceae

Strelitzia reginae

++

+

-

++

+

-

++

Tradescantia fluminensis

++

+

-

-

-

-

+

Dichorisandra thyrsiflora

+

-

-

-

++

++

++

Haemodoraceae

Anigozanthos

++

-

-

-

+

++

+

Pontederiaceae

Pontederia cordata

+

-

-

-

++

++

+++

Phoenix canariensis

-

-

-

-

++

+++

+++

Zingiberales

Commelinales
Commelinaceae

Arecales
Arecaeae

Where ± indicates a trace signal, + a weak signal, ++ a strong signal, +++ a very strong signal and a – indicates a signal is not present. I = internal residue,
NR = non-reducing end residue, R= reducing end residue. 1Correlation may also arise from 1,4-β-Xylp (I) Ac linked to O-3 (Teleman et al., 2003). 2The 1,4-β-Galp (I) has the same signal
as Galp (NR) linked to O-2 of α-Xylp. 3Abbreviation of α-Araf (NR) linked to O-3 of 1,5-α-Araf (I).
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Figure 5.3a The polysaccharide anomeric region of the spectra from non-lignified primary wall
preparations of Poales species: Typha orientalis, Aechmea fasciata, Ananas comosus and Zingiberales,
Canna indica.

89

Figure 5.3b The polysaccharide anomeric region of the spectra from non-lignified primary wall
preparations of Zingiberales species:

Maranta leuconeura, Hedychium gardnerianum, Heliconia

schiedeana, and Strelitzia reginae.
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Figure 5.3c The polysaccharide anomeric region of the spectra from non-lignified primary wall
preparations of Commelinales species: Tradescantia fluminensis, Dichorisandra thyrsiflora,
Anigozanthos sp., and Pontederia cordata.
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Figure 5.3d The polysaccharide anomeric region of the spectrum from the non-lignified primary wall
preparation of Arecales species: Phoenix canariensis.

5.3.2 POLYSACCHARIDE ANOMERIC REGION OF THE SPECTRA FROM LIGNIFIED
SECONDARY CELL WALL PREPARATIONS

Figures 5.3e to 5.3h show the spectra from the LS wall preparations and Table 5.3b is a summary of the
signals strengths from the anomeric regions of the glycosyl residues in the wall polysaccharide
components. In contrast to the NLP wall preparations spectra, very strong signals from 1,4-β-Glcp (I)
were observed in those of all of the LS wall preparations. In species where both NLP and LS wall
preparations were examined, a stronger signal was always found in the spectra of the LS wall
preparations. A weak to strong signal possibly from α-Xylp (NR) linked to O-6 of β-Glcp arising from
XGs was observed in the wall spectra of all the species examined. This signal was detected in both the
NLP and LS wall preparations of Strelitzia reginae and Dichorisandra thyrsiflora. The same signal
was observed in the spectra from the LS wall preparations of Typha orientalis Prep. A (~100 %
lignified), Typha orientalis Prep. B (~90% lignified), Ananas comosus, Hedychium gardnerianum and
Phoenix canariensis, but not detected in the spectra from the corresponding NLP wall preparations of
these species. A weak signal possibly from α-Xylp (I) linked to O-6 of β-Glcp with β-Galp at O-2 from
XGs was observed in only the spectrum of the wall preparation of Typha orientalis (Prep. B). A strong
signal possibly from α-Fucp (NR) linked to O-2 of β-Galp was observed in the spectra from the wall
92

preparations of Typha orientalis (Prep A and B) and Ananas comosus, but a weak signal in those of
Streltizia reginae and Dichorisandra thyrsiflora. This signal was found in the spectrum from the NLP
wall preparation of Typha orientalis, but was not detected in any of the spectra of the other NLP wall
preparations. This was an unusual result if the signal really was from XGs since XGs are usually just
minor components in NLP walls of vegetative tissues.

There were strong or very strong signals observed for 1,4-β-Xylp (I) residues from xylans and this
signal was generally stronger in the spectra from the LS than the NLP wall preparations. In Typha
orientalis and Ananas comosus where both types of wall preparations were examined, the signal
strength was similar for NLP and LS preparations. However in the spectra of wall preparations from
Strelitzia reginae and Dichorisandra thyrsiflora, the signals were strong in the spectrum of the NLP
wall preparations but very strong in the spectrum from the corresponding LS wall preparation.
Similarly, the signal was weak in the NLP wall preparation of Phoenix canarensis, but strong in the
spectrum of the LS wall preparation of the same species. A signal from 1,4-β-Xylp (I) with Ac linked
to either O-2 or to O-3 was observed in the spectra from the LS wall preparations of all of the species
examined. The signal strength from this residue was stronger in the LS wall preparations of both
Strelitzia reginae and Dichorisdandra thyrsiflora compared with the corresponding NLP wall
preparations, although stronger signals were not observed for other species where preparations from
both wall types were examined. A weak signal was also detected in the spectra of both Hedychium
gardnerianum and Phoenix canariensis LS wall preparations and no signal was detected in the
corresponding NLP wall preparations. A trace, weak or strong signal was observed from the 1,4-αXylp (R) and 1,4-β-Xylp (R) residues in all the spectra from LS wall preparations and overall this was
slightly stronger in the LS wall preparations than NLP wall preparations. The reducing residues were
observed in the spectrum from the LS wall preparation of Phoenix canariensis, but were observed in
the spectrum from the NLP wall preparation of this species. A signal from α-4-O-Me-GlcA (NR)
linked to O-2 of β-Xylp was observed in all of the LS wall spectra except that of Juncus inflexus (Prep.
B). A weak signal possibly from α-Araf (NR) linked to O-3 of singly substituted Xylp from GAXs was
observed in the spectra of Hedychium gardneranum and Musa sp. LS wall preparations. This signal
was also found in the spectrum from the NLP wall preparation of Hedychium gardneranum. However,
the signal was absent in the other spectra of LS wall preparations of species from the Poales and
Zingiberales, although this signal was found in the corresponding spectra from NLP wall preparations.
A signal tentatively assigned to α-Araf (NR) linked to O-3 of doubly substituted Xylp of GAXs was
detected in all the spectra from LS wall preparations except those from Baloskion tetraphyllum and
Phoenix canariensis. In the spectra of Typha orientalis and Ananas comosus wall preparations a signal
was detected in the spectra from both NLP and LS wall preparations. A weak signal tentatively
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assigned to α-Araf (NR) linked to O-2 of doubly substituted Xylp in GAXs, was observed in the
spectra of the LS wall preparations of half of the species examined from the Poales. This signal was
found in the spectra of both NLP and LS walls of Typha orientalis. Although the signal was present in
the spectra of NLP wall preparations of Ananas comosus, Hedychium gardnerianum, Strelitzia reginae,
and Dichorisandra thyrsiflora, it was not found in the spectra of the corresponding LS wall
preparations. The spectra from both types of wall preparations of Phoenix canariensis had no signals
from arabinose residues that could arise from xylans, although there were signals from xylose residues
from xylans.

A weak or strong signal possibly from 1,4-β-Galp (I) in 1,4-β-galactan side-chains of RG-I was
observed in the spectra of most LS wall preparations. However, this signal was not identified in the
spectrum of the LS wall preparations of Typha orientalis although it was found in the spectrum of the
corresponding NLP wall preparations. The strength of this signal in the spectra of the LS wall
preparations of Ananas comosus and Phoenix canariensis was weaker than found in the corresponding
spectra of the NLP wall preparations. The spectrum from the LS wall preparation of Hedychium
gardnerianum showed greater signal strength compared with that of the spectrum from the NLP wall
preparation. However, signals from 1,4-β-Galp (I) residues were not detected in the spectrum of the
Strelitzia reginae although it was detected in corresponding NLP wall preparation. A signal from 1,5α-Araf (I) was identified in only the spectrum of the LS wall preparation from Phoenix canariensis
although this signal was weaker than in the spectra from the corresponding NLP wall preparation. A
signal from 1,5-α-Araf (I) was absent in the spectrum from the LS wall preparation of Dichorisandra
thyrsiflora although it was present in the spectrum from the NLP wall preparation. A signal from
α-Araf (NR) linked to O-3 of 1,5-α-Araf (I) was observed in the spectra of the LS wall preparation of
all the species examined except for Typha orientalis (Prep. A and B), but a signal was observed in the
spectrum from the NLP wall preparation of Typha orientalis. The spectrum from Ananas comosus LS
wall preparation had a similar signal strength from α-Araf (NR) linked to O-3 of α-Araf to that found in
the spectrum from the corresponding NLP wall preparation.

The spectrum from Hedychium

gardnerianum LS wall preparation had a stronger signal than the NLP wall preparation from the same
species. However, the spectra from the LS wall preparations of Strelitzia reginae, Dichorisandra
thyrsiflora and Phoenix canariensis all had weaker signals compared with the spectra from
corresponding NLP wall preparations.
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Table 5.3b The signal strength from correlations in the polysaccharide anomeric region of the spectra for the lignified secondary cell wall preparations.

1,4-β-Glcp
(I)

α-Xylp (NR)
linked to
O-6 of
β-Glcp

α-Xylp (I)
linked to
O-6 of βGlcp with βGalp
at O-2

α-Fucp (NR)
linked to
O-2 of
β-Galp

1,4-α-Xylp
(R)

1,4-β-Xylp
(R)

1,4-β-Xylp
(I)

1,4-β-Xylp
(I) with Ac
linked to
O-21

Bromeliaceae

Baloskion tetraphyllum
Elegia capensis
Cyperus papyrus
Juncus inflexus Prep. A2
Juncus inflexus Prep. B2
Typha orientalis Prep. A3
Typha orientalis Prep. B3
Ananas comosus

+++
+++
+++
+++
+++
+++
+++
+++

+
++
+
++
+
+
+
+

+
-

++
++
++

+
++
+
++
++
+
+
+

++
+++
++
++
++
++
+
++

++
+++
++
+++
+++
++
++
++

++
+++
++
+++
+++
++
+
+

Zingiberales
Zingiberaceae
Musaceae
Strelitziaceae

Hedychium gardnerianum
Musa sp.
Strelitzia reginae

+++
+++
+++

++
+
++

-

+

+
±
+

++
+
++

+++
++
+++

++
++
++

Commelinales
Commelinaceae

Dichorisandra thyrsiflora

+++

++

-

+

+

++

+++

++

Arecales
Arecaceae

Phoenix canariensis

++

+

-

-

±

+

++

+

Order, family
Poales
Restionaceae
Cyperaceae
Juncaceae
Typhaceae

Species

Where ± indicates a residue with a trace signal, + a weak signal, ++ a strong signal, +++ a very strong signal and a – indicates a residue is not present. I = internal residue,
NR = non-reducing end residue, R= reducing end residue. 1Correlation may also arise from 1,4-β-Xylp (I) Ac linked to O-3 (Teleman et al., 2003). 2Juncus inflexus Prep.A was ~80%
lignified and Prep.B ~100% lignified, 3Typha orientalis Prep.A 100% lignified and Prep.B 90% lignified (Table 2.3b).
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Table 5.3b continued The signal strength from correlations in the polysaccharide anomeric region of the spectra for the lignified secondary cell wall
preparations.

Order, family
Poales
Restionaceae
Cyperaceae
Juncaceae
Typhaceae
Bromeliaceae
Zingiberales
Zingiberaceae
Musaceae
Strelitziaceae
Commelinales
Commelinaceae
Arecales
Arecaceae

α-4-O-MeGlcA (NR)
linked to
O-2 of βXylp

α-Araf (NR)
linked to O-3
of singly
sub'd Xylp

α-Araf (NR)
linked to O-3
of doubly
sub'd Xylp

α-Araf (NR)
linked to O-2
of doubly
sub'd Xylp

1,4-β-Galp
(I) 4

1,5-β-Araf
(I)

α-Araf (NR)
linked to O-3
of α-Araf 5

Baloskion tetraphyllum
Elegia capensis
Cyperus papyrus
Juncus inflexus Prep. A2
Juncus inflexus Prep. B2
Typha orientalis Prep. A3
Typha orientalis Prep. B3
Ananas comosus

+
+++
++
+++
++
++
++

-

++
+
++
+
+
+
+

+
+
+
+
-

+
+
+
++
++

-

+
++
+
+
+
+

Hedychium gardnerianum
Musa sp.
Strelitzia reginae

+
++
++

+
+
-

+
+
+

-

++
++
-

-

+++
+
+

Dichorisandra thyrsiflora

+++

-

+

-

++

-

+

Phoenix canariensis

++

-

-

-

+

++

++

Species

Where ± indicates a residue with a trace signal, + a weak signal, ++ a strong signal, +++ a very strong signal and a – indicates a residue is not present. I = internal residue,
NR = non-reducing end residue, R= reducing end residue. 1Correlation may also arise from 1,4-β-Xylp (I) Ac linked to O-3 (Teleman et al., 2003). 2 Juncus inflexus Prep.A was ~80%
lignified and Prep.B ~100% lignified, 3Typha orientalis Prep.A 100% lignified and Prep.B 90% lignified (Table 2.3b). 4The 1,4-β-Galp (I) has the same signal as Galp (NR) linked to O-2
of α-Xylp. 5Abbreviation of α-Araf (NR) linked to O-3 of 1,5-α-Araf (I).

96

Figure 5.3e The polysaccharide anomeric region of the spectra from lignified secondary wall
preparations of Poales species: Baloskion tetraphyllum, Elegia capensis, Cyperus papyrus, Juncus
inflexus (Prep. A).
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Figure 5.3f The polysaccharide anomeric region of the spectra from lignified secondary wall
preparations of Poales species: Juncus inflexus (Prep. B), Typha orientalis (Prep. A and B), and Ananas
comosus.
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Figure 5.3g The polysaccharide anomeric region of the spectra from lignified secondary wall
preparations of Zingiberales species: Hedychium gardnerianum, Musa sp., Strelitzia reginae; and from
Commelinales species: Dichorisandra thyrsiflora.
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Figure 5.3h The polysaccharide anomeric region of the spectrum from the lignified secondary wall
preparation of Arecales species: Phoenix canariensis.

