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ABSTRACT

Background and aimsA key structural adaptation of vascular plants was the
evolution of specialised vascular and mechanical tissues, innovations likely to
have generated novel cell wall architectures. While collenchyma is a
strengthening tissue typically found in growing organs of angiosperms, a similar
tissue occurs in the petiole of the fésplenium rutifolium

Methods Thein situ cell wall (ultra)structure and composition of this tissue was
investigated and characterized mechanically as well as structurally through
nano-indentation and wide-angle X-ray diffraction, respectively.

Key results Structurally the mechanical tissue resembles sclerenchyma, while
its biomechanical properties and molecular composition both share more
characteristics with angiosperm collenchyma. Cell wall thickening only occurs
late during cell expansion or after cell expansion has ceased.

Conclusionslf the term collenchyma is reserved for walls that thicken during
expansive growth, the mechanical tissueAsplenium rutifoliumrepresents
sclerenchyma that mimics the properties of collenchyma and has the ability to
modify its mechanical properties through sclerification. These results support
the view that collenchyma does not occur in ferns and most likely evolved in

angiosperrs.

Key words: Asplenium rutifolium collenchyma, mannan, nano-indentation, primary

cell wall, secondary cell wall, sclerenchyma, septate fibres, xyloglucan



INTRODUCTION

The colonisation of land by plants marked a period of morphological diversification
matched by equally impressive anatomical specialisagrthe middle Devonian, the
development of complex vascular and mechanicaldssad facilitated plants to shift

from reliance on the maintenance of turgor pressure to remain upright to a
homoiohydric life style (Niklas & Speck, 2001; Ligroee¢ al, 2012), which enabled
plants to increase in height and develop complex growth forms. In extant land plants,
mechanical support is provided by sclerenchyma and collenchyma (Evert, 2006)
Collenchyma typically occurs in the peripheral regions of grovaintjor herbaceous
stems and petioles and consists of elongated cells with pectin-rich thickened primary
cell walls, which are mainly deposited during elongation (Leroux, 2012)
Sclerenchyma, contrastingly, is comprised of cells with lignified pectin-poor secondary
cell walls, laid down after elongation has ceadé&dert, 2006). Although this
classification is widely accepted, some tissues have been reported that do not
comfortably fit within either of the above-mentioned definitions. For instance,
collenchyma tissues may undergo lignification, making them undistinguishable from
sclerenchyma. Some sclerenchyma tissues, on the other hand, may develop flexible,
non-lignified pectin-rich cell walls which resemble collenchymseeleroux, 2012 for

an overview). Moreover, non-lignified rigid cell walls have been reported in the fruit
wall of Nelumbo nucifergvan Bergeret al, 1997), showing that sclerenchyma cell
walls do not necessarily contain lignin. To avoid confusion when referring to some
types of mechanical tissue, alternative terms may be employiederin ‘sclerified

can be used to describe tissuhat have developed rigid cell walls. As opposed to
‘lignified it does not imply the presence of lignin. Therm ‘collenchymatous tissué,

originally coined by Esau (1936), can be employed to refer to tissues that structurally or



functionally resemble collenchyma. By using this term it is neither implied that the
cells are elongated nor that they consist of primary and/or secondary cell walls (Leroux,
2012).

Whereas sclerenchyma can be found in most vascular pkamn¢s collenchyma
tissues (i.e. with thickened pectin-rich primary cell walls deposited during elongation
henceforth referred to as ‘collenchyma’) are only known to occun flowering plants,
therefore appearing to be a more recent evolutionary innovation. However,
collenchyma-like tissues have been reported in ferns and lycophytes (see Leroux, 2012
for an overview). Unfortunately, most of these studies do not provide compelling
evidence and lack detailed information on either cell wall architecture or biomechanical
properties.

During a comparative study of mechanical tissues in ferns collenchymatous
tissues were observed in the petioles Adplenium rutifolium (Aspleniaceae,
leptosporangiate ferns) and related species sugh theciferumA. loxoscaphoide®.
rutifolium andA. sandersoniiThese collenchymatous tissues provide flexibility to the
petioles, allowing bending without breakage. In some of the larger leaves, however,
parts of the collenchymatous tissue undergo sclerification, resulting in rigid petioles
that break when bent. Species with small leaves fe.ganderson)jido not contain
sclerified collenchymatous tissues.

