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Abstract: Bryophytes, or non-vascular plants, provide valuable models for studying plant
adaptation to land, as their physiology differs significantly from that of vascular plants.
This study examines the cell wall structure of bryophytes, focusing on the tissue-specific
distribution of cell wall epitopes in Sphagnum compactum (a peat moss) and Marchantia
polymorpha (the model liverwort) using specific stains and immunolabeling techniques.
In S. compactum, chlorocysts and hyalocysts exhibit distinct polysaccharide compositions,
with methylesterified and demethylesterified homogalacturonans, arabinans, and hemicel-
luloses contributing to water retention, structural integrity, and photosynthetic efficiency.
In contrast, M. polymorpha demonstrates a simpler yet polarized distribution of homogalac-
turonans, arabinans, mannans, and xyloglucans, with arabinogalactan proteins uniquely
localized in rhizoids, improving their flexibility and anchorage to the substrate. Cellulose
was uniformly distributed throughout all tissues in both bryophytes, while crystalline
cellulose was only faintly observed. These findings highlight how cell wall adaptations
contribute to ecological specialization, providing insights into the evolutionary innovations
that enable bryophytes to thrive in terrestrial environments.

Keywords: bryophytes; cell wall composition; Sphagnum compactum; Marchantia polymorpha;
polysaccharides

1. Introduction
The transition of plant ancestors from aquatic to terrestrial environments approxi-

mately 450 million years ago necessitated profound changes in cell wall structure and
composition [1]. These adaptations were crucial for overcoming challenges such as des-
iccation, UV radiation, and the need for structural support. Key innovations included
enhanced water regulation, facilitated by hydrophilic hemicelluloses like mannans [2], and
the development of a protective cuticle barrier [3]. Additionally, plants evolved UV protec-
tion mechanisms through phenolic compounds embedded in cell walls, vacuolar phenolics,
and the cuticle itself [4]. The synthesis of lignified secondary walls further enabled vertical
growth and efficient water transport, marking a significant evolutionary milestone for
tracheophytes [5]. These advancements in cell wall biology laid the foundation for the
diversification of land plants [6].

Bryophytes, including mosses and liverworts, exhibit distinct adaptations to terrestrial
life compared to their vascular counterparts, maintaining a greater dependence on water
availability for reproduction and growth [7]. Despite their small size, bryophytes play
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essential ecological roles, acting as pioneers in soil formation, regulators of water cycles, and
contributors to carbon sequestration [8,9]. They serve as ecological engineers by creating
microhabitats that support, for example, diverse microbial communities [10]. Furthermore,
their cellular biology provides valuable insights into plant function and serves as a simpler
model for studying the evolution of complex traits in angiosperms [11]. In bryophytes,
the types of tissue present are few and the cellular pathways much simpler. For example,
the model liverwort, Marchantia polymorpha, has a minimal set of homologs for the genes
involved in the auxin signaling pathway: six as compared to the 63 in the angiosperm
model, Arabidopsis thaliana [12]. Investigating the physiological and ecological adaptations
of bryophytes enhances our understanding of plant evolution and informs conservation
efforts, particularly in the context of climate change and habitat degradation [13,14].

Research on the cell wall composition of the green lineage has provided insights
into bryophyte adaptations [15]. Cell wall composition has been shown to influence
both cell wall thickness and photosynthetic rates in certain mosses [16], underscoring the
physiological importance of studying cell wall properties across bryophytes. Mannans,
which serve as the primary hemicelluloses in charophytes, were detected in bryophytes
through paper chromatography following acid hydrolysis of cell walls [17]. However,
bryophyte mannans exhibit higher mannose levels than those of vascular plants, suggesting
a divergence that may be associated with differing functional requirements. Similarly, moss
and liverwort xyloglucans differ structurally from those in flowering plants, containing
galacturonic acid as revealed by mass spectrometry [18], which may reflect adaptations
to their specific environmental conditions. Xyloglucan, a vital structural component, was
identified in hornworts, mosses, and liverworts, with driselase digestion confirming its
presence through isoprimeverose detection. Uronic acid composition also varied, with
bryophytes showing higher glucuronic acid levels than vascular plants. Notably, Anthoceros
contained a unique glucuronic acid-α(1→3)-galactose repeat unit, absent in other species,
highlighting biochemical differentiation within bryophytes [17]. Additionally, the cell walls
of mosses and liverworts are enriched with phenolic compounds such as p-coumaric and
ferulic acids, which contribute to UV protection and structural stability [4], enhancing
their resilience in exposed habitats. The absence of mixed-linkage glucan (MLG) in algae
and bryophytes, despite the presence of MLG-related polysaccharides in Ulva lactuca
and Lophocolea bidentata, suggests independent adaptation strategies [17]. These findings
highlight the evolutionary diversification of cell wall composition across the green lineage,
with bryophytes exhibiting distinct polysaccharide profiles compared to both charophyte
algae and vascular plants [17].

