
Chapter 12
Pectic Polysaccharides in Plants: Structure,
Biosynthesis, Functions, and Applications

Charles T. Anderson

Abstract Pectic polysaccharides, a broad class of exopolysaccharides that are made
by plants and contain negatively charged sugars, are some of the most complex
biomolecules in nature. They modulate the mechanics and adhesion of the extracel-
lular cell walls of plants and require complex biosynthetic machinery to produce
their array of structures. They are also post-synthetically modified by a large
apparatus of enzymes. Recent advances in genomics and biochemistry have revealed
some parts of this machinery, but many mysteries remain unsolved. Intermolecular
cross-linking between pectins is thought to underlie cell adhesion and constrain cell
expansibility in plants, and modulating this cross-linking, pectin hydration, and the
interactions of pectins with other wall components is thought to be one of the drivers
of key developmental processes, from wall assembly and growth through tissue
maturation to the release of pollen and seeds. The large number of pectin-related
genes in many plant taxa belies their fundamental importance in evolutionary
innovations in plants. Finally, pectins can both facilitate and complicate the use of
plant cell walls as feedstocks for useful products and might also possess unique
applications in human health and medicine.

12.1 Introduction to Plant Cell Walls and Pectins

Plant cell walls are unique extracellular structures among living organisms in that
they are composed largely of polysaccharides, adhere plant cells to one another and
thus lock in place the relative locations of those cells during growth, and retain both
high expansibility and high mechanical strength during growth. It is the strength of
the plant cell wall that enables giant redwoods, Sequoia sempervirens, to achieve
robust upright growth and tower up to 100 m, making them the tallest living
organisms, and the plasticity of the cell wall allows plants to carry out indeterminate
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growth and development, allowing colonial plants, such as quaking aspens, Populus
tremuloides, to survive for tens of thousands of years and become the heaviest living
organisms, although both of these behemoths are currently under threat as a result of
human-caused climate change and habitat alteration.

Sir Isaac Newton is said to have begun postulating the law of universal gravitation
while observing the perpendicular fall of an apple from its tree to the ground in 1666,
but he was unaware that the apple itself was largely composed of pectins! It was not
until 1790 that pectins were isolated from apples by Louis Nicolas Vauquelin, and
pectins were later named and found to be widespread among plants by Henri
Braconnot in 1825. Because they were initially defined by the extraction methods
used to isolate them, rather than by their chemical structures, pectins do not fit a strict
chemical or structural definition and instead can be broadly defined as “acidic
heteropolysaccharides” contained in the cell walls of plants. In this section, pectins
are described and placed in the larger context of the extracellular matrices produced
by plant cells, commonly called plant cell walls.

12.1.1 Overview of the Structure and Composition of Plant
Cell Walls

The cell walls of plants are complex extracellular matrices that are composed
primarily of interacting and intertwined networks of different types of polysaccha-
rides (Somerville et al. 2004), with additional components that can include structural
glycoproteins, a polyphenolic heteropolymer called lignin, cell wall-modifying
enzymes, ions, reactive oxygen species, and water. Because they function as the
interface between the protoplast, defined as the plant cell contained within its cell
wall, and the extracellular environment, plant cell walls serve structural, protective,
and sensory functions. The cell walls of plants constrain cellular growth and
morphology, determining cell size and shape and thus affecting the developmental
patterning of tissues and organs (Cosgrove 2018). Cell walls also protect plant cells
from environmental and biotic stresses by acting as a barrier against cellular damage
and pathogen invasion and are involved in sensing and responding to mechanical,
biological, and abiotic stimuli (Houston et al. 2016; Hemant and Haswell 2017;
Novakovic et al. 2018).

The structural framework of most plant cell walls is composed of cellulose, a cable-
like polymer that is composed of hydrogen-bonded chains of β-1,4-linked glucose that
are produced at the cell surface by mobile cellulose synthesis complexes and coalesce
into long, thin, linear, multichain microfibrils that have a tensile strength that is higher
than that of steel (Bledzki and Gassan 1999; Somerville 2006). Cellulose microfibrils
interact with so-called matrix polymers, which include both hemicelluloses and
pectins in the primary walls of growing plant cells and also include lignins in the
secondary walls of cells that have ceased growth (Donaldson 2001; Cosgrove 2014)
(see also Chap. 7). Hemicelluloses include linear and branched polysaccharides with
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β-1,4-linked backbones with an equatorial configuration at C1 and C4 that are
primarily composed of neutral sugars (Scheller and Ulvskov 2010). Xyloglucan, a
branched polysaccharide with a β-1,4-linked glucan backbone and side chains
consisting of xylose, galactose, and fucose residues, is the most abundant hemicellu-
lose in the primary walls of eudicot and non-commelinoid monocot plants (Zabotina
2012; Park and Cosgrove 2015), whereas xylans, which have an α-1,4-linked back-
bone and can be decorated with arabinose-, xylose-, galactose-, glucuronic acid-, and
ferulate-containing side chains, are the most abundant hemicellulose in the primary
walls of commelinoid monocot species and the secondary walls of most plants (Rennie
and Scheller 2014). Hemicelluloses also include mannans, glucomannans, and mixed-
linkage glucans (Scheller and Ulvskov 2010).

Pectins are a unique class of matrix polysaccharides that are distinguished by
possessing a large proportion of acidic sugars in the form of uronic acids, including
predominantly galacturonic acid (GalA) and smaller amounts of glucuronic acid
(GlcA). Pectins have recently undergone a renaissance in terms of scientific attention
(Anderson 2016; Saffer 2018) due to several factors, including a growing appreci-
ation of their intimate proximity to cellulose in the primary cell wall (Wang et al.
2015), their historically underappreciated mechanical importance in growth control
(Peaucelle et al. 2012), and their structural and metabolic dynamics during plant
growth and development (Saffer 2018). From one perspective, pectins can be
thought of as “proto-polymers” that are capable of many of the functions of other
wall polysaccharides, but have in some cases been at least partially functionally
supplanted by cellulose and hemicellulose, especially with regard to the regulation
of wall expansibility (Cosgrove 2018).

