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Abstract

In plant tissues, cells are glued to each other by a pectic polysaccharide rich material known as middle
lamella (ML). Along with many biological functions, the ML plays a crucial role in maintaining the
structural integrity of plant tissues and organs, as it prevents the cells from separating or sliding
against each other. The macromolecular organization and the material properties of the ML are
different from those of the adjacent primary cell walls that envelop all plant cells and provide them
with a stiff casing. Due to its nanoscale dimensions and the extreme challenge to access the structure
for material characterization, the ML is poorly characterized in terms of its distinct material
properties. This review explores the ML beyond its functionality as a gluing agent. The putative
molecular interactions of constituent macromolecules within the ML and at the interface between
ML and primary cell wall are discussed. The correlation between the spatiotemporal distribution

of pectic polysaccharides in the different portions of the ML and the subcellular distribution of
mechanical stresses within the plant tissue are analyzed.

Introduction

The mechanical properties of plant tissues differ from
animal tissues since plant cells are encased in a stiff
wall and they are glued together preventing them from
sliding against each other. These traits determine the
unique biological and structural functionalities of plant
tissues. The material gluing adjacent plant cells together
isknown as middlelamella (ML). The ML is a thin layer
of approximately 50 nm thickness that is sandwiched
between the primary cell walls of neighboring cells. It is
distinguishable at light and electron microscopic levels
and its material properties and chemical composition
are different from those of the adjacent cell walls.

The walls of growing plant cells (primary cell
walls) are composed of cellulose, hemicellulose, pectic-
polysaccharides and structural proteins. Cellulose micro-
fibrils are embedded into this network of non-cellulosic
polysaccharides [1—4]. In general, the hemicellulose in
primary walls comprise xyloglucan and arabinoxylan,
the pectic polysaccharides include homogalcturonan
(HG), rhamnogalacturonan I (RG-I) and rhamnoga-
lacturonan IT (RG-II) [2]. Pectic polysaccharides are
complex in nature and thought to form large complex
macromolecules by covalent bonding [5, 6]. In young
and growing plant tissues the ML is primarily composed
of pectic polysaccharides with small amounts of protein.
Cellulose and hemicellulose are absent from the ML

[7, 8]. Immunolabel for these components allows for
ready distinction of the ML from the primary walls in
parenchymatous and collenchymatous cells.

Clear distinction of the ML in tissues with secondary
walls is more difficult. After cessation of cellular growth,
sclerenchymatous cells such as vessel elements and fibers
deposit a thickened secondary wall on the inner face of
the primary wall. The secondary walls are composed of
cellulose and hemicellulose (xylan and glucomannan).
Pectin is scarce and instead lignin rigidifies the wall [2,9,
10]. In sclerenchyma fibers three distinct layers (figure
1(d)) are deposited that can be differentiated by their
distinct arrangement of cellulose microfibrils [11, 12].
The thickness of the secondary wall (up to 13 ym) [13]
typically dwarfs the dimensions of the primary wall
(300 nm~—1.2 ym) [14]. By consequence, the ML join-
ing sclerenchymatous cells with thickened secondary
walls is hardly distinguishable from the relatively thin
primary walls. Therefore, the entire interface material
layer connecting cells with thick secondary walls is
termed compound middle lamella (CML). Even if not
readily distinguishable, the CML corresponds to a tri-
partite layer of two primary wall layers and the true ML
separating them. Lignification of secondary wall layers
actually initiates in the ML and hence the entire CML1is
enriched with lignin [15].