The Sphagnum genus, apart from exhibiting significant intra- and interspecific variation
in nucleotide sequences, varies in physiology, morphology, net production, and carbon
accumulation (peat formation). With many species, diverse mating systems, and distinct
patterns of niche differentiation, the Sphagnum lineage serves as an exceptionally valuable
addition to Physcomitrium (Physcomitrella) patens [19] and Ceratodon purpureus as a moss
model for genomic research [20,21]. It is also of particular interest for cell wall studies
because of its remarkable resistance to decomposition. Polysaccharide research in Sphagnum
mosses, which began in the 1950s and accelerated with the identification of D-lyxo-5-
hexopyranuronic acid in 1983, has revealed that their cell walls are largely composed
of cellulosic and pectin-like structures, with key sugars such as D-galacturonic acid and
L-rhamnose [22]. Of particular interest are the moss’s hyaline cells, which enable it to
absorb up to 25 times its dry weight in water [23]. The specific cell wall components
of Sphagnum mosses collectively enable substantial water retention, particularly within
specialized hyaline cells [24]. Polyphenolic polymers, such as sphagnic acid, protect cell
wall polysaccharides from degradation [25], while sphagnan, a pectin-like carbohydrate,
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further safeguards organic material from microbial decomposition [26]. Additionally,
Sphagnum cell walls exhibit a high cation exchange capacity, contributing to the acidification
of peatlands and their unique ecological dynamics [27].

Marchantia polymorpha serves as a key model organism for plant biology, offering
valuable insights into the development and morphology of non-vascular land plants. It has
been a cornerstone of biological research since the 18th century, with its use experiencing
a significant revival in recent decades [28]. This resurgence is driven by its suitability for
genomic and genetic research, particularly in studying the physiological, developmen-
tal, and evolutionary aspects of land plants. Its advantages as a model system include
simple cultivation, worldwide availability, ease of crossing, straightforward genetics, and
access to advanced tools such as efficient transformation techniques, genome editing, and
comprehensive genomic resources [28–30]. The cell walls of M. polymorpha display re-
markable flexibility, a critical adaptation for its flat thallus structure. This flexibility is
attributed to a high pectin content, providing porosity, elasticity, and adhesion [31]. The cell
wall proteome of M. polymorpha reveals distinct evolutionary traits, including specialized
arabinogalactan proteins absent in angiosperms [32]. Moreover, the thallus contains air
chambers lined with specialized cell walls that facilitate efficient gas exchange, promot-
ing photosynthesis [33]. Beyond structural roles, Marchantia cell walls contain secondary
metabolites such as flavonoids, which enhance defense mechanisms against herbivores and
pathogens. For instance, auronidin flavonoid pigments form polymers that strengthen cell
walls and bolster protection [34].

Although techniques such as hydrolytic analyses and residual material weighting have
yielded valuable information about the components of bryophyte cell walls [15,17,35], there
is still a need for more detailed structural insights into the specific characteristics of cell walls
across different tissues in mosses and liverworts. Previous studies have typically focused
on specific cell types, such as hyaline cells, elaters [36], pseudo-elaters, spores [37,38],
placental cells [39], leptoids [40], or hydroids [41], leaving gaps in our understanding of the
broader cell wall characteristics across diverse tissue types. To fill this gap, this study offers
a comprehensive analysis of the distribution of various cell wall epitopes in two bryophytes:
the peat moss Sphagnum compactum and the model liverwort Marchantia polymorpha. This
study investigates and compares the cell wall structures and compositions of S. compactum
and M. polymorpha, focusing on the distribution of key polysaccharides and proteins.
Immunocytochemical/staining techniques were used to examine all gametophyte tissues
of each species for glucans (crystalline cellulose and callose) homogalacturonans (HG),
arabinans, xyloglucans, mannans, and arabinogalactan proteins (AGPs). By uncovering the
unique cell wall characteristics of Sphagnum and Marchantia, this research could shed light
on how these adaptations support their functional roles in various terrestrial habitats.

2. Results
2.1. Spagnum compactum

The branch leaves of Sphagnum compactum are unistratose and consist of two distinct
cell types: large, water-filled hyaline cells (hyalocysts) that are dead at maturity and often
possess pores, and chlorophyllous cells (chlorocysts) arranged around the hyalocysts. In
the stem, the epidermis is composed exclusively of hyaline cells (arrow), while in the center
(bracket) there is the central cylinder, as observed in toluidine blue-stained cross-sections
(Figure 1). Direct Red 23 staining for cellulose revealed a uniform and evenly distributed
signal across the various tissues of both the stem and the leaves. In contrast, when CBM3a
antibody was used epitopes, specifically used for crystalline cellulose, were detected only
in the hyaline leaf cells, particularly at their cell wall thickenings (Figure 2).
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Figure 2. Transverse sections of the gametophyte stem (a) and branch leaves (b) stained with Direct 
Red 23 to visualize cellulose, and branch leaves following immunolabeling with the CBM3a 
antibody to detect crystalline cellulose (inset). Direct Red 23 staining revealed a uniform and evenly 
distributed signal across the various tissues of both the stem and the leaves. In contrast, the CMB3a 
antibody, was detected only in the hyaline leaf cells, particularly at their cell wall thickenings 
(arrowhead in inset). Scale bars: 20 µm. 

Distinct patterns of homogalacturonan (HG) distribution were revealed through 
immunolabeling. JIM7, which detects methyl-esterified HGs, exhibited weak labeling in 
the hyaline cell epidermis of the stem and stronger labeling in the central cylinder. In 
branch leaves, JIM7 was predominantly localized to the photosynthetic cells. JIM5, 
specifically used for de-methyl-esterified HGs, demonstrated weak labeling in the hyaline 
cell epidermis of the stem and stronger labeling in the central cylinder. In branch leaves, 

Figure 1. Transverse sections of the gametophyte stem (a) and branch leaves (b) stained with toluidine
blue. The stem’s epidermis consists of hyaline cells (arrow), while the central cylinder is marked
by a bracket. Branch leaves comprise alternating hyaline cells (arrowhead) and photosynthetic cells
(circle). Inset: stem and branch leaves of S. compactum. Scale bars: (a,b): 20 µm; Inset: 0.5 mm.
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Figure 2. Transverse sections of the gametophyte stem (a) and branch leaves (b) stained with Direct
Red 23 to visualize cellulose, and branch leaves following immunolabeling with the CBM3a antibody
to detect crystalline cellulose (inset). Direct Red 23 staining revealed a uniform and evenly distributed
signal across the various tissues of both the stem and the leaves. In contrast, the CMB3a antibody,
was detected only in the hyaline leaf cells, particularly at their cell wall thickenings (arrowhead in
inset). Scale bars: 20 µm.