In this papefve investigate the (ultra)structiin situ cell wall composition and
biomechanical properties of the collenchymatous tissue in the petidlspbénium
rutifolium to determine to what extent this tissue conforms to the general characteristics
typical of collenchyma found in angiosperms. We specifically chose to siudy

rutifolium as some of its larger petioles contain both collenchymatous and sclerified



collenchymatous tissues, allowing comparison of the biomechanical properties of both

types of mechanical tissue.

MATERIAL & METHODS

Plant material
Asplenium rutifoliumwas collected in South Africa (accession number RV11506) and
kept in the living collection at the Ghent Botanic Garden, Belgium

(https://www.ugent.be/we/en/services/garden).

Vibratome sectioning

Petiole segments were fixed overnight at 4°C in 4% v/v paraformaldehyde in PEM
buffer (50 mM piperazine-N,N'-bis(2-ethanesulfonic acid), 5 mM Mg&ad 5 mM
ethylene glycol tetraacetic acid, pH 6.9). Following fixation, the samples were washed
in phosphate-buffered saline (PBS: prepared from a 10x stock solutidd g NacCl,

28.6 g NaHPQO,.12H,0 and 2 g KHPQO, in 1 L de-ionised KD, pH 7.2) and
subsequently mounted onto the vibratome stage using superglue (Loctite 406, Henkel
Benelux). Transverse sections, 50 um thick, were cut under water with a Microm
HM650V vibration microtome (Microm International GmbH, Walldorf, Germany).
Sections were either immunolabelled or stained with either Delafield's heamatoxylin
(Johansen, 1940) or phloroglucindCl and the Maule reagent (Soukup, 2014) for

anatomical analysis and for lignin detection, respectively.

Resin-embedding and sectioning for light microscopy
Plant material was fixed overnight in FAA (50% v/v ethanol, 5% v/v acetic acid and

5% v/v commercial formalin in distilled water), dehydrated in an ethanol series,
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embedded in Technovit 7100 (Heraeus Kulzer, Wehrheim, Germany), sectioned,
stained with toluidine blue and mounted as described by Lexbak (2007). Sections
were observed with a Nikon Eclipse E600 microscope and images were recorded using

a Nikon digital camera DXM1200.

Transmission electron microscopy

Plant material was fixed in 4% v/v paraformaldehyde anéo2/fv glutaraldehyde in

100 mM cacodylatédCl buffer pH 6.9 for 24 h at 4°C, post fixed i#2//v osmium
tetroxide for 2 h and dehydrated in an ethanol series at room temperature. For
embedding in Spul low viscosity medium (Spurr, 1969), the samples were
transferred to 10@ Spurr’s resin:absolute ethanol (1: 1) at 4°%Gr 9 h, brought to
10Q% Spurr’s resin:absolute ethanol (2:1) for 8 h and left in 100% resin overnight at
4°C. Polymerisation was performed in flat embedding moulds at 70°C for 16 h.
Sections, 70 nm thick, were made with a diamond knife on a Reichert Ultracut S
microtome (Leica, Vienna, Austria), collected on copper mesh grids and stained with a
Leica EM stainer (Leica, Vienna, Austria) for 30 min in 2% w/v uranyl acetate at 40°C
and 10 min in Reynoldslead citrate (Reynolds, 1963) at 20°C. All grids were
examined with a Hitachi H7000 transmission electron microscope equipped with ATM

digital image acquisition.

Scanning electron microscopy

Longitudinal hand-cut petiole segments were fixed in FAA, dehydrated in a graded
ethanol series followed by a graded acetone series, and dried in a critical point dryer
(Balzers CPD-030) using G(as a transition fluid. Dried samples were mounted on

aluminium stubs with double-sided adhesive graphite tabs. Mounted specimens were



coated with gold (1215 nm thick) using a sputter coater (Balzers SPD-050). Sections
were photographed digitally using an EVO40 scanning electron microscope (Carl Zeiss,

Germany).