5.3.3 LIGNIN SIDE-CHAIN AND POLYSACCHARIDE REGION SHOWING ACETYL
SUBSTITUTION

In the spectra from the NLP walls (Appendix D) no signals were detected from the lignin
side-chain units. Many of the polysaccharide correlations for C-2/H-2 to C-6/H-6 have overlapping
signals, although the signals which could be identified were consistent with the residues identified in
the polysaccharide anomeric region from cellulose and heteroxylans. The chemical shifts from the
acetyl groups were well resolved and 3-O-Ac-Xylp, 2-O-Ac-Xylp and 3-O-Ac-Manp were observed in
the spectra of NLP wall preparations of all the species examined, except Hedychium gardnerianum,
and only 3-O-Ac-Xyl was identified in the NLP wall preparation of Pontederia cordata. These
correlations indicate the presence of O-acetyl-galacto-glucomannans and acetylated heteroxylans. The
same signals were observed in the spectra from the LS wall preparations (Appendix D) although the
signal strength was generally stronger. In addition, signals were tentatively assigned to the lignin-side
chains, A-H/Gβ, A-Sβ (not resolved), Aα (not resolved), Aγ and X1.
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5.3.4 AROMATIC REGION OF THE SPECTRA FROM NON-LIGNIFIED PRIMARY CELL
WALL PREPARATIONS

Figures 5.3i to 5.3l show the spectra from the NLP wall preparations from the different species and
Table 5.3c is a summary of the signals strengths from the phenolic compounds, including H, G and Slignin units (H2/6, G2, G5+6, S2/6) and the esterified phenolic acids, ferulate, p-coumarate and phydroxybenzoate (FA2, FA6, FA8, FA7+pCA7, pCA2/6, pCA3/5, pHBA2/6) (Fig.5.1b). Although the
NLP wall preparations were isolated from tissues containing mostly NLP cell walls, some
contaminating lignified walls were present. Therefore, in the spectra from the non-lignified walls there
were some signals from H and S-lignin units.

In the spectra from the NLP wall preparations there

were trace to strong signals from the C2/6 of H-units (H2/6), but generally the signals were weak. An
extra peak from H-units (129.1/7.23 ppm) was observed in the spectra of all the NLP wall preparations
except those of, Anigozanthos sp., Tradescantia fluminensis and Dichorisandra thyrsiflora.

The

spectrum of the Aechmea fasciata NLP wall preparation also had unidentified signals which were
present in the same region as other signals possibly arising from H-units. Signals from the C-2 and C5+6 of G-units (G2 and G5+6) in the wall spectra were either not detected, or gave a trace or weak
signal, although a strong signal from G2 was observed in the spectrum of the Aechmea fasciata wall
preparation and from G5+G6 in that of Phoenix canariensis. The signal strength from C2/6 of S-units
(S2/6) ranged from being not detected to very strong and was generally stronger than signals from
H2/6, G2, and G5+G6. There were no signals from S- or G-units in the wall preparations from
Hedychium gardnerianum and Pontederia cordata, indicating very little contamination with lignified
walls. The signal from the C-2/6 of oxidised S-units (Sˈ2/6) is representative of oxidative damage due
to ball-milling of the wall preparations. However, this signal was not detected in any of the spectra
except for a weak signal in that of the Anigozathos sp. wall preparation.

In the spectra of all the NLP wall preparations examined signals from both ferulate and p-coumarate
were observed and ferulate generally gave a strong signal whereas the p-coumarate signal was weaker.
In general, a strong signal was observed from both the C-2 and C-6 of ferulate (FA2 and FA6) in the
spectra from the wall preparations of species of the Poales and Zingiberales, but usually weak signals
were given by those spectra of wall preparations from species in the Commelinales and Arecales. The
signal from the C-8 of ferulate (FA8) was usually weak or not detected in the spectra, and C-7 of
ferulate and p-coumarate (FA7+pCA7) gave weak to very strong signals but was stronger overall in the
spectra from species of the Poales. Trace to strong signals were detected from the C-2/6 of
p-coumarate (pCA2/6) but overall this signal was usually weak. Weak signals were detected from the
C-3/5 of p-coumarate (pCA3/5) but this signal was not well resolved. In the spectra of the Hedychium
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gardnerianum and Pontederia cordata wall preparations, which were the only NLP wall preparations
where no signals from S- or G-lignin units were found, signals from pCA were present in the spectra.
There were no signals from p-hydroxybenzoate (pHBA2/6) in the spectra of any of the wall
preparations examined.
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Table 5.3c The signal strength from correlations1 in the aromatic region of the spectra for the non-lignified primary cell wall preparations.

Order, family

H2/6

G2

G5+G6

S2/6

S'2/62

pHBA2/6

FA2

FA6

FA8

FA7 +
pCA7

pCA2/6

pCA3/5

Species

Poales
Typhaceae

Typha orientalis

++

+

-

+

-

-

++

++

-

++

+

+

Bromeliaceae

Aechmea fasciata

++

++

+

++

-

-

++

++

+

+++

++

+

Ananas comosus

+

+

-

-

-

-

++

++

+

+++

+

+

Cannaceae

Canna indica

+

+

-

++

-

-

++

++

-

+++

++

+

Marantaceae

Maranta leuconeura

+

+

-

+

-

-

++

++

+

++

++

+

Zingiberaceae

Hedychium gardnerianum

±

-

-

-

-

-

++

++

-

+

±

+

Heliconiaceae

Heliconia schiedeana

+

+

±

++

-

-

++

++

-

+

+

+

Strelitziaceae

Strelitzia reginae

+

+

+

++

-

-

++

++

-

+

+

+

Tradescantia fluminensis

+

+

-

++

-

-

++

++

+

++

+

+

Dichorisandra thyrsiflora

±

+

+

++

-

-

++

+

-

+

+

+

Haemodoraceae

Anigozanthos sp.

±

+

+

+++

+

-

++

+

+

++

++

+

Pontederiaceae

Pontederia cordata

+

-

-

-

-

-

++

+

-

+

+

+

Phoenix canariensis

+

+

++

-

-

-

++

+

-

+

+

+

Zingiberales

Commelinales
Commelinaceae

Arecales
Arecaeae

Where ± indicates a residue with a trace signal, + a weak signal, ++ a strong signal, +++ a very strong signal and – indicates a residue is not present. 1See Fig.5.1b for phenolic compound
structures corresponding to signal correlations. 2S'2/6 represents the oxidised form of S-units due to damage from ball-milling.
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Figure 5.3i The aromatic region of the spectra from non-lignified primary wall preparations of Poales
species: Typha orientalis, Aechmea fasciata, Ananas comosus and Zingiberales; Canna indica.
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Figure 5.3j The aromatic region of the spectra from non-lignified primary wall preparations of
Zingiberales species: Maranta leuconeura, Hedychium gardnerianum, Heliconia schiedeana, and
Strelitzia reginae.
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Figure 5.3k The aromatic region of the spectra from non-lignified primary wall preparations of
Commelinales species: Tradescantia fluminensis, Dichorisandra thyrsiflora, Anigozanthos sp. and
Pontederia cordata.
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Figure 5.3l The aromatic region of the spectrum from the non-lignified primary wall preparations of
Arecales species: Phoenix canariensis.

5.3.5 AROMATIC REGION OF THE SPECTRA FROM LIGNIFIED SECONDARY CELL
WALL PREPARATIONS

Figures 5.3m to 5.3p show the spectra from the LS wall preparations and Table 5.3d is a summary of
the signals strengths from the phenolic compounds. Overall the signals from the lignin units were
stronger in the spectra of the LS wall preparations than NLP wall preparations and the signals strengths
were greatest for G- and S-units. However, a trace or weak signal from H2/6 was observed in all the
spectra except that of Typha orientalis (Prep. B) and Hedychium gardnerianum walls, where no signal
was detected. The extra signal from H-units which was common in the spectra from the NLP wall
preparations was observed in the spectra from the LS wall preparations of Typha orientalis (Prep. A)
and Ananas comosus. In species where both types of wall preparations were examined, the signal from
H2/6 was similar in strength or slightly weaker in the spectra from the LS wall preparations than the
NLP wall preparations. Overall the signal from G2 was very strong in the spectra from the LS wall
preparations as was the signal from G5+G6. In species where both types of wall preparations were
examined, the signals from G2 and G5+G6 were stronger in the spectrum of the LS wall preparations.
Overall, the signal from S2/6 was much stronger in the spectra from the LS wall preparations compared
with those from the NLP wall preparations. A very strong signal from S2/6 was observed in all of the
spectra except that from the Ananas comosus LS wall preparation, which gave a strong signal.

The
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signal from Sˈ2/6 was generally absent or weak, indicating little oxidative damage from ball milling of
the wall preparations.

Overall, the strength of the signals arising from ferulate in the spectra from the LS wall preparations
was more variable than and not as strong as the spectra from the NLP wall preparations. However, the
signals from p-coumarate were generally very strong in the spectra from LS wall preparations. A
signal from FA2 was observed in the spectra from all the LS wall preparations and was generally
strong, except for wall preparations of Phoenix canariensis where no signal was detected. For species
where both types of wall preparation were examined, the signal was of the same strength or weaker in
the spectra from the LS wall preparation with the exception of Phoenix canariensis. A signal from
FA6 was observed in the spectra from the LS wall preparations of all the species and was usually
strong except in the spectrum from Phoenix canariensis, where no signal was detected. The signal
from FA8 was either weak or absent in the spectra from the LS wall preparations of all the species, but
was present in the spectra from more of the LS wall preparations than for NLP wall preparations. The
signal from FA7+pCA7 was generally strong or very strong except in the spectrum from the LS wall
preparations of Musa sp., which had a weak signal and Phoenix canariensis which had only a trace
signal. The signal from pCA2/6 was observed in the spectra from the LS wall preparations of all
species and was either strong or very strong. Where both types of wall preparation were examined
from the same species, the signal strength from pCA2/6 was stronger in the spectrum of the LS wall
preparation. In the spectra from all the LS wall preparations, a weak signal from pCA3/5 was detected.
A weak signal from pHBA2/6 was observed in the spectra from the LS wall preparation of Juncus
inflexus (Prep. A) and Typha orientalis (Prep. A), whereas a very strong signal was found in the
spectrum from the LS wall preparation of Phoenix canariensis. However, pHBA2/6 was not detected
in the spectra of the NLP wall preparations from Typha orientalis or Phoenix canariensis.
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Table 5.3d The signal strength from signal correlations1 in the aromatic region of the spectra for the lignified secondary cell wall preparations.
H2/6

G2

G5+G6

S2/6

S'2/62

pHBA2/6

FA2

FA6

FA8

FA7 +
pCA7

pCA2/6

pCA3/5

Baloskion tetraphyllum

±

+++

+++

+++

±

-

+

++

-

++

++

+

Elegia capensis

+

+++

+++

+++

+

-

++

++

+

+++

+++

+

Cyperaceae

Cyperus papyrus

+

+++

+++

+++

-

-

++

++

+

+++

+++

+

Juncaceae

Juncus inflexus Prep. A

+

+++

+++

+++

+

+

++

++

-

+++

+++

+

Juncus inflexus Prep. B

++

+++

+++

+++

±

-

+++

+++

-

+++

+++

+

Typha orientalis Prep. A

+

+++

+++

+++

-

+

++

++

+

++

+++

+

Typha orientalis Prep. B

-

++

++

+++

-

-

+

++

+

++

+++

+

Ananas comosus

+

++

+

++

-

-

+

++

+

++

++

+

Zingiberaceae

Hedychium gardnerianum

-

++

+++

+++

±

-

++

++

+

+++

+++

+

Musaceae

Musa sp.

±

+

++

+++

-

-

+

+

-

+

++

+

Strelitziaceae

Strelitzia reginae

+

+++

+++

+++

+

-

++

+

+

+++

+++

+

Dichorisandra thyrsiflora

±

++

+++

+++

+

-

++

+

+

+++

+++

+

Phoenix canariensis

+

++

+++

+++

+

+++

-

-

-

±

++

+

Order, family

Species

Poales
Restionaceae

Typhaceae

Bromeliaceae
Zingiberales

Commelinales
Commelinaceae
Arecales
Arecaceae

Where ± indicates a residue with a trace signal, + a weak signal, ++ a strong signal, +++ a very strong signal and – indicates a residue is not present. 1See Fig.5.1b for phenolic compound
structures corresponding to signal correlations. 2S'2/6 represents the oxidised form of S-units due to damage from ball-milling.
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Figure 5.3m The aromatic region of the spectra from lignified secondary wall preparations of Poales
species: Baloskion tetraphyllum, Elegia capensis, Cyperus papyrus, Juncus inflexus (Prep. A).
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Figure 5.3n The aromatic region of the spectra from lignified secondary wall preparations of Poales
species: Juncus inflexus (Prep. B), Typha orientalis (Prep. A and B), and Ananas comosus.
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Figure 5.3o The aromatic region of the spectra from lignified secondary wall preparations of
Zingiberales species:

Hedychium gardnerianum, Musa sp., Strelitzia reginae; and Commelinales

species: Dichorisandra thyrsiflora.
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Figure 5.3p The aromatic region of the spectrum from lignified secondary wall preparation of Arecales
species: Phoenix canariensis.
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5.4 DISCUSSION
A key benefit of the 2D-NMR spectroscopy technique used in the present study was the capability to
gain information on the aromatic compounds in the cell walls at the same time as the polysaccharide
compositions. However, most of the studies using this 2D-NMR technique have been on lignified cell
wall preparations or milled wood lignin to determine the structures of lignins rather than the
polysaccharide compositions of the cell walls (Del Rio et al., 2008; Del Río et al., 2012a; Rencoret et
al., 2013).

As far as I am aware, this is one of the first times that gels of NLP wall preparations in

DMSO-d6 and pyridine-d5 have been analysed using the 2D-NMR technique. Furthermore, this may
be the first time NLP and LS wall preparations from the same species have been examined and
compared.

5.4.1 AROMATIC REGION OF THE SPECTRA

2D-NMR spectroscopy of whole cell wall gels in DMSO-d6 and pyridine-d5 provided an independent
way of assessing the extent of contamination of NLP wall preparations by lignified walls. Compared
with the histochemical methods described in Chapter 2, 2D-NMR provided a superior method for
assessing the extent of this contamination. In the present study, the NLP wall preparation from
Aechmea fasciata was estimated histochemically to have <5% lignified walls.

