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Abstract  

Collenchyma cells are one of the main mechanical supporting cell types in growing 

organs of herbaceous and woody plants. When mature, their cell walls are heavily thickened 

and have a polylamellate structure. However, little is known about the chemical 

composition of collenchyma cell walls and how they change during development. 

Furthermore, how the cellulose microfibrils are deposited and arranged to form ordered 

polylamellate structures in collenchyma cell walls is uncertain. In the current study, sub-

epidermal collenchyma strands from celery (Apium graveolens L.) petioles were isolated and 

used as starting material. The monosaccharide and glycosyl-linkage compositions of isolated 

collenchyma cell walls from fully elongated celery petioles were determined. The 

compositions of fractions obtained by sequentially extracting walls with CDTA, Na2CO3, 1 M 

KOH and 4 M KOH were also determined. This showed that the collenchyma cell walls have 

similar polysaccharide compositions to those of parenchyma cell walls of many 

eudicotyledons. Changes in the thickness and polysaccharide compositions of collenchyma 

walls at four developmental stages were also studied using transmission electron 

microscopy, chemical analysis, immunofluorescence and immunogold microscopy with 

monoclonal antibodies, and by solid-state 13C NMR. During development, no wall thickening 

occurred after the cells had stopped elongating, demonstrating that collenchyma cell walls 

are primary walls. During development, the degree of methyl esterification of 

homogalacturonan, and the proportions of the rhamnogalacturonan-I side chains 

decreased, whereas the proportions of cellulose, xyloglucans and heteroxylans increased. 

These changes were associated with an increased rigidity of the cellulose and 

homogalacturonan. Remarkable changes in the fine structure of cell walls also occurred 

during development. Oblique sections stained with a carbohydrate-specific stain and 

examined by transmission electron microscopy showed a “V-shaped” herringbone pattern 

that became increasingly evident in the collenchyma walls during development. 

Examination of the orientation of cellulose microfibrils immediately under the plasma 

membrane by atomic force microscopy and field emission scanning electron microscopy 

showed they were oriented transversely. However, in the layer beneath, they were oriented 

at a high angle. Small angle X-ray scattering (SAXS) was also conducted on whole 

collenchyma strands to obtain the angular distribution of cellulose microfibrils relative to 

the long axis of the cells. This showed that the cellulose microfibrils were predominately 

oriented longitudinally and the proportion oriented in this direction increased gradually 

during development.   
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1 

 

Chapter 1- General introduction 

 

1. 1 Collenchyma  

1.1.1 Function, location and different types 

The term “collenchyma” is derived from the Greek “κóλλα”, meaning glue, and refers to 

the thick, glistening appearance of collenchyma cell walls (Esau, 1965; Fahn, 1990; Leroux, 

2012). The tissue is widely distributed in stems, petioles, leaves, floral parts and roots of 

herbaceous and woody plants, and provides mechanical support, especially in their early 

development. Collenchyma is often located in peripheral positions of organs and lies either 

immediately below the epidermis or beneath several layers of parenchyma (Figure 1.1A, B). 

The peripheral collenchyma can form a continuous layer around the circumferences of 

stems. It can also occur as protruding ribs, especially in herbaceous and woody stems or 

petioles that have not gone through secondary growth (Evert, 2006), such as the petioles of 

celery (Apium graveolens) (Figure 1.1A). Apart from its peripheral distribution, collenchyma 

also occurs associated with vascular bundles (fascicular collenchyma), either on the phloem 

side or xylem side (Figure 1.1C), or completely surrounding the bundle.  

Collenchyma has been classified into four main types (Figure 1.2): angular collenchyma, 

the commonest type, in which the wall thickenings are mainly restricted to cell corners 

where three or four cells meet, such as in the petioles of celery (Apium graveolens), stems 

of deadly nightshade (Atropa belladonna) and potato (Solanum tuberosum); lamellar 

collenchyma, in which the inner and outer tangential walls are thickened more heavily than 

the radial ones, such as in the stems of elder (Sambucus nigra), buckthorn (Rhamus pumila) 

and the petiole of horseradish (Cochlearia armoracia); annular collenchyma, in which the 

walls are thickened uniformly around the lumen, such as in the petioles of cow parsnip 

(Heracleum lanatum) and sweetgum (Liquidamber styraciflua); lacunar collenchyma, in 

which the wall thickenings are mainly in the regions adjacent to the intercellular spaces, 

such as in the petioles of winter heliotrope (Petasites gragrans), milkweed (Asclepias 

syriaca) and marshmallow (Althaea armeniaca).  
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Figure 1. 1 Location and morphology of collenchyma from celery (Apium graveolens L.) 

petioles. (A) Bright-field light micrograph of transverse section of a fresh petiole stained 

with acridine red, chrysoidine and astra blue showing the protruded collenchyma. (B) Higher 

magnification of transverse section of a collenchyma strand outlined by the rectangular in 

(A). (C) Transverse section of a resin-embedded celery petiole stained with toluidine blue 

showing the peripheral and fascicular collenchyma. Abbreviations: c, collenchyma; p, 

parenchyma; e, epidermis cells; ph, phloem, x, xylem. Scale bars: A= 500 μm; B, C= 100 μm. 

Images were reproduced from Leroux (2012).  

 

 

 

Figure 1. 2 Schematic drawing of 

four different types of 

collenchyma. (A) Angular. (B) 

Lamellar. (C) Annular. (D) Lacunar. 

Reproduced from Leroux (2012).  
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1.1.2 Collenchyma cells  

Originating from ground meristem or a procambium strand, collenchyma cells usually 

pass through three developmental stages before maturation, namely the “initial” stage, the 

“mother-cell” stage and the “two-celled” stage. In the “initial” stage, periclinal and anticlinal 

longitudinal divisions predominate initially, followed occasionally by transverse divisions. 

Such divisions occur rapidly, and the cells enlarge slightly (Figure 1.3A, B). Only when the 

last division has been completed do the cells start to elongate, signifying the end of the 

initial stage (Majumdar and Preston, 1941). The resulting mother cells (Figure 1.3C, D) may 

develop directly into mature collenchyma cells, but most likely, they will be divided into two 

daughter cells by an obliquely transverse wall. This is the “two-celled” stage (Figure 1.3E). 

Further development includes mainly cell elongation and wall thickening, with little 

variation in cell width. The adult collenchyma cells differ remarkably in terms of length, 

shape and wall thickness when compared with those of young ones (Figure 1.3G). They can 

be fibre-like with extremely tapered ends, whose length can reach 2.5 mm, although rarely 

(Majumdar and Preston, 1941).  

 

 

 

A
B

C
D

E

F G

 Figure 1. 3 Development of 

collenchyma cells in a Heracleum 

Sphondylium L. internode. (A, B) 

Initial stage; (C, D) mother cell stage; 

(E) Comparison of an undivided 

mother cell and a mother cell divided 

into two daughter cells; (F) The 

growing two daughter cells from an 

adult internode; (G) A mature 

collenchyma cell from an adult 

internode. Reproduced from 

Majumdar and Preston (1941). 
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1.1.3 Celery collenchyma 

Celery collenchyma belongs to the angular type, and it has been widely studied as a 

representative of collenchyma (Spurr, 1957; Beer and Setterfield, 1958; Chafe, 1970; Jarvis 

et al., 1984; Thomas et al., 2013). Although it is located in two different regions, interest has 

focused mainly on the peripheral collenchyma (Figure 1.1), a bundle of collenchyma cells 

that can be easily pulled out using a pair of tweezers. Another advantage of celery 

collenchyma is the maturity of the cells correlates with the lengths of the celery petioles 

they are located in. In long petioles located at the outer region of celery bundles, the 

collenchyma cells are mature with thicker walls, whereas in short petioles, closer to the 

heart of the celery bundle, the collenchyma cells are younger with thinner walls (Beer and 

Setterfield, 1958). Hence, they are ideal materials for investigating the changes in 

collenchyma cell walls during development. Furthermore, the collenchyma cells in celery are 

aligned parallel to one another, with long axis of the cells being the same as the 

collenchyma strands. This helps to identify the orientation of wall polysaccharides relative 

to the axial direction. 

1.2 Compositions of collenchyma cell walls 

Although more than a century has passed since the discovery of cellulose in 

collenchyma cell walls (Leroux, 2012), little progress has been made in determining the 

chemical compositions of these thickened walls. Solid-state NMR spectra suggested wall 

compositions in collenchyma walls are similar to those of other eudicotyledons primary 

walls (Jarvis and Apperley, 1990), but those spectra failed to accurately quantify wall 

polysaccharides. Based on staining with pectic polysaccharides dyes, collenchyma cell walls 

are rich in pectic polysaccharides (Wardrop, 1969) which were demonstrated to control the 

thickness of walls through their swelling behaviour, as well as anchoring different lamellae 

in the walls (Jarvis, 1992).  

There has been some recent information determined by immunomicroscopy using 

monoclonal antibodies with epitopes specific for wall polysaccharides. Nevertheless, the 

information is fragmentary, and no systematic work has been conducted on a detailed 

chemical analysis of collenchyma cell walls.  
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1.2.1 Cellulose 

Cellulose is one of the most common components in plant cell walls. The content varies 

significantly among species, ranging from 20%-40% in primary cell walls, and is much higher 

in secondary cell walls. As the first identified constituent in collenchyma cell walls, it was 

reported to be less than 20% of the polysaccharides in Petasites vulgaris collenchyma cell 

walls (Roelofsen, 1959), but the method used is unclear. Cellulose consists of unbranched, 

unsubstituted (1→4)-β-D-glucan chains that interact laterally through extensive inter- and 

intra- molecular hydrogen bonding and hydrophobic interactions, forming cellulose 

microfibrils (CMFs). In celery collenchyma, the CMFs were reported to have 24 glucan chains 

with a diameter of ~ 3 nm (Figure 1.4) (Kennedy et al., 2007; Thomas et al., 2013). However, 

using a different approach, cellulose in primary cell walls have been found to likely contain 

18 chains (Newman et al., 2013), which agrees with the structure of the cellulose synthase 

complex (Hill et al., 2014).  

 

 

1.2.2 Pectic polysaccharides (pectins) 

Compared with cellulose, the pectic polysaccharides are much more diverse and are 

composed mainly of three domains: homogalacturonan (HG), rhamnogalacturonan I (RG-I) 

and rhamnogalacturonan II (RG-II). These domains covalently interconnect with each other. 

They have also been found to interact with other cell-wall components both covalently and 

non-covalently (Thompson and Fry, 2000; Zykwinska et al., 2008). Pectic polysaccharides are 

also involved in plant cell development by adjusting cell-cell adhesion, cell-wall extensibility 

and load bearing capacity (Wolf et al., 2009; Höfte et al., 2012).  

2.7 nm

Figure 1. 4 A 24-chain rectangular model of 

cross section of celery (Apium graveolens L.) 

collenchyma cellulose microfibril with 

estimated dimension of 3.3 × 2.7 nm. Image 

was adapted from Thomas et al (2013). 
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1.2.2.1 Homogalacturonan (HG) 

Homogalacturonan is usually the most abundant pectic polysaccharide domain in 

eudicotyledon primary cell walls, accounting for approximately 65% of total pectic 

polysaccharides (Mohnen, 2008). The HG polymer is composed of a linear backbone of α-

1,4-linked GalA residues (Figure 1.5) with a typical degree of polymerization of ~ 100 

(Thibault et al., 1993). It is important to note the carboxyl groups at C-6 can be methyl 

esterified, and there can be acetyl groups at C(O)2 and C(O)3. Immunomicroscopy with the 

monoclonal antibodies JIM5 and JIM7, which preferentially recognize low and high degrees 

of methyl esterified HG, respectively, demonstrated distinctive labeling of collenchyma cell 

walls in tomato petiole, with JIM5 labelling in the thickened region (especially at cell 

corners) and JIM7 throughout the walls (Jones et al. ,1997). However, Marcus et al (2008) 

found JIM5 labelling distributed throughout the collenchyma walls of tobacco stem, 

suggesting the pattern and distribution of methyl esterification differs among species. The 

status of methyl esterification of HG is also growth regulated, and commonly reduces during 

plant maturation (Derbyshire et al., 2007). Fenwick et al (1997) observed the proportion of 

methyl-esterified HG decreased from growing to mature celery collenchyma cell walls. The 

degree of methyl esterification in the walls appears to be a key component regulating the 

biophysical properties of cell walls and cell-cell adhesion by controlling the formation of so 

called “egg-box” structures with Ca2+ (Grant et al., 1973; Parre and Geitmann, 2005).   

1.2.2.2 Rhamnogalacturonan-I (RG-I) 

RG-I is another domain of pectic polysaccharides and usually accounts for about 20-35% 

of the total pectins (Mohnen, 2008), but the proportion of these in the pectic 

polysaccharides in collenchyma cell walls is unknown. The RG-I backbone consists of the 

disaccharide repeating unit →4)-α-D-GalpA-(1→2)-α-L-Rhap-(1→ (Figure 1.5).  The GalpA 

residues can be O-acetylated on C-2 and/or C-3, but no methyl esterified carboxyl group has 

been found (Komalavilas and Mort, 1989; Perrone et al., 2002). About 20-80% of backbone 

Rhap residues can be substituted at C-4 with polysaccharides or oligosaccharides rich in Araf 

and Galp residues. These include (1→5)-α-arabinans, (1→4)-β-galactans, arabino-4-

galactans and small proportions of arabino-3, 6-galactans (Harris and Stone, 2008) (Figure 

1.5). Immunofluorescence labelling carried out on transverse section of tobacco stem with 
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LM6, specific for (1→5)-α-arabinans, found they were distributed throughout collenchyma 

cell walls (Marcus et al., 2008). In another study (Jones et al., 1997), collenchyma cell walls 

from tomato petioles were also shown by LM5 labelling to have (1→4)-β-galactans, located 

mainly in the inner region of the walls. However, those results were incidental and the 

studies were not specifically directed at collenchyma cells. The biological functions of  

 

Figure 1. 5 Structures of homogalacturonan, rhamnogalacturonan I and its side chains. 

Reproduced from Harris (2005) and Harris and Stone (2008).  
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(1→5)-α-arabinans and (1→4)-β-galactans are not understood, but they have been found in 

relatively high proportions in proliferating and differentiating cell walls, respectively 

(Williats et al., 1999). They may also affect the mechanical properties of cell walls 

(McCartney et al., 2003; Verhertbruggen et al., 2009a; Leroux, 2012).  

1.2.2.3 Rhamnogalacturonan-II (RG-II) 

As the most structurally complex domain of pectic polysaccharides, RG-II usually 

accounts for ~ 10% of the total pectins (Mohnen et al., 2008). More than eleven different 

glycosyl residues can be found in RG-II, include some unusual sugars, such as D-apiose (D-

Apif), L-aceric acid (L-AcefA), 2-O-Me-L-Fucp, 2-O-Me-D-Xylp, 2-keto-3-deoxy-D-lyxo-

heptulosaric acid (Dha) and 2-Keto-3-deoxy-D-manno-octulosonic acid (KDO) (Figure 1.6). It 

also contains D- and L-Galp, D- GalpA, D-GlcpA, L-Araf, L-Arap, L-Rhap and L-Fucp (Harris, 

2005, 2009). The backbone of RG-II consists of at least seven galacturonic acid residues, with 

two structurally distinct oligosaccharide side chains (A and B) and two structurally distinct 

disaccharide side chains (C and D) attached at C-3 and C-2 of the backbone. The structure of 

RG-II is highly conserved in the plant kingdom except for some variations in side chain C. No 

direct evidence of RG-II in collenchyma cell walls has been reported so far. However, Spurr 

(1957) showed that the amount of boron in celery petioles affected the wall thickness of the 

collenchyma cells. In boron deficient plants, collenchyma cell walls were significant thinner 

than the controls. RG-II occurs mostly as a complex with boron, which enables two HG 

molecules to cross-link by formation of borate diester bridges (Ishii and Matsunaga, 2001; 

Chormova et al., 2014). Those complexes are thought to be essential for normal plant 

growth and development by affecting the pore size, strength and flexibility of cell walls (Ishii 

et al., 1999). The symptom of thinner walls that appeared in boron deficient celery 

collenchyma cells may be partly due to insufficient formation of RG-II-borate complex.  
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Figure 1. 6 Structure of the rhamnogalacturonan II (RG-II) domain of pectic polysaccharides 

identified from grape (Vitis vinifera). The substituents on the arabinopyranose residue of 

side chain B varies among species. Reproduced from Harris (2005).  

 

1.2.3 Xyloglucans 

Xyloglucans are an important family of polysaccharides in eudicotyledon primary cell 

walls, and have a molecular weight estimated to be up to 200, 000 Da. In eudicotyledons, 

xyloglucans commonly account for 20-30% of the dry mass of the walls (Hayashi, 1989), but 

can be low as 2% in celery parenchyma cell walls (Thimm et al., 2002). Xyloglucans show 

diverse structures among different species (Figure 1.7). They have a 1,4-linked β-glucan 

backbone like cellulose, of which approximately 75% of the β-D-glucosyl residues are 

substituted with a single α-D-xylosyl residue at C-6, forming the typical XXXG motif in most 

eudicotyledons xyloglucans. In fucogalactoxyloglucans, which are very common in 

eudicotyledons, some of the α-D-xylosyl residues can be further substituted by β-D-

galactosyl or α-L-Fucp-(1→2)-β-D-galactosyl residues at C-2 (Figure 1.7). In some plant 

families, such as Solanaceae, which contains tobacco (Nicotiana tabacum) and tomato 

(Solanum lycopersicum), fucosyl residues are absent and galactosyl residues are frequently 

replaced by arabinosyl residues. These xyloglucans are named arabinoxyloglucans (Figure 

1.7). Both fucogalactoxyloglucans and arabinoxyloglucans have acetyl groups attached. In 
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the former, O-acetylation is found mainly on D-Galp residues at C(O)4 or C(O)6, and to a 

lesser extent at C(O)3 (Kiefer et al., 1989), whereas in the latter, the acetyl groups occur 

attached to C(O)6 of Glc closest to the non-reducing end and (or) the C(O)5 of L-Araf 

residues (Hoffman et al., 2005; Harris, 2009). The monoclonal antibody LM15 that 

recognizes xyloglucans was found, in immunomicroscopy study, to be distributed 

throughout the walls of tobacco collenchyma, and was most abundant in walls adjacent to 

the plasma membrane (Marcus et al., 2008). In another study (Vissenberg et al., 2000), high 

amounts of active xyloglucan endotransglycosylase was observed in collenchyma of young 

celery petioles, suggesting occurrence of frequent disassembly and reassembly of 

xyloglucans in the walls.  

1.2.4 Heteroxylans and heteromannans 

In the primary cell walls of eudicotyledons, heteroxylans are minor components when 

compared with xyloglucans. They were found to be 2% of celery parenchyma cell walls 

(Thimm et al., 2002). The most common heteroxylans in eudicot primary walls are 

glucuronoxylans (Darvill et al., 1980; Mortimer et al., 2015; Chong et al., 2015; Peña et al., 

2016). They have a backbone composed of β-(1→4)-linked xylose residues, some of them 

were substituted with α-D-GlcpA and (or) 4-O-methyl-α-D-GlcpA residues normally at C(O)2  

(Harris and Stone, 2008; Mortimer et al., 2015; Chong et al., 2015) (Figure 1.7). Recently, 

another side chain, possibly α-L-Arap-(1→2)-GlcpA, was found in heteroxylans from 

Arabidopsis primary cell walls (Mortimer et al., 2015; Peña et al., 2016). Some Xylp residues 

in the xylan backbone bear O-acetyl substituent at C(O)2 and/or C(O)3  (Tan et al., 2013), 

which may affect the interaction with cellulose and xylan itself (Bromley et al., 2013; Busse-

Wicher et al., 2014).  

Heteromannans are also a quantitatively minor component of eudicotyledons primary 

cell walls, commonly present as galactoglucomannans. They have a backbone of alternating 

β-D-Glcp and β-D-Manp residues linked at 1→4, and bear side chains of either α-D-Galp 

residues or α-D-Galp-(1→2)-α-D-Galp residues attached to C(O)6 of Manp residues (Figure 

1.7).  
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Immunofluorescence microscopy using the monoclonal antibodies LM10 and LM11, 

which specifically bind to heteroxylans, has shown some labelling on the collenchyma cell 

walls of tobacco. LM10 labelling was localized to the inner region of wall thickenings, 

whereas LM11 labelling had the highest intensity in the outer region of wall thickenings at 

cell corners (Harvé et al., 2009). Using the same technique, collenchyma cell walls of 

tobacco (Nicotiana tabacum) stem were shown to have very weak labelling with the 

 

Figure 1. 7 The structure of 

xyloglucans, heteroxylans and 

heteromannans. The letters G, X, 

S, L and F denotes different side 

chains in xyloglucans. For 

simplicity, the possible acetylation 

is not shown. Reproduced from 

Harris (2005) with minor 

modifications.  
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monoclonal antibody LM21, which specifically binds to heteromannans, suggesting the 

presence of heteromannans in the walls (Marcus et al., 2010). However, such labelling 

studies were not specifically focused on collenchyma cell walls. The functions of 

heteroxylans and heteromannans in eudicotyledons primary walls, including collenchyma 

cell walls, are not understood, but they may have similar structural roles to xyloglucans 

(Scheller and Ulvakov, 2010).  

1.2.5 Glycoproteins 

Up to ~ 5% of eudicotyledon primary cell walls by dry weight consist of glycoproteins 

that include extensins, arabinogalactan proteins (AGPs), glycine-rich proteins (GRPs), 

proline-rich proteins (PRPs), as well as enzymes (Cassab, 1988; Albersheim et al., 2010). 

GRPs represent a class of proteins that have a repetitive primary structure containing up to 

70% glycine arranged in short amino acid repeat units (Showalter, 1993). PRPs are 

characterized by the repeating occurrence of Pro-Pro units (Showalter, 1993). AGPs are a 

family of structurally complex glycoproteins, which are located at the cell-surface, in cell 

walls and in the intercellular space (Albersheim et al., 2010). The carbohydrate moieties of 

AGPs account for more than 90% of the molecules. The carbohydrate portion (type II AGs) is 

linked to the Hyp residues of the protein and has a linear backbone of (1→3)-β-D-linked 

Galp residues, substituted with β-D-linked Galp or α-L-Araf residues at C(O)6. The side 

chains are usually terminated by L-Araf, L-Arap, D-GalpA, D-GlcpA (4-O-Me-GlcpA), D-Galp 

and L-Rhap (Fincher et al., 1983; Nothnagel, 1997; Tryfona et al., 2012) (Figure 1.8). AGPs 

have multiple functions in plants, such as interacting with pectic polysaccharides and 

regulation of the pore sizes of cell walls. They serve as a buffer between the rigid cell walls 

and the plasma membrane, as well as acting as signalling and communication molecules 

during cell differentiation and expansion (Johnson et al., 2003). There is no specific 

information about AGPs in collenchyma cell walls.  
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Figure 1. 8 A proposed structure of the carbohydrate component of arabinogalactan 

proteins from Arabidopsis leaves. The dotted line indicates the β-(1→3)-linked galactan 

backbone. The arrangement and presence of different side chains in AGPs is uncertain and 

probably varies among different species. Reproduced from Tryfona et al (2012).  

 

1.3 Collenchyma cell wall structure 

Unlike the walls of eudicotyledon parenchyma cells, collenchyma cell walls are often 

thick and can reach several micrometres in thickness, consisting of multiple layers. This 

polylamellate structure is clearly observed in pectin depleted collenchyma cell walls in 

oblique sections (Vian et al., 1993) (Figure 1.9). It was initially suggested that the layered 

structure formed through uneven distribution of pectin and cellulose, namely pectin-rich, 

cellulose poor lamellae alternated with cellulose rich, pectin poor ones. This interpretation 

also supported by the work of Majumdar and Preston (1941) and Beer and Setterfield 

(1958). However, contradictory results found cellulose distributed evenly in the whole 

collenchyma cell walls of Petasite vulgaris except for the outermost layer, whereas pectin 

was largely distributed in separate lamellae (Preston and Duckworth, 1946). To clarify the 

differing interpretations about the structure of collenchyma cell walls, Chafe (1970) 

conducted a comparison using different types of collenchyma cells and found the  
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Figure 1. 9 Transmission electron micrograph of the wall of a celery collenchyma cells and 

shows a polylamellate structure. Matrix polysaccharides were removed by incubation with 

DMSO. The arrow points from the inner to the outer walls where the polylamellate 

structure becomes less ordered. The walls were PATAg stained. pl- plasma lemma. 

Reproduced from Vian (1993). 

distribution of pectins in collenchyma cell walls was species dependent; in some species, the 

pectins were distributed evenly, whereas for others, including celery collenchyma, they 

showed lamellar distribution. Furthermore, Chafe (1970) found transversely oriented 

cellulose microfibrils distributed throughout collenchyma cell walls rather than confined to 

the innermost layer adjacent to the plasma membrane as described by Beer and Setterfield 

(1958). Contradictory results using X-ray diffraction were reported by Majumdar and 

Preston (1941), who examined mature collenchyma cells from cow parsnip (Heracleum 

sphondylium), and found nearly all the cellulose microfibrils were orientated longitudinally. 

Besides cellulose, pectins in collenchyma cell walls also showed highly axial orientation in 

Petasites vulgaris by means of polarization microscopy, X-ray diffraction and electron 

microscopy, rather than being in an amorphous status as a gel (Roelofsen and Kreger, 1951). 

However, the harsh treatment required to remove the cellulose may have caused artefacts 

and have changed the native state of the pectin.  
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To date, no agreement has been reached explaining how the cellulose microfibrils are 

deposited and arranged in order to form the polylamellate structures in collenchyma cell 

walls. Later research showed that when oblique sections depleted in HG and stained with 

PATAg are viewed by transmission electron microscopy, arcs or herringbone patterns are 

observed (Neville, 1985). Some earlier researchers (Roelofsen and Houwink, 1953; Beer and 

Setterfield, 1958; Roelofsen, 1966) suggested the cellulose microfibrils were deposited 

transversely, and then gradually changed their orientation to longitudinal as suggested by 

the multinet growth hypothesis (Figure 1.10A). However, the hypothesis was challenged 

with the discovery of the arcs or herringbone wall patterns and the findings that newly 

deposited cellulose microfibrils could be deposited either transversely or longitudinally (Cox 

and Juniper, 1973; Sawhney and Srivastava, 1975; Roland et al., 1975, 1977; Wardrop et al., 

1979), including celery collenchyma (Cox and Juniper, 1973; Roland et al., 1975; Wardrop et 

al., 1979). This led to an alternative “ordered growth” hypothesis (Roland et al, 1975), 

where the cellulose microfibrils deposited alternating transversely and longitudinally. More 

recently, the cellulose microfibrils in the thickened primary walls of outer epidermal cells 

have been shown to be deposited at multiple angles guided by cortical microtubules (Chan 

et al., 2010; Crowell et al., 2011; Chan, 2012) (Figure 1.9B). Whether the cellulose 

microfibrils in collenchyma cell walls deposit similarly or not requires further study.  
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Figure 1. 10 Diagrams illustrating 

multinet growth (A) and multiangle 

deposition (B) of cellulose 

microfibrils. The left panels in A 

and B denote the orientation of 

most recently deposited CMFs. The 

right panels with numbers denote 

the orientation of CMFs in different 

layers of cell walls. Green denotes 

the layer of cellulose adjacent to 

plasma membrane. Images were 

reproduced from Chan (2012).
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1.4 Analysis of wall polysaccharides 

1.4.1 Analysis of the chemical compositions of wall polysaccharides 

To determine the chemical compositions of primary cell walls, monosaccharide and 

glycosyl linkage compositions are commonly determined. For the former, the cell walls are 

first hydrolysed by 2 M trifluoroacetic acid (Albersheim et al., 1967; Harris et al., 1988) or by 

a two-stage sulphuric acid protocol (Saeman et al., 1963) followed by separation and 

quantification of the resulting monosaccharides using high-performance anion-exchange 

chromatography with pulsed amperometric detection (HPAEC-PAD) (Lee, 1996; 

Weitzhandler et al., 2004). Or, the resulting monosaccharides can be converted to volatile 

derivatives that are then separated and quantified by gas chromatography (GC) (Blakeney et 

al., 1983; Harris et al., 1988). The total amounts of uronic acids in cell walls can be 

determined independently using a colorimetric assay after acid hydrolysis of the cell walls 

(Filisetti-Cozzi and Carpita, 1991).  

The monosaccharide compositions of cell walls gives only an indication of the types of 

polysaccharides present. More information about the polysaccharides present can be 

obtained by determining the glycosyl linkage composition by doing a methylation analysis. 

Uronic acids in the walls are difficult to hydrolyse efficiently unless pre-reduced. In 

methylation analysis, free hydroxyl groups in the cell-wall polysaccharides are methylated, 

hydrolysed, reduced and acetylated to give partially methylated alditol acetates (Pettolino 

et al., 2012). These can be separated, identified and quantified by gas chromatography-mass 

spectrometry (GC-MS). The anomeric configuration of the glycosyl residues in the 

polysaccharides can be obtained through complementary techniques such as NMR 

(Mansfield et al., 2012).   

