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Highlights
e Microstructural organization of mucilaginous cell wall is direct visualized
e Characteristic net-like architecture of the seed mucilage envelope is demonstrated

e Immunolocalizations show the presence of selected hemicelluloses in the mucilage

Abstract

The seed mucilage envelope of myxospermatic diaspores is considered as a modified cell
wall. Its chemical constitutes are mainy polysaccharide groups typical of the cell wall,
however, pectins are very often the main component. A detailed analysis of the mucilaginous
cell wall spatial architecture was demonstrated for the first time using a less-invasive
CPD+SEM technique, which allowed the preservation of the mucilaginous cell wall structure.
The examined pectic (Linum usitatissimum) and cellulose (Neopallasia pectinata) seed
mucilage showed the fibrillary character of the components. The second type of mucilage
indicated a much more arranged structure than that of the pectic one due to the presence of
cellulose microfibrils. We showed cellulose organization in a net-like scaffold on which other
mucilage components were spread and shoved how the mucilage was anchored to the seed
surface through the cellulose skeleton, preventing it from being lost. Our detailed analysis
gave an insight into how the mucilage is spatially arranged and also provided direct
microstructural evidence of cell wall polysaccharides structure, distribution and interactions
especially for widely-postulated xylan-cellulose linking. We demonstrated that xylan might be
represented by long chains covering the surface of cellulose fibrils. The main advantage of the
applied technique is its less-invasive character which retains the 3D structure of the
components within the intact mucilaginous cell wall. As utilized in our studies, preparation
and visualization methods with seed mucilage as a model system can give us new possibilities

in structural studies of the (mucilaginous) cell wall.
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1. Introduction

The plant cell wall (CW) is involved in different processes which maintain the proper
functioning of cell and plant survival. Such processes range from the control of cell
expansion, transport regulation, enhancing mechanical strength, maintaining cell shape and
defending the cell against pathogens to signal transduction and cell adhesion. Cell wall
structure and composition differ between the primary (PCW) and secondary cell wall (SCW)
and can continually be modified as a a result of diverse environmental conditions (Bidlack et
al., 1992; Caffal and Mohnen, 2009; Banasiak, 2014).

The typical plant cell wall of dicotyledonous plants is a complex structure composed
of three main groups of polysaccharides: cellulose, pectins and hemicellulose linked together
by different bonds in the form of a spatial network (Somerville et al., 2004; Zykwinska et al.,
2005, 2007; Donaldson, 2007; Jarvis, 2011). However, such a composition is more typical of
the PCW, whereas the SCW mainly consists of cellulose and hemicelluloses and appears to be
more structurally organized than the PCW in this instance (Bidlack et al., 1992). The size of
cellulose microfibrils can differ between diverse plants and cell wall types (PCW, SCW). The
width of a microfibril was assessed at 8-15 nm (McCain et al., 1990; Fujino et al., 2000).
Microfibrils can aggregate forming bundles (macrofibrils) of different size e.g. 12-24 nm or
even from 50 to 250 nm (Ding and Himmel, 2006; Donaldson, 2007; Terashima et al., 2009;
Ding et al., 2013).

The difference between the PCW and SCW also involves hemicellulose constitution.
One of the most important hemicelluloses in the primary cell wall is xyloglucan (XG),
whereas xylan (XY) and arabinoxylan are less substituted polymers, characteristic of the
secondary cell walls in dicots (Zykwinska, 2007; Sheller and Ulskov, 2010; Banasiak, 2014;
Busse-Wicher et al., 2014; Cosgrove, 2014). Pectins are linear or branched (with attached side
chains) polymers of galacturonic acid residues, they are characteristic of the primary cell wall
in all land plants and play diverse roles in wall structure and function (Willats et al., 2001,
Pelloux et al., 2007; Mohnen, 2008; Caffal and Mohnen, 2009; Banasiak, 2014). The most
abundant pectic polysaccharide is homogalacturonan (HG) which represents a linear,
unbranched homopolymer of galacturonic acid. Other important pectins of the cell wall are
rhamnogalacturonan 1l and/or rhamnogalacturonan | (RG 1) the backbone of which is
composed of repeat disaccharides i.e. rhamnose and galacturonic acid (Mohnen, 2008).

Mucilage secreting cells (MSCs) are characteristic of many types of fruit and seeds
able to produce a mucilage envelope after hydration. This phenomenon, known as

myxodiaspory, is a common adaptation to drought habitats in many families of angiosperms
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(Grubert, 1974; Kreitschitz, 2009; Kreitschitz, 2012). Soon after hydration, the mucilage
secreting cell walls burst, loosening their material in the form of an easily accessible, gel-like
envelope (Arsovski et al., 2010; Haughn and Western, 2012; Kreitschitz, 2012). The mucilage
envelope is characterized by a complex composition and structure and could be considered as
a specialized pectin-rich secondary cell wall (Haughn and Western, 2012). Mucilage
composed mainly of pectins and hemicelluloses is known as pectic (‘true’) mucilage typical
of Linum sp. The second type has additional cellulose fibrils and was described as cellulose
mucilage characteristic of many diverse families such as Asteraceae, Brassicaceae, Lamiaceae
or Plantaginaceae (Western, 2012; Kreitschitz et al., 2009; Kreitschitz, 2012). As the seed
coat of Arabidopsis thaliana, a model plant, is amenable to genetic manipulation and due to
the special character of its mucilage, it has been adapted to diverse studies of the functional
aspects of the cell wall (Haughn and Western, 2012; North et al., 2014; Voiniciuc et al.,
2015a). Although our knowledge of seed coat mucilage composition, function and
development is quite extensive, the detailed structural, spatial organization of the mucilage
components still remains unclear (Macquet et al., 2007; Mendu et al., 2011; Sullivan et al.,
2011; Haughn and Western, 2012).

Mucilage lacking cellulose fibrils is also regarded as primary-cell-wall-like, whereas
the cellulose type is regarded as a specific, modified secondary cell wall (Muhlethaler, 1950;
Haughn and Western, 2012; Western, 2012). This separation is derived from a number of
immuno- and biochemical analyses of mucilage components which showed the presence of
hemicelluloses such as arabinoxylan and xyloglucan typical of the PCW (Naran et al., 2008;
Young et al., 2008; Arsovski et al., 2009). In the case of cellulose mucilage regarded as a
modified SCW, the presence of xylan, typical of this type of cell wall was also shown (Ralet
et al., 2016; Voiniciuc et al., 2015b; Xu et al., 2016 a, b).