12.1.2 Overview of the Evolutionary Origins and Distribution
of Pectins

Some types of pectins exist in charophycean green algae (Sorensen et al. 2011),
which are proposed to be descendants of the last common ancestor of algal and
embryophyte lineages (Harholt et al. 2016). Pectins can thus be hypothesized to be
an ancestral wall component that might even predate the complex cellulose-hemi-
cellulose networks that are mechanically predominant in the primary cell walls of
land plants (Popper et al. 2011). Because of their ability to form gels in the presence
of water and to sequester ions, pectins might have constituted an early buffer against
the ionic and dilutive effects of life in an aqueous environment for marine algae, and
their adhesion might have allowed both for cell-substrate adhesion and cell-cell
adhesion, a precursor of multicellularity, to arise in the algal ancestors of land plants
(Domozych and Domozych 2014; Domozych et al. 2014).

Pectins are widely distributed across plant taxa, although their abundance varies
dramatically between taxa and developmental stages. Pectins are especially abun-
dant in the primary cell walls of eudicots and non-commelinid monocots, where they
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can comprise up to 35% of the dry mass of the wall, but are much less abundant in
secondary walls and grass primary walls, where they make up around 5% of the dry
mass of the wall (Vogel 2008). However, these estimates of pectin abundance must
be viewed with caution because they are often based on extraction methods
(Zablackis et al. 1995) that underestimate the insoluble fraction of pectin, which
can be substantial and thus lead to underestimations of pectin content in the cell
walls of different plant taxa (Atmodjo et al. 2013).

12.1.3 Overview of Pectin Functions in Plant Growth
and Development

Pectins are essential for normal plant growth and development, since mutants with
altered pectin content or modification patterns often show severe developmental
defects that include stunting, loss of cell-cell adhesion, and aberrant organ initiation
(Krupkova et al. 2007; Mouille et al. 2007; Peaucelle et al. 2008; Caffall et al. 2009).
Pectins are one of the first wall polysaccharides to be laid down during the de novo
formation of a new cell wall in cytokinesis (Samuels et al. 1995) and are enriched in
the growing cell walls of eudicots (Knox et al. 1990; Derbyshire et al. 2007; Phyo
et al. 2017a). Recent evidence has suggested that pectins function to establish
anisotropic growth patterns in elongating cells that are later reinforced by
cellulose-hemicellulose networks (Bou Daher et al. 2018; Peaucelle et al. 2015)
and that pectin auto-degradation by plants is a key facilitator of cell expansion (Xiao
et al. 2014; Xiao et al. 2017). Pectin networks are thought to cyclically soften and
rigidify in growing cells to allow for wall expansion and resistance to turgor pressure
(Boyer 2016).

By influencing wall mechanics (Abasolo et al. 2009) and possibly also wall
integrity signaling (Feng et al. 2018), pectins are thought to drive developmental
patterning, for example, in the shoot apical meristem, where altering the expression
of pectin-modifying enzymes can either result in an absence of organ initiation or in
ectopic organ formation (Peaucelle et al. 2011). Pectins have recently been shown to
change in mobility and abundance along the developmental gradient of the
Arabidopsis thaliana inflorescence stem (Phyo et al. 2017a), which implies that
they are differentially synthesized, modified, and/or degraded along this gradient.
Finally, pectin degradation is a key step in cell separation events in plants, which
include abscission and dehiscence (Daher and Braybrook 2015). These separation
events help optimize plant physiology, for instance, when leaves fall off of decid-
uous trees in the autumn to minimize metabolic costs during periods of low photo-
synthesis, and aid in gamete and seed dispersal, from the separation of pollen tetrads
and release of pollen during anther dehiscence to seed pod dehiscence.
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12.2 Structures, Classification, and Distribution of Pectic
Polysaccharides

Pectin structures range from simple linear chains of GalA that form
homogalacturonan (HG) to the highly branched pectic subtypes rhamnogalacturonan
I (RG-I) and rhamnogalacturonan II (RG-II), and all three of these major classes of
pectins can form intermolecular cross-links via ion coordination or diester bonding.
Pectins are enriched in the walls of growing plant cells but can also be present in
non-growing tissues. Their wide distribution across embryophyte (land plant) taxa
strongly suggests that they are essential for plant survival.

12.2.1 Chemical Structures of Pectins

Pectins can be structurally divided into three major classes, or domains: HG and
modified HG, RG-I, and RG-II. Although the structures of these
heteropolysaccharide domains have been well defined biochemically and composi-
tionally, the macromolecular structures and covalent and non-covalent interlinkages
between different pectin domains have not been completely elucidated.