The contribution of the ML to maintaining the
structural integrity of a plant is crucial as it acts as a
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cementing agent that prevents plant cells from sliding
against or detaching from each other. The ML there-
fore controls cell adhesion as well as developmentally
and environmentally triggered cell separation [16-20].
Tight regulation of cell separation is crucial for the
genesis of specialized tissue architecture such as that of
aerenchyma, or for senescence-based organ separation.
Through controlled modification of ML chemistry,
plants can initiate the abscission of flowers, leaves and
roots [18,21,22], as well as the dehiscence of seed pods
for seed dispersal [7], and of anthers for pollen release
[23]. Similarly, the process of fruit softening during rip-
ening and loss of tissue firmness involve the softening
or partial dissolution of the ML [24, 25]. Asan interface
between cells, the ML also helps transferring and dis-
tributing the loads applied to a plant by external (such
aswind and rain) or internal (such as turgor) agents. In
addition, the ML interface accommodates microscopic
intercellular channels, the plasmodesmata, which play
an important role in intercellular communication and
mass transport. Being part of the extracellular matrix,
the ML has to yield and expand to accommodate cell
growth, but how this in-plane expansion happens is
virtually unknown. In the case of unevenly growing
neighbouring cells the ML has the responsibility to
ensure that cell adhesion is maintained despite differ-
ential growth and resulting changes in tissue geometry.
The MLisalso reported to play an important role in the
modification of cell wall chemistry as a defence mech-
anism against pathogen invasion [26,27].

Finally, the ML is also of interest in biotechnologi-
cal applications since the modification of its mechani-
cal properties has for example the potential to increase
biofuel yield from lignocellulosic materials [28]. The
pretreatment that is necessary for the procedure is a
costly process [29, 30] and involves reduction of the
recalcitrance of lignin and hemicellulose, the reduc-
tion of the crystallinity of cellulose and the increase in
the porosity of the biomass [31-33]. The upstream pre-
treament is mainly accomplished by physical treatment
such as comminution of woody biomass into smaller
pieces and/or physicochemical processes such as steam
explosion. For both procedures the cell to cell interface,
or ML, is critical. Evidence is provided by the fact that
shear forces are more efficient in reducing woody mass
particle size than chipping comminution [34]. Shear
forces are likely to separate cells at the cellulose poor
ML, whereas the chipping acts by breaking the second-
ary walls. The mechanics of the shear based commi-
nution can therefore be influenced by modifying the
mechanical properties of the ML, as is also illustrated
by the fact that a lower moisture content makes the
process more efficient [35, 36]. The hygroscopic and
amorphous nature of pectin suggests that it is the ML
material thatis responsible for this behavior. Rendering
the ML material more brittle through modulation of
its biochemistry will therefore be a desirable trait that
would lower the cost of mechanical pretreatment for
biofuel production.
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The biological role of the ML has been described as
early as 100 years ago [37], intercellular adhesion and
separation have been studied extensively [19, 38—40]
and excellent reviews summarize the biological aspects
of this structure [7, 16, 18,41,42]. However, the fact that
the ML represents a distinct physical layer with distinct
material properties has rarely been covered in detail.
Because of its nanoscale dimensions and the formidable
technical challenges associated with accessing the ML
directly, our understanding of this structure is largely
unexplored. This review focuses on our current under-
standing (and the lack thereof) of the ML as a physical
entity. A better understanding of the mechanical behav-
ior of the ML and its ability to distribute stress within the
tissue will improve our ability to analyze the concepts
governing tissue morphogenesis in plant organs [43].

Architecture of the middle lamella

To analyse and predict how a physical structure responds
to loads and forces, its exact shape, dimensions and
material properties must be known. The ML has a
reticulate geometry that consists of flat sheets where it
joins two adjacent cells and 3D corner structures at the
junctions formed by more than two cells. The geometry
of the ML can therefore be characterized by the thickness
of the flat sheet portions and by the shape of the corner
structures (figure 1). At corner junctions the ML can either
fill the available space and thus be typically thicker than
the adjacent flat sheet, or the triangular space can be air
or water filled with the ML lining the space (figure 1(e)).

Depending on the plant species and tissue type the
ML can either be visible without further staining, or it
has to be revealed by staining pectin (Ruthenium Red)
or lignin (KMnOy,) or by immunolabel for pectins.
Both light and fluorescence based techniques as well
as transmission electron microscopy have been used
to perform such labeling [44—47], but only the latter
provides the spatial resolution necessary for measuring
the exact dimensions of the ML. Analysis of published
images in the primary tissues composing the tomato
pericarp, sugar beet root and mature suspension cul-
tured carrot cells showed that the flat sheets of the ML
are typically 50-100 nm thick [46,48-50].