Our knowledge of the distribution of mucilage components’ within the mucilage
envelope is derived mainly from biochemical analysis (Naran et al., 2008; Young et al., 2008;
Arsovski et al., 2009; Western, 2012; Voiniciuc et al., 2015 a, b). Another question is the
spatial organization of mucilage polysaccharides — does it reflect cell wall arrangement?

Cell wall structure has been examined with diverse microscopy techniques including
Atomic Force Microscopy (AFM), Transmission and Scanning Electron Microscopy (TEM,
SEM), and Cryo-SEM. They have revealed the fibrillary nature of cell wall components and
such analyses have largely been based on the use of invasive sample preparations such as
enzymatic or chemical treatments, which can destroy and/or influence cell wall organization

and its individual components (McCann et al., 1990; Satiat-Jeunemaitre et al., 1992; McCann
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and Roberts, 1991; Nakashima et al., 1997; Zykwinska et al., 2007; Sarkar et al., 2009;
Terashima et al., 2009; Sarkar et al., 2014). Some general micromorphological studies of seed
coat mucilage envelope(s) using SEM analysis were also presented e.g. for nutlets of Salvia
hispanica L. or Arabidopsis thaliana seeds (Windsor et al., 2000; Capitani et al., 2013,;
Salgado-Cruz et al., 2013; Voiniciuc et al., 2013). However, these studies did not give a
detailed insight into the spatial architecture of the mucilage.

Our previous studies on the mucilaginous seeds of selected Asteraceae taxa and
Neopallasia pectinata allowed us to classify the mucilage according to the cellulose type.
Pectins and cellulose were very distinctive components, organized in a smaller or abundant
mucilage envelope (Kreitschitz and Vallés, 2007; Kreitschitz, 2012). Taking our results into
account, we decided to examine seeds of Neopallasia pectinata, which produce abundant
cellulose mucilage with very long, complexed cellulose fibrils (Kreitschitz and Vallés, 2007).
The second selected plant species is flax Linum usitatissimum whose seeds produce pectic
mucilage which is a mixture of branched rhamnogalacturonan | and arabinoxylan and lacks
cellulose (Naran et al., 2008).

The main aim of this study was to analyze and visualize the spatial structural
organization of the seed coat mucilage (seed coat mucilaginous cell wall) of two taxa
differing in mucilage composition and morphology i.e. Linum usitatissimum with pectic
mucilage and Neopallasa pectinata with cellulose mucilage. To explore the mucilage spatial
organization, we applied less-invasive techniques i.e. critical point drying (CPD) followed by
high resolution scanning electron microscopy (SEM). We also analyzed the presence of
selected hemicelluloses i.e. xylan/arabinoxylan and xyloglucan whose occurrence was

described for the mucilaginous cell wall.

2. Material and methods

Mature seeds of Neopallasia pectinata were obtained from Prof. Dr. Joan Vallés
(Barcelona University, Catalonia, Spain). The seeds of Linum usitatissimum (flax) were
obtained from a commercial supplier (SANTE, A. Kowalski Sp. j., Warsaw, Poland). The
material for CPD and SEM analysis were not fixed in any special fixative solution and not
chemically or enzymatically pretreated.

2.1. Morphology of the mucilage envelope - pectins and cellulose detection.

In order to detect the main mucilage components staining with ruthenium red (0.1%,
wi/v) for pectins, with safranin (0.1%, w/v) for cellulose and pectins and with Direct Red 23

(0,1% wi/v) for cellulose (excitation LP 555, emission 560 nm) were done. Images were taken

5



using a DP71 camera connected to an Olympus BX-50 microscope and Cell B imaging
software (Olympus BX50, Olympus Optical Co, Poland) and with Zeiss CLSM microscope
(LSM 700 AXIO ZEISS; staining with Direct Red 23). Additionally, in order to observe the
presence of crystalline cellulose a polarized light microscope was used. The highly ordered
cellulose microfibrils present in the mucilage envelope can produce birefringence of polarized
light (Sullivan et al., 2011; Yu et al., 2014). A Leica polarized light microscope connected to
a Leica DFC 450 C camera and Las X software (Leica DM 6000B, Leica Microsystems
GmbH, Germany) was used.

2.2. Examination of seed coat mucilage arrangement in dry seeds

Handmade cross-sections of N. pectinata dry seeds were attached to the SEM stubs
using carbon-containing double-sided adhesive conductive tape and coated with gold
palladium (film thickness 15 nm) using a Leica EM SCD 500 High Vacuum Sputter Coater
(Leica Microsystems GmbH, Wetzlar, Germany). The preparations were visualized in a SEM
(Hitachi S-4800, Hitachi High-Tech. Corp., Tokyo, Japan).

2.3. Examination of the morphology of dried seed coat mucilage

Round cover slips of the same size were attached to the SEM stubs using double
carbon-containing double-sided adhesive conductive tape. Next, seeds of both plant species
(after 30 min of hydration) were put individually on these cover slips and air-dried for 24 h.
Samples were coated with gold palladium (film thickness 10 nm) using a Leica EM SCD 500
High Vacuum Sputter Coater (Leica Microsystems GmbH, Wetzlar, Germany) and visualized
in a SEM (Hitachi S-4800, Hitachi High-Tech. Corp., Tokyo, Japan).

2.4. Examination of the spatial organization of seed coat mucilage in hydrated and
CPD-dried seeds

Seeds of both plant species were hydrated for 30 min to obtain a mucilage envelope,
and were then dehydrated in an ascending ethanol series from 10% to 100%. After that, the
seeds were dried using a critical point dryer (Typ E 3000, United Kingdom, Quorum
Technologies Ltd, Unit 15a Euro Business Park New Road, New Haven, East Sussex,
England), mounted on the SEM-stubs, coated with gold palladium (film thickness 10 nm) and

immediately visualized in the SEM.

2.5. Localization of xylan/arabinoxylan and xyloglucan epitopes by immunolabeling



Taking some previous biochemical and morphological studies (and experiments) on
mucilage composition and structure into consideration (Naran et al., 2008; Kreitschitz, 2012)
we selected two specific monoclonal antibodies.

