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The good ol’ days (2011): beta testing HECToR…
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The SossoGroup - what do we do?
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Ice

Ice

• Methodological aspects 

• Cryopreservation 

• Heterogeneous ice nucleation
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Outline

• Ice formation in plants - why do we care? 

• Ice formation through the plants cell wall 

• What’s next?
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Ice formation in plants - why do we care?

• Protecting crops from frost damage

• Enhance cold tolerance for specific plants 

• Cryopreservation of seeds 

• Transfer knowledge to ice formation in animal/human cells

The Guardian, 2021
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Ice formation in plants - why do we care?

• Protecting crops from frost damage 

• Enhance cold tolerance for specific plants

• Cryopreservation of seeds 

• Transfer knowledge to ice formation in animal/human cells

Climate Central, 2024



Edinburgh - March 2026

Ice formation in plants - why do we care?

• Protecting crops from frost damage 

• Enhance cold tolerance for specific plants 

• Cryopreservation of seeds

• Transfer knowledge to ice formation in animal/human cells

Svalbard Global Seed Vault
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Ice formation in plants - why do we care?

• Protecting crops from frost damage 

• Enhance cold tolerance for specific plants 

• Cryopreservation of seeds 

• Transfer knowledge to ice formation in animal/human cells

Cytotherapy 2016, 18 (6), 697–711
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The Micro-scale perspective
• The plant cell wall is a complex, heterogeneous system… 

• We are interested in the middle lamella (the outer layer), as the ice forms in the extracellular domains 

• The middle lamella is (mostly) made of pectin
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The Micro-scale perspective

• Roughly 70% of the pectin in the middle lamella is Homogalacturonan (HG)

• Roughly 5% of the pectin in the middle lamella is Rhamnogalacturonan-II (RG-II) 

• HG is a (mostly) linear polysaccharide

• RG-II is a branched polysaccharide 

• Pectin is a 3D network of polysaccharides 

Comprehensive Reviews in Food Science and Food Safety 2021, 20 (1), 1101–1117
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Cross-linking



Edinburgh - March 2026

The Micro-scale perspective

• HG chains can cross-link to each other (chiefly) thanks to Ca2+ ions

Homogalacturonan (HG) Eggbox model Zipper model CH3 - O COOH-COOH

Ca2+ 

cross-linking

Hydrogen 
bond cross-

linking

HG
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Ice formation
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HG as an ice-nucleating agent (INA)

• As ice formation in plants triggers at rather mild supercooling (~ -5 ºC), there must be something in the plant 
that acts as a ice nucleating agent (heterogeneous nucleation) 

• It is not unthinkable to assume that HG itself can serve as an ice nucleating agent (INA) [*Lip. Bil. analogy] 

• To assess whether that’s the case, we have looked at the emergence of pre-critical ice nuclei in strongly 
supercooled water, by means of molecular dynamics simulations 

• We have considered a number of different HG functionalizations and/or cross-linking topologies

-COO- -COO-, low-density -COOH / -CH3

No sizeable changes in the distribution of the  size of the nuclei
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HG as an ice-nucleating agent (INA)

• HG is very hydrophilic 

• HG is quite happy to accommodate ice nuclei at its interface with water
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HG as an ice-nucleating agent (INA)

• Very active INAs facilitate the preferential formation on these nuclei in their proximity 

• What about HG?

-COO- -COO-, low-density -COOH / -CH3

dmin,com
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HG as an ice-nucleating agent (INA)

• Very active INAs facilitate the preferential formation on these nuclei in their proximity 

• What about HG?
-COO- -COO-, low-density -COOH / -CH3

On these length scales, HG is not a “strong” INA, notwithstanding 
functionalizations and/or cross-linking topologies.

•Large(r) supramolecular motifs might be more active. 
•The morphology of HG might be relevant in the context of ice growth as well
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Ice growth rate - Acclimation

• Cold acclimation (CA): 

- Improves freezing tolerance 

- Reduces the ice growth rate  

- We suspect that acclimation reduces the 
porosity of the cell wall

0.7 mm
10 milliseconds / frame

CANon CA

Non CA CA

• Custom microscope (Tim & Tom)
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Ice growth rate - Ca2+ supplement

• As an alternative strategy to reduce frost damage, we supplemented the plants with extra Ca2+ 

• We found that the content of Ca2+ is inversely correlated with the ice growth rate 

• The more Ca2+ we add, the more HG cross links, thus reducing porosity
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HG porosity & Ice Growth