1.4.2 Localization of cell-wall polysaccharides 

Immunomicroscopy is a powerful technique that visualizes the spatial and temporal 

distribution of polysaccharides in cell walls by using monoclonal antibodies or carbohydrate-

binding modules (Lee and Knox, 2014). These probes may be directly coupled to a 

fluorescent dye or colloidal gold, but more usually, a secondary antibody labelled with a 

fluorescent dye or colloidal gold that can recognize its corresponding primary probe (Willats  
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Figure 1. 11 Immunolocalization of pectic polysaccharide in primary cell walls of 

eudicotyledons.  Immunofluorescence labelling pattern of the monoclonal antibodies LM19 

(A) and LM20 (B) (pink) that recognizes un-methyl esterified and methyl esterified HG, 

respectively, in the parenchyma cell walls from “Scifresh” apple cortex tissue. The whole cell 

walls were stained with Calcofluor White (that binds to cellulose) in blue. tj- tri-cellular 

junction. Scale bars= 10 μm (C, D) Immunogold labelling pattern of the monoclonal antibody 

LM6 that recognizes (1→5)-α-arabinan in parenchyma cell walls in a potato tuber. The 

arrowhead indicates the newly formed cell walls in the cortex. Scale bars= 1 μm. 

Reproduced from Ng et al (2013) and Bush and McCann (1999).  
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et al., 2000; Sutherland et al., 2009). Depending on the type of label, the distribution 

patterns of polysaccharide epitopes can be examined in tissues using a fluorescence or a 

confocal laser scanning microscope (Figure 1.11A, B), or within cell walls at an 

ultrastructural level by using a transmission electron microscope (TEM) (Figure 1.11C, D). 

Images from immunogold labelling need to be chosen and interpreted with caution to make 

sure they are representative of the whole tissue, as only a small number of cells are shown 

at high magnification in the TEM and recognition of the cell type can sometimes be difficult 

(Sutherland et al., 2009). For immunomicroscopy, fixed and embedded samples are 

commonly used.  In immunofluorescence and immunogold microscopy, non-specific binding 

sites in the cell walls are blocked before incubating with monoclonal antibodies or 

carbohydrate binding modules (Harvé et al., 2011). Epitopes in xyloglucans (Marcus et al., 

2008), heteroxylans (Harvé et al., 2009) and heteromannans (Marcus et al., 2010) can be 

masked by homogalacturonans that need to be removed from a sample by pectate lyase 

treatment before conducting immunomicroscopic experiments. 

1.4.3 Assessment of polysaccharide mobility by solid-state 13C NMR 

Solid-state NMR is a valuable technique for characterizing plant cell walls. Cross-

polarization (CP) with magic-angle spinning (CP/MAS) and CP related relaxation solid-state 

NMR experiments such as T1ρ
H (proton rotating-frame spin-lattice relaxation time), T2

H 

(proton spin-spin relaxation time), T1
C (13C spin-lattice relaxation time) are especially useful 

for investigating the mobilities of polymers and individual functional groups in polymers. 

This is particularly useful for research on plant cell walls as they represent complex and 

structurally heterogeneous systems consisting of a skeletal framework of cellulose and 

hemicelluloses immersed in a matrix of pectic polysaccharides and cell-wall glycoproteins. 

One of the great advantages of solid-state NMR is that resonances from individual segments 

in plant cell-wall polymers can be either emphasized or diminished, based on their different 

mobility characteristics. This greatly simplifies spectra, and helps to identify dynamic 

characteristics at the molecular level. However, due to its nature, CP/MAS can give 

information about only rigid or semi-rigid polymers, including polysaccharides (Figure 1.12A, 

B). To probe highly mobile (liquid-like) polysaccharides such as the side chains of pectic 



 

20 

 

polysaccharides RG-I, including the arabinans, galactans and arabinogalactans, single-pulse 

excitation (SPE) experiments (Figure 1.12C) should be performed.  

1.4.3.1 Cross polarization with magic angle spinning (CP/MAS) and its dynamics  

13C CP/MAS solid-state NMR experiments have three components: cross polarization, 

magic angle spinning and high power decoupling (Yannoni, 1982). The cross polarization is 

the key part of CP/MAS, during which the magnetization is transferred from abundant 1H to 

dilute 13C before detection of 13C magnetization (Pines et al., 1973). Since the recycle delay 

time in CP depends on T1
H (1H spin-lattice relaxation time) that is much shorter than T1

C, e.g. 

0.12 s for T1
H and ~4s for 13C T1 in intact Arabidopsis hypocotyl cell-wall (Wang et al., 2014; 

White et al., 2014), this leads to a reduction in the experimental time needed. Another 

advantage of CP is the improved sensitivity. The gyromagnetic ratio of protons is four times 

that of carbons, and the polarization of carbon will be enlarged by a factor of four after 

several T1
C compared with M0

C (polarization of carbon generated in applied magnetic flux 

density (B0)) (Yannoni, 1982). The efficiency of cross polarization depends on the magnitude 

of heteronuclear dipolar interactions (Kolodziejski and Klinowski, 2002) and it is reduced for 

non-protonated carbons, mobile components and segments with short T1ρ
H. This inherent 

shortcoming makes CP/MAS an unreliable tool for quantitative analysis. For instance, in 

primary cell walls of eudicotyledons, although pectin is abundant (over 40%), only weak 

pectin signals have been observed (Foster and Ablett 1996; Ha et al., 1996; Bootten et al., 

2011) (Figure 1.12A). Since cross polarization occurs when the Hartmann-Hahn matching 

condition is satisfied, 1H and 13C reservoirs equilibrate until a common spin temperature has 

been achieved. The length of the process relies on the cross polarization rate between 

protons and carbons (TCH
-1) which varies greatly among different functional groups. Hence, a 

single contact time, which is used in CP/MAS, hardly suits all of them.  
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1.4.3.2 Direct polarization with magic angle spinning (DP/MAS)  

Direct polarization with magic angle spinning (DP/MAS) (single pulse excitation) (Franz 

et al., 1992), has a simpler pulse sequence and is more straightforward for quantitation 

since it relies only on T1
C

  instead of the three parameters in CP/MAS, T1
H, T1ρ

H and TCH  

(Maciel and Erbatur, 1994). Theoretically, DP/MAS enables one to probe all of the functional 

groups when the recycle delay time is five times longer than the longest T1
C. However, in 
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Figure 1. 12  Selective detection of cell-wall 

polysaccharides according to their mobilities and 

assessment of their mobilities in cell walls of celery, 

sugar beet and onion. (A) (B) Subspectra A (A) and B 

(B) of proton-spin relaxation editing (PSRE) of 

CP/MAS spectra that display signals assigned to 

cellulose (high rigidity) and non-cellulosic 

polysaccharides (intermediate rigidity), respectively, 

in celery collenchyma and parenchyma. (i)- interior 

cellulose; (s)- surface cellulose; GalA-HG; C1, 2, 3, 4, 

5, 6-positions of carbon.  (C) DP/MAS of sugar beet 

primary walls with extremely short (100 ms) recycle 

time to selectively show signals from arabinan (very 

mobile). (t-) -Terminal linked arabinofuranose units 

(Araf), (5-) -5 linked Araf; (3-) -3 linked Araf; (5-/3,5-)- 

5 and 3, 5 linked Araf; C1, 2, 3, 4,5-positions of 

carbon. (D) T1ρ
H (a) and T1

C (b) of pectic 

polysaccharides of dried and rehydrated onion cell 

walls suggesting hydration improves the overall 

mobility of pectic polysaccharides. Data were 

adapted from Zujovic et al (2016) (A)(B), Renard and 

Jarvis (1999) (C), and Hediger et al (1999) (D). 
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practice, it is hard to achieve because the longest T1
C may be seconds or even longer, 

resulting in long acquisition times which are not always possible. For carbons from an 

individual group, that have a T1
C shorter than the recycle delay time and they can be fully 

relaxed from their excited state to their stable state before the start of the next scan, thus 

generating peaks with sufficient signal to noise ratio, whereas groups with a longer T1
C than 

the recycle delay time are suppressed (Mao et al., 2002). Hence, components of cell walls 

can be selectively detected in DP/MAS with different recycle delay times. The attractive 

feature of DP is that it can be used for quantitative analysis. Thus, the proportions of 

different carbon moieties, such as xyloglucans, RG-I backbone, and methyl esterified HGs 

can be derived from the corresponding peak areas, although not as accurately as by 

chemical analysis.  

1.4.3.3 Relaxation experiments 

Relaxation describes the spin system returning to equilibrium from non-equilibrium 

states after excitation by a sequence of radio-frequency pulses. The rate of the transition is 

mediated by dipolar coupling and is affected by many factors, of which mobility is the 

predominant one, and it is commonly used to separate different types of carbons by 

subspectral editing. This is done by inserting a relaxation time between the proton 

preparation pulse and the CP contact time or a proton spin-locking time t before the CP 

contact time (Smith et al., 1998; Foster and Ablett, 1996; Bootten et al., 2011). Another 

approach to accurately probing mobility differences is relaxation time measurement (Figure 

1.12D). In CP/MAS, there are three relaxation time constants, spin-spin relaxation time 

constant T2, spin-lattice relaxation time constant T1 and rotating-frame relaxation with time 

constant T1ρ, each of which has a 13C or 1H form (Bootten et al., 2011). T1ρ
H is superior to T1

H 

for segmental mobility assessment because it is sensitive to movement on a kHz scale, 

which corresponds to the polymer backbone, unlike T1
H, on a MHz scale that corresponds to 

functional groups, such as the methyl esters of HG (Ha et al., 1996). As proton spectra have 

poor resolution, T1
H

 or T1ρ
H are detected indirectly through the surrounding carbons to 

resolve different types of cell-wall polysaccharides. Thus, T1ρ
H of an individual 

polysaccharide is actually an average of a small domain that over a few nanometres 

surrounding those polysaccharides due to spin diffusion (Jarvis et al., 1996; Ha et al., 1996; 
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Hediger et al., 1999). Spin diffusion is unlikely to happen in T1
C

 because 13C is present in 

negligible amount in natural-abundance polymers but experimental measurements would 

be time consuming. T1
C measurement can be directly acquired from inversion recovery 

experiments in 13C enriched cell walls (Dick-Perez et al., 2011; Wang et al., 2015), but in 

unlabelled cell wall samples, it is preferable to start such with a CP sequence so that 

sufficient 13C magnetization can be generated before phase cycling of the flip 90 ° pulse. 

(Torchia, 1978; Hediger et al., 1999; Terenzi et al., 2015). Among all of the relaxation 

parameters, T1ρ
H and T1

C have proved to be the most useful.   

1.4.4 Determination the orientation of cellulose microfibrils  

The orientation of cellulose microfibrils in cell walls is of vital importance in adjusting 

wall stress, directing cell growth and controlling cell extension. Cellulose microfibrils often 

occur in layers in cell walls, with the cellulose microfibrils in each layer lying more or less 

parallel to each other, but there may be different orientations among different layers. 

Examination of the orientation of cellulose microfibrils is commonly done by field emission 

electron microscopy, atomic force microscopy, X-ray scattering, and polarized light 

microscopy or spectroscopy.  

1.4.4.1 Field emission scanning electron microscopy (FESEM) and atomic force microscopy 

(AFM) 

Scanning electron microscopy is one of the most commonly used techniques to 

examine the orientation of cellulose microfibrils. This is because selected regions of the cell 

walls can be quickly examined and a three dimensional view of the arrangement of the 

cellulose microfibrils can be obtained, especially when a field emission gun is used. The 

technique has largely replaced earlier TEM- based techniques, such as the quick-

freeze/deep-etch method of cell-wall preparation (Roland et al., 1977; Emons, 1988). Field 

emission scanning electron microscopy (FESEM) has been particularly applied to 

determining the orientation of newly deposited cellulose microfibrils, so that the 

relationship between the orientation of newly deposited cellulose microfibrils and that of 

cortical microtubules can be established (Sugimoto et al., 2000; Crowell et al., 2011). In 

addition to the innermost layer of cellulose microfibrils, the layer of cellulose microfibrils 

underneath this may also be partially visible in the gaps between the cellulose microfibrils in 
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the innermost layer. The arrangement of cellulose microfibrils on the outer cell surface, 

close to the middle lamella, can also be examined. Before examination by FESEM, extensive 

sample preparation, such as fixation, chemical or enzymatic removal of pectin, dehydration, 

critical point drying and coating, is often carried out. Nevertheless, artefacts, like cellulose 

microfibril aggregation and possibly reorientation, introduced during sample preparation 

cannot be avoided (McCann et al., 1990).  

To minimize artefacts, another technique, atomic force microscopy (AFM), was adopted 

to examine the orientation of surface cellulose microfibrils in cell walls with minimal pre-

treatment. In AFM, detail of the sample surface is examined using a nano scale tip 

connected to a cantilever. Due to the difference in stiffness between the cellulose 

microfibrils and the surrounding matrix polysaccharides, they can be characterized 

separately by using tips with different spring constants. Many different AFM modes have 

been developed including contact mode (Kirby et al., 1996; Thimm et al., 2000; Davies and 

Harris, 2003) and peak force tapping mode (Kafle et al., 2014; Zhang et al., 2016), which are 

the most widely used on plant cell walls. In contact mode, the tip touches the cell-wall 

surface driven by a constant force, and the relative positions of the cantilever to the sample 

are amplified and recorded as an image. The lateral force exerted on the sample can be 

quite high, but is not sufficient to change the arrangement of the cellulose microfibrils 

because of their stiffness and robust cross-links. Intact cell walls can be used in contact 

mode, but the presence of large proportions of pectins commonly blur the image and have 

to be removed to clearly define the cellulose microfibrils (Davies and Harris, 2003). Peak 

force tapping mode, a relatively new technology developed by Bruker, enables the driving 

force of the cantilever to be adjusted at each point of examining with limited lateral force 

(Walczyk et al., 2013). Moreover, the orientation of the cellulose microfibrils can be 

obtained from intact cell walls under liquid (Zhang et al., 2016). This is hard to achieve with 

the contact mode. However, peak force tapping mode is not a widely available feature on 

AFM instruments compared to the contact mode. In both contact and peak force tapping 

mode, the cell-wall samples need to be sufficiently flat for the AFM tips to examine the 

surface of the cell walls. If detailed information about the distribution of CMF angles are 

required, analysis is carried out on the images from both FESEM and AFM. 
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1.4.4.2 Transmission electron microscopy (TEM) 

In cell walls, the majority of the cellulose microfibrils are located within the cell walls 

rather than at the surface, and their orientations reflect their fates after being deposited 

into the walls. However, these cellulose microfibrils cannot be examined by FESEM or AFM. 

If these cellulose microfibrils are arranged in a helicoidal or crossed-polylamellate structure, 

a special wall pattern, such as parabolic bow or herringbone (Boyd, 1985), can be seen in 

obliquely cut sections of the walls after staining with a carbohydrate specific staining 

protocol, PATAg. To achieve this, cell-wall samples need to be fixed, dehydrated and 

embedded in resin. Removal of pectin using incubation in DMSO or by enzymatic hydrolysis 

(Vian et al., 1993; Hodick and Kutschera, 1992; Xiao et al., 2016) is also necessary before 

dehydration. However, analysis of the results should be treated with caution. The distinction 

between parabolic bow and herringbone pattern can be minor, unless evident transitional 

strata can be observed. In addition, pectins and xyloglucans contribute to wall texture, but 

the extent of their interference is largely unknown (Neville, 1985).  

1.4.4.3 Small angle x-ray scattering (SAXS) 

This technique was first applied to the measurement of cellulose microfibril 

orientations in secondary cell walls, and it was then applied to primary cell walls (Bayley et 

al., 1957; Saxe et al., 2014). SAXS can be used to examine cell walls in their native state 

without any disruption of the cell-wall structure, even an intact hypocotyl can be used 

directly. Another advantage of SAXS over other techniques is the orientation of cellulose 

microfibrils in the walls results from a large number of cells, showing a high statistical 

significance. SAXS signals from native primary cell walls originates from the electron density 

difference between cellulose and the surrounding matrix polymers (Saxe et al., 2014). 

Cellulose microfibrils appear as flat disks for SAXS, and the scattering direction of incident X-

ray changes with the orientation of the flat disk, and is recorded on a 2D detector. By 

integrating the scattering intensity with respect to the azimuthal angles, information on the 

angle distribution of cellulose microfibrils and their corresponding proportions can be 

extracted with appropriate fitting. Fitting procedure is the most complicated part of the 

method, as cell geometry, such as cylinder, square, or circle, and the distributing pattern of 

the cellulose microfibrils matters (Rüggeberg et al., 2013). Either laboratory scale or 
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synchrotron X-ray sources can be used for the measurements, but for primary cell walls, a 

synchrotron X-ray source is recommended to generate sufficient scattering intensity. SAXS 

has been used to investigate the cellulose microfibrils in celery collenchyma cell walls, but 

the focus was mainly on their diameters (Kennedy et al., 2007; Thomas et al., 2013), rather 

than on their orientations.  

1.4.4.4 Spectroscopy 

Various spectroscopic methods, including polarized Fourier transform infrared 

spectroscopy (FTIR) (Fenwick et al., 1997; Kafle et al., 2014, 2017), polarized Raman 

spectroscopy (McCann et al., 1997; Sun et al., 2016) and sum frequency generation 

spectroscopy (SFG) (Kafle et al., 2014) have been used to examine the predominate 

orientation or mean angles of cellulose microfibrils according to changes in signal intensity 

in spectra on changing the direction of polarized light. However, the cell-wall samples need 

to be dehydrated or embedded prior to examination, which may alter the native orientation 

of the CMFs.  

1.5 Aims 

The aims of my thesis were as follows:  

(i) To determine the polysaccharide compositions of walls isolated from collenchyma 

cells in sub-epidermal strands at different positions along fully elongated celery petioles.  

(ii) To determine whether the collenchyma cell walls in celery petioles are primary or 

secondary walls depending on when the wall thickening occurs, before or after the cells 

have stopped elongating.  

(iii) To explore the variation in cell-wall compositions, and the localizations and 

mobilities of cell-wall polysaccharides during celery collenchyma cell-wall development. 

 (iv) To examine changes in orientations of cellulose microfibrils in collenchyma cell 

walls in celery petioles during development.   
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Chapter 2- Polysaccharide compositions of 
collenchyma cell walls from celery (Apium graveolens 
L.) petioles  

 

2.1 Introduction 

Collenchyma is a type of supporting tissue commonly found in stems, petioles, leaves 

and floral segments of many herbaceous and woody plants, particularly in eudicotyledons 

(Evert, 2006; Leroux, 2012). This tissue is commonly located peripherally in organs, where it 

may occur either immediately below the epidermis, or separated by several layers of 

parenchyma cells (Appendix I). In addition to its peripheral location, collenchyma is often 

associated with vascular bundles (Cutter, 1978; Evert, 2006; Leroux, 2012). A predominant 

feature of collenchyma cells is their unevenly thickened walls that are usually regarded as 

primary (Leroux, 2012). Based on the positions of the wall thickenings, collenchyma can be 

divided into four main types: angular collenchyma, which is the commonest type and has 

thickening mainly in the cell corners, e. g. in the petioles of celery (Apium graveolens), stems 

of potato (Solanum tuberosum) and deadly nightshade (Atropa belladonna) (Fahn, 1967); 

tangential collenchyma has the inner and outer tangential walls thickened more heavily 

than the radial ones, e.g. in stems of elder (Sambucus nigra) (Buvat, 1989); annular 

collenchyma has the walls uniformly thickened, e.g. in the petioles of cow parsnip 

(Heracleum lanatum) and petioles of sweetgum (Liquidamber styraciflua) (Chafe, 1970); 

lacunar collenchyma has intercellular spaces adjacent to the thickened walls, e.g. in the 

petioles of winter heliotrope (Petasites fragrans) (Chafe, 1970).  

Plant cell walls are composed of cellulose microfibrils embedded in a matrix composed 

mostly of polysaccharides, but also proteins and glycoproteins, together with phenolic and 

inorganic compounds (Harris, 2005). The composition of the matrix varies depending on the 

cell type, stage of development and plant taxon (Harris, 2005; 2008). Much of what is known 

about the compositions of mature primary cell walls of eudicotyledons comes frequently 

from cell-wall preparations derived mostly from parenchyma cells. Analyses of such cell-wall 

preparations have shown that the matrix polysaccharides are composed predominantly of 
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pectic polysaccharides (pectins) (Harris, 2005; 2008). Pectic polysaccharides consist of 

domains, of which the most common domain is homogalacturonan (HG) comprising (1→4)-

linked α-D-galacturonosyl residues, which may be methyl or acetyl esterified to varying 

extents. The next most abundant domain is usually rhamnogalacturonan I (RG-I), which 

consists of alternating (1→4)-linked α-D-galacturonosyl and (1→2)-linked α-L-rhamnosyl 

residues as a backbone; up to 80% of the Rhap residues may have side chains consisting of 

(1→5)-α-L-arabinans, (1→4)-β-D-galactans and arabino-4-galactans; the α-D-galacturonosyl 

residues may be acetylated (Atmodjo et al., 2013 ). Smaller proportions of a third domain, 

rhamnogalacturonan II (RG-II), consistently occur in pectic polysaccharides. Yet another 

domain, xylogalacturonan (XGA), occurs in some pectic polysaccharides.  

In addition to the pectic polysaccharides, the matrix polysaccharides include 

xyloglucans, which in most eudicotyledons are fucogalactoxyloglucans (Hsieh and Harris, 

2009; Scheller and Ulvskov, 2010; Schultink et al., 2014; Tuomivaara et al., 2015). These 

have a linear backbone of (1→4)-linked β-D-Glcp residues, three quarters of which bear side 

chains of single α-D-Xylp residues, β-D-Galp-(1→2)-α-D-Xylp- or α-L-Fucp-(1→2)-β-D-Galp-(1

→2)-α-D-Xylp. The detailed arrangements of the side chains have been described (Hsieh et 

al., 2009; Scheller and Ulvskov, 2010; Schultink et al., 2014; Tuomivaara et al., 2015). The 

matrix also contains small amounts of heteroxylans (HXs) and heteromannans (HMs) (Harris, 

2005, 2008; Melton et al., 2009; Scheller and Ulvskov, 2010).  

Although the structure of the cellulose microfibrils of collenchyma cell walls has been 

studied extensively (Kennedy et al., 2007; Thomas et al., 2013) little is known in detail about 

the matrix polysaccharides. Some information has been obtained using solid-state NMR 

spectroscopy and this suggested a matrix composition similar to that found in parenchyma 

walls (Jarvis and Apperley, 1990; Zujovic et al., 2016). These NMR studies were all done on 

collenchyma cell walls from celery petioles. In addition, information about the occurrence of 

matrix polysaccharides in collenchyma walls has been obtained by immunofluorescence 

labelling of transverse sections of tomato (Solanum lycopersicum) petioles (Jones et al., 

1997), tobacco (Nicotiana tabacum) stems (Marcus et al., 2008, 2010; Harvé et al., 2009) 

and elder (Sambucus nigra) stems (Leroux, 2012). These showed the presence of the 
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following polysaccharides:  HG and RG-I side chains [(1→5)-α-L-arabinans and (1→4)-β-D-

galactans], xyloglucans, heteroxylans and heteromannans.  

In the present study, I aimed to determine the polysaccharide compositions, possible 

structures and relative mobilities of polysaccharides in collenchyma cell walls obtained from 

peripheral collenchyma strands of fully elongated celery petioles, but not those strands 

associated with the vascular bundles.  As part of this study, I investigated the growth of 

celery petioles. I also examined transverse sections of the collenchyma strands using bright-

field light microscopy and variable pressure scanning electron microscopy (VPSEM). For the 

investigation of the polysaccharide compositions, I isolated collenchyma cell walls, which 

also resulted in a HEPES soluble fraction. The CWs were sequentially fractionated. The 

monosaccharide and glycosyl linkage compositions of the polysaccharides were determined, 

both for the whole cell walls and the fractions. The mobilities of the polysaccharides in the 

cell walls were studied by cross-polarisation/magic angle spinning (CP/MAS) and single pulse 

excitation/magic angle spinning (SPE/MAS) 13C nuclear magnetic resonance (NMR) 

spectroscopy.  

2.2 Materials and methods  

2.2.1 Plant material 

Celery (Apium graveolens L., ‘Tango’) was grown from seed in an unheated glasshouse 

at Clark Nurseries Ltd, Pukekohe, New Zealand (geographical location 37ᴼ 20’ S, 174ᴼ 88’ E), 

and was harvested on 21st August 2015, after 6-months growth. Celery without evident 

damage or malnutrition was chosen for experiments. Mature, fully elongated petioles (35-

40 cm long) from the outer region of the leaf bundles were cut 3-5 cm from the base and at 

the top immediately below the junction of the first leaflet. The excised petioles were then 

cut into three segments of equal lengths, referred to as the upper (adjacent to the junction 

with the first leaflet), middle and lower segments. The epidermis of each segment, cooled 

on ice to reduce enzyme activities, was carefully removed and the peripheral 

(subepidermal) collenchyma strands detached using forceps, and stored at -80 ℃.  

For the growth experiment, thirteen immature celery plants (5-10 cm high), provided 

by Clark Nurseries Ltd, were transferred to a heated (minimum 18 ℃ and maximum 35 ℃) 
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glasshouse at The School of Biological Sciences, University of Auckland, provided with 16 h 

light, watered daily and fertilized weekly with Nitrosol® (Rural Research Ltd, Auckland, New 

Zealand). A waterproof, black marker pen was used to mark at 0.5 and 0.25 cm intervals 

along the outer bundle petioles (7-15 cm long) and inner petioles (2-6 cm long), respectively 

(Figure 2.1A), 26 petioles were marked in total. The day of the marking was defined as day 

1, and changes in the distances between the marks were recorded on day 6, 13, 21, 28, 36, 

50 or 6, 13, 21, 28, 42, depending on the growth rate of the petioles. 

2.2.2 Bright-field light microscopy and variable pressure scanning electron 

microscopy (VPSEM)  

Transverse sections were cut with a razor blade from midway along each segment, 

stained with a 0.1% (w/v) aqueous solution of toluidine blue O for 1 min, washed with 

water, and examined by bright-field light microscopy (Model DMR500, Leica, Wetzlar, 

Germany). Five peripheral collenchyma strands were randomly chosen from three different 

petioles from different plants. The cross sectional area and number of cells in each strand 

were determined using Image J software (NIH, New York, USA). The average cross sectional 

cell area was calculated by dividing the cross sectional area of each strand by the number of 

cells in the strand.  

For VPSEM, cubes of tissue (~10 mm3) were cut midway along each segment, rinsed 

with 20 mM potassium HEPES buffer (pH 6.7) containing 10 mM DTT and then water. The 

tissue cubes were examined by VPSEM using a FEI Quanta 200F ESEM (Hillsboro, Oregon, 

USA). The temperature was kept at 2 ℃, the initial chamber pressure was 5.3 Torr, and the 

accelerating voltage was 20 KV.   

2.2.3 CW isolation and fractionation 

Cell walls were isolated as described by Melton and Smith (2005) with minor 

modifications. Collenchyma strands were detached from petioles as described above, and 

stored at -80 ℃ until used. Frozen collenchyma strands were ground to a powder under 

liquid nitrogen using a mortar and pestle, then homogenized using a blender (Ultra Turrax, 

Staufen, Germany) in cold 20 mM potassium HEPES buffer (pH 6.7)  containing 10 mM DTT, 

followed by further grinding (3 × 2 min) in a ring grinder (Rocklabs, Auckland, New Zealand). 
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Cell breakage was checked by bright-field light microscopy after staining with an aqueous 

solution of 0.2% (w/v) Ponceau 2R containing 2 drops of 18 M sulfuric acid per 100 mL 

solution (Harris et al., 1983). The slurry was filtered with a nylon mesh (11 µm pore size) and 

washed four times with the buffer. The filtrate (HEPES fraction) and the residue (CWs) on 

the mesh were collected and dialyzed against water (molecular weight cut-off 12-14 kDa) 

for 5 days at 4 ℃ with three changes of water per day. The HEPES fraction and CWs were 

freeze dried. The freeze dried CWs were sequentially extracted twice each with 50 mM 

CDTA in 50 mM, potassium acetate buffer (pH 6.5) for 6 h at room temperature (CDTA 

fraction), 50 mM Na2CO3 containing 20 mM NaBH4 for 16 h at 4 ℃, then 4 h at room 

temperature (Na2CO3 fraction), 1 M KOH containing 20 mM NaBH4 for 4 h at room 

temperature (1M KOH fraction), 4 M KOH containing 20 mM NaBH4 4 h at room 

temperature (4M KOH fraction). The CDTA fractions were dialyzed against 0.1 M ammonium 

acetate for 3 days with three changes of buffer per day then water. All the other fractions 

and residues (Residue fraction) were dialyzed (molecular weight cut-off 12-14 kDa) against 

water for 5 days at 4 ℃, and the retentates concentrated and freeze-dried. The experiments 

were done in duplicate.  

2.2.4 Monosaccharide compositions  

CWs and fractions (~2 mg) were hydrolyzed with 2 M trifluoroacetic acid (TFA) (2 mL) at 

120 ℃ for 1 h (Albersheim et al., 1967) to hydrolyze the non-cellulosic polysaccharides 

(Mankarios et al., 1979). Hydrolysis was also carried out using a two-stage H2SO4 procedure 

(Saeman et al., 1963; Harris et al., 1988). The CWs and fractions (~2 mg) were mixed with 

H2SO4  (0.25 mL, 72% w/w) at 30 ℃ for 3 h, water (2.75 mL) was then added and heated at 

100 ℃ for 3 h to hydrolyze cellulose and non-cellulosic polysaccharides. After cooling, the 

hydrolysate was neutralized with 15 M ammonia (0.6 mL) , myo-inositol (20 μL of a 2 mg/mL 

solution) added, filtered through a 0.22 μm PTFE filter, and dried in a stream of N2 at 50 ℃. 

