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Preface

This book was conceptualized to thoroughly cover practical and scientific aspects 
related to the chemistry, analysis, technology, processing, functionality, and health 
implications of fiber components associated with different food matrices. This vol-
ume was thought and designed as a guide to scientists, students, food product devel-
opers, nutritionists, medical doctors, and health practitioners interested in the 
fascinating field of edible food fibers.

Nowadays, different segments of the food industry are constantly developing and 
launching new products aimed to benefit the health of consumers. Most of these 
developments include fiber components intended to reduce the caloric density of 
foods and the levels of cholesterol-containing lipoproteins and improve gastrointes-
tinal function, glycemic index, blood pressure, and levels of antioxidants that pro-
tect mammalian systems against oxidative stress. Moreover, different dietary fiber 
components act as prebiotics that improve the microbiota or microbiome present in 
the hindgut. The consumption of dietary fiber in most developed and some develop-
ing countries is still very low when compared to the recommended daily require-
ment. This low-fiber intake has been associated with overweight, obesity, metabolic 
syndrome, chronic or noncommunicable diseases, and cancer, which undoubtedly 
are the main causes of deaths throughout the globe.

Renowned scientists made their best effort to comprise in each chapter their sci-
entific and technical experiences related to the chemistry, technology, processing, 
and health implications of diverse fibers associated with different foods. The first 
section of the book is composed of seven chapters designed to cover the fundamen-
tal aspects related to the architecture and structure of cell walls, the chemistry and 
physical properties of fiber components, the relationship of fiber components with 
other minor essential nutrients and antioxidants, and the different analytical assays 
to assess total, insoluble, and soluble fibers and their specific components. Several 
chapters that detail the fiber composition of cereals, legumes, pseudocereals, fruits, 
and vegetables are also introduced. Needless to say, these introductory chapters are 
fundamental to better understand the subsequent sections of the book.

The second section of the book was planned to cover relevant aspects related to 
the strong relationship between fiber components and health. These chapters deal 
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with causes and prevention of obesity, diabetes, cancer, and hyperlipidemia/hyper-
tension, which are strongly related to cardiovascular diseases, and the important 
role of fiber in the gut health especially in terms of prebiotic effects and modulation 
of the microbiota composition. The authors of these chapters made their best effort 
to explain how different fibers affect key physiological mechanisms and population 
dynamics of microorganisms present in the large intestine.

The third section of the book consists of chapters that cover how different con-
ventional and emerging processes used in the food industry are used to extract fibers 
but also how these treatments affect and modify the fiber components to enhance the 
functional, sensory, and texture properties of fiber-enriched foods. Specific chapters 
related to various types of thermal and chemical and biocatalytic processes clearly 
explain how time, temperature, pressure, chemical reactions, and the use of differ-
ent enzymes affect fiber components and their functionality during the extraction, 
especially in terms of water absorption, water solubility, oil holding capacity, gel 
formation capacity, fat emulsification, fermentation capacity, and prebiotic effects. 
Likewise, the effects of traditional thermal and emerging technologies such as high 
hydrostatic pressure, ultrasound, and microwave on fiber composition and function-
ality are comprehensively covered. Finally, the use of dietary fibers in foods and 
their application during formulation and processing is also discussed. At the end of 
each chapter, a set of updated references are included with the aim of providing key 
scientific material useful to expand the knowledge of the readers.

The editors wish to acknowledge the time, effort, and kind contributions of all 
authors and the editorial project manager, Sofia Valsendur, who dedicated numerous 
hours in this endeavor during the past 2 years. We especially recognize their tireless 
efforts through the completion of this volume. Lastly, we certainly hope that this 
book will positively affect scientists, students, and food developers to upgrade food 
quality and health of the nearly 7.75 billion people that currently inhabits the planet.

Monterrey, NL, Mexico� Jorge Welti-Chanes 
Monterrey, NL, Mexico� Sergio O. Serna Saldívar 
Columbus, OH, USA � Osvaldo H. Campanella 
Querétaro, QRO, Mexico  � Viridiana Tejada-Ortigoza  

Preface



vii

Contents

Part I � Structure and Chemistry of Plant Cell Walls and Dietary  
Fiber in Foods

	  1	� Architecture, Structure and Chemistry of Plant Cell Walls and Their 
Constituents�����������������������������������������������������������������������������������������������       3
Fabiola E. Ayala Soto and Sergio O. Serna Saldívar

	  2	� Chemical Composition and Biosynthesis of Dietary Fiber  
Components�����������������������������������������������������������������������������������������������     15
Sergio O. Serna Saldívar and Fabiola E. Ayala Soto

	  3	� Association of Dietary Fiber to Food Components �������������������������������     45
Carlos Esteban Guardiola-Márquez, Jesús Santana-Gálvez,  
and Daniel A. Jacobo-Velázquez

	  4	� Analysis of Fiber and Its Components ���������������������������������������������������     71
Luis Eduardo Garcia-Amezquita, Fernando Viacava,  
and Daniel A. Jacobo-Velázquez

	  5	� Dietary Fiber in Cereals, Legumes, Pseudocereals  
and Other Seeds ���������������������������������������������������������������������������������������     87
Sergio O. Serna Saldívar and Diana Sánchez Hernández

	  6	� Dietary Fiber in Fruits and Vegetables���������������������������������������������������   123
Mariana Morales-de la Peña, Isabel Odriozola-Serrano,  
Gemma Oms-Oliu, and Olga Martín-Belloso

	  7	� Resistant Starch����������������������������������������������������������������������������������������   153
James N. BeMiller

Part II � Dietary Fiber and Health

	  8	� Dietary Fiber and Obesity�����������������������������������������������������������������������   187
Paola Vitaglione and Ilario Mennella



viii

	  9	� Dietary Fiber and Diabetes ���������������������������������������������������������������������   201
Nimbe Torres, Azalia Avila-Nava, Isabel Medina-Vera,  
and Armando R. Tovar

	10	� Dietary Fiber and Hyperlipidemia and Cardiovascular Disease���������   219
Armando R. Tovar, Martha Guevara-Cruz,  
Aurora E. Serralde Zúñiga, and Nimbe Torres

	11	� Dietary Fiber and Cancer �����������������������������������������������������������������������   241
Marilena Antunes-Ricardo, Javier Villela-Castrejón,  
Janet A. Gutiérrez-Uribe, and Sergio O. Serna Saldívar

	12	� Dietary Fiber and Gut Microbiota ���������������������������������������������������������   277
Carolina Senés-Guerrero, Misael Sebastián Gradilla-Hernández, 
Ricardo García-Gamboa, and Tomás García-Cayuela

Part III � Extraction Pretreatments, Treatments and Modification  
of Dietary Fiber

	13	� Enzymatic Processes of Dietary Fibers���������������������������������������������������   301
Maria Julia Spotti and Osvaldo H. Campanella

	14	� Extraction and Modification of Dietary Fiber Applying  
Thermal Processes������������������������������������������������������������������������������������   329
Luis Eduardo Garcia-Amezquita, Viridiana Tejada-Ortigoza,  
J. Antonio Torres, and Jorge Welti-Chanes

	15	� Chemical Processes for the Extraction and Modification  
of Dietary Fiber�����������������������������������������������������������������������������������������   343
Viridiana Tejada-Ortigoza, Luis Eduardo Garcia-Amezquita, 
 J. Antonio Torres, and Jorge Welti-Chanes