Pore A Pore B
~ 2 nm

R1 = ~ 2 nm
R2 = ~  3.5 nm

R1 = ~ 3.5 nm
R2 = ~  5.5 nm
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HG porosity & Ice Growth

• Seeded MD simulations of ice growth through HG pores
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ARCHER & ARCHER2

• “The Ice Re-crystallization Inhibition Activity of Pectic Polysaccharides”. Pump-priming application, 2019, 4 
nodes, 24x4=96 CPUs 

• “Understanding the Freezing Tolerance of Plants: The Role of Pectin”. Access to HPC 1 application, 2020, 2 
nodes, 128x2 = 256 CPUs 

• ~1M atoms, fully atomistic classical MD simulations 

• CHARMM36 (HG) + TIP4P/Ice water  

• Even the post-processing is not trivial (custom version of PLUMED [Gareth Tribello, QUB], high-memory nodes 
required) 

• GPU acceleration (ONE GPU /node does it! ARCHER3? 👀)
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*

HG porosity & Ice Growth

<latexit sha1_base64="nFesyUujOhAEWydn0uUWb5kGs1Y="></latexit>

re↵ = �Tbulk�ice,water cos�

(Ts � Tbulk)Lf⇢ice
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• r*eff = critical “effective” radius of the pore, above which the ice can grow through the pore 

• Tbulk = melting temperature in the bulk 
• Ts = actual temperature of the system 
• 𝛾ice = interfacial free energy between water and ice 
• 𝜙 = angle formed by the ice-water interface and the walls of the HG pore 
• Lf = latent specific heat of fusion 
• 𝜌ice = density of the ice phase 
• R1,2 = two principal radii of (mean) curvature characterising the pore

From the Gibbs-Thomson equation:

with:

Ice

HGHG

Water
𝜙
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HG porosity & Ice Growth

*
<latexit sha1_base64="nFesyUujOhAEWydn0uUWb5kGs1Y="></latexit>

re↵ = �Tbulk�ice,water cos�

(Ts � Tbulk)Lf⇢ice

• Computed for the TIP4P/Ice model  

• Qualitatively, 𝜙 ~ 20º 

• Consistent with HG being very hydrophilic
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HG porosity & Ice Growth

• Let’s assume: 

• 𝜙 ~ 20º 

• The HG network (as opposed to a single 
pore) is characterised by a tortuosity 𝜏 
(Bruggeman expression) 

• A cylindrical pore of diameter d

<latexit sha1_base64="8biccDVfJfbUPijnVjo+w7uIoxQ="></latexit>

rnetwork
e↵ (Ts) =

re↵(Ts)p
⌘

= � Tbulk �ice,water cos�

(Ts � Tbulk)Lf ⇢ice
p
⌘

<latexit sha1_base64="G6nQXmkN4idRMJEsySduKhGkyj0="></latexit>

d = 2R = 4reff
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“Effective” critical pore diameter d* as a function of temperature

Porosity
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HG porosity & Ice Growth

• Consistent with experimental pore size 
distribution (orange/shaded region) 

• Strong dependence on the porosity 𝜂 of the HG 
network

Even small changes in terms of HG cross-linking can make 
a difference in terms of ice growth through the cell wall*

* From qualitative results!

• Mutation 

• Cold acclimation 

• Ca2+ supplement 

• And…

Ice

Water
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CA = Cold acclimated

Ice growth rate - “flooding”

CANon CA Ca2+ Non CA CACa2+

• HG (and pectin in general) swells (a lot) in water 

• “Flooding” the cell walls with water swells the HG 

• Swelling increases the porosity of the HG network, 
thus increasing the ice growth rate 

• At the mesoscale, “cryosuction” (e.g., Robert 
Style, ETH)

Original samples

“Flooded” 
samples
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Conclusions

• Biology is complicated (what else is new…) 

• Freezing tolerance in plants seems to be largely 
determined by the extent of ice growth 

• The structural features of the pectin within the cell wall 
have an impact on ice growth 

• There is scope to modify pectin so as to improve freezing 
tolerance 

• Maybe we can leverage some of these findings in the 
context of animal cells/tissues as well 

• Multi-disciplinary efforts are needed! 