12.2.1.1 Methods for Structural and Compositional Analysis of Pectins

Due to their higher solubility relative to other wall polysaccharides, pectins can be
extracted from plant cell walls by acid, hot water, and calcium chelators (Fry 1988),
which was historically one of the ways in which they were defined. Extracted pectins
can be compositionally analyzed by hydrolysis followed by chromatographic sepa-
ration and quantification of their constituent monosaccharides (Yeats et al. 2016),
although care must be taken that the hydrolysis step does not destroy the mono-
saccharides (De Ruiter et al. 1992). Monosaccharide composition can also be
determined by producing alditol acetate derivatives followed by GC-MS (Pettolino
et al. 2012), carbodiimide reduction of uronic acids followed by conversion to alditol
acetates and GC-MS, and formation of trimethylsilyl (TMS) derivatives followed by
GC-MS, with alditol acetate derivatization being assessed as a less sensitive method
(Biswal et al. 2017). Pectin molecular mass can be estimated by size exclusion
chromatography followed by detection of uronic acids (Ralet et al. 2008), although
the diverse shapes and different electrostatic potentials of pectin subdomains are
likely to make them difficult to precisely resolve using this method. Smaller, soluble
fragments of homogalacturonan, called oligogalacturonides, can be generated by
enzymatic degradation and detected using MALDI-TOF mass spectrometry
(Guillaumie et al. 2003; Gunl et al. 2011).
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Monoclonal antibodies targeting many different pectin epitopes provide useful
tools for detecting specific subtypes of pectins, either in situ in plant cell walls
(Willats et al. 2001) or after chemical extraction (Cornuault et al. 2014), although
antibodies targeting some pectin subtypes, especially RG-II, are scarce (Zhou et al.
2018). To determine the structural diversity of an isolated pectin sample, linkage
analysis using methylation is necessary (Pettolino et al. 2012), although this infor-
mation does not translate directly into a complete macromolecular structure. Nuclear
magnetic resonance (NMR) can also be used to determine the bonding patterns and
interactions between pectic groups in isolated samples and between pectins and other
polysaccharides in intact cell wall samples, but 13C labeling of the cell walls is
necessary for a full 2D NMR analysis (Wang and Hong 2016). Except for NMR, all
of the above methods depend on isolating pectins from cell walls, which means that
they are limited to analyzing pectins that can be solubilized or fractionated in some
fashion. There is solid evidence for a significant fraction of pectin that remains
insoluble during typical wall fractionation experiments (Atmodjo et al. 2013), and
the structure of this pectic fraction is less well understood. Performing 2D NMR
experiments on sequentially extracted wall fractions might reveal additional details
regarding the structure of this insoluble population of pectins.

12.2.1.2 Structures of Homogalacturonan and Modified
Homogalacturonans

Homogalacturonan is the structurally simplest and most abundant form of pectin in
most types of plant cell walls (Zablackis et al. 1995; Sorensen et al. 2011). It is
composed of a linear chain of α-1,4-linked GalA residues, each of which can be
methyl-esterified at the C6 carboxyl group or acetylated at the O2 or O3 position
(Fig. 12.1). The degree of polymerization of HG ranges widely but can exceed
100 residues (Yapo et al. 2007). HG molecules that contain stretches of de-methyl-
esterified GalA totaling at least ten residues can form intermolecular cross-links that
are coordinated by calcium ions (Ca2+) and have been hypothesized to adopt an
“egg-box” conformation, although molecular modeling has put the accuracy of this
conformation into question (Braccini and Perez 2001), and it is not clear whether this
structure actually exists in native cell walls (Hocq et al. 2017). HG can be modified
with side chains containing xylose (forming xylogalacturonan) linked to the O3
position, or apiose (forming apiogalacturonan) linked to the O2 or O3 position. It is
unknown what specific functions these sugar side chain modifications of HG serve,
although they might interfere with HG cross-linking by Ca2+. Methyl-esterified HG
can also form helical structures in the cell wall (Goldberg et al. 1996).

12.2.1.3 Structure of Rhamnogalacturonan I

Rhamnogalacturonan I is a unique domain of pectin in that unlike HG and RG-II, its
backbone is composed of alternating GalA and rhamnose (Rha) residues linked by
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Fig. 12.1 Chemical structures of homogalacturonan, rhamnogalacturonan I, and
rhamnogalacturonan II. Sugar symbols follow the Consortium for Functional Glycomics notation
(Raman et al. 2006). Structures of RG-I side chains are not comprehensive; structure of RG-II is
based on Ndeh et al. (2017)
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α-1,2 and α-1,4 bonds, respectively (Fig. 12.1). Linear and branched side chains,
which include arabinans, galactans, and arabinogalactans, decorate the RG-I back-
bone (Yapo 2011) (Fig. 12.1). Some galactan side chains on RG-I are thought to
contain a terminal fucose (Nakamura et al. 2001), and both arabinan and galactan
side chains can contain terminal ferulic acid moieties (Ishii 1997), which can
potentially cross-link to form diferulate esters and generate RG-I dimers in the cell
wall (Ralet et al. 2005) (Fig. 12.2). RG-I has been described as a “hairy” region of
pectin with many side chains, with “smooth” regions with few or no side chains,
potentially composed of HG, interspersed between hairy regions (Yapo 2011)
(Fig. 12.2).

12.2.1.4 Structure of Rhamnogalacturonan II

Rhamnogalacturonan II is one of the most complex biomolecules in nature and is
thought to be conserved, with some structural variation, across all vascular plants
(Bar-Peled et al. 2012; O’Neill et al. 2004; Pabst et al. 2013). It comprises 13 different
types of sugars that are linked by up to 22 unique glycosidic bonds to form 6 different
unique side chains (Ndeh et al. 2017). RG-II molecules can be cross-linked via borate
diesters that interconnect the apiose residues on side chain A, but not apparently on
side chain B (Fig. 12.2), and the resulting RG-II dimers show unique migration
patterns on size exclusion chromatographs (Ishii and Matsunaga 1996).