Immunocytochemistry

A range of specific cell wall-directed probes available from PlantProbes
(http://www.plantprobes.net/) and Biosupplies (http://www.biosupplies.com.au) was
used to evaluate the presence of major cell wall polymers including cellulose (CBM3a;
Blake et al, 2006), pectic homogalacturonan (LM19, LM20; Verhertbruggeal,
2009), (1>5)-a-arabinan (LM6; Willatset al, 1998), (1»>4)-B-galactan (LM5;Jones

et al, 1997), xyloglucan (LM15; Marcust al, 2008; LM25; Pederseet al, 2012),
heteroxylan (LM10, LM11; McCartnegt al, 2005), heteromannan (LM21, Marcets

al., 2010), (1»3)(1—>4)-p-D-glucan (BioSupplies 400-3; Meiklet al, 1994) and
callose (Biosupplies 400-2; Meikkt al, 1991). Vibratome sections were incubated in
5% wi/v non-fat milk protein in PBS (MP/PBS) for 5 min to block non-specific binding
sites. Sections were then incubated with primary rat monoclonal antibodies (mAbs)
(LM19, LM20, LM5, LM6, LM10, LM11, LM15, LM25, LM21) diluted 1:10 in
MP/PBS for 1 h. The sections were washed with several changes of PBS prior to
incubation with the secondary antibody, anti-rat-IgG linked to fluorescein
isothiocyanate (FITC; Sigma) diluted 1:100 in 5% w/v MP/PBS for 1 h. The binding of
CBM3a (Blakeet al, 2006) was assessed by a three-stage immunolabelling procedure
(Hervé et al, 2011). After incubating in MP/PBS containing 25 pg/ml of CBM3a

protein for 1.5 h, sections were washed in PBS at least three times and incubated with a



100-fold dilution of mouse anti-his monoclonal antibody (Sigma) in MP/PBS for 1.5 h.
Following washing with PBS, anti-mouse-IgG linked to fluorescein isothiocyanate
(FITC; Sigma) was applied for 1.5 h as a 50-fold dilution in MP/PBS. Immunolabelling
with the BioSupplies 400-2 and 400-3 mouse mAbs was performed as described by
Meikle et al. (1994). Both primary antibodies were diluted 1:50. Cellulose was stained
with Calcofluor White M2R fluorochrome (Fluorescent brightener 28, Sigma, 0.25 ug
mL™ in dH,0) for 5 min. After incubation with a secondary antibody, anti-mouse-lgG
linked to fluorescein isothiocyanate (FITC; Sigma), all sections were washed in PBS
three times before mounting in a glycerol-based anti-fade solution (Citifluor AF2,
Citifluor Ltd., UK). As some cell wall epitopes may be masked by pectic
homogalacturonan we performed pectate lyase pretreatments as described byeMarcus
al. (2008). Immunofluorescence was observed with a microscope equipped with
epifluorescence irradiation (Olympus BX-61) and the following filter cubrsitation
365/15BP; dichroic mirror 400LP; emission 420LP for visualizing Calcofluor White
stained cell walls; excitation 480/20BP; dichroic mirror 505LP; emission 410LP for
green emission of the FITC fluorochrome, and, excitation 535/30BP; dichroicr mirro
565LP; emission 580LP 541/572nm for imaging red autofluorescence of brown-
coloured sclerified cell walls (hencefornikferred to as ‘red autofluorescence’). Images

were captured with a Hamamatsu ORCA285 camera and processed with Perkin Elmer

Volocity software.

Microfibril angle measurements
Longitudinal fibre bundles (~0.2 0.5 x 3 mm3) of collenchymatous and sclerified
collenchymatous tissue (n=5 respectively) were mounted on a metal sample holder.

