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Molecular insights into the complex mechanics of

plant epidermal cell walls

Yao Zhang?, Jingyi Yu', Xuan Wang’, Daniel M. Durachko®, Sulin Zhang?*, Daniel J. Cosgrove*

Plants have evolved complex nanofibril-based cell walls to meet diverse biological and physical
constraints. How strength and extensibility emerge from the nanoscale-to-mesoscale organization of
growing cell walls has long been unresolved. We sought to clarify the mechanical roles of cellulose
and matrix polysaccharides by developing a coarse-grained model based on polymer physics that
recapitulates aspects of assembly and tensile mechanics of epidermal cell walls. Simple noncovalent
binding interactions in the model generate bundled cellulose networks resembling that of primary cell
walls and possessing stress-dependent elasticity, stiffening, and plasticity beyond a yield threshold.
Plasticity originates from fibril-fibril sliding in aligned cellulose networks. This physical model provides
quantitative insight into fundamental questions of plant mechanobiology and reveals design principles
of biomaterials that combine stiffness with yielding and extensibility.

he primary cell wall physically controls

many key features of growing plant cells,

including size, shape, growth, water/

turgor relations, mechanical strength,

and defense against pathogens (7). Com-
prising three distinctive polysaccharides (cel-
lulose, hemicelluloses, and pectins), the wall is
often organized as a multilayer nanostructure,
particularly conspicuous in epidermal walls
that physically protect and limit growth of
leaves and stems (2, 3). Within individual
layers (lamellae), stiff cellulose fibrils (~3 nm
wide, traditionally called microfibrils) form a
reticulated, noncovalent network aligned in a
common direction that varies among lamellae,
while hemicelluloses bind noncovalently to
cellulose and well-hydrated pectins form a gel-
like matrix hosting the stiff cellulose network.
This cross-lamellate architecture contrasts
with the network structures of soft and highly
stretchable animal skins (4), brick-and-mortar
structures in tough nacres (5), Bouligand (heli-
coidal) structures in impact-resistant cuticles
of crustaceans (6), and many fiber-based bio-
gels (7). Studies of such biomaterials have
revealed how microstructures contribute to
macroscale material properties (7-9), but this
level of structure-function understanding has
not yet been achieved for plant primary cell
walls. An understanding of force distribution,
microfibril movements, and reshaping of wall
structure in response to mechanical forces can
provide molecular insights into the mechano-
biology of plant growth (10-12), responses to
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environmental and biotic stresses (13), and en-
gineering of multifunctional materials (14, 15).
Tensile tests of growing cell walls typically
distinguish reversible (elastic) and irreversible
(plastic) deformations (16-18). These empirical
measurements lack a quantitative framework
to connect macroscale mechanics to micro-
scale responses. The development of this frame-
work has been hindered by uncertainties of
wall structure and by the difficulties of mech-
anical modeling of complex organs with het-
erogeneous cell walls. Here, we focused on the
outer epidermal wall of onion scale as a pri-
mary cell wall with key advantages (79). It can
be isolated as centimeter-wide peels that are
large and strong enough for mechanical test-
ing, yet are only one cell wall thick (~7 um),
offering a simplified material for structural and
mechanical analyses (fig. S1). Imaging by atom-
ic force microscopy (AFM) revealed its cross-
lamellate organization and documented complex
nanoscale motions of cellulose microfibrils dur-
ing stretching and enzymatic loosening (719-21).
To bridge the gap between macroscale mech-
anical behaviors and microscale microfibril mo-
tions, we turned to mesoscale coarse-grained
molecular dynamics (CGMD) simulations. In
contrast to continuum and finite-element mod-
els of cell walls (which generally lack dynamic
polymer behaviors) and atomistic simulations
(which cannot capture wall mechanical behav-
iors because of length-scale limitations), CGMD
simulations encompass molecular-scale behav-
iors with computational efficiency (22). Because
CGMD models lump multiple atomic interac-
tions between molecules, they can simulate
wall-stretching experiments (23), thereby of-
fering multiscale insights into wall mechan-
ics. We combined this modeling approach
with tensile testing of epidermal walls to gen-
erate insights into the microstructural bases

for the complex nonlinear response of primary
cell walls to tensile force. The model simulated
aspects of wall assembly, uncovered the phys-
ical basis for wall plasticity, and revealed the
uneven distribution of tensile stresses within
epidermal walls; these stresses have been hy-
pothesized to modulate cytoskeletal dynamics
and morphogenesis (10-12).