The same procedure was also conducted on the TFA hydrolysate, but without the addition 

of ammonia. The monosaccharides in the dried hydrolysates were reduced with NaBH4 (10 

mg/mL) in 2.5 M ammonium hydroxide (2.5 mL) for 1.5 h at room temperature, then 

neutralized with 17.4 M acetic acid (50 μL). To remove borate, acidic methanol (0.5 mL, 

methanol: acetic acid 9:1, v/v) was added and evaporated to dryness in a stream of N2 at 
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50 ℃. This was repeated a further three times. Anhydrous methanol (0.5 mL) was added 

and evaporated to dryness under the same conditions three times. The alditols were then 

acetylated using acetic anhydride (2 mL) with 1-methylimidazole (0.2 mL) as the catalyst for 

10 min at room temperature. Water (5 mL) was then added to destroy excess acetic 

anhydride. After cooling, the alditol acetates were extracted twice with dichloromethane 

(DCM) (1 mL). The combined DCM extracts were washed with water (4 mL) five times before 

being evaporated to dryness in a stream of N2.  DCM (1 mL) was added and 0.5 μL injected 

onto a Hewlett Packard Model HP 6890 gas chromatography system (Palo Alto, California, 

USA) equipped with a fused silica capillary column BPX-70 (25 m long, 0.33 i.d. and 0.25 μm 

film thickness) (SGE Analytical Science, Melbourne, Australia) and a flame ionization 

detector (Smith and Harris, 1995). The oven temperature was set at 38 ℃ for 1 min, then 

increased to 170 ℃ at 50 ℃/min and further increased to 230 ℃ at 2 ℃/min and held for 5 

mins. Helium was used as the carrier gas. Total uronic acids were measured by the m-

hydroxydiphenyl method with D-galacturonic acid as the standard (Filisetti-Cozzi and 

Carpita, 1991). All determinations were done in triplicate. 

2.2.5 Glycosyl linkage analysis 

Prior to glycosyl linkage analysis, uronic acid residues were reduced to their dideuterio-

labelled neutral sugars as described by Sims and Bacic (Sims and Bacic, 1995) with slight 

modifications. Cell walls and fractions (~5 mg) were dispersed in 1 mL 50 mM MES acid (1 

mL, pH 4.75) buffer, uronic acids were activated by addition of 1-cyclohexyl-3-(2-

morpholinoethyl)-carbodiimide-metho-p-toluenesulfonate (400 L, 500 mg/mL) and 

reduced overnight with NaBD4. The samples were dialysed (molecular weight cut-off 6-8 

kDa) against water, freeze-dried and then reduced a second time as above.  

The carboxyl-reduced samples (~0.5 mg, in duplicate) were dispersed in DMSO (200 µL) 

by stirring for 24 h under argon to aid swelling of the insoluble cell wall and residue samples, 

and methylated using the method of Ciucanu and Kerek (1984). After extraction into 

chloroform, the methylated samples were hydrolysed with 2.5 M TFA (2.5 M, 500 µL, 120 °C, 

1 h), neutralised with 1 M NH4OH (100 μL) and reduced by 1 M NaBD4 in 1 M NH4OH (100 

µL) overnight at 25 ℃.  Excess NaBD4 was destroyed by adding glacial acetic acid (50 μL). 

Acidic methanol (500 μL, 5% v/v acetic acid in methanol) was added and evaporated in a 
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stream of air at 40 ℃; this was repeated twice. Methanol (500 μL) was then added and 

evaporated in the same way; this was also repeated twice. The alditols were acetylated and 

extracted into DCM. The DCM was washed twice with water and evaporated under N2. 

Subsequently, the dried partially methylated alditol acetates (PMAAs) were dissolved in 

acetone and 0.2 μL was injected onto a GC fitted with a BPX90 fused silica capillary column 

(SGE Analytical Science, Melbourne, Australia; 30 m x 0.25 mm i.d., 0.25 μm film thickness) 

with the temperature programme of 80 ℃ (held for 1 min) to 130 ℃ at a rate of 50 ℃ min-1, 

then to 230 ℃ at a rate of 3 ℃ min-1 and detected by MS using a Hewlett Packard 5973 

MSD. In some cases, where PMAAs were observed to co-elute on the BPX90 column, 

additional analyses were completed on an Agilent HP-5MS column (30 m x 0.25 mm i.d., 

0.25 μm film thickness; Agilent, Santa Clara, CA, USA). Identifications were based on peak 

retention times relative to an internal standard, myo-inositol, and on comparisons of 

electron impact spectra with the spectra obtained from reference PMAA standards 

prepared by the method of Doares et al (1991). 

2.2.6 Degrees of methyl and acetyl esterification  

The degree of esterification was determined by GC with a flame ionization detector as 

described by Nunes et al. (2006) with minor modifications. Briefly, CWs or fractions (~ 5 mg) 

were weighed into Eppendorf tubes (1.5 mL), water (0.6 mL), 5 mg/mL aqueous 1-propanol 

(30 μL) and 2 M NaOH (0.2 mL) were added. The mixture was incubated (2 h at 25 ℃), 

neutralized with 2 M HCl, centrifuged (25,000 × g, for 10 mins), filtered (PTFE filter 0.22 μm 

pore size) and the filtrate (1 μL) injected onto a Agilent 6890 gas chromatograph equipped 

with a DB-WAX column (30 m length, 0.53mm i.d, 1.0 μm film thickness) (Agilent, Santa 

Clara, California, USA) and a flame ionization detector. The oven temperature was 

programmed from 50 ℃ to 185 ℃ at 5 ℃/min (for 3 min), 20 ℃/min (for 4 min), 35 ℃/min 

(for 1 min) and then held for 2.5 min. The flow rate of carrier gas (helium) was 6 mL/min and 

the detector temperature was 250 ℃. Duplicate samples of each fraction or CW were 

analyzed twice (n=4). Methanol and acetic acid standards was used for calibration. DM= 

methanol (mol)/UA (mol) in each mg cell wall × 100%; DA= acetic acid (μg)/total sugars (μg) 

in each mg cell wall × 100%.  
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2.2.7 Solid-state NMR 

CP/MAS and SPE/MAS NMR spectroscopy were carried out as described by Bootten et 

al (2011). Freeze dried cell walls were rehydrated to 80% (v/v) ethanol, and then air dried to 

a moisture of 50% (w/w) at room temperature. They were then packed in 4-mm diameter 

zirconia rotors and retained with Kel-F end-caps. The samples were spun at 4 kHz in a Bruker 

magic-angle spinning double-tuned probe using a Bruker Avance III 500 spectrometer 

operating at 125.78 MHz for 13C frequency. For the RAMP CP–MAS (ramped amplitude 

cross-polarization magic-angle spinning) approach, the 90° proton preparation pulse was 2.8 

μs followed by a 1 ms CP contact time, 26 ms of data acquisition, and a recovery delay of 1 

s, before the sequence was repeated. A total of 20000 transients were used. A SPINAL-64 

decoupling scheme was applied during acquisition. SPE/MAS experiments were done with a 

2.8 μs 13C excitation pulse followed by 26 ms of data acquisition time, and a 0.2 s recovery 

delay. The recovery delay was chosen to allow observation of signals from the most mobile 

polysaccharides and to suppress signals from semi-rigid and rigid domains. A total of 335000 

transients were collected. The spectra were referenced to tetramethysilane (TMS) set at 

0.00 ppm, and were assigned according to (Ha et al., 2005; Dick-Pérez et al., 2011; Zujovic et 

al., 2016).  

2.3 Results  

2.3.1 Petiole growth 

To determine which regions of celery petioles elongate the most during growth, the 

intervals between initially equidistant ink marks on long and short petioles from the outside 

and centre of celery bundles respectively, were measured for up to 50 days. The results 

showed that when the petioles were young, they elongated throughout their lengths, but 

later, elongation was increasingly confined to the upper regions, until elongation ceased 

(Figure 2.1B, C). 
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Figure 2. 1 The position of ink marks (A) and representative growth of short (B) and long 
celery petioles (C). (A) Shows a celery leaf with a long petiole marked at 0.5 cm interval with 
a black marker. The mark position (right side number) was set from upper to lower 
segments of celery petiole. (B) and (C) show the interval lengths from the long (7.5 cm) and 
short (3.3 cm) petioles after Day 1 (marking day) ; Day 5 ; Day 13 ; Day 21 ; 
Day 28 ; Day 36 ; Day 50 . These are representative petioles; a total of 13 short 
and 13 long petioles were studied.  

 

2.3.2 Collenchyma anatomy 

Bright-field light and VPSE micrographs of transverse sections of sub-epidermal 

collenchyma strands midway along the upper, middle and lower petiole segments are 

shown in Figure I (Appendix I). The collenchyma strands in the upper segment had smaller 

cross-sectional areas with fewer cells than the collenchyma strands in the middle and lower 

segments (Appendix II). The collenchyma cells in the upper segment collenchyma strands 

had thicker walls (Appendix II) than those of middle and lower segments.  
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2.3.3 Monosaccharide compositions of CWs and fractions  

The yields of dry CWs from 100 g of fresh collenchyma strands from upper, middle and 

lower segments were 12, 11.4 and 9.5 g respectively (Table 2.1). The HEPES fraction 

contained the least polysaccharides in all the fractions. The CDTA and Na2CO3 fractions 

contributed 27-30% of the total cell-wall polysaccharides. Nearly 10% of the cell-wall 

polysaccharides were extracted with the 1 M KOH and a larger proportion in the 4 M KOH 

fraction. Almost 40% of the total dry weight remained in the final residue. Higher yields of 

cell walls were obtained from collenchyma strands from the upper than from the lower 

segments, presumably because the cell walls are thicker in the upper segment.  

The most abundant monosaccharides in the monosaccharide compositions of the 

HEPES fraction from the middle segment were uronic acids > Xyl > Gal > Ara. In the cell walls, 

the uronic acids occurred in the highest proportions, followed by cellulosic Glc (C-Glc), with 

Xyl and Gal in similar proportions. The monosaccharide compositions of the CDTA and 

Na2CO3 fractions were similar, but the Na2CO3 fractions had higher proportions of Rha, Ara 

and Gal, and lower proportions of uronic acids. The 1 M KOH fraction had a much lower 

proportion of uronic acids than the previous two fractions, but higher proportions of Xyl, 

followed by Glc, Man and Gal. The 4 M KOH fraction had more Glc, Gal and Fuc, but less Xyl 

than the 1 M fraction. C-Glc was the major component in the final residue with some uronic 

acids and other neutral monosaccharides.  

There were some differences in the monosaccharide compositions of the cell walls and 

fractions from different segments. The pectin in the upper segment collenchyma walls 

contained higher percentage of possibly RG-I, which may be more branched due to the 

higher value of (Ara+ Gal)/Rha (Appendix III). For the HEPES fraction, the upper segment had 

higher percentages of Xyl, Glc and Fuc, but lower percentages of Ara, Gal and Rha than the 

other two segments. Higher percentages of Ara and Gal were found in the 1 M KOH and 4 M 

KOH fractions from the upper than the other two segments. In addition, higher percentages 

of Xyl, Glc and Man were found in the 1 M KOH fraction from the upper segment. In the 4 M 

KOH fraction, the upper segment showed lower percentages of Xyl, Glc and Man than the 

other two segments. In the final residue, the upper segment had higher percentages of Ara, 

Gal and Rha, but a lower percentage of Glc than the middle and lower segments. 
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2.3.4 Glycosyl linkage analysis 

The glycosyl linkage compositions of the cell walls and fractions from the middle 

segments are shown in Table 2.2 and the deduced polysaccharide compositions in Appendix 

IV. These showed that the HEPES fraction contained high proportion of heteroxylans and 

Type II arabinogalactans, probably in the form of arabinogalactan proteins. The glycosyl 

linkage analysis of the cell walls was consistent with the presence of high proportion of 

cellulose and pectic polysaccharides, predominantly HGs (Table 2.3). Xyloglucan and smaller 

proportions of heteromannans and heteroxylans were also indicated by the linkages. The 

CDTA and Na2CO3 fraction were both pectin rich, as indicated by the high proportions of 4-

linked GalpA. The CDTA fraction contained a higher proportion of HGs than the Na2CO3 

fraction, which contained a high proportion of RG-I, as indicated by the high proportions of 

linkages assigned to the RG-I backbone, the arabinan and (arabino)galactan side chains. The 

1 M KOH fraction contained abundant HXs, XGs and smaller proportions of HM. Compared 

with the 1 M KOH fraction, the proportions of HXs and HMs were much lower in the 4 M 

KOH fraction, whereas the proportion of XGs was much higher. Furthermore, the HMs in 4 

M KOH fraction had a higher proportion of Galp than those of 1 M KOH fractions. The 

glycosyl linkage composition of the final residue was consistent with it containing mostly 

cellulose, but small amounts of pectin, HMs and HXs were also present.  
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Table 2. 1 The yield, monosaccharide compositions (mol%) and degree of esterification of fractions and cell walls from collenchyma strands 
from different petiole segments.  

Fractions   Yield 
(%) 

Rha Fuc Ara Xyl Man Gal Glc C-Glc UA TS 
(μg/mg) 

DM DA 

 U  1.6a 2.5a 1.0a 9.7a 27.6a 2.3b 13.1a 9.2a - 34.7a 338.7ab 16.9a 6.4a 
HEPES M  1.7a 3.5b 0.7b 10.8b 22.2b 1.8a 13.7a 5.6b - 41.7b 346.6b 15.6a 5.3a 
 L  1.5a 3.6b 0.7b 11.6b 20.1b 2.4b 15.0b 5.9b - 40.7b 308.9a 19.5b 6.0a 

 U  12.0a 2.5a  

(1.6a) 
0.8a 
(1.0a) 

4.4b 
(4.9b) 

5.0a  
(8.0a) 

1.6a 
(2.9a) 

5.1b 
(5.7b) 

3.4a 
(3.2a) 

32.3a 
(30.4a) 

44.9a 
(42.3a) 

776.0a 
(819.7a) 

25.9a 1.6a 

CW M  11.4ab 2.0a  
(1.5a) 

0.7a 
(0.9a) 

3.3a 
(4.0a) 

4.1a  
(7.6a) 

1.5a 
(3.0a) 

3.7a 
(4.7ab) 

3.1a 
(2.9a) 

37.4a 
(34.5c) 

44.2a 

(40.8a) 
766.0a 
(824.9a) 

16.9b 1.4ab 

 L  9.5b 2.1a 

(1.4a) 
0.7a  
(0.9a) 

3.5a 
(3.9a) 

4.5a  

(7.2a) 
1.6a 
(3.0a) 

3.6a 

(4.3a) 
3.3a 
(3.1a) 

34.9a 
(33.0b) 

45.8a 
(43.3a) 

766.6a 
(807.5a) 

17.1b 1.2b 

 U  16.6a 1.8a Trace 5.0a 1.4b Trace 2.3a 1.1a - 88.4a 884.3a 3.8a 0.9a 
CDTA M  16.9a 1.8a Trace 4.3a 1.2a 0.3 2.0a 1.0a - 89.3a 963.4a 3.2a 0.8a 
 L  20.5b 2.0a Trace 4.4a 1.2a 0.3 2.1a 1.0a - 89.1a 857.6a 5.3b 1.0a 

 U  12.8a 3.7a Trace 7.6a 1.9a Trace 4.6a 1.0a - 81.1b 587.2a   
Na2CO3 M  9.6a 4.6b Trace 7.5a 2.1a Trace 4.5a 1.3a - 80.1b 509.8a   
 L  10.4a 5.1b Trace 8.5a 2.0a Trace 5.5a 2.3b - 76.6a 572.0a   

 U  13.1a 3.1a 1.6b 5.9a 22.3b 5.1a 8.7b 15.5a - 37.8a 746.0a   
1M KOH M  9.0b 3.2a 1.0a 5.3a 19.3a 5.8a 7.0a 11.6a - 46.8b 780.0a   
 L  10.5b 3.4a 1.4b 5.4a 20.7ab 5.3a 7.3a 13.8a - 42.6ab 759.4a   

 U  19.8a 3.8a 2.1a 5.9b 8.6a 5.8a 10.8a 20.1a - 42.8a 717.8a   
4M KOH M  15.8a 2.8a 2.5a 4.0a 11.5b 5.7a 9.5a 25.8a - 38.0a 747.5a   
 L  14.8a 3.6a 2.4a 4.8a 11.3b 5.2a 9.5a 23.6a - 39.7a 723.0a   

 U  41.6a 1.9b 
(0.8b) 

0.1a  
(0.3a) 

2.8b  
(2.4b) 

1.5a 
(2.4b) 

0.7a 
(2.0a) 

3.6b 
(3.0b) 

8.3a 
(8.3a) 

63.8a 
(63.8a) 

16.8a 
(16.9a) 

826.7a 
(831.6a) 

  

Residue M  36.4a 1.5ab 
(0.8b) 

0.2a  
(0.3a) 

2.0ab 
(2.0ab) 

1.4a 
(2.4b) 

0.7a 
(2.2a) 

2.6b 
(2.5ab) 

9.1a 
(8.9ab) 

65.4a 

(64.1a) 
17.0a 
(16.8a) 

831.3a 
(845.9a) 

  

 L  33.8b 1.0a 
(0.5a) 

0.1a 
(0.1a) 

1.3a  
(1.5a) 

1.5a 
(2.1a) 

0.9b 
(2.3a) 

1.8a 
(1.6a) 

11.8b 
(11.6b) 

70.2a 
(68.9a) 

11.6a 

(11.4a) 
819.7a 
(833.8a) 

  

The yield of HEPES fraction and cell walls means the freeze dried amount of them recovered from 100 g fresh collenchyma strands. 
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The yield of other fractions means the freeze dried amount of them recovered from 100 g freeze dried cell walls.  

The values in bracket of final residue and cell walls means the amount of sugars hydrolysed by H2SO4; other values are from TFA hydrolysis.  

 “-”,not detect. DM, degree of methyl esterification of pectin (mol%); DA, degree of acetyl esterification of cell wall (w/w%). Rhamnose (Rha), fucose (Fuc), arabinose (Ara), xylose (xyl), mannose (man), galactose 

(Gal); Glc, non cellulosic glucose from TFA hydrolysis; 

 C-Glc, cellulose glucose, subtract TFA glucose from H2SO4; UA, uronic acid; TS-total monosaccharides, sum of uronic acid and neutral monosaccharides. The value averaged from duplicate or triplicate (n=2 or 3).   

Different letters (a, b, c) indicate significant (P﹤0.05) differences between U, M and L. 
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Table 2. 2 Glycosyl linkage compositions of cell walls and fractions from collenchyma strands 
from middle petiole segments.  

 

Monosaccharides 

Deduced 
glycosyl 
linkagea 

   Fractions     

HEPES  Cell 
wall 

CDTA Na2CO3 
 1 M 

KOH 
4 M 
KOH 

Residue Deduced polymer 

Rhamnose terminalp 1.06 (1.13) 0.09 0.31 0.69 0.27 0.21 0.04 RG-II/AG-II 

 2p 1.68 (1.19) 1.14 2.48 5.90 2.28 1.91 0.38 RG-I backbone 

 2,4p 0.90 (0.82) 0.36 1.04 1.96 0.83 0.71 0.06 RG-I backbone 

Fucose terminalp 0.29 (0.82) 0.33 0.22 0.40 1.38 3.63 - RG-II/XGs 

Arabinose terminalf 6.47 (7.28) 0.94 2.14 4.16 1.85 1.21 0.35 RG-I/RG-II/AG-II/HXs 

 terminalp 0.45 (0.42) - - - - - - AG-II 

 3f 0.40 (0.66) - - - - - - RG-I 

 b5f (4p) 4.51 (4.46) 1.53 5.05 6.64 2.69 1.72 0.44 RG-I 

 b3,5f (3,4p) 0.91 (1.01) 0.60 1.80 3.06 1.26 0.78 - RG-I 

Xylose terminalp 2.37 (3.62) 2.26 0.46 0.51 5.91 12.4 0.25 HXs/XGs/other 

 2p - 0.81 - - 3.92 4.54 0.05 XGs 

 4p 34.7 (31.9) 2.81 0.47 1.12 26.5 3.73 0.17 HXs 

 2,4p 5.36 (5.04) 0.39 - - 4.04 0.62 - HXs 

 2,3,4p 0.84 (0.66) 0.31 - - 0.31 0.32 - HXs 

Mannose 4p 1.24 (0.97) 1.24 0.42 0.86 2.90 3.88 0.67 HMs 

 4,6p - (-) 0.78 - - 1.33 1.86 0.06 HMs 

Galactose terminalp 1.69 (1.84) 0.88 0.76 1.99 3.02 4.93 0.36 RG-I/RG-II/AG-II/XGs/HMs 

 2p 0.28 (0.94) 0.50 - - 2.71 5.26 0.06 XGs/HMs 

 3p 0.57 (0.81) - - - - - - AG-II 

 4p 1.14 (1.19) 1.39 1.74 3.35 1.59 1.77 0.83 RG-I 

 6p 3.19 (2.58) 0.47 1.18 2.35 1.00 1.01 0.35 AG-II 

 2,4p - (0.30) - 0.82 - 0.21 0.32 - RG-II 

 3,6p 5.46 (5.81) - - - - - - AG-II 

 3,4,6p 0.40 (0.55) - - - - - - AG-II 

Glucose terminalp 1.37 (1.14) 0.43 0.29 0.73 - 0.50 0.30 Other 

 4p 4.63 (4.45) 54.1 1.89 3.89 9.23 18.2 85.5 XGs/HMs/Cellulose/other 

 2,4p - (-) 0.77 - - - - 0.13 Other 

 3,4p - (-) 0.99 - - - - 0.33 Other 

 4,6p 1.76 (3.91) 4.16 - - 7.25 19.8 0.94 XGs/HMs/other 

 3,4,6p - (-) - - - - - 0.10 Other 

 2,3,4,6p - (-) - - - - 0.45 0.15 Other 

Galacturonic terminalp - (-) 0.12 1.30 1.21 - - 0.05 HG/RG-II 

acid 4p 9.21 (7.44) 19.1 70.79 54.42 12.1 8.29 6.22 HG/RG-I backbone 

 2,4p - (-) - 5.04 0.85 0.13 0.10 - RG-II 

 3,4p 0.75 (0.91) 1.45 1.34 5.04 1.21 0.82 0.50 RG-II 

 c4,6p 0.15 (0.40) 0.39 0.44 0.86 0.30 - - HG 

Glucuronic terminalp 7.10 (6.69) 0.28 - - 5.31 0.44 - AG-II/HXs/Other 

acid 4p 1.14 (1.06) 1.23 - - 0.49 0.63 1.74 AG-II/HXs/other 
a Terminal Rhap deduced from 1,5-di-O-acetyl-6-deoxy-2,3,4-tri-O-methylrhamnitol, etc. 
b Alternative linkages in parentheses are unlikely based on known cell-wall polysaccharide structures.  
C Undermethylation of 4GalAp after reduction. 

-   Not detected. 
Terminal GlcpA includes 4-O-Me GlcpA.  
Values in parentheses represent HEPES fraction from upper segment of the collenchyma in celery 
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Table 2. 3 Deduced polysaccharide compositions of the cell walls and fractions from 
collenchyma strands from middle petiole segments. 

Polysaccharides 

Composition mol %a  

HEPES Cell 
walls 

CDTA Na2CO3 1M 
KOH 

4M 
KOH 

Residue    Glycosyl linkages 

HG 6.8 (5.8) 18 68.4 48.0 9.3 5.7 5.8 4-, 4,6-, t-GalpA 

RG-I backbone 5.2 (4.0) 3.0 7.0 15.7 6.2 5.2 0.9 2-, 2,4-Rhap; 4-GalpA 

Arabinan (RG-I) 6.7 (7.1) 2.7 8.7 12.8 5.2 3.3 0.4 3-, 5-, 3,5-, t-Araf 

(Arabino)galactans (RG-I) 1.1 (1.2) 1.4 2.0 4.3 1.6 1.8 0.8 4-, t-Galp 

RG-II 0.8 (1.2) 1.9 9.0 8.7 1.7 1.3 0.9 2,4-, 3,4-, t-GalpA; t-Fucp; 

t-Araf; 2,4-, t-Galp; t-Rhap 

Type II Arabinogalactans 

(AG-II) 

18.9 (20.0) 1.0 1.4 3.4 1.9 1.8 0.7 3-, 6-, 3,6-, 3,4,6-, t-Galp; 

t-Araf; t-Arap; 4-,t-GlcpA; 

t-Rhap 

HXs 47.9 (43.4) 4.2 0.5 1.1 36.9 5.5 0.2 4-, 2,4-, 2,3,4-, t-Xylp; 4-, 

t-GlcpA; t-Araf 

XGs 4.5 (10.5) 7.5 - - 23.1 52.0 0.8 2-, t-Xylp; 4-, 4,6-Glcp; 2-, 

t-Galp; t-Fucp 

HMs 2.5 (1.9) 4.8 0.8 1.7 10.3 15.6 1.8 4-, 4,6-Manp; 4-, 4,6-

Glcp; 2-, t-Galp 

Cellulose - 51.3 - - - - 84.9 4-Glcp 

Otherb 5.7 (5.0) 4.1 2.2 4.3 3.9 7.9 2.7 4-, 2,4-, 3,4-, 4,6-, 3,4,6-, 

2,3,4,6-, t-Glcp; t-Xylp; 4-, 

t-GlcpA;   
a mol% of total polysaccharides present in the fractions, calculated from the mol% of methylated alditol acetates characteristic of 

polysaccharides 
b Glycosyl linkages that cannot be assigned to well-defined cell wall polysaccharides 

- Not detected 
() Values represent HEPES fraction from upper segment of the collenchyma in celery petioles.  
Note: The deduced polysaccharides from fractions may contain only part of the glycosyl linkages listed in the last column.   
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2.3.5 Mobilities of polysaccharides in collenchyma cell walls from different 

segments of the petioles 

Solid-state 13C NMR spectroscopy can be used to differentiate cell wall polysaccharides 

that have different mobilities due to their molecular structures, locations and interactions 

with other cell wall components (Bootten et al., 2011). Both CP/MAS and SPE/MAS NMR 

spectroscopy were utilised to investigate the relative mobility, encompassing rigidity, of 

individual polysaccharides. CP/MAS spectra of collenchyma cell walls from the upper, 

middle and lower segments appeared very similar (Figure 2.2A), indicating that the rigid and 

semi-rigid components (cellulose, HG, and xyloglucan) in collenchyma walls from the 

different segments could have similar mobility. The line width in the SPE spectra was less 

than in the CP/MAS spectra, suggesting the detected components have higher mobilities.  

The SPE spectra were dominated by arabinan signals, followed by signals from (1→4)-

β-galactans and HG (Figure 2.2B). Together with the linkage analysis (Table 2.3), this 

indicates that the arabinans are particularly highly mobile, more so than the (1→4)-β-

galactans and HG. The most evident differences among the SPE spectra form the different 

petiole segments are the relative peak intensities from t-Araf, and (1→5)-Araf or (1→3, 5)-

Araf, especially at C-2 and C-4. 
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Figure 2. 2 CP/MAS (A) and SPE/MAS (B) solid-state NMR of collenchyma cell walls from 
different petioles segments. GA-galacturonan; Gal-galactose; Glc-glucose in xyloglucan; C-1; 
G1, galactan C-1; GA1, galacturonan C-1; t-, = terminal linked; 5-, = 5-linked; 3,5-, = 3, 5-
linked; 5-/3,5-, =5- and 3,5-linked. HG-homogalacturonan; Rha-rhamnose; i-interior 
cellulose; s-surface cellulose. A1, arabinans C-1. 
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2.4 Discussion  

In this study we found that the upper region of celery petioles elongated faster than 

the lower regions and was the last to stop elongating. Similar growth occurs in the 

hypocotyls of sunflowers (Helianthus annuus) and mung bean (Vigna radiata) (Goldberg et 

al., 1986; Ruge, 1937). This suggests that collenchyma cells in the upper region of celery 

petioles were the last to elongate. Peripheral collenchyma cells arise from a ground 

meristem and pass through periclinal and anticlinal divisions before elongating (Esau, 1936; 

Majumdar and Preston, 1941). Previous workers showed that collenchyma cell walls thicken 

during cell elongation (Esau, 1936; Beer and Setterfield, 1958; Leroux, 2012) and even post 

elongation (Jarvis, 2007). However, it is not known at which stage the most wall thickening 

occurs. The duration of elongation and post elongation of collenchyma cells differs among 

the segments, which may relate to the different cell wall thicknesses but this needs further 

investigation. In spite of the differences in the time of the completion of elongation, wall 

thickness and cell size, there were only minor differences in the polysaccharide 

compositions of the collenchyma walls from the three segments.  

The compositions of celery collenchyma cell walls are similar to those of parenchyma 

cell walls in most eudicotyledons, with high proportions of pectic polysaccharides in the 

matrix, and smaller proportions of XGs, HMs and HXs. Compared with celery parenchyma 

cell walls (Thimm et al., 2000, 2002; Zujovic et al., 2016) celery collenchyma cell walls have 

lower proportions of pectic polysaccharides, and higher proportions of cellulose, XGs and 

HXs. Celery parenchyma CWs are notable for their low xyloglucan content. The abundant 

pectic polysaccharides in the celery parenchyma walls may be involved in the maintenance 

of wall integrity by interacting with cellulose and other wall polysaccharides (Thimm et al., 

2000, 2002). Pectic polysaccharides possibly have similar roles in all primary cell walls with a 

high content of pectic polysaccharides.  