In cells with secondary wall, it becomes essentially
impossibleto distinguish the thin primarywall from the ML.
In such cases, physical parameterization typically uses the
dimensions of the CML, i.e. the layer that comprises all
three—the ML and the two layers of primary cell wall (fig-
ure 1(d)). In the spruce xylem the thickness of the CML
was measured to be 200400 nm in the flat sheets; whereas
atthe corners it measured up to 1200nm [47,51,52].

Biochemical constituents of the middle
lamella

With currently available technologies, it is essentially
impossible to isolate the ML from the neighboring
primary cell wall with the aim to perform biochemical
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Figure 1. (a) Cross-section of a plant stem showing cells with primary and secondary walls. (b) The ML joining the primary cell
walls is characterized by the thickness of the flat sheet portion linking two adjacent cells and by the geometry of multicellular
junctions where the ML is expanded. In 2D sections the junctions are typically tricellular (T7). (c) Different types of molecular
interactions at the PW-ML interface and within the ML (d) The CML joining thick secondary walls in sclerenchymatous tissue. The
secondary walls often display three distinct layers, Sy, S, and Ss. (e) Distribution of pectin at junctions before and after the formation
of intercellular spaces (IS). Before formation of intercellular spaces, the ML in the junction is characterized by de-esterified HG (DE
HG), while the flat sheet ML is characterized by esterified HG (E HG). After the formation of intercellular spaces, the ML lining the
junction is characterized by DE HG whereas unblock-wise de-esterified HG (UB DE) are located at the transition zones between

analyses. Even laser dissection microscopy does not
provide the spatial resolution that would be necessary
to do so. Therefore, our understanding of the
biochemical composition of the ML is largely based
on immunohistochemical studies. These studies have
revealed that the ML consists predominantly of pectic
polysaccharides [7, 53], which are typically synthesised
in the Golgi apparatus and delivered to cell wall by
exocytosis [5,54,55]. The use of antibodies such as JIM5
(specificto partially esterified HG),JIM7 (esterified HG),
LM?7 (non-blockwise partially esterified HG), and
PAMI1 (blockwise partially esterified HG), respectively,
has allowed to determine that in the mature ML the
pectins are partially esterified HG [5, 42, 56-59].
Secondaryion mass spectroscopy (SIMS) and electron-
loss spectroscopy (EELS) have revealed that Ca*" and
calcium pectate are more concentrated at the locations
where the MLlines cell corners with intercellular spaces,
suggesting that low/partially methyl-esterified HG are
enriched at these locations [58, 60]. Based on labeling
with LM7 and PAM1 [61], it can be inferred that the de-
esterification of HG in the ML can be a combination
of blockwise and non-blockwise. This distinguishes
the ML from the primary cell wall in which pectin de-
esterification is primarily blockwise [61, 62]. Another
feature of the chemical composition of the ML located
in cell junctions is the presence of hydroxyproline
rich glycoproteins (HRGPs) [63, 64], proteins that are
common in the primary cell wall. Whether or not other
cell wall proteins such as arabinogalactan proteins
(AGPs), glycine-rich proteins (GRPs), proline-rich

proteins (PRPs), etc [65] are present in the ML s largely
unknown.

The presence of RG-I, recognized by anti-RG-I
serum, in the ML is described by seemingly contradic-
tory findings. In red clover leaf and root tissue, RG-I
was found to be restricted to the ML lining junctions,
with 80-90% label associated with the expanding por-
tion of the middle lamella [8]. In the ML of suspen-
sion-cultured sycamore cells, RG-I was found both at
the flat sheets and junctions [66]. However, studies on
tomato pericarp and potato tuber indicate the presence
of RG-I only at flat sheets but not in junctions [49, 58].
Interestingly, bast fiber development seems to be associ-
ated with significant presence of RG-I as suggested by
presence of LM5 label specific to (1-4)-3-D galactan
[67,68] which is associated with RG-I [49]. Bast fibers
intrude surrounding tissues requiring cell surfaces to
slide against each other [69]. Therefore, while RG-1 is
clearly present in the ML, its spatial distribution may
differ depending on plant species, developmental stage
and cell type. Whether the ML contains RG-II is not
clear [70] and the absence of label for borate-RG-II
complex suggests that it may be entirely absent [71].