12.2.2 Taxonomic, Developmental, Tissue, and Cell Wall
Distributions of Pectins

Pectins are ubiquitous among plants, although their abundance varies widely
between different types of cell walls, tissues, developmental stages, and groups of
species. Their abundance is typically negatively correlated with tissue age and
differentiation. They are widespread across plant taxa and are highly abundant in
the walls of eudicots and non-commelinid monocots, which also possess type I cell
walls. Interestingly, RG-II is deeply conserved across almost all plant species,
although its structure varies slightly in some taxa (O’Neill et al. 2004). Pectin-
related genes are found in all land plants, with large families present for some pectin
biosynthetic and modifying genes in angiosperms (McCarthy et al. 2014). However,
these gene families likely arose from a limited set of genes in early land plants, as
suggested by smaller numbers of genes in each family in bryophytes (McCarthy
et al. 2014). Algal genomes also contain many putative pectin-related genes
(Domozych et al. 2012; Sorensen et al. 2011), implying that pectins were abundant
and functional in the ancestors of land plants.
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Fig. 12.2 Types of cross-links and domain arrangements for pectins. De-methyl-esterified GalA
residues in HG can be cross-linked by calcium ions; arabinan and galactan side chains of RG-I can
be cross-linked by ferulate diesters; apiose residues of side chain A in RG-II can cross-link via a
borate diester linkage, which can be stabilized by a metal ion (not shown), to form RG-II dimers.
Apiose residues of side chain B of RG-II do not appear to participate in RG-II dimerization. RG-I
domains (aka “hairy regions”) can be linked to HG (aka “smooth regions”), and RG-II domains can
be linked to HG as well, but RG-I domains linked to RG-II domains have not been detected thus far
(Atmodjo et al. 2013). Some pectins might initiate or exist in the wall as side chains of
arabinogalactan proteins (AGPs) that are linked to RG-I, HG, and xylan chains by arabinogalactans
(Tan et al. 2013)



12.2.2.1 Pectins in Primary and Secondary Plant Cell Walls

Pectins are abundant in the type I primary cell walls of eudicots and non-commelinid
monocots, where they are intercalated throughout the wall and also are enriched in a
specialized wall layer called the middle lamella that adjoins adjacent cells in plant
tissues. The middle lamella contains high levels of HG but less RG-I or RG-II
(Guillemin et al. 2005). Pectins might also serve as an interface between the cell wall
and the cuticle in some epidermal cell types and have been detected in some cuticle
layers (Guzman et al. 2014). Pectins are much less abundant in secondary cell walls
and the so-called type II primary walls of commelinid monocots, which include
grasses, although the limitations of traditional methods used to detect pectins (i.e.,
extraction and chemical composition analysis) might have led to underestimates of
their abundance in these cell walls, if pectins in those walls are less extractable or
soluble. Evidence for the functional importance of pectins in woody tissues comes
from expression profiling of eucalyptus wood, in which pectin-modifying enzymes
are upregulated during differentiation (Goulao et al. 2011; Sexton et al. 2012).

12.2.2.2 Pectins across Tissues and Developmental Gradients

Due to their enrichment in the primary walls of growing cells, pectins are most
abundant in rapidly growing tissues, such as seedling hypocotyls, meristematic
tissues, and organ primordia. Pectins are also highly enriched in the seed coats of
some plant species, where they form a key component of the mucilage that is
hypothesized to aid in seedling hydration during imbibition, and in the fleshy fruits
of many eudicot species, where they protect the encased seeds and maintain the fruit
in a hydrated state, making it appetizing to seed dispersers. However, pectins have
not been hypothesized to be major storage polysaccharides, unlike starch and hemi-
celluloses in the seeds of some species (Opanowicz et al. 2011; Rodriguez-Gacio
et al. 2012).

Because of their high abundance in rapidly growing tissues and low abundance in
secondary walls, pectins can display a gradient in abundance across developmental
age in tissues undergoing both growth and differentiation, such as inflorescence
stems (Goldberg et al. 1986; Phyo et al. 2017a). This gradient has implications for
overall hydration and polymer mobility in the wall, since certain subtypes of pectins
show high hydration and mobility. It is likely that this gradient in abundance reflects
two concurrent trends: increased synthesis of non-pectin polymers, such as xylans
and lignins, in older tissues that are producing secondary walls, thus reducing the
relative amount of pectin in the total wall mass; and pectin degradation over the
course of development (Yang et al. 2018). The selective degradation of certain
subtypes of pectin is also likely to change the relative composition of pectins over
developmental time.
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12.3 Pectin Biosynthesis

The site of pectin biosynthesis is the Golgi, a complex, mobile, multi-compartment
organelle in plant cells that acts like a mobile factory for secreted molecules,
including cell wall polysaccharides. Golgi-resident proteins are thus responsible
for pectin biosynthesis, and proteomics analyses of isolated Golgi in plant cells
have identified a large number of putative wall biosynthetic enzymes (Parsons et al.
2012), including nucleotide sugar transporters and nucleotide sugar interconversion
enzymes, glycosyltransferases (GTs), methyltransferases, feruloyltransferases, and
acetyltransferases. Altogether, at least 67 distinct types of enzymatic activities are
posited to be required for pectin synthesis (Mohnen 2008), although only a subset of
these activities have been characterized at the molecular level. Given the covalently
linked domain structures of pectins (Fig. 12.2), it is likely that pectin synthesis
occurs through a combination of (1) processive or non-processive backbone elon-
gation (Amos et al. 2018), (2) elaboration of backbones with side chains (Ebert et al.
2018), and (3) domain linkage via uncharacterized transglycosylase activities
(Atmodjo et al. 2013), to produce the completed pectin molecules that will be
delivered to the apoplast.

12.3.1 Synthesis and Transport of NDP-Sugars as Substrates
for Pectin Synthesis

Several branches of the central carbon metabolism pathway produce nucleotide
sugars that are required for pectin biosynthesis (Bar-Peled and O’Neill 2011), but
many pectin precursors can also be synthesized from sugar salvage pathways, in
which free sugars are taken up by plant cells and upgraded to nucleotide sugar
substrates for GTs. For instance, UDP-GalA can be interconverted from
UDP-glucuronic acid, which is in turn derived from UDP-glucose, but UDP-GalA
can also be generated from free GalA, which is phosphorylated and converted to
UDP-GalA (Bar-Peled and O’Neill 2011). UDP-Rha is synthesized by members of
the RHAMNOSE SYNTHASE (RHM) protein family (Diet et al. 2006). UDP-Gal is
synthesized by UDP-Glc 4-epimerase (UGE) proteins (Rosti et al. 2007), whereas
UDP-L-Ara is potentially synthesized by UGE and/or MURUS4 via UDP-Xyl
(Atmodjo et al. 2013). The biosynthetic pathways for several of the sugars in
RG-II are incompletely characterized, but UDP-apiose is thought to be generated
by a UDP-D-apiose/UDP-D-xylose synthase (Molhoj et al. 2003).
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To be incorporated into pectins, NDP-sugars must be transported to, or synthe-
sized in, the Golgi lumen. The NDP-sugar transporter family is large and diverse and
has recently been more fully characterized using functional assays in homologous
and heterologous systems (Temple et al. 2016). The topology of these transporters
must allow the biosynthetic and conversion activities of nucleotide sugar-
metabolizing enzymes to dovetail with the activities of pectic glycosyltransferases,
which are invariably located in the Golgi lumen.