	16	� Emerging Technologies for the Extraction and Modification  
of Dietary Fiber�����������������������������������������������������������������������������������������   363
Viridiana Tejada-Ortigoza, Tomás García-Cayuela,  
Jorge Welti-Chanes, M. Pilar Cano, and J. Antonio Torres

	17	� Functional Properties in Industrial Applications�����������������������������������   383
Osvaldo H. Campanella and Viridiana Tejada-Ortigoza

	18	� Fiber Addition to Cereal Based Foods: Effects on Sensory  
Properties���������������������������������������������������������������������������������������������������   419
Lisa M. Duizer, Ryan West, and Osvaldo H. Campanella

	19	� Dietary Fibers in Foods – Formulating and Processing  
for Nutritional Benefits�����������������������������������������������������������������������������   437
Nicolas Bordenave, Lisa M. Lamothe, and Madhuvanti S. Kale

�Index�������������������������������������������������������������������������������������������������������������������   459

Contents



Part I
Structure and Chemistry of Plant Cell 

Walls and Dietary Fiber in Foods



3© Springer Nature Switzerland AG 2020
J. Welti-Chanes et al. (eds.), Science and Technology of Fibers in Food Systems, 
Food Engineering Series, https://doi.org/10.1007/978-3-030-38654-2_1

Chapter 1
Architecture, Structure and Chemistry 
of Plant Cell Walls and Their Constituents

Fabiola E. Ayala Soto and Sergio O. Serna Saldívar

1.1  �Composition of Plant Cell Walls

The cell wall composition varies according to the plant variety, developmental stage 
and the environmental conditions. It is composed by mainly polysaccharides that 
include cellulose, hemicellulose, lignin and pectin, as well as by other minor com-
ponents such as proteins, and phenolic compounds.

Cellulose is the main constituent in cell walls. The proportion of cellulose varies 
from 1 to 10% in the primary cell wall of higher plants and red algae, up to 50% in 
thick secondary structure of higher plants, and 80% or more in some green algae 
(Krishnamurthy 1999). At tissue level, cellulose commonly comprises about 
20–30% of the dry weight of the parenchyma cell wall of fruit and vegetables. 
Individual cellulose molecules are 1000–4000 residues long in parenchyma cell 
walls, but in secondary walls they may be up to 12,000 residues long. With respect 
to legume seeds, the hulls are composed mainly of cellulose which accounts for 
about 60% of the total fiber components. The cell walls of monocot species such as 
cereals contain 40 to 50% of cellulose, mainly located in the pericarp cells which 
constitute about 7% of the total kernel weight (Serna-Saldivar 2010); however, the 
endosperm cell walls of rice contain high amounts of cellulose (MacDougall and 
Selvendran 2001).

The hemicelluloses are more abundant in secondary walls than in the primary 
walls of both dicots (legumes) and monocot (cereals) species. Monocot species have 
significantly more hemicellulose (more than 50%) than dicots. Xyloglucans (XG) 
are the predominant hemicellulosic polysaccharides on cell wall parenchyma of 
fruits, making up 7–10% of the dry weight. In dicotyledons, they represent around 
20% of the dry weight (Krishnamurthy 1999). Preliminary evidence (Shiga and 
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Tecnologico de Monterrey, Escuela de Ingeniería y Ciencias, Centro de Biotecnología 
FEMSA, Monterrey, NL, Mexico
e-mail: sserna@tec.mx

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-38654-2_1&domain=pdf
mailto:sserna@tec.mx


4

Lajolo 2006) reported that XG is abundant in beans. However, these polymers and 
pectic polysaccharides in cereals and grasses are found at relatively low levels 
(2–5%), while heteroxylans appear to form the most abundant non-cellulosic poly-
saccharides of most walls (Burton and Fincher 2009;  Fincher and Stone 2004; 
Caffal and Mohnen 2009). The primary cell walls of dicots are made up 5% of 
polymers that include heteroxylans, arabinoxylans (AX) and glucuronoarabinox-
ylans (GAX), being GAX the most abundant. In monocot species, these polymers 
constitute 25% and AX are the most abundant (Caffal and Mohnen 2009). In cere-
als, such as oat and barley, β-glucans are the most abundant hemicellulose constitut-
ing around 70% of the endosperm cell wall whereas in starchy endosperm cell walls 
in wheat grain comprises about 15% (MacDougall and Selvendran 2001, Burton 
and Fincher 2014).

Lignin occurs in higher quantities in the secondary walls of particular cells 
(30–40%), which form parts of woody tissues, such as fibers, xylem vessels, and 
tracheids. Lower amounts of lignin may be deposited in the primary walls of other 
cell types, especially in response to stresses. In smaller quantities, lignins are also 
located in the peridermal/endodermal cell layers, where they play a protective role, 
forming part of the suberin (Wallace and Fry 1994).

Pectin is found in the middle lamella of cell walls, with a gradual decrease as one 
passes from primary wall toward the plasma membrane, being a polymer greatly 
reduced or absent in non-extendable secondary walls (Sundar  Raj et  al. 2012). 
Pectic polymers comprise as much as 30% of vegetables, fruits and dicot walls; and 
from grasses and cereals, represent approximately the 10% by weight (Caffal and 
Mohnen 2009). Homogalacturonan (HG) can account for greater than 60% of pec-
tins in the fruit cell wall (Caffal and Mohnen 2009). However, the cell wall of 
legume plants has generally small domains of HG (Shiga and Lajolo 2006). Pectic 
polysaccharides containing the rhamnogalacturan (RG)-I moiety can be inferred to 
be present in the highly branched pectin of a range of tissues and comprise about 
3–4% of the dry weight of cell walls from fruits, vegetables and dicots (MacDougall 
and Selvendran 2001).

About 2–5% of the dry weight of cell walls is composed of protein. A small 
proportion of this comes from contamination by intracellular protein; the remain-
der comes from the enzymes and structural proteins (extensins) of the cell wall 
(MacDougall and Selvendran 2001). Several classes of wall structural proteins 
have been identified and classified according to their predominant amino acid 
composition such as hydroxproline-rich glycoprotein (HRGP), glycine-rich pro-
tein (GRP) and proline-rich protein (PRP). Many of these proteins are highly 
glycosylated. Typically, these proteins have highly repetitive primary structures 
and become insolubilized in the cell wall during cell maturation or upon wound-
ing. Structural proteins vary greatly in their abundance, depending on cell type, 
maturation, and previous stimulation (wounding, pathogen attack). For example, 
HRGPs are mostly associated with phloem, cambium, and schlerenchyma; GRPs 
and PRPs are most often localized to the xylem (Cosgrove 1997). Several 
enzymes may be found associated with cell walls by performing different 

F. E. Ayala Soto and S. O. Serna Saldívar
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functions. In synthesis, cellulose synthase proteins that are embedded in the 
membrane plasma; a superfamily of cellulose synthase-like (Csl) genes rolled in 
the synthesis of a specific hemicellulose, for example the type A (CslA) involved 
in glucomannan synthesis. In the integration of newly secreted matrix polysac-
charides into existing network are the endotransglycosylases, which cut and 
ligate glycans together (Cosgrove 2005, Popper 2008). Among structural enzymes 
are the extensins that are insoluble and highly basic glycoproteins that is built of 
at least two different polypeptide backbones, both rich in hydroxyproline resi-
dues bearing short (mono to tetrasaccharide) side-chains (Fry 1986). Lectins that 
are widely distributed in seeds, especially in members of the Leguminosae, 
Solanaceae, and Poaceae families, among others (Krishnamurthy 1999). And 
other enzymes that are located in the primary cell wall of plants are peroxi-
dases, polyamine oxidase, phosphatases, proteases, nitrate reductase, malate 
dehydrogenase, prolyl hydroxylase, glycosyl hydrolase and transferases 
(Krishnamurthy 1999).