However, in the

aromatic region of the spectrum of this preparation there were strong signals from H-, G- and S-units of
lignin (H2/6, G2 and S2/6) indicating the presence of more contaminating lignified walls than were
identified histochemically using phloroglucinol-HCl. It has been suggested that the red coloration
given by phloroglucinol-HCl may not be proportional to lignin concentration (Ralph et al., 2007;
Albersheim et al., 2011). In the study by Pomar et al (2002) on the specificity of phloroglucinol-HCl,
the results suggested that the test is specific for the detection of hydroxycinnamyl aldehyde end units in
lignin. However, phloroglucinol-HCl can be a good guide. For instance, in the NLP wall preparation
of Hedychium gardnerianum, it was estimated histochemically that there was <5% lignified walls and
the 2D-NMR spectrum showed only a trace signal from H-units (H2/6) in lignin. In most cases the
histochemical estimate of lignified walls compared well with the strength of the signal for lignin units
in the spectra.

From the 2D-NMR spectra, the extent of contamination in the NLP wall preparations with lignified
walls was as expected and for most preparations was acceptable for the purposes of the study.
However, it was suspected that the NLP wall preparation from Aechmea fasciata was contaminated
with LS walls although the histochemistry had indicated <5% lignified walls were present (Chapter 2).
This preparation had a high xylose to arabinose ratio (Chapter 3) and high concentrations of pCA
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(Chapter 4) which would both be more likely to arise from LS walls.

The 2D NMR spectrum

confirmed that indeed this preparation was likely contaminated with LS walls since there were strong
signals from H-, G- and S-units. This result confirmed that the high xylose to arabinose ratio and
unusually high concentrations of pCA likely arose from LS as well as NLP walls in this preparation.
The purest NLP wall preparations were from the rhizome of Hedychium gardnerianum, from the
flowering stem of Pontederia cordata and from the fruit of Ananas comosus. However, these and the
other NLP wall preparations still had spectra with trace or weak signals apparently from H-units (H2/6)
of lignin. Lignins rich in H-units are known to be laid down early in wall lignification and have been
implicated in the initiation of lignification (Ziebell et al., 2010). Lignin in the cell walls of xylem
tracheary elements is known to be rich in G-units (Grabber et al., 2004), whereas lignin in the walls of
sclerenchyma fibres is rich in S-units. Among the signals in the spectra of the NLP wall preparations,
usually there were stronger signals from the S-units (S2/6) than the G or H-units. This indicated that
the lignin in the LS walls contaminating the NLP wall preparations had mainly S-units and that NLP
wall preparations (Table 2.3a) are most likely to be contaminated with walls from sclerenchyma fibres
and smaller amounts from the walls of xylem tracheary elements. The spectra from the NLP wall
preparations gave weak signals for lignin units compared with very strong signals in the spectra from
the LS wall preparations. The spectra from the LS wall preparations generally had very strong signals
from both S- and G-units in lignin and the preparations were made up almost entirely of walls from
sclerenchyma fibres, xylem tracheary elements and associated parenchyma cells (Chapter 2).

In the present study, the spectra of most of the NLP wall preparations had two signals that may arise
from H-units in the lignin (Kim and Ralph, 2010). Similar signals interpreted as arising from H-units
at both 127.9/7.27 ppm and 129.1/7.23 ppm, have also been identified in the spectra from cell walls of
bast fibres of Hibiscus cannabinus (kenaf) (Kim and Ralph, 2010), from the cell walls of Triticum
aestivum (wheat) straw (Yelle et al., 2013) and from the cell walls of isolated tracheids in transgenic
Pinus radiata (Wagner et al., 2007).

In the transgenic Pinus radiata the hydroxycinnamoyl-

CoA:shikimate hydroxycinnamoyl transferase (HCT) gene was silenced which resulted in the
production of large proportions of H-units in the lignin (Wagner et al., 2007). It is possible that in
studies where isolated lignin rather than whole cell walls are analysed, the H-units are underrepresented. In the study by Kim and Ralph (2010) it was found that when the lignin unit signals in the
spectra were integrated, the proportion of H-units relative to G-units appeared slightly higher in the
walls of Pinus taeda compared with those from the isolated lignin from the same species. The H:G
integral value from the spectrum of the cell walls was 2.1% H-units compared with 1.7% H-units in the
isolated lignin. The difference suggests that lignin molecules rich in H-units do not extract as readily
as other lignin molecules. In the same study, lignin H-units were not detected in the spectrum from cell
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walls or from isolated lignin of Zea mays (Poaceae) (Kim and Ralph, 2010). Therefore, to confirm that
the signals observed in the NLP wall spectra from species in the present study are indeed from H-units,
more work is required, including a DFRC analysis of these wall preparations.

The types of lignin units identified in the 2D-NMR spectra of the LS wall preparations were generally
consistent with the results of the DFRC method used to analyze the 10 LS wall preparations (Chapter
4). Trace proportions of lignin H-units were detected by the DFRC method and only weak signals from
H-units were observed in the 2D-NMR spectra, except in the spectrum of the LS walls of Hedychium
gardnerianum in which no signal from H-units was found. When analysed by DFRC the LS walls of
Juncus inflexus (Prep. B) had greater proportions of H-units than the other species. The 2D-NMR
spectrum of Juncus inflexus (Prep. B) was consistent with these DFRC results and gave a stronger
signal for H-units than for other species. When similar proportions of lignin S- and G-units were found
by the DFRC method, similar signal strengths for the S- and G-units were found in the 2D-NMR
spectra. For example, in the LS wall preparation of Phoenix canariensis, the H:G:S ratio was estimated
as ~2:32:66 by the DFRC method and the signal strength in the spectra was weak for lignin H-units
(H2/6), strong for G-units (G2 and G5+G6) and very strong for S-units (S2/6).

The 2D-NMR spectra for two of the purest NLP wall preparations, Hedychium gardnerianum and
Pontederia cordata, had weak signals from small proportions of lignin H-units in the walls but no
signal from lignin S- or G- units. Importantly, 2D-NMR signals from p-coumarate were also identified
in these same wall preparations and concentrations of pCA of ~700 µg g-1 and ~1,700 µg g-1 cell walls,
found by HPLC for Hedychium gardnerianum and Pontederia cordata, respectively (Chapter 4). As
there is no evidence for pCA being esterified to H-units of lignin (Lu and Ralph, 1999), this indicates
that in the NLP walls, p-coumarate is likely to be esterified to GAXs rather than to lignins from
contaminating LS walls in the preparations from these species. It is possible that pCA is also esterified
to GAXs in the LS walls, where pCA is certainly esterified to the lignin S- and some of the G-units as
found by the DFRC method.

In the 2D-NMR spectra of NLP and LS wall preparations, the signal strengths from esterified FA and
pCA usually gave a good indication of the relative concentrations of these esterified hydroxycinnamic
acids determined by HPLC. The signal strengths from C-2 and C-6 of FA (FA2 and FA6), and from
C-2/6 of pCA (pCA2/6) were the best indicators of the relative concentrations. However, an issue that
has been noted with 2D-NMR using the HSQC experiment has been that pendent groups such as pCA
have a faster relaxation time and therefore may result in an over representative signal (Kim and Ralph,
2010). However in the present study the signal strengths gave a good indication of the relative
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concentrations in the wall preparations (from different species) of pCA. As found by HPLC, the 2DNMR spectra indicated larger concentrations of pCA occurred in the LS wall preparations compared
with the NLP wall preparations. For example, the spectra from the LS wall preparations A and B of
Typha orientalis had very strong pCA signals and pCA concentrations of ~9,500 µg g-1 and ~14,000 µg
g-1 cell wall, respectively. In contrast, the spectrum from the NLP wall preparation of Typha orientalis
had a weak signal from pCA2/6 and a lower pCA concentration of ~2,000 µg g-1 cell wall.

However, the 2D-NMR signal strengths from FA in spectra of wall preparations were not as reliable as
those from pCA when compared with concentrations determined by HPLC. The signal strengths from
FA were similar in the spectra for LS and NLP wall preparations of Hedychium gardnerianum despite a
three times greater concentration of FA being found in the NLP wall preparation by HPLC. However,
in the spectra of both types of wall preparations from Phoenix canariensis, the 2D-NMR signal
strengths from FA corresponded well to the relative concentrations found by HPLC. There was
~200 µg g-1 of FA in the LS wall preparation of Phoenix canariensis and this preparation gave no
signals from FA in the spectrum, whereas there was ~1,000 µg g-1 of FA in the NLP wall preparation
which gave a strong signal for FA2 and weak signal for FA6.

In the present study, pHBA was found in the 2D-NMR spectra of LS wall preparations from three
species. In the spectrum of the LS wall preparation of Phoenix canariensis (Arecaceae), a strong signal
was identified from pHBA and large concentrations of pHBA were also found by HPLC. However,
there was no signal for pHBA in the spectrum from the NLP wall preparation of Phoenix canariensis.
Rencoret et al (2013) also identified pHBA in the spectrum of MWL from coir fibres of Cocos nucifera
(Arecaceae) (Rencoret et al., 2013). In the spectrum from the LS wall preparation of Typha orientalis
(Prep. A), a weak signal was observed. The LS wall preparation of Juncus inflexus (Prep. A) also gave
a weak signal from pHBA although pHBA was not detected by HPLC. There was no signal for pHBA
in the spectrum from the NLP wall preparation of Typha orientalis (Prep. B) or in the spectra from
either wall preparation of Strelitzia reginae, but small concentrations were found by HPLC in these
wall preparations.

5.4.2 POLYSACCHARIDE ANOMERIC REGION OF THE SPECTRA

The spectra of the LS wall preparations had stronger signals from 1,4-β-Glcp (I) residues mostly from
cellulose than found for the NLP wall preparations. This is consistent with the literature which
indicates cellulose proportions of ~40% in LS walls and ~20% in NLP walls (Harris and Stone, 2008).
In terms of signals arising from residues in XGs, it is possible that signals possibly from the α-Xylp
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(NR) residues linked to O-6 of β-Glcp residues and from the α-Fucp (NR) residues, which were
tentatively identified in the cell wall spectra on the basis of signals arising from the XGs reference
preparations, may well arise from other glycosyl residues and not be attributed to XGs. In all of the
spectra from LS wall preparations, there were signals possibly from α-Xylp (NR) residues linked to
O-6 of β-Glcp residues.

However, similar signals were not always found in the spectra of the

corresponding NLP wall preparations. Only small proportions of XGs would be expected in the NLP
wall preparations of species in families of the Poales and even smaller proportions or no XGs in the LS
wall preparations (Harris, 2005). A signal, possibly from α-Fucp (NR) residues, was detected in the
spectra from the LS wall preparations of Strelitzia reginae (Zingiberales), Dichorisandra thyrsiflora
(Commelinales), and Juncus inflexus (Prep. B) (Poales), but fucose was not found in the neutral
monosaccharide compositions.

Although a signal from α-Xylp (NR) linked to O-6 of β-Glcp residues

was not detected, a signal, possibly from α-Fucp (NR), was found in the spectrum of the NLP wall
preparation of Typha orientalis. This preparation had the highest proportion of fucose of all the wall
preparations examined. However, in the spectra from the NLP wall preparations of other species, no
signal arising from α-Fucp (NR) was observed.

The signals arising from heteroxylans in the 2D-NMR spectra indicate that, as in the Poaceae, it is
likely that the LS walls of species in the other commelinid monocotyledon families have higher
proportions of heteroxylans (GAXs) than the NLP walls.

In species where both types of wall

preparations were examined, there was a stronger signal from 1,4-β-Xylp (I) residues from
heteroxylans in the spectrum of the LS than the NLP wall preparations.

Moreover, the larger

proportions of xylose found in the neutral monosaccharide compositions of the walls were consistent
with stronger signals from 1,4-β-Xylp (I) residues in the LS than the NLP wall preparations. For
example, in the spectra from the LS wall preparations of Hedychium gardnerianum and Phoenix
canariensis (Arecaceae), the signals from 1,4-β-Xylp (I) residues were very strong, whereas these
signals were weak in the spectra from the NLP wall preparations. Correspondingly, the neutral
monosaccharide compositions of the LS wall preparations had 40 to 50% more xylose than the NLP
wall preparations of these species.

As found in the Poaceae, the heteroxylans (GAXs) in the LS wall preparations of the other families
may be less substituted with arabinose than the NLP wall preparations (Smith and Harris, 1999). The
spectra from the LS wall preparations appeared to have fewer signals from arabinose side-chains of
GAXs than did the spectra from the NLP wall preparations. The assignment made for a signal possibly
arising from α-Araf (NR) linked to O-3 of singly substituted Xylp residues from GAX, was found in the
spectra of eight of the NLP wall preparations compared with two of the LS wall preparations.
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Furthermore, the xylose to arabinose ratio was higher on average for the LS wall preparations of each
order than for the NLP wall preparations, which may also indicate that the GAXs in the LS walls were
less substituted with arabinose. However, this ratio does not account for arabinose in polysaccharides
besides GAXs. Tentative assignments of signals that possibly arise from α-Araf (NR) residues linked
to O-3 and to O-2 of doubly substituted Xylp in GAXs were identified from correlations in the wheat
arabinoxylan reference preparation. The occurrence of doubly substituted Xylp in GAXs in these walls
would be unusual. It is possible that these signals arise from other residues and this is discussed in
Chapter 6 (Saulnier et al., 1995; Wende and Fry, 1997; Mazumder and York, 2010). The linkage
analysis (Table 3.3b) also indicated that there may be some linkages arising from doubly substituted
xylose residues and this may be worth investigating further.
The GAXs found in the NLP and LS walls of the species examined in this study probably have α-DGlcA or α-4-O-Me-GlcA residues linked at O-2 to (1→4) linked -D-Xylp residues in the xylan
backbone (Fig.1.5a) (Harris, 2005). However, using this 2D-NMR technique, signals from the α-DGlcA and α-4-O-Me-GlcA residues could not be differentiated from one another and a single signal at
97.5/5.21 ppm was assigned to α-4-O-Me-GlcA (NR) linked to O-2 of β-Xylp. In a study on 4-Omethylation of glucuronyl residues of xylans in Arabidopsis, Urbanowicz et al (2012) found a small
difference in the 1H NMR signals from α-D-GlcpA and 4-O-methyl-α-D-GlcpA: ~5.31 and 5.29 ppm,
respectively (Urbanowicz et al., 2012). This may indicate that the signals for these residues may be
separated using the 2D-NMR 13C-1H HSQC experiment, but it would require further work.