Design and assembly of the model wall

Our model is based on the cross-lamellate
onion epidermal wall (Fig. 1A) (19-2I). Cellu-
lose microfibrils and matrix polysaccharides
(xyloglucan, the main hemicellulose, and ho-
mogalacturonan, the dominant pectin) were
represented by chains of beads tuned to best
estimates of their corresponding physical
properties (24). Homo-bead interaction poten-
tials were set to match the axial and bending
stiffnesses of the corresponding polysacchar-
ides (table S1), whereas interbead interaction
potentials captured the noncovalent binding
interactions between polysaccharides based
on atomistic simulations (table S2) (24, 25).
The full simulation consisted of four lamel-
lae with initial dimensions of 900 nm x
900 nm x 160 nm and with varied cellulose
orientations (Fig. 1). Wall composition matched
that of the onion epidermal wall (24).

To generate a wall-like structure, we initially
placed cellulose microfibrils into a common
orientation midplane of each lamella (Fig. 1B),
mimicking surface deposition by synthase com-
plexes (26) under cellular guidance (27). Cel-
lulose orientations varied among lamellae.
Xyloglucan and pectin chains were randomly
dispersed in the simulation domain, roughly
mimicking the result of exocytosis of matrix
polysaccharides. The system was dynamically
equilibrated, allowing spontaneous movements
and interactions of all polymers. Cellulose mi-
crofibrils within lamellae self-assembled into
coherent two-dimensional networks resem-
bling, to a first approximation, the bundled
cellulose organization observed by AFM (20)
(compare Fig. 1, A and C). In further simu-
lations, microfibril crossover as observed by
AFM was mimicked by dispersing 20% of the
microfibrils within each lamella at a diver-
gent angle (Fig. 1, D to K, and fig. S2). After
equilibration, xyloglucans adhered to cellu-
lose microfibrils as extended chains and ran-
dom coils (Fig. 1, F to K), resembling actual
xyloglucan chains observed in onion walls (28).
Pectins were distributed throughout the space
and made extensive but weak contacts with
cellulose surfaces, consistent with results from
solid-state nuclear magnetic resonance (29),
AFM (19, 20), and binding studies. Cellulose
networks in the four lamellae remained phys-
ically distinct (Fig. 1G). These equilibration
results—based on minimal assumptions of the
physical properties, deposition patterns, and in-
teractions of wall polymers—demonstrate that
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Fig. 1. Assembly of the CGMD model of a plant primary cell wall. (A) AFM image of newly deposited surface of outer epidermal wall of onion scale, showing
the cross-lamellate organization of cellulose microfibrils [peak force error map, 1 x 1 um; after (20)]. (B and C) Microfibril orientation in a single-lamella model before
energy equilibration (B) and after (C), shown at the same scale. (D and E) Top (D) and side (E) views of the four-lamella wall after equilibration, shown at the
same scale. (F and G) Close-ups of top and side views. (H to K) Top views of the four lamellae with varying initial cellulose orientation, shown at the same scale. Scale
bars, 200 nm [(A) to (E) and (H) to (K)], 25 nm [(F) and (G)].

macromolecular morphologies resembling that
of the actual wall can emerge from the col-
lective physical interactions incorporated in
the model.