12.3.2 Enzymes Involved in Pectin Biosynthesis

Given the structural complexity of pectins, it is perhaps not surprising that a large
number of proteins are hypothesized to function in pectin biosynthesis. In total, it is
estimated that at least 67 individual enzyme activities are required for pectin
biosynthesis (Mohnen 2008). Many of these enzymes are likely to act in multimeric
complexes that either synthesize pectin “modules,” which can then be assembled
into the final product molecules, or that act sequentially on nascent pectins to
elaborate their structures. Given the difficulty in expression and purification, and
the catalytic promiscuity of many glycosyltransferases in vitro, the identities of
many of the enzymes responsible for pectin linkages are still unknown. Some of
the enzyme families that have been functionally characterized are highlighted below.

12.3.2.1 GAUTs and Other Enzymes Involved in Homogalacturonan
Synthesis

The major enzymes that are thought to function in HG biosynthesis are members of
the GALACTURONOSYLTRANSFERASE (GAUT) family, which are
glycosyltransferase 8 (GT8) family members that elongate GalA chains using
UDP-GalA as a substrate (Atmodjo et al. 2013). GAUT genes, which exist as
multigene families in most plant species (McCarthy et al. 2014), are accompanied
in many plant genomes by GAUT-LIKE (GATL) genes that might also function in
HG synthesis (Caffall et al. 2009; Kong et al. 2011). In A. thaliana, GAUT1 was the
first GAUT that was biochemically confirmed to have bona fide
galacturonosyltransferase (GalAT) activity, and additional GAUTs have more
recently been demonstrated to have GalAT activity (Voiniciuc et al. 2018). How-
ever, some GAUTs, such as GAUT7, appear to lack enzymatic activity and are
thought to act as scaffolding or anchoring proteins in GAUT-containing complexes
(Atmodjo et al. 2011). Whether these complexes are responsible for assembly line-
style HG synthesis has recently been put into question by a proposed two-phase,
non-processive model of HG synthesis by GAUTs (Amos et al. 2018).
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12.3.2.2 Putative HG Methyltransferases

HG is thought to be synthesized in a highly methyl-esterified form in the Golgi via
the activity of HG methyltransferases that use S-adenosylmethionine (SAM) as a
substrate. One putative HG methyltransferase is QUASIMODO2 (QUA2), mutants
for which show aberrant HG extractability and cell adhesion defects (Krupkova et al.
2007; Mouille et al. 2007). A genetic suppressor of the cell adhesion defect of the
qua2 mutant of A. thaliana, named esmeralda1, encodes a putative O-
fucosyltransferase and does not restore pectin levels to wild-type levels (Verger
et al. 2016), but QUA2 has not been demonstrated to have HG methyltransferase
activity in vitro, so its status as a bona fide HG methyltransferase is questionable.
Two other proteins, COTTON GOLGI RELATED2 (CGR2) and CGR3, are also
putative pectin methyltransferases, and microsomal membranes isolated from CGR
overexpressors show enhanced HG methyltransferase activity, providing positive
evidence to support their roles as bona fide HG methyltransferases (Kim et al. 2015).
Whether QUA2, CGR2, and CGR3 work together to methyl-esterify identical HG
substrates, or if they have specific targets that consist of HG subdomains, is
unknown. It is also unclear whether HG is methyl-esterified simultaneously with
its polymerization in the Golgi or if it is methyl-esterified after polymerization,
although addition of SAM during in vitro HG synthesis does not enhance HG
polymerization (Doong et al. 1995).

12.3.2.3 Putative Pectin Acetyltransferases

HG and RG-I acetyltransferases are likely to use acetyl-CoA as a substrate to transfer
acetyl groups to GalA residues. Putative acetyltransferases include the REDUCED
WALL ACETYLATION, ESKIMO, and TRICHOME BIREFRINGENCE-LIKE
proteins (Stranne et al. 2018), although some of these proteins are likely to acetylate
other wall polysaccharides, such as hemicelluloses (Lee et al. 2011; Manabe et al.
2011).

12.3.2.4 Patterning of Pectin Methyl-Esterification and Acetylation

Although the patterning of methyl-esterification is of critical importance for deter-
mining the susceptibility of a given HG molecule to Ca2+-mediated cross-linking or
degradation, it is currently unclear whether HG is synthesized with a stereotypical
pattern of methyl-esterification or if its methyl-esterification pattern is random.
Likewise, the acetylation patterning of pectins has not been fully defined. However,
analogous to xylan, which shows differential binding to cellulose depending on
whether it is acetylated every two or three residues (Grantham et al. 2017), pectic
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molecules are likely to display differential conformations, solubilities, and/or inter-
actions with other wall polymers that depend on their degrees of acetylation and
acetylation patterns (Palmer and Ballantyne 1950).