In the present study, 2D-NMR spectroscopy of the wall preparations provided information on the pectic
polysaccharides in the wall preparations. The signal from 1,4-β-Galp (I) residues present in (1→4)-βgalactan side-chains of RG-I were usually weaker in the spectra from the LS than from the NLP wall
preparations, indicating lower proportions of RG-I with 1,4-β-galactan side-chains in the LS wall
preparations. The LS walls of the Poaceae are known to have only small proportions of pectic
polysaccharides (Harris, 2005) and in the present study, the spectra of the LS wall preparations of the
species in other Poales families also had either no signal or only a weak signal from 1,4-β-Galp
residues. In the study by Kim and Ralph (2010) using 2D-NMR of a LS wall preparation from Zea
mays (Poaceae), no signal was found from the residues. The overall signal strengths from 1,4-β-Galp
(I) residues in the spectra from the LS wall preparations were consistent with lower proportions of
galactose found in the neutral monosaccharide compositions. Furthermore, there were weaker signals
from 1,5-α-Araf (I) and from α-Araf (NR) residues linked to O-3 of 1,5-α-Araf (I) indicating fewer
arabinan side-chains of RG-I in the LS wall preparations. There were also fewer LS wall preparations
with signals in the spectra from these residues compared with the NLP wall preparations.
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There was some evidence from the 2D-NMR spectra to support the hypothesis that compared with the
NLP walls of the Poales, the equivalent walls of the Commelinales contain more pectic
polysaccharides, but less evidence for the Zingiberales. There were differences in the occurrence of
signals from residues in arabinan side-chains of RG-I, but those from 1,4-β-Galp (I) residues present in
(1→4)-β-galactan side-chains of RG-I were similar for species of all four orders. The spectra of the
NLP wall preparations from the species of Commelinales and that of Phoenix canariensis (Arecaceae)
had signals from 1,5-α-Araf (I), whereas the spectra from the equivalent wall preparations of the
species of Poales and Zingiberales usually did not.

In the spectra of the Pontederia cordata

(Commelinales) walls there were signals from 1,5-α-Araf (I) residues and a very strong signal from
α-Araf (NR) residues linked to O-3 of 1,5-α-Araf (I).

The spectra of the NLP wall preparations from

species in the Zingiberales, like those of the Poales, had few signals from arabinan side-chains of RG-I.
However the spectrum of the wall preparation from Canna indica (Zingiberales) did have a strong
signal from α-Araf (NR) linked to O-3 of 1,5-α-Araf (I). The signals from 1,5-α-Araf (I) and α-Araf
(NR) linked to O-3 of 1,5-α-Araf (I) were strongest in the spectrum of the NLP wall preparations of
Phoenix canariensis (Arecaceae). This is consistent with higher proportions of pectic polysaccharides
in this family than in those of other commelinid monocotyledon families (Harris, 2005).

The neutral monosaccharide composition of the NLP wall preparation of Phoenix canariensis
(Arecaceae) was different to that of equivalent wall preparations from the other commelinid
monocotyledon species examined. The preparation from Phoenix canariensis had approxmiately half
the proportion of xylose than that found on average for the NLP wall preparations of the other orders
and the proportions of arabinose was highest for Phoenix canariensis. The signal from 1,4-β-Xylp (I)
residues in the 2D-NMR spectrum of Phoenix canariensis was much weaker than the other species
examined and there were strong signals identified from the residues in arabinan side-chains of RG-I.
The results of the present study are consistent with those of Carnachan and Harris (2000) who
concluded heteroxylans are a minor component of the non-lignified primary walls of Phoenix
canariensis and Rhopalostylis sapida (Arecaceae). Using a linkage analysis, they identified small
proportions of terminal Xylp, 4-Xylp residues, 2,4-Xylp and 3,4-Xylp consistent with heteroxylans,
probably GAXs, being minor components of the walls (Carnachan and Harris, 2000).

There was no evidence in the 2D-NMR spectra of any of the wall preparations examined for the
presence of signals from both 1,4-β-Glcp1,3 (I) and 1,3-β-Glcp1,4 (I) residues arising from
(1→3,1→4)-β-D-glucans. (1→3,1→4)-β-D-Glucans have been identified often in small proportions in
cell walls from six different families in the Poales, including the Restionaceae, Cyperaceae and
Juncaceae (Smith and Harris, 1999; Trethewey et al., 2005).

It is therefore possible that small
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proportions of these polysaccharides also occur in the NLP and/or LS walls of Baloskion tetraphyllum
(Restionaceae), Elegia capensis (Restionaceae), Cyperus papyrus (Cyperaceae), and Juncus inflexus
(Juncaceae) which were examined in the present study.

However, it is unlikely that 2D-NMR

spectroscopy is sufficiently sensitive to detect such small proportions.

This is the first time that 2D-NMR spectroscopy of whole cell wall gels has been used to compare the
polysaccharide compositions of NLP and LS wall preparations from commelinid monocotyledon
species. Because cell walls from different taxa, organs, tissues and cell types are unique (Harris, 1983;
Selvendran, 1985) and contain polysaccharides which have variable fine structures (Harris, 2005), it
was challenging to assess correlations for the different polysaccharide residues in the wall preparations
examined in the present study. However, a library of correlations was obtained from the reference
preparations using the 1C-13H HSQC experiment and DMSO-d6 and pyridine-d5. Previous NMR
studies have often used D2O as the solvent and 1D carbon or proton experiments as well as a range of
different pulse sequences (Picard et al., 2000; Teleman et al., 2003; Imkovic et al., 2010; Skendi et al.,
2011). Therefore only a few relevent correlations from the literature could be applied to this study.

In future work it would be useful to identify addition signal correlations in the polysaccharide anomeric
and aliphatic side-chain region of the spectra. Assignments of signals in the spectra of the cell wall
preparations must be interpreted with an element of caution since it is possible that residues may go
undetected or different residues give the same or overlapping signals.

A linkage analysis will

distinguish 1,4-β-Galp from 1,2-β-Galp which give the same signal in spectra despite arising from quite
different polysaccharides, 1,4-β-galactan side-chains of RG-I or from XGs, respectively. It is therefore
useful to compare the neutral monosaccharide and linkage compositions of the wall preparations with
the 2D-NMR spectra to assist in the identification of residues from different polysaccharides. The
aliphatic side-chain region of the spectra may provide another way to cross check signals from different
residues. Although assignments have been made where possible for C-2 to C-6 (Appendix D), a great
deal of overlap occurs among signals in this region and the complete assignment of the correlations
would require further work. Overall, in the present study, the 2D-NMR spectroscopy was valuable to
verify information found analytically by other methods, as well as to gain new information on
polysaccharides and phenolic compounds in the cell wall preparations.
The data supported the hypothesis that 2D-NMR can be used to analyze both NLP and LS walls. The
monosaccharide compositions, linkage analyses, phenolic acid concentrations and the lignin units
determined by DFRC, generally aligned with the 2D-NMR spectra. The data allowed the identification
of NLP wall preparations where no lignin was present but a signal from pCA was still found, indicating
that the pCA is most likely esterified to heteroxylans (GAXs).
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6.0 GENERAL DISCUSSION

As in the Poaceae (Poales), the major non-cellulosic polysaccharides in the NLP walls of species
examined in the other Poales families, and families of the Zingiberales and Commelinales are
heteroxylans, probably GAXs. However, detailed structures of the heteroxylans have been determined
from examining fragments produced from isolated walls only of species in the Poaceae and of Ananas
comosus (Bromeliaceae) (Smith and Harris, 1995; Carpita, 1996; Harris, 2000; Harris, 2005). Linkage
analyses have identified linkages likely to be from GAXs in the NLP walls of species from other
families in the Poales; however these studies have been limited to species from the Centrolepidaceae,
Flagellariaceae, and Restionaceae, in the graminid and restid groups (Fig.1.1b) (Smith and Harris,
1999).

The Poaceae comprise about half the species in the Poales and this family alone occupies one fifth of
the earth’s land surface (Wilkie, 1979). In the present study, I examined wall preparations obtained
from species in the families from the Poales s.l. (Givnish et al., 2010), although only a few of the
~20,000 species constituting this order were selected (Linder and Rudall, 2005; Mabberley, 2008). The
NLP wall compositions of species in the families of the sister orders of Zingiberales (~1,700 species)
and Commelinales (~750 species) (Mabberley, 2008; Givnish et al., 2010) have been described as
being intermediate between that of the Poales and Arecales (Harris, 2005); however few species have
been studied and the work was limited to determinations of the neutral monosaccharide compositions
of these walls. Therefore, in the present study, I examined NLP wall preparations isolated from species
in families from the Zingiberales and Commelinales and included linkage analyses of wall preparations
from selected species. As far as I am aware, linkage analyses have never been carried out on NLP wall
preparations from these species. I also examined a NLP wall preparation from Phoenix canariensis
from the single family Arecaceae, in the Arecales. Phoenix canariensis was selected as a reference
species because a NLP wall preparation had been analysed by Carnachan and Harris (2000).

The neutral monosaccharide compositions, 2D-NMR spectra, as well as the linkage analyses of NLP
wall preparations of species in families of the Poales, Zingiberales and Commelinales are consistent
with heteroxylans, most likely GAXs, being the major non-cellulosic polysaccharides in these
preparations. However, the compositions of the NLP walls of species in families of the sister orders,
Zingiberales and Commelinales, may differ. The linkage analyses indicated larger proportions of
heteroxylans in wall preparations of species in the families of the Zingiberales compared with those in
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the Commelinales. In the wall preparation of Phoenix canariensis (Arecaeae), the monosaccharide
composition indicated that heteroxylans did not appear to be the predominant non-cellulosic
polysaccharides. Rather, there were larger proportions of pectic polysaccharides than in equivalent
wall preparations from species in the other orders. This is consistent with the results of the study by
Carnachan and Harris (2000) in which the NLP wall preparations of Phoenix canariensis and
Rhopalostylis sapida (Arecaceae) were examined by linkage analysis. Carnachan and Harris (2000)
suggested that the Arecaceae were a transition group from non-commelinids to commelinids, and may
have been the first monocotyledons to have NLP walls that contain GAXs with ester-linked ferulate.
Of the 2,200 species comprising the Arecaceae (Mabberley, 2008), only one species was examined in
the present study and two examined by Carnachan and Harris (2000), therefore other species should be
examined. Further evidence for the occurrence of heteroxylans in the NLP walls of commelinid
monocotyledons is required.

This could be achieved using xylan-specific carbohydrate-binding

modules or monoclonal antibodies that have xylan-specific epitopes (McCartney et al., 2006). The
monoclonal antibody LM11 was shown to label the NLP walls of various species of commelinid
monocotyledons when plant material was first treated with weak acid sufficient to remove the Araf
side-chains of heteroxylans, but did not label untreated material (Fakharuzi, 2013). An advantage of
the immunolabelling techniques is that xylans can be located in the walls of specific cell types.

The LS wall preparations of species in all the families of commelinid monocotyledons examined in the
present study have a higher proportion of GAXs and probably a lower proportion of pectic
polysaccharides, compared with the corresponding NLP wall preparations. There is evidence for
GAXs in the LS walls of species in the Poaceae and in these walls, GAXs occur in larger proportions
than in NLP walls (Harris, 2005). However, little evidence has been provided for GAXs being present
in the NLP walls of species in other families of commelinid monocotyledons. The present study has
extended the work of Smith and Harris (1999) and examined LS wall preparations of species from
other families in the Poales, as well as those of the other three orders. The neutral monosaccharide
compositions and 2D-NMR spectra of these wall preparations are consistent with the presence of
heteroxylans, most likely GAXs, and with these being the major non-cellulosic polysaccharides in the
LS walls of the selected species, including Phoenix canariensis (Arecaceae). The proportions of
heteroxylans appeared to be greater in the LS wall preparations than in the NLP wall preparations and
this is consistent with previous work where both wall types were examined (Smith and Harris, 1999;
Harris, 2005).

In the present study, heteroxylans, probably GAXs, were found to be the major non-cellulosic
polysaccharides in the NLP wall preparations of the species in the families of the Poales, Zingiberales
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and Commelinales. Therefore FA is likely to be esterified to GAXs in these walls as has already been
found for some species including in the Poaceae (Harris and Trethewey, 2010) and in the Bromeliaceae
(Smith and Harris, 2001). Compared with other species in the study, there appeared to be lower
proportions of heteroxylans in the NLP wall preparation from Phoenix canariensis (Arecaceae). There
was also less FA found by HPLC in these walls and this FA is likely to be esterified to GAXs. Jones et
al (2005) suggested that ferulate was esterified to pectic polysaccharides in the walls of the stomatal
guard cells of Commelina communis (Commelinaceae) and Zea mays (Poaceae). FTIR spectra of the
guard cell walls showed that feruloyl esters were present and treatment of the walls with feruloyl
esterase was shown to affect the action of stomata (Jones et al., 2005). However, Jones et al (2005) had
no chemical evidence for ferulate esterified to pectic polysaccharides.

Although in the ‘core’

Caryophyllales, ferulate is found esterified to the arabinan and galactan side-chains of the pectic
polysaccharide RG-I (Harris and Trethewey, 2010), it is more likely that ferulate is esterified to GAXs
in the species examined by Jones et al (2005) and probably in the walls of species in the present study.
The NLP wall preparations of the species in the Poales had the greatest concentrations of the
hydroxycinnamic acids, ferulate and p-coumarate, and most likely these are esterified to the large
proportions of heteroxylans also found in these walls, as in the Poaceae. The hydroxycinammic acid
concentrations in the NLP wall preparations of species from families of both the Zingiberales and
Commelinales were intermediate between those of NLP wall preparations from families in the Poales
and Arecales. In addition, for those species where the 2D-NMR spectra of NLP wall preparations had
no signals from S- or G-lignin units, high concentrations of pCA (> 500 µg g-1) were still found in the
same preparations. This could indicate that as found in the NLP walls of the Poaceae (Ishii and Hiroi,
1990b; Ishii et al., 1990) p-coumarate esterified to GAXs is present in the non-lignified walls of the
species from other families of commelinid monocotyledons. Future work could include isolating the
FAXX and PAXX oligosaccharides after treating the NLP wall preparations of these species with
Driselase (Ishii and Hiroi, 1990b; Ishii et al., 1990).

Compared with those of species from families from the Poales, the NLP wall preparations from species
in both the Commelinales and Zingiberales have larger proportions of pectic polysaccharides and lower
proportions of GAXs. However, in the wall preparations of species of Zingiberales, there were lower
concentrations of uronic acids, indicating fewer pectic polysaccharides compared with the equivalent
wall preparations from species in the Commelinales, nevertheless there are exceptions.