Distinct patterns of homogalacturonan (HG) distribution were revealed through im-
munolabeling. JIM7, which detects methyl-esterified HGs, exhibited weak labeling in the
hyaline cell epidermis of the stem and stronger labeling in the central cylinder. In branch
leaves, JIM7 was predominantly localized to the photosynthetic cells. JIM5, specifically
used for de-methyl-esterified HGs, demonstrated weak labeling in the hyaline cell epi-
dermis of the stem and stronger labeling in the central cylinder. In branch leaves, JIM5
showed extensive labeling in both hyaline and photosynthetic cells. LM18, recognizing
both unmethyl-esterified and de-methyl-esterified HGs, displayed widespread labeling in
the stem and showed strong labeling on the outer walls of both hyaline and photosynthetic
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cells in the branch leaves. Finally, 2F4, which detects partially or non-methyl-esterified
HGs cross-linked with calcium bridges, highlighted spirally arranged thickenings in the
walls of hyaline cells in the branch leaves, with labeling focused on the transverse walls of
chlorocyst cells (Figure 3).
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Figure 3. Transverse sections of the gametophyte stem (a,d,f) and branch leaves (b,c,e,g), along
with surface views of a branch leaf (h,i), were analyzed following immunolabeling with JIM7 (a–c),
JIM5 (d,e), LM18 (f,g), and 2F4 (i), or viewed using DIC microscopy (h). In the stem, the hyaline cell
epidermis showed weak JIM7 labeling (arrows in (a)), while the central cylinder (bracket) exhibited
stronger labeling (a). In the branch leaves, JIM7 was predominantly localized in the photosynthetic
cells (circle and arrowheads in b and c). The hyaline cell epidermis of the stem showed weak JIM5
labeling (arrow in (d)), with stronger labeling in the central cylinder (bracket). In the branch leaves,
JIM5 labeling was present in both hyaline and photosynthetic cells (e). LM18 labeling was widespread
in the stem (f), while in the branch leaves, strong labeling was observed on the outer walls of both
hyaline cells (arrowhead) and photosynthetic cells (arrow in (g)). Hyaline cells in the branch leaves
of S. compactum exhibited spirally arranged thickenings in their cell walls (arrowheads in (h)), and
the 2F4 antibody was localized on the transverse walls of chlorocyst cells (circles in (i)). Scale bars:
(a,b,d–i) 20 µm; (c) 10 µm.

Immunolabeling with LM6 and LM13 antibodies, specific for arabinans, showed
pronounced labeling in the cell walls of photosynthetic cells, whereas the stem exhibited a
reduced signal (Figure 4).

The distribution of xyloglucans, mannans and callose was assessed using LM15 LM21
antibodies, and aniline blue stain, respectively. Xyloglucans were predominantly localized
at the cell junctions in both stem and branch leaves. Mannans were present along the outer
cell walls of both hyaline and photosynthetic cells. Aniline blue staining was particularly
intense in the central cylinder, as well as at the cell junctions of hyaline stem cells and
photosynthetic cells in the leaves (Figure 5).
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Figure 4. Transverse sections of the gametophyte stem (a) and branch leaves (b), following immuno-
labeling with LM6 (a; Inset) or LM13 (b) to detect arabinan. The epidermis of hyaline cells in the stem
(arrows) shows weak labeling, as does the central cylinder (bracket). In the branch leaves, both LM6
and LM13 are predominantly localized in the photosynthetic cells (circle in (b) and arrowhead in
inset). Scale bars: (a) 20 µm; (b, inset): 10 µm.
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Figure 5. Transverse sections of the gametophyte stem (a,d,e) and branch leaves (b,c,f), following
immunolabeling with LM15, LM21 detecting xyloglucans and mannans, or aniline blue for callose
staining, respectively. The epidermis of hyaline cells in the stem (arrows) shows LM15 labeling at cell
junctions, as does the central cylinder (bracket) (a). In the branch leaves, LM15 is primarily localized at
the junctions between photosynthetic cells and hyaline cells (arrow) (b), while LM21 is present in the
outer cell walls of both hyaline cells and photosynthetic cells (arrow and arrowhead, respectively) (c).
Aniline blue was detected in the central cylinder (bracket, (d)), at the cell junctions of the hyaline cells
in the stem epidermis (arrowheads, (e)), and at the cell junctions of the photosynthetic cells in the
leaves (arrowheads, (f)). Scale bars: 20 µm.
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Labeling with LM14, which detects arabinogalactan proteins, revealed no signal in
the epidermis of the hyaline cells in the gametophyte stem. However, the central cylinder
exhibited clear LM14 labeling. In contrast, LM14 was not detected in branch leaves.
Structural visualization with calcofluor staining supported these observations (Figure 6).
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Figure 6. Transverse sections of the gametophyte stem (a) and branch leaves (inset in b,c) were
analyzed following immunolabeling with LM14 (a,c) to detect arabinogalactan proteins, or calcofluor
staining (b). LM14 labeling was absent in the epidermis of hyaline cells in the stem (indicated by an
arrow in (a,b)) but was present in the central cylinder (bracket in (a,b)). In the branch leaves, LM14
was not detected in either the photosynthetic cells or the hyaline cells (indicated by the circle and
arrowhead, respectively, in (c)). However, the leaves exhibited positive calcofluor staining (inset in b).
Scale bars: (a,c) 20 µm; (b, inset) 10 µm.