• The complexity of the system poses a though 
computational challenge (multi-scale simulations, etc.)
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The story so far…

communications biology Article

https://doi.org/10.1038/s42003-025-07495-0

Understanding pectin cross-linking in
plant cell walls

Check for updates

Irabonosi Obomighie 1, Iain J. Prentice2, Peter Lewin-Jones 3, Fabienne Bachtiger2, Nathan Ramsay1,
Chieko Kishi-Itakura1, Martin W. Goldberg1, Tim J. Hawkins1, James E. Sprittles 3,
Heather Knight 1 & Gabriele C. Sosso 2

Pectin is a major component of plant cells walls. The extent to which pectin chains crosslink with one
another determines crucial properties including cell wall strength, porosity, and the ability of small,
biologically significantmolecules to access the cell. Despite its importance, significant gaps remain in
our comprehension, at the molecular level, of how pectin cross-links influence the mechanical and
physical properties of cell walls. This study employs a multidisciplinary approach, combining
molecular dynamics simulations, experimental investigations, and mathematical modelling, to
elucidate themechanism of pectin cross-linking and its effect on cell wall porosity. The computational
aspects of thiswork challenge theprevailing egg-boxmodel, favoring insteada zippermodel for pectin
cross-linking, whilst our experimental work highlights the significant impact of pectin cross-linking on
cell wall porosity. This work advances our fundamental understanding of the biochemistry
underpinning the structure and function of the plant cell wall. This knowledge has important
implications for agricultural biotechnology, informing us about the chemical properties of plant pectins
that are best suited for improving crop resilience and amenability to biofuel extraction bymodifying the
cell wall.

Unlike animal cells, plant cells are surrounded by a cell wall, which
provides strength and protection, whilst allowing growth1. As well as its
structural role, the cell wall constitutes an important barrier that deter-
mines what can and cannot gain access to the cell. It is porous, allowing
the passage of water and gases but the degree of porosity may vary, and
this is what determines which small molecules are admitted to the cell or
impeded from entry. The primary cell wall of plants is composed of
complex carbohydrates including pectins, cellulose and hemicelluloses
and embedded proteinswith structural and enzymatic functions2. Pectins
are characterised by a galacturonic acid (GalA)-rich backbone and form
covalent links with each other3, resulting in the formation of the complex
3-D structure of the cell wall that governs many properties, including
mechanical strength and wall porosity3–6. The first estimates of cell wall
porosity demonstrated that the wall provided a more significant barrier
to the passage of small molecules than was previously assumed, sug-
gesting that control of porosity could regulate cellular communication7.
Nowadays, understanding and predicting plant cell wall pore size is
critical to plant biotechnology and agriculture. Small cell wall pore sizes
can restrict the entry and efficacy of cell wall-degrading enzymes, such as
cellulases, used by invasive pathogens8, which cause phenomenal crop

losses worldwide9. Conversely, for the same reason, porous walls are
more amenable to biofuel production by the process of
saccharification10,11.

Pectin gelation is affected by cross-links formingbetweenpectin chains
or their sugar side chains. Homogalacturonan (HG) pectins, which repre-
sent the majority of cell-wall pectin, primarily cross-link to one another via
calcium ions (Ca2+) between demethylesterified (DM) carboxyl groups, as
illustrated in Fig. 1. This cross-linking mechanism is thought to lead to the
aggregation of HG chains via the so-called “egg-box” model12,13, although
recentwork14,15 hasput the validity of thismodel intoquestion.Thedegreeof
pectin DM is determined by the action of a large family of enzymes, the
pectin methylesterases (PMEs)16,17 and by numerous PME inhibitors
(PMEIs)18. Demethylesterfied HG can also link to the other pectic domains
and xyloglucans3. Themore complexpectic domain rhamnogalacturonan II
(RGII) chains cross-link to one another via borate diester linkages between
adjacent sugar side chains19. In each case, the degree of cross-linking affects
porosity, i.e., the nanometre to micrometre scale spaces within the wall20.

In this work, we have leveraged a multidisciplinary approach to shed
light onto the mechanism of cross-linking of pectin and to establish a
connection between the structure of pectin and the porosity of the cell wall.

1Department of Biosciences and Durham Centre for Crop Improvement Technology, Durham University, Durham, UK. 2Department of Chemistry, University of
Warwick, Coventry, UK. 3Warwick Mathematics Institute, University of Warwick, Coventry, UK. e-mail: p.h.knight@durham.ac.uk; g.sosso@warwick.ac.uk
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Thanks!
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Intentionally blank
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The Micro-scale perspective

• HG chains can cross-link to each other (chiefly) thanks to Ca2+ ions 

• RG-II chains can cross-link to each other (chiefly) thanks to boron bridgesHomogalacturonan (HG) Eggbox model Zipper model CH3 - O COOH-COOH

Ca2+ 

cross-linking

Hydrogen 
bond cross-

linking

HG RG-II
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The “sensitive to freezing 8” mutant
• Heather found a mutant of Arabidopsis thaliana, sfr8, with reduced cross-linking 