The

proportions of non-cellulosic polysaccharides and hydroxycinnamic acids may indicate that the overall
wall compositions of the Zingiberales species are more similar to those of equivalent walls of species
from the Poales. Alternatively, that the wall compositions of Commelinales species are more similar to
those of the Arecales. Although the proportions may vary, the types of non-cellulosic polysaccharides
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and the fine structures are likely to be very similar in the walls of Zingiberales and Commelinales
species. This was so for the XGs analysed by Hsieh and Harris (2009) where the walls of species in
both of these orders had XGs containing XXGn and XXXG core motifs and small proportions of
fucosylated side-chains. The XGs in the walls of the Poales were similar to these and had one or both
of the core motifs XXGn or XXXG as well as fucosylated side-chains; however, the most derived
Poales family, the Poaceae, had XGs with no fucosylated side-chains. The XGs in the walls of Phoenix
canariensis (Arecaceae) were different from those in the walls of the other commelinid monocotyledon
families. These were fucogalactoxyloglucans similar to those in found in the walls of the noncommelind monocotyledons and eudicotyledons. As far as I am aware, the work by Hsieh and Harris
(2009) has been the only investigation on the cell wall composition of species in the Daspognonaceae
(Dasypogonales). The Dasypognonaceae is the only family in this order and comprises 23 species
(Mabberley, 2008).

The XGs in Dasypogon obliquifolius (Dasypogonaceae) were also

fucogalactoxyloglucans similar to those of Phoenix canariensis. It would be interesting to study the
NLP walls of species of the Daspognonaceae to determine the presence of heteroxylans (GAXs)
(Rudall and Caddick, 1994; Harris and Trethewey, 2010). It would also be interesting to determine if
pHBA is found in these walls.

Other researchers have expressed an interest in the need to gain a better understanding of the
distribution of pCA, as well as pHBA, in the LS walls of different families of monocotyledons
(Rencoret et al., 2013). The present study indicates that there is pCA esterified, most likely to GAXs,
in the NLP wall preparations. pCA may also be present esterified to GAXs in the LS wall preparations.
But as in the Poaceae (Hatfield et al., 2008b), p-coumarate occurs in higher concentrations in LS rather
than NLP walls and preferentially on S-units. As found for the lignins in the Poaceae (Lu and Ralph,
1999), the lignins in the selected commelinid monocotyledons examined in the present study were
highly acylated with p-coumarate and this occurred mainly to the γ-OH of S-units, but some was on
G-units. This is an important new finding that has expanded the current understanding of the acylation
of lignins in plant cell walls.

The gene Oryza sativa p-coumarate monolignol transferase (OsPMT), encoding an acyltransferase that
p-coumaroylates monolignols has been shown to p-coumaroylate sinapyl alcohol, coniferyl alcohol and
p-coumaroyl alcohol, but had the strongest affinity for sinapyl alcohol (Withers et al., 2012). In
addition, Bartley et al (2013) have identified a p-coumaroyl coenzyme A transferase (OsAT10) from
the same BAHD acyl-coenzyme A-utilizing transferase superfamily of genes, which likely pcoumaroylates GAXs.

It has also been hypothesised that similar BAHD genes are likely to encode

enzymes responsible for feruloylation of GAXs (Mitchell et al., 2007; Molinari et al., 2013). In the
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present study, the lignins in the wall preparations of the species examined have S- and G-units and in
some species also have small proportions of

H-units, as found in the Poaceae (Harris, 2005).

However, the cell walls of the pith parenchyma in Juncus inflexus (Prep. B) unusually contained large
proportions of H-units which were found in the DFRC analysis and the 2D-NMR spectrum.

A novel finding from the present study was the high concentrations of pHBA and pCA, as well as
smaller concentrations of FA, ester-linked in one LS wall preparation, Phoenix canariensis
(Arecaceae). Only minor concentrations of pHBA were found in the NLP wall preparation of this
species, indicating that as well as pCA, pHBA is esterified to lignin in these walls (Lu et al., 2004).
This would make the Arecaeae an exceptional family in having lignins that are acylated with both pCA
and pHBA. A key investigation for future work would be to demonstrate that pHBA is esterified to
lignins in the walls of Phoenix canariensis. This could be achieved using DFRC with HPLC analysis
(J. Ralph personal communication). Other work could also include determining if there are acetates on
the lignins of other families of commelinid monocotyledons as found in Bambusa sp. (Poaceae),
Triticum durum (Poaceae), Musa textilis (Musaceae) and Ananas erectifolius (Bromeliaceae) (Del Rio
et al., 2007a; Del Rio et al., 2007b; Del Rio et al., 2008; Martinez et al., 2008; Del Río et al., 2012a;
Del Río et al., 2012b). A modified DFRC method could be used for this work (Ralph and Lu, 1998), in
which acetate-based reagents are replaced with their propionate analogues. This method allows for the
determination of acetates which are found naturally occurring on lignin. Other work could also include
an investigation of the lignin from the walls of species in the Dasypogonaceae. These species may
share the same lignin characteristic as the other families of commelinid monocotyledons that is,
p-coumaroylated lignin units. A possible role of the pCA esterified to lignin has been suggested that
pCA may act as a cap to stop further lignin polymerization (J. Ralph personal communication). pCA
may have a role as a radical transfer agent since sinapyl p-coumarate is better able to form free radicals
than sinapyl alcohol and may thus improve the rate of incorporation of sinapyl alcohol into the growing
lignin polymer (Hatfield et al., 2008). This is the opposite role of ferulate which is known to initiate
lignification. There is little known about the structural or functional role of lignin acylation (Martinez
et al., 2008) but it is possible that the pHBA esterified to lignin may have a similar role to pCA.
Another phenolic compound, tricin, has recently been identified in the aromatic region of 2D-NMR
spectra of cell walls and milled wall lignin from straw of Triticum durum (wheat) (Del Río et al.,
2012b) and coir fibres of Cocos nucifera (Rencoret et al., 2013). It is possible that tricin may be
characteristic of commelinid monocotyledon lignins.

However, a signal was not observed in the

spectra of LS wall preparations of species in the present study and it is possible that the signal is
observed more easily in isolated lignin samples or more highly lignified walls.
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Diferulate cross-links between heteroxylans and lignin in the walls of the commelinid monocotyledons
have implications for the degradability of forage grasses in ruminant animals as well as in the
conversion of biomass to biofuels (Ralph et al., 2004). The ferulate esterified to GAXs acts as a
nucleation point for lignifications, and lignin reduces the degradability of the wall polysaccharides by
impeding the access of enzymes to them. These enzymes can be produced by microorganisms in the
rumen. Alternatively, enzymes may be added to biomass to release monosaccharides for fermentation
by yeasts to form ethanol for use as a biofuel. However, degradability of highly LS walls can easily be
improved by treatment with weak alkali to cleave the ester-linkages between FA and arabinosyl
residues (Hartley, 1981). When Hordeum vulgare (barley) (Poaceae) straw was treated with sodium
hydroxide, the degradability in the rumen was doubled from ~40% to 80% compared with no treatment
(Chesson, 1988). Hatungiamana et al (2011) found that the in vitro degradability of mature forage
material from other species in the Poaceae, Cynodon dactylon, Digitaria ciliaris, Trypsacum
dactyloides, Sorghum sp., Lolium arundinaceum and Panicum virgatum, also improved when treated
with sodium hydroxide. Other waste materials have been considered for future use as potential animal
feed, including cereal and other crop residues such as husks and foliage (Hartley, 1981). Future studies
could include more applied work on the utilisation of the abundant sources of biomass from families of
commelinid monocotyledons besides the Poaceae.

Further work is required to confirm correlations for signals possibly arising from heteroxylan sidechains. The signals in the spectra of the wall preparations tentatively assigned to α-Araf (NR) linked to
O-3 and O-2 of doubly substituted Xylp residues from heteroxylans, should be interpreted with caution.
Although these signals were identified from the arabinoxylan of wheat starchy endosperm (Skendi et
al., 2011), there is no good evidence of doubly substituted xylose residues in GAXs occurring in the
walls of vegetative organs or fruit of the commelinid monocotyledons. There are a number of large
xylan side-chains that have been found in walls of the Poaceae which could possibly result in similar
correlations for atoms in the residues from the 2D-NMR spectra. For instance, the heteroxylans found
in Zea mays (maize) bran contain branched oligosaccharide side-chains of O-L-Galp-(1→4)-O-D-βXylp-(1→2)-[5-O-(E-feruloyl)-L-α-Araf] (Saulnier et al., 1995).

In the walls of cell suspension

cultures of Festuca arundinacea, similar feruloylated disaccharides have been identified which lacked
the Galp residue (Wende and Fry, 1997). Furthermore, heteroxylans in the walls of Panicum virgatum
have α-L-Araf-(1→2)-α-L-Araf(1→ attached to the O-3 of the Xylp residues in the xylan backbone
(Mazumder and York, 2010). In the present study there was some evidence for small proportions of
2,3,4-Xylp residues in the linkage analysis of the Zingiberales (Canna indica, Strelitzia reginae) and
Commelinales (Tradescantia fluminensis, Dichorisandra thyrsiflora, and Pontederia cordata) species
examined, although this residue may also arise from under-methylation. The concentrations were
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consistent with the occurrence of just small proportions of doubly substituted xylose residues in GAXs
in the walls. Further work could include identifying the signals in the 2D-NMR spectra from these
side-chains, as well as from feruoylated arabinose, where the latter could be identified using model
compounds.

Since 2D-NMR has not yet been widely used to investigate the non-cellulosic polysaccharides in cell
and further work is required to confirm correlations, the spectra were best interpreted with reference to
the monosaccharide and linkage analyses. Overall the spectra corresponded well with the results
obtained by other methods and proved useful for determining the wall compositions of these families of
commelinid monocotyledons. The results support the hypotheses for the non-cellulosic polysaccharide
and phenolic compositions of the walls.


The neutral monosaccharide composition, 2D-NMR spectra, linkage analyses of NLP wall preparations
of Poales, Zingiberales and Commelinales are consistent with heteroxylans, most likely GAXs, being
the major non-cellulosic polysaccharide in the these preparations (as for Poaceae).

In the wall

preparations from Phoenix canariensis the monosaccharide composition indicated that heteroxylans
were not the predominant polysaccharide.



The LS wall preparations from the families of commelinid monocotyledons examined had higher
proportions of GAXs and probably a lower proportion of pectic polysaccharides, compared with the
corresponding NLP wall preparations. The neutral monosaccharide composition and 2D-NMR spectra
are consistent with the presence of heteroxylans, most likely GAXs, and with these being the major
non-cellulosic polysaccharide in the LS walls of the selected species, including Phoenix canariensis.



The saponification and HPLC as well as 2D-NMR spectra were consistent with the LS walls
containing high proportions of pCA esterified to lignins. pCA was also present in the NLP walls,
possibly esterified to GAXs. PAXX oligosaccharides may be isolated from NLP walls to confirm
this.



The DFRC analysis confirmed that as in the Poaceae, in other families of commelinid
monocotyledons, pCA esterified to lignins is mainly attached to the γ-OH of S-units and the rest to
the γ-OH of G-units. This was an important new finding expanded the current understanding of the
acylation of lignins in plant cell walls. In the Arecales species, lignin units are likely to be acylated

with pCA and pHBA. Additional DFRC experiments could confirm this.


The DFRC analysis and 2D-NMR spectra were consistent with S-, G- and small proportions of Hunits in the lignins of other commelinid monocotyledon families as in the Poaceae.
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APPENDIX A
7.1 MICROSCOPY
7.1.1 CELL WALL PREPARATIONS CATEGORIZED AS NON-LIGNIFIED

A

10 µm

B

C

D

Figure 7.1.1a Micrographs showing UV fluorescence characteristics of cell wall preparations mounted
in water (left) and ammonium hydroxide solution (0.1 M) (right) of non-lignified wall preparations
from A) Typha orientalis, B) Aechmea fasciata, C) Ananas comosus and D) Canna indica.
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A

10 µm

B

C

D

E

Figure 7.1.1b Micrographs showing UV fluorescence characteristics of cell wall preparations mounted
in water (left) and ammonium hydroxide solution (0.1 M) (right) of non-lignified wall preparations
from A) Maranta leuconeura, B) Hedychium gardnerianum, C) Heliconia schiedeana, D) Strelitzia
reginae and E) Tradescantia fluminensis.
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A

10 µm

B

C

D

Figure 7.1.1c Micrographs showing UV fluorescence characteristics of cell wall preparations mounted
in water (left) and ammonium hydroxide solution (0.1 M) (right) of non-lignified wall preparations
from A) Dichorisandra thyrsiflora, B) Anigozanthos sp., C) Pontederia cordata, and D) Phoenix
canariensis.
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7.1.2 CELL WALL PREPARATIONS CATEGORIZED AS LIGNIFIED
A

10 µm

B

C

D

E

Figure 7.1.2a Micrographs showing UV fluorescence characteristics of cell wall preparations mounted
in water (left) and ammonium hydroxide solution (0.1 M) (right) of lignified wall preparations from
A) Baloskion tetraphyllum, B) Elegia capensis, C) Cyperus papyrus, D) Juncus inflexus Prep. A, and
E) Juncus inflexus Prep. B.
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A

10 µm

B

C

D

Figure 7.1.2b Micrographs showing UV fluorescence characteristics of cell wall preparations mounted
in water (left) and ammonium hydroxide solution (0.1 M) (right) of lignified wall preparations from
A) Typha orientalis Prep. A, B) Typha orientalis Prep. B, C) Ananas comosus,and D) Hedychium
gardnerianum.
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A

10 µm

B

C

D

Figure 7.1.2c Micrographs showing UV fluorescence characteristics of cell wall preparations mounted
in water (left) and ammonium hydroxide solution (0.1 M) (right) of lignified wall preparations from
A) Musa sp.., B) Strelitzia reginae, C) Dichorisandra thyrsiflora and D) Phoenix canariensis.
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7.1.3 MICROSCOPY OF FRESH SECTIONS FROM STRELITZIA REGINAE

A

25 µm

B

Figure 7.1.3a Micrographs of sections from Strelitzia reginae showing A) blue fluorescence of the
hypodermis when mounted in ammonium hydroxide solution (0.1 M) and viewed under UV
fluorescence, and B) negative staining of the hypodermis with phloroglucinol-HCl.
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APPENDIX B
7.2 NEUTRAL MONOSACCHARIDE COMPOSITIONS
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Table 7.2a
The neutral monosaccharide1 composition (%) and uronic acid3 (UA) content (% w/w cell wall) of the non-lignified primary cell wall
preparations analysed in duplicate.
Monosaccharides
Order, family