Two primary monoclonal antibodies were used for the studies: LM11 (Plant Probes,
Leeds, UK), which recognizes unsubstituted and relatively low-substituted xylan and
arabinoxylan (McCartney et al., 2005) and LM15 (Plant Probes, Leeds, UK), which
recognizes the XXXG motif of xyloglucan (Marcus et al., 2008). Intact mature seeds were
hydrated in water for 30 min to obtain the mucilage envelope. The mucilaginous seeds were
fixed for 1 h in 4% (w/v) paraformaldehyde. Samples were washed with PBS (3 x 5 min) and
incubated in blocking buffer (Skim Milk Powder, Fluka, BioChemika, Switzerland) for 1 h.
Afterward, the monoclonal antibodies were applied (diluted 1:10 in PBS) and incubated over
night at 4°C in a humid chamber. The samples were washed with PBS (5 x 3 min) and the
secondary antibody (Anti-Rat 1gG FITC, Sigma, St. Louis, USA) (diluted 1:100 in PBS) was
applied. The samples were incubated overnight at 4°C in darkness. Samples were washed
with PBS (5 x 3 min) and mounted in a mixture of PBS with glycerin. To detect and visualize
cellulose fibrils in the same samples, they were first labeled with the LM11 antibody (as
described above). The observations were done using an Olympus BX-50 epi-fluorescent
microscope with a blue light excitation filter (470-490 nm). The following control probes
were used: 1. Autofluorescence of the sample. 2. Control — only with a secondary antibody. 3.
Control - only with a primary monoclonal antibody. Images were taken using a DP71 camera
connected to an Olympus BX-50 microscope with epifluorescence and Cell B imaging

software (Olympus BX50, Olympus Optical Co, Poland).

3. Results

3.1. Mucilage characteristics

Mucilage of Linum usitatissimum formed an irregular envelope around the seed (Fig. 1
A-C), consiststing mainly of pectins (Fig. 1 B-C). The mucilage width ranged from 50 to
about 300 um. The mucilage of Neopallasia pectinata was very abundant, in comparison to L.
usitatissimum, and formed very wide envelope (about 1 mm width) (Fig. 1 D-J). The main
component were pectins (Fig. 1 D) in which long cellulose fibrils were spread. The cellulose
fibrils were well visible after staining with safranin (Fig. 1 F-H). They could stay coiled at the
end (Fig. 1 G-H) forming a thicker layer in which the dye accumulated (Fig. 1 F). Staining
with Direct Red 23 (specific for cellulose) (Fig. 1 1-J) confirmed the presence of cellulose in

the mucilage envelope. The highly ordered cellulose was detected in the mucilage of N.
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pectinata with polarized light microscopy. We observed a strong signal in the envelope that
additionally confirmed the presence of cellulose (Fig. 1 K).

Fig. 1

3.2. Seed surface and mucilage arrangement in the dry cell wall of mucilage
secreting cells (MSCs)

The seed surface of L. usitatissimum is smooth (Fig. 2 A) but the irregular shape of the
mucilage secreting cells were visible under higher magnification (Fig. 2 B). L. usitatissimum
seeds produce a smaller amount of mucilage, in comparison to N. pectinata and therefore the
deposited mucilage material was visible here only as a thin layer in seed cross sections (Fig. 2
C-D). Rectangular MSCs in N. pectinata are organized in tightly arranged ladder-like
columns (compare Kreitschitz and Vallés, 2007) which cover the whole seed surface and form
the seed coat (Fig. 2 E-F). Abundant mucilage material is deposited at the primary cell walls
of MSCs on their surface in the form of densely-packed layers (Fig. 2 G-1).

Fig. 2

3.3. Mucilage architecture after hydration and air drying

After hydration, the mucilage was released from the cells and expanded around the
seed in the form of a gel-like envelope. After air drying, the mucilage envelope collapsed and
a delicate, transparent layer appeared. Due to its presence, the seeds were ‘cemented’ to the
substrate (cover slip). The mucilage layer of L. usitatissimum was rather homogenous in its
structure and had only some surface wrinkles resulting from air drying (Fig. 3 A-B).
However, in the air-dried mucilage layer of N. pectinata (Fig. 3C-D), we observed tightly-
packed cellulose strands running either parallel or in different directions (Fig. 3 D). Because
the material was very densely organized, it was difficult to estimate the size and shape of
individual cellulose fibrils. The wrinkles of dried mucilage were also visible particularly at
this place where the mucilage layer expanded from the seed onto the glass surface (Fig. 3 C).
Using this method of preparation, only the general morphology of the mucilage envelope was
demonstrated.

Fig. 3

3.4. Spatial organization of the seed coat mucilaginous cell wall components after
hydration, critical point drying (CPD) and SEM visualization

Using CPD, the spatial organization and interactions of components within the
mucilaginous cell wall were shown. We were able to demonstrate the details of the CW at the

level of nanostructure and to visualize the size and shape of mucilaginous cell wall

8



components. Hydration allowed loosening of the cell wall material, which expanded in the
form of a 3D network surrounding the seed. The CPD allowed the removal of liquid (alcohol
and the remaining water) from the mucilage envelope without strong damage of the network
structure of the mucilaginous cell wall components under surface tension.

The mucilage envelope of L. usitatissimum, after CPD, had a dense ’crust‘-like
structure (Fig. 4 A-B) composed of a few layers (Fig. 4 B). On the seed cross-sections, the
material was visible as a compact deposit that adhered to the seed surface (Fig. 4 A). The
’crust’ had many fractures with craggy edges (Fig. 4 B). At higher magnification (Fig. 4 C-E),
the mucilage components visible had a form of long, thin fibrils of comparable size,
interconnected in a very tangled, irregular network-like structure (Fig. 4 E) spread over the
seed surface. In some places, the material was distributed irregular (compacted or loosened),
so that the seed surface was visible. The high magnification of L. usitatissimum mucilage
structure was difficult to obtain because the fibrils were very small and the entire network was
very unstable under the electron beam.