Although the HEPES buffer-soluble fraction is only a small fraction in the present study, 

it has an unusual composition, with a particularly high content of heteroxylans, which are 

branched mostly through O-2 of Xylp. The side chains possibly include GlcpA, 4-O-Me-GlcpA 

and Araf, but we have no definitive evidence. The HEPES buffer-soluble fraction probably 

represents material in the apoplast of the collenchyma cell walls. The culture medium of cell 
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suspension cultures can be considered as equivalent to an extended apoplast (Fry, 2000), 

and for example, the culture medium of pear (Pyrus communis) has also been found to 

contain small proportions of heteroxylans, although the main components were 

fucogalactoxyloglucans, a type II arabinogalactan (as part of an arabinogalactan-protein) 

and homogalacturonan (Webster et al., 2008). Water soluble, highly branched heteroxylans 

have also been found in various plant secretions, including the seed mucilage of flax (Linum 

usitatissimum) (Naran et al., 2008) and leaf exudates of the non-commelinid 

monocotyledons Phormium tenax and P. cookianum (Sims and Newman, 2006). Type II AGs, 

which also occur in the HEPES-soluble fraction, usually are part of AGPs. They have a (1→3)-

β-D-galactan backbone substituted at O-6 by arabinosyl or galactosyl branches, with non-

reducing terminal residues, including terminal L-Araf, L-Arap, D-GalpA, D-GlcpA, D-Galp and 

L-Rhap (Fincher et al., 1983; Nothnagel, 1997). The presence of t-Rhap and 4-linked GlcpA in 

the polysaccharides in the HEPES-soluble fraction, indicates α-L-Rhap-(1→4)-β-D-GlcpA (1

→), which has been reported to occur in the AGPs of Arabidopsis leaves, may be present 

(Tryfona et al., 2012).  

Pectic polysaccharides are the dominant matrix polysaccharides, with HG being the 

most abundant domain. HG can be methyl esterified, with the degree of methyl 

esterification being strongly correlated with the rheological properties of pectin gels. In 

pectins with low degrees of methyl esterification, the interaction between Ca2+ ions and 

pectic carboxyl groups (the egg-box structure) results in the formation of semi-rigid gels, 

which are presumed to provide mechanical support within cell walls (Parre and Geitmann, 

2005), and contribute to the stability of the middle lamella (Kohn, 1987). The low degree of 

pectin methyl esterification in celery collenchyma walls may indicate that such gels are 

prevalent in the walls. The degree of methyl esterification of pectins is usually 

developmentally regulated, and shows some reduction in plant cells with low levels of wall 

synthesis (Wolf et al., 2009). Thus, the low degree of methyl esterification observed in 

celery collenchyma walls is consistent with lower levels of wall synthesis and deposition in 

the collenchyma cell walls in the lower segments and middle segments. Besides HG, the 

second most abundant pectic polysaccharide domain in celery collenchyma walls is RG-I, 

with (1→5)-α-L-arabinans as the predominant side chains, although the monosaccharide 

compositions of the cell walls suggested galactose is present in a comparable amount (Table 
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2.1). The functions of RG-I arabinans and galactans in plant cell walls are not known for 

certain; there is evidence that they can hydrogen bond to cellulose, effectively cross-linking 

cellulose microfibrils via the pectic polysaccharide network (Zykwinska et al., 2007) and it 

has been suggested (Jones et al., 2003; Marcus et al., 2010) that they may affect the 

mechanical properties of cell walls by limiting the formation of egg-box structures involving 

Ca2+ cross-linked HGs. However, the proportions of arabinans and galactans are much lower 

in celery collenchyma cell walls than in celery parenchyma (Thimm et al., 2000) cell walls, 

suggesting these side chains may have different roles in the walls of different cell types. 

Besides HG and RG-I, a RG-II domain is also present, as indicated by the presence of 3,4-

linked GalpA and t-Rhap residues (Harris, 2005). However, 3,4-linked GalpA could also 

originate from XGA (Harris, 2009), suggesting  a XGA domain might also be present in the 

pectic polysaccharides of celery collenchyma cell walls. However, we have chosen not to 

include this domain in our list of possible polysaccharides (Table 2.3).  

Linkage analysis of the xyloglucan rich fractions (4 M KOH fractions) is consistent with 

the xyloglucans being fucogalactoxyloglucans, which occur commonly in the primary cell 

walls of most eudicotyledons (Hsieh and Harris, 2009). We also found small proportions of 

HXs in celery collenchyma cell walls, with most being present in the 1 M KOH fractions. Early 

work on the HXs in the primary walls of suspension cultured cells of the eudicotyledon 

sycamore (Acer pseudoplatanus) indicated both Araf and GlcpA (or 4-O-Me-GlcpA) were 

attached through O-2 of Xylp in the backbone, and the HXs were glucuronoarabinoxylans 

(Darvill et al., 1980). However, more recently, it was found that a HX in Arabidopsis primary 

cell walls had only GlcpA (and 4-O-Me-GlcpA) attached directly to O-2 Xylp of the backbone. 

Another pentose, possibly α-L-Arap, was also linked through O-2 to some of the GlcpA 

residues (Mortimer et al., 2015; Peña e al., 2016) 

Our results also confirmed that HMs were present in small amounts in celery 

collenchyma cell walls. The structures of HMs from the primary cell walls of other 

eudicotyledons have already been elucidated, including those from blackberry (Rubus 

fruticosus) (Cartier et al., 1988), kiwifruit (Actinidia deliciosa) (Redgwell et al., 1991; 

Schröder et al., 2001)and tobacco (Nicotiana plumbaginfolia) (Sims et al., 1997). These HMs 

have alternating β-D-Glcp and β-D-Manp residues linked (1→4) as a backbone, with single 
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α-D-Galp or β-D-Galp-(1→2)-α-D-Galp residues attached mostly to Manp. The pattern of 

branching in HMs relates to their physicochemical properties, such as solubility in water, 

density and even interaction behaviours with other wall polysaccharides (Ebringerová et al., 

2005), which may explain why the HMs in the 1 M and 4 M KOH fractions have different 

degrees of branching.  

The CP/MAS spectra of celery collenchyma cell walls were comparable to those 

obtained by Jarvis et al. (Jarvis and Apperley, 1990; Fenwick et al., 1997; Thomas et al., 

2013). Although the degrees of methyl and acetyl esterification of collenchyma cell walls 

from different segments were not identical, this could not be determined by the CP spectra. 

This is because most methyl and acetyl esters are highly mobile and were suppressed in 

CP/MAS due to inefficient polarization transfer. However, SPE/MAS spectra (Figure 2.2B) 

suggested there is variation in the mobilities of these highly mobile arabinans in 

collenchyma cell walls from different segments, assuming the relaxation times are the same 

in each segment, indicated by the different  signal patterns for terminal Araf; 5- and 3, 5-

linked Araf. The relative amounts of terminal Araf, 5- and 3, 5-linked Araf in arabinans were 

determined by using solution-state NMR (Cardoso et al., 2007). However, in solid-state 

NMR, both the quantity and conformation of Araf can affect the intensity of signals (Ng et 

al., 2014), which is influenced by the degree and type of branching of arabinans. Arabinans 

with more branching can be expected to have relatively higher proportion of t-Araf signals 

when detected by SPE. This is due to their increased amount as well as decreased mobility 

of 5-/3,5-Araf (compare upper, middle and lower segments in Figure 2.2B). Therefore, the 

arabinans in the thicker cell walls of the upper segment are probably more branched than 

those of middle and lower segment. As a consequence, the relative flexibility of the thicker 

walls may increase due to steric hindrance preventing the homogalacturonan domain 

coalescing (Jones et al., 1997, 2003).  

2.5 Conclusions 

Celery petioles elongate last in the upper region, where the collenchyma cells have 

smaller cross sectional areas and thicker walls compared with those from the lower regions. 

Cellulose and pectin are dominant polysaccharides in the collenchyma CWs, followed by 

XGs, HXs and HMs. The pectic polysaccharides are dominated by the HG domain, with lower 
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proportions of RG-I with side chains mostly of (1→5)-α-L-arabinans rather than (1→4)-β-D-

galactans, although more Gal was found in the monosaccharide compositions of the cell 

walls. Xyloglucans in the collenchyma walls are fucogalactoxyloglucans, which occur in most 

species of eudicotyledons. Small proportions of HXs and HMs occur in celery collenchyma 

cell walls, and their structures are thought to be similar to those of other HXs and HMs 

found in eudicotyledon primary walls. SPE/MAS combined with monosaccharide 

compositions indicated that the lengths and amounts of highly mobile arabinans vary 

among collenchyma walls from different segments of the petiole. 
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Chapter 3- Developmental changes in collenchyma 
cell-wall polysaccharides in celery (Apium graveolens 
L.) petioles 

 

3.1 Introduction  

Collenchyma is a simple plant tissue consisting of one cell type. Collenchyma cells are 

narrow, elongated, living cells that occur particularly in stems and leaves of eudicotyledons, 

where they are found typically in a peripheral position, but are also often associated with 

vascular bundles (Fahn, 1967; Evert, 2006; Leroux, 2012). The cell walls are thick, usually 

non-lignified, with the thickening often unevenly distributed, and are considered to provide 

mechanical support to the stems and leaves while they are still growing (Evert 2006; Leroux 

2012). Depending on the positioning of the wall thickening, several types of collenchyma 

have been recognized, with the most common type being angular collenchyma, where the 

thickenings occur mostly at the cell corners (Chen et al.,2017). This type of collenchyma is 

found in the petioles of celery (Apium graveolens L.), where it occurs in sub-epidermal 

strands and is also associated with vascular bundles (Fahn, 1967; Chen et al., 2017). 

In an early study on the development of collenchyma walls in cow parsnip (Heracleum 

sphondylium), Majumdar and Preston (1941) showed that the thick walls were laid down 

early in development before cell expansion ceased. These thick walls therefore cannot be 

described as secondary walls, which are laid down only after cell expansion has ceased 

(Harris, 2006). Majumdar and Preston (1941) described them as thickened primary walls. 

However, in a study of collenchyma strand in celery petioles, Vian et al. (1993) reported that 

wall synthesis and assembly continued after growth had ceased.  

A modern, detailed analytical study of the composition of collenchyma cell walls has 

only recently been reported for cell-wall preparations from sub-epidermal collenchyma 

strands in fully elongated petioles of celery (Chen et al., 2017). The composition was typical 

of the primary cell walls of eudicotyledons, with cellulose and pectic polysaccharides being 

the most abundant components, with homogalacturonan (HG) more abundant than 

rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II), together with smaller 



 

50 
 

amounts of xyloglucans and even smaller amounts of heteroxylans and heteromannans. The 

composition was similar to that of parenchyma cells in celery petioles, although the 

collenchyma walls contained a higher proportion of xyloglucans (7.5 mol%) and a lower 

proportion of RG-I side chains arabinan and galactan (Thimm et al., 2002; Zujovic et al., 

2016; Chen et al., 2017). 

There have been few recent studies to determine the locations of specific 

polysaccharides within collenchyma cell walls and no studies of collenchyma cells at 

different stages of development. Some early studies reported that collenchyma walls had a 

lamellar structure with lamellae rich in cellulose alternating with lamellae rich in non-

cellulosic polysaccharides, in particular pectic polysaccharides (Leroux, 2012). For example, 

Majumdar and Preston (1941) reported a lamellar distribution of pectic polysaccharides, 

after using bright-field microscopy with methylene blue to stain them in collenchyma cells in 

cow parsnip stems. Chafe (1970) also used bright-field microscopy, but with the pectic 

polysaccharide stain, ruthenium red, as well as transmission electron microscopy with 

alkaline hydroxylamine-ferric chloride staining, to examine the pectic polysaccharides 

(Reeve, 1958) in collenchyma cells in ten different species. A lamellar distribution of pectic 

polysaccharides was indicated in the walls, using bright-field microscopy, in only three of the 

species, including celery. However, the Reeve method with transmission electron 

microscopy gave conflicting results on these three species. Since these early studies, a range 

of monoclonal antibodies have been developed that will specifically recognize a number of 

common plant cell-wall polysaccharides, and immunofluorescence and immunogold 

microscopy have been used to determine the locations of specific polysaccharides within 

cell walls (Wilson and Bacic, 2012; Lee and Knox, 2014). To date, we are unaware of detailed 

studies with monoclonal antibodies that specifically target collenchyma cell walls of a 

particular species. However, because collenchyma cells occur commonly, particularly in 

stems and leaves, some immunofluorescence information is available for several such 

monoclonal antibodies on several species and has been reviewed by Leroux (2012). This 

includes information on the locations of pectic HGs (Jones et al., 1997; Marcus et al., 2008; 

Leroux, 2012), the side chains of the pectic polysaccharide rhamnogalacturonan I (RG-I) 

(Jones et al., 1997; Marcus et al., 2008; Leroux, 2012), xyloglucans (Marcus et al., 2008), and 

heteroxylans (Harvé et al., 2009), in stems of elderberry (Sambucus sp.) and tobacco 
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(Nicotiana tabacum), and petioles of tomato (Solanum lycopersicum) fruit of unknown 

maturity.  

Another technique that has been used to study polysaccharides in cell walls is solid-

state 13C nuclear magnetic resonance (NMR) spectroscopy, including celery collenchyma 

(Fenwick et al., 1997; Thomas et al., 2013). This is a powerful, non-destructive technique 

that has been used to examine plant cell walls in or close to their native state without 

disrupting cross-linking of wall polysaccharides (Bootten et al. 2011). Internal couplings of 

nuclei and their surroundings define different chemical shifts for carbon atoms, allowing 

detection of segmental information on a nano scale for different types of polysaccharides 

simultaneously, including quantitative and mobility information (Spiess, 1997). The CP/MAS 

based relaxation time constant T1ρ
H (rotating-frame relaxation time constant of protons) and 

T1
C (spin-lattice relaxation time constant of 13C) correspond to kHz and MHz movements, 

respectively, and were shown to be the most useful time constants for cell-wall samples not 

enriched in 13C (Fenwick et al., 1997; Hediger et al., 1999; Bootten et al., 2004). By 

measuring the T1ρ
H and T1

C of individual polysaccharides, the major contributors to the 

varied mechanical properties of the walls can be identified.  

The compositions of eudicotyledon primary walls varies according to their growth 

status, of which methyl esterification level (Derbyshire et al., 2007) and RG-I side chains 

(Willats et al., 1999; McCartney et al., 2000, 2003) are the most variable components. Other 

wall components, such as xyloglucans, have also been shown to be developmentally 

regulated in parenchyma cell walls in tomato fruit (Chylińska et al., 2007) and undergo some 

degradation or turnover in acid- or auxin-induced cell expansion (Hayashi, 1989). Such 

changes in wall polysaccharides may well occur in the cell walls of collenchyma, as it is 

known that the cell walls are thicker, harder and stiffer when mature (Esau, 1936; Beer and 

Setterfield, 1958; Jaccard and Pilet, 1975, 1997; Fenwick et al., 1997).  

Here I report changes that occur in the wall polysaccharides of celery sub-epidermal 

collenchyma cells during their development. First, I tested the hypothesis that all, or at least 

the majority, of the thick collenchyma walls are laid down while the cells are still elongating. 

Second, I investigated changes in cell-wall polysaccharide compositions at different stages of 

collenchyma cell-wall development by extracting the collenchyma stands at these different 
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stages, isolating cell walls and determining their monosaccharide compositions. Third, I 

extended this compositional information on cell-wall polysaccharides by carrying out 

immunofluorescence and immunogold microscopy with eight monoclonal antibodies that 

recognize specific polysaccharides. Fourth, I obtained information about possible changes 

during development in the mobilities of pectic HG polysaccharides and cellulose in the 

collenchyma cell walls by using solid-state 13C NMR spectroscopy.  

3.2 Materials and methods 

3.2.1 Plant materials  

Celery (Apium graveolens L., ‘Tango’) was grown from seed in an unheated glasshouse 

at Clark Nurseries Ltd., Pukekohe, New Zealand (geographical location 37° 20’ S, 174° 88’ E), 

and harvested after six months of growth. Petioles were detached, washed and categorized 

into four different developmental stages based on petiole length (recorded from the base to 

the first leaflet junction): Stage 1 (2-5 cm), Stage 2 (10-15 cm), Stage 3 (20-25 cm) and Stage 

4 (35-40 cm). Petioles at Stages 1, 2, 3 and 4 were obtained from basal inner, inner, middle 

and outer regions of celery bundles, respectively, and a collenchyma strand was taken from 

either all the way down a petiole (for compositional analysis) or from the midpoint for all 

other work). The basal inner region was close to the shoot apical meristem at the base of 

the bundle.   

To determine whether collenchyma wall thickening occurred before or after the cells 

stopped elongating, petioles were examined from another cultivar, ‘Triple Eight’, grown for 

four months at the same location as cultivar ‘Tango’, but outside. It was assumed the 

collenchyma cells in the two cultivars behaved similarly. Petioles examined were almost 

fully elongated, but were still elongating. Three celery plants were used (A, B, C). On each 

plant, four petioles (petioles 1, 2, 3, 4, lengths 26-33 cm) were selected from the outer 

region of the bundle. On day 1, marks were made at intervals of 5 cm along the petioles 

with a waterproof, fine-tipped black marker pen. On the same day, a collenchyma strand 

was taken from the midway portion of petiole 1 from each plant and was processed (see 

below) to measure collenchyma cell length, width and wall thickness. The distances 

between the marks were recorded on days 5, 8, 11 and 16, and collenchyma strands were 



 

53 
 

taken as before from petioles 2, 3, and 4 on days 8, 11 and 16, respectively. The lengths of 

petioles used to sample collenchyma strands continued to be measured after sampling.  

3.2.2 Measurement of the lengths and widths of collenchyma cells 

Collenchyma strands (~ 5 mm long) from midway along petioles at the four different 

developmental stages were carefully detached using forceps, stained with an aqueous 

toluidine blue O solution (0.1%, w/v) and viewed by bright-field light microscopy as 

described by Chen et al. (2017). Cell lengths and widths at the different developmental 

stages were measured from the images using Image J (NIH, New York, USA). In each 

collenchyma strand for both cultivars, 15-20 cells were examined. Mean lengths and widths 

(± SD) were determined. Statistical analysis was conducted in SPSS Statistics 22 (IBM 

Corporation, Armonk, NY) using one-way ANOVA. P ≤ 0.05 was considered as statistically 

significant.    

3.2.3 Measurement of collenchyma cell-wall thickness 

Collenchyma strands (~ 5 mm long) from midway along petioles were cut transversely 

into short segments (1-2 mm long), fixed with 100 mM potassium phosphate buffer (pH 7.4) 

containing 2.5% (w/v) glutaraldehyde for 2 h, washed with the same buffer, then post fixed 

with 1% (w/v) aqueous OsO4 for 2 h. After washing with buffer, the segments were 

dehydrated in an aqueous ethanol series (30, 50, 70, 85, 90, 100% twice), infiltrated with 

acetone for 5 min, a mixture of acetone and the epoxy resin Procure 812 (ProSciTech, 

Thuringowa Central, QLD, Australia)  (1:1, v/v) for 1 h and pure resin for 24 h on a rotor. The 

segments were placed into fresh resin and polymerized at 60 °C for 48 h. Transverse 

sections (70 nm thick) were cut with an ultra-microtome (Model EM UC6, Leica, Vienna, 

Austria) using a diamond knife, collected on 200 mesh copper grids (ProSciTec), stained with 

2% (w/v) aqueous uranyl acetate for 20 min and Reynolds lead citrate (Reynolds, 1963) for 4 

min before being examined with a transmission electron microscope (Model Technai 12; FEI, 

Hillsboro, OR, USA) at an accelerating voltage of 120 kv. The resulting images were used to 

measure collenchyma cell-wall thickness. At each developmental stage of cultivar ‘Tango’, 

the maximum wall thickness of 10-12 collenchyma cells was measured. For cultivar ‘Triple 

Eight’, both maximum and minimum wall thickness of ~ 15 cells was measured in each 

collenchyma strand. Statistical analysis of the data was conducted as above.  
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3.2.4 Isolation of cell walls and determination of monosaccharide 

compositions 

Cell walls were isolated as described in Chen et al (2017). Briefly, collenchyma strands 

from different lengths of petioles were homogenized in buffer, cell walls were collected on 

nylon mesh, washed, dialyzed and freeze-dried. A small portion of cell wall samples were 

hydrolyzed with 2 M trifluoroacetic acid (TFA) or by a two-stage procedure using H2SO4 

(Saeman et al., 1963; Harris et al., 1988), and the resulting neutral monosaccharides 

reduced, acetylated and analysed by capillary gas chromatography. Total uronic acids were 

measured by the m-hydroxydiphenyl method (Filisetti-Cozzi et al., 1991) with D-galacturonic 

acid as the standard. All determinations were done in triplicate. 

3.2.5 Degree of methyl esterification (DM) of pectic polysaccharides 

The DM of pectic polysaccharides was determined as described by McFeeters and 

Armstrong (1984) with modifications. Briefly, freeze-dried cell walls (~3 mg) were 

saponified overnight at 4 °C in a mixture of 50 mM citric acid containing 1 M sodium 

chloride (25 μL), water (225 μL) and 1 M sodium hydroxide (20 μL). The slurry was 

neutralized with 50 mM citric acid followed by the addition of n-propanol (25 mM) as the 

internal standard. After centrifuging (20,000× g, 5 min), an aliquot (1 μL) of the supernatant 

was analysed by capillary gas chromatography on a SGETM BP20 column (15 m long, 0.32 

mm i.d, 0.25 μm film thickness) (ThermoFisher Scientific, Waltham, MA, USA). The DM was 

calculated as methanol (mol)/ UA (mol) in each mg CW × 100%. Duplicate samples were 

analysed.  

3.2.6 Indirect immunofluorescence microscopy of cell-wall polysaccharides 

This was done essentially as described by Zhang et al. (2016). Transverse segments (1-2 

mm long) were cut midway along petioles at the four different stages of development, and 

fixed in 100 mM sodium PIPES buffer (pH7.2) containing 2% (w/v) paraformaldehyde and 

0.1% (w/v) glutaraldehyde for 2 h at room temperature under vacuum. After washing with 

buffer only, the segments were dehydrated using an aqueous ethanol series (30, 50, 70, 85, 

90, and 100% twice) for 15 mins at each concentration. They were then infiltrated for 1 h at 

room temperature with a 2:1 (v/v) mixture of ethanol and LR White resin (medium grade) 

(London Resin Co. Ltd, Basingstoke, UK) followed by a 1:2 (v/v) mixture of ethanol and resin 
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for 1 h, and finally in pure resin for 18 h. They were then placed in gelatine capsules 

containing fresh resin and polymerized at 60 °C for 24 h.  

Transverse sections (200 nm thick) were cut using a diamond knife on an 

ultramicrotome (see above), transferred to poly-L-lysine coated slides (Biolab Scientific, 

Auckland), and dried at 55 °C for 30 min. Non-specific binding sites were blocked by 

incubating sections in 10 mM sodium phosphate buffer (pH 7.4) containing 140 mM NaCl 

(PBS) and 5% (w/v) milk powder (MP-PBS) for 1 h at room temperature. The sections were 

then washed with PBS (4x) with shaking at 70 rpm, followed by incubation with the 

monoclonal antibodies (20 μL) (PlantProbes, Leeds, UK) in MP-PBS for 2 h. The following 

monoclonal antibodies were used: LM5, specific for (1→4)-β-D-galactans (Jones et al., 

1997) ; LM6, specific for (1→5)-α-L-arabinans (Willats et al., 1998); LM19, specific for non-

methyl esterified HG (Verhertbruggen et al., 2009b); LM20, specific for low-substituted 

methyl esterified HG (Verhertbruggen et al., 2009b); LM10, specific for unsubstituted or 

low-substituted (1→4)-β-xylans (McCartney et al., 2005); LM11, specific for more highly 

substituted (1→4)-β-xylans (McCartney et al., 2005); LM15, specific for xyloglucans (Marcus 

et al., 2008); LM21, specific for heteromannans (Marcus et al., 2010). LM19 and LM20 were 

diluted 1:5 (v/v) in MP-PBS before use, and other primary antibodies were diluted 1:10 (v/v) 

in MP-PBS. After washing with shaking in PBS (5x), the sections were incubated with the 

secondary antibody goat anti-rat (H+L) conjugated to (20 μL, 1:200 dilution) Alexa Fluor® 

546 (ThermoFisher Scientific) in MP-PBS at room temperature for 1.5 h in the dark. After 

washing (with shaking) with PBS (5x), the sections were stained with 0.03% (w/v) Calcofluor 

White (Fluorescent Brighter 28 sodium salt, Sigma-Aldrich, St. Louis, USA) for 5 min in the 

dark, washed (with shaking) with PBS (3x) then water (2x), mounted in AF1 antifadent 

(Citifluor Ltd, London) and examined with a light microscope equipped for epifluorescence 

microscopy (Nikon Eclipse Ni-U microscope; Nikon Instruments Inc, Melville, NY, USA). The 

filter sets used were as follows: for Alexa Fluor® 546 fluorescence, the TRIC filter set 

(excitation filter BP 530-560 nm; chromatic beam splitter 570 nm, and emission filter BP 

590-650 nm); for Calcofluor White fluorescence, the DAPI filter set (excitation filter BP 325-

375 nm; chromatic beam splitter 400 nm, emission filter BP435-485 nm). Control 

experiments were done with the monoclonal antibody omitted.  
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For some experiments, sections were treated in one of the following two ways before 

non-specific binding sites were blocked: with 0.1 M Na2CO3 (pH 11.4) for 2 h at room 

temperature to remove methyl esters from HG; with 0.1 M Na2CO3 for 2 h, followed by 

pectate lyase (10 μg/mL) (from Cellvibrio japonicus, Megazyme International, Bray, Ireland) 

in 50 mM N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) buffer (pH 10) containing 2 mM 

CaCl2 for 2 h at room temperature to remove HG (Marcus et al., 2008). 

3.2.7 Indirect immunogold microscopy of cell-wall polysaccharides 

This was done essentially as described by Zhang et al (2016). Transverse sections (100 

nm thick) were collected on 200 mesh nickel grids (ProSciTech), and some of these were 

pre-treated to remove HG or methyl esters of HG as described for immunofluorescence 

microscopy. The sections were blocked, washed with shaking, and incubated with 

monoclonal antibodies as described for immunofluorescence microscopy, but at 4 °C 

overnight before washing (with shaking) with PBS (5x). The sections were then incubated 

with the secondary antibody goat anti-rat IgG (H+L) conjugated to 15 nm diameter colloidal 

gold particles (Electron Microscopy Sciences, Hatfield, PA, USA) (diluted 1:10 in MP-PBS) for 

2 h at room temperature, washed (with shaking) with PBS  (5x) and water (2x). The sections 

were then stained with 2% (w/v) aqueous uranyl acetate for 20 mins, washed with water 

(6x), dried and examined by TEM as described above. Control experiments were done with 

monoclonal antibodies omitted.  

3.2.8 Solid-state 13C NMR 

CP/MAS solid-state NMR was carried out as described by Bootten et al. (2011). Freeze-

dried CWs were rehydrated to a water content of 65% (w/w) using 80% (v/v) ethanol, 

packed in 4-mm diameter zirconia rotors and retained with Kel-F end-caps. The samples 

were spun at 4 kHz in a Bruker magic-angle spinning double-tuned probe for 13C NMR 

spectroscopy at 75 MHz using a Bruker Avance III 500 MHz spectrometer (Billerica, MA, 

USA). For CP/MAS experiments, the 90° proton preparation pulse was 4.2 μs followed by a 1 

ms CP contact time, 51 ms of data acquisition, and a recovery delay of 1 s before the 

sequence was repeated. A total of 12000 transients were used.  

The relaxation experiments were conducted with 4 kHz MAS at room temperature. 

Proton T1ρ was carried out according to Hediger et al., (1999) using a 400 μs contact time 
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and 12000 scans. Carbon T1 was measured as described by Torchia (1978). The relaxation 

delay was set at 20 μs, 10 ms, 100 ms, 300 ms, 500 ms, 1 s, 2.5 s, 5s, 10 s and 20 s. 3800 

accumulations were used for each delay. The decay pattern between relative peak 

intensities and relaxation times were fitted with mono- or di-exponential functions in 

OriginPro 8 (OriginLab, Northampton, MA, USA).  

 

3.3 Results 

3.3.1 Collenchyma cells elongate extensively during development and their 

walls thicken during elongation 

Bright-field light microscopy of the celery collenchyma cells showed they became wider 

and longer during development (Figure 3.1a), with the width increased markedly from Stage 

1 to 2, but only slightly from Stage 2 to Stage 4 (Figure 3.11b). However, their length 

continued to increase throughout development, with the increase greatest between Stages 

3 and 4 (Figure 3.1b).  TEM images of transverse sections (Figure 3.1c-f) showed that at 

Stage 1 the collenchyma walls were thin with slight thickening at the cell corners (Figure 

3.1c), but at Stage 4 had become very thick at the cell corners (Figure 3.1f). Intercellular 

space was visible at Stage 1, but became unidentifiable at later developmental stages. The 

average maximum wall thickness (measured at the cell corners) increased markedly from 

0.8 μm at Stage 1 to ~2.5 μm at Stage 3, to ~4.0 μm at Stage 4 (Figure 3.1g).  

To determine if the collenchyma walls continue to thicken after cell elongation ceases, 

celery petioles that had almost stopped growing were examined in detail. Petioles from 

three different plants (A, B and C) of the cultivar “Triple Eight” were measured and found to 

have elongated 0.5-1.5 cm from day 1 to 5, but had stopped elongating after day 8 (Figure 

3.1h). The lengths and widths of collenchyma cells from these petioles were also measured 

(Figure 3.1i). Cell length increased slightly from day 1 to 8, but no further increase occurred 

after this, indicating that elongation had ceased. Both maximum and minimum wall 

thickness increased from day 1 to day 8, but remained constant from day 8 to 16 (Figure 

3.1i), indicating that no wall thickening occurred after the cells had stopped elongating.   
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3.3.2 The monosaccharide compositions of collenchyma cell walls change 

during development 

The collenchyma walls had a high content of total uronic acids, regardless of stage of 

development. The degree of methyl esterification of HG was similar at Stages 1 to 3, but 

dropped steeply by Stage 4. Cellulosic Glc accounted for approximately one third of the total 

monosaccharides, and the proportion increased from Stage 1 to 4, as did the proportion of 

Xyl and Man. Approximately 9 mol% Ara and Gal occurred in the cell walls at Stage 1, but 

this had decreased considerably to 2.5 mol% and 4.7 mol% respectively at Stage 4.  