12.3.3 RG-I Backbone and Side Chain Synthesizing Enzymes

Recently, rhamnosyltransferase enzymes for the RG-I backbone were characterized
(Takenaka et al. 2018), and the GALACTAN SYNTASE (GALS) enzymes, which
are members of the GT92 family, are thought to synthesize the galactan side chains
of RG-I (Ebert et al. 2018). Arabinosyltransferases of the ARABINAN DEFICIENT
(ARAD) family have been linked to the synthesis of the arabinan side chains of RG-I
(Harholt et al. 2006; Harholt et al. 2012). However, how the full suite of
arabinogalactan and galactoarabinan side chains are added to RG-I has not been
completely worked out.

12.3.4 RG-II Biosynthetic Enzymes

A large suite of catalytic activities is putatively required to construct the complex
side chains of RG-II (Mohnen 2008), just as a large number of glycosyl hydrolases
are required to degrade RG-II (Ndeh et al. 2017), making it one of the most
degradation-resistant pectin domains. Only a few of the enzymes required for
RG-II synthesis have been identified, including a glucuronosyltransferase (Iwai
et al. 2002) and two xylosyltransferases (Egelund et al. 2006).

12.4 Pectin Trafficking and Deposition in the Cell Wall

12.4.1 Intracellular Trafficking of Pectins from the Golgi
to the Cell Surface

After synthesis in the Golgi, pectins are thought to be delivered to the cell surface by
vesicles that bud from the medial or trans Golgi cisternae and are transported, either
by active transport or diffusion, to the cell surface; this pathway might also be used
for pectin-modifying enzymes, a few of which have been shown to be exocytose via
a noncanonical secretory pathway (De Caroli et al. 2011; Wang et al. 2016). Recent
work has implicated a kinesin, FRAGILE FIBER 1 (FRA1), in the delivery of
pectins to the cell surface in a microtubule-dependent manner, although interest-
ingly, fra1 mutants do not show obvious defects in the trafficking of CELLULOSE
SYNTHASEs or in cellulose organization, suggesting that the pathways that deliver

500 C. T. Anderson



pectins and CELLULOSE SYNTHASEs might be distinct (Zhu et al. 2015; Zhu
et al. 2018). Likewise, immunoelectron microscopy data have suggested that pectins
and hemicelluloses, which are also produced in the Golgi lumen, bud off from
different Golgi cisternae, suggesting that their trafficking pathways are at least
partially independent.

12.4.2 Exocytosis of Pectins

Pectins are likely to be exocytosed via exocytic machinery that involves the
TRAPPII complex (Rybak et al. 2014) and the exocyst complex (Zhu et al. 2018)
including EXO84b (Rybak et al. 2014) and syntaxins. However, robust characteri-
zation of the entire exocytic machinery that is responsible for delivery pectins to the
apoplast, especially along different developmental stages of the wall, has not yet
been performed.

12.4.3 Pectins as Scaffolds for De Novo Wall Assembly

Pectins are one of the earliest detectable wall polysaccharides to be laid down in the
developing cell plate during cytokinesis, as evinced by immunoelectron microscopy
(Samuels et al. 1995), and might interact with networks of extensins (Cannon et al.
2008) via electrostatic attraction to help construct the initial scaffolding of the
nascent cell wall. The ability of pectins to form gels in the absence or presence of
calcium in vitro and affect the organization of bacterial cellulose synthesis (Lin et al.
2016; Lopez-Sanchez et al. 2017) suggests that pectins might influence how cellu-
lose is initially laid down in the wall during later stages of cytokinesis in plant cells
(Miart et al. 2014).

12.4.4 Initial Interactions between Pectins and Other Wall
Polysaccharides

After delivery to the apoplast, pectins can begin to interact with cellulose. Despite a
large amount of evidence suggesting that interactions between pectins and cellulose
are of low affinity and/or reversible when established in vitro (Chanliaud and Gidley
1999; Zykwinska et al. 2008; Lin et al. 2015), recent NMR (Dick-Perez et al. 2012;
Wang et al. 2015; Phyo et al. 2017b) and binding studies involving the synthesis of
bacterial cellulose in the presence of pectins (Lin et al. 2015; Lin et al. 2016; Lopez-
Sanchez et al. 2017) have suggested that pectins interact closely and extensively with
cellulose in plant cell walls. These findings suggest that pectins might be “forced”
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into interactions with cellulose due to simple proximity, although whether these
interactions are initiated by electrostatic, hydrogen bonding, Van der Waals forces,
or hydrophobicity/hydrophilicity interactions is unknown. It is also currently con-
troversial which parts of pectin molecules are responsible for their interactions with
cellulose; the neutral side chains of RG-I are thought to be major mediators of pectin-
cellulose interactions in vitro (Zykwinska et al. 2005; Zykwinska et al. 2007; Lin
et al. 2015), but GalA residues are also thought to reside in close proximity to
cellulose, although whether these residues are charged or methyl-esterified remains
unclear. The interactions between pectins, which are likely to be at least partially
soluble, and cellulose, which is insoluble after its synthesis, might also resemble the
deposition patterns of minerals that crystallize on insoluble substrates, although this
idea is highly speculative.

Pectins are likely to interact to at least some extent with hemicelluloses, e.g.,
xyloglucans, en route to their exocytosis, although the extent to which these inter-
actions are retained after delivery to the apoplast is unclear. Covalent linkages
between pectins and hemicelluloses, either direct or indirect, have been detected
(Popper and Fry 2005; Popper and Fry 2008), and in some cases both groups might
be attached to proteoglycan cores (Tan et al. 2013). One unanswered question is the
extent to which transglycosylation activity in the cell wall might be responsible for
establishing these linkages, or whether they are established co-synthetically in the
Golgi. Alternatively, it is possible that if pectins are delivered to the apoplast via
trafficking pathways that are distinct from those of hemicelluloses, the first time
pectins might encounter hemicelluloses would be after delivery to the apoplast, in
which case these initial interactions might alter the solubility of one or both binding
partners.

