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Salicornia europaea, a salt-tolerant halophyte, exhibits dynamic cell wall remodeling
under salinity stress, offering a valuable model for understanding biopolymer
adaptation and sustainable biomass valorisation. This study investigates how
increasing NaCl concentrations (0, 200, 400, and 1000 mM) alter the composition
and mechanical behaviour of key cell wall polymers cellulose, pectin, and lignin in
an inland S. europaea population. Using atomic force microscopy, fluorescence-
based imaging, pectin immunolocalization and polarized light microscopy, we

demonstrate that salinity drives tiered changes in polymer deposition and stiffness.

Optimal salinity (200-400 mM) induced cell wall softening, linked to reduced
cellulose deposition and increased pectin methylesterification, which facilitate
turgor maintenance and expansion. Lignin composition shifted toward syringyl-rich
polymers, promoting elasticity and enhancing apoplastic water flow. At extreme
salinity (1000 mM), cell walls exhibited reduced flexibility and altered lignin
monomer profiles, favoring p-hydroxyphenyl units as a cost-saving adaptation. These
biochemical shifts were accompanied by a spatial reorganization of tissue

birefringence.

By mapping polymer-specific responses to salinity, we provide a mechanistic
framework for optimizing cell wall composition in S. europaea to enhance functional
value. Our findings support the targeted cultivation of halophytes for applications in
functional foods, plant-based therapeutics, and more efficient biofuel feedstocks

under saline agriculture.

Key words cell wall remodeling, AFM, nanomechanics, pectin, cellulose-lignin,

polarized light, salinity-compartmentalisation, industrial applications
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Introduction

Salicornia europaea L., commonly known as glasswort, is a halophytic plant
that thrives in saline environments such as coastal marshes and salt flats. Its
ability to survive in extreme salinity conditions has made it a focal species for
studies on plant adaptations to abiotic stress. Salinity is one of the most
significant environmental factors limiting plant growth and productivity, as it
induces osmotic stress, ion toxicity, and oxidative damage!. Plants like S.
europaea have developed unique strategies to cope with these stressors,
including changes to their cellular structure and biochemical pathways. The

plant cell wall, as the first barrier between the plant and its environment,
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plays a critical role in these adaptive responses2. The primary cell wall of
growing plant cells is a dynamic and adaptable structure that balances
strength with flexibility 3. It expands irreversibly during growth through
tightly regulated mechanisms that can respond within minutes. Shifts in
apoplastic pH activate wall-loosening proteins like expansins 4>, enabling cell
wall remodeling under salinity. Recent in situ studies show finely regulated
spatial and temporal variation in wall polysaccharides, even within single wall
layers, revealing microscale heterogeneity crucial for localized stress

adaptation 3.

The composition and nanomechanical properties of the cell wall represent a
critical, yet frequently overlooked, aspect of a plant’s adaptive response to
stress 6. The plant cell wall is a dynamic structure that maintains integrity,
regulates growth, and resists stress. Its main components—cellulose, pectin,
and lignin—drive its mechanical and functional properties 7. Salinity induced
modifications in these components significantly influence the plant's ability to

endure stress conditions and maintain structural stability 2.

Cellulose, the most abundant polysaccharide in the plant cell wall, provides
tensile strength by forming micro-fibrils embedded within a matrix of
hemicellulose and pectin. Studies have shown that salinity stress can lead to
alterations in cellulose rigidity, potentially affecting the structural integrity
of the cell walls 9. These changes may influence cell expansion and flexibility,

impacting overall plant resilience.
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Pectins, another major component of the primary cell wall, are complex
polysaccharides that include homogalacturonans (HGs) as well as
rhamnogalacturonans (RG-I and RG-II). Galacturonic acid (GalA) is the main
sugar in the backbone of all three classes of pectins, and its carboxyl groups
can be methyl-esterified. These methyl groups can hinder Ca?*-mediated ionic
cross-linking, thereby influencing cell wall porosity, adhesion, and mechanical
flexibility. Pectins are categorized based on their degree of methylation into
high- methylesterified (HM-HG) and low- methylesterified pectins (LM-HG),
both of which contribute to the cell wall’s dynamic properties. Salinity stress
can alter the degree of pectin methylation, influencing the elasticity and
plasticity of the cell wall, which in turn impacts the plant’s ability to withstand

osmotic stress 10,

Lignin is a complex aromatic polymer that strengthens secondary cell walls,
enhancing structural support and stress tolerance. Under saline conditions,
shifts in lignin composition—particularly in S, G, and H monomer ratios have
been reported in several plant species and are considered part of adaptive
mechanisms to maintain wall integrity !!. Hydrophobic lignin not only
strengthens cell walls but also contributes indirectly to mineral transport by
forming apoplastic barriers that regulate water and solute pathways, while
limiting water penetration and transpiration. This helps to maintain osmotic
balance and membrane stability during high salt stress 12. In Salicornia
bigelovii, increasing salinity has been shown to reduce lignin content in stems

and seed spikes 13. The S/G and H/G ratios are key indicators of lignin
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composition, with S and G units forming the polymer backbone through labile
B-O-4 linkages 14. G-rich lignin has more C-C bonds via its reactive C-5
position, promoting condensation, whereas a higher S/G ratio favors longer,
more linear chains and a more open matrix 15. Elevated H content is linked to
lower molecular weight, reduced cross-linking, and weaker structures.
Although the functional role of H/G ratios under salinity remains
underexplored, lignin heterogeneity supports the plausibility of H/G-driven

structural modulation 11,16,

Such compositional characteristics have direct implications for industrial
applications: lignin with higher S/G ratio is more amenable to enzymatic
hydrolysis, enhancing saccharification efficiency for bioethanol production 17-
20, while tailored lignin profiles can also improve the extraction of bioactive
compounds for pharmaceutical use and enhance functional properties
relevant to food formulations. In a previous study on a high salt-tolerant S.
europaea population, an elevated S/G ratio was observed at optimal salinity
(=400 mM), while extreme salinity reduced S units, highlighting salinity’s
impact on cell wall composition and its relevance for food, pharmaceutical,

and biomass applications?.

Beyond cell wall polymer changes, polarized light microscopy (PLM) is a
valuable tool for analyzing salt-induced birefringence in plant tissues. Here,
PLM was used to visualize birefringence patterns linked to cell wall

organization 21, In the context of S. europaea, birefringence signals offer a
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non-destructive means to detect structural changes that may be influenced
by saline environments. Although PLM does not directly detect salt crystals,
it offers an indirect way to assess salt-induced structural organization at the
tissue level. Combining PLM with techniques such as Raman
microspectroscopy or cryo-SEM/EDS could further clarify the mechanisms
behind these patterns, shedding light on Salicornia’s adaptation to extreme

salinity.

S. europaea populations exhibit different performance under salinity, often
linked to their geographical origin and local environmental conditions 2223,
The S. europaea inland population from Ciechocinek, located in a natural
brine region of Poland, represents an isolated population of particular interest
due to its distinct physiological performance under salinity, differing from
other reported populations, including the Inowroctaw population located
approximately 40 km from Ciechocinek, as well as from other studied German
populations 22425 Investigating the underlying mechanisms of this particular
population could provide broader insights into different plant adaptation

strategies under saline conditions.

Halophytes respond to salinity through structural and biochemical
adjustments, including cell wall remodeling of pectin, cellulose, and lignin,
which supports mechanical stability and osmotic regulation across species
223,26, However, little is known about how these responses vary among

ecotypes, especially in inland S. europaea under different salinity regimes.
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Previous studies have characterized a “typical” remodeling strategy marked
by early wall softening and S/G shifts in Inowroctaw Polish population 2 .
Whether all populations follow this model or show ecotype-specific strategies
remains unclear. Here, we examine the Ciechocinek population from Poland,
which thrives under higher, stable salinity, to quantitatively assess its

remodeling trajectory under increasing salt stress.