Fig. 4

The mucilage envelope of N. pectinata after applying CPD was visible as a ‘fluffy’
structure expanded around the seed (Fig. 5 A). The cross-sections of N. pectinata seeds
showed that the cellulose fibrils were attached to the remaining cell walls of MSCs (Fig. 5 B).
Cellulose fibrils were grouped in column-like structures, corresponding to the individual
mucilage secreting cells (one column per cell) (Fig. 5 C). All the fibrils looked stretched
around the seed, forming a kind of scaffold (Fig. 5 D-E) to which the rest of the components
were attached (Fig. 5 E-G).

Fig. 5

Based on width measurements (Tab. 1) we can describe cellulose fibrils as microfibrils
and microfibril bundles (Fig. 5 E) with the size varying from 20 nm to 166 nm. The visible
microfibrils represented here were the lowest, distinguishable level of the cellulose material
(Fig. 6 A-B). Thicker tangled strands (Fig. 5 D) were also noticeable.

Table 1.

Cellulose microfibrils and bundles were covered very compact with fibrillary material
i.e. shorter or longer branched chains (Fig. 5 E-G, Fig. 6). Their width ranged from 10,2 nm
to 22,58 nm (Tab. 1). The use of the CPD procedure and high resolution SEM at
magnifications of up to x 130 000 (Fig. 5 F) and x 200 000 (Fig. 5 G), allowed us to visualize
the details. We observed linear and branched shapes of the mucilage components (Fig. 6). Our

high resolution images (Fig 5 F-G, Fig. 6) also clearly demonstrated the interaction between
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cellulose fibrils and other components. It could be seen that they were cross-linked the
cellulose fibrils (Fig. 4) and also covered their surface (Fig. 5 E-G, Fig. 6).

Fig. 6

3.5. Immunolocalization of xylan/arabinoxylan (LM11) and xyloglucan (LM15)
epitopes in the mucilage envelope

The control samples of the two studied plant taxa did not show any fluorescence
signals in the mucilage envelope. Only a weak signal was observed from the seed surface in
both studied taxa (Fig 7 A-D, Fig. 8 A-D). The mucilage envelope of L. usitatissimum was
visible in the form of small protrusions surrounding the seed (Fig 7 E-G). The
immunolabeling with LM11 showed a distinct signal within these protrusions (Fig. 7 E)
indicating the presence of xylan/arabinoxylan. The signal was spread homogenously.

The immunolabeling with LM15 for xyloglucan in L. usitatissimum showed
comparable, strong signal in the same area similar to that previously shown for LM11 i.e.
within small mucilage protrusions (mucilage layer) situated on the seed surface (Fig. 7 F-G).
Also, the signal was visible in the remaining primary cell walls of the mucilage-secreting cells
(Fig. 7 G).

Fig. 7

The results obtained for N. pectinata with LM11 and LM15 labeling (Fig. 9)
demonstrated clear differences in comparison to L. usitatissimum. The control probes did not
show any mucilage autofluorescence (Fig. 8 A-D) comparable to that obtained for L.
usitatissimum seeds.

Fig. 8

The presence of xylan/arabinoxylan, after applying LM11, was detected within the
mucilage envelope area (Fig. 9 F-G). The signal was visible in the form of longer or shorter
linear segments arranged in long chains (Fig. 9 A-C, Supplement 1).

The results of LM15 labeling for N. pectinata indicated the presence of xyloglucan in
the primary CW of MSCs (Fig. 9 D-H). After hydration, the swelling of the pectins caused a
rupture in the CW of MSCs and the mucilage was then formed. The distinct, homogenous
signals were detected in the remainder of the CWs of MSCs, that were spread within the
mucilage envelope in the form of small fragments (Fig. 9 D-F) as well as in the remainder of
the CWs, that stayed on the seed surface (Fig. 9 G-H).

Fig. 9
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4. Discussion

In the study presented here, the detailed spatial organization of the mucilage envelope
(mucilaginous cell wall) was revealed. It demonstrated a characteristically loose, net-like
arrangement of the components. The pectic mucilage had a fibrillary, tangled and more
homogenous structure than the cellulose type. In the case of cellulose mucilage, the main
scaffold consisted of long, unbranched cellulose fibrils attached to the seed surface. The rest
of the components i.e. shorter, linear and/or branched chains were spread between them and
also covered their surface. In addition to structural analysis, immunolocalization of selected
hemicelluloses was performed. It showed the presence of these hemicelluloses in specific
areas of the mucilage envelope and led to a better understanding of the mucilage structure.

The immunolocalization allowed the detection and localization of the examined
hemicelluloses displaying a general pattern of their distribution within the mucilage envelope.
The preparation technique used here i.e. CPD and SEM visualization revealed the details of
the mucilage spatial microstructure which cannot be shown using traditional staining reactions
or immunolocalization. The combination of these two methods also enabled us to attempt
transferring the (general) chemical composition of the mucilaginous cell wall onto the direct
spatial structural organization. We directly visualized how the cellulose fibrils were attached
to the seed surface, how they were organized within the envelope as well as how the
components were mutually interactive. Our SEM images directly reproduced the distribution,
shape and size of the visualized mucilaginous cell wall components, being well-preserved and

distinguishable.

4.1. Microstructure of the mucilage envelope

The presence of cellulose was demonstrated in the mucilage envelope of Arabidopsis
thaliana using immunolocalization and fluorescence analysis (Macquet et al., 2007; Mendu et
al., 2011; Sullivan et al., 2011; Voiniciuc et al., 2015a,b). When interacting with cellulose, the
main components of the mucilage envelope are linear or branched polymers represented by
pectins (e.g. RG I) and hemicelluloses (xyloglucan, xylan, arabinoxylan) (Zykwinska et al.,
2005, 2007; Naran et al., 2008; Scheller and Ulskov, 2010; Pak and Cosgrove, 2012; Western,
2012; Busse-Wicher et al., 2014; Cosgrove, 2014; Voiniciuc et al. 2015a,b). We can surmise
that the thin, short (un)branched fibrils, visible in the SEM images, represent the matrix
polysaccharides. Presumably, fibrillar material of the flax mucilage, clearly visible in SEM
images, may be represented by a mixture of arabinoxylan and RG | detected biochemically in

this species previously by Naran et al. (2008). The branched cross-links between cellulose
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fibrils in the Neopallasia pectinata mucilage envelope may be represented by pectins. The
chains covering their surface and cross-linking them may be considered as hemicelluloses.