Wide-angle X-ray diffraction experiments were performed with a Nanostar (Bruker



AXS) instrument using Cui radiation with a wavelength of 1.54A. The sample-
detector distance was 5.5 cm. For each measurement point diffraction patterns were
collected in vacuum for 2 x 60 min with at 2D Vantec 2000 detector (Fig. 5D,E). The
exact sample-detector distance and the beam centre were determined with the software
Fit2D (Hammersley 1998) through the powder measurement of a corundum standard
with known peak positions. The measurement files were corrected for background
scattering by subtraction of an empty beam measurement of 60 min. The files were
integrated azimuthally from 6360° (radial profile, Fig. 5F) to determine the position

of the 200 Bragg peak of cellulose on the detector. The same data was then radially
integrated in the range of the 200 cellulose peak (Q =-18.3 ° ) to obtain an
azimuthal scattering profile (FichG). For integration the software Autofit, a Python
based software developed by Chenghao Li, Aurelien Gourrier and Gerald A. Zickler at
the Max-Planck-Institute of Colloids and Interfaces in Potsdam was used. The duplicate
measurements of each measurement point were averaged. Besides the crystalline
cellulose, amorphous non-oriented components contribute to the scattering signal. To
correct for this type of background scattering, the slope of a line connecting two points
outside the cellulose Bragg peaks (Q = 8.5 and Q = 18.9) was determined and set as
baseline. Then, the baseline intensity could be determined for the range of the 200
Bragg peak and was subtracted from the azimuthal scattering profile. In a microfibril
angle simulation (Ruggebergt al, 2013), the microfibril angle distribution is
approximated by two Gauss peaks (Fig. 5H) such that the according scattering profile is

fitted to the measured azimuthal scattering profile.

Nanoindentation experiments
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Approximately 35 mm long segments, cut exactly 90 degrees to the longitudinal
petiole axis were sequentially dehydrated by a graded ethanol series. The segments
were put in methyl methacrylate (MMA, Sigma aldjidor 48 h. After 24 h the
solution was exchanged with fresh solution. On the third day the samples were put in
infiltration solution (150 ml MMA, 10 ml nonylphenyl-polyethyleneglycol acetate
(NPO, Sigma aldrich) and 1 g Dbenzoylperoxide blend (BPO) with
dicyclohexylphthalate (Sigma Aldrich)) for at least 24 h. Prior to the final embedding
step the samples were glued with the cross section on a metal AFM specimen holder to
ensure alignment. The metal plate fixed sample was placed in a mould and covered
with PMMA (polymethylmethacrylate) solution made of 100 ml MMA, 25 ml NPO
and 2.0 g BPO. For PMMA polymerization the samples were placed in an oven for 24 h
at 40°C, followed by 24 h at 48°C and then 24 h at 55°C. After polymerization samples
were polished parallel to the metal holder to create collenchyma and sclerified
collenchymatous cell wall cross sections exactly 90 degrees to the longitudinal petiole
axis.

On the polished samples, walls of 11 collenchymatous and 12 sclerified
collenchymatous cells were probed with a Berkovich indenter. Collenchymatous cell
walls were indented with a peak load of 150 uN. Load application forez.5vas
followed by a 15 &c holding segment and then by a 2€g anloading segment (Fig.
6A). The same load function, but with a peak load of 350 uN (Fig. 6B), was used to
indent sclerified collenchymatous cell walls, to have comparable indentation depths of
~200 nm for the two cell types. After indentation the positions of all indents were
controlled to ensure that they were placed in the cell walls. Indentation moduli (or

__1 ¢dr
reduced moduli B where calculated according to the relationship P Ava AN,
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(Oliver and Pharr, 1992 is an indenter shape dependent factos.xAhe projected
contact area under load between indenter and cell wall and dP/dh is the initial
unloading slope (Fig. 6C), Hardness was determined as the ratio between the maximum

load Ryax and the residual indent area A

Mechanical modeling

Twelve vibratome cross sections of the petiole and rachia @rge Asplenium
rutifolium (accession number RV11506) leaf were made at 3 cm intervals from the base
and imaged. These images were then segmented by hand into regions of parenchyma,
collenchymatous and collenchymatous sclerified tissue (Fig. 7A). Segmented images
were imported into MatlaR2015band the local bending rigidity was determined using

a custom made code implementing standard equations (Gere, 2002). One fern petiole
was cut into twelve 3-cm long segments (Fig. 1) and each segment weighed, giving
data about the self-loading of each segment (data not shown). This data was then used
to calculate deflections and rotations of each segment as a function of self-load using
simple beam theory, assuming small deflections. The deflections and rotations of each
segment were combined using the principle of superposition to caltplateflection

under self-load for horizontally oriented petioles both with and without sclerification

(Gere, 2002).