The CMLin sclerenchymatous tissue has a polysac-
charide composition similar to the ML in primary tis-
sues, including the presence of HG and RG-1. However,
in addition to these matrix polysaccharides, the CML
also contains significant amounts of lignin [15]. The
lignin concentration can be as high as 50% (w/w), much
higher than that in the adjacent secondary walls were it
rises only to approximately 20% [72].
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Formation of the middle lamella during
cytokinesis

The ML is formed during cytokinesis, when the
cytoplasm of the mother cell is divided into two
daughter cells by the newly forming cell plate. The cell
plate is formed from HG pectin containing vesicles
that fuse at the equatorial plane of the cell [41,73,74].
The vesicles are delivered to this region by the
phragmoplast, a cytoskeletal array that controls the
spatial arrangement of the initiating cell plate in the
center of the cell and its subsequent radial expansion
until it connects with the mother cell wall and
separates the two portions of the cytoplasm [75]. The
expanding cell plate is not immediately constructed
as a solid structure but starts out as a fenestrated
network that gradually fills any gaps until a smooth
cell wall layer is formed [74]. When and how during
this process the ML is differentiated and becomes
biochemically distinct from the adjacent primary
cell wall layers is not well understood [7, 12,41, 74].
Studies on cell division in the root apical meristem
suggest that the ML proper is only recognizable once
the cell plate has expanded sufficiently to connect with
the parental cell wall and cell wall polysaccharides
are deposited on both sides of the mature cross-wall
[76]. This is mainly based on electron microscopical
studies of growing tissue stained by PATAg (periodic
acid-thiocarbo-hydrazide-Ag proteinat), an agent
that has non-specific affinity for polysaccharides. The
differentiated ML is intensily marked by this stain,and
a PATAg based distinction between the ML and the
adjacent primary wall layers does typically not occur
before the cell plate is inserted into lateral walls of the
mother cell.

Immunohistochemistry for callose, cellulose,
hemicellulose, pectin, and structural proteins has
allowed to establish a more detailed timeline of cell
plate differentiation [74]. Formation of the cell plate
is accompanied by the appearance of methylesteri-
fied HG, and arabinogalactan protein throughout
the plate [55, 76, 77]. During maturation of the cell
plate, methyl-esterified HG is gradually de-esterified
through the action of pectin methyl-esterase (PME).
This process is either more rapid or more pronounced
in the ML compared to the adjacent primary walls as
evidenced by immunohistochemistry and PATAg stain.
In presence of Ca?*, the de-esterification of HG leads
to stiffening of the pectin material, suggesting that this
configurational change is an important process dur-
ing ML differentiation. In the ML of mature cell walls
there isalso an abundance of RG-I, which is not yet pre-
sent during the formation of developing cell plate and
whose deposition must therefore occur during later
stages of maturation [8]. Taken together, it is reason-
able to propose that the newly forming ML material is
initially soft and neutral in nature, but during matura-
tion becomes negatively charged and stiffened through
ion linkages.