Influence of cellulose on nonlinear mechanics

We used the model with four lamellae to rep-
resent the polylamellate epidermal wall and to
compare its tensile responses to those of the
actual wall. Cellulose orientations of the lamel-
lae (-15° +45°, -45° +75°) were chosen to rep-
resent the range of cellulose angles while
approximating a net isotropic structure (30).
The structure was stretched uniaxially under
constant-volume conditions; Fig. 2A shows
the stress-strain result. The slope (modulus)
was highly nonlinear (Fig. 2B): initially con-
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stant to ~1% strain, followed by a curvilinear
region of increasing stiffness (increasing slope)
to ~8% strain, and then a region of decreasing
slope. As detailed below, the decrease in slope
results from plastic yielding of selective wall
components. The model’s stress-strain behav-
iors closely recapitulated that of real epider-
mal walls (Fig. 2, A and B, and fig. S2) (I8, 19).
These plots are characteristic of primary cell
walls and are commonly used to assess wall
extensibilities (6-18), although without micro-
structural insights.

Decomposition of wall stress into its com-
ponents (Fig. 2C) (24) revealed that cellulose
microfibrils carried most of the stress, despite
the abundance of pectin and despite the fre-
quent bridging of xyloglucans between micro-

fibrils. This result is consistent with experi-
mental observations that xyloglucanase and
pectolyase digestions negligibly affect the ten-
sile stiffness of onion epidermal walls (21).
Increasing the binding energies between cel-
lulose and matrix polysaccharides negligibly
altered wall stiffness (Fig. 2E and fig. S5),
whereas tuning of cellulose-cellulose inter-
actions modulated stiffness at strains greater
than 6% (Fig. 2F). Strengthening cellulose-
cellulose interactions substantially reduced
plasticity, manifested here as a declining stress-
strain slope above 6% strain, delaying its on-
set to higher stresses. Additional simulations
showed that xyloglucan length, pectin length,
and pectin cross-linking had little effect on
tensile responses, whereas the length, density,
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Fig. 2. Stress-strain behavior of primary cell walls. (A and B) Stress (A) and
modulus (B) as a function of strain, from experimental and numerical uniaxial
tension tests; Ave, average. (C and D) Decomposition of stress-strain response
by polymer (C) and lamella (D). (E) Results of parameter analysis showing

the effect of binding energy (Do3, which governs pectin-pectin, pectin-cellulose,
and pectin-xyloglucan interactions) on cell wall stress-strain response. (F) Effect
of cellulose-cellulose binding energy (Do;) on cell wall stress-strain response.

(G to J) Color-coded two-dimensional maps of stresses carried by individual cellulose
microfibrils in the four lamellae at a cell wall strain of 0.1. Shared scale bar, 200 nm.

and distribution of cellulose microfibrils had
substantial effects (fig. S5). Thus, cellulose-
cellulose interactions dominate the mecha-
nical behaviors of this wall model, consistent
with experimental results (16, 21).

The dominance of cellulose results from its
high axial stiffness, low bending stiffness, and
strong lateral bonding. Together these prop-
erties enable cellulose microfibrils to aggregate
extensively into laterally bonded bundles, form-
ing strong, highly anisotropic planar networks
that directly transmit tensile forces between
microfibrils. In contrast, the entropic flexibility
of matrix polysaccharides resulted in lower poly-
mer stiffness (fig. S6), less stable networks, and
smaller contributions to tensile mechanics.

Stress was greatest in the lamella (-15°) aligned
most closely to the stretching direction, whereas
the 75° lamella carried negligible stress (Fig. 2D).
Lamellae with intermediate orientations de-
veloped small stresses at higher strains. The
—15° lamella stiffened at low strains, whereas at
high strains its stress-strain slope flattened as
a result of microfibril sliding (see below). In con-
trast, the +45° lamellae remained in the stiff-
ening regime throughout the stretching process.

Stress responses were further analyzed by
color-coded maps of microfibrillar stresses at
10% wall strain (Fig. 2, G to J). Stresses were
heterogeneous, with the greatest variability
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in the -15° lamella, which also displayed the
largest total stress and the largest yielding at
high strains. Because the real wall consists of
many lamellae of different cellulose orien-
tations, collectively it appears approximately
isotropic in-plane (30), yet individual lamellae
are highly anisotropic and are predicted to bear
very different stresses upon uniaxial stretch.