This study was aimed to examine how salinity impacts the composition of
lignin, pectin, and cellulose in the cell walls of an isolated S. europaea inland
population from Ciechocinek, how these changes correlate with the
mechanical properties of cell walls particularly Young’s modulus (£) as a
measure of stiffness and how intracellular salt accumulation patterns evolve
under saline conditions, as visualized through polarized light microscopy. By
analysing the impact of varying salinity levels on these structural components,
this research sought to elucidate how cell wall modifications contribute to
plant adaptation under salt stress. We hypothesize that although cell wall
remodeling is a general adaptive mechanism in S. europaea, the Ciechocinek
ecotype exhibits a distinct and quantifiable strategy, which can be
differentiated from other populations. Specifically: 1. The Ciechocinek
ecotype may display delayed wall softening under increasing salinity
compared to the previous studied Inowroctaw population. 2: The polymer
composition (pectin, cellulose, and lignin) can reflect ecotype-specific
quantitative shifts along the salinity gradient. 3. The S/G and H/G lignin ratios

in Ciechocinek reflect a conservative remodeling strategy, contrasting with
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the early softening and compositional shifts observed in the Inowroctaw

population.

These ecotype-specific remodeling responses may ultimately be shaped by
local environmental salinity regimes, providing a mechanistic basis for
adaptive differentiation in S. europaea a hypothesis to be explored in future
studies through integrated ecological and epigenetic approaches. In addition,
beyond its ecological significance, Salicornia's ability to thrive in extreme
saline conditions makes it a promising candidate for applications in food,
pharmaceuticals, and biofuel production. S. europaea is rich in bioactive
compounds, including antioxidants, polyphenols, and essential minerals,
which contribute to its potential as a functional food ingredient 27.28,
Additionally, by knowing its lignocellulosic biomass composition, it can serve
as a sustainable source for bioethanol and biodiesel production, addressing
the growing demand for renewable energy sources 2829 Furthermore, the
plant's salt-tolerant properties offer potential in pharmaceutical research,
particularly in the development of stress-resistant crops and halophyte-
derived medicinal compounds 393!, Importantly, histochemical approaches
provide powerful tools to enhance these applications. They allow precise
localization and quantification of key metabolites (e.g., lignin, cellulose,
pectins), supporting their targeted production or extraction, while also
revealing structural changes linked to improved stress tolerance, biomass
quality, and crop performance. Therefore, the present multidimensional study

contributes to a deeper understanding of the role of cell wall remodeling in
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plant adaptation to salt stress, with implications for these diverse

biotechnological applications.

Materials and methods

Plant growth conditions and salinity treatments

S. europaea seeds were collected from the inland salt marsh of Ciechocinek
(Cie), Poland (52°53'N, 18°47°E). Located in the nature reserve protecting
inland salt marshes, which was established in 1964 32. Due to the historical
drainage of the Vistula Valley, halophytic vegetation is now restricted to a
ditch system crossing the reserve. It is not regularly supported by brine from
the graduation towers nearby, but the area is characterized by high soil
salinity (~100 dS m~1 or ~1000 mM NaCl)33.

The seeds were germinated and cultivated following previously reported
protocols 23.34, with slight modifications in salinity treatments at 0, 200, 400,
and 1000 mM NaCl. Germination was conducted in Petri dishes (J 7 cm) with
filter paper and 5 ml of distilled water in a growth chamber. Once germinated,
seedlings were transferred to individual pots (5.3 cm height, 5.5 cm diameter,
125 cm3) containing - 1:1 vermiculite-sand substrate, with one plant per pot
and 12 seedlings per treatment. Before planting, each set of 12 pots was
placed in undrained trays and saturated with 500 ml of the respective saline
solution (0, 200, 400, or 1000 mM NaCl) to the full capacity. Growth chamber
conditions were maintained at 25/20°C (day/night), a photon flux density of
1000 mmol m~? s7!, relative humidity of 50-60%, and a 16/8 h (light/dark)

photoperiod. For the first 21 days, seedlings were irrigated with distilled
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water (250 ml) via tray watering, followed by a 30-day period of irrigation
with Hoagland’s solution every two days to ensure consistent salinity and
nutrient supply. A total of 48 plants (12 per treatment) were cultivated. After
60 days of salinity treatments, nanomechanical properties, structure-function
analysis, and microscopy observations were performed.

Salinity treatments of 0, 200, 400, and 1000 mM NaCl were chosen to span a
gradient from below-optimal (0 Mm) to extreme stress conditions. Levels of
200-400 mM are routinely used in S. europaea studies to mimic optimal-high
salinity222-2¢ while maintaining vegetative growth, whereas 1000 mM was
included as a supra-optimal treatment to probe the upper limits of cell-wall
plasticity and nanomechanical adjustment, despite not supporting full life-
cycle completion.

The collection and handling of plant material complied with institutional,
national, and international guidelines, including the ITUCN Policy Statement
on Research Involving Species at Risk of Extinction and the Convention on
the Trade in Endangered Species of Wild Fauna and Flora. A voucher
specimen has been deposited in the publicly available herbarium of Nicolaus
Copernicus University in Torun (Index Herbarium code TRN). Although the
deposition number is not available, the species was formally identified by Dr.
hab. Agnieszka Piernik, Prof. NCU, and permission to work with the seeds
was granted by the Regional Director of Environmental Protection in

Bydgoszcz (WOP.6400.12.2020.JC).
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Tissue preparation for microscopy observations

For microscopy analyses including cellulose and lignin localization, as well as
intracellular salt distribution patterns visualized via polarized light fresh
tissue sections were obtained from the fleshy shoot segments of S. europaea
plants subjected to 0, 200, 400, and 1000 mM NaCl treatments. Transverse
sections (150 pm thick) were cut using a Leica VI'1000S vibratome. The most
intact and sharply defined slices were selected for further observation. For
each treatment condition, tissue samples from three individual plants were
analyzed.

Nanoindentation-based cell wall mechanical evaluation using AFM
The nanomechanical properties of S. europaea cell walls were assessed in
plants grown under 0, 200, 400, and 1000 mM NaCl treatments. Stem cross-
sections (~0.5 mm thick) were prepared for nanoindentation following the
protocol described by Cardenas-Pérez et al., 2. All measurements were
performed using a Bruker Bioscope 2 atomic force microscope (AFM).
Tipless TL-FM cantilevers (Nanosensors) were modified into colloidal probes
by attaching 25 pm polystyrene beads (microParticles GmbH) with epoxy
adhesive (UHU Endfest), following the standard procedure described by
Bruker 3°. Prior to each measurement session, cantilevers were calibrated in
liquid using the thermal tune method 36. Deflection sensitivity (def.s.) was
determined on a rigid gold-coated glass substrate, assuming zero indentation

(6 = 0), with def.s. calculated in nm/V from the equation z = 6 + def.s. The
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resulting def.s. was approximately 75 nm/V, and the spring constant (k) was
determined to be within 1-4 N/m range.

Nanoindentation was performed on water-storing parenchyma cells, with
precise positioning of the AFM cantilever achieved using an integrated optical
microscope and motorized stage. Depending on surface topography, more
than five regions per sample were selected for indentation. At each location,
over 30 force curves were collected within a 10 pm radius.

The E was calculated by fitting the Hertz model (Eq. 1) to the indentation

slope of the obtained retrace curves.