M Shafayet Zamil and A Geitmann

Mechanical properties of the middle
lamella

Because of its pectin rich nature, one might assume
that the ML is a relatively weaker material compared
to the cellulose rich, adjacent primary cell wall.
However, in experimental tests in which living plant
tissues were mechanically stretched, fracture upon
material failure typically occurred within the cell wall
material rather than at the ML [38,78]. Zamil etal [79]
speculated that the reason for this fracture pattern may
be geometrical rather than mechanical. As the ML does
not form a straight line across the tissue (figure 2(a)),
the tensile load applied to a strip of epidermis tissue
does notact perpendicular to most of the ML interface,
but instead exposes most sections to shear forces that
might less easily lead to fracture. Moreover, other
structural features such as cell shape, size and tri-
cellular junctions complicate the overall mechanical
behavior. To avoid the complicating geometry of the
multicellular tissue, a set of novel test protocols was
designed in which material strips of subcellular size
were excised. This geometrically simple test strip only
consisted of the primary walls of two adjacent cells
separated by a single straight line of middle lamella
(figure 2(b)). To measure the behavior of the wall in
dry state, samples were first precisely cut using a focused
ion beam (FIB) and mounted onto a tensile testing
device designed using microelectromechanical system
(MEMS) technology. The samples were glued to the
MEMS device by FIB-assisted platinum deposition
and subsequently stretched till fractured (figure 2(b)).
For samples in hydrated state, cryotome sectioning
of the frozen sample was performed. The thawed
samples were then mounted onto the MEMS device
using cyanoacrylate glue and stretched till fracture
(figure 2(c)). Remarkably, in both dry and hydrated
state, the excised subcellular strips fractured within
the primary wall region, not at the ML [79, 80]. Since
geometrical complications were eliminated in this
experimental set-up, the results confirm that the ML
is as strong as, if not stronger than the primary cell wall
material. This is consistent with the emerging role of
pectin as a major load bearing network in plant cell
walls [81,82].

Taken together, biochemical and mechanical test-
ing have clearly evidenced that the ML is a material that
is distinct from the adjacent primary cell walls (PW).
It is therefore interesting to zoom in and focus on the
interaction between the two materials (figure 1(c)).
In studies on ML mediated cell separation, generally
no distinction is made whether the actual separation
of two cells occurs through degradation of the ML
layer proper or by detachment of the bonding at the
PW-ML interface [16]. In cell-to-cell adhesion assays,
the activity of cell wall modifying enzyme PME, which
de-esterifies HG promoting Ca*" mediated gelation/
material stiffening, holds a dominant place [41, 61, 83,
84]. The downregulation of PME in tomato and the
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Figure2. (a) Onion epidermal tissue showing serpentine lining of ML across the sample. (b) Fundamental steps of middle lamella
sample preparation using focused ion beam (FIB) technique. (c) Major steps of ML sample preparation using cyrosectioning
technique. Images of (b) are reproduced from figures 3(b) and (d) of Zamil et al [ 79], and the left image of 2C is from figure (a) of

overexpression of PMEI (pectin methyl esterase inhib-
itor) in Arabidopsis are reported to affect cell-to-cell
adhesion [85]. Furthermore, the contribution of polyg-
alacturonases (PGs) in intercellular adhesion [86—88]
and in cell separation [89-91] is well documented. In
the context of the present review, it must be taken into
consideration that both PME and PGs also affect the
primary cell wall and a direct conclusion from a defect
in cell-to-cell adhesion to potentially altered mechani-
cal properties of the ML is therefore not possible.

The concept that separation at the interface rather
than ML degradation is involved at least in some cases
is supported by the observation that during cell separa-
tion endo-(3-1,4-glucanase gets activated [92,93]. This
enzyme degrades cellulose and hemicellulose (xyloglu-
can) which are enriched in the PW and absent in the
ML [8,94]. In conclusion, cell separation can likely be
accomplished either through dissolution of the pectin
components of the ML or through the disintegration of
the molecular interactions at the ML-PW interface. The
challenge is to find out which of the two mechanisms is
involved in any given case. While evidence for cellulose
and hemicellulose digestion in cell separation suggests
that bonds at the PW-ML interface are concerned, the
inverse is harder to prove conclusively since pectins,
the major component of the ML, are also present in the
PW. A selective experimental treatment of the ML that
leaves the PW unaltered is therefore more challenging.
However, the abundance of non-blockwise de-esteri-
fied HG at the tricellular junction ML and its absence in
the PW [61] may offer avenues for experimental strate-
giesand so may the differing patterns of non-blockwise

and blockwise de-esterification during developmental
stages [58,61].