It is well established that many plant cell walls contain phenolics and their com-
position vary according to the type of plant and growth conditions. In fruit and 
vegetables, phenolics are bound by ester-linkages to polysaccharides, and in cereals 
and legumes these bioactive compounds may be present in free or conjugated forms 
(Saulnier and Thibault 1999). Regularly, the primary cell wall contains less pheno-
lics than the secondary walls (Wallace and Fry 1994). Wall-bound phenolic acids 
are mainly concentrated in the aleurone layer of monocotyledonous species such as 
commercial cereal grains which belong to the Gramineae family (Naczk and Shahidi 
2006). The major compounds are derivatives of cinnamic and benzoic acids, pre-
dominantly p-coumaric and ferulic acids with lesser amounts of vanillic, sinapic 
and p-hydroxybenzoic acid (Wallace and Fry 1994). In all tissues of cereals and 
grasses, p-coumaric acid and ferulic acid are associated with hemicellulosic poly-
mers such as heteroxylans. In maize and barley, phenolic acids can account up to 
4% (weight to weight) of monomeric phenolics (Saulnier and Thibault 1999). 
Additionally, to hydroxycinnamic acids derivatives, the glycosidic forms of flavo-
noids and tannins have been reported in the seed coat cell walls of sorghum grain, 
and legumes such as black beans and peas (Awika and Rooney 2004, Chávez-
Santoscoy et al. 2014, Stanisavljević et al. 2015). In dicots cell walls, phenolic acids 
are generally present in lower amounts than flavonoids (flavonols, flavanones, iso-
flavones, flavan-3-ols, flavones and anthocyanins) (Saulnier and Thibault 1999, 
Stanisavljević et al. 2015).

In the parenchyma cell wall of fruits phenolics account for about 5% of the dry 
weight, and the bulk of the phenolics appear to be closely associated with the hemi-
cellulosic polysaccharides (MacDougall and Selvendran 2001). The glycosylated 
forms of pigmented phenolics (anthocyanins, tannins) and other compounds such as 
carotenes have been extensively studied in the cell wall of fruits and vegetables 
(Cartea et  al. 2011). Free phenolic acids are present in higher amounts in fruits, 
being the most common gallic, vanillic, ellagic and syringic acids (Haminiuk 
et al. 2012).

1  Architecture, Structure and Chemistry of Plant Cell Walls and Their Constituents
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1.2  �Structure and Architecture of Cell Walls

The general constitution of plant cell walls is constituted by the primary wall, mid-
dle lamella and the secondary wall (Fig. 1.1).

The primary wall structure contains relative lesser and higher amounts of cellu-
lose and pectin compared to secondary walls. For this reason, the wall strength and 
pore size in the wall are greatly affected by the flexibility of the pectic network 
(Fig. 1.2), in which, the structure depends of the inter- and intra-crosslinking of HG 
domains that are formed according to the degree of methyl esterification and their 
affinity for calcium ions (Caffal and Mohnen 2009).

In this primary structure, the intra-crosslinking consists of dimers of RG-II 
domains formed via borate di-ester linkages. In addition, RG-II crosslinks to other 
cell wall components such as xylans, xyloglucans, heteromannans, heteroxylans 
and lignin through rhamnose residues branched by arabinan, galactan, and/or AG 
side chains (Caffal and Mohnen 2009).

Regarding proteins associated to cell walls, the hydroxyproline groups of exten-
sins are recognized as the attachment points for arabinosides of DP 1–4 whereas 
serine to galactosyl residues. The formation of phenolic bridges between two tyro-
sine residues have been also identified as other potential mechanism of glycoprotein 
crosslinking. In the cell walls of parenchyma tissue of dicots are present complexes 
comprised of pectic polysaccharides and proteins. In addition to cellulose, hemicel-
lulose and lignin, proteins are linked to the aromatic group of phenolic acids and 
polyphenols present in cell walls (MacDougall and Selvendran 2001, Saulnier et al. 
2007, Ayala-Soto et  al. 2015). Despite their relatively low proportion, phenolics 
play a relevant role in crosslinking of cell wall structures by forming complexes not 
only with proteins but also with polysaccharides such as pectin and hemicellulose 
structures. In cereals and grasses, ferulic acid plays a pivotal role in the cross-linking 
process through dimerization reaction because it controls wall organization and 
structural integrity (Hatfield et al. 1999, Saulnier et al. 2007).

Middle
lamella

Pectin

Hemicellulose

Cellulose
microfibrils

Primary
cell wall

Plasma membrance

Fig. 1.1  Cell wall structure of plant cells (Adapted from McCann and Roberts 1991)

F. E. Ayala Soto and S. O. Serna Saldívar
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In cereals such as oat and rye, β-glucans are other polysaccharides often associ-
ated to the primary cell wall structure through β-glycosidic linkages. It is notewor-
thy to mention that these polysaccharides are not widely distributed outside the 
primary cell structure (Burton and Fincher 2014; Fincher and Stone 2004).

Position wise, the middle lamella is an intercellular cement that lies between the 
walls of two daughter cells. This intermediate structure is mainly formed of pectic 
polysaccharides in their calcium salts (Burton and Fincher 2014). These pectic sub-
stances act as adhesive between cells and in the regulation of intercellular bonding 
(Billy et al. 2008).

The inner secondary wall structure is mostly composed of cellulose, acidic 
xylans, lignin, and small amounts of glucomannans. This can lead to a massive 
increase in wall thickness from 0.5 to 5–10 μm (MacDougall and Selvendran 2001).

The equatorial arrangement of the hydroxyl groups in the cellulose molecule and 
the alternate inversion of the individual residues caused by the β-linkage allows the 
cellulose molecules to form strong inter- and intra-molecular hydrogen bonds, 

Arabinan

Arabinoxylan

Xyloglucan
Xylogalacturan

Homogalacturan

Rhamnogalacturan II

Rhamnogalacturan I
Cellulose

Cellulose synthase
complex

Plasma membrane

Cytoplasm

Main pectin domains

Main hemicellulose

Fig. 1.2  General diagram of the structural features of pectic polysaccharides of the primary cell 
wall (Adapted from Cosgrove 2005)

1  Architecture, Structure and Chemistry of Plant Cell Walls and Their Constituents
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which render them insoluble. in parenchyma cell walls of fruits, the individual cel-
lulose molecules are 1000–4000 residues long whereas in secondary walls they may 
be up to 12,000 residues long. Cellulose is laid down in the wall as microfibrils, 
formed from the association of a large number of individual molecules (MacDougall 
and Selvendran 2001).

1.3  �Types of Plant Cell Tissues

Once cell wall is completed, different plant structural systems and tissues (depicted 
in Fig. 1.3) are formed according to plant variety and mature. The vascular plant is 
composed by dermal, ground, and vascular tissue systems. This last system is con-
stituted of the phloem and xylem. The ground system surrounds the vascular tissues, 
and comprises the parenchyma, collenchyma and sclerenchyma. The dermal system 
is constituted by the epidermis (Bowes and Mauseth 2008).