During the isolation of collenchyma cell walls, a small proportion of (≤ 2.4%) was 

soluble in the HEPES buffer. This probably represented material in the apoplasts. The 

monosaccharide composition of this HEPES soluble material indicated the presence of 

abundant uronic acids, followed by Ara, Gal and Xyl. The proportions of uronic acids 

increased from developmental Stages 1 to 4 as did the proportion of Xyl. However, the 

proportions of Ara, Gal and Fuc showed the opposite trend (Table 3.1).  
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Figure 3. 1 Structures of collenchyma cells at different developmental stages from petioles 

of different length. (a) Isolated collenchyma strands at developmental Stage 1 (2.8 cm long 

petiole), Stage 2 (12 cm long petiole), Stage 3 (23 cm long petiole), Stage 4 (38 cm long 
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petiole).  Stained with 0.1% (w/v) aqueous toluidine blue, and color was adjusted to grey 

from original blue to better show the cell boundary. Scale bar= 50 μm. (b) Average 

collenchyma cell width ( ) and length ( ) at different developmental stages (n ≥180 

cells per Stage). Stage 1-4, from 2-5 cm, 10-15 cm, 20-25 cm and 35-40 cm long petioles, 

respectively. (c-f) TEM images of transverse sections of collenchyma at developmental Stage 

1 (3 cm petiole) (c), Stage 2 (13 cm petiole) (d), Stage 3 (23 cm petiole) (e), Stage 4 (39 cm 

long petiole) (f). The double arrows denote the thickest region of the walls. Scale bar= 2 μm. 

(g) The average maximum wall thickness of collenchyma cells (n≥ 30 per stage) at different 

developmental stages. Stage 1-4, from 3 cm, 13 cm, 23 cm, 39 cm long petioles.  (h) The 

elongation of petioles from three different plants (A, B and C) of “Triple 8” celery at a late 

stage of development. The ellipse highlighted the time when the petioles stopped 

elongating. Different symbols indicate different petioles. (i) The width ( ) and length 

( ) of collenchyma cells from petioles before and after petioles stopped elongating. (n≥ 

45). (j) The average maximum ( ) and minimum ( ) wall thickness of collenchyma cells 

(n≥ 45) from celery petioles before and after petioles stopped elongating. Different letters a, 

b, c, d indicate significant difference (P﹤0.05). The error bars in b and i represent negative 

or positive standard deviations (SDs), whereas in g and j both positive and negative SDs are 

shown.   
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Table 3. 1 The yield, monosaccharide compositions (mol%) and degree of methyl esterification of CWs and HEPES fractions from collenchyma 
strands at different developmental stages. 

 

 

 

 

 

 

 

 

 

The yield of the CWs and HEPES fraction is the freeze-dried weight recovered from 100 g fresh weight of collenchyma strands. 
Rha and Glc values are from the 2 M TFA hydrolysis, all other neutral sugars values are from H2SO4 hydrolysis.  
“ND”, not determined. DM, degree of methyl esterification of pectin (mol%); Rhamnose (Rha), fucose (Fuc), arabinose (Ara), xylose (Xyl), mannose (man), galactose (Gal);  
Glc, non-cellulosic glucose from TFA hydrolysis; C-Glc, cellulose glucose, TFA glucose subtracted from H2SO4  glucose; UA, uronic acids; TS, total monosaccharides, sum of uronic acid and neutral monosaccharides. 
Values are the average of duplicates or triplicates (n=2 or 3).   
Different letters (a, b, c) indicate significant differences (P ≤ 0.05). 

Samples Growth 
stages 

Petiole 
length (cm) 

Yield (%) 

Monosaccharides TS  

(μg/mg) 
DM 

Rha Fuc Ara Xyl Man Gal Glc C-Glc UA 

CWs 

1 2-5 7.1 2.2
d 0.8

a 9.1
d 6.2

a 2.0
a 9.4

b 2.0
a 28.0

a 40.3
b 950

a 36.1
b 

2 10-15 7.8 1.9
c 0.9

b 6.5
c 6.7

b 2.6
b 10.3

b 2.1
b 31.9

b 37.0
a 982

ab 35.7
b 

3 20-25 10.2 1.9
b 0.9

b 4.3
b 7.7

c 2.9
c 9.5

b 2.2
c 33.7

c 36.7
a 951

a 34.9
b 

4 35-40 12.8 1.5
a 0.9

b 2.5
a 7.9

c 3.0
c 4.7

a 2.2
c 35.8

d 41.5
b 1013

b 19.2
a 

HEPES 

fraction 

1 2-5  2.4 2.4
a 4.6

c 15.5
d 9.9

a 4.5
c 22.8

c 9.8
c  ND 30.5

a 183
a ND 

2 10-15 1.7 2.6
a 1.1

b 11.4
c 12.9

b 2.8
a 16.5

b 5.6
b  ND 47.1

c 436
b ND 

3 20-25 1.1 2.5
a 0.9

ab 10.1
b 16.6

c 3.0
b 16.0

ab 6.6
a  ND 44.3

b 420
b ND 

4 35-40 0.9 2.8
a 0.6

a 9.2
a 17.3

d 2.9
b 14.9

a 6.3
a  ND 46.0

bc 435
b ND 
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3.3.3 Immunofluorescence labelling of collenchyma cell walls at different 

developmental stages  

Monoclonal antibodies were used to localize the non-methyl esterified HG (LM19), 

methyl esterified HG (LM20), and the RG-I side chains (1→4)-β-galactans (LM5) and (1→5)-

α-arabinans (LM6). LM19 (Figure 3.2e-h) bound to collenchyma cell walls at all stages of 

development, and was most abundant in the middle lamella, tri-cellular junctions and inner 

walls adjacent to the plasma membrane (the outer walls being those adjacent to middle 

lamella). Labelling intensity was highest at Stage 4. Na2CO3 pre-treatment caused an overall 

increase in LM19 binding (Figure 3.2i-l), indicating significant reduction in methyl 

esterification of HG. LM20 (Figure 3.2m-p) displayed extensive binding at tri-cellular 

junctions, followed by the middle lamella and inner walls from Stages 1 to 3. Weaker 

binding was observed at Stage 4 with most bound to the inner walls. Na2CO3 pre-treatment 

resulted in a loss of LM20 binding (Appendix VII), as would be expected. At Stages 1 to 3, the 

LM5 epitope was distributed throughout the collenchyma cell walls (Figure 3.2q-t), but with 

very weak labelling at the middle lamella and tri-cellular junctions; while at Stage 4, no LM5 

epitope was observed. At Stages 1 to 3, LM6 showed stronger binding than LM5 throughout 

the walls (Figure 3.2u-x), and was more abundant in the outer walls adjacent to tri-cellular 

junctions and middle lamella. However, at Stage 4, LM6 labelling decreased markedly and 

was mostly located in the inner walls.  

Monoclonal antibodies were also used to label xyloglucans (LM15), heteroxylans (LM10 

and LM11) and heteromannans (LM21). LM15 weakly labelled the collenchyma walls, with 

the labelling intensity increasing from Stage 1 to 4 (Figure 3.3a-d). However, after pre-

treatment with pectate lyase, the labelling intensity increased markedly (Figure 3.3e-h), 

indicating that HG masked the LM15 epitopes. After pre-treatment,  LM15 labelled 

throughout the walls at Stages 1 to 2 and this labelling was most intense at tri-cellular 

junctions and middle lamella (Figure 3.3e-f), whereas at Stage 3 the labelling was evident at 

cell corners (Figure 3.3g) and became noticeably more evenly distributed at Stage 4 (Figure 

3.3h), although slightly more abundant in the inner walls. Labelling with LM10 was not 

observed at Stages 1 to 3, either before or after pectate lyase pre-treatment (Figure 3.3i-l). 

However, very weak labelling was observed throughout the walls at Stage 4 after pectate 

lyase pre-treatment. At Stages 1 and 2, the LM11 epitope was not detectable in the walls 
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(Figure 3.3m-p), even after pectate lyase pre-treatment, but at Stage 3 weak labelling was 

found, and at Stage 4 even stronger labelling. Labelling was mainly located in the thickened 

region of the walls. LM21 labelled collenchyma walls very weakly throughout development. 

The antibody preferentially labelled inner walls at Stages 1-4, but also cell corners and 

middle lamella at Stages 1-2 (Figure 3.3q-t). Without pectate lyase pre-treatment, no 

labelling with LM10 (Appendix VII), LM11 (Appendix VII) or LM21 (Appendix VII) was 

observed. In all the immunofluorescence labelling experiments, with all monoclonal 

antibodies and at all the developmental stages, no labelling was observed in the control 

experiments with the primary antibody omitted (Appendix VIII, IX). 
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Figure 3. 2 Immunofluorescence micrographs of transverse sections of collenchyma strands 

at four stages of development indirectly labelled with the monoclonal antibodies LM19 (e-l) 

(non- or low methyl esterified HG), LM20 (m-p) (more methyl esterified HG), LM5 (q-t) (1, 4-

β-D-galactan) and LM6 (u-x) (1, 5-α-L-arabinans); equivalent sections were stained with 

Calcofluor White (a-d). LM19 + Na2CO3, sections were pretreated with 0.1 M Na2CO3 before 

labelling with LM19. Stage 1 (2.6 cm long petiole), (a, e, i, m, q, u); Stage 2 (11 cm long 

petiole), (b, f, j, n, r, v); Stage 3 (24 cm long petiole), (c, g, k, o, s, w); Stage 4 (40 cm long 

petiole), (d, h, I, p, t, x). The insets show the collenchyma cells marked with arrows in the 

main panel at higher magnifications. The intense labelling in the insets were marked with 
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arrows, double headed arrows, arrowheads and double arrows. Arrows indicate the cell 

junctions at cell corners, double headed arrows indicate the middle lamella, and arrowheads 

indicate the inner region of the walls.  e= epidermis, c= collenchyma cells, p= parenchyma 

cells. Scale= 50 μm in the main panel.  Scale= 25 μm in the insets. The inset in the (m) is the 

merged channels of Calcofluor White and LM20 fluorescence labeling.  
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Figure 3. 3 Immunofluorescence micrographs of transverse sections from collenchyma 

strands at four stages of development indirectly labelled with the monoclonal antibodies 

LM15 (xyloglucans), LM10 (low or un- substituted 1, 4-β-xylans), LM11 (substituted 1, 4-β-

xylans) and LM21 (heteromannans). LM15 (a-d), sections were labelled without 

pretreatment with pectate lyase before labelling with LM15; LM15+ PL (e-h), LM10+ PL (i-l), 

LM11+ PL (m-p), LM21+ PL (q-t), sections were pretreated with pectate lyase before 

labelling with LM15, LM10, LM11 and LM21, respectively. Stage 1 (2.6 cm long petiole) (a, e, 

i, m, q); Stage 2 (11 cm long petiole) (b, f, j, n, r); Stage 3 (24 cm long petiole) (c, g, k, o, s); 

Stage 4 (40 cm long petiole) (d, h, l, p, t). The insets show the collenchyma cells marked with 

arrows in the main panel at higher magnifications. The intense labelling in the insets was 

marked with arrows, double headed arrows, arrowheads and double arrows.  Arrows 

indicate the cell junctions at cell corners, double headed arrows indicate the middle lamella, 

and arrowheads indicate the inner region of the walls.  e= epidermis, c= collenchyma cells, 

p= parenchyma cells. Scale= 50 μm in the main panel.  Scale= 25 μm in the insets.  



 

67 
 

3.3.4 Immunogold labelling of collenchyma cell walls at different 

developmental stages 

Immunogold labelling of collenchyma cell walls showed similar patterns to those of 

immunofluorescence labelling. Labelling HG with LM19 (Figure 3.4a-h, Appendix X) was 

greater at Stages 3 and 4, than 1 and 2. At Stage 1, labelling occurred all across double walls 

(the walls of two neighbouring cells joined by a middle lamella), but at Stages 2 and 3, there 

was more labelling in the middle lamella and adjacent outer walls (the outer wall being the 

portion of wall adjacent to the middle lamella). At Stage 4, labelling was more evenly 

distributed. At Stages 1- 3, LM20 for methyl esterified HG (Figure 3.4i-p, Appendix X) 

strongly labelled the tri-cellular junctions, middle lamella and adjacent outer walls, but at 

Stage 4, the tri-cellular junctions were only lightly labelled, and the rest of the walls was 

more evenly but less strongly labelled.  Labelling with LM5 for galactans (Figure 3.5a-h, 

Appendix X) was weak at Stages 1 to 3, with little or no labelling in the middle lamella and 

tri-cellular junctions, but the rest of the double wall was evenly labelled. At Stage 4, LM5 

labelling was absent except for an occasional particle. LM6 labelling for arabinans (Figure 

3.5i-p) was greater than for LM5, and, at Stages 1- 3, this labelling was even across double 

walls, with the intercellular space (Stage 1) or tri-cellular junctions (Stages 2- 4) not labelled. 

However, at the thin region of the walls, LM5 label was more intense in the middle lamella 

(Appendix X). At Stage 4, the labelling was much reduced, and distributed mostly over the 

inner walls (Figure 3.5p, Appendix X).  

After pectate lyase pre-treatment (Figure 3.6a-h, Appendix X), the amount of labelling 

with LM15 for XG increased with stage of development. At Stages 1 and 2, labelling was 

mainly restricted to the middle lamella and tri-cellular junctions. However, labelling was 

more widespread at Stage 3 and almost evenly distributed at Stage 4. After pectate lyase 

pre-treatment, at Stages 3 and 4, labelling of cell walls with LM11 for heteroxylans (Figure 

3.6j-m) was mainly restricted to outer walls adjacent tri-cellular junctions, at Stage 4 

showed more intense labelling. At Stages 1 and 2, no immunogold labelling with LM11 was 

conducted, as no immunofluorescence labelling was observed. Since immunofluorescence 

labelling with LM21, for heteromannans, was strongest in the cell walls at Stage 2, this stage  



 

68 
 

was further investigated using immunogold labelling. However, only a few gold particles 

were observed, and were mainly located at cell corners and inner walls (Figure 3.6i).  

 

Figure 3. 4 Immunogold micrographs of transverse sections of collenchyma strands at 

different developmental stages labelled with monoclonal antibodies LM19 (non- or low 

methyl esterified HG) (a-h) and LM20 (more methyl esterified HG) (i-p).  Stage 1 (2.6 cm long 

petiole) (a, b, I, j), Stage 2 (11 cm long petiole) (c, d, k, l), Stage 3 (24 cm long petiole) (e, f, 

m, n), Stage 4 (40 cm long petiole) (g, h, o, p). Two different regions of cells were shown, cell 

corners (a, c, e, g, i, k, m, o) and thick walls (b, d, f, h, j, l, n, p) that connect two cells. is= 

intercellular space, tj= tri-cellular junctions, ml= middle lamella, pm-plasma membrane. 

Scale= 500 nm.  
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Figure 3. 5 Immunogold micrographs of transverse sections of collenchyma strands at 

different developmental stages labelled with monoclonal antibodies LM5 (1, 4-β-D-galactan) 

(a-h) and LM6 (1, 5-α-L-arabinan) (i-p).  Stage 1 (2.6 cm long petiole) (a, b, I, j), Stage 2 (11 

cm long petiole) (c, d, k, l), Stage 3 (24 cm long petiole) (e, f, m, n), Stage 4 (40 cm long 

petiole) (g, h, o, p). Two different regions of cells were shown, cell corners (a, c, e, g, i, k, m, 

o) and thick walls (b, d, f, h, j, l, n, p) that connect two cells. is= intercellular space, tj= tri-

cellular junction, ml= middle lamella, pm= plasma membrane. Scale= 500 nm. 



 

70 
 

 

Figure 3. 6 Immunogold micrographs of pectate lyase pretreated transverse sections of 

collenchyma strands at different developmental stages labelled with monoclonal antibodies 

LM15 (xyloglucans) (a-h), LM21 (heteromannans) (i) and LM11 (substituted 1, 4-β-xylans) (j-

m). Stage 1 (2.6 cm long petiole)(a, b), Stage 2 (11 cm long petiole)(c, d, i), Stage 3 (24 cm 

long petiole) (e, f, j, k), Stage 4 (40 cm long petiole) (g, h, l, m). Two different regions of cells 

were shown, cell corners (a, c, e, g, I, j, l) and thick walls (b, d, f, h, k, m) that connect two 

cells.  tj= tri-cellular junctions, ml= middle lamella, pm= plasma membrane. Scale= 500 nm.    
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3.3.5 Cell-wall polysaccharide mobilities at different developmental stages 

The CP/MAS spectra of collenchyma cell-wall preparations at different developmental 

stages are typical of primary walls of most eudicotyledons, and are dominated by cellulose 

and semi-rigid pectic polysaccharides. During development, the signals of interior cellulose 

at 89 and 65 ppm became clearer (Figure 3.7a). The pectic polysaccharides that generate 

signals in CP/MAS are mainly HG, with little contribution from the RG-I/RG-II backbone due 

to their small proportions in collenchyma cell walls. RG-I side chains arabinans and galactans 

are not detected due to their high flexibility. From the CP/MAS spectra, the intensity of HG 

dominant peaks at 80 ppm (C-4 of galacturonic acid), 69 ppm (C-2 of galacturonic acid) and 

54 ppm (methyl esters) showed some reduction during development. To quantify the 

change, the intensity of the cellulose peak at 105 ppm was set as the internal standard and 

the relative intensities of the peaks at 80, 69 and 54 ppm were found to decrease 

consistently from Stages 1 to Stage 4 (Figure 3.7b). This may be due to different proportions 

of cellulose and HG subunit in the cell walls, and/or to differences in their mobilities. To 

investigate if their motilities changed, the relaxation time constants, T1ρ
H and T1

C, 

representing movement in microseconds and nanoseconds, respectively, were performed at 

the different developmental stages. The dipolar interaction can affect the relaxation 

behaviour of T1ρ
H, but this is only applicable to rigid crystal samples, which is not the case 

here. The relaxed spectra are shown in Appendix XI.  Using both time constants, cellulose 

was found to relax slower than HG (Figure 3.7c). After fitting the changes of signal intensity 

with delaying time (relaxation curves), most 13C resonances showed mono-exponential 

decay except for cellulose signals at C-6 (65 ppm, 62 ppm) and some HG signals (69 ppm, 

101 ppm), which showed bi-exponential decay (Appendix V and VI), suggesting the presence 

of different subdomains within cellulose and HG.  

Cellulose showed long T1ρ
H and T1

C (Figure 3.7d), and these increased gradually from 

Stages 1 to Stage 4, especially for C-1 and C-4, suggesting that cellulose become more rigid 

during development. At Stage 3, a slight reduction in T1ρ
H and T1

C was found for C-6 of 

cellulose. The T1ρ
H and T1

C of HG was variable, nearly all were shorter than those of 

cellulose, but the longer components in the bi-exponential decay of 69 and 101 ppm in T1ρ
H 

showed some exceptions. The T1ρ
H of acetyl esters (21 ppm) increased gradually during 

development, whereas T1ρ
H of other HG resonances such as 80 ppm and 54 ppm remained 
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relatively stable. Unlike T1ρ
H, the T1

C of methyl (54 ppm) and acetyl (21 ppm) esters 

increased during development. In addition, at Stages 3 and 4, 101 and 80 ppm also showed 

longer T1
C than at Stages 1 and 2. However, not all of the T1ρ

H and T1
C of 13C resonances 

exactly follow the trend of having a longer value (being more rigid) at greater maturity. For 

instance, HGs are most rigid and surface cellulose at C-6 is most mobile at Stage 3 rather 

than Stage 4. 



 

73 
 

 

Figure 3. 7 CP/MAS spectra and relaxation time constants of wall polysaccharides from 

collenchyma strands at four stages of development. Stage 1, 2-5 cm petioles, Stage 2, 10-15 

cm petioles, Stage 3, 20-25 cm petioles, Stage 4, 35-40 cm petioles.(a) CP/MAS spectra of 

collenchyma CWs with 65% (w/w) hydration. Gal/Glc C1, C-1 of galactose from galactans and 

glucose from cellulose; HG/R C1, C-1 of galacturonic acid from HG and rhamnose from RG-

I/RG-II; iC4, C-4 of glucose from interior cellulose; sC4, C-4 of glucose from surface cellulose; 
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HG C4/R C2, C-4 of galacturonic acid from HG and C-2 of rhamnose from RG-I/RG-II. C2, 3, 5, 

carbon 2, 3, 5 of hexoses and galacturonic acid; HG C2/R C5, C-2 of galacturonic acid from 

HG and C-5 of rhamnose from RG-I/RG-II; iC6, C-6 of cellulose from interior cellulose; sC6, C-

6 of cellulose from surface cellulose. (b) Relative intensities of HG dominant signals from 

CP/MAS spectra, resulting from the absolute intensity of HG related signals divided by those 

of cellulosic signals at 105 ppm. Stage 1 ( ), Stage 2 ( ), Stage 3 ( ), Stage 4 ( ). (c) 

Representative relaxation pattern of T1ρ
H and T1

C from mainly cellulose and HG in the 

collenchyma cell walls at Stage 4. (d) T1ρ
H and T1

C values of cellulose and HG in the 

collenchyma cell walls at different developmental stages. The chemical shifts beneath 

dashed line were clustered by cellulose (black line) and HG (red line). The dashed line set as 

guidance for comparison. Long and short components of the bio-exponentially decayed 

signals were shown as gray ( ) and green ( ) columns, respectively. The error bars were 

standard deviations from curve fitting using Origin software (see Materials and Methods).   

 

3.4 Discussion 

3.4.1 Collenchyma cells in celery petioles have thickened primary walls 

The developmental stages of collenchyma cells have been demonstrated to correspond 

closely with the length of celery petioles (Beer and Setterfield, 1958; Fenwick et al., 1997). 

Generally, the longer the petioles, the later the developmental stage, and the thicker the 

walls. Our results showed that wall thickening occurs while celery collenchyma cells are 

elongating, indicating substantial synthesis and deposition of wall material occurs during 

this period. No increase in wall thickness occurs after cell elongation ceases, which is 

consistent with the findings of Majumdar and Preston (1941) for the collenchyma cells of 

cow parsnip (Heracleum sphondylium), but contrary to the findings of Vian et al (1993) for 

celery collenchyma cells. Nonetheless we consider that celery collenchyma cell walls are 

thickened primary walls as described by Majumdar and Preston (1941).  

3.4.2 Collenchyma cell-wall polysaccharides change during development 

Our analytical and immunolabelling results indicated that the collenchyma cell-wall 

polysaccharides, particularly the pectic polysaccharides, change during development. A 

decrease in the degree of methyl esterification of HGs during development was shown 

analytically, and is consistent with the reduced LM20 and increased LM19 labelling during 

cell elongation. LM20 and LM19 bind to HGs that are methyl esterified and non-methyl 

esterified, respectively. Similar changes in pectic polysaccharides have been reported for 
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organs in the eudicotyledon Arabidopsis that contain predominantly cell types with primary 

walls. For example, an analytical study on methyl esterification of HG in hypocotyl cell walls 

showed that higher degrees of methyl esterification were associated with higher rates of 

cell elongation (Fujino and Itoh, 1998). Furthermore, a detailed immunolabelling study of 

the walls of different cell types at three developmental stages in Arabidopsis stems, using 

LM19 and LM20, showed a clear decline in labelling with LM20 and an increase in labelling 

with LM19 occurred in the epidermal cell walls (Hall et al., 2013). Such changes in the 

methyl esterification of HG may affect cross linking of adjacent HG molecules. Adjacent HG 

molecules that are not methyl esterified can form calcium ionic cross bridges, the so-called 

“egg-box” structures (Grant et al., 1973; Parre and Geitmann, 2005). Methyl esterification of 

HGs prevents the formation of these cross bridges, so allowing relative movement of 

adjacent HG molecules. HGs are synthesized in the Golgi and then deposited into cell walls 

via Golgi vesicles. They initially have a high degree of methyl esterification (~ 80%) (Mohen, 

2008), but the methyl esters are removed in the cell walls by the actions of pectin 

methylesterases (PME). The low degree of methyl esterification (DM) of HGs (maximum 

~36%) in celery collenchyma cell walls suggests they tend to form a rigid pectate gel, which 

may add strength to the collenchyma cell walls. Derbyshire et al. (2007) found a minimum of 

60% DM of HGs was required for normal elongation of parenchyma cells in Arabidopsis 

hypocotyls. The collenchyma cells are under tension (Jarvis, 2007), and in addition to turgor 

pressure this may also drive the cells to elongate.  

The (1→5)-α-arabinan and (1→4)-β-galactan side chains of the pectic polysaccharide 

RG-I also decrease in proportion during development of celery collenchyma cell walls. The 

lowest proportions of (1→5)-α-arabinans and (1→4)-β-galactans in the collenchyma walls 

occurred when the cell elongation had stopped. This could result either from fewer of these 

side chains being present on newly synthesized RG-I or from the partial enzymatic 

degradation of these side chains. Previous research has shown higher proportions of (1→5)-

α-arabinan side chains occur in the walls of dividing cells and higher proportion of (1→4)-β-

galactan side chains in the walls of elongating cells of eudicotyledons. For example, 

immunolabelling studies showed that (1→5)-α-arabinan, recognized by LM6, was located in 

the walls of dividing cells in carrot (Daucus carota) root apices (Willats et al., 1999) and 

Arabidopsis roots (Verhertbruggen et al., 2009a), whereas (1→4)-β-galactan, recognized by 
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LM5, was located in the walls of potato (Solanum tuberosum) stolons (Bush et al., 2001). 

When cell expansion stopped or slowed down in these plants, LM6 and/or LM5 labelling 

declined (Willats et al., 1999; Bush et al., 2001; Verhertbruggen et al., 2009a). Little is 

known about the specific roles of (1→5)-α-arabinan and (1→4)-β-galactan side chains in 

primary cell walls, but modulation of their proportions is likely to affect the wall mechanics. 

Previous studies suggested (1→5)-α-arabinans contribute to the flexibility of parenchyma 

cell walls (Jones et al., 2003; Moore et al., 2008a, 2013). Whereas (1→4)-β-galactans 

contribute to cell wall firmness or stiffness (McCartney et al., 2000, 2003; Ulvskov et al., 

2005), probably by binding to cellulose and results in crossed-links between cellulose and 

pectic polysaccharides (Zykwinska et al., 2005). The presence of higher proportions of (1→

5)-α-arabinan RG-I side chains at early developmental stages of celery collenchyma walls 

would help to maintain wall flexibility (Hwang and Kokini, 1991; Harholt et al., 2010) 

favouring wall expansion.  

From the analytical data, the proportion of cellulose in celery collenchyma cell walls 

increased during development. While, immunofluorescence and immunogold microscopy 

with LM15 and LM11 that specifically detect xyloglucans and heteroxylans, respectively, also 

indicated some increase in the proportions of these polysaccharides during development. 

Such increases could contribute to more coherent, stiffer walls, probably by cross-linking 

among themselves or with pectic polysaccharides (Chebli and Geitmann, 2017). The lower 

proportions of cellulose, xyloglucans and heteroxylans at earlier stages of development may 

result in more flexible walls favouring cell elongation.  

3.4.3 Distribution of polysaccharides in collenchyma CWs during 

development 

Both immunofluorescence and immunogold labelling of celery collenchyma walls with 

LM19 and LM20 showed no evidence of the lamellar distribution of pectic polysaccharides 

reported in the collenchyma walls of three species, including celery, using ruthenium red 

and the alkaline hydroxylamine-ferric chloride staining (Chafe, 1970). Our finding of HG 

being concentrated in the middle lamella and tri-cellular junctions of collenchyma cells, is 

similar to that reported for the distribution of HG in the parenchyma cells of tomato 

(Solanum lycopersicum) (Chylińska et al., 2017) and apple (Malus domestica) (Ng et al., 
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2013). Another monoclonal antibody, JIM5, which also recognizes HGs with a low degree of 

methyl esterification, was found to heavily label cell corners of collenchyma cells in tomato 

petioles (Jones et al., 1997). The abundant labelling with LM20 at tri-cellular junctions in 

celery collenchyma cells at the earlier developmental stages indicated the HGs are mostly 

methyl esterified, limiting the formation of HG-Ca2+ bridges, which apparently allows the 

expansion of the young cells. Much lower proportion of methyl esterified HGs in this region 

at Stage 4, identified by the much weaker labelling with LM20, may enhance cell wall 

stiffness and contribute to a higher load bearing capacity.  

Unlike HG, the RG-I side chains (1→5)-α-arabinan and (1→4)-β-galactan, located using 

LM6 and LM5, respectively, were localized to the walls of the collenchyma cells rather than 

the middle lamella and tri-cellular junctions. Linkage analysis of the polysaccharides in 

collenchyma cell walls from fully elongated celery petioles (Stage 4) showed that (1→5)-α-

arabinan side chains predominated over (1→4)-β-galactan  (Chen et al., 2017). This is 

consistent with much greater labelling found with LM6 than LM5 throughout collenchyma 

cell wall development. Labelling of collenchyma cell walls with LM5 has previously been 

reported for tomato petiole (Jones et al., 1997) and elderberry (Sambucus nigra) stem 

(Leroux, 2012). However, in both species, LM5 labelling was confined to the inner part of 

the collenchyma walls. Both types of RG-I side chains are known to be highly mobile (Ha et 

al., 2005). However, the two types of side chains apparently have different roles. For 

example, there is evidence that the flexible (1→5)-α-arabinan side chains are essential for 

the function of stomatal guard cells (Jones et al., 2003), for the integrity of pollen cell walls 

(Cankar et al., 2014), and for maintaining the flexibility of the cell walls of South African 

resurrection plants, allowing them to survive severe dehydration (Moore et al., 2008b, 

2013).  