Microfibril movements during wall stretching

In simulations of single lamellae with varied
cellulose orientations, we observed five dis-
tinctive cellulose microfibril movements: (i)
straightening, where end-to-end length in-
creased with stretching (Fig. 3A); (ii) curving,
where end-to-end length decreased (Fig. 3B);
(iii) sliding, where aligned microfibrils slipped
past each other (Fig. 3C); (iv) angular reorien-
tation, where microfibril direction changed
(Fig. 3D); and (v) changes in bundling, where
microfibrils altered their lateral associations
(fig. S7 and movies S1 and S2). These move-
ments replicated those detected in AFM analy-
ses of stretching epidermal walls (19).
Changes in microfibril conformation were
analyzed by plotting the average end-to-end
length (L) as a function of strain (Fig. 3E). In
lamellae with large orientation angles (60°
and 90°), microfibrils became more curved as
a result of wall compression transverse to the

stretching direction. In lamellae with small and
intermediate microfibril angles (0°, 30°, and
45°), microfibrils straightened, but this action
ceased at a critical strain when microfibril
sliding began (the transition from solid to
dashed lines in Fig. 3E). This straightening-
to-sliding transition point marks the yield
threshold.

Cellulose reorientation was quantified as
the change of the average orientation angle
(AB) during stretching (24). As expected from
geometry, lamellae with intermediate micro-
fibril angles (30° to 60°) experienced larger
reorientations than those oriented close to 0°
or 90° (Fig. 3F). Collective reorientation was
associated with increased microfibril bundling
at large strains as microfibrils were drawn into
closer proximity (movie S2). For microfibrils at
90, stretching caused microfibril curving but
no net angular change.

Figure 3G shows stress-strain curves anno-
tated to indicate the major modes of micro-
fibril movements during stretching. Microfibril
straightening occurred during lamellar stiff-
ening (increasing slope), whereas microfibril
sliding became dominant at the later stage of
decreasing slope (yielding). The straightening-
to-sliding transition occurred at a larger critical
strain in lamellae with larger initial orientation
angle, but at a similar stress threshold.
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Fig. 3. Distinctive movements of cellulose microfibrils during uniaxial stretching of single lamellae. (A to D) Examples of microfibril movements (highlighted
snapshots before and after movement), illustrating straightening (A), curving (B), sliding (C), and angular reorientation (D). (E) Normalized average end-to-end
length of cellulose microfibrils, Lg/Lgq, as a function of wall strain for lamellae with different cellulose orientations. (F) Change in average orientation angle

AB of cellulose microfibrils as a function of wall strain for lamellae with different cellulose orientations. (G) Wall stress as a function of strain for single-lamella wall
model with various cellulose orientations, annotated to indicate the major modes of cellulose movement.

Energy dissipation and plasticity
We next investigated energy dissipation by
stretching the walls (real and simulated) to the
same stress value twice cyclically and measur-
ing the loading and unloading stress-strain
curves in both cycles. For real epidermal walls
(Fig. 4A and fig. S8), loading and unloading
curves in the first cycle followed different paths,
revealing a large hysteresis and unrecoverable
(plastic) deformation. Hysteresis indicates en-
ergy dissipation, represented by the area be-
tween the loading and unloading curves.
Hysteresis is common in polymeric hydrogels,
although its molecular basis varies in different
materials (31, 32). For the epidermal wall, the
initial slope of the unloading curve was very
steep, 290 MPa in this example, indicating high
elastic stiffness despite the onset of plasticity.
The second loading curve followed a differ-
ent path from the first, whereas the second

unloading curve was nearly identical to the
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first. Subsequent cycles closely resembled the
second cycle, indicating reversibility. This be-
havior contrasts with the progressive soften-
ing observed in animal tissues upon repeated
stretching (33). From these results we distin-
guish two types of hysteresis: The second
(reversible) cycle displays elastic hysteresis,
whereas the first cycle includes an irreversible
component due to plasticity (7).