2.2. Marchantia polymorpha

A cross-section of the thallus of the gametophyte Marchantia polymorpha stained with
toluidine blue reveals a complex, three-layered structure. The upper assimilatory region
forms distinct “air chambers”, housing chlorophyllous filaments, which are essential for
photosynthesis. The middle storage region consists of parenchyma cells, serving as a
reservoir for nutrients. The ventral epidermis, located at the lower part of the thallus,
contains scales and rhizoids. The entire structure is enclosed by the upper and lower
epidermis (Figure 7). Direct Red 23 staining for cellulose revealed a uniform and evenly
distributed signal across the various tissues of the thallus. CMB3a antibody, specific for
crystalline cellulose, was detected only in the chlorophyllous filaments and the scale cell
walls, particularly at their cell wall thickenings (Figure 8).

Immunolabeling and staining of Marchantia polymorpha thallus cross-sections revealed
distinct patterns of homogalacturonan (HG) distribution. Using JIM5 and JIM7 antibodies in
conjunction with calcofluor-white staining, a clear polarity in HG localization was observed.
Methyl-esterified HGs (JIM5) were predominantly found in the lower parenchyma and
the scales. In contrast, non-methyl-esterified HGs (JIM7) were localized to the upper
epidermis and the upper parenchyma (brackets). Additional immunolabeling with LM18
showed a broader distribution of HGs across all histological regions, including the scales,
while rhizoids lacked a detectable HG signal (Figure 9). The 2F4 staining revealed the
presence of non-esterified or de-esterified HGAs that are cross-linked by calcium in the
upper epidermis and parenchymatic tissue, while being absent from the chlorophyllous
filaments (Figure 9).
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Figure 7. Cross-section of the thallus of the gametophyte Marchantia polymorpha stained with toluidine
blue. The upper and lower epidermis (arrowheads), the chlorophyllous filaments (rectangle), the
parenchyma (bracket) between the epidermal layers, and at the lower part of the thallus, the scales
(asterisks) and rhizoids (circle) are visible. Scale bar: 50 µm.
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Figure 8. Cross-sections of the thallus stained with Direct Red 23 to visualize cellulose (a), after
immunolabeling with the CMB3a antibody to detect crystalline cellulose (b,c) and the sections of
b and c, respectively, with DIC optics (d,e). Direct Red 23 staining revealed a uniform and evenly
distributed signal across the various tissues. CBM3a antibody was detected only in the chlorophyllous
filaments (asterisks in (b,d)) and in the scale cell walls (arrowhead in (c,e)). Scale bars: 20 µm.
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Immunolabeling of transverse sections of the gametophyte thallus of Marchantia 
polymorpha with LM13 and LM6, revealed distinct patterns of arabinan distribution. LM13 
showed low signaling throughout the parenchyma tissues of the thallus. In contrast, LM6 
exhibited labeling specifically in the idioblast cells (Figure 10). 

Figure 9. Transverse sections of the gametophyte thallus following immunolabeling with various
antibodies and stains. (a) JIM5 labeling was observed in the lower parenchyma (bracket) and scales.
(c) JIM7 labeling was detected in the upper epidermis and upper parenchyma (bracket). (d,f) LM18
labeling indicated a widespread distribution of homogalacturonans (HGs) across all histological
regions, including the scales (asterisks in (f)), No labeling was observed in the rhizoids (bracket
in (f) and corresponding calcofluor staining in (e)). (h) The 2F4 staining was present in the upper
epidermis (arrowhead in (h) and the corresponding DIC image in (g)) and in the parenchyma (bracket
in (h) and corresponding DIC in (g)), but was absent from the chlorophyllous filaments (rectangle in
the DIC image, (g)) and rhizoids (arrowhead in the corresponding DIC image, (g)). (b,e) Calcofluor
white (CALCO) staining highlighted the cell walls in all regions. (g) Differential interference contrast
(DIC) microscopy image showing the overall structure of the thallus. Scale bars = 50 µm.

Immunolabeling of transverse sections of the gametophyte thallus of Marchantia
polymorpha with LM13 and LM6, revealed distinct patterns of arabinan distribution. LM13
showed low signaling throughout the parenchyma tissues of the thallus. In contrast, LM6
exhibited labeling specifically in the idioblast cells (Figure 10).
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Figure 10. Transverse sections of the gametophyte thallus of Marchantia polymorpha analyzed by
immunolabeling with LM13 (b) and LM6 (inset in (b)) as well as with calcofluor white ((a) CALCO)
staining. LM13 had a low signaling throughout the thallus parenchymatic tissues. LM6 exhibited
labelling in the idioblast cells (inset in (b)). Scale bars: 50 µm.
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Transverse sections of the gametophyte thallus of Marchantia polymorpha were analyzed
following immunolabeling with LM15 and LM21. LM15 labeling, indicating the presence
of xyloglucans, showed a broad distribution across the thallus. In contrast, LM21 labeling,
specific for mannans, was restricted to the upper epidermis, chlorophyllous filaments, and
parenchyma cells located closer to the upper epidermis. No prominent aniline blue signal
was detected across the thallus (Figure 11c).
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Figure 11. Transverse sections of the gametophyte thallus of Marchantia polymorpha analyzed by
immunolabeling with LM15 (a) and LM21 (b) antibodies. LM15 had a broad distribution throughout
the thallus. In contrast, LM21 was localized to the upper epidermis, chlorophyllous filaments, and
parenchyma cells near the upper epidermis (bracket in (b)). No prominent aniline blue signal is
detected (c). Scale bars: 50 µm.