=4 E 3/2
F =55 RO

where F'is force, E'is Young’s modulus, Ris the indenter tip radius (12.5 pm),
O is the indentation depth (nm), and » is Poisson’s ratio. A relative force
trigger exceeding 100 nN was applied during indentation. For elastic
materials such as plant cells, Poisson’s ratio typically ranges from 0.3 to 0.5
37, In this study, a value of v = 0.5 was used for all calculations of £ Model
fitting to the experimental force-indentation curves was performed using
NanoScope Analysis software 3.0 (Bruker, USA), following the methodology
outlined by Cardenas-Pérez et al., 238, The quality of the fit was assessed via
the coefficient of determination (R2?), and any curves with R? < 0.8 were
excluded from further analysis. Cell wall nanoindentation experiments were
performed on three cross sections per treatment, recording over 1000 force-
indentation curves across multiple tissue regions.

Sampling and preparation of stem sections
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Three plants per treatment were used for selected microscopy analyses. From
each plant, three stem cross-sections were obtained from the middle portion
of the main shoot, ensuring anatomical consistency along the stem axis. The
same sampling scheme was applied across all imaging techniques, including
polarized light microscopy, fluorescence microscopy, and histochemical
staining, resulting in a total of nine cross-sections per treatment.

Cellulose detection in S. europaea tissues via fluorescence
microscopy

The calcofluor white staining protocol was used for detecting cellulose in
plant cell walls due to its high specificity for B-linked glucans 39. Fresh plant
cross-sections were transferred to distilled water to maintain tissue integrity.
Samples were directly immersed in an aqueous solution of Calcofluor White
(0.01-0.1% w/v), a fluorescent dye that selectively binds to cellulose and other
B-glucans 49, The samples were incubated for 10-30 minutes at room
temperature to allow the dye to penetrate the cell walls, ensuring uniform
staining. Following incubation, the stained sections were washed for 1 minute
with distillated water and carefully transferred onto a clean glass slide and
mounted with a coverslip to prevent drying and optical artifacts. Visualization
was performed using a fluorescence microscope equipped with ultraviolet
(UV) illumination (excitation at ~365 nm), under which cellulose-rich regions
of the cell wall fluoresce bright, facilitating structural and compositional
analyses 41. The UV filter used was designed with a broad emission window

that extends into the blue-green region. This method provides a rapid and
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reliable approach for cellulose detection in Salicornia plant tissues, aiding
studies of cell wall architecture and modifications.

Quantitative image analysis of cellulose fluorescence

To quantify the fluorescence intensity of cellulose-stained regions, Image]
(v1.47) was used to analyze microscopy images. Fluorescence images were
captured under consistent exposure settings and saved in TIFF format to
avoid compression artifacts. The images were then processed in Image] by
converting them to 8-bit grayscale and applying background subtraction to
enhance signal clarity. A thresholding Otsu method 42 was used to segment
cellulose-rich areas, ensuring only relevant fluorescence was analyzed. The
analyze-particles function measured the area and fluorescence intensity of
the stained regions, with parameters set to exclude artifacts. Data were
normalized against background fluorescence, and statistical analyses were
performed to compare cellulose quantification across samples. To assess
differences in cellulose distribution within the water cortical/parenchyma
tissue, three radial regions of interest (ROI) were delineated: R1, positioned
closest to the wvascular bundle; R2, representing the intermediate
parenchyma; and R3, situated near the cortical boundary.This approach
enables both qualitative and quantitative evaluation of cellulose distribution
in Salicornia plant tissues, providing valuable insights into cell wall

composition and modifications.

High and low- methylesterified pectin immunolocalization
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Cross-sections of S. europaea tissue were embedded in BMM resin (butyl
methacrylate, methyl methacrylate, 0.5% benzoyl ethyl ether, 10 mM DTT,
Merck) following the procedure by Niedojadlo et al.,43. Samples were cut into
1.5 pm semi-thin sections using a Leica UCT ultramicrotome and mounted on
polysine slides (Thermo Fisher Scientific). Resin was removed with two
acetone washes, followed by rinsing with distilled water and PBS (pH 7.2).
To prevent non-specific binding, sections were first incubated in 2% bovine
serine albumin (BSA, Merck) in phosphate buffered saline (PBS) for 30
minutes at room temperature. Following this blocking step, they were
incubated overnight at 4 °C with rat monoclonal anti-pectin antibodies (Plant
Probes) either JIM7 (recognizing partially methylesterified
homogalacturonan) or LM19 (recognizing partially and fully de-esterified
homogalacturonan) diluted 1:50 in 0.2% BSA/PBS pH 7.2. After thorough
washes with PBS pH 7.2, an AlexaFluor 488-conjugated goat anti-rat
secondary antibody (Thermo Fisher Scientific) 1:1000 in 0.2% BSA/PBS pH
7.2 was applied for 1 hour at 37 °C. The sections were washed, air-dried, and
mounted using ProLong™ Gold Antifade Reagent (Thermo Fisher Scientific).
Negative controls, prepared by omitting the primary antibody, confirmed the
specificity of the labeling.

Fluorescence imaging was performed using an Olympus BX50 microscope
with a 100x UPlanFI oil immersion lens and narrow band filters (U-MNU, U-
MNG). Images were captured with an Olympus XC50 digital camera and

analyzed using CellB software (Olympus Soft Imaging Solutions, Germany).
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For pectin immunolocalization, fluorescence intensity was quantified from the
cortical/parenchymatic ROI, excluding vascular bundles.

Fluorescence quantification of pectin immunolocalization

Quantitative fluorescence analysis was performed under standardized
conditions, ensuring consistency in temperature, incubation times, and
antibody concentrations. Image acquisition was carried out at 100x
magnification using fixed exposure settings. Fluorescence intensity was
measured in the cortical/parenchyma ROI across five semi-thin sections, and
image processing was conducted using Image] (v1.47). Threshold levels were
defined based on the autofluorescence of other metabolites observed in
negative control samples. Signal intensity was expressed in arbitrary units
(a.u.) as the mean fluorescence intensity per um?, following the methodology
of Niedojadlo et al., 43. Fluorescence observation was performed using three

plants per treatment.

Microscopic visualization of lignin and determination of lignin
monomer composition

Lignin visualization in cell walls was carried out following the procedure by
44, Plant tissues were stained with 0.02% toluidine blue O for 5 minutes, then
rinsed five times with distilled water to remove excess dye. Stained images
from the cortical/parenchyma ROI were analyzed using Image]. Images were
converted to 8-bit and subjected to color thresholding to selectively binarize

the bluish-green hue corresponding to lignified cell walls, while excluding the
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reddish-purple background. This approach enhanced the detection of lignin-
positive regions that may not be visually distinguishable in raw images,
allowing consistent quantification of lignified area across treatments. Lignin
content was normalized to background intensity, and statistical analyses were
conducted to compare samples. Toluidine blue O -based binarization was used
as a semi-quantitative proxy, that it is sensitive to intensity shifts rather than
specific chemical signatures, and future work will include more specific lignin
staining or chemical mapping techniques (e.g., Raman spectroscopy, or FTIR
imaging) to confirm these patterns.