RESULTS

Distribution, structure and development of mechanical tissua A. rutifolium

petioles

11
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Figure 1 displays cross sections through different regions along the petiole and rachis of
a largeAsplenium rutifoliumleaf. All sections contain subepidermal collenchymatous
tissue of which some parts are sclerified, depending on the position in the leaf. At the
petiole base strands of sclerified collenchymatous tissue intersperse the
collenchymatous tissue at the adaxial and abaxial side. In the upper half of the leaf,
sclerified collenchymatous tissue is absent. A higher magnification of a section through
the petiole base is shown imgkre 1B. While collenchymatous tissue is comprised of
uniformly thickened cell walls that are translucent in unstained sections, sclerified
collenchymatous tissues have yellow to brown colouredvaliis. During sclerification

the collenchymatous cell walls are impregnated with yellow to brown pigments and
additional cell wall material is deposited, resulting in unevenly thickened cell walls
(Fig. 1B). Sclerification is initiated at the abaxial side of the petiole base and extends
towards the rachis. Initially, strands of dark brown sclerified tissues are formed (Fig.
1B) and in some cases all of the collenchymatous tissue at the petiole base becomes
sclerified while collenchymatous tissues remain higher up in the leaf. The petiole base
of small leaves does not contain sclerified collenchymatous tissue (Fig. 2a). The
peripheral collenchymatous tissue is only interrupted by parenchyma where respiration
lines with stomata run along both sides of the petiole (Fig. 2a). Longitudinal sections
show that collenchymatous cells are narrow and elongated with tapered ends (Fig. 2B).
These cells are in turn subdivided by one to four thin-walled septae, with a nucleus in
each compartment (Fig. 2C). To determine whether the mechanical tissue consists of
primary and/or secondary cell walls we compared transverse sections through different
segments of a fern crozier. Uncoiling of fern croziers is accomplished by differential
growth, with the cells located abaxially elongating to a lesser extent. Cells in crozier

segments just below the coil have ceased or almost finished their expansion growth.
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transverse section through the latter segment shows that the walls of the
collenchymatous cells are not yet fully differentiated and resemble the primary walls of
the ground parenchyma cells in terms of cell wall thickness (Fig. 2D). In transverse
sections of mature collenchymatous tissue, on the other hand, two distinct wall layers
are observable: a thin outer layer which corresponds to the primary celbhesdisn in
undifferentiated tissue, and a thick, weakly stained layer which constitutes the
secondary cell wall (Fig. 2E), as it is most likely deposited after elongation has.ceased
It is of interest to note that, if we distinguish primary and secondary walls as such, a
thin secondary wall is also deposited in the cells of the parenchymatous ground tissue

(Fig. 2E).

In situ cell wall composition of mature collenchymatous cells indicates primary cell
wall architecture

To examine the presea and location of major cell wall components, we
immunolabelled vibratome sections through small petioles containing mature
collenchyma (sections equivalent to Fig. 2A) with a range of mAbs and a carbohydrate-
binding module (CBM). Sections were also stained with Calcofluor White, a dye with a
high affinity for g-D-glucans (Fig. 3A); employed here to show the full extent of cell
walls. CBM3a, recognizing crystalline cellulose, bound to all tissues, including the
collenchymatous cell walls (Fig. 3B). We used two mAbs which recegpertic
homogalacturonan (HG) either with low (LM19) or high (LM20) levels of methyl-