Molecular interactions at the PW-ML
interface and within the ML

At the PW side of the PW-ML interface the molecular
composition comprises cellulose, hemicellulose,
pectin and structural proteins. These molecules have
to link to the ML, which is predominantly composed of
pectin with small amounts of protein. Multiple types
of molecular interactions are conceivable between
these two layers (figure 1(c)). The first type are Ca*"
mediated ionic interactions that could link ML pectins
to PW pectins. When the HG backbone of pectin is
only partially or scarcely esterified, Ca®" ions can
cross-bridge the negatively charged polymers. This
mechanism is considered to be the main contributor
of strength to the pectin network in the PW and ML
[7,16,39,81].Fromastructural point of view, the exact
conformation of the pectins forming Ca®" bridges
is not well understood. Recent cell-to-cell adhesion
models consider pectin to be a giant macromolecule,
in which RG-I is the backbone and HG and RG-1I are
side chains [27, 95]. These authors propose that at
the PW-ML interface the main backbone of pectin is
strongly impregnated into or attached to the PW and
the side chains branch into the ML to participate in
Ca*" mediated bridges. The second type of molecular
linkages are hydrogen bonds that may mediate
the interaction of ML pectin to the cellulose and
hemicellulose of the PW. Pectin is reported to strongly
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interact with both cellulose [96,97] and xyloglucan [98].
The third type are ester linkages assisted by phenolic
compound ferulic acid between ML pectin and PW
xyloglucan. Cell separation studies on Chinese water
chestnut, asparagus and sugar beet suggest that ferulic
acid moieties crosslinking the arabinose of RG-I and
the xylan backbone of arabinoxylan (hemicellulose)
may play important roles in cell-to-cell adhesion
[16,26,99]. The fourth possible type of interaction are
non-covalent interactions between proteins of the ML
and pectin and proteins of the PW [16].

Within the ML only two of the four types of molec-
ular interactions mentioned above are likely to be
present: type 1 (pectin—pectin interaction) and type
4 (protein—pectin and protein—protein interactions)
(figure 1(c)). Ca®" based cross-bridging of low esteri-
fied HG in the ML is well documented in the literature,
and considered as the main mediator of its strength
[19, 83, 100]. However, the nature of pectin-pectin
interaction in the ML might be different from that
at the PW-ML interface, since RG-II is absent in the
ML, whereas it is present in the PW pectin [101-103].
The mechanical properties of the ML seem also to be
influenced by the arabinan sidechain of RG-1 [104].
The arabinan side chain might restrict HG cross-links
[105], which is important to maintain fluidity of the
constituent macromolecules in the ML. The protein—
protein interactions in the ML might also be different
from those at the PW-ML interface. In the ML, only
the HRGPs can interact with each other. However, as
the PW contains a wider variety of proteins and glyco-
proteins [106], the protein—protein interactions at the
PW-ML interface might be quite diverse.

The strength of the ML may actually originate from
the covalent bond strength of the pectic-polysaccharide
backbone. The thickness of the ML is so small that a
single pectin macromolecule might traverse the entire
layer and directly couple the PW of two adjacent cells
[16] (figure 1(c)). Should this be the case, the backbone
of traversing pectin molecules determines the mechani-
cal behavior. In other words the ‘covalentbond’ within
the pectin backbone would play a vital role in strength-
ening the ML if both ends of the molecule are embed-
dedinto therespective PWs. This is a realistic possibility
since at least some pectins are found to be covalently
linked to the XG of the PW [98, 107]. Further support
for the role of covalent bonds is provided by the obser-
vation that treatment with chelating agents rarely leads
to full cell separation [7], and that sometimes calcium
or ester based bonds may not be the main mediator of
cell-to-cell adhesion [101].

Mechanical characterization of the middle
lamella

To retain the structural integrity of the plant tissue when
it is subjected to internal or external loading, the ML
must possess normal (perpendicular to the direction
of applied force) and shear (parallel to the direction of

M Shafayet Zamil and A Geitmann

applied force) resistance. Understanding how the ML
responds to these different types of forces is important.
Given that the ML is a bio-polymeric material layer,
the characterization of its mechanical properties also
needs to consider time dependent behavior such as
stress-relaxation (behavior under constant rate of
deformation) and creep (behavior under constant
load).