• The facts: sfr8 suffers upon freezing a lot more (compared to the wild type)  

• The hypothesis: sfr8 can link fewer RG-II, which in turn brings the HG chains further apart

wild type
(WT)

“sensitive to freezing 8”
(sfr8)

Before freezing

After freezing
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Homogalacturonan (HG) Eggbox model Zipper model CH3 - O COOH-COOH

Ca2+ 

cross-linking

Hydrogen 
bond cross-

linking

HG cross-linking - the “eggbox” model

• Reduced cross linking ➜ more porous HG network ➜ ice can grow through the cell wall 

• First step: understand HG cross-linking 

• 80% of the literature on HG cross-linking adopts the famous “eggbox” model for pectin 

• In the eggbox model, each link involves a Ca2+ ion, two -COO- groups and two -OH groups
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Homogalacturonan (HG) Eggbox model Zipper model CH3 - O COOH-COOH

Ca2+ 

cross-linking

Hydrogen 
bond cross-

linking

HG cross-linking - the “zipper” model

• We performed extensive, unbiased molecular dynamics simulations of HG cross-linking 

• We found no evidence supporting the eggbox model [*FF] 

• We found that the link involves a Ca2+ ion and two -COO- groups (but not the -OH groups) 

• We call this the “zipper” model
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HG cross-linking - HB & Co.

• There are other mechanisms by which HG can cross link, even without Ca2+ 

• The Ca2+-mediated linkages are the strongest ones, however

Specifically, we have investigated the molecular-level details of HG cross-
linking via molecular simulations, quantifying the energetics of different
cross-linking mechanisms. We have also systematically investigated the
structure-function relationship between the functionalisation of HG chains
and the kinetics of their aggregation. Our results suggests that the venerable
“egg-box” model might not be adequate to describe the Ca2+-mediated
cross-linking in pectin. To investigate the impact of pectin cross-linking on
the porosity of the cell wall, we employed an extended version of the
fluorescence microscopy-based technique pioneered by Liu et al.21. By
visualizing changes in fluorescence from a fluorescently-labelled plasma
membrane over time, wemonitored the dynamics of a quenchingmolecule
to penetrate the cell walls of wild type Arabidopsis thaliana plants and a
mutant that is impaired in cell wall pectin cross-linking. In order to
understand our experimental results, we used mathematical modelling
based on fluid dynamics. Our results are consistent with the experimental
data, provide a rationalisation of the time dependence of the fluorescence
decay in terms of themorphology of the sample and lay the foundations for
the future development of a predictive model - to quantify the porosity and
potentially the tortuosity22 of the cell wall.

Results
Molecular simulations
Theegg-boxmodel ofHGcross-linking is not supported. As themost
abundant pectic domain in plant cell walls is HG23, we focused on
understanding the interactions between HG pectin chains. Our aim was
to elucidate how pectin cross-links at the molecular level—which in turn
might help us to understand the different degrees of porosity within the
cell wall. To do this, we investigated the energetics of each type ofHG-HG
interaction: the main options in this regard are summarised in Fig. 1.
Firstly, we consider the carboxyl groups of GalA, which in most cases we
would expect tofind in their de-protonated form (-COO−), as their pKa is
rather low (around 3.6). In this scenario, two -COO− groups on two
different chains can cross-link via a Ca2+ bridge.

Much of the existing literature suggests that these calcium bridges
involve two hydroxyl (-OH) groups as well. This possibility, illustrated in
Fig. 1, leads to the emergence of the so-called “egg-box” model for pectin
cross-linking14,24,25. Thismodel iswidely accepted amongst plant scientists—
however, it is difficult to resolve experimentally the exact position and—
crucially—coordination of the Ca2+ ions within the cross-linking regions of
HG chains25.

Small-angle X-ray scattering (SAXS) has been previously employed to
investigate the structural details of Ca2+ crosslinking in pectins and
alginates26,27. However, it is important to note that SAXS cannot provide
direct evidence for the egg-box model. Notably, even recent experimental

work on arabidopsis28 cites previous modelling efforts, specifically the work
of Braccini et al.29, as evidence for the egg-boxmodel. Interestingly, Braccini
et al.29 do not advocate the original egg-box model but suggests a “shifted
egg-box” configuration for galacturonate and guluronate chains.

In fact, recentwork has called into question the validity of thismodel in
favour of a “zipper”model24, also illustrated in Fig. 1, which involves the two
-COO− groups only. This deceptively small difference between the egg-box
and the zipper model does actually translate into a rather different config-
uration of theHG chain as awhole—aswewill discuss in greater detail later.