In the corresponding model, cyclic exten-
sions displayed similar behavior, including
hysteresis and unrecoverable deformation (Fig.
4B). To elucidate the mechanisms underlying
irreversible strain in the first cycle, we followed
the evolution of Lg (straightening) of cellulose
microfibrils as well as their average orientation
B during the loading-unloading cycles. Both Ly
and B in the four lamellae showed small irre-
versible changes at the end of the first cycle
(Fig. 4, C and D, magenta arrows). We estimate
(24) that microfibril sliding made the largest

contribution (~63%) to irreversible extension
of the -15° lamella, with smaller contribu-
tions from permanent microfibril straighten-
ing (~25%) and angular reorientation (~11%).
At larger strains, cellulose sliding may account
for a larger fraction of irreversible deforma-
tion. In the absence of sliding during the sec-
ond cycle, cellulose straightening, curving, and
reorientation were fully reversible. These re-
sults demonstrate coupling of the four modes of
cellulose restructuring as well as different mi-
crofibril motions during loading and unloading.

The difference in hysteresis between the
first and second stretch cycles for the model
clarifies the energy dissipation mechanisms
involved in wall stretching. In the first cycle,
cellulose-cellulose sliding coupled to other
conformational changes underlies irreversible
deformation. Energy dissipation is largest in
lamellae with cellulose aligned in the stretch-

ing direction (fig. S9), where fibril sliding is

4 0of 6

1202 ‘€T AeN uo /Blo Bewasualds aoualds//:dny woly papeojumod


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

A 6 . . ; . .
5 — 1st loading ]
—_ - - 1st unloading "
© ; f
o 4f —2ndloading 0o
= - -2nd unloading "
=3t "
0 "
%] s
£ 2 s
? 4
‘] L P 4
0 ral
0.00 0.02 0.04 0.06 0.08 0.10
Strain
C o0.08 T T : ;
— 1st loading l
0.06} - - 1st unloading 1
— 2nd loading
o 0.04} - -2nd unloading j
:ILLI
1+ 0.02 .
<
O —
-0.02 .
0.00 0.02 0.04 0.06 0.08 0.10
Strain

B 6 : ; . ;

51 — 1st loading |
— = - 1st unloading /
& 4} — 2nd loading (A
s - -2nd unloading //
w» 3r / 1
73 //
2 2t o .
n /

1t g% ]

0 "

0.00 0.02 0.04 0.06 0.08 0.10

Strain
D — ; —
— 1stloading - - 1st unloading
— 2nd loading - -2nd unloadin

)
o
=]
(0]
RS
(<o}
<

$00 0,02 0.04 0.06 0.08 0.10
Strain

Fig. 4. Cell wall stress-strain responses during cyclic loading and unloading. (A) Experimental stress-
strain response of onion epidermal strip (representative result of five trials). (B) Modeled numerical stress-
strain response to strain matching the experimental data in (A) during cyclic loading and unloading.

(C) Change in normalized average end-to-end length (ALg/Lgo) of cellulose microfibrils as a function of strain.
The cyan arrow indicates the region where Lg reaches a plateau and sliding occurs in the -15° lamella.

(D) Change in average orientation angle () of cellulose microfibrils as a function of strain. The magenta
arrows in (C) and (D) indicate the unrecovered Lg and B, respectively, after the first stretch.

greatest. The second cycle exhibits only rever-
sible hysteresis, likely arising from breaking
and reforming noncovalent bonds between
polysaccharides during loading and unload-
ing (movie S2).

Calculations of cellulose bond lengths during
the initial phase of unloading predict substan-
tial elastic contraction of cellulose microfibrils
aligned in the stretch direction, accounting for
80% of the initial wall contraction (fig. S9). This
finding contrasts with a common view that
cellulose is nearly inextensible in primary cell
walls, but it is consistent with the steep slope of
unloading (Fig. 4A) and the high axial stiffness
of cellulose microfibrils (14, 15, 34).