Fig. 1.3  Locations of tissues in the stem of a sunflower (Helianthus) (Adapted from Starr et al. 
2013)

F. E. Ayala Soto and S. O. Serna Saldívar
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The parenchyma tissue is comprised of large cells, large vacuoles and thin cell 
walls which are formed of a primary cell wall separated by the middle lamella 
region from the adjacent wall (MacDougall and Selvendran 2001, Evert 2006). The 
tissues with only primary walls play an important role in wound healing, regenera-
tion, the formation of adventitious roots and shoots, and the union of grafts. The 
parenchyma cells play an important role in the movement of water and the transpor-
tation of nutrients to all the plant through the phloem and xylem tissues (Evert 2006, 
Bowes and Mauseth 2008). Furthermore, the single cells of parenchyma may be 
considered the phylogenetic precursor of all other tissues, because they have the 
ability of becoming embryonic cells and then, given proper conditions for growth 
and development, to develop into an entire plant.

The collenchyma is a tissue formed by the differentiation of primary cells in the 
growing organs of many plants with walls thickening during and after elongation, 
including those that are only slightly modified by secondary growth (Leroux 2012). 
The collenchyma is of great value in the mechanical support of the young shoot but 
is rare in roots (Bowes and Mauseth 2008). The tissue is composed of extended cells 
with thick flexible and translucent cell walls and with protoplasts. In older organs, 
the collenchyma may become more rigid due to changes in cell wall composition or 
may undergo sclerification through lignification of newly deposited cell wall mate-
rial (Leroux 2012).

The collenchyma and parenchyma cell walls both have the ability to stretch and/
or grow during differentiation, but in the case of the collenchyma the walls thicken 
throughout elongation and often post-elongation (Jarvis 2007). Similarly, to paren-
chyma, the collenchyma cells have living protoplasts, essential for controlling the 
hydration state of the cell wall, but also to enable transdifferentiation and cell wall 
thickening and modification (Leroux 2012).

The sclerenchyma is a tissue composed of secondary cell walls, often lignified, 
which its principal function is to provide mechanical support. These cells are sup-
posed to enable plant organs to withstand various strains, such as stretching and 
bending resulted from the plant weight, and pressure without sustaining damage to 
the thin walled softer cells. The sclerenchyma cells are divided into two categories, 
fiber-rich and scleroids cells. Fibrous cells are described as long whereas scleroids 
as relative short (Evert 2006).

The epidermal tissues form the outer protective layer of the plant provide resis-
tance to desiccation, injury from insects, and attack by phytopathogens. The cuticu-
lar membrane that forms the protective layer on the aerial parts of plants (e.g., for 
leafy vegetables and fruits) is composed of one or more cuticular layers, which are 
laid down as incrustations of the cell wall or as adcrustations and outside the cuticu-
lar membrane are found waxes. Phenolic compounds are also found in the cuticular 
membrane. It is known that both m- and p–coumaric acids are released from plant 
cuticles during de-esterification, and small amounts of ferulic acid are also released 
from some tissues (MacDougall and Selvendran 2001).

1  Architecture, Structure and Chemistry of Plant Cell Walls and Their Constituents
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1.4  �Morphology of Plants

The groups of cells and tissues which conform the different structural parts of plants 
vary according to the organ and variety. To provide a better understanding, Table 1.1 
depicts some examples of plant organs and their angiosperm (flowering plants) clas-
sification: monocotyledons and dicotyledons (Dahlgren et  al. 1985). Figure  1.4 
depicts the morphology of different types of fruit plants.

Respecting to monocots, cereal grains are morphologically a fruit botanically 
named caryopsis containing a single seed. The fruit tissue is constituted by the outer 
pericarp (beeswing bran) and inner pericarp (cross cells and tube cells), while the 
aleurone and endosperm are the structures inside that belong to the seed (MacDougall 
and Selvendran 2001, Serna-Saldivar 2010).

The endosperm is a storage or reserve tissue. The dicots may possess two differ-
ent types of cell walls depending on whether they are free (i.e., no endospermic, 
e.g., pea, bean, soybean) or have an endosperm (i.e., endospermic, e.g., guar, locust 
bean). The cell wall polysaccharides of the cotyledons are similar to those of paren-
chymatous tissues (fruits and vegetables) and are mainly comprised of pectic sub-
stances (usually rich in arabinose and/or galactose), cellulose, and hemicelluloses 
(e.g., Xyloglucans). On the other hand, the endosperm cell walls of monocot cereals 
are quite different. They develop initially as a multinucleated cell, and unlike to 
other dicots plants, fruits and vegetables, their endosperm does not contain pectic 
polysaccharides, contain little cellulose, and their hemicellulose fraction is 

Table 1.1  Examples of mono and dicotyledons and their organ plant classification

Plant organ Dicotyledons Monocotyledons

Roots Carrots
Turnip
Sweet potato

Palmyra

Tuber, corm, rhizome Potato Taro
Yam

Stems Bean shoots Asparagus
Bamboo shoot

Leaves Cabbage
Spinach

Onion
Leek

Flowers Cauliflower
Calabrese

Fruits Tomato
Bean
Apple
Mango

Pineapple
Plantain
Banana

Seeds Peas
Pulses

Sweet corn
Barley
Oats
Rice
Wheat

Adapted from MacDougall and Selvendran (2001)
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composed of a mixture of highly branched neutral arabinoxylans rather than the 
xyloglucans associated to the parenchyma tissue. In addition, they contain small 
amounts of mixed linkage β-glucans (MacDougall and Selvendran 2001).

Respecting to cereals, the aleurone layer is composed of cell walls much thicker 
than the endosperm; therefore, this particular anatomic part contributes a significant 
amount of the total DF content of the cereal bran. The two main polymers of the 
aleurone layer cell walls are slightly branched arabinoxylans and mixed linkage 
β-glucans. In addition, this layer also contains small amounts of cellulose and glu-
comannans (MacDougall and Selvendran 2001).

The cell walls of the outer covering, testa or “hull” of legume seeds are com-
posed mainly of cellulose, pectic polysaccharides, acidic xylans, and xyloglucans. 
Importantly, the testa contains small amounts of lignin. The main difference from 
parenchymatous fruit and vegetable tissues, in the context of DF, is that the seed 
tissues are dehydrated (MacDougall and Selvendran 2001).

The pericarp is the part that covers the cereal grains to protect them against exter-
nal agents, to avoid moisture loss, and to conduct and distribute water and other 
nutrients during germination. The pericarp is the main source of dietary fiber and 
does not contain starch except in thick pericarp (mesocarp) sorghums (Serna-
Saldivar 2010).

The main cellular layers of pericarp are the epicarp, mesocarp, and endocarp, 
and their thickness varies according to the type of cereal. The endocarp is subdi-
vided into intermediate, cross, and tube cells. The outermost layer, named epicarp, 
is composed of cells enclosed with thin cell walls rich in hemicelluloses, cellulose, 
phenolics and lignin and low in proteins. The hemicelluloses are present as highly 
branched acidic arabinoxylans, slightly branched acidic arabinoxylans, together 
with acidic arabinoxylan-xyloglucan complexes (in soft tissues and during matura-
tion) (MacDougall and Selvendran 2001, Serna-Saldivar 2010).

Fig. 1.4  Morphology of different fruits belonging to monocotyledon or dicotyledonous plants

1  Architecture, Structure and Chemistry of Plant Cell Walls and Their Constituents
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1.5  �Cell Wall Formation and Biology

The complexity and variability of cell types in each fruit or vegetable begins with 
the differentiation of the basic cell type. The cell plate formed by nuclear division 
of meristematic cells, acts as a scaffold on which the new walls are built. Pectic 
polysaccharides, especially their calcium salts, are deposited on this plate to form a 
thin middle lamella layer that lies between walls of the two daughter cells. The 
nascent cell walls are separated by the deposition of cellulosic, non-cellulosic poly-
saccharides (hemicelluloses, pectic polysaccharides, glycoproteins, proteoglycans) 
and phenolics at both sides, and then by the formation of primary wall. Despite the 
relatively low proportion of phenolics in the plant cell wall, they can still play a role 
in crosslinking contributing to the mechanical strength of cell walls as well as to the 
regulatory role in plant growth and morphogenesis and in the cell response to stress 
and pathogens (Naczk and Shahidi 2006). As evidence of this, the phenolics isolated 
generally appear as polysaccharide-protein-phenolic complexes (MacDougall and 
Selvendran 2001).