Species

Rha

Fuc

Ara

Xyl

Man

Gal

Glu

Xyl:Ara2

UA3

Typha orientalis

1.4

1.3

30.4

42.8

4.4

14.6

5.3

1.4

18.8

1.4

1.3

30.6

42.0

5.0

14.3

5.3

1.4

12.4

0.7

0.0

10.5

73.4

2.0

9.2

4.2

7.0

7.1

0.4

0.0

10.4

73.2

1.9

9.9

4.2

7.0

6.3

0.7

0.9

28.0

49.1

2.1

14.4

4.8

1.7

7.0

0.7

0.9

27.9

49.6

2.1

14.0

4.8

1.8

13.3

1.2

0.5

28.1

51.3

2.5

12.2

4.2

1.8

16.6

1.2

0.0

29.1

52.0

0.0

12.9

4.8

1.8

23.3

0.0

0.0

30.4

54.4

1.9

6.8

6.5

1.8

9.0

0.0

0.0

28.4

56.4

2.4

6.2

6.7

2.0

8.9

0.4

0.0

21.2

21.0

0.9

14.9

41.7

1.0

8.8

0.0

0.0

22.7

22.5

1.0

15.9

38.0

1.0

11.9

0.8

0.0

39.3

36.8

2.4

12.3

8.3

0.9

6.1

0.5

0.0

39.3

37.8

2.8

12.5

7.0

1.0

6.3

0.7

0.0

28.7

57.8

1.5

7.2

4.2

2.0

10.2

0.7

0.0

28.1

57.8

1.7

7.2

4.6

2.1

11.1

Poales
Typhaceae
Bromeliaceae

Aechmea fasciata
Ananas comosus

Zingiberales
Cannaceae
Marantaceae
Zingiberaceae
Heliconiaceae
Strelitziaceae

Canna indica
Maranta leuconeura
Hedychium gardnerianum
Heliconia schiedeana
Strelitzia reginae
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Order, family

Species

Rha

Fuc

Ara

Xyl

Man

Gal

Glu

Xyl:Ara2

UA3

Commelinaceae

Tradescantia fluminensis

1.0

0.0

26.2

40.4

2.8

8.6

21.0

1.5

12.3

1.4

0.0

25.4

41.2

3.0

8.2

20.8

1.6

16.2

2.0

0.0

31.5

37.4

5.0

16.5

7.6

1.2

22.7

1.9

0.0

32.5

36.5

4.7

17.3

7.0

1.1

20.22

1.1

0.7

17.8

65.2

4.0

6.2

5.0

3.7

14.6

1.1

0.7

17.1

65.7

4.1

6.2

5.1

3.9

20.8

0.8

0.7

43.6

31.2

2.1

12.1

9.6

0.7

21.7

0.8

0.6

42.7

32.0

2.6

11.6

9.6

0.7

14.7

2.0

1.2

46.2

18.5

1.4

27.4

3.3

0.4

20.4

1.9

1.1

45.5

17.4

1.5

29.3

3.2

0.4

20.8

Dichorisandra thyrsiflora

Haemodoraceae
Pontederiaceae

Arecales
Arecaeae

Anigozanthos sp.
Pontederia cordata

Phoenix canariensis

1

The neutral monosaccharide compositions determined by TFA hydrolysis of duplicate samples and given as the % w/w of total neutral monosaccharides. 2The ratio of xylose:arabinose.
3
Total uronic acid content given as the % w/w of cell wall and determined colourmetrically (as GalA) (mean of two determinations for two hydrolysates), calculated separately to the neutral
monosaccharides.
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Table 3.3b
in duplicate.

The neutral monosaccharide1 (%) composition and uronic acid (UA) content (% w/w) of lignified secondary cell wall preparations analysed

Monosaccharides
Order, family

Species

Rha

Fuc

Ara

Xyl

Man

Gal

Glu

Xyl:Ara2

UA3

Baloskion tetraphyllum

0.0

0.0

9.9

75.7

1.4

2.5

10.6

7.7

2.2

0.0

0.0

10.0

75.6

1.5

2.3

10.6

7.6

1.8

0.0

0.0

12.7

82.0

0.0

3.6

1.6

6.4

7.5

0.0

0.0

12.2

79.3

1.4

3.5

3.7

6.5

6.7

0.9

0.0

22.9

59.2

3.5

8.0

5.4

2.6

10.2

1.0

0.0

24.2

56.9

4.0

8.4

5.6

2.4

16.5

0.3

0.1

19.3

71.7

1.1

4.4

3.0

3.7

5.7

0.3

0.1

18.4

73.8

0.0

4.2

3.2

4.0

4.4

0.0

0.0

14.3

81.1

1.0

2.4

1.2

5.7

2.8

0.0

0.0

14.3

81.4

1.0

2.4

1.0

5.7

2.0

0.9

0.4

15.0

68.3

2.6

6.6

6.2

4.6

5.9

1.0

0.4

15.1

68.2

2.7

6.5

6.2

4.5

9.9

0.7

1.1

21.1

59.4

2.6

10.2

5.1

2.8

11.6

0.7

1.0

21.2

59.7

2.6

10.0

4.9

2.8

12.1

0.7

0.4

24.6

49.2

2.6

17.0

5.5

2.0

11.3

0.6

0.4

25.5

48.5

2.5

17.4

5.0

1.9

10.5

Poales
Restionaceae

Elegia capensis
Cyperaceae
Juncaceae

Cyperus papyrus
4

Juncus inflexus Prep. A

4

Juncus inflexus Prep. B
Typhaceae

Typha orientalis Prep. A5
5

Typha orientalis Prep. B
Bromeliaceae

Ananas comosus
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Order, family

Species

Rha

Fuc

Ara

Xyl

Man

Gal

Glu

Xyl:Ara2

UA3

Hedychium gardnerianum

0.0

0.0

26.8

59.2

0.0

9.0

5.0

2.2

5.9

0.0

0.0

26.1

60.2

0.0

8.6

5.0

2.3

5.8

0.5

0.0

13.0

78.0

0.0

3.7

4.8

6.0

7.1

0.3

0.0

13.2

76.8

1.4

3.6

4.7

5.8

9.7

0.7

0.0

11.0

77.2

1.2

3.9

6.0

7.0

3.2

0.7

0.0

10.8

79.0

0.0

4.0

5.6

7.3

7.2

0.7

0.0

8.2

78.1

2.4

4.8

5.8

9.6

9.8

0.7

0.0

7.9

78.9

2.5

4.4

5.5

10.0

7.6

0.9

0.0

14.5

73.4

1.5

5.1

4.7

5.1

19.2

0.9

0.0

15.0

72.2

1.2

5.5

5.1

4.8

15.1

Zingiberales
Zingiberaceae
Musaceae
Strelitziaceae

Musa sp.
Strelitzia reginae

Commelinales
Commelinaceae

Dichorisandra thyrsiflora

Arecales
Arecaceae

Phoenix canariensis

1

The neutral monosaccharide compositions determined by TFA hydrolysis of duplicate samples and given as the % w/w of total neutral monosaccharides. 2The ratio of xylose:arabinose.
3
Total uronic acid content given as the % w/w of cell wall and determined colourmetrically (as GalA) (mean of two determinations for two hydrolysates), calculated separately to the neutral
monosaccharides. 4Juncus inflexus Prep. A contained ~80% lignified and Prep. B ~100% lignified walls, 5Typha orientalis Prep. A contained 100% lignified and Prep. B 90% lignified
walls.
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APPENDIX C
7.3.1 ESTER-LINKED PHENOLIC ACID QUANTIFICATION

7.3.1.1 PREPARATION OF INDIVIDUAL PHENOLIC ACID STANDANDS

To make stock solutions of individual phenolic acids, first a small amount of each of 2hydroxycinnamic acid, p-hydroxybenzoic acid, trans-caffeic acid, trans-p-coumaric acid, trans-ferulic
acid, trans-sinapic acid, syringic acid and vanillic acid were dried over silica in a desiccator. Then
each dry phenolic acid (10 mg) was dissolved separately in THF:water (1:1,10 mL) An aliquot of each
individual stock solution (50 µL) was transferred to an HPLC vial and THF:water was added (1 mL) to
this. To produce a solution containing both the cis- and trans- isomers of the hydroxycinanmic acids,
the stock solutions were exposed to a UV lamp (SB-100 P/F, high intensity ultra violet lamp, 365 nm,
Spectroline Corporation, Westbury, New York, USA) and were then ready for HPLC analysis.

7.3.1.2 HPLC SOLVENT SYSTEM FOR ANALYSING PHENOLIC MONOMERS

Table 7.3.1a The HPLC solvent system used to separate and quantify phenolic acids in the standard
stock solutions and cell wall preparations.

Time (mins)

Formic Acid (%)

Acetonitrile (%)

Methanol (%)

0

88.3

11.7

0

10

88.3

11.7

0

20

79.3

18.0

2.7

25

73.0

22.5

4.5

30

32.5

45.0

22.5

33

88.3

11.7

0

43

88.3

11.7

0
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7.3.1.3 ESTER-LINKED PHENOLIC ACID CONCENTRATIONS

Table 7.3.1b The concentrations (µg g-1 dry cell wall) of the phenolic acids in the non-lignified primary cell wall preparations.
Order/family

Species

trans-pCA

cis-pCA

Total pCA

trans-FA

cis-FA

Total FA

p-HBA

FA:pCA

2,129

19

2,148

5,027

93

5,120

20

2.4

1,723

15

1,738

4,613

184

4,797

23

2.8

9,314

1,181

10,495

2,356

390

2,746

0

0.3

10,590

1,307

11,897

2,515

398

2,913

0

0.2

787

0

787

13,875

106

13,982

0

17.8

1,130

0

1,130

13,431

107

13,538

0

12.0

2,522

45

2,567

3,968

382

4,350

0

1.7

3,739

72

3,811

5,403

580

5,983

0

1.6

5,766

39

5,805

4,817

108

4,925

0

0.8

5,624

159

5,783

4,958
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5,100

0

0.9

657

0

657

10,804

0

10,804

0

16.5

685

0

685

10,647

81

10,728

0

15.7

1,737

41

1,778

6,152

161

6,313

0

3.6

2,074

32

2,106

6,864

128

6,992

0

3.3

Poales
Typhaceae

Bromeliaceae

Typha orientalis

Aechmea fasciata

Ananas comosus

Zingiberales
Cannaceae

Marantaceae

Zingiberaceae

Heliconiaceae

Canna indica

Maranta leuconeura

Hedychium gardnerianum

Heliconia schiedeana

142

Order/family

Species

Strelitziaceae

Strelitzia reginae

trans-pCA

cis-pCA

Total pCA

trans-FA

cis-FA

Total FA

p-HBA

FA:pCA

1,921

244

2,165

3,152

300

3,452

35

1.6

2,179

240

2,419

3,650

369

4,019

43

1.7

6,637

427

7,063

2,672

308

2,979

0

0.4

6,325

390

6,715

2,670

328

2,998

0

0.4

3,133

399

3,532

1,464

181

1,646

0

0.5

2,311

237

2,548

1,195

102

1,297

0

0.5

3,014

61

3,074

1,930

160

2,090

0

0.7

3,247

48

3,295

2,067

143

2,210

0

0.7

1,824

147

1,971

5,473

447

5,920

0

3.0

1,381

122

1,503

3,626

389

4,015

0

2.7

427

0

427

1,022

22

1,044

91

2.4

380

0

380

1,006

147

1,153

80

3.0

Commelinales
Commelinaceae

Commelinaceae

Hemodoraceae

Pontederiaceae

Tradescantia fluminensis

Dichorisandra thyrsiflora

Anigozathos sp.

Pontederia cordata

Arecales
Arecaceae

Phoenix canariensis
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Table 7.3.1.c The concentrations (µg g-1 dry cell wall) of the phenolic acids in the lignified secondary cell wall preparations.

Order/family

Species

trans-pCA

cis-pCA

Total pCA

trans-FA

cis-FA

Total FA

pHBA

FA:pCA

4,292

112

4,404

2,131

99

2,230

0

0.5

4,535

164

4,699

2,167

143

2,310

0

0.5

14,493

257

14,750

3,566

321

3,887

0

0.3

14,891

202

15,093

3,509

296

3,805

0

0.3

22,406

394

22,800

3,092

153

3,245

0

0.1

22,493

319

22,813

2,999

120

3,119

0

0.1

14,982

321

15,304

3,194

107

3,301

0

0.2

17,547

521

18,068

3,763

162

3,925

0

0.2

17,765

72

17,838

6,139

107

6,246

0

0.4

16,499

48

16,547

5,662

93

5,755

0

0.3

13,216

575

13,791

1,210

106

1,316

40

0.1

13,241

435

13,676

1,178

61

1,239

32

0.1

8,856

48

8,904

2,494

52

2,545

12

0.3

9,487

474

9,961

2,642

50

2,692

9

0.3

4,560

55

4,615

6,745

220

6,965

0

1.5

4,943

49

4,991

6,513

207

6,720

0

1.3

Poales
Restionaceae

Baloskion tetraphyllum

Elegia capensis

Cyperaceae

Juncaceae

Cyperus papyrus

Juncus inflexus (Prep.A)1

Juncus inflexus (Prep.B)1

Typhaceae

Typha orientalis (Prep.A)2

Typha orientalis (Prep.B)2

Bromeliaceae

Ananas comosus
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Order/family

Species

trans-pCA

cis-pCA

Total pCA

trans-FA

cis-FA

Total FA

pHBA

FA:pCA

9,856

79

9,934

3,115

103

3,217

0

0.3

11,063

83

11,145

3,525

113

3,638

0

0.3

3,436

202

3,638

1,728

177

1,905

0

0.5

3,570

277

3,847

2,074

318

2,391

0

0.6

8,310

14

8,324

779

0

779

47

0.1

7,782

0

7,782

679

0

679

48

0.1

10,722

143

10,866

8,112

44

8,156

0

0.8

16,402

212

16,614

1,220

63

1,283

0

0.1

2,916

45

2,961

184

0

184

1,153

0.1

2,608

27

2,635

156

3

160

1,011

0.1

Zingiberales
Zingiberaceae

Musaceae

Strelitziaceae

Hedychium gardnerianum

Musa sp.