Our studies revealed the structural differences between two main types of mucilage.
Pectic mucilage of L. usitatissimum showed disordered spatial organization with tangled and
densely-ordered fibrillary components (Fig. 4). The mucilage volume was significantly
reduced to form of clusters spread on the seed surface and, in contrast to flax the mucilage of
N. pectinata, had well-preserved volume and components which were organized in a 3D net-
like structure with visible cellulose micro-, macrofibrils and distinctive cross-links (Fig. 5 D-
G, 6).

The mucilage material of L. usitatissimum (Fig. 4 E) in comparison to N. pectinata
(Fig. 6 B) was very disordered and densely organized. Fibrils in the flax mucilage were of
comparable size, branched, and very tangled. The structural organization of N. pectinata
mucilage was heterogenous which was visible e.g. in the different size of the fibrilar material
(Fig. 6 B). The mucilage skeleton is composed of parallel running, long, unbranched, thick
cellulose fibril bundles which split into thinner microfibrils. The cellulose fibrils were covered
and crosslinked by thin, short, branched and/or unbranched fibrils, which may represent the
matrix polysaccharides. The whole mucilage was loosely organized in the form of a net-like
structure.

4.2. Linum usitatissimum — cellulose lacking mucilaginous cell wall

The crust-like structure of the L. usitatissimum mucilage was comparable to that of
Arabidopsis thaliana, which was also revealed using Critical Point Drying and SEM
(Windsor et al., 2000). However, the results of this study did not show any such structural
details as those seen in our visualizations. A ‘crust’-like mucilage layer was visible around the
seed and no cellulose fibrils (identified in A. thaliana mucilage) or other fibrillary material
were distinguishable (Windsor et al., 2000). Taking the absence of cellulose fibrils in flax
mucilage into consideration, we can suppose that our visualizations demonstrated the
organization of cell wall matrix polysaccharides (pectins, hemicelluloses) and supported the
predicted interaction between them (Heredia et al., 1995; Caffal and Mohnen, 2009). The
absence of cellulose, which typically forms a scaffold for the matrix components, could be the
reason for such a disordered organization of the mucilage envelope in this instance. In the
case of N. pectinata, cellulose fibrils formed a very stiff skeleton which was responsible for
the anchoring of other mucilage components and maintaining the net-like spatial architecture

of the mucilage envelope. In the case of A. thaliana (Windsor et al., 2000), we can suppose
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that its cellulose fibrils were possibly thin and not strong enough to maintain the mucilage’s
3D structure after the CPD procedure.

4.3. Neopallasia pectinata mucilaginous cell wall

The cellulose chains, each of 2 nm width, can associate and form long, unbranched
microfibrils (CMF) 8 to 15 nm in width (McCann et al., 1990; Fujino et al., 2000; Caffal and
Mohnen, 2009; Zhang et al., 2014). The microfibrils, with an average width of 30 nm, may be
visualized by spectroscopic methods (Caffal and Mohnen, 2009). The different size of the
cellulose microfibril bundles could possibly be the result of a composite structure containing
multiple elementary fibrils and hemicelluloses (Terashima et al., 2009; Donaldson, 2007,
Ding et al., 2013). The width of cellulose fibrillary material measured in our study was
comparable to the literature data and ranged from 20,66 to 166,06 nm (mean value 60,95 nm).
It can therefore be described as cellulose microfibrils and bundles forming elongated
aggregations (Fig. 5 E-G, Fig. 6). The presence of crystalline cellulose in N. pectinata
mucilage (Fig. 1 K) in this instance was supported by analysis in polarized light. The
mucilage envelope of Salvia hispanica L., studied with AFM, demonstrated tangled, tightly-
arranged fibrillary material, described as “mucilage fibres”, whose diameter ranged from 15
to 45 nm (Saldago-Cruz et al., 2013) and could also be related to the cellulose fibrils.
However, the authors visualized the mucilage envelope at the nanoscale level meaning that
their images presented mostly the topography of the sample.

The cellulose microfibrils are coated and cross-linked by hemicelluloses (Fujino et al.,
2000; Ding and Himmel, 2006; Terashima et al., 2009; Scheller and Ulskov, 2010). The
cellulose bundles of N. pectinata in our images were obviously covered by chains of
molecules and also cross-linked by them. Fibrillary structures cross-linking the CMF bundles,
which were observed in the ginkgo tracheid cell wall, were regarded as hemicelluloses
(Terashima et al., 2009). Other authors have also described cross-links between cellulose
fibrils which appeared to be hemicelluloses (McCann et al., 1990; Ding et al., 2013). Our
results demonstrated the presence of such linear and branched fibrils spread within the
scaffold formed by cellulose fibrils. The immunolocalization may support our results with a
probability of the presence of hemicelluloses (xylan) in the mucilage envelope interacting
with cellulose fibrils.

4.4. Immunolocalization of main hemicellulose characteristic of primary cell wall -

Linum usitatissimum
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One of the most important hemicelluloses of cell walls are xyloglucans (XG),
abundant in primary cell walls (Zykwinska, 2007; Sheller and Ulskov, 2010; Banasiak, 2014;
Busse-Wicher et al., 2014; Cosgrove, 2014). Their main function is to tether the cellulose
microfibrils together by hydrogen bonding (Marcus et al., 2008; Park and Cosgrove, 2012).
Another significant hemicellulose is arabinoxylan, which is an important component of
grasses’ cell walls and seeds of some dicots such as e.g. flax or psyllium. In the flax mucilage
arabinoxylan represents a highly-branched form that is well soluble in water (Naran et al.,
2008; Scheller and Ulskov, 2010). Our immunolocalizations showed a very strong signal
detecting the presence of xyloglucan in the flax seed mucilage (Fig. 7 F-G). The results of this
study differ from the biochemical analysis which detected the presence of diverse
monosaccharides and polysaccharides (e.g. arabinoxylan) in the flax seed mucilage but not
the presence of xyloglucan (Cui et al., 1994; Fedeniuk and Biliaderis, 1994; Warrand et al.,
2005).