Due to the crosslinking among their components, the primary cell wall structure 
is thought to contribute to wall integrity, cell adhesion, and signal transduction 
(Caffal and Mohnen 2009). The structural proteins extensins are involved in cell 
wall organization, development, wound healing, and plant defense mechanisms 
(García-Lara et al. 2004). With respect to cellulose-xyloglucan network, the role 
consists in supplying energy stores in plant seeds and acts as signaling molecule 
(Caffal and Mohnen 2009). Moreover, it is known that the binding of cellulose to 
xylose weakens the cellulose networks but increases the expansibility of such net-
works to improve the mechanical properties suited to the expansion and stresses 
characteristic of conditions during primary wall synthesis (Brown et al. 1999). At 
this stage, the wall remains relatively thin to allow its expansion and vacuolation 
that give rise to a bulky undifferentiated parenchyma. Especially in fruits, the paren-
chyma cell walls are the largest contributor to DF (MacDougall and Selvendran 2001).

As cell expansion ceases, wall deposition continues in many cells to form a much 
thicker and stronger secondary wall; in which, the thickening appears to begin with 
the deposition of xylans and lignin in the preexisted primary wall. In grasses and 
monocot species, at this stage, the proportion of the wall composed of pectic poly-
saccharides drops from 30% to less than 3%, suggesting no additional deposition of 
these polymers (Caffal and Mohnen 2009). Then a further strengthening continues 
by the deposition of lignin, and through lamination of parallel sheets of cellulose 
microfibrils that are oriented in different directions (Burton and Fincher 2014; 
Fincher and Stone 2004).

After their formation, the new cell types are differentiated to form vascular tis-
sues (xylem and phloem), epidermal and storage tissues (endosperm), and a variety 
of other specialized cell types (sclerenchyma, stone cells, endodermis). In almost all 
of these examples new polymers are laid down, and in some cases the cell wall may 
be considerably thickened. These alterations can lead to a large change in the prop-
erties of the cell wall (MacDougall and Selvendran 2001).

F. E. Ayala Soto and S. O. Serna Saldívar
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The phenomenon of lignification is essentially associated with development of 
the vascular system in the plant body (Barceló 1997). During development, lignifi-
cation often begins in the middle lamellae and/or primary cell walls and later on 
spreads into the secondary wall layers; in other tissues, however, only the secondary 
walls lignify (Wallace and Fry 1986). The monolignols units (the lignin monomers) 
are synthesized in the cytoplasm, then are transported to the cell wall where they 
undergo oxidation and polymerization (Li and Chapple 2010). The lignification pro-
cess in plant cell walls provides mechanical support for the plants to stand upright 
and enables xylems to withstand the negative pressure generated during water trans-
port, imparting water impermeability (Li and Chapple 2010). The association of 
aromatic compounds, including lignin and phenolic acids, with plant cell walls may 
limit the digestibility of wall polysaccharides and increase resistance to microbial 
attack inhibiting heat attachment process or by limiting access to microbial enzymes 
(Theodorou et al. 1987).

References

Awika JM, Rooney LW (2004) Sorghum phytochemicals and their potential impact on human 
health. Phytochemistry 65(9):1199–1221

Ayala-Soto FE, Serna-Saldívar SO, Welti-Chanes J, Gutierrez-Uribe JA (2015) Phenolic com-
pounds, antioxidant capacity and gelling properties of glucoarabinoxylans from three types of 
sorghum brans. J Cereal Sci 65:277–284

Barceló AR (1997) Lignification in plant cell walls. Int Rev Cytol 176:87–132
Billy L, Mehinagic E, Royer G, Renard CMGC, Arvisenet G, Prost C, Jourjon F (2008) Relationship 

between texture and pectin composition of two cultivars during storage. Postharvest Biol 
Technol 47:315–324

Bowes BG, Mauseth JD (2008) Plant histology, distribution of cells and tissues. Chapter 3. In: 
Bowes BG, Mauseth JD (eds) Plant structure. Manson Publishing, London, pp 65–67

Brown L, Rosner B, Willett WW, Sacks FM (1999) Cholesterol-lowering effects of dietary fiber: a 
meta-analysis. Am J Clin Nutr 61(1):30–42

Burton RA, Fincher GB (2009) (1,3; 1,4)-β-d-Glucans in cell walls of the Poaceae, lower plants, 
and fungi: a tale of two linkages. Mol Plant 2(5):873–882

Burton RA, Fincher GB (2014) Evolution and development of cell walls in cereal grains. Front 
Plant Sci 5:1–15

Caffal KH, Mohnen D (2009) The structure, function, and biosynthesis of plant cell wall pectic 
polysaccharides. Carbohydr Res 344(14):1879–1900

Cartea ME, Lema M, Francisco M, Velasco P (2011) Basic information on vegetable Brassica 
crops. In: Sadowski J, Kole C (eds) Genetics, genomics and breeding of vegetable Brassicas. 
CRC Press, Enfield, pp 1–33

Chavez-Santoscoy RA, Gutierrez-Uribe JA, Granados O, Torre-Villalvazo I, Serna-Saldivar SO, 
Torres N, Tovar AR (2014) Flavonoids and saponins extracted from black bean (Phaseolus 
vulgaris L.) seed coats modulate lipid metabolism and biliary cholesterol secretion in C57BL/6 
mice. Br J Nutr 112(6):886–899

Cosgrove DJ (1997) Assembly and enlargement of the primary cell wall in plants. Annu Rev Cell 
Dev Biol 13:171–201

Cosgrove DJ (2005) Growth of the plant cell wall. Nat Rev Mol Cell Biol 6(11):850–861
Dahlgren RMT, Clifford HT, Yeo PF (1985) Criteria of the Monocotyledons. In: Dahlgren RMT, 

Clifford HT, Yeo PF (eds) The families of the monocotyledons: structure, evolution and tax-
onomy. Springer-Verlag, Berling-Heiderlberg, New York, pp 44–47

1  Architecture, Structure and Chemistry of Plant Cell Walls and Their Constituents



14

Evert RF (2006) Pallechyma and Collenchyma. In: Evert RF (ed) Esau’s plant anatomy, meristems, 
cells, and tissues of the plant body: their structure, function, and development. John Wiley and 
Sons, New Jersey, pp 175–185

Fincher GB, Stone BA (2004) Chemistry of nonstarch polysaccharides. In: Wrigley C, Corke H, 
Walker CE (eds) Encyclopedia of grain science. Elsevier, Oxford, pp 206–223

Fry SC (1986) Cross-linking of matrix polymers in the growing cell walls of angiosperms. Annu 
Rev Plant Physiol 37:165–186

García-Lara S, Bergvinson DJ, Burt AJ, Ramputh AI, Díaz-Pontones DM, Armason JT (2004) 
The role of pericarp cell wall components in maize weevil resistance. Crop Sci 44:1546–1552

Haminiuk CW, Maciel GM, Plata-Oviedo MS, Peralta RM (2012) Phenolic compounds in fruits–
an overview. Int J Food Sci Technol 47(10):2023–2044