Furthermore, analysis of nitrobenzene oxidation (NBO) products was
performed on extracted stem biomass. Water- and ethanol-soluble extractives
were removed using the standard NREL protocol 4°. Alkaline NBO followed a
modified method by Kacikova et al., 46, in which 200 mg of extracted biomass
was reacted with 5 ml of 2 M NaOH and 0.4 ml nitrobenzene at 180 °C for 2
hours in sealed stainless steel vessels. After rapid cooling, excess
nitrobenzene was extracted twice with dichloromethane. The aqueous phase
was acidified with 2 M HCI (pH ~2.5) and extracted three times with
dichloromethane. The combined organic phase was dried over anhydrous
sodium sulfate, evaporated under nitrogen, and dissolved in methanol. NBO
products were analyzed via HPLC (Agilent 1200, Agilent Technologies) using
a diode array detector (240 nm) and a Kinetex C18 column (2.6 pm,
150 X 4.6 mm; Phenomenex). The mobile phase,

water:methanol:acetonitrile:propionic acid (88:4:8:0.1), was run at 1 ml min-
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lat 35°C. External standards from Sigma-Aldrich were used for identification
and quantification. The S:G:H ratio in lignin was calculated as: S:G:H =
(syringaldehyde + syringic acid) : (vanillin + wvanillic acid) : (p
hydroxybenzaldehyde + p-hydroxybenzoic acid). These ratios describe the
relative abundance of syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H)
monomers, which determine lignin’s structural properties and reactivity.
Higher S/G ratios reflect a more linear, less condensed lignin enriched in B-
O-4 linkages, whereas higher H/G ratios indicate enrichment in p-
hydroxyphenyl units typically associated with stress conditions and lower
biosynthetic cost 111647  Analyses were performed using four plants per

treatment to confirm reproducibility.

Polarized light microscopy of salt-induced birefringence in S.
europaea tissue

Transverse fresh plant sections of S. europaea obtained from vibratome were
transferred to distilled water to maintain tissue integrity. Sections were
mounted in distilled water to minimize evaporation and maintain tissue
hydration, thereby preserving the native optical characteristics of the
samples, including any salt-induced structural features present in the
apoplast. Observations were conducted using a PLM equipped with crossed
polarizers and a rotatable stage. Birefringence patterns were analyzed by
rotating the sample to detect anisotropic structures, with particular attention

to intercellular spaces where salt accumulation is expected. The use of a full-
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wave plate (A-plate, 530 nm) enhanced contrast, facilitating the
differentiation between crystalline salt deposits and native cell wall
structures. Bright birefringence along cell walls in the cortical/parenchyma
ROI indicated the presence of salt-induced birefringent structures, likely
influenced by tissue hydration and potential phase transitions, rather than
direct visualization of crystalline salt alone.This methodological approach was
developed based on previous studies reporting the importance of both
intracellular and extracellular salt compartmentalization in halophytes 4849,
For quantification, birefringent regions were identified through a the
cortical/parenchyma brightness threshold in Image] by converting images to
8-bit grayscale and applying a threshold to isolate bright areas. The analyze-
particles function was used to measure the area and intensity of birefringent
regions, with background noise excluded. Analysis were performed using
three plants per treatment. Data were normalized against un-brightened
regions, and statistical analyses such as ANOVA were used to compare

birefringence levels across samples.

Statistical analysis

The salinity effects on nanomechanical functional plant adaptations, cellulose,
pectin, lignin and salt polarized patterns quantification along the NaCl
treatments were tested by one-way analysis of variance, Holm-Sidak method
was used for comparison of the means through SigmaPlot v.14.0 59, While for
lignin monomer composition Duncan’s multiple range test was used for

comparison of the means. Principal Component Analysis was developed in
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(XLSTAT, 2024) to assess the multivariate relationships among cell wall-
related traits, including nanomechanical stiffness E, lignin monomer ratios,
pectin, cellulose composition, FW and polarized brigthness -area and -
intensity in tissue patterns across salinity treatments in the S. europaea

population from Ciechocinek.

Results

Structural and functional adaptations of S. europaea under saline
conditions

Cell wall stiffness (£) in the water-storage parenchyma of S. europaea was
quantified across increasing NaCl concentrations (0, 200, 400, and 1000 mM).
As shown in Figure 1, a progressive reduction in stiffness was observed with
increasing salinity. The highest E'value (1.79 *+ 0.22 MPa) was recorded under
non-saline conditions (0 mM NaCl), while the lowest stiffness (0.36 = 0.008
MPa) was measured at 1000 mM NaCl. Intermediate salinity levels (200 and
400 mM NaCl) induced a moderate decrease in stiffness (1.28 = 0.10 and 1.30
+ 0.09 MPa, respectively). A linear regression analysis indicated a strong
negative correlation between NaCl concentration and cell wall stiffness (R? =
0.95, p < 0.05), highlighting a clear trend of cell wall softening under saline

stress.
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Figure 1. Effect of salinity on cell wall stiffness (Young’s modulus, E) in the
water-storage parenchyma of S. europaea. Plants were subjected to
increasing NaCl concentrations (0, 200, 400, and 1000 mM). Bars represent
mean * SE (n = 3). Different letters indicate statistically significant
differences between treatments (p < 0.05). A linear regression (y = -0.0014x
+ 1.723, R?2 = 0.95) describes the negative relationship between salinity and

cell wall stiffness.

Given these initial findings and the differences between the salinity gradient,
we then examined the biopolymer characteristics and salt birefringent

regions.

Cellulose identification and quantification through fluorescence

microscopy
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Figure 2 shows quantitative and visual evidence of NaCl-induced changes in
cellulose distribution across different tissue regions. Figure 2A presents
fluorescence microscopy images of cross-sections from samples treated with
0, 200, 400, and 1000 mM NaCl. The green fluorescence signal corresponds
to cellulose, with three distinct regions (R1 the inner zone adjacent to the
vascular bundle; R2 the intermediate parenchyma layer; and R3 the outer
zone located near the cortex) marked by yellow boxes. At 0 mM NaCl,
fluorescence intensity is uniformly distributed across the examined regions.
At 200 mM NacCl, fluorescence remains relatively stable across the tissue and
cells appear more turgid. At 400 mM NaCl, fluorescence intensity decreases,
particularly in R2 and R3, whereas in R1, cell turgidity and cell wall structure
are maintained. At the highest NaCl concentration (1000 mM), fluorescence
intensity is markedly reduced in comparison to lower saline treatments, all
examined regions, with R2 and R3 showing the most pronounced decrease.
Figure 2B quantifies fluorescence intensity across the three regions (R1, R2,
and R3) along the salinity gradient. Through quantitative analysis we were
able to find a significant reduction in cellulose fluorescence at 400 mM NaCl,
observed in R2 and R3 compared to R1, as indicated by different statistical
groupings letters. Quantitative analysis revealed that in 1000 mM Nac(l,
fluorescence intensity is further reduced across all examined regions, with R2
and R3 showing significantly lower values than R1. The statistical differences
(p < 0.05) are denoted by different letters, highlighting the progressive

cellulose modification under increasing NaCl concentrations.
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Figure 2. Cellulose fluorescence quantification across three tissue regions of
S. europaea stem under NaCl treatments. (A) Representative fluorescence
microscopy images of cross-sections from plants exposed to 0, 200, 400, and
1000 mM NaCl. Yellow boxes indicate the analyzed cortical/parenchyma
ROIs: R1 - inner water parenchyma (adjacent to the vascular cylinder), R2 -
intermediate water parenchyma, and R3 - outer water parenchyma (proximal
to the cortex/epidermis). Scale bars: 100 pm. (B) Fluorescence intensity (a.u.)
corresponding to cellulose quantified across regions. Data represent mean *+
SD (n = 3 plants per treatment). Different letters indicate statistically
significant differences between regions and treatments (p < 0.05)

Confocal microscopy-based immunolocalization of high- and low-
methylesterified pectins

Figure 3 presents the effect of NaCl-induced stress on the distribution and
quantification of pectic homogalacturonan (HG) in plant cell walls. Figure 3A

displays fluorescence microscopy images of cross-sections stained for low-
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methylesterified LM-HG, top row and HM-HG, bottom row at increasing NaCl
concentrations (0, 200, 400, and 1000 mM). Figure 3B quantifies fluorescence
intensity for LM-HG and HM-HG at different NaCl concentrations. At 0 mM
NaCl, LM-HG fluorescence intensity was lower than that of HM-HG. At 200
mM NaCl, a significant increase in HM-HG fluorescence intensity was
observed, while LM-HG remained unchanged. However, at 400 mM NaCl, LM-
HG fluorescence intensity decreased significantly, whereas HM-HG remained
high. At 1000 mM NaCl, LM-HG fluorescence was maintained low, while HM-
HG decreased, suggesting a shift in pectin composition under severe salt
stress. Different letters indicate statistically significant differences (p < 0.05)

between treatments.
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Figure 3. Distribution and quantification of high- and low-methylesterified
homogalacturonan (HM- LM- HG) of S. europaea stem under different NaCl
treatments from the cortical/parenchymatic ROI: region of interest, excluding
vascular bundles. (A) Representative fluorescence microscopy images of
cross-sections stained for LM-HG and HM-HG at 0, 200, 400, and 1000 mM
NaCl. White arrows indicate regions of strong fluorescence intensity. (B)
Quantification of fluorescence intensity for LM-HG and HM-HG across NaCl
treatments. Data represent mean = SD. n = 3 replicates per treatment.