In our experiments, we used LM11 as this antibody binds to both unsubstituted xylan
and arabinoxylans (McCartney et al., 2005). Given that arabinoxylan is a very characteristic
hemicellulose of Linum usitatissimum seed mucilage (Fedeniuk and Biliaderis, 1994; Warrand
et al., 2005a, b; Naran et al., 2008), we can state that by using the LM11 antibody, we
demonstrated its distribution within the flax mucilage envelope. Xyloglucan, characteristic of
the PCW, was also detected within the flax mucilage envelope and in the cell wall of the
mucilage secreting cells. All of the detected components of flax mucilage could be supposed
to be represented by tangled fibrilar material visible in a SEM after CPD. The lack of
cellulose can also explain why flax mucilage is adhering poorly to the seed surface (Naran et
al., 2008). The results obtained in our experiment suggest that the flax mucilage appears to be
a modified primary cell wall with a relatively homogenous structure.

4.5. Immunolocalization of main hemicellulose characteristic of the secondary cell
wall - Neopallasia pectinata

Xylans (XY) are less substituted polymers which are characteristic of the secondary
cell walls of dicots (Zykwinska, 2007; Sheller and Ulskov, 2010; Banasiak, 2014; Busse-
Wicher et al., 2014; Cosgrove, 2014). Their key role is to strengthen the cell wall through
additional interactions with cellulose within the mature wall (Caffal and Mohnen, 1990;
Sheller and Ulskov, 2010; Busse-Wicher et al., 2014; Voiniciuc et al., 2015b).

Neopallasia pectinata mucilage demonstrated heterogeneity through the presence of
cellulose bundles of a different size, covering and cross-linking components. Based on our

immunolocalization analyses we could suppose the presence of xylan rather than arabinoxylan
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in N. pectinata mucilage. Contrary to highly substituted arabinoxylan, xylan is insoluble and
should interact with cellulose (Sheller and Ulskov, 2010). We could therefore speculate that
our results demonstrated that the fibrillary material covering the cellulose fibrils might
correspond to the xylan chains. The cellulose-hemicellulose interaction is well accepted by
many authors (Whitheny et al., 1999; Zykwinska et al., 2005, 2007; Caffall and Mohnen,
2009; Altaner and Jarvis, 2008; Scheller and Ulskov, 2010; Busse-Wicher et al., 2014).
Altaner and Jarvis (2008), using the ‘molecular Velcro’ model, simulated interactions of
xylan-cellulose associations. In addition a theoretical model of xylan adsorption on cellulose
was proposed by Mazeau and Charlier (2012). Our results could provide direct
microstructural evidence of the described interaction.

The interaction between pectins and some hemicelluloses such as e.g. xylan or
xyloglucan by covalent links were also previously postulated (Caffal and Mohnen, 2009). In
seed mucilage of Arabidopsis thaliana, xylan chains attached to the RG-I were observed.
They can presumably mediate the absorption of mucilage to cellulose fibrils (Ralet et al.,
2016; this study).

4.6. Xylan-cellulose interaction in the mucilaginous cell wall - Arabidopsis thaliana
vs. Neopallasia pectinata

Xylan contributes to the mechanical strengthening of the cell wall (Scheller and
Ulskov, 2010). In recent studies the presence of highly-branched xylan was demonstrated in
Arabidopsis mucilage. Xylan branches are required to attach the pectins to the seed surface
(Hu et al., 2016 a, b; Voiniciuc et al., 2015). Xylan is also necessary for maintaining the
cellulose architecture in the mucilage (Voiniciuc et al., 2015b). Our studies revealed the
probably specific xylan organization in Neopallasia pectinata mucilage as being chains of
xylan arranged in longitudinal, individual fibrils (Fig. 9 B-C, Supplement 1). This distribution
corresponds to the organization of the cellulose bundles. The cellulose microfibrils as well as
the elementary fibrils can be covered by hemicelluloses (Ding and Himmel, 2006). The
appearance of the xylan in the mucilage of N. pectinata showed a characteristic signal in the
form of segments whereas the signal was spread quite homogenously in the mucilage of
Arabidopsis. This fact can also demonstrate the diverse character of the xylan structure in
both taxa. The interaction between xylan and cellulose fibrils should be responsible for the
maintenance of the stiff structure of the mucilage envelope. After CPD, the mucilage of N.
pectinata did not collapse and “roll up” as in the case of Linum usitatissimum, whose
mucilage is devoid of cellulose.

4.7. Mucilage envelope — modified cell wall with special properties
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The cellulose mucilage, due to the presence of a cellulose skeleton, should be more
rigid and should prevent the mucilage from being washed away from the seed surface
(Grubert, 1974; Kreitschitz, 2009). It plays an important role in anchoring the mucilage pectin
to the seed surface (Harpaz-Saad et al., 2012; Sullivan et al., 2011; Ben-Tov et al., 2015;
Voiniciuc et al., 2015a,b). In the case of Arabidopsis the mucilage adherence to the seed
surface should also be maintained by other interactions between several wall polymers.
Among the already mentioned main mucilage components (cellulose, xylan, RG 1)
arabinogalactan proteins and galactoglucomannan also play a structural role for the mucilage
envelope (Sullivan et al., 2011; Voiniciuc et al., 2015 a, b; Yu et al., 2014).

Our results showed that cellulose fibrils remain attached to the surface after the
mucilage is released and serve as a kind of scaffold for the rest of the components. If we
consider that the seed coat mucilage represents a modified cell wall, it should not be
surprising that the components can be linked together by interactions typical of the cell wall
and that the whole mucilage stays attached to the seed surface.

Pectic mucilage, lacking a cellulose skeleton, should be much more exposed to being
removed from the seed surface. In experiments where gentle swirling of Arabidopsis thaliana
mucilaginous seeds was performed, the mucilage outer layer (without cellulose) was
dispersed into the medium, whereas the inner layer stayed attached to the seed due to the
presence of cellulose (Naran et al., 2008). The studies of Arabidopsis mucilage modified
mutants suggested that the differences in the branching or cross-linking of other mucilage
polysaccharides could also be responsible for the mucilage adhesion (Ralet et al., 2016).
Conversely, the pectic mucilage of Linum usitatissimum was precipitated into the medium
(Naran et al., 2008). Our CPD+SEM visualizations revealed places where the seed was devoid
of mucilage and the seed surface was visible. It can also demonstrate the role of cellulose in
preventing other components from being lost meaning this fact could also be important e.g.
for seed anchoring to the soil or zoochoric seed dispersal (Grubert, 1974; Kreitschitz et al.,
2015). The presence of a cellulose (indigestible for many animals), interacting with other cell
wall components, prevents the mucilage from being mechanically and/or enzymatically
removed during its passage through the digestive system of animals. The specific composition
and structure of mucilage can also influence its physical properties e.g. rate of water loss,
friction and adhesion (Kreitschitz et al., 2015, 2016) as well as explain its other diverse
functions.