Immunolabelling with LM15, which is specific for xyloglucans, showed that at the 

earlier stages of development (Stages 1-3), it was mainly restricted to the middle lamella 

and tri-cellular junctions. Labelling of collenchyma cells with LM15 adjacent to the middle 

lamella has previously been reported in tomato (Solanum lycopersicum) stems (Marcus et 

al., 2008), but the stages of development of these cells was not recorded. Earlier studies, 

also using LM15 showed xyloglucans at similar regions in the walls of parenchyma cells in 
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the pericarp of unripe tomato fruit (Ordaz-Ortiz et al., 2009; Guillon et al., 2017) and in 

suspension-cultured tobacco (Nicotiana tabacum) cells (Kaida et al., 2010). These 

observations suggest xyloglucans may play a role in cell-cell adhesion (Marcus et al., 2008; 

Hayashi and Kaida, 2011), possibly by covalently binding to pectic polysaccharides (Popper 

and Fry, 2008). At later stages of development of celery collenchyma cells, the xyloglucans 

became more widely distributed within the cell walls and may be involved in maintaining 

the structures of these thicker walls.  

Immunolabelling with LM10 and LM11, which are specific for heteroxylans, was 

detected only late in development, where it occurred in the thick regions of the 

collenchyma walls rather than over the middle lamella. This suggests heteroxylans have 

different functional roles in the walls compared with xyloglucans. Heteroxylans have 

previously been detected using LM10 and LM11 in collenchyma cell walls of tobacco 

(Nicotiana tabacum) (Harvé et al., 2009), where they were located in the inner and outer 

regions, respectively, of the walls at cell corners. In celery collenchyma walls, labelling with 

LM11 was much stronger than with LM10, suggesting the heteroxylans are quite highly 

substituted. In our earlier study (Chen et al., 2017), glycosyl linkage analysis of walls isolated 

from fully elongated celery collenchyma cells, showed that the heteroxylans were ~ 20% 

substituted.  

3.4.4 Cell-wall polysaccharides of collenchyma walls become less mobile 

during development 

The relaxation time constants T1
C and T1ρ

H of cellulose in collenchyma walls, showed 

that this polysaccharide became more rigid during development. Cellulose is the most rigid 

component in primary cell walls, and its rigidity can be affected by self-aggregation and 

cross-linking with other cell-wall components (Scheller and Ulvskov, 2010). Increases in the 

proportions of xyloglucans and heteroxylans during development may be accompanied by 

more of these polysaccharides binding to cellulose which may account for some of the 

increased rigidity of cellulose. Increased relaxation time constants of T1ρ
H and T1

C of the 

dominant HG signals during collenchyma development indicated that HGs also became 

more rigid during development, although to a smaller extent than cellulose. This may be the 

result of the formation of ionic bonding through calcium ions (“egg-box” structures) (see 
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above), creating more rigid pectate gels (Parre and Geitmann, 2005; Bidhendi and 

Geitmann, 2016). During development, T1ρ
H decay of HGs resonances at 101 and 69 ppm in 

collenchyma cell walls changed from mono-exponential to bi-exponential, suggesting 

increased heterogeneity of HG microenvironment (Vincken et al., 2003) in the cell walls. In 

contrast, the presence in T1
C  of a fast and slow component at C-6 (65, 62 ppm) of cellulose 

probably reflects mobility heterogeneity in the mobilities of cellulose molecules located at 

both the surface and interior of cellulose microfibrils, probably originating from their 

different conformations  (Wang et al., 2016) or the interaction with non-cellulosic wall 

polysaccharides (Wang et al., 2012). We have not investigated the variation in the mobilities 

of RG-I side chain (1→5)-α-arabinan and (1→4)-β-galactan during collenchyma 

development because they are very flexible and are too mobile to be measured reliably by 

CP/MAS. Direct polarization has been found to be effective in gathering signals from these 

mobile side chains (Chen et al., 2017), but it is impractical to use for the relaxation time 

measurements due to their overlapping with signals from rigid and semi-rigid structures.  

3.5 Conclusion 

The walls of collenchyma cells in celery are primary walls with no lamellar distribution 

of pectic polysaccharides. Changes that occurred during their development included a 

decrease in the proportion of methyl esterification of HGs, a decrease in the proportions of 

RG-I side chains (1→5)-α-arabinan and (1→4)-β-galactan, and increases in the proportions 

of cellulose, xyloglucans and heteroxylans. Immunofluorescence and immunogold labelling 

in conjugation with monoclonal antibodies that recognize specific cell-wall polysaccharides 

showed that the relative amount and distribution of these polysaccharides in the middle 

lamella and cell corners changed during development. Solid-state NMR spectroscopy also 

showed that HGs and cellulose become less mobile during development, suggesting that the 

walls become stiffer.   
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Chapter 4- Changes in the orientation of cellulose 
microfibrils during the development of 
collenchyma cell walls of celery (Apium graveolens 
L.) petioles 

 

4.1 Introduction 

Collenchyma cells are elongated cells with thick primary walls that commonly occur in 

bundles at the periphery of growing plant organs (Chapter 3). As with many plant cell types, 

these walls consist of multiple lamellae and are described as polylamellate. The most 

commonly described polylamellate walls have a helicoidal structure that was first described 

in plants by Neville et al (1976), Peng and Jaffe (1976) and Roland et al (1977).  In this, the 

cellulose microfibrils align parallel to each other in a single lamella, but are offset at a small 

angle in consecutive lamellae, like a spiral staircase. In oblique or tilted sections, 

transmission electron microscopy shows the cellulose microfibrils as parabolic arcs (Neville, 

1985; Boyd, 1985; Vian and Roland, 1987). Another related type of polylamellate wall has 

also been described in which alternating successive lamellae have cellulose microfibrils 

oriented in longitudinal and transverse orientations. Walls with this type of structure are 

described as having a crossed-polylamellate structure. This was first proposed by Chafe and 

Wardrop (1972) in a description of the structure of the thick outer epidermal cell walls of 

celery petioles. In a recent study of the outer epidermal cell walls of onion bulb scales, this 

wall type was also said to have a crossed-polylamellate structure (Zhang et al., 2016). 

However, similar cell walls in the hypocotyls of sunflowers have been described as having a 

helicoidal structure (Kutschera, 2008).   

There is also a similar problem in describing the structure of the thick walls of 

collenchyma cells. Some authors describe the structures of these walls as being helicoidal 

(Neville, 1985; Vian, 1993; Kutschera, 2008), whereas others describe the structures as 

being crossed-polylamellate (Wardrop, 1969; Chafe, 1970; Cox and Juniper, 1973; Wardrop 

et al., 1979). Helicoidal structures were described in walls of this cell type based mainly on 

histochemical staining, whereas the crossed-polylamellate wall structure was observed in 
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freeze fractured walls (Wardrop, 1969; Chafe, 1970), shadow-cast sections from which 

embedding resin had been removed (Wardrop et al., 1979) or by using high-voltage 

transmission electron microscopy (Cox and Juniper, 1973). Interestingly, evidence from 

polarized FTIR-spectroscopy (Fenwick et al., 1997; Šturcová et al., 2004) and X-ray 

diffraction (Majumdar and Preston, 1941; Preston and Duckworth, 1946) showed that the 

overall alignment of the cellulose microfibrils in collenchyma cell walls was longitudinal.  

Another related problem is how polylamellate walls are formed. Before the discovery of 

polylamellate walls, cellulose microfibrils were thought to be deposited into forming cell 

walls in a transverse direction, then, as a result of longitudinal growth, they were thought to 

gradually change in orientation towards the longitudinal. This is the basis of the multinet-

growth hypothesis, initially proposed by Roelofsen and Houwink (1953). On the discovery of 

polylamellate walls, it was proposed that the cellulose microfibrils could be laid down in the 

orientation found in helicoidal and crossed-polylamellate walls. This was known as the 

ordered growth hypothesis (Roland et al., 1975). This was supported by the finding by some 

researchers that the innermost cellulose microfibrils in a cell wall were not always 

transversely oriented (Cox and Juniper, 1973; Sawhney and Srivastava, 1975; Roland et al., 

1975, 1977; Wardrop et al., 1979). More recently, enormous strides have been made in 

understanding the biosynthesis of cellulose microfibrils by cellulose synthesising complexes 

(or rosettes) that move in the plasma membrane in directions determined by cortical 

microtubules (Li et al., 2015). These microtubules have been found to be constantly 

changing in orientation, for example during the formation of the outer epidermal cell walls 

in Arabidopsis hypocotyls (Chan et al., 2010, 2011; Crowell et al., 2011). This has been 

described as the multi-angle deposition hypothesis (Chan, 2012).  

How polylamellate cell walls change in structure during longitudinal growth of cells is 

another long-standing problem. It has been found that when cell growth is rapid, highly 

ordered polylamellate patterns are present in the outer epidermal walls of mung bean 

(Vigna radiata) (Roland et al., 1982) and sunflower (Helianthus annuus) (Kutschera, 2008) 

hypocotyls but these patterns dissipate when growth slows down or ceases. However, the 

pattern in the outermost wall of the internode cells of the green charophycean alga Nitella 

opaca changes from helicoidal arcs to a “V-shaped” herringbone pattern during cell 



 

82 
 

elongation (Neville and Levy, 1984). These growth induced variations in wall patterns are 

inevitably related to the altered orientations of cellulose microfibrils, but these changes are 

poorly understood. This is particularly relevant to collenchyma cell walls, as so far, nearly all 

of the studies of the fine structures of collenchyma cell walls have been on mature cells 

(Majumdar and Preston, 1941; Preston and Duckworth, 1946; Chafe, 1970; Wardrop et al., 

1979; Vian et al., 1993). Equivalent information on the walls of young collenchyma cells is 

missing.  

To address these problems, strands of peripheral collenchyma cells in celery petioles of 

different lengths, representing different developmental stages of the collenchyma cell walls, 

were chosen as starting material. Overall and fine structures of the walls were investigated 

using variable pressure scanning electron microscopy (VPSEM) with fresh, unfixed tissue and 

with TEM using both transverse and longitudinal sections. Wall fine structure was further 

examined by TEM using embedded samples from which pectic homogalacturonan had been 

removed.  Sections were cut obliquely (45°) and stained so the wall patterns could be 

examined. To investigate the orientations of surface cellulose microfibrils adjacent to the 

plasma membrane and to the middle lamella, field emission scanning electron microscopy 

(FESEM) and atomic force microscopy (AFM) were both used. In addition, the average 

cellulose microfibril orientations in collenchyma cell walls were examined by small-angle X-

ray scattering (SAXS) using fresh collenchyma strands, in combination with mathematical 

curve fitting.  

 

4.2 Materials and methods 

4.2.1 Plant materials 

Immature celery (Apium graveolens L.) plants (5-10 cm high), ‘Tango’ cultivar, provided 

by Clark Nurseries Ltd (Pukekohe, Auckland, New Zealand), were transferred to a heated 

(minimum 18 ℃ and maximum 35 ℃) glasshouse at the School of Biological Sciences, 

University of Auckland. The plants were provided with 16 h light daily, watered daily and 

fertilized weekly with Nitrosol® (Rural Research Ltd, Auckland, New Zealand). After six 

months of growth, petioles of different lengths were selected to represent different 
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developmental stages as described previously (Chapter 3): Stage 1 (2-5 cm long), Stage 2 

(10-15 cm long), Stage 3 (20-25 cm long) and Stage 4 (35-40 cm long). The petioles were 

used for TEM, VPSEM, FESEM and CM-AFM. Bunches of celery for SAXS were purchased at a 

supermarket in Melbourne, Australia.  

4.2.2 Transmission electron microscopy (TEM) 

Segments (~ 5 mm long) were cut from midway along petioles at different 

developmental stages (see above), so each contained a sub-epidermal collenchyma strand. 

These were fixed, post fixed, dehydrated, infiltrated, and embedded in epoxy resin Procure 

812 as described previously (Chapter 3) to examine wall fine structure. Transverse and 

longitudinal sections (70 nm thick) were cut, stained with uranyl acetate and then lead 

citrate before being examined with a TEM (Model Tecnai 12, FEI, Hillsboro, OR, USA) at an 

accelerating voltage of 120 kv (Chapter 3).  

To further examine collenchyma cell-wall fine structure at the different developmental 

stages, segments (~ 5 mm long) were cut from midway along the petioles and further cut 

into shorter segments (1-2 mm long). These were fixed in 100 mM sodium PIPES buffer 

(pH7.2) containing 2% (w/v) paraformaldehyde and 0.1% (w/v) glutaraldehyde for 2 h at 

room temperature under vacuum. After washing with the buffer (4×) containing no fixatives, 

the specimens were incubated with 10 μg/mL pectate lyase (from Cellvibrio japonicus, 

Megazyme, Ireland) in 50 mM CAPS buffer (pH 10) containing 2 mM CaCl2 for 20 h at room 

temperature to remove homogalacturonan (HG). They were then washed in buffer (5x), 

post-fixed in 2% (w/v) aqueous OsO4 for 1 h, washed in buffer (5×) again and dehydrated 

using an ethanol series (25, 50, 60, 70, 80, 90, and 100% twice) for 15 min at each 

concentration. This was followed by infiltration with acetone (3× 10 min), a mixture of LR 

White resin (medium grade) (London Resin Co. Ltd, Basingstoke, UK) and acetone 1:2 (v/v), 

then a 1:1 (v/v), and a 2:1 (v/v) mixture, each for 10 h. Finally, they were infiltrated in pure 

resin (2×, 10 h each) on a rotor at room temperature and polymerized at 60 ℃ for 35 h in 

gelatine capsules containing fresh resin.  

Sections (100 nm thick) were cut obliquely at 45° to the long axis of the collenchyma 

strands using an ultra-microtome (Model EM UC6, Leica, Vienna, Austria) and collected on 

200 mesh gold grids (ProSciTech, Thuringowa Central, QLD, Australia). Cell-wall 
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polysaccharides were stained using periodic acid-thiocarbohydrazide-silver proteinate 

(PATAg) as described previously (Xiao et al., 2016). Briefly, the grids were floated on 1% 

(w/v) periodic acid for 0.5 h, washed in water and incubated in 0.2% (w/v) 

thiocarbohydrazide for 24 h. After washing successively in 10%, 5%, 2% (v/v) aqueous acetic 

acid, they were stained with 1% (w/v) silver proteinate (Gurr, High Wycombe, 

Buckinghamshire, UK) in the dark for 30 min and then washed in water. Contrast was 

increased by staining with Reynold’s lead citrate (Reynold, 1963) for 12 min before the 

sections were examined with a TEM (see above). Control experiments were done without 

HG removal. Three different collenchyma strands from the same petiole were used at each 

developmental stage and 10-15 different cells were examined in each strand. 

4.2.3 Variable pressure scanning electron microscopy (VPSEM) 

This was done as described by Chen et al (2017) (Chapter 2). Cubes (~ 0.5 cm) were cut 

from midway along sub-epidermal collenchyma strands from petioles at each 

developmental stage. These were rinsed with 20 mM potassium HEPES (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) buffer (pH 6.7) containing 10 mM dithiothreitol (DTT) and 

then water. The cubes were then examined by VPSEM using a FEI Quanta 200F ESEM 

(Hillsboro, Oregon, USA). The temperature were kept at 2℃, the initial chamber pressure 

was 5.3 Torr, and the accelerating voltage was 20 KV. At least three different strands were 

examined at each stage.  

4.2.4 Field emission scanning electron microscopy (FESEM) 

Collenchyma strands (~ 5 mm long) taken from midway along petioles at each 

developmental stage were bisected longitudinally to create a flat surface with cell wall 

adjacent to the plasma membrane CWs uppermost. These were washed in potassium 20 

mM HEPES buffer (pH7.0) containing 0.1% (v/v) Tween-20 for 1 h and water for 10 min. 

They were then fixed in 100 mM sodium PIPES buffer (pH7.2) containing 2% (w/v) 

paraformaldehyde and 0.1% (w/v) glutaraldehyde for 2 h under vacuum, treated with 

pectate lyase and post-fixed in OsO4 for 1 h as described for TEM (see above). Afterwards, 

specimens were washed in water (5x), treated with 1% (v/v) sodium hypochlorite for 10 

min, washed in water (3x), dehydrated in 100% ethanol (2× 30 min), and critical point-dried 

(Model Polaron E3000, Quorum Technologies Ltd, Laughton, East Sussex, UK). They were 
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then mounted onto SEM stubs, sputter coated with platinum, and examined by FESEM 

(Model XL30S/FEG microscope; Philips, Eindhoven, The Netherlands) at an accelerating 

voltage of 3 kV. Three to four different strands from the same petiole were used at each 

developmental stage and 10-15 different cells were examined in each strand.  

4.2.5 Contact mode atomic force microscopy (CM-AFM) 

Collenchyma strands were detached from midway along petioles at each 

developmental stage as described previously (Chen et al., 2017). The strands were treated in 

three different ways: (1) they were macerated for 3-5 h at room temperature with 10 μg/mL 

pectate lyase in 50 mM CAPS buffer (pH 10) containing 2 mM CaCl2 to yield single cells with 

the walls adjacent to the middle lamella exposed; (2) they were ground to a powder under 

liquid nitrogen to expose the inner wall surface adjacent to the plasma membrane 

(Appendix XX), washed in 20 mM potassium HEPES buffer (pH7.0) containing 0.1% Tween-20 

(3x), buffer (3x), treated with pectate lyase as (1) and washed in water (5x); (3) they  were 

ground and washed as (2), but then fixed, treated with pectate lyase and post-fixed in OsO4 

as described above (TEM section), followed by a water wash.  

Aliquots (20 μL) of suspensions in water from the three different types of sample 

preparations were pipetted on freshly cleaved mica. Excess water was removed from the 

mica before it was glued on to AFM specimen disks using epoxy resin. When most of the 

water had evaporated but the samples were still visibly moist (10-15 min at room 

temperature), the specimen disk was placed on the sample stage of a Cypher ESTM 

Environmental AFM (Asylum Research, Sauta Barbara, CA, USA) and examined immediately. 

Images were captured using contact mode in air with SiNi probes with a force constant of 

0.27 N/m and tip radius <15 nm (BudgetSensors, Sofia, Bulgaria). The samples were scanned 

at the rate of 2 Hz and recorded as deflection and height images (512× 512 pixels). Three 

different strands from the same petiole were examined at each developmental stage, with 

10-15 different cells or fragments in each strand.  

To quantify the orientation of cellulose microfibrils in the most recent deposited layer 

(1st layer /innermost layer) and the layer beneath this (2nd layer), angles of 10-12 cellulose 

microfibrils with respect to the long axis of collenchyma cells in the two layers were 

measured manually from images and the mean angle (±SD) calculated. Cellulose microfibril 
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angles in ten different cells or cell-wall fragments were measured at each developmental 

stage.  

4.2.6 Small-angle x-ray scattering (SAXS) 

Transverse sections of collenchyma strands midway along petioles of different lengths 

were cut by hand and observed under bright-field light microscopy to identify the 

collenchyma cells at similar developmental stages to those described above (Chen et al., 

2017). Collenchyma strands (~ 1 cm long) from midway along the different length petioles 

were collected after the epidermis had been removed and were immediately covered with 

Kapton tape (E.I. du Pont de Nemours) to prevent dehydration and mounted vertically onto 

a metal grid. The X-ray beam was directed normal to the surface of the strands.  

Diffraction patterns were acquired at the Australia Synchrotron SAXS/WAXS beamline 

(Clayton, Victoria, Australia). The X-ray wavelength was set to 1.0322 Ångstrom (12 kev), 

and the scattering data collected at 500 mm camera length (0.02 ≤ q ≤ 1.1 Å-1) using a 

Pilatus 1M detector (Dectris, Switzerland), with a 10 s measuring time. The diameter of the 

X-ray beam was adjusted to ~100 μm, which was smaller than the breadth of the 

collenchyma strands.  

Data from each sample was collected after subtraction of background from empty 

Kapton tape. The azimuthal angle was sectored at every 3° from the masked 2D scattering 

images using Scatterbrain software (Australia synchrotron). The resulting azimuthal angles 

(θ) were converted to cellulose microfibril angles (Ψ) based on the relationship Ψ+ θ= 90°. 

Cellulose microfibril angles versus experimental scattering intensity were then plotted using 

Origin software and fitted with the equation used by Fratzl et al (1996) and Saxe et al. 

(2014), with slight modifications.  

I(Ψ)= k×(cos(Ψ/180×π))m+ I×(cos((h-Ψ)/180×π))n,  -90°≤ Ψ≤ 90°   ………………. (1)            

Where Ψ is the angle of the cellulose microfibril tilted by an angle Ψ with respect to the 

long axis of the collenchyma cells; I(Ψ) is the corresponding experimental scattering 

intensity at angle Ψ; and k, l, m, n, h are the fitting parameters obtained from the above 

equation.  
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The probability of a cellulose microfibril angle tilted at angle Ψ was expressed as:  

P(Ψ)=(k(m+1)μm(cos(Ψ/180×π))m+ I(n+1)μn(cos((h-Ψ)/180×π))n)/(kμm+Iμn) … (2) 

Where μm=Γ((m+2)/2)/Γ((m+3)/2), symbol Γ indicates Gamma-function.  

Relative P(Ψ)=
𝑃(𝜓)

∫ 𝑃(𝜓)𝑑𝜓
90
0

× 100%, 0°≤ Ψ≤ 90°      …………………………………………. (3) 

 

4.3 Results 

4.3.1 Polylamellate wall structure during development 

As collenchyma cells have primary walls with a high water content, they were initially 

examined in their hydrated state using a VPSEM. The resulting images of transverse surfaces 

(Figure 4.1A, D, G, J) showed that at developmental Stage 1 the collenchyma cell walls were 

thin but with slight thickening at the cell corners. During development, the cell walls 

increased in thickness and at Stage 4 were very thick. In sections stained with uranyl acetate 

and lead citrate and examined by TEM, the cell walls could be seen to have a lamellate 

structure. This was particularly obvious in longitudinal sections, where the lamellae were 

alternating light and dark stained (Figure 4.1C, F, I, L). In transverse sections, the lamellate 

structure was most obvious at Stage 4 (Figure 4.1K), where the lamellae could be 

interpreted as mostly longitudinally oriented cellulose microfibrils (double arrows) 

alternating with fewer cellulose microfibrils with a more transverse orientation. In both 

longitudinal and transverse sections, the lamellate structure was more dispersed adjacent to 

the middle lamella. 
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Figure 4. 1 Electron micrographs of collenchyma cells and cell walls at different 

developmental stages. (A, D, G, J) VPSEM images of transverse surfaces of collenchyma 

strands from petioles at different developmental stages. Scale bar= 10 μm. (B, E, H, K, C, F, I, 

L) TEM images of sections of collenchyma cells at different developmental stages stained 

with uranyl acetate and lead citrate. Lamellae can be seen, possibly representing cellulose 

microfibrils oriented in two directions. In the transverse sections, these are most obvious at 

Stage 4. However, in longitudinal sections, they can be seen at all stages. The petioles were 

the following lengths at Stages 1-4; 3 cm, 13 cm, 24 cm, and 39 cm respectively. Transverse 

sections, B, E, H, K. Scale bar= 200 nm; longitudinal sections, C, F, I, L. Scale bar= 1 μm. pm, 

plasma membrane; ml, middle lamella. The double arrows denote longitudinally oriented 

cellulose microfibrils. The single arrows denote more transversely oriented cellulose 

microfibrils. 
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4.3.2 “V-shaped” herringbone pattern were observed in walls of oblique 

sections stained with PATAg 

To further investigate the fine structure of the collenchyma cell walls at different 

developmental stages, oblique sections (45°) were cut of cells pre-treated with pectate lyase 

to remove pectic HG, stained with PATAg for carbohydrate and examined by TEM. Again the 

cell walls had a lamellate structure although this was only weakly evident at Stage 1 (Figure 

4.2A, B). At developmental Stage 2, some of the lamellae (Figure 4.2C, D, E) showed a “V-

shaped” herringbone pattern. This was clearer and more widespread in the cell walls at 

Stages 3 and 4 (Figure 4.2F-J). The herringbone pattern is not evident adjacent to the 

plasma membrane, but can first be observed 100-200 nm from the plasma membrane 

(Figure 4.2 and Appendix XIV). The pattern was less evident adjacent to the middle lamella, 

where lamellae were less evident (Figure 4.2 and Appendix XV). The herringbone pattern 

cannot be seen in collenchyma cell walls that had not had a pectate lyase pre-treatment 

(Appendix XVI).  
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Figure 4. 2 Transmission electron micrographs of oblique sections (cut at 45° to long axis of 

the cells) of collenchyma cell walls at different developmental stages. The collenchyma cells 

were treated with pectate lyase to remove HG and the sections were stained with PATAg for 

polysaccharides. Lamellae can be seen in the cell wall at all developmental stages. A 

herringbone pattern (denoted with dashed lines) became evident at Stages 3 and 4. The 

petioles were the following lengths at Stages 1-4; 2.4 cm (A, B), 12.5 cm (C, D, E), 23 cm (F, 

G, H), 38 cm (I, J). Capital letters in rectangular corresponds to enlargements in B, D, E, G, H, 

J. cy, cytosol; iw, inner walls; ow, outer walls. Scale bars= 0.5 μm (A, C, F, I) and 200 nm (B, 

D, E, G, H, J).  
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4.3.3 Orientations of the most recently deposited cellulose microfibrils 

Using FESEM, the orientations of the cellulose microfibrils could be observed on the 

wall surface immediately under the plasma membrane (the most recently deposited 

cellulose microfibrils). These cells had been pre-treated with pectate lyase to remove HG. 

However, in cells not pre-treated with pectate lyase, the cellulose microfibrils were hardly 

visible (Appendix XVII). At developmental Stage 1, the cellulose microfibrils on the wall 

surface had transverse or oblique orientation to the long axis of the cells, but at Stages 2-4, 

this orientation was close to transverse (Figure 4.3). In some areas, the orientation of the 

cellulose microfibrils in the underlying layer were also seen. They were mostly uniformly 

aligned, but at Stage 1 they appeared sparse and dispersed. During development, the 

cellulose microfibrils in this layer became increasingly densely packed and aligned along the 

long axis of the cells (Figure 4.3C, D). Because extensive sample preparation was carried out 

to examine cellulose microfibril orientation by FESEM, we also used CM-AFM which involves 

much less sample preparation with potentially fewer affects. However, cellulose microfibrils 

could not be observed on the inner cell-wall surfaces (adjacent to the plasma membrane) of 

cell-wall fragments, either in air or under liquid without pre-treated with pectate lyase 

(Appendix XVII).  

Removal of surface HG by pectate lyase treatment (preparation method 2) made the 

surface cellulose microfibrils clearly visible by CM-AFM (Figure 4.4). As with FESEM, CM-

AFM images (both deflection and height) showed that at Stage 1 the most recently 

deposited cellulose microfibrils (1st layer, adjacent to plasma membrane) aligned obliquely 

or transversely to the long axis of the cells, but at Stages 2-4, they were mostly transverse. 

In the next layer (2nd layer), the cellulose microfibrils were at a large angle with respect to 

the 1st layer, and became increasing axially aligned during development. Cell-wall fragments 

that were fixed prior to pectate lyase treatment were also examined in an attempt to better 

maintain the structure of the cell walls (preparation method 3), but similar results were 

obtained (Appendix VIII). In addition to imaging the cellulose microfibrils at the surface 

adjacent to the plasma membrane, the cellulose microfibrils at the surface adjacent to the 

middle lamella were also examined. Here that cellulose microfibrils were arranged in many 

orientations (Figure 4.4C, F, I, L), regardless of the developmental stage.  
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To quantify the orientations of the cellulose microfibrils at different developmental 

stages, the cellulose microfibrils in the 1st and 2nd layers (Figure 4.5A) from 10 different cells 

or cell-wall fragments were measured with respect to the long axis of the cell. At Stage 1, 

the cellulose microfibrils in the 1st layer had mean angles of 50-78°, with an average of 66°. 

The average angles increased to 75° at Stage 4. In contrast, the 2nd layer of cellulose 

microfibrils had an average angle at Stage 1 of 23° that decreased to 9° at Stage 4 (Figure 

4.5B). The angle difference between the cellulose orientations in the two layers was also 

measured. At Stage 1, this angle averaged 43°, increasing at Stage 4 to 66° (Figure 4.5B).   