esterification. The LM19-epitope was detected in the collenchymatous and

13



14

parenchymatous cell walls (Fig. 3E). LM20, on the other hand, strongly labelled the
lining of intercellular spaces of the cortical parenchyma, but only weakly bound to the
collenchymatous tissue (Fig. 3D, F). LM&rected against (1—5)-p-galactan, labelled
the inner cell wall layer of collenchymatous cells (Fig.) 8@&luding the septae (Fig.
3G, inset). The LM6 mAb, recognig (1—5)-a-L-arabinan, did not bind to the
collenchymatous cell walls (Fig. 3H), but was detected in the vascular bundles and
epidermal cell walls, and, after pectate lyase treatment, also labelled the intercellular
space linings of the cortical parenchyma (data not shown). The anti-xylan mAbs LM10
and LM11 did not bind to the collenchymatous cell walls (data not shown). The anti-
mixed-linkage glucan antibody (BioSupplies 400-3) bound to the inner cell wall layer
of the collenchymatous cells (Fig. 31). LM25, a mAb recognizing the XXXG and
galactosylated structural motifs of xyloglucan, bound to parenchymatous and
collenchymatous walls and the fluorescenignal was stronger in the inner wall layers
(Fig. 3J). The LM15 anti-xyloglucan mAb, which binds to the XXXG and XXGG
motif, displayed a rather unusual binding pattern in collenchymatous cells after pectate
lyase treatment as the epitope is restricted to the three-way junctions of the
collenchymatous tissue (Fig. 3Kl). Binding of the LM15 mAb was rather weak and
therefore increased exposure times were used to image the labelling pattern. Pectate
lyase unmasked the LM21 heteromannan epitope in the primary cell walls of the
collenchymatous and parenchymatous cell walls of thex@rig. 4A-D). LM21 did
not bind to the septae of the collenchymatous walls (Fig. 4E, F).

Of all mAbs used, only LM21 bound to sclerified collenchymatous cell walls,
with labelling being restricted to a thin inner cell wall layer (Fig. 4H). Sclerification
was seen to coincide with phenolic impregnation which hinders Calcofluor White

staining (Fig. 4G) and causes autofluorescence in the red channel (Fig. 4l). In some
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collenchymatous cell walls we observed binding of LM21 to the inner cell wall layers
(Fig. 4K). The absence of autofluorescence (Fig. 4L) suggests that these walls are not
impregnated with phenolic compounds. This may imply that, during sclerification,
deposition of mannan precedes phenolic impregnation.

Collenchymatous tissues were not stained with the Wiesner and Maule reagents
(data not shown). Tlse dyes only reacted with xylem tracheid walls, indicating the
presence of lignin. Interpretation of lignin staining in sclerified collenchymatous

tissues, however, was obscured due to the dark brown pigmentation of the cell walls.

Ultrastructural imaging reveals the polylamellated nature of collenchymatous cell
walls

Transmission electron microscopy stemlthat the walls of the collenchymatous tissue
are polylamellated (Fig. 5A). Higher magnifications indicated that the fibril orientation
changes in successive lamellae and that low and high electron-dense lamellae alternate
(Fig. 5B). The walls of the septae are thin and their middle lamellae are not fused with
those of the collenchymatous mother cells. A three-way junction between the newly
formed compartments and the mother cell is therefore not formed. The walls of the
septae also appear to be continuous \a&ithnner wall layer of the collenchymatous
mother cells (Fig. 5B A transverse section through sclerified collenchymatous tissue
(Fig. 5C) shows the original collenchymatous secondary \Widtsgnated as layer ‘1)

as well as newly deposited secondary cell wall laydesignated as layers ‘2’ and ‘3’).

The increased electron detysof cell wall layers ‘1’ and‘2’ results from impregnation

with yellow- brown pigmentsAs layer ‘3’ appears to be more electron lucent, it is most

likely not impregnated with the latter pigments.
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The anti-callose mAb specifically bound to the transverse walls and septae of
the cortex parenchyma and the collenchymatous tissue respectively (Fig. S1A).
Scanning and transmission electron microscopy (TEM) of these transverse cell walls
showed that they were densely pitted (Fig. SHB The dotted labelling pattern

suggests that callose is deposited in association with these pits.