Perspectives and outlook

Our physical model successfully assembled
polysaccharides into a structure with supra-
molecular morphology and complex tensile
behaviors resembling those of actual epider-
mal walls. The model shows how these traits,
common to primary cell walls, may emerge
from the collective elementary physical inter-
actions between wall polysaccharides. Previ-
ous atomistic models simulated component
interactions [e.g., xyloglucan binding to cellu-
lose surfaces (35)], but this approach cannot
reach the length scale needed to investigate
the origins of wall mechanics or cellulose net-
works. In larger-scale finite-element wall mod-
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els (36, 37), cellulose was represented as stiff
rods cross-linked at fixed points by thinner
and stretchier rods, representing xyloglucan.
In yet other studies (38, 39), wall growth was
modeled by continuum equations simulating
insertion of pectins into the wall. Absent from
these models are molecular processes central
to our findings, including bundling and slid-
ing of cellulose microfibrils, entropic effects on
polymer conformations, and dynamic matrix-
cellulose interactions. These realistic polysac-
charide behaviors are enabled by the GCMD
approach. What emerges from these interac-
tions is a dynamic load-bearing network in
which tensile forces are transmitted primarily
through direct lateral contacts between micro-
fibrils, rather than by matrix polysaccharides.

The CGMD simulations offer insights into
the molecular bases of wall elasticity, plastic-
ity above a yield threshold, stiffening at small
strains, reduction in modulus at high strains,
and energy dissipation during stretching. They
clarify the mechanical contributions made by
the three major wall polysaccharides, showing
that complex cellulose movements dominate
tensile mechanics. The results also offer a ra-
tionale for why enzymatic digestion of xylo-
glucan and pectin produced little effect on
tensile stiffness or plasticity (16, 21), contrary to
expectations based on conventional tethered-
network models of cell wall organization (1, 40).

With fewer lamellae than the actual wall and
with polysaccharides simplified to CGMD rep-
resentations, the model’s behavior may differ
from the actual wall in fine detail (e.g., in hys-
teresis and the exact shape of the loading and
unloading curves). Moreover, the actions of
expansins and other wall-modifying proteins
(7) are not part of this model.

In a broader biological context, matrix poly-
saccharides likely influence tensile mechanics
by modulating how cellulose microfibrils as-
semble into networks and by limiting the
action of cellulose-modifying proteins. Micro-
tubule dynamics and other cellular processes
(10, 11, 27, 41, 42) ultimately influence wall
mechanics by controlling patterns of cellulose
microfibril deposition and the resulting net-
work structure. These represent additional
cellular mechanisms that control wall mecha-
nics at a hierarchical level beyond the physical
treatment presented here.

The highly nonlinear stress-strain behavior
of primary cell walls has long been used to
estimate empirical wall extensibilities for growth
studies (16-18). Our results give a clearer basis
for interpreting the meaning of such extensibil-
ities. Cellulose sliding seen here resembles
“slip-stick” deformation of wet wood (43-45),
which also retains considerable stiffness after
plastic yielding. Woody walls substantially dif-
fer from primary cell walls in composition, or-
ganization, and material properties, and their
plasticity has been ascribed to viscous shear-
ing of hemicelluloses between microfibrils
(23, 43, 45). Direct sliding between microfibrils,
as modeled here, may also contribute to the
plastic deformation of woody cell walls, and
this should be a subject of future investigation.

Finally, numerous studies in plant mecha-
nobiology have implicated cell wall stress as
an informational factor modulating micro-
tubule organization and plant cell morpho-
genesis [e.g., (10-12, 42)]. By clarifying how
wall stresses are transmitted at the micro-
scale and distributed within the wall, our study
provides a physical framework for mechanistic
investigations of how wall stresses relate to
microtubule organization. Our results also
clarify the distinctions among wall stress, lamel-
lar stress, and stress in cellulose microfibrils
(which can be two orders of magnitude greater
than wall stress). The ingenious microstruc-
tural and architectural design of plant epider-
mal cell walls suggests ways to engineer strong
and extensible fibrous materials with multi-
functional applications.
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