Different letters indicate statistically significant differences (p < 0.05).
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Lignin localization and quantification

Microscopic analysis of S. europaea stem cross-sections stained with toluidine
blue revealed distinct lignified regions, appearing bluish-green under
different salinity levels (0, 200, 400, and 1000 mM NaCl) (Figure 4A). Image
processing and binarization identified and quantified lignin deposition,
highlighting variations in lignified area across treatments (Figure 4B).
Quantitative analysis (Figure 4C) showed a significant increase in the stained
lignin content under salinity gradient. At 0 mM, lignin detection was sparse
and confined to small areas (15%). However, at 200 and 400 mM NaCl
compared to 0 mM, lignin staining was more widespread (both ~55%),
particularly in vascular and peripheral tissues. At 1000 mM NaCl, lignin
content identification (~40%) was reduced relatively to that at 200 and 400
mM, but remained evident in vascular regions and was higher than that at 0

mM.
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Figure 4. Microscopic histochemical detection and quantification of lignin
deposition in S. europaea shoots under different salinity levels (0, 200, 400,
and 1000 mM NacCl). (A) Cross-sectional images of S. europaea shoots stained
with toluidine blue, where bluish-green regions indicate lignified tissues. (B)
Binarized images highlight the detected lignin regions for quantitative
analysis. ROI: cortical/parenchyma region of interest used for lignin
quantification (shown as dashed yellow box) (C) Lignin content (%) quantified
as the proportion of lignified area relative to total tissue area. Data represent

mean *= SD. Statistical analysis with different letters indicates significant
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Lignin characterization by nitrobenzene oxidation yields

Figure 5 and Table 1 collectively illustrate the adaptive response of Salicornia
to salinity stress, focusing on lignin monomer composition and yields of
nitrobenzene oxidation products. The Table 1 provides quantitative data on
lignin degradation products, while Figure 5 shows the changes in lignin
monomer ratios (S/G and H/G). The yields of S, G, and H monomer units varied
with the salinity gradient (Table 1), reflecting the differential biosynthesis and

degradation of lignin influenced by salinity.

Table 1. Monolignol yields of nitrobenzene oxidation products (% of oven dry
extracted biomass). Data represent mean = SD. Different letters indicate

differences between treatments (p < 0.05).

Salinity treatments (mM)

Compound 0 200 400 1000

0.18 £ 0.01 0.27 £0.04 0.20 +£0.00 0.29 +0.02
Syringic acid b a b a

0.09 £ 0.01 0.77 £0.10 0.68 £0.02 0.22 +£0.02
Syringaldehyde d a b C

0.13 £0.02 0.10 £0.01 0.09 £0.02 0.20 +£0.02
Vanillic acid b C C a

0.07 £ 0.00 0.31 £0.04 0.30+0.01 0.18 £0.01
Vanillin C a a b
p-Hydroxybenzoic 0.08 £ 0.00 0.02 £ 0.00 0.02 £0.00 0.16 +£0.03
acid b C C a
Jog
Hydroxybenzaldehyd 0.10 = 0.02 0.16 £ 0.00 0.19 £ 0.01 0.16 = 0.01
e C b a b

0.65 +0.01 1.62 +£0.19 1.48 +£0.06 1.21 + 0.06
Total yield d a b C
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Figure 5. Lignin monomer ratios (S/G and H/G) in S. europaea shoots at
different salinity levels (0, 200, 400, and 1000 mM NaCl). Data represent
mean =+ SD. Different letters within each group indicate significant

differences at p < 0.05. n = 4 replicates per treatment.

The increase in lignin deposition detected by light microscopy and image
analysis at 200-400 mM NaCl in Figure 4 was accompanied by the rise in S/G
ratio (up to ~2.8), as seen in Figure 5. Yields of H units increased at extreme
salinity (1000 mM NacCl) (Table 1), aligning with a lowered S/G ratio as shown
in Figure 5, indicating a shift toward a more condensed lignin structure with
a higher proportion of carbon-carbon linkages 11.52

Shedding light on salt: Polarized microscopy of intracellular
accumulation pattern

Polarized light microscopy images of Salicornia stem cross-sections subjected

to increasing NaCl concentrations show progressive changes in birefringence
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patterns across specific tissue regions (Figure 6A-B). At 0 mM NaCl, minimal
birefringence was detected, with low brightness intensity and area coverage.
At 200 mM NaCl, birefringence increased markedly in the central
parenchyma and vascular tissues, with the higher area brightness and
intensity. At 400 mM NaCl, the birefringent area reaches its maximum,
prominently spanning the central parenchyma, vascular bundles, and cortex
regions, accompanied by increased brightness intensity. At 1000 mM NacCl,
the birefringent area declined compared to 400 mM, while brightness
intensity remained elevated, with signal concentrated in the central
parenchyma and vascular tissues. Quantitative analysis (Figure 6B) confirmed
these patterns, showing significant increases in both area brightness (%) and
brightness intensity (a.u.) from 0 mM to 400 mM, followed by reduced area

brightness and sustained high intensity at 1000 mM.
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Figure 6. Effects of salinity on birefringence intensity and area coverage in
S. europaea stem cross-sections. (A) Polarized light microscopy images of
stem cross-sections exposed to different NaCl concentrations (0, 200, 400,
and 1000 mM). The left column shows standard bright-field images, while the
right column highlights birefringent regions (red overlay) detected under
polarized light. (B) Quantification of birefringent area (gray bars, right y-axis)
and birefringence intensity (red line, left y-axis) across treatments. Statistical
differences among treatments are indicated by different letters. Data
represent mean * SD. Different letters indicate statistically significant

differences between treatments (p < 0.05). n = 3 replicates per treatment.

In order to reduce the complexity of the dataset and to identify major axes of
variation that explain coordinated cell wall structural traits and biochemical

responses to increasing salinity, a PCA biplot was conducted (Fig. 7). The plot
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allowed the projection of active variables (in red) and treatment observations
(in blue) onto the same ordination space. The two principal components (PC1
and PC2) accounted for 94.86% of the total variance, with PC1 explaining 53%
and PC2 explaining 41.86%. This high cumulative variance indicated that the

selected variables effectively described the observed variations among the

samples.
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Figure 7. Principal Component Analysis (PCA) biplot displaying the first two
principal components (PC1l: 51.52% and PC2: 43.68%), which together
explain 95.20% of the total variance. Active variables (red vectors) represent
cell wall components and properties in S. europaea shoots, while active
observations (blue points) correspond to different salinity-sample groups (CO,

C1000, C400, C200). The direction and length of the vectors indicate the
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contribution and correlation of variables to the principal components. S:
syringaldehyde + syringic acid, G: vanillin + wvanillic acid, H:
hydroxybenzaldehyde + p-hydroxybenzoic acid, E: Young’s modulus
representing cell wall stiffness, FW: biomass fresh weight, Polz area:

polarized brightness area and Polz. intensity: polarized btightness intensity.