 

Figure 4. 3 Micrographs of the surface of collenchyma cell walls immediately under the 

plasma membrane examined with a FESEM and showing the orientations of the cellulose 

microfibrils on the surface (highlighted with yellow arrow heads). In addition to the outer 

layer of cellulose microfibrils, some areas of the micrographs show the orientations of the 

cellulose microfibrils in the underlying layer (highlighted with white arrow heads). A-Stage 1 

(2.8 cm long petiole); B-Stage 2 (13 cm long petiole); C-Stage 3 (23 cm long petiole); D-Stage 

4 (38 cm long petiole). Pink arrows, long axis of cells; yellow arrows, predominant 

orientation of the cellulose microfibrils on the surface; white arrows, predominant 

orientation of the cellulose microfibrils in the underlying layer. Scale bars = 200 nm.  
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Figure 4. 4 Contact-mode AFM images of the surfaces of collenchyma cell walls showing the 

cellulose microfibril orientations adjacent to the plasma membrane (A, B, D, E, G, H, J, K) 

and to the middle lamella (C, F, I, L) at different developmental stages. Deflection images 

were shown only of the surface adjacent to the middle lamella (preparation method 1), both 

height (A, D, G, J) and deflection (B, E, H, K) images were shown for the surface adjacent to 

the plasma membrane (preparation method 2). Colour codes with the height scale are 

shown on the right of each height image. The arrows with double heads in each image 

denote the long axis of the collenchyma cells. Representative cellulose microfibrils were 

St
ag

e
 1

St
ag

e
 2

St
ag

e
 3

St
ag

e
 4

CBA

D E F

G H I

J K L

Middle lamella surfacePlasma membrane surface



 

94 
 

highlighted with small white arrows (adjacent to the plasma membrane) and arrow heads 

(underlying layer) respectively. Stage 1 (3 cm long petiole)-A, B, C; Stage 2 (13 cm long 

petiole)-D, E, F; Stage 3 (23 cm long petiole)-G, H, I; Stage 4 (38 cm long petiole)-J, K, L. Scale 

bars = 250 nm. 
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Figure 4. 5 Measurement from CM-AFM images of the orientation of cellulose microfibrils at 

the surface of collenchyma cell walls adjacent to the plasma membrane (1st layer) and the 

layer under this (2nd layer). (A) Deflection image of the orientation of the cellulose 

microfibrils in the most recently deposited layer (1st layer), highlighted in blue and the layer 

underneath (2nd layer) highlighted in dark grey. The insert shows the direction of the long 

axis of the cell (dashed red line), the dominant orientation of cellulose microfibrils in the 1st 

(blue arrow) and 2nd layer (dark grey arrow). Scale bar= 500 nm. (B) The mean angle (±SD) of 

cellulose microfibrils in the 1st ( ) and 2nd ( ) layers with respect to the long axis of the 

cell and the angular difference ( ) between the orientation of the cellulose microfibrils in 

the two layers of 10 different cells. The average value from 100-120 cellulose microfibrils in 

10 cells are shown in the top right of each graph. The dashed lines are set at 45° as a guide. 

0° indicates the cellulose microfibril is parallel to the long axis of the cell.  

 

4.3.4 Small-angle X-ray scattering (SAXS) shows that the orientation of the 

cellulose microfibrils becomes increasingly longitudinal during development 

SAXS was performed to study the average cellulose microfibril angles throughout the 

collenchyma cell walls in their native state. The scattering patterns of collenchyma strands 

at the different developmental stages are shown in Figure 4.6A. At Stage 4, the scattering 

pattern showed anisotropy, with an elongated distribution in the vertical direction, 

indicating a high proportion of cellulose microfibrils align in one direction. By contrast, at 

Stage 1, the scattering pattern was much closer to being isotropic. To quantify the 

observations, azimuthal intensity profiles of collenchyma strands at different developmental 

stages were established after application of masks to eliminate the interference from 

detector gaps (Figure 4.6A). They showed that the scattering intensity from longitudinally 

oriented cellulose microfibrils increased dramatically during development (Figure 4.6B). 

Even at Stage 1, longitudinal cellulose microfibrils contributed most to the scattering signals, 

although many other orientations were seen. Subsequent mathematical fitting (Figure 4.6C) 

showed a high agreement between the measured intensity profiles and the theoretical 

ones, from which the relative probability of cellulose microfibrils tilted at different angles 

with respect to the long axis of the collenchyma cells was obtained (Figure 4.6D). Cellulose 

microfibril angles from 0 to 15° occur with high relative probability in the collenchyma walls 

throughout development. However, at Stage 1, the cellulose microfibrils showed a broad 

angular distribution, from 0-80°, which shifted to narrower ranges during development, and 
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at Stage 4, it was mainly confined to 0-15°. To better analyse the distribution pattern of 

cellulose microfibrils, simulation with two Gaussian peaks was conducted (Appendix XIX). 

The first Gaussian distribution was dominant and covered mainly small angles, with a 

continuous increase in amplitude and decrease in width during development (Appendix XIII), 

indicating the cellulose microfibrils became more longitudinally orientated. The second 

Gaussian distribution was broader and less specific (Appendix XIX) from Stage 1 to Stage 3, 

suggesting the presence of cellulose microfibrils with random orientation. But the peak also 

shifted towards small angles at Stage 4 (Appendix XIII).  
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Figure 4. 6 SAXS analysis of the alignment of cellulose microfibrils in celery collenchyma cell 

walls at different developmental stages. (A) Scattering patterns of collenchyma strands at 

different developmental stages. “Stage 4+ mask” indicates two masks were applied to the 

scattering pattern of Stage 4 before data analysis. The scattering signals inside the circular 
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mask and outside the triangular mask were used only for further analysis. The same masks 

were used at all stages of development. (B) The relationship between the scattering 

intensity and cellulose microfibril angles of collenchyma strands at different developmental 

stages. Stage 1 ( ), Stage 2 ( ), Stage 3 ( ), Stage 4 ( ) (C) Experimental 

(scattered symbols) and simulated (red line) intensity versus cellulose microfibrils angles of 

celery collenchyma strands at different stages of development. (D) The probability and 

relative contribution of cellulose microfibrils tilted at angles from 0 to 90° from celery 

collenchyma strands at different stages of development. 0 ° indicates the cellulose 

microfibrils are parallel to the long axis of the cell. 

 

4.4 Discussion 

4.4.1 Fine structure of mature celery collenchyma cell walls 

Results from transmission electron microscopy of mature celery collenchyma cell walls 

in the present study showed that when transverse sections were stained with uranyl acetate 

and lead citrate, what could be interpreted as thick lamellae of longitudinally oriented 

cellulose microfibrils alternated with much thinner lamellae of cellulose microfibrils 

oriented at a higher angle. This is consistent with the results of transmission electron 

microscopy of similar cell walls using the sections cut obliquely and stained with PATAg. This 

showed a “V-shaped” herringbone pattern that has also recently been found in the thick 

outer epidermal walls of onion bulb scales (Zhang et al., 2016), where it has been 

interpreted as resulting from successive lamellae having cellulose microfibrils with large 

differences in orientation. A similar 3D interpretation has been suggested for the “V-

shaped” herringbone pattern in the cell walls of the green alga Eremosphaera viridis 

(Gutierrez and Rey, 2016). Although our SAXS study of such mature collenchyma cells 

showed that the majority of the cellulose microfibrils were aligned longitudinally, a minor 

proportion with higher cellulose microfibril angles were detected and may represent the 

thinner lamellae observed in the uranyl acetate/lead citrate stained sections. This 

interpretation of the fine structure of mature celery collenchyma walls is consistent with the 

findings of Wardrop et al. (1979) as well as Cox and Juniper’s (1973) study using high voltage 

electron microscopy. The results of our SAXS study are also consistent with results from a 

polarized-FTIR spectroscopy study on mature celery collenchyma cells (Fenwick et al., 1997; 
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Šturcová et al., 2004) and a X-ray diffraction study on Heracleum sphondylium (Majumdar 

and Preston, 1941) and Petasites vulgaris (Preston and Duckworth, 1946) collenchyma cells.    

However, other explanations for the “V-shaped’ herringbone patterns are possible. For 

example, Figure 4.7 shows longitudinal cellulose microfibrils are able to form V-shaped 

herringbone patterns in oblique sections. The herringbone pattern are the shadows of the 

cellulose microfibrils on the viewing screen when the electron beam passes through the 

ultra-thin sections. These patterns appear to contain two complementary half-arches, joined 

somewhere around the middle. The two half-arches may have a similar width, but this is not 

a requirement. For each half-arch, an impression of short straight lines is observed, 

indicating that the cellulose microfibrils in each half-arch are most likely to a have similar 

orientation, resembling those in the S2 layer of secondary walls (Kishi et al., 1979; Boyd, 

1985; Barnett and Bonham, 2004). But in the other half-arch, the constituent cellulose 

microfibrils align opposite relative to the axis of the cells, as shown in Figure 4.7, due to the 

opposite direction of the impression lines (Kishi et al., 1979; Neville and Levy, 1984; Vian 

and Roland, 1987).  

 

Figure 4. 7 Illustration of longitudinal cellulose microfibrils that form herringbone patterns 

in the oblique (45°) section. Only two layers of cellulose microfibrils that align at opposite 

side (one layer each side) towards the long axis of cells in a group of lamellae were used as 

an example. In each group of lamellae, probably containing more than 2 layers of cellulose 

microfibrils in each lamella, but in each half of a lamella, all cellulose microfibril layers are 

parallel to each other or change their orientations within small angles. In the other half, the 
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cellulose microfibril layers align in different positions (Left or right) relative to the long axis 

of the cells. The orientation of the collenchyma cell is shown on the left of the figure.   

4.4.2 Changes in the orientation of cellulose microfibril during development 

The multinet growth hypothesis proposed that cellulose microfibrils are always laid 

down in the cell wall in a transverse orientation and then passively re-oriented in a 

longitudinal direction during growth. The results from the present study are consistent with 

such re-orientations of the cellulose microfibrils. Both the FESEM and AFM results show a 

consistent transverse orientation for the cellulose microfibrils adjacent to the plasma 

membrane. The layer of cellulose microfibrils under this layer are always oriented at a large 

angle and can be interpreted as acquiring this orientation passively during longitudinal 

growth. Zhang et al (2016) also found, using the same techniques, a similar large angle 

between the cellulose microfibrils adjacent to the plasma membrane and the next layer. 

However, they do not state whether or not the cellulose microfibrils adjacent to the plasma 

membrane are aligned transversely to the long axis of the cell. If the cellulose microfibrils 

are laid down with a large angle between each lamella, then even with re-orientation during 

longitudinal growth, it would be easier to envisage lamellae in the mature cell walls with 

higher cellulose microfibril angles. This may indeed occur in the formation of the outer 

epidermal cell walls of Arabidopsis, where different orientations of cortical microtubular 

arrays have been found and these corresponded to similar orientations of the cellulose 

microfibrils immediately under the plasma membrane (Crowell et al., 2011). Such changes in 

the orientations of the cortical microtubular arrays and of the cellulose microfibrils are 

consistent with the development of lamellae in cell walls (either helicoidal or cross-

polylamellate), but the formation of such lamellae cannot be envisaged simply from the re-

orientation of cellulose microfibrils initially laid down in a transverse orientation as 

proposed by the multinet growth hypothesis.   

4.4.3 Does the removal of HG affect the orientation of cellulose microfibrils?  

Almost half of the collenchyma cell walls are pectic polysaccharides (pectins), including 

mostly HG and RG-I (Chen et al., 2017; Chapter 3). There is evidence that the pectic 

polysaccharides interact with other cell-wall constituents, including cellulose (Peaucelle et 

al., 2012), and so, the removal of HG from collenchyma cell walls could potentially alter the 
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orientation of the cellulose microfibrils. In the present study, we used pectate lyase to 

remove HG for collenchyma cell walls before examining the orientation of the cellulose 

microfibrils using transmission electron microscopy on PATAg-stained sections, by FESEM 

and by AFM. Herringbone patterns were not observed after PATAg staining unless pectate 

lyase pre-treatment has been carried out. Other researchers have used less specific pre-

treatments before PATAg staining, for example, DMSO was successfully used by Zhang et al 

(2016). Furthermore, examining the collenchyma cell-wall surface using AFM and FESEM did 

not show the presence of cellulose microfibrils unless a pectate lyase pre-treatment had 

been carried out, indicating the presence of HG under the plasma membrane. A similar layer 

of pectic polysaccharides under the plasma membrane has been reported in the outer 

epidermal walls of onion bulbs (Zhang et al., 2016). This also prevented the imaging of 

cellulose microfibrils by FESEM, but AFM in tapping mode did not require the removal of the 

pectic polysaccharides, yet the orientations of the cellulose microfibrils were identical to 

those viewed by FESEM (Zheng et al., 2017). This indicates that at least the orientation of 

the surface microfibrils were not affected by the removal of HG.  

4.5 Conclusions 

Collenchyma cell walls of celery greatly increase in thickness during development. 

Transmission electron microscopy, especially using PATAg-stained sections shows the walls 

have lamellate structures at all developmental stages, but are particularly evident at 

maturity. Results from a SAXS study indicate that during development, the orientation of 

the cellulose microfibrils become increasingly parallel to the long axis of the cell. 

Nevertheless, some cellulose microfibrils with more transverse orientations do occur. For 

example, the cellulose microfibrils immediately below the plasma membrane were shown to 

be transversely oriented using both AFM and FESEM. However, detailed information about 

the orientations of individual cellulose microfibrils in the interior of the collenchyma cell 

walls is difficult to obtain by microscopy.   
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Chapter 5- Concluding discussion 

Collenchyma cells play important roles in growing organs of herbaceous and woody 

plants by providing mechanical support. Characteristically, the cell wall thickness increases 

remarkably during collenchyma development with the formation of a polylamellate 

structure. However, the polysaccharide composition of collenchyma cell walls and the 

mobilities of these polysaccharides had not been fully explored. The cell-wall architecture of 

this cell type was also uncertain. The collenchyma cells from celery petioles have frequently 

been studied as they are easy to obtain as groups of cells forming sub-epidermal strands. To 

gain a greater understanding of celery collenchyma cell walls, a systematic investigation was 

carried out during their development. The study showed: (1) the wall thickening of 

collenchyma cells occurs during cell elongation, not post-elongation; (2) celery collenchyma 

cell walls have polysaccharide compositions similar to parenchyma cell walls of most 

eudicotyledons, with abundant pectin, followed by cellulose, and other polysaccharides, 

mainly xyloglucans; (3) the degree of methyl esterification of HG and RG-I branching 

decreases during development, with accumulation of cellulose, xyloglucans and 

heteroxylans; (4) HGs are distributed throughout the collenchyma cell walls rather than in a 

lamellate pattern regardless of the stage of  development, whereas xyloglucans, 

heteroxylans and heteromannans are restricted to tri-cellular junctions and the middle 

lamella before cell maturation; (5) cellulose and HG in the walls become more rigid during 

development, as indicated by solid-state 13C NMR; (6) the polylamellate structure in celery 

collenchyma cell walls shows “V-shaped” herringbone patterns rather than parabolic arcs. 

However, SAXS studies of collenchyma strands shows that the predominant orientation of 

cellulose microfibrils is longitudinal, especially at maturity.  

5.1 Collenchyma cell walls are “primary” walls 

A widely accepted definition of primary and secondary walls is that for primary walls, 

wall thickening occurs before cells have stopped elongating, whereas for secondary walls, 

the wall thickening occurs after the cells have stopped elongating (Wardrop et al., 1979; 

Harris, 2006; Fry, 2007). In an early study on collenchyma cells of cow parsnip (Heracleum 

sphondylium) it was found that the wall thickening occurred before cell enlargement ceased 

and hence the cell walls are primary (Majumdar and Preston, 1941). The authors described 
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them as ‘thickened primary walls’. In the present study on celery collenchyma cell walls it 

was also found the wall thickening was completed before cell enlargement stopped and so 

these walls are also primary. However, an earlier study had indicated these walls were 

thickened during both cell enlargement and at the completion of enlargement (Vian, 1993).  

5.2 Collenchyma cell-wall polysaccharide compositions and the 

distribution of these polysaccharides in the walls during 

development  

This study showed pectic polysaccharides, including mainly HG, RG-I and RG-II, are the 

most abundant non-cellulosic polysaccharides in celery collenchyma cell walls (Chapter 2). 

HGs were found to be distributed continuously throughout celery collenchyma cell walls as 

seen by immunomicroscopy (Chapter 3), rather than in lamellae as reported previously in 

collenchyma cell walls of cow parsnip (Heracleum sphondylium L.) (Majumdar and Preston, 

1941), Perasites vulgaris (Preston and Duckworth, 1946) and celery (Chafe, 1970) based on 

histochemical studies. The degree of methyl esterification (DM) of HGs (~36%) found in the 

walls of celery collenchyma cells at early stages of development is low compared with other 

studies (Thimm et al., 2002; Derbyshire et al., 2017). The DM of HGs in celery collenchyma 

cell walls drops once growth rate slows, as it does in many parenchyma cell walls (Goldberg 

et al., 1986; Derbyshire et al., 2007; Wolf et al., 2009). Such a change helps to increase the 

rigidity of the walls by lowering the flexibility of HG, possibly through formation of more 

egg-box structure between HG and Ca2+ (Grant et al., 1973; Parre and Geitmann, 2005). RG-I 

is another domain of pectic polysaccharides in celery collenchyma cell walls, with (1→5)-α-

arabinans being the predominant side chains compared with (1→4)-β-galactans. Both side 

chains are distributed widely in immature celery collenchyma cell walls as indicated by the 

presence of strong labelling with the monoclonal antibodies LM6 and LM5 that bind 

specifically to (1→5)-α-arabinans and (1→4)-β-galactans, respectively. In mature 

collenchyma cell walls, only weak LM6 labelling was visible (Chapter 3). This indicates loss of 

RG-I side chains or less synthesis of RG-I side chains during collenchyma development. 

Previous research has shown higher proportions of RG-I side chains occur in the walls of 

eudicotyledons cells that are dividing or elongating than in cells that have either stopped 

expanding or expansion has slowed (Willats et al., 1999; Bush et al., 2001; Verhertbruggen 
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et al., 2009a). This was shown by LM6 or LM5 labelling becoming weaker in the latter cells.  

(Willats et al., 1999; Bush et al., 2001; Verhertbruggen et al., 2009a). Modulation of side 

chains on RG-I could contribute to maintaining the balance between wall flexibility and 

stiffness. From glycosylic linkage analysis (Chapter 2) RG-II was also found to be present in 

collenchyma cell walls. This polymer may be involved in normal deposition of wall materials 

by the formation of RG-II-boron diesters (Spurr, 1957; Chormova et al., 2014).  

Cellulose is the second largest component in celery collenchyma cell walls and accounts 

for 30-35% of the total cell walls (Chapter 2 and 3). Cellulose accumulates in the walls during 

development, from 28% of the walls in young cells to 35% in mature cells (Chapter 3). This 

could result in increased wall stiffness. Besides quantity, the local environment within or 

surrounding cellulose microfibrils also changes, which can be seen from their increased 

relaxation time constants T1ρ
H and T1

C, suggesting a lower mobility of the cellulose. This is 

probably due to the formation of complex cross-links with other wall polysaccharides, such 

as pectic polysaccharides and xyloglucans (Dick-Perez et al., 2011; Wang et al., 2012).  

Xyloglucan is the next most abundant component in celery collenchyma cell walls and 

the proportion in the walls is similar to that in parenchyma cell walls of most 

eudicotyledons, but much higher than in the walls of celery parenchyma cells (Chapter 2, 

Zujovic et al., 2016). The proportion of xyloglucans in the walls increases during celery 

collenchyma cell development, and has a distinct distribution pattern. By using 

immunomicroscopy with the monoclonal antibody LM15 that is specific for xyloglucan 

(Chapter 3), it was found that xyloglucans were mainly restricted to the middle lamella and 

tri-cellular junctions in young celery collenchyma cell walls, which may help to stabilize the 

cell-cell adhesions and provide sufficient mechanical support (Marcus et al., 2008; Hayashi 

and Kaida, 2011). When mature, the distribution of xyloglucans extends to the entire walls 

and contributes to the intactness of the thick walls (Neville, 1985; Xiao et al., 2016). Celery 

collenchyma cell walls also contain a small amount of heteroxylans (Chapter 2 and 3). 

However, the heteroxylans are not detectable in very young cell walls using 

immunomicroscopy with the monoclonal antibody LM11 that is specific for substituted 

heteroxylans (Chapter 3). Other polysaccharides, such as heteromannans, were also found 
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using immunomicroscopy in cell corners and the inner walls of collenchyma cells (Chapter 

3).  

5.3 Orientations of cellulose microfibrils in collenchyma cell walls 

during development 

The polylamellate structure in collenchyma walls has been well studied compared with 

their chemical compositions (Beer and Setterfield, 1958; Chafe, 1970; Vian et al., 1993; 

Jarvis, 2007). The structure was thought to be due to the alternating distribution of 

cellulose-rich and pectin-rich lamellae (Majumdar, 1941; Majumdar and Preston, 1941; 

Preston and Duckworth, 1946; Vian, 1993). However, my finding using immunomicroscopy 

of a continuous distribution of pectic polysaccharides (mostly HG) in celery collenchyma cell 

walls negates this proposal (Chapter 3). An alternative interpretation is that an ordered 

arrangement of cellulose microfibrils builds the polylamellate structure (Chafe, 1970; Vian, 

1993). However, it was not clear if the collenchyma cell walls of celery have a helicoidal or 

crossed-polylamellate arrangement of the cellulose microfibrils, with a small change in angle 

or a large change in angle between successive lamellae, respectively (Neville, 1985).  

In the present study, transmission electron microscopy provided some evidence for the 

presence of lamellae containing cellulose microfibrils at a high angle to the long axis of the 

cells. Furthermore, “V-shaped’ herringbone patterns were also found using transmission 

electron microscopy, which is also consistent with a crossed-polylamellate arrangement of 

cellulose microfibrils. However, such a “V-shaped” herringbone can also be formed from 

longitudinally oriented cellulose microfibrils. Moreover, a SAXS study showed that the 

predominant orientation of the cellulose microfibrils was longitudinal, with a progressively 

smaller proportion of cellulose microfibrils with a high angle being present during 

development. FESEM and AFM studies also showed that the most recently deposited 

cellulose microfibrils under the plasma membrane are always oriented transversely to the 

long axis of the cell. It may thus be that passive movement of cellulose microfibrils during 

cell elongation may account for the mostly longitudinal orientation of the cellulose 

microfibrils in the mature cell walls as often occurs with walls without lamellae (multi-net 

growth hypothesis). However, this is quite different from the situation in the thick, outer 

epidermal wall of Arabidopsis that also has a polylamellate cell wall at maturity (Crowell et 
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al., 2011). Here, the cellulose microfibrils have been shown to be deposited into the walls 

from the plasma membrane in various orientations that are mirrored by the orientations of 

the cortical microtubules that guide the movement of the cellulose synthesising complexes 

(rosettes) in the plasma membrane.  

5.4 Future research       

The current study increases our understanding of the chemical composition and 

molecular architecture of collenchyma cell walls, but also stimulates questions. Firstly, a 

water-soluble heteroxylan was found in the HEPES buffer fraction during the isolation of 

collenchyma walls. However, the complete structure of this heteroxylan has not been 

elucidated. Purification through high performance anion exchange chromatography coupled 

with pulsed electrochemical detection (HPAEC-PAD) and analysis using mass spectrometry 

and NMR (Tan et al., 2013) will provide valuable information about its molecular structure. 

Moreover, pectins in collenchyma and outer epidermal cell walls have been shown to 

orientate axially rather than being present as optically isotropic gels (Roelofsen and Kreger, 

1951; Hayashi et al., 1980). Techniques such as polarized FTIR spectroscopy, AFM, SAXS and 

SANS would be useful in gaining an understanding of their arrangement in minimally pre-

treated collenchyma cell walls. Also, the uneven thickening of collenchyma cell walls is most 

likely to induce distinct mechanical properties in different regions of the walls. Mapping the 

plasticity, elasticity and viscoelasticity by AFM (for instance, by multi frequency AFM) or a 

nano-indenter according to their force-deformation curve (Garcia and Herruzo, 2012; 

Digiuni et al., 2015; Vogler et al., 2015) will be helpful in understanding the mechanical 

properties of collenchyma cell walls. In the outer epidermal cell walls of Arabidopsis 

hypocotyls, the orientation of cellulose microfibrils under the plasma membrane mirrors the 

orientation of the cortical microtubules (Chan et al., 2010, 2011). This relationship has not 

been elucidated in collenchyma cells and should be explored in the future. Moreover, 

controlled hydrolysis of cellulose microfibrils in collenchyma cell walls by enzymes or 

chemicals may allow AFM tips to examine more than three layers of cellulose microfibrils 

(counting from the layer of cellulose microfibrils closest to the plasma membrane). This will 

be helpful in clarifying the arrangement and fate of cellulose microfibrils after being 

deposited into the walls. This may also provide direct evidence to decipher the arrangement 
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of cellulose microfibrils resulting in the “V-shaped” herringbone pattern. Last, the ontogeny, 

microstructure, chemical compositions, cell wall rigidity and other information reported in 

this study is limited to the walls of collenchyma cells in the sub-epidermal strands of celery 

petioles. These walls may differ from those of the collenchyma cells associated with the 

vascular bundles. Additional work should be conducted specifically on the walls of vascular 

collenchyma cells to assess whether they are different. 
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Appendices 

 

 

Appendix I- Bright-filed light and VPSE micrographs of transverse section of collenchyma 

strands.  

 

 

Figure I. Bright-field light micrographs (A, D, G) and VPSE micrographs (B, C, E, F, H, I) of 

transverse section of peripheral collenchyma strands midway along the upper, middle and 

lower segment of a fully expanded petiole (41 cm). Sections for bright-field light microscopy 

were stained with toluidine blue O (0.1%, w/v). A, B, C-upper segment; D, E, F-middle 

segment; G, H, I-lower segment. e, epidermis; c, collenchyma; p, parenchyma. Bars= 100 μm 

(A, D, G), 50 μm (B, E, H), 10 μm (C, F, I). A, D, G from the same collenchyma strand; B, C, E 

were from another collenchyma strand from a different petiole; F, H, I- same collenchyma 

strand as B, C, E at higher magnification. Double headed arrows indicate the cell wall 

distance of thickened region between two adjacent collenchyma cells. 
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Appendix II- Cross-sectional area, cell number and wall thickness of collenchyma strands 

at different regions of petioles. 

 

 

 

 

Figure II. Comparison of the cross-sectional area (A), cell number (B) and average cross- 

sectional cell area (C) and wall thickness (D) in transverse section of five different peripheral 

collenchyma strands midway taken along the upper ( ), middle ( )and lower ( ) 

segments. Different letters (a, b, c) indicate significant difference (P﹤0.05). P1-1, P1-2 

indicate two different collenchyma strands from the same petiole. P1, P2, P3 indicate three 

petioles from three different plants. The wall thickness was the half distance between the 

thickened regions of two adjacent collenchyma cells as shown in Figure I (Appendix I). Thirty 

wall thickness were measured from two collenchyma strands from different plants, fifteen 

measurements for each. The averaged value and standard deviation was shown. 
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Appendix III- Relative proportions of some monosaccharides from different regions of 

collenchyma cell walls.  

 

 

Table III. Gal/Ara, (Ara+Gal)/Rha, UA/(Ara+Gal) molar ratios and (Xyl+Glc+Man) molar 

percentages calculated in fractions and CWs from different segments of collenchyma 

strands. 

Fractions   Gal/Ara (Ara+Gal)/Rha UA/(Ara+Gal) Xyl+Glc+Man 

 U  1.4a 9.1c 1.5a 39.1b 

HEPES M  1.3a 7.0a 1.7a 29.6a 

 L  1.3a 7.4b 1.5a 28.4a 

 U  1.2b(1.2a) 3.9c (6.7b) 4.7a (4.0a) 10.0a (14.2a) 

CW M  1.1b(1.2a) 3.5b (5.8a) 6.4a (4.7b) 8.7a(13.5a) 

 L  1.0a (1.1a) 3.4a (5.9a) 6.4a (5.3c) 9.3a (13.2a) 

 U  0.5a 4.1b 12.1a 2.5a 

CDTA M  0.5a 3.5a 14.1a 2.5a 

 L  0.5a 3.3a 13.8a 2.5a 

 U  0.6a 3.3b 6.7a 2.9a 

Na2CO3 M  0.6a 2.6a 6.7a 3.4a 

 L  0.7a 2.7a 5.5a 4.3a 

 U  1.5a 4.7b 2.6a 42.8b 

1M KOH M  1.3a 3.9a 3.8c 36.7a 

 L  1.4a 3.7a 3.4b 39.8a 

 U  1.8a 4.4a 2.6a 34.6a 

4M KOH M  2.4a 4.7a 2.8a 43.0a 

 L  2.0a 4.0a 2.8a 40.1a 

 U  1.3a (1.2a) 3.4a (6.6b) 2.7a (3.1a) 10.4a (12.8a) 

Residue M  1.3a (1.2a) 3.0a (5.5a) 3.7a (3.7a) 11.2a (13.5ab) 

 L  1.4a (1.1a) 3.2a (6.6b) 3.9a (3.7a) 14.1a (16.0b) 
The values in bracket in CWs and final residue indicates the amount of sugars from H2SO4 hydrolysis, other values are from TFA hydrolysis.  
Rhamnose (Rha), arabinose (Ara), xylose (Xyl), mannose (Man), galactose (Gal); Glc, non cellulosic glucose from TFA hydrolysis;  

UA, uronic acid; The value averaged from duplicate (n=2).  Different letters (a, b, c) indicate significant (P﹤0.05) differences between U,M 
and L.  
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Appendix IV-Detailed assignment of collenchyma cell wall polysaccharides.  

Table IV. The detailed assignment of polysaccharides from celery collenchyma cell walls and fractions. 