Hatfield RD, Ralph J, Grabber JH (1999) Cell wall cross-linking by ferulates and diferulates in 
grasses. J Sci Food Agric 79:403–407

Jarvis MC (2007) Collenchyma. In: Roberts K (ed) Handbook of Plant Science. Wiley, Chichester, 
pp 187–189

Krishnamurthy KV (1999) Cell wall, morphology and chemical composition. In: Krishnamurthy 
KV (ed) Methods in cell wall citochemistry. CRC Press LLC, Boca Raton, pp 2–19

Leroux O (2012) Collenchyma: a versatile mechanical tissue with dynamic cell walls. Ann Bot 
110:1083–1098

Li X, Chapple C (2010) Understanding lignification: challenges beyond monolignol biosynthesis. 
Plant Physiol 154(2):449–452

MacDougall AJ, Selvendran RR (2001) Chemistry, architecture and composition of dietary fiber 
from plant cell walls. In: Cho SS, Dreher ML (eds) Handbook of dietary fiber. Mercel Dekker 
Inc, New York, pp 281–306

McCann MC, Roberts K (1991) Architecture of the primary cell wall. In: Lloyd CW (ed) The 
cytoskeletal basis of plant growth and form. Academic, London, pp 109–129

Naczk M, Shahidi F (2006) Review: phenolics in cereals, fruits and vegetables: occurrence extrac-
tion and analysis. J Pharm Biomed Anal 41:1523–1542

Popper ZA (2008) Evolution and diversity of green plant cell walls. Curr Opin Plant Biol 
11(3):286–292

Saulnier L, Thibault JF (1999) Ferulic acid and diferulic acids as components of sugar-beet pectins 
and maize bran heteroxylans. J Sci Food Agric 79:396–402

Saulnier L, Sado PE, Branlard G, Charmet G, Guillon F (2007) Wheat arabinoxylans: exploiting 
variation in amount and composition to develop enhanced varieties. J Cereal Sci 46:261–281

Serna-Saldivar SO (2010) Grain development, morphology and structure. In: Saldivar SOS (ed) 
Cereal grains: properties, processing and nutrition attributes. CRC Press Taylor and Francis 
Group, Boca Raton, pp 109–128

Shiga TM, Lajolo FM (2006) Cell wall polysaccharides of common beans (Phaseolus vulgaris L.)-
Composition and structure. Carbohydr Polym 63(1):1–12

Stanisavljević NS, Ilić M, Jovanović ŽS, Čupić T, Dabić DČ, Natić MM, Tešić ŽL, Radović SS 
(2015) Identification of seed coat phenolic compounds from differently colored pea varieties 
and characterization of their antioxidant activity. Arch Biol Sci 67(3):829–840

Starr C, Taggart R, Evers C, Starr L (2013) Biology and diversity of life, 13th edn. Brooks/Cole/
Cengage Learning, Belmon

Sundar Raj AA, Rubila S, Jayabalan R, Ranganathan TV (2012) A review on pectin: Chemistry 
due to general properties of pectin and its pharmaceutical uses. Sci Rep 1(12):550. https://doi.
org/10.4172/scientificreports.550

Theodorou MK, Gascoyne DJ, Akin DE, Hartley RD (1987) Effect of phenolic acids and phe-
nolics from plant cell wall on rumen like fermentation in consecutive batch culture. Am Soc 
Microbiol 53(5):1046–1050

Wallace G, Fry SC (1994) Phenolic component of the plan cell wall. Int Rev Cytol 151:229–267

F. E. Ayala Soto and S. O. Serna Saldívar

https://doi.org/10.4172/scientificreports.550
https://doi.org/10.4172/scientificreports.550


15© Springer Nature Switzerland AG 2020
J. Welti-Chanes et al. (eds.), Science and Technology of Fibers in Food Systems, 
Food Engineering Series, https://doi.org/10.1007/978-3-030-38654-2_2

Chapter 2
Chemical Composition and Biosynthesis 
of Dietary Fiber Components

Sergio O. Serna Saldívar and Fabiola E. Ayala Soto

2.1  �Properties and Biosynthesis of Cellulose

Cellulose is the most abundant biopolymer on the planet because is the major struc-
tural component of green plants in which it is found associated to primary and sec-
ondary cell walls where it constitutes between 15–30%. It is also found in cell walls 
of cyanobacteria, fungi and green algae (Nobles et al. 2001, Bielecki et al. 2002).

In plant cell walls, cellulose is embedded in a matrix of other dietary fiber com-
ponents such as hemicelluloses, pectins and lignins. The architecture and structural 
organization of plant cell walls is thoroughly described in Chap. 1.

2.1.1  �Chemical and Physical Properties

Chemically, cellulose is a linear polysaccharide consisting of glucans joined by β-D 
(1–4) bonds (Fig. 2.1) with a degree of polymerization (DP) between 2000–6000 units 
when associated to primary cell walls or up to 15,000 units when associated to sec-
ondary cell walls (Brett 2000, Klemm et al. 2005, Coffey et al. 2006, Somerville 
2006, Stick and Williams 2009). However, virtually nothing is known about how the 
DP is regulated in plants. The linear cellulose chain is inflexible due to the hydrogen 
bonding occurring between hydroxyl groups on adjacent glucosyl units. Together 
with van der Waals forces, hydrogen bonding aggregates glucan chains together 
side-by-side and promotes parallel stacking of microfibrils into crystalline cellulose 
(Brett 2000, Somerville 2006). This also contributes to its water insolubility 
(Lineback 1999, Coffey et al. 2006). The long and inelastic microfibrils wrap around 
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the cell and impart rigidify and strength (Peña et al. 2001, Stick and Williams 2009). 
In higher plants, 3-nm elementary microfibrils can aggregate into larger size cellulose 
microfibrils which range from 5–10 nm in width in primary cell walls to 30–50 nm 
in secondary cell walls (Davies and Harris 2003, Zhang et al. 2014).

The crystalline cellulose is found in nature in four different polymorphic forms 
commonly known as I, II, III and IV. Cellulose I can be irreversibly converted into 
a recrystallized cellulose II, a form that is more stable than type I (Brown 1999, 
Brett 2000). Cellulose I is present in two different holomorphic forms known as I-α 
and I-β (Peña et al. 2001). Both are composed of parallel glucan polymers, each 
glucose molecule is rotated 180° in relation to its neighboring counterpart, forming 
a flat ribbon in which cellobiose is the repeating unit (Maurer and Fengel 1992, 
Koyama et al. 1997, Somerville 2006). Cellulose produced by bacteria and algae is 
enriched in Iα while cellulose of higher plants consists mainly of Iβ. The conversion 
of cellulose I to cellulose II is irreversible, suggesting that cellulose I is metastable 
whereas cellulose II stable. With various chemical treatments, it is possible to pro-
duce the structures III and IV. The amorphous region of cellulose can be broken up 
by strong acids into nanocrystalline cellulose which due to its unique and desirable 
properties is considered a novel material with many potential applications (Peng 
et al. 2011).