Strelitzia reginae

Commelinales
Commelinaceae Dichorisandra thyrsiflora

Arecales
Arecaceae

Phoenix canariensis
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7.3.2 DETERMINATION OF LIGNIN COMPOSITION USING THE DFRC METHOD

7.3.2.1 CHROMATOGRAMS AND MASS SPECTRA FROM THE DFRC METHOD
DEVELOPMENT UNDERTAKEN AT THE UNIVERSITY OF AUCKLAND

Figure 7.3.2a A region of the GC-MS total ion chromatogram from the lignified cell wall preparation
of Dichorisandra thyrsiflora, which displays a peak arising from the p-coumaroylated lignin unit,
S-pCAt, identified from the mass spectrum, (Fig.4.3.2e). The cell wall preparation for this analysis was
prepared and analysed at The University of Auckland, using the DFRC method without the SPE cleanup step, and the GC-MS monomers temperature programme.
Abundance
T IC : 1 2 1 1 0 2 X 4 .D
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5 0 .0 0

T im e -->

Figure 7.3.2b Total ion chromatogram from the lignified cell wall preparation of Dichorisandra
thyrsiflora analysed using the GC-MS monomers temperature programme.
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T
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Figure 7.3.2c Total ion chromatogram from the lignified cell wall preparation of Dichorisandra
thyrsiflora using the GC-MS esters temperature programme.

A

b u n d a n c

e
S

c

a n

4 3 9 2

( 2 7 . 2 0 3

m

in ) :
2 2 2

1 2 1 1 0 2 X

4 . D

1 9 0 0 0 0 0
1 8 0 0 0 0 0
1 7 0 0 0 0 0
1 6 0 0 0 0 0
1 5 0 0 0 0 0
1 4 0 0 0 0 0
1 3 0 0 0 0 0
1 2 0 0 0 0 0
1 1 0 0 0 0 0
1 0 0 0 0 0 0
9 0 0 0 0 0

1 3 1

1 7 9

8 0 0 0 0 0
7 0 0 0 0 0
6 0 0 0 0 0
5 0 0 0 0 0
4 0 0 0 0 0
1 0 3

3 0 0 0 0 0
2 0 0 0 0 0

1 4 7 1 6 3

2 6 4

7 7

1 0 0 0 0 0

5 5

1 1 7

2 4 1

2 0 5

2 8 02 9 4 3 0 8 3 2 5 3 4 1 3 5 5

0
4 0
m

/

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

2 0 0

2 2 0

2 4 0

2 6 0

2 8 0

3 0 0

3 2 0

3 4 0

3 6 0

z -- >

Figure 7.3.2d The mass spectrum for the Gt and Gc units showing the characteristic ions, m/z 222, 179
and 131, found in the lignified cell wall preparation of Dichorisandra thyrsiflora, analysed using both
the GC-MS monomers and esters temperature programmes.

147

A b u n d a n c e
S c a n

2 2 0 0 0 0 0

4 6 1 2

(2 8 . 3 6 1

m in ) :
2 5 2

1 2 1 1 0 2 X 4 .D

2 0 0 0 0 0 0

1 8 0 0 0 0 0

1 6 0 0 0 0 0

1 4 0 0 0 0 0

1 2 0 0 0 0 0

1 0 0 0 0 0 0

8 0 0 0 0 0

6 0 0 0 0 0
2 0 9
1 6 1

4 0 0 0 0 0

2 0 0 0 0 0

9 1
5 5

1 1 5

1 8 1

1 3 3

2 9 4
2 3 4

7 3

0
4 0

6 0

8 0

2 7 0

3 1 43 3 1

3 5 5

4 2 9

1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0 2 2 0 2 4 0 2 6 0 2 8 0 3 0 0 3 2 0 3 4 0 3 6 0 3 8 0 4 0 0 4 2 0

m / z -->

Figure 7.3.2e The mass spectrum for Sc and St units showing the characteristic ions, m/z 252, 161,
209, found in the lignified cell wall preparation of Dichorisandra thyrsiflora, analysed using the GCMS monomers or esters temperature programmes.
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Figure 7.3.2f The mass spectrum in the internal standard of 4,4’-ethylidenebisphenol (EDB) added to
the sample of lignified cell wall preparation of Dichorisandra thyrsiflora, and analysed using the GCMS monomers or esters temperature programmes.
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7.3.3 FINALISED DFRC METHOD FOR CELL WALL ANALYSES CARRIED OUT AT
UNIVERSITY OF WISCONSIN BY THE J.RALPH LABORATORY GROUP

The lignin units were identified using the retention times and the ratio of the selected ions shown in
Table 7.3.3a. The area of the total ion chromatogram observed for the three ions was integrated and the
concentration of the lignin units determined using response factors and the internal standard to correct
for instrumental error, measured at 1% (S. Karlen personal communication).

Table 7.3.3a The DFRC decomposition products (model compounds) used to determine GC-MS
response parameters using the GC-MS temperature programme outlined in Chapter 4.

RT (min)
6.6

RF (x 10 )
5.71

m/z (rel.
intensity)
149 (100)

G-units

7.5

4.35

222 (100)

179 (60)

131 (80)

S-units

8.3

3.14

252 (100)

161 (34)

209 (28)

BPA1

8.7

1.19

199 (100)

214 (50)

256 (30)

G-pCAcis

16

3.04

131 (100)

163 (60)

370 (35)

G-pCAtrans

18.2

3.04

131 (100)

163 (60)

370 (35)

S-pCAcis

19.1

5.57

161 (100)

193 (50)

400 (75)

S-pCAtrans

22.4

5.57

161 (100)

193 (50)

400 (75)

DEDF2

30.3

1.63

350 (100)

442 (45)

484 (16)

Compound
H-units

-5

m/z (rel.
intensity)
192 (83)

m/z (rel.
intensity)
133 (67)

The internal standards 1bis-(4-acetoxyphenyl)ethane and 25,5΄ diethyl diferulate.
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Table 7.3.3b The DFRC results showing the concentration (μmol mg-1) of the lignin units (monomers and p-coumaroylated units) in duplicate samples of the
lignified cell wall preparations analysed at University of Wisconsin.
Lignin units (μmol mg-1 cell wall)

Poales
Baloskion tetraphyllum
Elegia capensis
Cyperus papyrus
Juncus inflexus (Prep. B)
Typha orientalis (Prep. A)
Ananas comosus
Zingiberales
Hedychium gardnerianum
Strelitzia reginae
Commelinales
Dichorisandra thyrsiflora
Arecales
Phoenix canariensis

S-pCA

pcoumaroylated
units

Total lignin
units

H-units

G-units

S-units

Monomer
lignin units

3
0
0
0
24
30
359
595
0
0
0
0

268
233
693
52
428
474
839
1,607
366
652
46
1008

255
45
1,460
96
26
35
588
1,966
94
139
76
1,993

525
278
2,153
148
478
539
1,786
4,168
460
791
122
3,001

17
0
5
4
29
57
12
14
101
21
3
10

221
0
691
80
238
424
336
531
166
24
65
746

238
0
696
84
267
481
348
545
268
44
68
756

763
278
2,849
232
745
1,020
2,133
4,713
728
836
190
3,757

0
0
11
21

279
163
712
1,230

205
124
274
399

484
287
997
1,650

4
0
19
1

383
29
383
23

386
29
402
24

870
317
1,399
1,674

0
0

1,646
910

1,306
472

2,952
1,382

22
2

3,762
274

3,784
276

6,736
1,658

62
66

1,060
1,157

2,188
2,395

3,310
3,618

3
2

195
178

198
180

3,508
3,798

G-pCA
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7.3.3.1 CHROMATOGRAMS OF CELL WALL PREPARATIONS ANALYSED AT UNIVERSITY OF
WISCONSIN

Determination of the monomer lignin units (H-,G-S-) and p-coumaroylated units (G-pCA and S-pCA)
found in the lignified cell wall preparations using the DFRC method and GC-MS analysis carried out
by the J. Ralph laboratory group.

Figure 7.3.3a A section of the GC-MS chromatogram showing the monomer H,G,S-lignin units in the
lignified cell wall preparations analysed by the DFRC method.
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Figure 7.3.3a continued A section of the GC-MS chromatogram showing the monomer H,G,S-lignin
units in the lignified cell wall preparations analysed by the DFRC method.
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Figure 7.3.3b A section of the GC-MS chromatograms showing the p-coumaroylated lignin units
(S-pCA and G-pCA) in the lignified cell wall preparations analysed by the DFRC method.
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Figure 7.3.3b continued A section of the GC-MS chromatograms showing the p-coumaroylated lignin
units (S-pCA and G-pCA) in the lignified cell wall preparations analysed by the DFRC method.
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Figure 7.3.3b continued A section of the GC-MS chromatograms showing the p-coumaroylated lignin
units (S-pCA and G-pCA) in the lignified cell wall preparations analysed by the DFRC method.
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Figure 7.3.3b continued A section of the GC-MS chromatograms showing the p-coumaroylated lignin
units (S-pCA amd G-pCA) in the lignified cell wall preparations analysed by the DFRC method.
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Table 7.3.3c The average proportions ± standard deviations for each order of lignin units as a percentage (%) of the total lignin units (monomer and
p-coumaroylated units), and the G-pCA and S-pCA as a percentage of the total S- or G- units1 and total p-coumaroylated units2.

H:
total units

G:
total units

S:
total units

G-pCA:
total units

S-pCA:
total units

S-pCA:
S-units1

G-pCA:
G-units1

G-pCA:
G/S-pCA2

S-pCA:
G/S-pCA2

Poales

7±7%

44±21%

28±18%

3±4%

24±11%

47±26%

6±6%

12±16%

88±16%

Zingiberales

1±0%

52±17%

27±9%

1±1%

21±19%

37±29%

1±1%

3±3%

97±3%

Commelinales3

0%

40%

24%

0%

36%

55%

1%

1%

99%

Arecales3

2%

30%

63%

0%

5%

8%

0%

1%

99%
3

Values of <0.1% are annotated as trace (tr) and values of 0.1 to 0.9 annotated as <1, if no result was achieved or not detected this is annotated as not applicable (n/a). Only one species
examined.
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APPENDIX D
7.4.1

OLIGOSACCHARIDE AND POLYSACCHARIDE REFERENCE PREPARATIONS

The assignment of chemical shifts for the standard compounds was with reference to the literature
which is cited following the name of each standard.

1. Glucans (homo- and hetero-glucans)

(14)--D-Glucan (cellulose); cellobiose, cellotetraose (Flugge et al., 1999).

-D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(14)-D-Glcp

NR

R

I

R

(13)--D-Glucan (callose); laminaribiose, laminaritriose (Dais and Perlin, 1982).

-D-Glcp-(13)--D-Glcp-(13)-D-Glcp

NR

R

I

R

(13),(14)--D-Glucan (Cui et al., 2000; Jamois et al., 2005). Lettering system of Cui et al (2000).

B

C

A

B

3)--D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(13)--D-Glcp-(1








Cellotriosyl unit 

C

D

A

B

3)--D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(13)--D-Glcp-(1

Cellotetraosyl unit
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Tamarind xyloglucan preparation; xyloglucan oligosaccharides of XXXG, XXLG, XLXG, XLLG
(Fry et al., 1993; Picard et al., 2000). Lettering system of Fry et al (1993) and Picard et al (2000).

C
B
A
4)--D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(14)--D-Glcp-(1
6
6
6



-D-Xylp
-D-Xylp
-D-Xylp
XXXG
2
2


-D-Galp
[-D Galp]
XLXG [XLLG]

Lactose
β-D-Galp-(14)-D-Glcp
NR

R

2ˈ-Fucosyllactose
α-L-Fucf-(12)-β-D-Galp-(14)-D-Glcp
NR

I

R

2. Xylans (heteroxylans)
Xylotetraose (Teleman et al., 2000).
-D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(14)-D-Xylp

NR
I
R

4-O-Methylglucuronoxylan (birch) (Vignon and Gey, 1998; Kim and Ralph, 2010; Jensen et al.,
2011).
4)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(1
2


4-O-Me--D-GlcpA
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Wheat starchy endosperm arabinoxylan (Skendi et al., 2011).
4)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(14)--D-Xylp-(1
3
2 3
 

-L-Araf
-L-Araf -L-Araf
 


3. Mannans (homomannans and heteromannans)
Mannotetraose (Schröder et al., 2001).



Manp-(14)--D-Manp-(14)--D-Manp-(14)-D-Manp
NR

I

R

Glucomannan (konjac) (Katsuraya et al., 2003; Teleman et al., 2003; Rakhimov et al., 2004).

4)--D-Manp-(14)--D-Manp-(14)--D-Glcp-(14)--D-Glcp-(1
2
3


O-Acetyl
O-Acetyl

6 3 ,6 4 -α-D-Galactosyl-mannopentaose (from carob galactomannan) (Davis et al., 1995; Capek
et al., 2002). Lettering and numbering system of Davis et al (1995).

5
4
3
2
1
-D-Manp-(14)--D-Manp-(14)--D-Manp-(14)--D-Manp-(14)--D-Manp
6
6


-D-Galp
-D-Galp
A
B
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4. Pectic polysaccharides
1,4-β-Galactan (lupin) (Dais and Perlin, 1982; Girault et al., 1997; Habibi et al., 2004).
4)--D-Galp-(14)--D-Galp-(14)--D-Galp-(14)--D-Galp-(1

Arabinotriose (Colquhoun et al., 1994).






-L-Araf-(15)--L-Araf-(15)-L-Araf
NR

I

R



Sugarbeet arabinan (linear) (Colquhoun et al., 1994; Westphal et al., 2010).
5)--L-Araf-(15)--L-Araf-(15)--L-Araf-(15)--L-Araf-(1

Sugarbeet arabinan (branched) (Imkovic et al., 2010).

5)--L-Araf-(15)--L-Araf-(15)--L-Araf-(15)--L-Araf-(15)--L-Araf
3
3



-L-Araf
-L-Araf
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7.4.2 POLYSACCHARIDE ANOMERIC REGION OF THE SPECTRA FOR GLUCANS

Figure 7.4.2a The polysaccharide anomeric region of the spectra from cellobiose, cellotetraose,
laminaribiose and laminaritriose.
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Figure 7.4.2b The polysaccharide anomeric region of the spectra from from (1,3)(1,4)-β-glucan
(barley), xyloglucan heptasaccharide (XXXG), xyloglucan oligosaccharide mixture, and
2ˈ-fucosyllactose.
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Figure 7.4.2c The polysaccharide anomeric region of the spectra from lactose and xyloglucan
(tamarind), where in the latter, the grey indicates contaminants in the preparation.
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7.4.3 THE POLYSACCHARIDE ANOMERIC REGION OF THE SPECTRA FOR XYLANS

Figure 7.4.3a The polysaccharide anomeric region of the spectra from xylotetraose,
4-O-methyl-glucurono-xylan (Sigma Birch) and arabinoxylan (wheat starchy endosperm).