4.8. Technical approach and further perspectives in the (mucilage) cell wall

structural studies
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Standard staining reactions and immunolocalizations serve in the detection and
localization of examined components but do not allow us to imagine the spatial and structural
details. Revealing the 3D micromolecular architecture of the components in the cell wall
requires high-resolution devices such as AFM, SEM, Cryo-SEM. More recently modern
technologies as magnetic resonance and electron tomography were also used to study cell wall
spatial structure (Nakashima et al., 1997; Marga et al., 2005; Ding and Himmel, 2006;
Zimmermann et al., 2006; Sarkar et al., 2009, 2014; Terashima et al., 2009; Lacayo et al.,
2010; Dick-Pérez et al., 2011; Wang et al., 2012, 2015). Many techniques often require very
extensive sample preparation, which can be destructive to the studied material and provided
us only with information about the topography of the studied samples (Sarkar et al., 2009).
Considering the difficulties with the structural analysis of the cell wall, we here propose a
less-invasive approach which allowed us to demonstrate the seed coat’s mucilaginous cell
wall micromolecular architecture. The applied methods (CPD+SEM) allowed the well
preservation of the studied material and the visualization of its spatial architecture.

The CPD technique is usually used for materials which are either very fragile or wet
(Hawkins et al., 2007). Its basic advantage is that it eliminates the problem of surface tension
during the drying process (Smith and Finke, 1972; Hawkins et al., 2007). Consequently, after
treatment, the material remains without being deformed or its structure collapsing (Hawkins et
al., 2007). Using a combination of CPD and SEM, we demonstrated that the mucilaginous cell
wall architecture was well-preserved providing us with important and detailed information.
The same technique (CPD+SEM) was used for the mucilage morphology of some
myxospermatic seeds (Makouate et al., 2012). In this study, only limited information mainly
concerning the general morphology of the mucilage envelope, was obtained. On the contrary,
we demonstrated that this method can illustrate many details of the studied samples with high
precision (high quality images at x400 000 resolution).

The method of spatial structure analysis of the mucilaginous CW demonstrated here
can be useful in studying different mutations e.g. of A. thaliana defected in cell wall synthesis
and composition which are also visible in the seed coat mucilaginous cell wall. It may also be
useful for studying the influence of diverse CW-mutations on different CW-functions as well
as on its biomechanical attributes, such as adhesion (Kreitschitz et al., 2015, 2016). Finally,
the use of seed coat mucilaginous cell wall (due to its specific loose architecture) as a system,
which is easy to prepare and visualize using the CPD-SEM technique, can open new

possibilities in structural studies of the plant CW.
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Conclusions

In the study presented here, we have demonstrated for the first time microstructural
organization of seed coat mucilaginous cell wall. The spatial distribution of the mucilaginous
cell wall components, their size, shape and the interactions between them were directly
visualized using critical point drying (CPD) followed by high resolution scanning electron
microscopy (SEM). The studies were complemented by an immunolocalization analysis of
selected hemicelluloses, which allowed for a better explanation of the concepts describing the
mucilage as a modified primary or secondary cell wall. Our results allowed us to explain how
the mucilage structure had an influence on the mucilage envelope function. We can propose
the use of seed mucilage for further studies of mucilaginous cell wall spatial architecture due
to its easily-accessible nature for microscopy studies and the presence of typical cell wall
components. We also believe that the CPD+SEM method utilized can be applied extensively

in the future to advance spatial analysis of (mucilaginous) cell wall architecture.
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Figures

Fig. 1. Morphology of the mucilage envelope

A-C. Linum usitatissimum; A. Narrow mucilage envelope visible after hydration; B-C.
Mucilage envelope stained with ruthenium red for pectins; D-K Neopallasia pectinata; D.
Unstained mucilage envelope. Delicate color comes from cellulose fibrils which are imbeded
in the mucilage mass; E. Staining with ruthenium read revealed the presence of pectins; also
delicate cellulose fibrils are also visible; F-H. Staining with safranin for pectins and cellulose;
F. Mucilage formed abundant envelope around the seed; G-H. Coiled cellulose fibrils; 1-J.
Specific staining with Direct Red 23 for cellulose. Visible red color of cellulose microfibrils;
K. Unstained mucilage visible in polarized light. Strong signal indicates the presence of
crystalline cellulose. Abbreviations: cc — crystalline cellulose, me — mucilage envelope. Scale
bar: A, B, F I mm, C, E 200 um, D, I, K 500 um, G, J 100 um, H 50 pum.
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Fig. 2. Morphology of dry seeds and mucilage layer arrangement in mucilage secreting
cells

A-D. Linum usitatissimum; E-l1. Neopallasia pectinata; A. L. usitatissimum seed; B. Seed
surface with marked outlines of the mucilage secreting cells; C-D. Cross fracture of the dry
seed with a visible, thin layer of the mucilage material; E. Neopallasia pectinata seed covered
over its entire surface with the mucilage secreting cells; F. Fragment of the ladder-like
column with marked outlines of rectangular mucilage secreting cells; G-1. Cross fracture of
the dry seed; visible thick layers of deposited mucilage of the mucilage secreting cells.
Abbreviations: dmu — deposited mucilage, MSCs — mucilage secreting cells.