HEPES buffer soluble fraction 

 

Polysaccharides Expected linkages Glycosyl linkage assignment mol% (M) mol% (U)

4 Galp A  4 Galp A not have already been assigned to RG-I 6.63 5.43

4,6 Galp A All 4,6 Galp A, undermethylation of 4 Galp A 0.15 0.4 Most likely from HG Ara = Arabinose

Total 6.78 5.83 Fuc = Fucose

2 Rhap All 2 Rhap 1.68 1.19 Gal = Galactose

2,4 Rhap All 2,4 Rhap 0.9 0.82 Glc = Glucose

4 Galp A Equivalent to total Rha assigned to RG-I, i.e.= 2 Rhap + 2,4 Rhap 2.58 2.01 GlcA = Glucuronic Acid

Total 5.16 4.02 GalA = Galacturonic Acid

5 Araf All 5 Araf 4.51 4.46 Man = Mannose

3 Araf All 3 Araf 0.4 0.66 Rha = Rhamnose

3,5 Araf All 3,5 Araf 0.91 1.01 Xyl = Xylose

t-Araf Equivalent to the branch point, i.e.=3,5 Araf 0.91 1.01

Total 6.73 7.14

(Arabino)galactans

(RG-I)
4 Galp All 4 Galp 1.14 1.19

Total 1.14 1.19

2,4 Galp All 2,4 Galp 0 0.3

3,4 Galp A All 3,4 Galp A 0.75 0.91 Most likely from RG-II 

Total 0.75 1.21

3 Galp All 3 Galp 0.57 0.81

6 Galp All 6 Galp 3.19 2.58

3,6 Galp All 3,6 Galp 5.46 5.81

3,4,6 Galp All 3,4,6 Galp 0.4 0.55

t-Rhap All t-Rhap 1.06 1.13 Due to low amount of RG-II

4 Glcp A All 4 Glcp A 1.14 1.06

t-Araf + t-Arap Equivalent to branch point  less t-Glcp A, i.e.= 3,4 Galp + 3,4,6 Galp - tGlcp A 4.355 5.278
t-Glcp A The sum of t-Glcp A and 4 Glcp A is commonly less than 10% of total AG-II 1.055 0.712

t-Galp All t-Galp 1.69 1.84 Most likely from AG-II 

Total 18.92 19.77

4 Xylp All 4 Xylp 34.7 31.9

2,4 Xylp All 2,4 Xylp 5.36 5.04

2,3,4 Xylp All 2,3,4 Xylp , from undermethylation of 2,4 Xylp 0.84 0.66

t-Araf t-Araf  not have already been assigned to RG-I, AG-II 1.655 1.412

t-Glcp A Equivalent to branch point less t-Araf , i.e.= (2,4 Xylp + 2,3,4 Xylp - t-Araf ), 4.545 4.288

t-Xylp All terminal Xylp  not have alredy been assigned to XG 0.75 0.13

Total 47.85 43.43

4 Glcp One third of 4,6 Glcp 0.59 1.3

4,6 Glcp All 4,6 Glcp 1.76 3.91

t-Xylp Equivalent to branch point less  t-Fucp , i.e.= 4,6 Glcp  - t Fucp 1.62 3.49

2 Galp All 2 Galp 0.28 0.94

t-Fucp All t-Fucp , similar amount to that of 2 Galp 0.29 0.82

Total 4.54 10.46

4 Manp All 4 Manp 1.24 0.97

4 Glcp Equivalent to 4 Manp , i.e.= 4 Manp 1.24 0.97

Total 2.48 1.94

t-Glcp All t-Glcp 1.37 1.14

4 Glcp All remaining 4 Glcp 2.8 2.18

t-Glcp A All remaining t-Glcp A 1.5 1.69

Total 5.67 5.01

Total 100 100

Note: The linkage residues were displayed as molar percentage. 

M: The HEPES buffer soluble fraction from middle segment collenchyma; U: The HEPES buffer soluble fraction from upper segment collenchyma.

Table S1: The detail assignment of polysaccharides from celery collenchyma cell walls and fractions

HMs

Other

RG-I backbone

Arabinan (RG-I)

HG

Although the proportion of GlcA varies dramatically among different species, most of them are less than 10% (Clarke et al., 1979; Nothnagel, 1997)

AG-II

RG-II

HXs

XGs
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Cell walls 

 

Polysaccharides Glycosyl linkagesReasons for assignments Mol (%)

4 Galp A  4 Galp A not have already been assigned to RG-I 17.6

4,6 Galp A All 4,6 Galp A, undermethylation of 4 Galp A 0.39 Most likely from HG 

Total 17.99

2 Rhap All 2 Rhap 1.14

2,4 Rhap All 2, 4 Rhap 0.36

4 Galp A Equivalent to total Rha assigned to RG-I, i.e.= 2 Rhap + 2,4 Rhap 1.5

Total 3

5 Araf All 5 Araf 1.53

3,5 Araf All 3,5 Araf 0.6

t-Araf Equivalent to branch point, i.e.= 3,5 Araf 0.6

Total 2.73

(Arabino)galactans

(RG-I)
4 Galp All 4 Galp 1.39

Total 1.39

3,4 Galp A All 3,4-Galp A 1.45 Most likely from RG-II 

t-Galp A All t-Galp A 0.12

t-Rhap Half of t-Rhap 0.05

t-Araf All t-Aarf  not have already been assigned to HX and RG-I 0.24

Total 1.86

6 Galp All 6 Galp 0.47

4 Glcp A No more than 6 Galp 0.47

t-Rhap Half of t-Rhap 0.04 Split half to RG-II

Total 0.98

4 Xylp All 4 Xylp 2.81

2,4 Xylp All 2,4 Xylp 0.39

2,3,4 Xylp All 2,3,4 Xylp , from undermethylation of 2,4 Xylp 0.31

t-Glcp A All t-Glcp A 0.28 Most likely from  HX

4 Glcp A Equvilent to branch point less t-Glcp A, t-Araf , i.e.=2,4 Xylp +2,3,4 Xylp -(t-Glcp A+ t-Araf ) 0.32

t-Araf The proportion of t-Araf to the totol amount of terminal and 4-linked GlcA is the same as that in 1M KOH fraction. 0.1

Total 4.21

2 Xylp All 2 Xylp 0.81

t-Xylp All t-Xylp 2.26 Most likely from XG 

4,6 Glcp Equivalent to toal amount of t-Xylp , t-Fucp and t-Galp , i.e.= (t Xylp + t Fucp  + t Galp ) 2.69

4 Glcp One third of 4,6 Glcp , i.e.= 4,6 Glcp /3 0.77

2 Galp All 2Galp 0.5

t-Fucp All t-Fucp 0.33

t-Galp t-Galp not have already been assigned to HMs 0.1

Total 7.46

4 Manp All 4 Manp 1.24

4,6 Manp All 4,6 Manp 0.78

4 Glcp Equivalent to 4 Manp and 4,6 Manp , i.e.= 4 Manp + 4,6 Manp 2.02

t-Galp Euivalent to branch point, i.e.= 4,6 Manp 0.78

Total 4.82

Cellulose 4 Glcp All the remaining 4 Glcp 51.31

Total 51.3

2,4 Glcp All the  2,4 Glcp 0.77

3,4 Glcp All the  3,4 Glcp 0.99

t-Glcp All the  t-Glcp 0.43

4,6 Glcp All the remaining 4,6 Glcp 1.47

4 Glcp A All the remaining 4 Glcp A 0.44

Total 4.1

Total 99.9

Other

RG-I backbone

Arabinan (RG-I)

RG-II

HXs

AG-II

XGs

HMs

HG
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CDTA fraction 

 

 

 

Polysaccharides Glycosyl linkagesReasons for assignments Mol (%)

4 Galp A  4 Galp A not have already been assigned to RG-I 67.27

4,6 Galp A All 4,6 Galp A, undermethylation of 4 GalpA 0.44 Most likely from HG 

t-Galp A Half of the t-Galp A 0.65 Due to high amount of 4 Galp A in HG

Total 68.36

2 Rhap All 2 Rhap 2.48

2,4 Rhap All 2, 4 Rhap 1.04

4 Galp A Equivalent to total Rha assigned to RG-I, i.e.= 2 Rhap + 2,4 Rhap 3.52

Total 7.04

5 Araf All 5 Araf 5.05

3,5 Araf All 3,5 Araf 1.8

t-Araf Equivalent to branch point, i.e.= 3,5 Araf 1.8

Total 8.65

4 Galp All 4 Galp 1.74

t-Galp One third of  t-Galp 0.26

Total 2.00

2,4 Galp A All 2,4 Galp A 5.04

t-Rhap All t-Rhap 0.31 t-Rhap  commonly associated with 4 Glcp A Iin AG-II which was not found in this fraction. So assigned all to RG-II

t-Fucp All t-Fucp 0.22

2,4 Galp All 2,4 Galp 0.82

3,4 Galp A All 3,4 Galp A 1.34 Most likely from RG-II 

t-Araf t-Araf  not have already been assigned to Arabinan 0.34

t-Galp One third of t-Galp 0.26

t-Galp A Half of t-Galp A 0.65

Total 8.98

6 Galp All 6 Galp 1.18

t-Galp One third of t-Galp 0.25

Total 1.43

HXs 4 Xylp All 4 Xylp 0.47

Total 0.47

4 Manp All 4 Manp 0.42

4 Glcp Equivalent to 4 Manp , i.e.= 4 Manp 0.42

Total 0.84

4 Glcp All the  remaining 4 Glcp 1.47

t-Glcp All the  t-Glcp 0.29

t-Xylp All t-Xylp 0.46

Total 2.22

Total 100

HMs

Other

HG

RG-I backbone

Arabinan (RG-I)

(Arabino)galactans 

(RG-I)

RG-II

AG-II
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Na2CO3 fraction 
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1M KOH fraction 

 

 

 

 

 

Polysaccharides Glycosyl linkagesReasons for assignments Mol (%)

4 Galp A  4 Galp A not have already been assigned to RG-I 8.99

4,6 Galp A All 4,6 Galp A, undermethylation of 4 GalpA 0.3 Most likely from HG 

Total 9.29

2 Rhap All 2 Rhap 2.28

2,4 Rhap All 2,4 Rhap 0.83

4 Galp A Equivalent to total Rha assigned to RG-I, i.e.= 2 Rhap + 2,4 Rhap 3.11

Total 6.22

5 Araf All 5 Araf 2.69

3,5 Araf All 3,5 Araf 1.26

t-Araf Equivalent to branch point, i.e.= 3,5 Araf 1.26

Total 5.21

(Arabino)galactans 

(RG-I)
4 Galp All 4 Galp 1.59

Total 1.59

3,4 Galp A All 3,4 Galp A 1.21 Most likely from RG-II 

2,4 Galp All 2,4 Galp 0.21

2,4 Galp A All 2,4 Galp A 0.13

t-Rhap Half of t-Rhap 0.13

Total 1.68

6 Galp All 6 Galp 1

4 Glcp A Half of 4 Glcp A 0.25

t-Glcp A Equivalent to 6 Galp  with less 4 Glcp A, i.e.= (6 Galp - 4 Glcp A) 0.51

t-Rhap Half of t-Rhap 0.14

Total 1.9

4 Xylp All 4 Xylp 26.5

2,4 Xylp All 2,4 Xylp 4.04

2,3,4 Xylp All 2,3,4 Xylp, from undermethylation of 2,4 Xylp 0.31

t-Glcp A Equvilent to branch point less 4-GlcpA, t-Araf, i.e.=2,4 Xylp+2,3,4 Xylp-(4-GlcpA+ t-Araf) 3.52

4 Glcp A Half of the 4-GlcpA 0.24

t-Araf t-Araf  not have already been assigned to Arabinan 0.59

t-Xylp t-Xylp not have already been assigned to XGs 1.73

Total 36.93

2 Xylp All 2 Xylp 3.92

t-Xylp Equivalent to 4,6 Glcp  less t-Fucp and t-Galp , i.e.= (4,6 Glcp - tFucp -tGalp ) 4.18 Most likely from XG 

4,6 Glcp All 4,6 Glcp 7.25

4 Glcp One third of 4,6 Glcp , i.e.= 4,6 Glcp /3 2.42

2 Galp Equivalent to 2 Xylp  less t-Galp , i.e.=2 Xylp -terminal Galp 2.23

t-Fucp All t-Fucp 1.38

t-Galp t-Galp  not have already been assigned to HM 1.69

Total 23.07

4 Manp All 4 Manp 2.9

4,6 Manp All 4,6 Manp 1.33

4 Glcp Equivalent to 4 Manp  and 4,6 Manp , i.e.= 4 Manp + 4,6 Manp 4.23

2 Galp 2 Galp  not have already been assigned to XG 0.48

t-Galp Equivalent to 4,6 Manp , i.e.=4,6 Manp 1.33

Total 10.27

4 Glcp All the  remaining 4 Glcp 2.58

t-Glcp A All the remaining t-Glcp A 1.28

Total 3.86

Total 100

XGs

HMs

Other

RG-I backbone

Arabinan (RG-I)

HG

AG-II

RG-II

HXs
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4M KOH fraction 
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Final residue 



 

118 
 

Appendix V- T1ρ
H relaxation time of long (T1a) and short component (T1b) of HG.  

 

 

 

 

 

 

 

Table V.  T1ρ
H relaxation time of long (T1a) and short component (T1b) in the HG signals (bi-

exponential decay) from collenchyma cell walls at four developmental stages fitted with 

equation I(t)= 𝑎𝑒−𝑡/𝑇1𝑎  + 𝑏𝑒−𝑡/𝑇1𝑏, where a+b=1. a, b represent the proportions of long and 

short components. HG/R C1, C-1 of galacturonic acid from HG and rhamnose from RG-I/RG-

II; HG C2/ R C5, C-2 of galacturonic acid from HG and C-5 of rhamnose from RG-I/RG-II.  

Sites  (ppm) Items Stage 1 Stage 2 Stage 3 Stage 4 

HG/R C1  101.0 T1a (ms) 2.2± 0.2 2.5± 0.13 8.9± 1.8 4.8± 0.78 

T1b (ms) 0 - 1.1± 0.06 0.66± 0.1 

a 1.0± 0.04 1.0± 0.02 0.36±0.02 0.51± 0.04 

b 0 - 0.64±0.03 0.49± 0.05 

       

HG C2/R C5 69.0 T1a (ms) 3.5± 0.05 6.7± 2.2 5.5± 0.77 3.4± 0.52 

T1b (ms) 0 0.75± 0.12  0.65±0.03 0.53± 0.06  

a 1.0± 0.01 0.45± 0.04 0.35±0.02 0.50±0.06 

b 0 0.55± 0.06 0.65±0.03 0.50± 0.05 
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Appendix VI- T1
C relaxation time of long (T1a) and short component (T1b) of HG.  

 

 

 

 

 

Table VI. T1
C relaxation time of long (T1a) and short component (T1b) in the HG and cellulosic 

signals (bi-exponential decay) from collenchyma cell walls at four developmental stages 

fitted with equation I(t)= 𝑎𝑒−𝑡/𝑇1𝑎  + 𝑏𝑒−𝑡/𝑇1𝑏, where a+b=1. a, b represent the proportions 

of long and short components. HG C2/ R C5, C-2 of galacturonic acid in HG and C-5 of 

rhamnose in RG-I/RG-II. iC6, C-6 of glucose in from interior cellulose; sC6, C-6 of glucose 

from surface cellulose.  

Sites δ (ppm) Items Stage 1 Stage 2 Stage 3 Stage 4 

HG C2/R C5 69.0 T1a (ms) 3.4± 0.63 4.4± 1.2 3.4± 0.63 3.4± 0.65 

T1b (ms) 0.44± 0.24 0.58± 0.09 0.44± 0.22 0.42± 0.08 

a 0.77± 0.09 0.42± 0.07 0.70± 0.06 0.53± 0.07 

b 0.23± 0.1 0.58± 0.08 0.3±0.05 0.47± 0.1 

       

iC6 65.0 T1a (ms) 6.0± 0.5 7.5± 0.03 6.21± 0.94 11± 1.0 

  T1b (ms) 0.33± 0.06 0.58± 0.09 0.6± 0.1 0.8± 0.13 

  a 0.52± 0.05 0.42± 0.04 0.62± 0.04 0.53± 0.05 

  b 0.48± 0.04 0.58±0.06 0.38± 0.04 0.47± 0.04 

       

sC6 62 T1a (ms) 4.5± 1.6 4.4± 2.1 3.8± 1.14 5.0± 1.5 

  T1b (ms) 0.25± 0.06 0.57± 0.11 0.39± 0.07 0.25± 0.06  

  a 0.42± 0.06 0.44± 0.1 0.39± 0.08 0.5± 0.05 

  b 0.58± 0.06 0.56± 0.1 0.61± 0.09 0.5± 0.06 
 

 

 

https://en.wikipedia.org/wiki/Delta_(letter)
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Appendix VII- Immunofluorescence micrographs of Na2CO3 or CAPS buffer pre-treated 

collenchyma sections.  

 

 

 

 

 

Figure VII. Control immunofluorescence micrographs of transverse sections of celery 

collenchyma strands at four developmental stages pretreated with Na2CO3 or Na2CO3  and 

CAPS buffer followed by labelling with the primary antibodies LM20 (more methyl esterified 

HG) (a-d) (Na2CO3), LM10 (low or unsubstituted 1,4-β-xylans) (e-h), LM11 (more highly 

substituted 1,4-β-xylans) (i-l) and LM21 (heteromannans) (m-p) (Na2CO3 and CAPS buffer). 

LM20+ Na2CO3, sections were pretreated with sodium carbonate before labelling with LM20. 

LM10+ CAPS, LM11+ CAPS, LM21+ CAPS are control experiments in which sections were 

pretreated with sodium carbonate followed by 50 mM CAPS buffer containing 2 mM CaCl2 

(pH10), but no pectate lyase, before labelling with LM10, LM11 and LM21. Stage 1 (from 2.6 

cm long petiole) (a, e, i, m); Stage 2 (from 11 cm petiole) (b, f, j, n); Stage 3 (from 24 cm 

petiole) (c, g, k, o); Stage 4 (from 40 cm petiole) (d, h, l, p). e = epidermis, c = collenchyma 

cells. Scale= 50 μm. 
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Appendix VIII- The control micrographs of LM19, LM20, LM5 and LM6 labelling of 

collenchyma cell walls at different developmental stages. 

 

 

 

 

 

 

 

Figure VIII. Control immunofluorescence micrographs of transverse sections of celery 

collenchyma strands at four developmental stages with the omission of the primary 

antibodies LM19 (non- or low methyl esterified HG), LM20 (more methyl esterified HG), LM5 

(1, 4-β-D-galactans) and LM6 (1, 5-α-L-arabinans). LM19/ LM20 (a-d) are control 

experiments for sections with LM19 or LM20 omitted. LM19/LM20 + Na2CO3 (e-h) are 

control experiment for sections pretreated with Na2CO3, but with LM19 or LM20 omitted. 

LM5/LM6 (i-l) are control experiments for sections with LM5 or LM6 omitted. Stage 1 (from 

2.6 cm petiole) (a, e, i); Stage 2 (from 11 cm petiole) (b, f, j); Stage 3 (from 24 cm petiole) (c, 

g, k); Stage 4 (from 40 cm petiole) (d, h, l). e = epidermis, c = collenchyma cells. Scale = 100 

μm. 



 

122 
 

Appendix IX- The control micrographs of LM15, LM10, LM11 and LM21 labelling of 

collenchyma cell walls at different developmental stages. 

 

 

Figure IX. Control immunofluorescence micrographs of transverse sections of celery 

collenchyma strands at four developmental stages with the omission of the primary 

antibodies LM15 (xyloglucans), LM10 (low or unsubstituted heteroxylans), LM11 (more 

substituted heteroxylans) and LM21 (heteromannans). LM15 (a-d) are control experiments 

for sections with LM15 labelling omitted. LM15 + PL (e-h) are control experiments for 

sections pretreated with pectate lyase, but with LM15 labelling omitted. LM10/LM11 (i-l) are 

control experiments for sections with LM10 or LM11 labelling omitted. LM10/LM11+ PL (m-

p) are control experiments for sections pretreated with pectate lyase, but with LM10 or 

LM11 labelling omitted. LM21+ PL (q-t) are control experiments for sections pretreated with 

pectate lyase, but with LM21 labelling omitted. Stage 1 (from 2.6 cm petiole) (a, e, I, m, q); 

Stage 2 (from 11 cm petiole) (b, f, j, n, r); Stage 3 (from 24 cm petiole) (c, g, k, o, s); Stage 4 

(from 40 cm petiole) (d, h, l, p, t). e = epidermis, c = collenchyma cells. Scale = 100 μm. 
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Appendix X- The immunogold labelling pattern of thin regions of collenchyma cell walls at 

different developmental stages. 
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Figure X. Immunogold labelling of thin regions of celery collenchyma cell walls at four stages 

of development using LM19 (non- or low methyl esterified HG) (b-e), LM20 (more methyl 

esterified HG) (f-i), LM5 (1, 4-β-D-galactans) (j-m), LM6 (1, 5-α-L-arabinans) (n-q) and LM15 

(xyloglucans) (r-u). LM15+PL, the transverse sections were pretreated with pectate lyase 

before labelling with LM15. Stage 1 (b, f, j, n, r), 2.6 cm petioles; Stage 2 (c, g, k, o, s), 11 cm 

petioles; Stage 3 (d, h, l, p, t), -24 cm petioles; Stage 4 (e, i, m, q, u), -40 cm petioles (a) A 

TEM micrograph of transverse section of a collenchyma cell at Stage 4 (39 cm petiole); the 

thin cell-wall region is shown with an arrow. Scale bar = 5 μm. (b-u) Double head arrows 

show the location of middle lamella. pm, plasma membrane. Scale = 200 nm. 
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Appendix XI- T1ρ
H (a) and T1

C (b) CP/MAS spectra of collenchyma walls at Stage 4. 

 

 

 

 

Figure XI. T1ρ
H (a) and T1

C (b) CP/MAS spectra of collenchyma walls at Stage 4 (from 35-40 

cm long petioles) obtained using various delay times. The measurements were done at 

room temperature with 65% hydration level. The peak intensities decrease gradually with 

increasing delay time.  
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Appendix XII- The bright-field light micrographs of collenchyma cell walls stained by 

Calcofluor white. 

 

 

 

 

 

 

 

 

 

 

Figure XII. The bright-field light micrographs of transverse section from collenchyma strand 

at Stage 4 (from 40 cm long petiole) stained with Calcofluor White. (a) Low magnification. 

Scale bar= 25 μm; (b) Higher magnification. Scale bar= 10 μm. The arrowheads indicate the 

inner region of the wall, which was stained more heavily by Calcofluor White, suggesting 

higher content of cellulose.  
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Appendix XIII- Parameters of Gaussian peaks used to simulate the angular distribution of 

cellulose microfibrils.  

 

 

Table XIII: Parameters of the two Gaussian curves used to simulate the distributions of 

cellulose microfibril orientation in collenchyma cell walls at different developmental stages 

derived from SAXS (Figure XIX). The first curve represents the longitudinal dominated 

cellulose microfibrils, while the second curve represents the cellulose microfibrils with large 

angles. The curves are shown in Figure XIX. P%, relative probability that cellulose 

microfibrils tilt at particular angles; FWHM, full width at half maximum; Area ratio, 

percentage of curve 1 area: percentage of curve 2 area.  

 

Developmental 
Stages 

Peak 1   Peak 2  
Area 
ratio Amplitude 

(P%) 
Centre 
(°) 

FWHM 
(°) 

 
Amplitude 
(P%) 

Centre (°) 
FWHM 
(°) 

Stage 1 4.1 7.0 20.9  0.57 31.2 48.9 72:28 

Stage 2 7.2 4.0  16.3  0.41 25.0 22.6 90:10 

Stage 3 8.6 4.6  13.1  0.17 22.5 15.2 97:3 

Stage 4 10.9 3.2 10.5  0.54 16.1 12.1 93:7 
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Appendix XIV- TEM micrographs of inner walls from collenchyma cells at different 

developmental stages.  

 

Figure XIV. Transmission electron micrographs of the inner walls (adjacent to the plasma 
membrane) from thick (A-D) and thin (E-H) regions of the collenchyma cell walls at different 
developmental stages. The specimens had pectate lyase pre-treatment and the oblique (45°) 
sections were stained with PATAg. Thick and thin region of the walls are labelled in I. The 
herringbone pattern is highlighted with dashed lines. A, E-Stage 1; B, F-Stage 2; C, G-Stage 3; 
D, H, I- Stage 4. I-cross section of a collenchyma cell at Stage 4. cy, cytosol; iw, inner walls; 
pm, plasma membrane; is, intercellular space. Scale bars = 200 nm (A-H) and 2 μm (I). 
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Appendix XV- TEM micrographs of dispersed outer walls from collenchyma cells at 

different developmental stages.  

 

 

 

 

 

 

Figure XV. Transmission electron micrographs of the outer walls (adjacent to the middle 
lamella) from thick (A-D) and thin (E-H) regions of the collenchyma cell walls at different 
developmental stages. The specimens had pectate lyase pre-treatment and the oblique (45°) 
sections were stained with PATAg. A, E-Stage 1; B, F-Stage 2; C, G-Stage 3; D, H-Stage 4. cy, 
cytosol; iw, inner walls; is, intercellular space. Scale bars = 200 nm. 
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Appendix XVI- TEM micrographs of oblique sections of collenchyma cell walls without 

pectate lyase pre-treatment.  

 

 

 

 

 

Figure XVI. Transmission electron micrographs of oblique (45°) sections of collenchyma cell 

walls at different developmental stages, but the collenchyma cells were not pre-treated 

with pectate lyase. Sections were stained with PATAg. The lamellate structure became more 

evident with development, but no herringbone patterns are evident. A, Stage 1 (2.4 cm long 

petiole); B, Stage 2 (12.5 cm long petiole); C, Stage 3 (23 cm long petiole); D, Stage 4 (38 cm 

long petiole). cy, cytosol; iw, inner walls; ow, outer walls; ml, middle lamella; is, interspace. 

Scale bars = 0.5 μm.  
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Appendix XVII- FESEM and CM-AFM micrographs of collenchyma cell walls without 

pectate lyase pre-treatment.  

 

 

 

 

 

Figure XVII. Micrographs of the surfaces of collenchyma cell walls at developmental Stage 4 

examined by FESEM (A) and CM-AFM (B). The cell walls were not pre-treated with pectate 

lyase to remove HG (preparation method 1). Scale bars=500 nm.  
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Appendix XVIII- AFM images showing the orientation of the cellulose microfibril in celery 

collenchyma cell walls with fixation.  

 

 

 

 

Figure XVIII. Contact-mode AFM deflection images of surfaces of the collenchyma cell walls 

adjacent to the plasma membrane at different developmental stages. The cell walls were 

fixed before treatment with pectate lyase (preparation method 3). The double headed 

arrow in each image denotes the long axis of the collenchyma cells. Representative cellulose 

microfibrils adjacent to the plasma membrane and in the layer beneath are highlighted with 

a small arrow and arrow head, respectively. A, Stage 1 (3 cm long petiole); B, Stage 2 (13 cm 

long petiole); C, Stage 3 (23 cm long petiole); D, Stage 4 (38 cm long petiole). Scale bar= 250 

nm. 
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Appendix XIX- Simulation of the cellulose microfibril angular distribution of collenchyma 

cell walls with Gaussian curves.  

 

 

 

 

 

 

 

Figure XIX. Simulation of the 

cellulose microfibril angle 

distributions in collenchyma 

cell walls at different maturity 

with two Gaussian peaks. 

Scattered dots represent the 

cellulose microfibril 

distribution derived from SAXS, 

upper solid lines represent the 

simulation results, and the 

lower solid lines represent two 

best fitted Gaussian peaks.   
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Appendix XX- FESEM images of collenchyma cell wall fragments. 

 

 

 

 

 

Figure XX. FESEM images of fragments of collenchyma cells at Stage 4 of development (39 

cm long petiole) after grinding in liquid nitrogen. All fragments show the cell wall surface 

adjacent to the plasma membrane. A, Bundles of broken cells. Scale bar= 50 μm; B, small 

cell wall fragments. Scale bar= 25 μm.    
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Appendix XXI- Immunofluorescence labelling of a young celery petiole with LM5.  

 

 

 

 

 

 

Figure XXI. Immunofluorescence labelling of transverse section of a young celery petiole 

containing a sub-epidermal and a fascicular collenchyma with LM5 (red). Calcofluor white 

binding to all cell walls shown in blue. Scale bar = 50 μm.  
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Appendix XXII- Polarized-light micrograph of transverse section of a collenchyma strand.  

 

 

 

 

 

 

 

Figure XXII. Polarized-light micrograph of transverse section of a collenchyma strand at 

Stage 4 showing uneven thickening of the walls. The section (20 μm thick) was cut with a 

cryo-microtome. Scale bar = 25 μm.  
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Appendix XXIII- Bright-field light micrograph of transverse section of a collenchyma strand 

embedded in resin.  

 

 

 

 

 

 

 

Figure XXIII. Bright-field light micrograph of transverse section (200 nm thick) of a 

collenchyma strand at Stage 4 stained with toluidine blue. The strand was embedded into LR 

white resin (medium) and cut with an ultra-microtome. Scale bar = 50 μm.  
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Appendix XXIV- Bright-field light micrographs of transverse sections of collenchyma 

strands at four stages of development.  

 

 

 

 

 

 

Figure XXIV. Bright-field light micrographs of transverse sections of collenchyma strands at 

four stages of development stained with toluidine blue. A, Stage 1; B, Stage 2; C, Stage 3; D, 

Stage 4. All the images have the same magnification. Scale bar = 25 μm.  
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Appendix XXV- TEM micrographs of longitudinal sections of collenchyma cells  

 

 

 

 

 

 

Figure XXV. TEM micrographs of longitudinal sections of collenchyma cells at four stages of 

development. A, Stage 1; B, Stage 2; C, Stage 3; D, Stage 4. Scale bar = 5 μm.  
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Appendix XXVI- FTIR spectra of collenchyma cell walls at different regions of celery 

petiole.  

 

 

 

Figure XXV. FTIR spectra of cell walls from different regions of collenchyma strand from fully 

elongated petioles. A. Wavelength from 2000 cm-1 to 650 cm-1; B. Wavelength from 1800 

cm-1 to 1500 cm-1. U, upper region; M, middle region; L, lower region.  
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