12.5 Pectin Organization and Dynamics in Plant Cell Walls

Upon their deposition into the wall, pectins likely adopt a mesh-like, reticulated
organization at the innermost face of the wall (Zhang et al. 2016), which mirrors the
patterning of isolated pectins as assessed by AFM (Round et al. 2010) (Fig. 12.3a).
RG-II cross-linking is thought to modulate pore size in the cell wall, depending on
boron abundance, which is required to maintain the physicochemical integrity of the
wall (Fleischer et al. 1999). As pectins age in the wall and possibly are extruded into
either the outer surface of the wall or the middle lamella, their conformation, degree
of polymerization, degree of methyl-esterification, level of cross-linking, associa-
tions with other wall components, and organization change (Fig. 12.3a, b).
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12.5.1 Pectin De-Methyl-Esterification and Deacetylation

After delivery to the cell wall, HG can be de-methyl-esterified by proteins of the
PECTIN METHYLESTERASE (PME) family, which form large clades in many
plant species and are differentially expressed in different tissues (Jolie et al. 2010).
PMEs can be inhibited in the wall by PECTIN METHYLESTERASE INHIBITOR
(PMEI) proteins (Wormit and Usadel 2018), which bind to and inactivate PMEs
until a triggering event, such as a change in pH, causes dissociation between the
PMEI and PME. Pectin acetylesterases remove the acetyl groups from pectin
residues in the wall (Philippe et al. 2017).

Fig. 12.3 A conception of what pectins (orange) might look like in the apoplast in relation to
cellulose (blue) in newly deposited (a) and older (b) layers of the cell wall, based partly on FESEM
(Zhang et al. 2016) and metabolic labeling (Anderson et al. 2012) studies. Each panel is
200 nm� 200 nm. In newly deposited walls (a), a gel-like pectin layer might serve as a scaffolding
into which newly synthesized cellulose is laid down, preventing premature cellulose bundling
during growth, whereas in older wall layers (b), cellulose is oriented and bundled after anisotropic
cell expansion, resulting in pectin reorientation and consolidation into less mobile, cellulose-
associated fractions (dark orange) and more mobile, non-associated fractions (light orange) that
might differ in molecular weight due to pectinase activity and degree of cross-linking (Phyo et al.
2017a; Phyo et al. 2017b; Wang et al. 2015)
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12.5.2 Pectins and Wall Mechanics

In vitro, pectins form gels that have low compressive stiffness (Jarvis 1984). Because
they are charged and can form hydrogen bonds with water, pectins are often highly
hydrated in the cell wall and show a high degree of molecular mobility (Dick-Perez
et al. 2012). In this sense, they might facilitate wall expansion by allowing for the
reorientation or sliding of other wall polysaccharides, such as cellulose and hemi-
cellulose, during wall yielding in response to turgor (Cosgrove 2018). Additionally,
pectins might act as spacers that separate wall lamellae and allow them to deform
independently of one another.

Stretches of de-methyl-esterified homogalacturonan can in theory be cross-linked
by Ca2+ ions, forming an “egg-box” structure or some analogously cross-linked
structure that stiffens the cell wall (Peaucelle et al. 2011). However, these
non-covalent Ca cross-links can be remodeled over time as cell wall expansion
proceeds, resulting in continuous breaking and formation of these cross-links (Boyer
2016). Pectin cross-linking can, at least in some cases, override the activity of
expansins (Zhao et al. 2008), which are nonenzymatic proteins that facilitate wall
creep by acting at cellulose-hemicellulose junctions (Wang et al. 2013). Interestingly,
despite the low apparent compressive stiffness of pectins in vitro, the middle lamella in
some cell types shows higher resistance to tensile force than the wall itself (Zamil et al.
2014), suggesting that pectins in the middle lamella confer high tensile strength.

The contributions of RG-I cross-linking by ferulate diesters and RG-II cross-
linking by borate diesters to wall integrity have been hinted at by Nicotiana
plumbaginifolia mutants in which RG-I arabinan and cell adhesion are both defective
(Iwai et al. 2001), and experiments in which boron depletion affects wall thickness and
therefore potentially tissue mechanics (Ishii et al. 2001), but the mechanical roles of
these cross-links during normal plant growth are less well understood.

12.5.3 Pectin Auto-Degradation

Pectins can be degraded in the cell wall by several different classes of endogenous
enzymes (Senechal et al. 2014; Yang et al. 2018). These include polygalacturonases,
which hydrolyze the backbone of HG and can be categorized into endo- and exo-
polygalacturonases; pectate lyases, which cleave HG backbones via β-elimination; and
RG lyases, which cleave RG-I. Presumably, galactanases and arabinanases are able to
degrade the side chains of RG-I, although the specific endogenous enzymes respon-
sible for these activities have not yet been characterized. RG-II degradation requires an
extensive suite of enzymes, many of which have been detected in enteric bacteria
(Ndeh et al. 2017), but not all of which have been identified in plant genomes.

Polygalacturonases have been shown to function in two essential developmental
processes: cell expansion and cell separation (Yang et al. 2018). During cell expan-
sion, polygalacturonases are likely to reduce the ability of HG molecules to cross-
link into mechanically limiting networks, and during cell separation, they are likely
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to degrade HG in the middle lamella to facilitate a loss of intercellular adhesion.
How PG activities are tuned to differentiate between these processes is not currently
clear, although substrate specificity, pH dependence, or differential expression might
all contribute to this tuning. Polygalacturonases have also been implicated in fruit
ripening and softening.

Pectate lyases are less well characterized than polygalacturonases from a genetic
perspective, but their enzymatic mechanism is distinct and depends on Ca2+ as a
cofactor. It is interesting to consider whether the Ca2+ ions required for HG cross-
linking and pectate lyase activity are identical or distinct; if the former is true, it is
possible that de-cross-linking is a prerequisite for HG backbone cleavage by pectate
lyases. The pH dependencies of pectate lyases also differ from that of
polygalacturonases (Marin-Rodriguez et al. 2002).