Physically, the cellulose is strong and chemically water insoluble. These aggre-
gates are resistant to acid hydrolysis compared to other polysaccharides. Treatment 
with 70% sulfuric acid hydrolyzes cellulose into D-glucose units whereas the partial 
hydrolysis yields high amounts of cellobiose. This reaction is key to quantify cel-
lulose in the detergent fiber analysis (see Chap. 4). Besides of being water insoluble, 
pure cellulose is tasteless and odorless with a melting point at 467 °C (Krumm et al. 
2016). Many properties of cellulose depend on its degree of polymerization or chain 
length. For instance, the cellulose found in wood pulp has typical chain lengths 
between 300 and 1700 units whereas counterparts associated to cotton and other 
plant fibers as well as bacterial cellulose have chain lengths ranging from 800 to 
10,000 units. Plant-derived cellulose is usually found in a mixture with hemicellu-
lose, lignin, pectin and other materials, while bacterial cellulose is quite pure, has a 

Fig. 2.1  The structure of 
cellulose
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much higher water content and higher tensile strength due to higher chain length or 
molecular weight (Klemm et al. 2005).

Cellulose is resistant to degradation and only certain microorganisms synthesize 
the enzyme complex capable of breaking down these high molecular weight mole-
cules. The enzyme complexes known as cellulosomes are found in cellulolytic fungi 
and bacteria. These complexes contain endo- and exocellulases, and β-glucosidases, 
as well as carbohydrate-binding proteins that are commonly fused to a glycoside 
hydrolase. Vertebrates are unable to degrade cellulose although the digestive tracts 
of ruminants and other herbivores contain symbiotic cellulolytic bacteria 
(Ruminococcus albus, R. flavefaciens, Bacteriodes succinogenes, B. fibrisolvens, 
Eubacterium cellulosolvens, Clostridium cellioboparum) that convert cellulose into 
short chain fatty acids that are used as energy source (Stewart et al. 1997). Likewise, 
other mammals such as equines (Julliand et al. 1999) and rabbits (Boulahrouf et al. 
1991) effectively convert cellulose into short chain fatty acids in their functional 
cecum that is populated by millions of symbiotic cellulolytic bacteria such as 
Ruminococcus flavefaciens and Eubacterium cellulosolvens.

Cellulases are used along with other fibrolytic enzymes for the production of 
second-generation bioethanol either directly or after acid pretreatment. The aim 
is to convert most cellulose into cellobiose and glucose, so the fermenting yeast or 
bacteria can convert it into ethanol (Wang et al. 2012).

2.1.2  �Biosynthesis

The biosynthesis of cellulose and its complicated regulatory mechanisms were 
recently reviewed by Li et al. (2014). Cellulose is made at the plasma membrane by 
an enzyme complex (Fig. 2.2) and is deposited directly into the cell wall in a direc-
tional manner (Somerville 2006). All cellulose-synthesizing organisms and higher 
plants have cellulose synthase proteins, which catalyze the polymerization of glu-
can chains (Brett 2000, Saxena et  al. 2001, Saxena and Brown 2005). Cellulose 
synthase (CeSA) enzyme is protein complex arranged in hexameric arrays (called 
rosettes) that are synthetized by 3 different CeSy genes involved in the formation of 
primary and secondary cell wall. For example, CeSA 1, CeSA 3 y CeSA 6 are 
required for biosynthesis of primary cell wall, whereas CeSA 4, CeSA 7 and CeSA 
8 are required to form secondary wall (Cosgrove 2005). The protein composition of 
the rosette in higher plants is not well comprehended, but every rosette contains 
multiple cellulose synthases to accommodate the synthesis of numerous glucan 
chains with different DP (Taylor et  al. 2000, Doblin et  al. 2002, Taylor 2003, 
Desprez et al. 2007, Persson et al. 2007).

The synthesis of cellulose requires chain initiation and elongation reactions. 
Formation of crystalline cellulose requires a simultaneous synthesis of multiple glu-
can chains through the plasma membrane rosettes. The rosettes have two distinct 
functions: intracellular polymerization of glucan chains and extracellular assembly 
of the chains into crystalline microfibrils (Arioli et al. 1998). Each contains three 
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different synthases which yields the individual cellulose polymers and in addition 
spins resulting microfibrils into cell walls. The cellulose synthase CeSA glucosyl-
transferase initiates cellulose polymerization using a steroid primer, sitosterol-beta-
glucoside and UDP-glucose. This enzyme system utilizes UDP-D-glucose 
precursors to elongate the growing cellulose chain. As they are formed, the chains 
undergo hydrogen bonding to form the partially crystalline microfibrils. (Brown 
1999, 2004, Delmer 1999, Saxena and Brown 2001, Kimura and Kondo 2002, 
Coffey et al. 2006). Each cellulose fiber is proposed to consist of 36 parallel β-glucan 
chains according to this biosynthetic pathway (Doblin et  al. 2002, Stick and 
Williams 2009, Li et al. 2014).

The regulatory proteins, the underlying mechanisms for cellulose synthesis and 
the known differences in cellulose structure, especially in terms of cellulose synthe-
sizing complexes, likely evolved independently (Roberts and Roberts 2007, Lei 
et al. 2012). According to Brabham and Debolt (2012), the synthesis of cellulose in 
higher plants is a strongly controlled process. For example, the amount of cellulose, 
the ratio of cellulose to other cell wall polymers, the degree of polymerization, the 
crystalline cellulose core size, and the orientation of cellulose microfibrils are under 
tight control (Li and Gu 2012, Li et al. 2014). Glucose, mainly derived from sucrose, 
is the main substrate for the formation of the disaccharide cellobiose which is con-
sidered the basic building block for the synthesis of cellulose (Coffey et al. 2006).

Glucan chain

CesA

Kor

MT

Sucrose

SuSy

UDP-G

+UDP

Plasma membrane

Fig. 2.2  Schematic diagram of cellulose synthesis (Adapted from Maleki et  al. 2016). CeSA: 
Cellulose Synthase proteins, MT microtubules play role to regulate CeSA tracking; Korrigan cel-
lulase (Kor) has been involved in monitoring of cellulose synthesis. Uridine diphosphate-glucose 
(UDP-G) substrate to form rosette and glucan chain formation, the UDP formed can be recycled 
back to SuSy sucrose synthase)
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2.2  �Hemicelluloses

2.2.1  �Chemical and Physical Properties

Hemicelluloses are a set of set of non-crystalline hetero linear or branched poly-
saccharides found in plant cell walls that have β-(1 → 4)-linked backbones with 
an equatorial configuration. At least 250 of these polymers are known. 
Hemicelluloses are mainly classified into xyloglucans, xylans, mannans, gluco-
mannans and β-(1–3,1–4)-glucans (Scheller and Ulvskov 2010). The largest 
group consists of pentosans such as xylans and arabinoxylans. Hemicelulloses 
are present in the cell walls of all terrestrial plants, except for β-(1–3,1–4)-
glucans, which are mainly restricted to Poales where the monocotyledonous 
cereal plants belong. The most relevant biological role of hemicelluloses is their 
contribution to strengthening the cell wall by interaction with cellulose microfi-
brils and in some cases with lignin (see Chap. 1, Zablackis et  al. 1995). 
Hemicelluloses are of much lower molecular weight than cellulose. Component 
monosaccharide units may include xylose, arabinose, galactose, mannose, glu-
cose, glucuronic acid and galacturonic acid. Xylose is the most important mono-
mer followed by galacturonic and mannuronic acids. Hemicelluloses are normally 
classified by the predominant carbohydrate monomer present into xylans (arabi-
noxylans and glucoxylans), β-D glucans and xyloglucans. Xylans are constituted 
by side chains containing D-galactose, L-galactose, and D-xylose sugars. In ara-
binoxylans there does not appear to be any consistent relationship between solu-
bility and the amount of substitution with arabinose units. Water-soluble 
arabinoxylans, known as pentosans, are present in minor amounts in cereal 
grains, but they are of functional importance because of their water-binding 
capacity and ability to increase viscosity. In rye (Secale cereale), the major por-
tion of the arabinoxylans is water insoluble. The water-soluble arabinoxylans 
from rye exist as a range of polymer structures that differ in molecular weight, 
arabinose:xylose ratio, ferulic acid, ratio of di- to monosubstituted xylose, and 
ratio of disubstituted xyloses that are isolated, paired, or present in longer 
sequences in the xylan chain (1–3). The (1–3)(1–4)-β-D-glucans are major com-
ponents of the cell-walls of oats (Avena sativa) and barley (Hordeum vulgare) 
and scarcely found in the rest of commercial cereal grains. The glucans are 
known to form viscous solutions and have been shown to be highly prebiotic and 
effective in reducing serum cholesterol concentrations. The β-glucans of oats are 
linear polymers containing about 70% 4-O-linked β-D-glucopyranosyl units and 
about 30% 3-O-linked β-D-glucopyranosyl units. The (1–3) linkages appear to 
occur singly while the (1–4)-linkages occur in groups of two or three. Thus, the 
polysaccharide contains β-(1–3)-linked cellotriosyl and cellotetraosyl units. In 
contrast to cellulose, the hemicellulose chains are easily chemically or enzymati-
cally hydrolyzed by various sorts of cell wall degrading enzymes and importantly 
have higher fermentability and prebiotic effects in the hind gut or colon 
(Lineback 1999).
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2.2.1.1  �Arabinoxylans