Immunolabeling with LM14 of transverse sections of the gametophyte thallus of
Marchantia polymorpha revealed that arabinogalactan proteins (AGPs) are exclusively local-
ized in the rhizoids. No AGP labeling was detected in other parts of the thallus (Figure 12).
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Figure 12. Transverse sections of the gametophyte thallus of Marchantia polymorpha following im-
munolabeling with LM14 (a) and staining with calcofluor white (b) CALCO. Arabinogalactan proteins
(AGPs) are exclusively distributed in the rhizoids (brackets) and are not present in other parts of the
thallus, such as the scales (asterisks in (a,b)). Scale bar: 50 µm.

2.3. Comparison of Labeling Between S. compactum and M. polymorpha

Immunolabeling of S. compactum and M. polymorpha revealed distinct patterns of
polysaccharide and protein distribution. In S. compactum, homogalacturonans (HGs) were
broadly distributed in the stem and branch leaves, with specific labeling in hyaline and
photosynthetic cells. Arabinans were predominantly present in photosynthetic cells, while
xyloglucans were found at cell junctions and mannans localized to outer cell walls. In M.
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polymorpha, methyl-esterified HGs were mainly in the lower parenchyma and scales, while
non-methyl-esterified HGs were localized in the upper epidermis and upper parenchyma.
Arabinans were detected in idioblast cells, xyloglucans had a broad distribution, and man-
nans were restricted to the upper epidermis and chlorophyllous filaments. Arabinogalactan
proteins (AGPs) were exclusively found in the rhizoids (Table 1). The schematic representa-
tion of the data listed in Table 1 is presented in Figure 13, where different colors—other
than grey—indicate the staining or immunolabeling of the various detected epitopes or cell
wall components.

Table 1. Summary of immunolabeling results for Sphagnum compactum and Marchantia polymorpha.

Polysaccharide/
Protein

Antibody/
Label

Distribution in Sphagnum
compactum

Distribution in Marchantia
polymorpha

Glucans Direct Red 23 Uniform and evenly distributed
signal across the various tissues

Uniform and evenly distributed
signal across the various tissues

CBM3a Weak labeling in hyaline leaf cells Weak labeling in chlorophyllous
filaments and scales

Aniline Blue

Staining was observed in the
central cylinder of the stem, as

well as at the cell junctions of the
hyaline stem cells and the

photosynthetic cells in the leaves

No prominent signal was
detected

Homogalacturonans
(HGs) JIM7

Weak labeling in hyaline cell
epidermis of stem; stronger in

central cylinder

Polar distribution to upper
epidermis and upper thallus

parenchyma

LM18
Widespread in stem; outer walls

of hyaline and photosynthetic
cells in branch leaves

Broader distribution across all
histological regions, including
scales; absent in the rhizoids

JIM5 Weak in hyaline cell epidermis of
stem; stronger in central cylinder

Polar distribution to the lower
epidermis/thallus parenchyma

and the scales.

2F4

Labeling was primarily
concentrated on the transverse

walls of chlorocyst cells in branch
leaves

Signaling present in the upper
epidermis and parenchymatic

tissue, absent from the
chlorophyllous filaments

Arabinans LM6
Reduced signal in stem;
pronounced labeling in

photosynthetic cells

Low signal in thallus parenchyma;
labeling in idioblast cells

LM13
Pronounced labeling in

photosynthetic cells; reduced
signal in stem

Low signaling throughout thallus
parenchyma

Xyloglucans LM15
Predominantly present at cell
junctions in stem and branch

leaves

Broad distribution across the
thallus

Mannans LM21 Found in outer cell walls of
hyaline and photosynthetic cells

Restricted to the upper epidermis,
chlorophyllous filaments, and

parenchyma closer to the upper
epidermis

Arabinogalactan
Proteins (AGPs) LM14

No signal in epidermis of hyaline
cells; clear signal in central

cylinder

Exclusively localized in the
rhizoids; absent in other parts of

the thallus
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3. Discussion
The genus Sphagnum is unique among mosses in that its leaves are composed of a

geometric pattern of interwoven chlorocyst cells that form a network enclosing dead,
empty hyaline cells (Figure 3h; [42]). Although hyaline cells are dead and empty at
maturity, they remain functional with a primary role in water absorption [43]. Direct Red
23 staining revealed the presence of cellulose throughout S. compactum tissues, confirming
earlier observations that Sphagnum walls are primarily composed of cellulose [36]. When
crystalline cellulose epitopes were detected by CBM3a, signaling was scarce, consistent with
studies dating back to 1946 that reported similarly low levels in other Sphagnum species [44].
Notably, crystalline cellulose was localized within the hyaline cells, suggesting that, due to
their water-retaining capacity, these cells may require increased cell wall robustness.