12.5.4 Implications of Pectin Dynamics for Plant Growth
and Development

Pectins have been implicated in the regulation of cell expansion, tissue elongation,
organ initiation and patterning, fruit ripening, and many other developmental pro-
cesses; this chapter does not go into detail on these topics, which have been nicely
reviewed recently (Saffer 2018). For example, they are likely to function in stomatal
guard cells, where their synthesis, deposition, and modification might modulate the
flexibility and stiffness of the guard cell walls, enabling them both to develop a pore
via partial separation of sister guard cells from one another and to elastically expand
and contract (Jones et al. 2005; Rui et al. 2017; Rui et al. 2018).

12.6 Pectins in Food, Bioenergy, Materials, and Biomedical
Applications

Given their prominence in many types of cell walls, pectins comprise a significant
portion of the gigatons of biomass that plants produce each year via photosynthesis
and are thus a potential source of energy, food, materials, and pharmaceuticals for
human use.

12.6.1 Pectins in Food Applications

By providing soluble and insoluble fiber, pectins enhance the digestive quality of
many foods (Lara-Espinoza et al. 2018). The utility of pectins as gelling agents has
long been recognized in traditional cooking, where pectins, either those that are
already present in the ingredients or those that have been extracted from other
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sources, are used to make jellies, jams, and other gelatinous foods, sometimes via the
addition of Ca2+ and sometimes due to the ability of HG to form gels even in the
absence of Ca2+. Pectins are sometimes intentionally removed by filtration or
enzymatic degradation from fruit-based drinks to clarify them (Patidar et al. 2018),
although the health impacts of this removal are questionable. Modern uses of pectins
in food science include texture control, thickening, emulsification, and stabilization
(Laurent and Boulenguer 2003; Leroux et al. 2003).

12.6.2 Pectins as Bioenergy Feedstocks

Although most bioenergy research involving plant cell walls is focused on the
degradation of cellulose into fermentable glucose (Carroll and Somerville 2009),
because they are abundant in certain food waste streams, such as fruit pulp and peels
(Zema et al. 2018), pectins can also serve as a feedstock for bioenergy production
(Edwards and Doran-Peterson 2012; Jordan et al. 2012). A key hurdle in this effort
of pectin utilization is in the fermentation process, wherein the many different sugars
present in pectins must be efficiently metabolized by fermentative microbes includ-
ing bacteria (Ndeh et al. 2017) or yeast to produce platform chemicals, bioethanol, or
other fuel molecules.

12.6.3 Pectins as Inhibitors of Plant Biomass Processing

Because they are negatively charged, interact with other wall polysaccharides, are
distributed throughout the wall, and contain acetyl groups, pectins are considered to
be inhibitors of biomass saccharification (Biswal et al. 2018b) during biomass
processing due to their ability to bind to and/or block biomass-degrading enzymes.
In addition, due to their role in cell-cell adhesion, pectins increase the energy
requirements for biomass comminution during milling and pre-treatment (Xiao
and Anderson 2013). The manipulation of pectin biosynthetic genes has recently
been shown to enhance biomass saccharification in candidate eudicot and grass
bioenergy crops (Biswal et al. 2018a; Biswal et al. 2015). Acetyl groups released
from pectins in the form of acetate can inhibit the growth of fermentative microbes,
although the primary source of acetate for biomass derived from wood or grasses is
instead the acetylation present on hemicellulosic xylan. The secreted proteomes of
many biomass-degrading microbes contain pectinases, implying that pectin degra-
dation is a pre- or corequisite of the degradation of other wall polysaccharides, and
pectinases can act synergistically with cellulase and hemicellulase enzymes during
enzymatic saccharification (Benz et al. 2014). Despite this evidence, pectinases have
not yet been extensively engineered for increased catalytic activity or mined for
robustness across a range of temperatures and pH levels.
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12.6.4 Pectins as Tunable Biogels and Biopharmaceuticals

The ability of pectins to form gels that can be reversibly formed and whose stiffness
can be altered based on the molecular mass of the polymer, its chemical composition,
and the degree of cross-linking induced in the gel makes them useful in materials
applications where gels are required (Lara-Espinoza et al. 2018). For instance,
combinations of chitosan and pectin have been used to fabricate functional films
with applications in food packaging (see Chap. 14). Pectin gels have been combined
with carbon nanotubes to make a bionic material with high temperature sensitivity
(Di Giacomo et al. 2015). Due to their ability to dissolve slowly over time and form
gels that trap larger molecules, pectins serve as useful time-release excipients for
pharmaceuticals (Lara-Espinoza et al. 2018). Some pectin preparations, including
modified citrus pectin, have been shown to have cytotoxic and anti-migration effects
on cultured cancer cells (Leclere et al. 2013). However, the in vivo effectiveness of
pectins alone on cancer progression in humans has not yet been demonstrated in
clinical trials.

12.7 Concluding Remarks and Future Directions

Although pectins retain large swaths of mystery with respect to their native structure,
synthesis, dynamics, interactions with other wall polymers, and degradation by
plants, microbes, and humans, the “omics” age has ushered in a new perspective
on these enigmatic but exciting heteropolysaccharides. Future work to deconstruct
the structures of single pectin molecules, for example, by tandem mass spectrometry
with single-molecule sensitivity, promises to reveal whether pectins represent a truly
heterogeneous population in which every molecule is its own unique artifact of
nature or whether pectins share commonalities that allow them to act in concert to
perform their functions. These approaches, combined with advances in imaging at
the nanoscale and the ability to manipulate plant genomes at the level of individual
nucleotides, may finally help us unravel the complexity of pectins and engineer them
for uses that will enhance the beauty and utility of the natural world, both for us and
our coinhabitants on the planet.
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