Arabinoxylans (AX) are the main constituents of heteroxylans (>70%) and are com-
prised of a linear β-(1,4)-D-xylopyranose backbone and L-arabinofuranose residues 
as side chains on O-2 and/or O-3 (Fig. 2.3). Additionally, ferulic acid can be esteri-
fied to the arabinose side-chains (O-5 positions) creating cross bonds between the 
structure and other cell wall components such as lignin and proteins to yield insol-
uble complexes (Chanliaud et al. 1995, Doner et al. 2001, Carvajal-Millán et al. 
2007). As most hemicelluloses, the AX exhibit different physicochemical character-
istics such as solubility, viscosity, gelling and hydration properties which are closely 
related to their chemical structure, molecular size, molecular interaction and spatial 
arrangement. These features are affected by the source of extraction, extraction con-
ditions and enzymatic hydrolysis. The conformation and interaction properties can 
be modulated by fine structural changes of the macromolecules (Saulnier et al. 2007).

Water solubility is not only related to structural features of the polymer chain but 
also to covalent linkage to other cell-wall polymers. Water solubility of AX improves 
with the increase of arabinose substitutions (Saulnier et al. 2007, Saeed et al. 2011). 
With respect to water holding capacity, high cross-linked AX do not solve in an 
aqueous environment but instead swell and imbibe large amount of water (Izydorczyk 
and Biliaderis 1992). Water extractable-AX form highly viscous solutions in water, 

Fig. 2.3  Structure of arabinoxylans, linear β-(1,4)-D-xylopyranose backbone and 
L-arabinofuranose residues as side chains on O-2 and/or O-3

S. O. Serna Saldívar and F. E. Ayala Soto
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while water unextractable-AX show a strong water-binding capacity (Izydorczyc 
and Biliaderis 1995). Water unextractable AX have a strong tendency to absorb 
water and swell, being able to hold 6.7–9.9 times their weight in water; while the 
water extractable AX have a capacity to retain 3.5–6.3 times their weight in water. 
The values were obtained from wheat (Triticum aestivum) AX in dough (Courtin 
and Delcour 2002).

The viscosity of AX solutions has been related with the molecular size and con-
centration of the polymer. Generally, higher molecular sizes form high viscous solu-
tions (Izydorczyk and Biliaderis 1992). In addition, trace amounts of protein 
associated with the AX extract would result in even higher viscosities (Courtin and 
Delcour 2002). Kale et al. (2010) reported that AX solutions exhibit a Newtonian 
behavior (viscosity increase linearly with shear rate). Carvajal-Millán et al. (2007) 
showed an extract with a molecular size of 190 KDa and 208 mL/g of intrinsic vis-
cosity; while other sources, as AX from nejayote (the steep high alkaline water resi-
due from the lime-cooking of corn to make tortillas), with lower molecular size (60 
KDa), showed lower intrinsic viscosity 183 mL/g (Niño-Medina et al. 2010). These 
values are quite high when compared with those of other non-starch polysaccha-
rides such as Arabic gum with 12–25 mL/g (Courtin and Delcour 2002).

AX are abundant in cereal endosperm cell walls, where rye and wheat contain 
the highest contents followed by barley, maize (Zea mays), rice (Oryza sativa), and 
oats. These prebiotic compounds have the potential to lower the glycemic index of 
cereals (Broekaert et  al. 2011) and prevent diabetes type II (Van Den Abbeele 
et al. 2011).

2.2.1.2  �Xyloglucans

These polysaccharides are the most abundant hemicelluloses in primary walls of 
spermatophytes except for grasses. According to Hayashi (1989) xyloglucans con-
stitute as much as 20– 25% of the walls of dicotyledons. Xyloglucans have linear 
backbones of (1–4)-linked β-D glucopyranoses similar to cellulose but they contain 
numerous xylopyranosyl units attached along the main backbone (Fig.  2.4). In 
many plant xyloglucans, the repeating unit is a hepta-saccharide, consisting of a 
cellotetraose with three subtending xylose residues (Nishinari et al. 2009). Some 
residues may contain additional galactosyl and fucosyl units. Some plants might 
contain arabinose instead of fucogalactosyl groups attached to the xylose residues. 
Xyloglucans from the cotyledons of the dicot tamarind (Tamarindus indica) are one 
of the best characterized (Shirakawa et al. 1998, Nishinari et al. 2009).

Xyloglucans often contain glucose, xylose, and galactose residues in a molar 
ratio of about 4:3:1 and sometimes also small amounts of arabinose. They have a 
backbone of 4-linked β-D-glucopyranosyl residues with side chains of α-L-
xylopyranosyl residues linked to the sixth position of some of the glucose residues 
and β-D-galactose residues attached to the second position of some of the xylose 
residues. The α-1-fucose residues are attached to the second position of some of the 
galactose residues. Heterogeneity of isolated xyloglucan fractions is linked acidic 
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polymers, galacturonans, and rhamnogalacturonan. Less branched xyloglucans are 
less soluble and this may correlate with their functional aspects. The principal dif-
ference in xyloglucan structures is the presence of charged or uncharged side chains. 
Xyloglucans associated to vascular plants are neutral whereas those found in mosses 
and liverworts are charged (Albersheim 1975, Andersson et al. 2006).

2.2.1.3  �Mannans

Mannans are mainly constituted by mannose units linked by β (1–4) bonds (Fig. 2.5). 
They are found in higher plants, seaweeds and yeasts where they serve as storage 
polysaccharides. Linear or branched mannans can contain other sugars such as 
galactose and glucose. They are broadly divided into galactomannans and gluco-
mannans. The first are mainly found in legume seeds whereas the second in plant 
and fungal cell walls associated with celluloses. The β-(1–4) linked linear gluco-
mannans are present in minor amounts in cell walls of angiosperms but they are 
major components of the secondary cell wall of gymnosperms. Glucomannans are 
the main hemicellulose component of softwood. Structural studies revealed that the 
galactosyl side chain hydrogen interacts to the mannan backbone intramolecularly 

Fig. 2.4  Xyloglucan structure. Linear backbones of (1–4)-linked β-D glucopyranoses
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