Our results align with previous studies, which indicate a low presence of homogalac-
turonans (HGs) in the hyaline cells of leaf tissue [36]. However, in our investigation, we
clearly observe that the chlorocyst cell walls contain significant levels of methyl-esterified
HGs, which likely play a role in optimizing photosynthesis [45]. Additionally, the trans-
verse walls of the chlorocyst cells are rich in HGs linked through calcium bridges, as
evidenced by the comparison of Figure 3i with Figure 3h. This finding underscores the
importance of cell wall reinforcement, particularly in regions subject to mechanical pressure,
such as the chlorocyst cells, which undergo bulging during water storage in the hyaline
cells. Calcium-mediated pectin cross-linking, therefore, strengthens cell wall junctions,
supporting both water retention and structural integrity [46]. The presence of mannans
and xyloglucans further enhances tissue cohesion [47,48], vital for the plant’s overall
functionality in wetland ecosystems.

Although our understanding of the occurrence and role of callose across bryophyte
taxa and structures remains incomplete, this cell wall polymer is essential for the de-
velopment and differentiation of bryophyte cells [40]. For instance, in Physcomitrium
(Physcomitrella) patens, callose has been localized to the aperture exine in developing spores.
The same study [49] identified 12 P. patens callose synthase genes, suggesting multiple roles
for callose in both development and stress response. In our study, callose staining was
prominent at the cell junctions of chlorophyllous and hyaline cells, indicating that these
sites may be under mechanical stress, with callose potentially playing a reinforcing role.

The LM6 and LM13 antibodies employed in this study were able to detect arabinans,
which are important components of the cell walls in chlorocyst cells. Arabinans are known
for their role in maintaining cell wall flexibility and supporting cell expansion. As such,
they likely facilitate the dynamic regulation of cell wall porosity and elasticity, both of
which are essential for optimizing light capture and improving metabolic efficiency in
photosynthetic tissues [50].

Furthermore, the stem of Sphagnum is internally divided into the cortex and central
cylinder, with the internal stem cells exhibiting a highly specialized cytoplasmic organiza-
tion, including a well-developed network of endoplasmic microtubules, which relates them
to food-conducting cells in other mosses [51]. This specialized cytoplasmic structure may
be mirrored in the composition of the cell wall, where the presence of HGs likely plays a
role in supporting the transport functions of the central cylinder cells [51].

M. polymorpha is widely recognized as a model organism in bryophyte research due to
its relatively simple structure that has been studied in detail. As a non-vascular plant, it
provides valuable insights into the evolutionary development of plant morphology and
cellular functions [28]. Regarding its cell wall composition, previous studies on the cell wall
fractions of M. polymorpha have demonstrated the presence of key polysaccharides com-
monly found in flowering plants, such as homogalacturonans (HGs), rhamnogalacturonan-I
(RG-I), xyloglucans (XGs), and xylans [52]. Additionally, mannans, which are also found
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in charophyte algae are present in their cell walls [53]. A common method for labeling
cellulose is Calcofluor White, also applied in this study. In numerous investigations of plant
cell walls, this dye has shown positive staining in liverwort cell walls (as reviewed in [17];
this study), reinforcing the observation that cellulose is present in all land plants [54]. The
use of Direct Red 23 staining further confirmed these findings. Additionally, detection of
crystalline cellulose via CBM3a antibody revealed the presence of the specific epitope in low
abundance and confined to specific cell types (e.g., chlorophyllous filaments and scales).

In the present study, low-methylesterified homogalacturonans (HGs) are the pre-
dominant pectins detected in the cell walls of M. polymorpha, consistent with previous
findings [31]. Notably, this study presents, for the first time, a distinct polarization in
the distribution of methylation states of HGs. Methylesterified HGs are primarily lo-
cated in the upper epidermis and the upper parenchyma, while demethylesterified HGs
are mainly found in the lower epidermis and rhizoids. The photosynthetic parenchyma,
however, is devoid of demethylesterified HGs associated with calcium bridges and is
instead enriched with methylesterified HGs in the same thallus region. To date, six pectin
methylesterases (PMEs) have been identified in the M. polymorpha cell wall proteome [32],
but no PME inhibitors have been predicted in its genome. As previously noted, [55,56], low-
methylesterified HGs can form calcium bridges when demethylation occurs in a block-wise
manner. This fine-tuned demethylesterification process can impart different properties to
the cell wall, such as increased structural rigidity through calcium-mediated cross-linking
or enhanced elasticity when demethylesterification occurs in a non-block-wise manner. The
presence of demethylesterified HGs in the lower parenchyma and scales plays a critical
role in anchoring and nutrient storage. Furthermore, demethylesterified HGs serve as
substrates for enzymes like polygalacturonases or pectate lyases, whose actions result in
the release of oligogalacturonides—molecules that are involved in signal transduction [56].
This distribution reflects functional differentiation across tissues [57], with the rigid cell
walls in the lower epidermis and rhizoids contributing to anchorage to the substrate.