Discussion

Cell wall nanomechanics: Remodeling strategies

Salinity imposes osmotic and mechanical constraints, making cell wall

nanomechanics a central adaptive trait 6.

Our findings (Figure 1), reinforce previous evidence that nanomechanical and
physiological adaptations are central to salinity tolerance in S. europaea
2,24,53-55 The progressive decrease in cell-wall stiffness with increasing NaCl
in the Ciechocinek population in a nature reserve with high salinity (~100 dS
m~-!), mirrors the pattern reported for the Inowroctaw inland population

associated with soda factory waste areas with lower salinity (~55 dS m~1) 2.56,

As shown in Cardenas Pérez et al. 2 and Supplementary Table S1, reduced
cellulose and lignin content coincided with a marked decline in E, indicating

increased wall flexibility for osmotic adjustment under hypersaline conditions

Notably, the Inowroctaw population consistently exhibited higher biomass
production and lower £ values across all salinity treatments 224

(Supplementary Table S1), suggesting a structural preadaptation that allows
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for sustained wall extensibility. In halophytes, such cell wall softening is
thought to represent a key adaptive strategy, enhancing plasticity to

accommodate water flux and maintain turgor under osmotic stress °7-°8,

By contrast, the Ciechocinek population showed delayed but pronounced wall
softening, initially maintained higher cell wall stiffness at 0-400 mM NaCl,
followed by a pronounced reduction in £at 1000 mM suggesting a population-
specific strategy where rigidity is maintained until extreme stress triggers
remodeling. This mechanical plasticity allows osmotic adjustment and water

uptake under severe salt exposure.

These contrasting responses reveal population-specific strategies in S.
europaea: Inowroctaw relies on consistently softened walls, whereas
Ciechocinek delays adjustment. Coordinated shifts in wall mechanics, cellular
remodeling, and biomass (Supplementary Table S1) likely underlie their

distinct salinity adaptation.

Cell wall remodeling and reduced cellulose fluorescence in S.

europaea water parenchyma tissue

The observed reduction in cellulose fluorescence at increasing NaCl
concentrations (Figure 1A-B) is consistent with salt-induced wall remodeling
in halophytes 259, Under saline conditions, plants modify their cell wall
architecture decreasing cellulose deposition to enhance flexibility and
maintain cellular integrity 125355, The significant decline in cellulose

fluorescence at 400 mM NaCl across the water parenchyma tissue in R2
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(intermediate parenchyma layer) and R3 (outer zone proximal to the cortex)
compared to R1 (inner zone adjacent to the vascular bundle) suggests salinity-

induced cell wall remodeling with variations in structural adaptations.

At 1000 mM NacCl, the further reduction in fluorescence intensity across the
analysed regions indicates a severe disruption in cellulose biosynthesis, likely
as an adaptive mechanism to enhance the cell wall plasticity and facilitate
osmotic adjustments 69, The pronounced decrease in R2 and R3 regions
suggests that S. europaea prioritizes flexibility over rigidity, a trait commonly

observed as more pronounced in species adapting to high ionic stress 2.9.55,

The statistical differences support the hypothesis that salt stress
progressively reduces cellulose rigidity, reflecting a fundamental trade-off
between mechanical support and cellular expansion under saline conditions
61, Cellulose correlated strongly with £ (r = 0.95, p < 0.05; Supplementary
Table S2), linking reduced deposition to lower wall stiffness and greater

extensibility.

From a biofunctional standpoint, reduced fluorescence of cellulose under
optimal to high salinity may reflect adjustments in wall architecture that favor
increased matrix porosity, likely mediated by changes in pectin dynamics.
This trait improves enzymatic accessibility during bioethanol production,
reducing pretreatment costs. In food and nutraceuticals, decreased
crystallinity of cellulose contributes to softer dietary fibers and improves

prebiotic properties. Thus, S. europaea's salt-responsive cellulose remodeling
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aligns with dual-use applications in functional food and biorefinery sectors.
For instance, it has been reported that Salicornia sp. cellulose can be used as
dietary fiber in foods, enhancing digestive health and functional formulations.
In pharmaceuticals, it serves as an excipient and controlled-release agent in

tablets and capsules, offering a sustainable plant-based source 62.

Increased wall softening linked to specific cellulose profiles may enhance
biomass processing for biofuels. The ability of S. europaea to adjust cellulose
biosynthesis under extreme stress highlights its potential as a resilient crop
source. Combined with previously reported high phenolic, vitamin,
carotenoid, and polyphenol contents, which confer antioxidant, antimicrobial,
and anti-inflammatory activities, these traits support its prospective use in
pharmaceutical and nutraceutical applications, as documented in earlier

studies 63.
Pectin methylesterification and salinity response

Pectin plays a key role in wall plasticity and stress adaptation. HM-HG
enhances wall hydration and extensibility, whereas LM-HG can increase
rigidity through Ca2?*-mediated ‘egg-box’ cross-linking when de-esterification
is block-wise, but may increase flexibility if random 64-66, The results showed
a significant increase in HM-HG fluorescence at optimal salinity (Fig. 2A-B)
(200 and 400 mM NaCl), suggesting enhanced cell wall softening and

flexibility to maintain turgor pressure and osmotic balance 61. This
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observation is consistent with studies on halophytes demonstrating pectin

modifications as a key adaptive strategy under salt stress 1.

At 1000 mM NaCl, HM-HG fluorescence dropped to ~70 a.u. from its peak of
~120 a.u. at 200 mM, while LM-HG remained stable at ~45-50 a.u. (Figure
3A-B). Letters in Figure 3B confirm that HM-HG at 1000 mM was significantly
lower than at 200 mM (p < 0.05). This quantitative decline in HM-HG pectin,
together with the relative persistence of low-methylesterified forms, reflects
a shift in pectin methylesterification dynamics rather than a net transition
from HM- to LM-HG under severe ionic stress. While such changes can, under
certain conditions, promote Ca2?*-mediated cross-linking and strengthen cell
wall gels, the concurrent reduction in both pectin fractions observed here is
more consistent with a decrease in total pectin content or altered accessibility
rather than extensive “egg-box” formation. These findings emphasize the
importance of pectin methylesterification dynamics in modulating cell-wall
integrity and mechanical properties, contributing to the plant’s response to

high salinity 2965,

The ability to modulate pectin structure under varying salinity conditions may
enhance Salicornia sp.‘s use in functional foods, offering improved textural

properties and nutritional benefits.

Increased HM-HG at optimal salinity has translational value, enhancing
gelling properties and bioactivity 6769, These attributes support the

development of functional foods and plant-based therapeutics derived from S.
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europaea. At high salinity (1000 mM NaCl), the reduction in HM-HG and
stabilization of LM-HG reflects a shift toward ionic cross-linking, which

stabilizes wall structure but reduces biofunctionality.