Scale bars: A-1mm; B, D - 100 um; C - 200 um, E - 500 um; G, F - 50 um; H - 40 um; | -
20 pm.
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Fig. 3. Morphology of hydrated and air dried mucilage envelope in SEM images

A-B. Hydrated and air dried mucilage envelope of Linum usitatissimum; A. Visible mucilage
envelope (arrow) surrounding the seed and “cementing” it to the glass surface; B.
Homogenous, smooth structure of mucilage envelopevisible some wrinkles and fractures of
the mucilaginous material; C-D. Air-dried mucilage of N. pectinata; C. Seed with mucilage
envelope cemented to the glass surface, wrinkles of the dried, expanded mucilage are visible
(arrows); D. High magnification image of mucilage envelope; cellulose fibrils are very
densely arranged within the mucilage and run either parallel or in different directions.
Abbreviations: cf — cellulose fibrils, me — mucilage envelope, mw — mucilage wrinkles, se —
seed,. Scale bars: A- 1 mm; B - 100 um; C - 500 pum; D - 5 pum. ;
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Fig. 4. Critical Point Dried (CPD) preparations of hydrated Linum usitatissimum
mucilage envelope, SEM images

A. Seed cross-section showing the mucilage envelope tightly adhering to the seed surface in a
form of compact layer; B. Magnification image demonstrating the crust-like character of the
mucilage, visible fibril fractures, and layer arrangement within the envelope; C-D. Close up
of mucilage demonstrating its irregular, net-like structure, and homogeneity of the fibril size;
clumps of mucilage material are also visible; E. Fibrillary mucilaginous material arranged in
a tangled, net-like structure. Abbreviations: me — mucilage envelope. Scale bars: A - 1 mm; B
- 200 um; C - 40 um; D - 30 um; E - 500 nm.
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Fig. 5. Critical Point Dried (CPD) preparations of Neopallasia pectinata mucilage
envelope, SEM images

A. Seed cross-section showing ‘fluffy’ structure of mucilage formed by cellulose fibrils;
mucilage envelope is very abundant; B. Cellulose fibrils are attached (arrow heads) to the
remaining cell wall (arrows) of mucilage secreting cells. C. High magnification image
showing the envelope dried in a stretched condition where fibril bundles are arranged in
column-shaped structures; D-E. Chains of mucilage material visible as thick strands running
in different directions, but sometimes also parallel. E. Visible cellulose fibrils aggregating
into thicker bundles and spread between them cross-linking other mucilaginous components
(arrows); F-G. High resolution images show fragment of the cellulose fibril; F. Cellulose
macrofibril splitting in microfibrils; the macrofibril is covered with fibrillary material
(arrows); chains of other fibrillary material (probably matrix polysaccharides, arrows) are also
visible. G. Fragment of microfibril (arrow); a probably linking matrix polysaccharide chain
expanded between cellulose microfibrils is visible (arrow). Abbreviations: cfb — cellulose
fibril bundles, cl — column, cm — cellulose microfibril, csp — cross-linking polysaccharides, cp
— covering polysaccharides, cw — cell wall, me — mucilage envelope, se - seed. Scale bars: A -
1 mm; B-40 um; C - 20 ym; D - 100 um; E - 5 um; F - 1 pum; G - 400 nm.
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Fig. 6. High magnification SEM images of Neopallasia pectinata mucilage after CPD
showing spatial distribution of mucilaginous cell wall components

A. Mucilage fragment with visible spatial, net-like organization of polysaccharides; cellulose
fibril bundles and microfibrils (arrows) presumably with matrix polysaccharides expanded
between them; the rectangle shows the magnified area presented in B; B. Cellulose microfibril
bundles and microfibrils are covered with fibrilar material (probably matrix polysaccharides,
arrows); cross-linking (probably) matrix polysaccharides (arrowheads) are visible between
cellulose fibrils. Abbreviations: cfb — cellulose fibril bundles, cm - cellulose microfibril, csp —
cross-linking polysaccharides, cp — covering polysaccharides. Scale bars: A - 1 um; B - 500

nm.
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Fig. 7. Immunolocalization of arabinoxylan and xyloglucan in the Linum usitatissimum
mucilage envelope

A-D. Control probes showing no fluorescence of the mucilage; E. Immunolocalization of
arabinoxylan with LM11. Signal is located in the mucilage envelope (arrows) attached to the
seed; F-G. Immunolocalization of xyloglucan with LM15; F. The signal is spread in the
mucilage covering the seed surface (arrows); G. A signal is visible in the remains of the cell
walls of mucilage-secreting cells (arrows). Abbreviations: XG — xyloglucan. Scale bars: A, E
- 500 um; B-D, F-G - 200 um,

control-water | B control-secondary { control-primary LM11 D control-primary LM15
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Fig. 8. Immunolocalization of xylan and xyloglucan in the Neopallasia pectinata mucilage
envelope — control probes

A-B. Control probes with water and a secondary antibody showing no autofluorescence of the
mucilage; C. Control probe for LM11 showing no autofluorescence of the mucilage; D.
Control probe for LM15 showing no autofluorescence of the mucilage; Scale bars: A-D - 500

pum.

control-water control-secondary

control-LM11 control-LM15
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Fig. 9. Immunolocalization of xylan and xyloglucan in the Neopallasia pectinata mucilage
envelope

A-C. Immunolocalization with LM11; A. The mucilage envelope is spread over the seed; a
strong signal, coming from the xylan located within the mucilage, is visible; B. Stretched,
coiled cellulose fibrils in the mucilage envelope covered with xylan; the signal is visible as
longer or shorter linear segments arranged in long chains (arrows); C. Coiled cellulose fibrils
covered with chains of xylan (arrows); D-H. Immunolocalization with LM15; D-F. Seed
surrounded by the mucilage envelope; many small green signals (arrows) showed the
presence of xyloglucan in the fragments of the primary cell wall of mucilage secreting cells
(MSCs); small fragments of broken cell walls are spread over the mucilage envelope; G-H.
Signal indicates the presence of xyloglucan in the fragments of the cell walls (arrows) of
MSCs which are also visible on the seed surface, where they stay attached. Abbreviations: cf
— cellulose fibrils; me — mucilage envelope, se — seed, XG — xyloglucan, XY — xylan. Scale
bars: A, E-G - 200 um; B-C, H - 50 um; D - 500 um.
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Table 1. Width measurements of fibrillary material of Neopallasia pectinata

Measured Minimal Maximal Mean Standard Count of
structure | width [nm] | width [nm] | value [nm] | deviation | measurements
Cellulose 20,66 166,06 60,24 +37,64 52
bundles
Cross-links 10,2 22,58 16 12,54 88
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