The presence of mannans in the upper epidermis and chlorophyllous filaments plays
a crucial role in tissue stabilization and hydration, helping to maintain water balance and
ensuring structural integrity [58–60]. In terms of xyloglucans, immunolocalization signals
revealed a broad distribution across the thallus, with higher intensity in the lower epidermis
and rhizoids, areas where demethylesterified HGs are also present. This observation is
in line with previous findings by Kolkas et al. [31], who noted that xyloglucans are more
closely associated with a pectin fragment rather than a hemicellulose fragment. This
suggests a strong connection between rhamnogalacturonan-I (RG-I) and the side chains of
an XXXG motif (X: xylose, G: galactose). Furthermore, glycoside hydrolases of the GH16
family, which include xyloglucan endotransglycosylases/hydrolases (XTHs) [32], have
been identified in the genome of M. polymorpha, linking their activity to the presence of
xyloglucans. This study presents the first report of an association between pectins and
xyloglucans in specific Marchantia tissues, as demonstrated by an immunolocalization assay.
Using aniline blue fluorescence, no callose could be detected, an observation consistent
with other studies, such as those on sporophyte seta cells of the leafy liverwort Lophocolea
heterophylla [61] and in the cell walls of mature elaters and pseudo-elaters of the leafy
liverwort Radula buccinifera [36].

The presence of tissue-specific components, such as arabinans and glycoproteins,
emphasizes the unique characteristics of the cell walls in both Sphagnum and Marchantia.
These components contribute to the specialized structure and function of their cell walls,
with arabinans enhancing flexibility [62] and glycoproteins playing a role in structural
integrity [63]. Arabinogalactan proteins (AGPs) could play distinct and specialized roles in
both Sphagnum and Marchantia. In Sphagnum, AGPs are primarily localized to the central
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cylinder, the cells of which are thought to support vascular-like functions [51], with AGPs
playing a significant role in these processes [64].

Previous studies have identified the polysaccharidic nature of Marchantia rhizoid cell
walls and noted also the limited presence of callose [65]. Our findings further confirm
the presence of AGPs in rhizoids where they may contribute to the anchoring role of the
rhizoids. Moreover, AGPs may aid in water retention. In bryophytes, AGPs are enriched
with rhamnose and methylated rhamnose at their periphery, creating a less polar surface
that could promote hydrophobic interactions, thereby influencing cell wall properties
under water stress [15]. The cavitation-resistant and elastic walls of pegged rhizoids, which
maintain structural integrity during desiccation [66], could benefit from the presence of
AGPs which may also provide water retention capacity. Given the parallelism between
the rhizoids of M. polymorpha and the water-conducting cells of angiosperms [67], further
studies are needed to investigate the structure of the rhizoid cell wall, particularly during
its development.

Interestingly, AGPs in both species are highly localized and occur in relatively low
abundance, as indicated by previous studies [68,69]. This suggests that their structure may
differ from the AGPs typically found in angiosperms, highlighting the unique adaptations
of these bryophytes.

Although both bryophytes and vascular plants share fundamental polysaccharides
such as cellulose, hemicelluloses, and pectins, bryophytes exhibit unique structural and
compositional variations in these components that reflect their distinct evolutionary
trajectories. Monosaccharide-linkage analyses have confirmed that although common
vascular plant polysaccharides—such as cellulose, xyloglucans, mannans, xylans, and
rhamnogalacturonan-type pectins—are present in bryophytes, they possess distinct side
chain compositions and configurations (e.g., [6,15,17]). Our complementary immunolabel-
ing, further reveal differential labeling patterns with anti-pectin and anti-arabinogalactan-
protein antibodies, emphasizing tissue-specific roles and functional adaptations. The
contrasting strategies of Sphagnum and Marchantia illustrate this divergence: Sphagnum
thrives in peatlands through specialized hyaline cells that regulate water, store carbon, and
shape its habitat, whereas Marchantia modifies its cell wall components to balance flexibility,
hydration, and structural integrity in variable terrestrial environments [70].

Recent analyses of plant and algal genomes have underscored that modern bryophytes
are not primitive relics but rather highly derived lineages. Bryophytes and tracheophytes
have experienced similar extensive gene gain and loss relative to the inferred plant ancestral
genome, indicating that neither group preserves an ancestral state. In fact, the ancestral
angiosperm may have shared more genes with the ancestral land plant than the ancestral
liverwort did [71]. Moreover, investigations into cell wall evolution reveal that bryophytes
have maintained a mosaic of features—such as cellulose synthase complexes and evolved
novel modifications in pectic and hemicellulosic polysaccharides in response to terrestrial
stresses [17]. Our findings further indicate that specific tissues, such as the rhizoids of
Marchantia, where arabinogalactan-protein epitopes are uniquely labeled, highlight the
functional diversification within bryophyte cell walls. These insights conjointly challenge
the view of bryophytes as simple models for early land plants. The selection of model organ-
isms for studying early plant evolution must be tailored to the trait of interest, integrating
a comprehensive appraisal of phylogenetic diversity that includes algal outgroups.

4. Materials and Methods
Plant material for the analysis of polysaccharide distribution in cell walls was obtained

from axenic cultures of bryophytes grown on solid Gamborg B5 medium supplemented
with 1% (w/v) glucose. Cultures were maintained under controlled growth chamber condi-
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tions (temperature: 25 ◦C, light intensity: 50 µmol m−2 s−1, photoperiod: 8 h light/16 h
dark) [72,73]. The liverwort Marchantia polymorpha L. TAK2 (courtesy of Dr. Claus Schwech-
heimer, Technical University of Munich, Germany) and the moss Sphagnum compactum Lam.
& DC. were used.