165

7.4.4 POLYSACCHARIDE ANOMERIC REGION OF THE SPECTRA FOR MANNANS

Figure 7.4.4a The polysaccharide anomeric region of the spectra from from mannotetraose,
6 3 ,4 4 -α-D-galactosyl-mannopentaose (from carob galactomannan), and glucomannan (konjac).
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7.4.5

POLYSACCHARIDE

ANOMERIC

REGION

OF

THE

SPECTRA

FOR

PECTIC

POLYSACCHARIDES

Figure 7.4.5a The polysaccharide anomeric region of the spectra from 1,4-β-galactan (lupin),
arabinotriose, arabinan (linear) and arabinan (branched).
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Table 7.4a The 2D-NMR spectroscopy chemical shifts for reference cell-wall oligosaccharide and polysaccharides reference preparations.

1. Glucans and

C1/H1

C2/H2

C3/H3

C4/H4

C5/H5

C6/H6

1,4-α-Glcp (R)

91.9/5.04

-

-

-

-

-

1,4-β-Glcp (R)

96.3/4.46

74.7/3.13

75.1/3.44

80.8/3.44

75.1/3.44

β-Glcp1,4 (NR)

103.3/4.38

73.8/3.15

76.8/3.32

70.1/3.21

76.8/3.32

related oligosaccharides
Cellobiose

β-Glcp

60.5/3.73, 61.3/3.53,60.8/3.81

Cellotetraose
1,4-α-Glcp (R)

91.6/5.03

-

-

1,4-β-Glcp (R)

96.3/4.46

74.0/3.14

74.4/3.48

β-Glcp1,4 (NR)

103.2/4.37

74.0/3.14

74.4/3.47

69.7/3.20

1,4-β-Glcp (I)

102.4/4.44

72.9/3.20

74.4/3.46

79.8/3.46

-

-

-

76.6/3.31

60.1/3.88
60.4/3.81

76.6/3.31

60.3/3.72

Laminaribiose
1,3-α-Glcp (R)

91.9/5.13

71.0/3.50

1,3-β-Glcp (R)

96.5/4.53

73.9/3.23

β-Glcp1,3 (NR)

104.2/4.45

85.2/3.75

76.9/3.33
76.9/3.33

Laminaritriose
1,3-α-Glcp (R)

91.9/5.13

1,3-β-Glcp (R)

96.5/4.52

β-Glcp1,3 (NR)

104.0/4.52

1,3-β-Glcp (I)

103.4/4.58

β-Glcp

71.2/3.50

84.9/3.79

77.0/3.31

73.9/3.22

77.0/3.32

86.6/3.57 88.1/3.49

68.5/3.35

76.3/3.37

61.0/3.82

60.9/3.55
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(1,3)(1,4)-β-Glucan (barley)

C1/H1

1,3-α-Glcp (R)

92.0/5.12

1,3-β-Glcp (R)

96.6/4.51

1,4-α-Glcp (R)

92.1/5.07

1,4-β-Glcp (R)

96.9/4.47

C2/H2

C3/H3

C4/H4

C5/H5

C6/H6

1,4-β-Glcp1,3 (I) (A)

103.7/4.56

73.5/3.28

74.7/3.49

80.2/3.48

74.7/3.49

60.2/3.92, 60.2/3.71

1,3-β-Glcp1,4 (I) (B)

102.9/4.47

72.2/3.35

87.3/3.54

68.3/3.34

76.5/3.37

60.8/3.55, 60.8/3.81

1,4-β-Glcp1,4 (I) (C)

102.9/4.48

73.0/3.22

74.7/3.49

80.2/3.48

74.7/3.49

60.2/3.92, 60.2/3.71

1,4-β-Glcp1,4 (I) (D)

102.9/4.49

73.0/3.22

74.7/3.49

80.2/3.48

74.7/3.49

60.2/3.92 60.2/3.71

Xyloglucan heptasaccharide XXXG
1,4-α-Glcp (R)

91.9/5.05

1,4-β-Glcp (R)

96.5/4.49

71.5/3.76

60.2/3.78
80.4/3.51

60.2/3.88, 60.4/3.72

1,4-β-Glcp (I) (A)

102.6/4.48

66.2/3.93, 66.1/3.84

1,4-β-Glcp (I) (B)

102.6/4.48

66.2/3.93, 66.1/3.84

β-Glcp1,4 (NR) (C)

103.2/4.40

76.2/3.35

98.7/4.76

72.9/3.74

1,4-α-Glcp (R)

91.7/5.06

71.5/3.76

1,4-β-Glcp (R)

96.4/4.49

α-Xylp (NR) linked to O-6 of β-Glcp
(A,B,C)

66.2/3.93, 66.5/3.74
61.6/3.52

Xyloglucan oligosaccharide mix

1,4-β-Glcp (I) with α-Xylp at O-6 (A+B)

102.4/4.48

β-Glcp1,4 (NR) with α-Xylp at O-6 (C)

103.4/4.39

α-Xylp (I) linked to O-6 of β-Glcp with
β-Galp at O-2

60.2/3.77
80.2/3.52

60.4/3.86, 60.5/3.67
66.3/3.93

76.3/3.35

66.5/3.74

98.4/4.96

α-Xylp (NR) linked to O-6 of β-Glcp

98.8/4.74

β-Galp(NR) linked to O-2 of α-Xylp

105.7/4.37

72.9/3.74

61.7/3.50
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2ˈ-Fucosyllactose

C1/H1

1,4-α-Glc (R)

91.8/4.99

1,4-β-Glc (R)

96.6/4.41

1,2-β-Galp (I)

100.9/4.39

α-Fucp (NR) linked to O-2 of β-Galp

100.3/5.10

C2/H2

C3/H3

C4/H4

C5/H5

C6/H6

Lactose
1,4-α-Glc (R)

91.9/5.02

1,4-β-Glc (R)

96.7/4.45

β-Galp (NR) linked to O-2 of β-Glc

104.0/4.32

Xyloglucan (tamarind) prep.
1,4-α-Glcp (R)

92.3/5.06

76.7/3.31

1,4-β-Glcp (R)

96.8/4.46

76.7/3.32

102.7/4.46

76.7/3.33

1,4-β-Glcp (I) with β-Xylp at O-6
α-Xylp (NR) linked to O-6 of β-Glcp
Galp (NR) linked to O-2 of α-Xylp
1,5-α-Araf (I) with α-Araf attached at
O-3 (contaminant in prep.)
1,5-α-Araf (I) (contaminant in prep.)

99.0/4.74
105.8/4.37
107.4/5.07

60.5/3.62
82.1/3.99

77.0/3.84

84.0/3.90

66.7/3.76
66.6/3.63

108.1/4.91

2. Xylans
Xylotetraose
1,4-α-Xylp (R)

92.2/5.00

63.4/3.25

1,4-β-Xylp (R)

97.2/4.37

63.4/3.96

β-Xylp1,4 (NR)

101.5/4.35

1,4-β-Xylp (I)

101.5/4.35

1,4-β-Xylp

65.8/3.79
65.9/3.16
66.5/3.73
72.7/3.18

73.7/3.39

75.2/3.61

170

4-O-methyl-glucurono-xylan
(Sigma Birch)

C1/H1

C2/H2

C3/H3

C4/H4

C5/H5

1,4-α-Xylp (R)

92.4/5.02

63.4/3.25

1,4-β-Xylp (R)

97.5/4.38

63.3/3.97

1,4-β-Xylp (I)

101.8/4.38

C6/H6

65.9/3.16

β-Xylp1,4 (NR)

65.7/3.79

1,4-β-Xylp unassigned

72.8/3.20

74.0/3.41

75.4/3.64

α-4-O-Me-GlcA (NR) linked to O-2 of
97.5/5.21

β-Xylp
Arabinoxylan

(wheat

starchy

endosperm)
α-Araf (NR) linked to O-3 of singly
substituted Xylp
α-Araf (NR) linked to O-3 of doubly
substituted Xylp
α-Araf (NR) linked to O-2 of doubly
substituted Xylp

107.7/5.30

86.3/4.15

107.9/4.91

84.7/4.14

108.8/5.13

84.1/4.00
81.6/4.01,

α-Araf

80.1/3.99,
82.3/4.06

1,4-α -Xylp (R)

92.7/5.04

63.2/3.27

1,4-β-Xylp (R)

97.3/4.37

63.3/3.97

1,4-β-Xylp(I) un-substituted

101.6/4.38

1,4-β-Xylp (I) mono-substituted

102.6/4.46

1,4-β-Xylp (I) doubly substituted

102.8/4.62

1,4-β-Xylp

72.6/3.21

73.8/3.41

75.1/3.64
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3. Mannans

C1/H1

C2/H2

C3/H3

C4/H4

C5/H5

69.6/3.91

71.9/3.57

76.8/3.78

75.2/3.35

C6/H6

Mannotetraose
1,4-α-Manp (R)

93.9/5.04

1,4-β-Manp (R)

93.9/4.68

β-D-Manp1,4 (NR)

100.3/4.57

1,4-β-Manp (I)

100.3/4.63

3

4

6 ,6 -α- D-Galactosylmannopentaose
1,4-α-Manp (R) (1)

93.8/5.05

1,4-β-Manp (R) (1)

94.1/4.69

1,4-β-Manp (2)
1,4-β-Manp (3) with α-Galp linked at
O-6
1,4-β-Manp (4) with α-Galp linked at
O-6
β-Manp 1,4 (NR) (5)

100.6/4.63

75.2/3.38

100.6/4.63

71.5/3.60

66.5/3.73

100.6/4.63

73.4/3.63

66.4/3.85

100.6/4.63

73.4/3.42

1,4-β-Manp (2,3,4,5) or (I, NR)

66.8/3.49

77.4/3.26

77.8/3.86,
77.5/3.76, 77.3/3.82

α-Galp (NR) linked to O-6 of Manp
(A,B)

99.1/4.88

68.6

69.0/3.87

69.6/3.94

71.2/3.81

60.6/3.66, 61.1/3.56, 61.2/3.85
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Glucomannan (konjac)

C1/H1

1,4-α-Glcp (R)

91.9/5.05

1,4-β-Glcp (R)

96.6/4.45

1,4-β-Glcp (I)

102.7/4.43

1,4-β-Glcp unassigned
1,4-α-Manp (R)

93.7/5.04

1,4-β-Manp (R)

94.1/4.70

1,4-β-Manp (I)

100.4/4.65

1,4-β-Manp (I) with Ac linked to O-2

98.4/4.87
100.4/4.87

1,4-β-Manp (I) with Ac linked to O-3

C2/H2

C3/H3

73.0/3.21

74.6/3.48

C4/H4

C5/H5

79.1/3.53 79.9/3.50

C6/H6

60.4/3.71

70.5/5.42
73.4/4.93

4. Pectic polysaccharides
(1,4)-β-Galactan from lupin RG-I
1,4-β-Galp (I)

105.4/4.40

72.6/3.56

1,5-α-Araf (R)

101.9/5.09

81.6/3.97

1,5-β-Araf (R)

95.8/5.13

1,5-α-Araf (I)

108.2/4.89

80.8/4.05

α-Araf 1,5 (NR)

108.2/4.90

80.8/4.05

73.6/3.54

78.7/3.88

74.2/3.51

Arabinotriose

61.4/3.66
61.3/3.54
61.4/3.67
61.3/3.54

Arabinan from sugarbeet RG-I
(linear)
1,5-α-Araf (R) (weak)

102.1/5.12

1,5-β-Araf (R) (weak)

96.1/5.16

1,5-β-Araf (I)

108.2/4.91

81.7/3.99

77.4/3.83

67.0/3.61
67.1/3.75
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Arabinan

from sugarbeet

RG-I

(branched)

C1/H1

C2/H2

C3/H3
77.3/3.86

1,5-α-Araf (I)

108.3/4.92

81.8/4.01

α-Araf (NR) linked to O-3 of α-Araf

107.3/5.07

80.5/4.12

C4/H4

C5/H5

C6/H6

67.0/3.61
67.1/3.75
66.8/4.02
67.0/4.10
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7.4.6 ALIPATIC SIDE-CHAIN REGION OF THE CELL WALL SPECTRA SHOWING ACETYL
SUBSTITUTION
In the aliphatic side-chain region of the cell wall spectra, the number in the parenthesis indicates the
carbon number for the signal arising from the glycosyl residue.

Figure 7.4.6a Spectra from the aliphatic side-chain region from non-lignified wall preparations of the
Poales species: Typha orientalis, Aechmea fasciata, Ananas comosus and Zingiberales species: Canna
indica.
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Figure 7.4.6b Spectra from the aliphatic side-chain region from non-lignified wall preparations of the
Zingiberales species: Maranta leuconeura, Hedychium gardnerianum, Heliconia schiedeana, and
Strelitzia reginae.
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Figure 7.4.6c Spectra from the aliphatic side-chain region from non-lignified wall preparations of the
Commelinales species: Tradescantia fluminensis, Dichorisandra thyrsiflora, Anigozanthos sp., and
Pontederia cordata.
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Figure 7.4.6d Spectrum from the aliphatic side-chain region from non-lignified wall preparation of the
Arecales species: Phoenix canariensis.

178

Figure 7.4.6e Spectra from the aliphatic side-chain region from lignified wall preparations of the
Poales species: Baloskion tetraphyllum, Elegia capensis, Cyperus papyrus, and Juncus inflexus (Prep.
A).
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Figure 7.4.6f Spectra from the aliphatic side-chain region from lignified wall preparations of the
Poales species: Juncus inflexus (Prep. B), Typha orientalis (Prep. A and B), and Ananas comosus.
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Figure 7.4.6g Spectra from the aliphatic side-chain region from lignified wall preparations of the:
Hedychium gardnerianum, Musa sp., Strelitzia reginae; and the Commelinales species: Dichorisandra
thyrsiflora.
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Figure 7.4.6h Spectrum from the aliphatic side-chain region from lignified wall preparation of the
Arecales species: Phoenix canariensis.
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