In terms of bioconversion purposes, the reduction in LM-HG fluorescence at
extreme salinity indicates that salt stress alters pectin composition, which can
modulate cell wall accessibility. Although lignin is widely recognized as a
major contributor to biomass recalcitrance, changes in pectin methylation
under moderate salinity may facilitate hydrolysis and pretreatment efficiency
23,70, HM-HG pectin at optimal salinity can reduce recalcitrance and enhance
bioethanol yields, supporting the use of Salicornia sp. as a bioenergy crop
7172 These results underscore the complementary role of pectin remodeling

alongside lignin dynamics in influencing saccharification efficiency.
Lignin characterization in S. europaea under salinity stress

Lignin is essential for structural integrity, water transport, and stress
resistance in plants 7374, Histochemical staining and quantification (Figure
4A-C) showed clear salinity-driven changes. This semi-quantitative approach
is sensitive to intensity shifts, however future Raman or FTIR analyses will
refine these observations. At optimal salinity (200-400 mM NacCl), lignin
staining intensity increased across several tissues, particularly in
cortical/peripheral regions and around the vascular bundles (Figure 4A). For
quantitative analysis, cortical/parenchymatic tissues were considered (Figure

4B), where a significant increase in lignified area was detected compared with
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the non-saline treatment 7576, Increased lignification under these conditions
may also aid in maintaining vascular functionality by reinforcing xylem cell

walls against salt-induced hydraulic stress.

At extreme salinity, lignin increased compared to the non-saline treatment
but declined relative to optimal salinity, likely reflecting metabolic trade-offs
that redirect energy toward osmolyte accumulation, ion
compartmentalization, or antioxidant defense !77. Consistent with this
interpretation, Supplementary Table S2 shows a moderate positive
correlation with total lignin (r = 0.535, p < 0.05), although this relationship
was not statistically significant, and between HM-HG pectin and the S/G ratio
(r = 0.907, p < 0.05), indicating that pectin remodeling is coordinated with

lignin deposition under salinity stress.

Reduced lignification at high salinity relative to optimal salinity, while still
remaining elevated compared to the non-saline treatment, may therefore
signal not only a partial loss of structural support but also a regulated shift
toward pectin-mediated ionic buffering and antioxidant functions,
contributing to the observed decrease in cell-wall stiffness and biomass under

extreme stress.

The observed increase in lignin content at 200-400 mM NaCl is consistent
with previous studies showing that optimal salt stress induces lignin
biosynthesis to reinforce cell walls, improving mechanical stability and

limiting ion toxicity 6978, Lignin accumulation is an essential adaptive
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strategy, preventing excess Na* infiltration and maintaining vascular function
under osmotic stress 79. The decline in total monolignol yield at severe salinity
relative to optimal salinity levels (200-400 mM) suggests a threshold beyond
which excessive ionic stress begins to inhibit lignin biosynthesis or oxidative
release, even though the accumulation of lignin remains higher than in the
non-saline control. This likely reflects that 0 mM NaCl is suboptimal for this
halophyte, with low lignin driven by other factors. At high salinity, energy is
redirected to osmoprotectant and antioxidant responses over wall
reinforcement 7580, Under saline conditions, lignin distribution patterns gain
particular histochemical significance for cell wall organization, reflecting

stress-induced adjustments in structural integrity.

In this study, Toluidine Blue O was used as a general histological approach to
distinguish tissues with differing degrees of lignification; however, this
technique provides only preliminary anatomical information and does not
allow lignin-specific detection or quantitative assessment. To achieve higher
analytical resolution, future studies should complement and validate these
observations wusing more specific methods such as the Wiesner
(phloroglucinol-HCI) reaction for histochemical identification of lignin or
lignin autofluorescence for quantitative imaging of its spatial distribution.
Within the methodological scope of the present work, the observed patterns
still reveal coordinated changes between lignin localization and pectin
remodeling, suggesting a complementary contribution of both polymers to

maintaining cell wall functionality and mechanical stability under ionic stress.
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Lignin structure and salt stress adaptation

Changes in S/G and H/G ratios in lignin (Figure 5) indicate that salinity affects
lignin polymerization patterns. Notably, lignins synthesized in response to
environmental stresses have been shown to exhibit distinct structural
features compared to those formed during normal development 81. Optimal
salinity (200-400 mM) promoted the accumulation of S-rich lignin, which is
associated with more flexible and hydrophobic polymers that enhance water
transport and mechanical performance under stress 167582, G units, typically
linked to stronger cross-linking and rigidity 52, increased less prominently
than S units, indicating a shift toward a more elastic and less recalcitrant
lignin. S units also contribute to ROS scavenging 83-85, At 1000 mM NacCl, S/G
and H/G ratios returned toward non-saline levels, indicating reduced
lignification under extreme stress. The relative increase in H units may reflect
a minimal structural maintenance strategy. The effect of S/G and H/G shifts

may vary across species 20,

Similar patterns occur in halophytes and glycophytes under high salinity,
where excess NaCl inhibits the phenylpropanoid pathway and redirects

energy toward osmotic regulation and stress responses 1.86

Lignin content and monomer composition in S. europaea respond dynamically
to salinity: optimal NaCl stimulates lignin deposition and S/G shifts supporting
vascular reinforcement, while 1000 mM reduces lignin and reverts profiles

toward non-saline levels. This likely reflects resource diversion to osmolyte
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and antioxidant defenses. These correlations highlight lignin’s adaptive role

but warrant further molecular validation.

Lignin modulation in S. europaea under salinity offers applications in food,
pharma, and biofuels. In food, increased lignin at optimal salinity enhances
fiber and bioactive content. S-rich lignins provide antioxidant, antimicrobial,
and anti-inflammatory phenolics with potential for drug delivery and cell
protection 87. These can be extracted for use in therapeutic formulations. In
contrast, the increased presence of p-hydroxyphenyl (H) units under extreme
salinity (1000 mM NaCl) coincided with the sharp decline in £, and correlation
analysis confirmed a strong negative relationship between H content and £ (r
= -0.89, p < 0.05). This pattern reflects a coordinated remodeling of the cell
wall matrix rather than a simple enrichment of specific lignin units. Under
severe salt stress, increased lignin yield combined with reduced cellulose
rigidity and altered pectin composition leads to a less integrated and more
compliant wall structure. The relative contribution of H units may represent
a potential cost-saving strategy, as their biosynthesis requires fewer
enzymatic steps than G or S units 11.16.73.88  allowing the plant to maintain
minimal structural functionality while prioritizing stress tolerance. While
potentially less suitable for biofuel conversion, this adaptation allows survival
under high stress by conserving energy for osmoprotection and ion
homeostasis. For biofuels, the shift toward S-rich lignin at optimal salinity
facilitates more efficient lignocellulosic bioethanol production, while reduced

lignin content at extreme salinity lowers biomass recalcitrance, improving
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biofuel processing efficiency. These findings highlight S. europaea as a
sustainable multipurpose crop with applications in health and food industries,

as well as a promising feedstock to biofuel conversion 89.

Supplementary Table S2 shows no significant correlation between total lignin
and £ (r = -0.349), indicating lignin amount alone does not determine
stiffness. £ correlated strongly negatively with H units (r = -0.889, p < 0.05)
and weakly with H/G, while S and G units correlated positively with total

lignin (r = 0.961 and 0.958).

These patterns suggest that lignin monomer shifts, particularly H enrichment
at 1000 mM NaCl, are more closely linked to reduced wall stiffness than total
lignin, indicating monomeric remodeling drives mechanical adjustment under

extreme salinity.
Polarized microscopy for mapping salinity effects in plant tissues

Polarized light microscopy (PLM) revealed progressive changes in salt-related
birefringence in S. europaea across salinity levels. At 0 mM NaCl,
birefringence was minimal, whereas at 200-400 mM both brightness intensity
and bright area increased, indicating active salt sequestration in parenchyma
tissues 48, At 1000 mM NaCl, intensity remained high but localized, with a
sharp decline in bright area (Fig. 6A-B), suggesting denser deposits in
peripheral regions near the pith cylinder and epidermis 29. These changes
imply cell-wall remodeling through lignification, polysaccharide

rearrangement, or salt binding 9!, consistent with known halophyte ion
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sequestration strategies 495992 Excessive NaCl can disrupt biopolymer
networks and reduce wall extensibility 93; the maintained intensity despite

reduced area may reflect densification of birefringent components.