Because of extreme technological challenges associ-
ated with the thin dimensions of the ML, the mechani-
cal characterization of this structure in isolation is
essentially elusive. The most direct characterization has
been done using the pioneering techniques described
above [79,80],in which the sample strip contains a sin-
gle line of ML attaching two adjacent fragments of cell
wall. The rationale behind the original design of this
experimental test was that the primary cell wall frag-
ments were expected to be much stiffer than the ML
material given the presence of cellulose and xyloglu-
cans in the former [108]. Application of tensile stress
on the strip was therefore expected to primarily stretch
the ML material and the measured mechanical proper-
ties would reflect those of the ML. Since this assump-
tion turned out to be erroneous and fracture occurred
within the PW material, not the ML, these experiments
did not allow to quantitatively characterize the ML
proper. However, it should be noted that the experi-
ments described by Zamil et al were performed on
onion epidermis, a tissue with extremely tight adher-
ence between cells. A different type of tissue or plant
species in which the PW is tougher than the ML will
therefore have to be found to obtain meaningful values
from these experiments.

To interpret the mechanical behavior of the ML
based on the tensile testing of PW-ML-PW samples,
mathematical or finite element analysis (FEA) based
computation modeling is required. Only advanced
modeling techniques can capture the complexity of
the experimental data which comprise the combined
behavior of the PW, the ML and the PW-ML interface
and their 3D geometry. FEA is a numerical method that
serves to find an approximate solution to a complex
problem. FEA subdivides or discretizes a large, com-
plexstructure into smaller, simpler elements, which are
connected to each other by nodes. The equations that
represent these simple elements are then assembled into
alarger system of equations that provides an approxi-
mate solution for the entire problem. The capability of
discretizing a very complex geometry or domain makes
FEA extremely powerful for systems for which an ana-
lytical solution is impractical or impossible. Originally
developed for engineering disciplines, FEA has found
application in remote disciplines such as plant biology
[109-114].In biological applications, FEA models can
be employed to understand how an observable biologi-
cal phenomenon, say morphology, can be explained
by physical and mechanical behavior of tissues or cells
and their interactions at different length scales [115].
The particular usefulness of these models is their
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ability to make quantitative and experimentally verifi-
able predictions. In the context of the ML, one could
envisage modeling the mechanical behavior of the PW-
ML-PW structure using specific definition of material
properties characterizing the PW and ML as well as the
interaction between them. The predicted mechanical
behavior under various types of load conditions can
then be validated experimentally. This kind of inverse
methodology has been used successfully for the struc-
turally analogous system of a multilayer contruction
material behavior glued by adhesive [116, 117]. FEA
modeling would also allow calculating how the over-
all mechanical behavior of the tissue changes when the
properties of selected locations such as tricellular junc-
tions are altered. In other words, an FEA computational
model allows to investigate the effect of a micron-scale
spatial variation in mechanical properties on the entire
tissue or organ.

Compared to the ML of tissues with primary walls,
the CML in tissues with secondary wall might be more
amenable to experimentation. One of the reasons is that
cells with secondary walls can simply be sectioned as the
cells are dead and the tissue is very stiff. Studies using
atomic force microscopy on horizontally sectioned
wood fibers revealed that the CML is not as stiff as the
adjacent secondary cell wall material [118, 119]. How-
ever, it has to be noted that in these samples the ML
cannot be distinguished from the PW and thatboth are
lignified. The mechanical behavior of the CML in wood
tissue is therefore likely to be very different from the ML
in the onion epidermis. Also, it is important to note that
indentation based techniques are conceptually differ-
ent from tensile tests. The material is compressed by a
small stylus, a force application that would be relevant
to deduce the behavior of a wooden stem under the
compressive load of its own weight, but not necessarily
to understand the capacity of the ML to hold the cells of
a tissue together against tensile and shear stress.