Segments of S. compactum gametophytes were fixed in 4% (w/v) paraformaldehyde
(PFA) in PEM buffer (50 mM PIPES, 2 mM EGTA, 2 mM MgSO4, pH 6.9) for 1 h. After
three washes with PEM, the samples were digested with 2% (w/v) cellulase (Onozuka R-10,
Duchefa Biochemie, Haarlem, The Netherlands) in PEM for 1 h, followed by additional
washes and rehydration in extraction solution for 1 h. Samples were then washed in PBS and
incubated in T/Ca/S buffer (20 mM Tris-HCl pH 8.2, 0.5 mM CaCl2, 150 mM NaCl) before
immunolabeling. For the detection of partially or non-methylesterified homogalacturonans
crosslinked by calcium bridges, the monoclonal antibody 2F4 (Plant Probes, Leeds, UK)
was used. Samples were incubated with 2F4 diluted 1:40 in T/Ca/S for 12 h, washed
with the same buffer, and incubated with FITC-conjugated anti-mouse secondary antibody
(1:40 dilution) at 37 ◦C for 2 h, or at room temperature for 12 h. Sections were mounted
in an anti-fade solution (2:1 glycerol/PBS with 0.5% p-phenylenediamine). For structural
analysis, gametophyte sections were embedded in London Resin White (LRW, Polysciences,
Warrington, PA, USA) using mild processing conditions to preserve antigenicity. Semi-thin
sections (0.5–2 µm) were prepared using an Ultratome III microtome (LKB-Produkter AB,
Stockholm, Sweden) with glass knives [74]. Sections were stained with 0.5% (w/v) toluidine
blue O in 1% (w/v) borax for general visualization or with 0.05% (w/v) Calcofluor White
(Merck, Darmstadt, Germany) or 0.1% (w/v) Direct Red 23 (Merck, Darmstadt, Germany)
in PBS for cellulose detection [75]. For callose detection, sections were stained with 0.05%
(w/v) aniline blue (Merck, Darmstadt, Germany) in 0.07 M K2HPO4 buffer (pH 8.5) [76].

Immunolocalization of cell wall epitopes was performed on sections of embedded
samples mounted on glass slides (except for the epitope recognized by the 2F4 antibody, as
described earlier). Monoclonal antibodies specific to different epitopes (refer to Table 2 for
a detailed antibody list) were purchased from Biosupplies Australia (Parkville, Australia)
and Plant Probes (Leeds, UK). Initially, blocking was performed by incubating sections in
5% (w/v) BSA in PBS for 2–3 h, followed by PBS washes and incubation with the primary
antibody diluted 1:40 in blocking buffer for at least 12 h. After further washing, sections
were incubated with FITC-conjugated secondary antibodies (anti-rat or anti-mouse), diluted
1:40 in blocking buffer, at 37 ◦C for 2 h or at room temperature for at least 12 h. After
a final PBS wash, the sections were mounted with anti-fade mounting medium [77–80].
Crystalline cellulose was labeled using a His-tagged CBM3 module, detected by a mouse
anti-His (Cell Signaling, Danvers, MA, USA) antibody and a FITC-conjugated anti-mouse
IgG (Merck, Darmstadt, Germany) [81].

The prepared sections were observed using both bright-field and fluorescence mi-
croscopy, as appropriate. Fluorescence microscopy utilized an epifluorescence system
equipped with filters specific to each fluorophore, while bright-field observations employed
a Zeiss Axioplan microscope (Carl Zeiss AG, Oberkochen, Germany) with a differential
interference contrast (DIC) system and an AxioCam MRc5 digital camera. Images were
acquired and processed using ZEN 2.0 software. Additionally, all samples were exam-
ined for UV autofluorescence (Supplementary Figures S1 and S2). The reliability of the
immunolocalization methods was assessed using epifluorescence microscopy, applying the
same protocol as in all experiments but omitting the primary antibody and only applying
the FITC-conjugated anti-rat antibody. As shown in Supplementary Figures S1 and S2, S.
compactum and M. polymorpha sections do not exhibit any fluorescent signal.
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Table 2. List of primary monoclonal antibodies used in the current study for immunolocalization of
different cell wall epitopes [77–81]. All descriptions and/or references for the antibodies and their
use can be found at www.kerafast.com (accessed on 5 February 2025) and www.plantprobes.net
(accessed on 5 February 2025).

Antibody Epitope Recognized

Crystalline cellulose
CBM3a Carbohydrate Binding Module family 3

Hemicelluloses
LM15 XXLG and XLLG motifs of xyloglucan
LM21 β-(1-4)-Manno-oligosaccharides from DP2 to DP5

Pectins
LM6 (1→5)-α-L-arabinans

LM18 Homogalacturonan (HG) domain of pectic polysaccharides (binds to both
partially methyl-esterified and un-esterified HGs)

JIM5 HG domain of pectic polysaccharides (binds strongly to un-esterified HGs)

JIM7 HG domain of pectic polysaccharides (requires methyl-esters for HG
recognition, does not bind to un-esterified HGs)

2F4 Non-esterified or de-esterified HGAs that are cross-linked by calcium
Arabinogalactan Proteins (AGPs)

LM14 Arabinogalactan/AGP

5. Conclusions
Our findings highlight the distinct yet functionally significant adaptations in the cell

walls of Sphagnum compactum and Marchantia polymorpha. The differential distribution of
polysaccharides such as homogalacturonans, xyloglucans, and mannans, along with the
localized presence of AGPs, callose and crystalline cellulose underscores the tissue-specific
functional roles of these components in both species. These variations not only contribute
to their survival in distinct habitats but also offer insights into the broader evolutionary
trajectory of bryophyte cell wall specialization. The unique cell wall structures in these
species reflect the close relationship between cellular specialization and environmental
adaptation [82]. Further investigation into these cell wall adaptations could provide
valuable insights into the evolutionary pathways of bryophytes and their ability to adapt
to various ecological niches.
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