Birefringence may also reflect transitions in the physical state of accumulated
salts (e.g., crystallization-dissolution cycles) and ion redistribution between
intra- and extracellular compartments, governed by local salinity and tissue
hydration. The PLM approach is consistent with prior work in halophytes
(Salicornia bigelovii) °* and can be complemented with Raman spectroscopy
or related methods to resolve salt composition and localization in future

studies.
Coordination of nanomechanics and polymer remodeling

When the nanomechanical and biochemical data are viewed together, they
reveal a coordinated adjustment between cell-wall stiffness £ and polymer
composition a pattern consistent with broader concepts of stress-induced cell
wall remodeling described in recent reviews 9. Across all treatments,
changes in F closely followed changes in cellulose (r = 0.95) and showed a
moderate association with HM-HG pectin (r = 0.56), while being negatively
related to H-type lignin (r = -0.89), polarized-light area (r = -0.35), and
polarized-light intensity (r = -0.85) (Supplementary Table S2). Similar
relationships between mechanical stiffness and polysaccharide composition

under salt stress have been reported in maize and other glycophytes 7°
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The strong link with cellulose indicates that changes in cellulose organization
rather than a reduction in its amount were a key factor driving the decline in
wall stiffness under optimal salinity. The lower fluorescence intensity likely
reflects increased wall flexibility and structural rearrangements associated
with tissue expansion and a higher number of parenchyma cells. High HM-
HG pectin levels combined with lower H-lignin proportions at this range
reflect looser, more hydrated cell walls with greater ionic buffering capacity.
Such dynamic adjustments of pectin and lignin to maintain wall hydration and
flexibility are characteristic adaptive features of plants exposed to optimal

salt stress 76

At 1000 mM, Eremained low, correlating negatively with H-lignin (r = -0.89),
G units (r = -0.60) and polarized-light intensity (r = -0.85), but positively with
cellulose (r = 0.95) and HM-HG pectin (r = 0.56). Cellulose strongly anti-
correlated with H (r = -0.99). H enrichment is linked to lower biosynthetic
cost and weaker mechanics under stress 11.16.76 Although both G and S
monomers increased proportionally with total lignin content at high salinity,
this did not translate into higher wall stiffness, suggesting that the
mechanical response is more closely linked to local cell wall architecture and

polymer interactions than to overall lignin quantity.

Polarized-light microscopy supports these patterns: at optimal salinity,
decreased birefringence area and increased peripheral brightness paralleled
lower E, reduced cellulose, and higher HM-HG pectin, indicating ion

compartmentalization and hydration act with polymer remodeling to maintain
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turgor and flexibility 48. At 1000 mM, birefringence became more localized
but very intense, consistent with low £, low HM-HG pectin, and stronger

structural reinforcement.

The PCA (Figure 7) shows E clustering with LM-HG and cellulose on the
negative PC1 side, while HM-HG pectin, S/G ratio, biomass, lignin traits, and
polarized-light parameters load positively, highlighting their link to wall

elasticity under optimal salinity.

The PCA biplot (94.86 % variance) shows clear treatment separation. Optimal
salinity (200-400 mM) clusters with higher biomass, cellulose, lignin, S/G
ratio, HM-HG pectin, and polarized-light area, indicating wall loosening,

osmotic buffering, and water retention.

Non-saline treatment aligns with higher stiffness, cellulose, and H/G ratio,
reflecting more rigid, G-rich lignin, whereas 1000 mM groups with H units
and polarized-light intensity, indicating reduced biomass and less integrated
wall structure. The separation of H/G from S/G and total lignin highlights a

trade-off between metabolic cost and structural flexibility.

These results show that S. europaea displays finely tuned, salinity-dependent
cell wall remodeling, integrating stiffness, polymer composition, and biomass

performance as part of its adaptive strategy.

Integrated polymer applications across salinity gradient
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S. europaea adapts to optimal salinity (200-400 mM) through increased
methyl-esterified pectin, enhancing wall plasticity, hydration, and osmotic
balance. Salinity modulates polymers in a complementary manner: cellulose
becomes structurally less rigid, contributing to greater flexibility; pectin
remodels to improve hydration and porosity; and lignin shifts to maintain
structural balance and energy allocation. These coordinated adjustments
highlight promising biotechnological applications, particularly for improving
biomass accessibility and conversion efficiency, and warrant further

experimental validation (Table 2).



955 Table 2: Potential applications of S. europaea cell wall polysaccharides at
956 different salinity levels

Salinity Cell Wall

Level Biopolym Salinity-Induced Modifications APoliient¥al Referen
(NaCl) er pplications ces
Low Limited texturizing or
.. . Lower methylesterification; less gelling use in food; 68
salinity Pectin lastici i ioal
(<200 mM) plasticity ower nutracegtlca' .
value, lower bioactivity
Moderate to deposition and Fiber source for food;
Cellulose increased stiffness; rigid wall limited flexibility for 28
architecture biofuel saccharification
Lower total lignin content and Lower structural
reduced abundance of both G and reinforcement:
Lignin S units, reflecting limited reduced contri’bution 2,19
lignification under suboptimal Ici
conditions to recalcitrance
: Food: improved gelling
Soaliitrllrir;al Increased methylesterification; and thickening;
(200- y Pectin enhanced plasticity, water Pharmaceuticals: 31,63,68
400 mM) retention immune modulation,
gut health benefits
Functional prebiotic
- , food fiber with better
Cellulose ?;sggscétallftlllec;{sigiﬁ?p081t10n R digestibility; easier 28,96
y saccharification for
bioethanol
Increased lignification and higher Enhance}d biofuel .
. . conversion, enzymatic
S S/G ratio, reflecting enhanced o 1920
Lignin d <. . saccharification; .
eposition of S and G units at roduction with
optimal salinity p .
reduced energy input
High Reduced gelling
salinity Pecti Decline in methylesterification; qual;t_y / s?:ructural 63
ectin . A stabilization, less
(>400- potential cross-linking itable f .
1000 mM) suitable for premium
food uses
. L ...  Lower biomass yield;
Cellulose Potential reductlop in synthesis; limited industrial 96
structural weakening A
application
Intermediate lignin content with
higher H contribution relative to  Variable impact on
N optimal salinity 200-400 mM, biomass digestibility; 14,9
Lignin . . .
stable S/G and H/G ratios potentially more
compared to non-saline, and recalcitrant

altered matrix organization

957

958 Conclusions



959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

This study uncovers a coordinated, salinity-responsive remodeling of pectin
and lignin and a quantitative modulation of cellulose rigidity in S. europaea,
revealing its structural plasticity and metabolic adaptability. At optimal
salinity (200-400 mM NaCl), increased pectin methylesterification and
elevated syringyl/guaiacyl (S/G) lignin ratios enhance wall flexibility, osmotic
buffering, and apoplastic transport. Simultaneously, moderate reductions in

cellulose deposition reduce wall rigidity, improving biomass accessibility.

Under extreme salinity, structural integrity is preserved through modified
lignin composition, with a higher proportion of p-hydroxyphenyl (H) units
compared to both non-saline and optimal salinity treatments, reflecting a shift
toward a metabolically simpler lignin profile, and localized salt
compartmentalization, revealing energy-saving adaptations. These polymer-
specific responses reveal how S. europaea maintains structural and osmotic

balance in hypersaline environments.

Importantly, these compositional shifts confer application-specific benefits:
HM-pectin for food and pharmaceutical formulations, S-rich lignin for
efficient enzymatic hydrolysis in biofuel production, and softened cellulose
networks for increased digestibility. These findings position S. europaea as a
promising multipurpose crop for saline agriculture, integrating stress

resilience with high-value biopolymer yield.
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