Relating the spatiotemporal distribution of
pectin to mechanical stress distribution

The MLin plant tissues showsa very specific distribution
of esterified and de-esterified HG both at tissue, cell
and subcellular level [58, 120, 121]. This is considered
to be developmentally important since cell and tissue
morphogenesis are controlled by HG chemistry [84].
In the ML the spatial distribution is well defined and
changes with the developmental stage of the tissue
(figure 2(e)). Studies using monoclonal antibodies
JIM7, JIM5, LM7 and PAM1 showed that esterified
HG is ubiquitous throughout the whole ML domain,
whereas de-esterified HG is concentrated at the tips
of tricellular junctions displaying intercellular spaces
and it is absent from flat sheets [48, 61, 121]. Electron
energy loss spectroscopy (EELS) and secondary ion
mass spectroscopy (SIMS) revealed similar trends
for the abundance of Ca’" with an enrichment
at the ML in tricellular junctions [58, 60, 122].
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Thisis consistent with the notion that in these locations
Ca’" mediates bridging of de-esterified HG, leading
to stiffening of the material. Within the tricellular
junctions the distribution of de-esterified pectins
is quite intriguing. Blockwise and non-blockwise
de-esterified pectins form a very specific pattern
of arrangement, which differs before and after the
formation of intercellular space [58, 61] (figure 1(e)).
The difference in mode of de-esterification (blockwise
versus non-blockwise) is known to influence the
material and physical properties of cell wall material
[123] and the same s likely to be true for the ML. Before
the formation of intercellular space in cell junctions,
non-blockwise de-esterified HGs are enriched in the
center of the junction, the location where maximum
stress would be expected in a tissue consisting of cells
under hydrostatic pressure. As the intercellular space
develops, the non-blockwise de-esterified HG gets
concentrated at the tips of the wedge like regions
joining the neighboring cells (figure 1(e)). In this tissue
geometry the stress is indeed concentrated at these
locations due to the formation of intercellular space
[40]. The flat sheets on the other hand maintain their
relatively high degree of methyl-esterification. This
suggests that the ML in the flat sheets isless stiff, possibly
to provide a cushioning effect for plasmodesmata
exposed to shear, while the stiff ML at the junction tips
ensure that the cells do not detach despite increased
tensile stress in these regions. While this remains
a hypothesis, it is well established that mechanical
forces from internal and external loads and resulting
stress distribution can lead to strategic subcellular
and tissue scale stiffening or loosening of materials
and that morphogenesis is influenced by mechanical
load conditions [124-126]. The observed spatial
distribution of pectins in the ML is therefore consistent
with the role of this polymer as stress-bearing in certain
portions of the apoplast [127].

Conclusion

From both biophysical and biochemical perspective
the ML plays a crucial role in the plant’s structure
and function. To date, most of our understanding of
the ML stems from the study of cell-to-cell adhesion
and separation. From immunohistochemical studies,
we have a rich set of data showing the presence and
distribution of different types of pectin and other
polysaccharides in the ML forming flat sheets and
corner junctions. While it is known that these spatial
variations are tightly regulated both in time and
space, our understanding of how the macromolecular
distribution and interactions lead to specific
mechanical behavior within the ML material or at the
PW-ML interface is very limited. Filling this knowledge
gap will require monitoring agents able to change the
degree of linkage between polysaccharides such as
Ca”" jons. Technologies such as SIMS and solid-state
nuclear magnetic resonance (NMR) spectroscopy
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will therefore likely serve as important tools in future
research. Furthermore, cell adhesion assays will
need to pay more attention to the specific action of
the agents used, so that their effects on ML and/or
PW-ML interface can be distinguished. More structural
biochemical information will also help us understand
the mechanisms that enable the in-plane expansion
of the ML during cellular growth. The experimental
characterization of the ML as a distinct layer will remain
a challenge due to its nanoscale size and complex
molecular composition. New experimental systems and
protocols clearly need to be explored. Computational
modeling will be an important tool to complement
data obtained from molecular characterization and
mechanical testing. Lastly, it is important that the
ML is considered as a separate layer with distinct and
precisely defined distribution of material properties,
which will give us new insight into the manner in
which cells coordinately grow in a multicellular system
and how structural integrity is maintained at size and
organizational scales ranging from cellular to tissue and
organ.
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