In cases where the carboxyl group of GalA would be found in its
protonated form, it is reasonable to expect some degree of hydrogen
bondingbetween two -COOHgroups belonging todifferent chains,without
the need to involve aCa2+ bridge30. In fact, whilst—in presenceof a sufficient
amount of calcium- the formation of -COO−∥ Ca2+∥ -COO− bridges is the
main mechanism of HG cross-linking, in highly methyl- and /or acetyl-
esterified pectin the cross-linking takes places thanks to hydrogen bonding,
as illustrated in Fig. 1.

Thus, the resulting porosity of the pectin networkwithin the cell wall is
determined by a competition of different HG cross-linkingmechanisms. In
order to assess the stability of these different cross-linking options for HG
chains, we performed metadynamics simulations. The details are discussed
at length in the “Methods” section: in short, metadynamics is an enhanced
sampling computational technique that leverages molecular dynamics
(MD) simulations to reconstruct the free energy profiles relative to one or
more “collettive variables”—in this case, specific degrees of freedom that
describe the cross-linking process. To begin with, we have computed by
means of unbiased simulations (i.e., without applying the metadynamics
method so as not to tamper with the natural time evolution of the system)
the running coordination number forCa2+ inwater (i.e. the average number
of watermolecules to be foundwithin a given distance from theCa2+ ion) so
as to validate the reliability of our computational setup. The result, illu-
strated in Fig. 2a, indicates a rather extended first solvation shell (within 2.5
and 4Å) that contains on average 6.5 ± 0.5 water molecules. This is con-
sistentwithprevious results obtained via theCHARMMforcefield aswell as
first-principles MD simulations31.

Via metadynamics simulations, we have investigated the free energy
gain associatedwith the formationof a single -COO−∥Ca2+∥ -COO−bridge,
which we report in Fig. 2b as a function of both the coordination number of
Ca2+ with water and the coordination number of Ca2+ with any of the four
oxygen atoms belonging to the two de-protonated carbonyl groups (see
Fig. 2d). Our results indicate that Ca2+ is able to fully link with two -COO−

groups only via the “zipper”mechanism discussed above, without the need
to involve -OH groups via the “egg-box”mechanism. The most stable link
involves all the four oxygen atoms belonging to the two de-protonated

Fig. 1 | Different cross-linking mechanisms for HG chains. The different func-
tional groups involved, namely protonated carboxyl groups (-COOH), de-
protonated carboxyl groups (-COO−), methylated carboxyl groups (methyl-ester-
ified GalA) and acetylated carboxyl groups, are highlighted in purple, green, orange
and pink, respectively. Two distinct mechanisms have been proposed for the cross-
linking of HG chains via Ca2+ bridges: the “egg-box” and the “zipper” model. The

egg-box model is commonly found in the literature revolving around pectin cross-
linking, and involves two hydroxyl (-OH, light blue) groups and two -COO− groups.
Here, we put forward the zipper model (which involves two -COO− only) instead—
in light of the computational results discussed in the “Results” section. HG cross-
linking can also occur via hydrogen bonding,most prominently betweenmethylated
carboxyl groups - or even protonated carboxyl groups in very acidic conditions.

https://doi.org/10.1038/s42003-025-07495-0 Article

Communications Biology | �����������(2025)�8:72� 2

• Recent paper under review confirms the 
zipper model!
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HG cross-linking & Cell wall porosity

wild type

“sensitive to freezing 8”

0.25 𝜇m

• Heather found that, indeed, sfr8 cell walls are more porous compared to the wild type 

• SEM images, three different leaves
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HG cross-linking & Cell wall porosity

Quencher molecules 
(trypan blue)

0.25 𝜇m

• Heather found that, indeed, sfr8 cell walls are more porous compared to the wild type 

• Fluorescence measurements: the fluorescence (F) of the dye decreases in time as the 
quencher molecules percolate through the cell wall. The more porous the cell wall, the more 
quencher gets into the membrane (hence the fluorescence decreases faster)

WT/sfr8 Cell Wall

Cell Membrane + 
Fluorescent Dye

(FM4-64)
0.25 𝜇m
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HG cross-linking & Cell wall porosity

0.25 𝜇m

• Heather found that, indeed, sfr8 cell walls are more porous compared to the wild type 

• Mathematical modelling: from basic fluid dynamics, we can model the fluorescence decay in 
time. By comparing WT and sfr8, we can estimate the (relative) porosity 𝜙.
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Quencher molecules 
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WT/sfr8 Cell Wall

Cell Membrane + 
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• No need/evidence for 

“clogging” mechanisms