Comparable cellulose microfibril angl@s collenchymatous and sclerified cell walls
Wide-angle X-ray scattering experiments support the TEM finding that cellulose
orientation changes in successive cell wall layers. Both non-sclerified and sclerified
collenchymatous cell walls show two main cellulose orientations. In non-sclerified
collenchymatous cell walls cellulose fibrils are oriented at 8° (~57%) and 62° (~43%)
(Fig. 5H) to the longitudinal cell axis. The microfibril angle in cell walls of sclerified
tissue was calculated to be 9° (52%) and 60° (48%) (Fig. 5G). Even though a scattering
signal of higher intensity (Fig. 5F) was observed for the sclerified tissue, no significant
differences in the azimuthal scattering profile and the resulting cellulose orientation

distributions were found between non-sclerified and sclerified cells (Fig 5 G,H).

Nanoindentation experiments indicate differences in mechanical properties

The average indentation modulus (Fig. 6D) in collenchymatous cell walls was 7.29 GPa
(n=34) and in sclerified cells 13.51 GPa (n=97). More indents were placed in sclerified
cells to study if mechanical properties change from the middle lamellae to the lumina.
However, no clear differences could be found. Compared to the almost 2-fold higher
stiffness in sclerified cells, hardness values increased even more: collenchymatous cells
reached mean hardness values of 142.8 MPa and sclerified collenchymatous cells 391.7

MPa (Fig. 6E).
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DISCUSSION

Collenchymatous tissue of A. rutifolium structurally resembles sclerenchyma tissue
Collenchyma tissues can generally be recognized by their uneven deposition of cell
wall material either in cell corners (angular collenchyma) or on the inner and outer
tangential cell walls (plate collenchyma) (Leroux, 2012). However, in some cases
plants contain collenchyma characterized by more uniformly thickened cell walls
(annular collenchyma) and, as such, distinction from sclerenchyma tissue is not
straightforward if only structural characteristics are considered. This is the case for the
mechanical tissue in the petiole of the fé&splenium rutifoliuma pliable tissue with
uniformly thickened cell walls that may undergo sclerification. Additional microscopic
observations of the latter tissue indicated other diagnostic structural features including
elongated cell shape, tapered cell ends and the presence of septae. Yet, these features
can also not be employed to distinguish between collenchyma and sclerenchyma as
they may apply to both types of mechanical tissue (Leroux, 2012).

One of the characteristics that clearly sets collenchyma apart from sclerenchyma
is that collenchyma initiates cell wall thickening during the early phases of expansion,
while sclerenchyma only deposits cell walls after expansion has ceased (Leroux, 2012).
In A. rutifolium, collenchymatous walls were shown to be deposited after or during the
last phases of elongation. For this reason, the latter walls are secondary cell walls and,
hence, the mechanical tissue should be referred to as sclerenchyma. This might explain
why a distinctive primary wall was observed, as only this wall needs to cope with
extensive elongation and may have a different chemical composition altering its affinity
for dyes such as toluidine blue. In collenchyma, a tbasly distinguisted outer cell

wall layer is generally not obseyst
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Collenchymatous tissue of A. rutifolium has a similar cell wall composition to
angiosperm collenchyma

Comparison of tissue-specific cell wall composition between representatives of
different plant groups is not straight-forward. The abundance and relative proportions
as well as the fine-structural details of cell wall polysaccharides may vary between the
major groups of land plants (Fangelal, 2012). Moreover, differences in composition

do not necessarily imply differences in properties as different configurations of plant
wall polymers may generate walls with similar properties. While analysis of
fractionated walls of isolated collenchyma tissues (as performed on celery collenchyma
by Chenet al, 2017) of several plants will allow a better overview of the variation in
collenchyma cell wall composition, the immuytochemical experiments performed in

this study allowed investigation and comparison of the spatial distribution of glycan
epitopes. Our results show that the collenchymatous cell walls rtifolium are rich

in cellulose, xyloglucan and pecttG, both of which are characteristic of angiosperm
collenchyma walls (Jarvis, 200Chenet al, 2017. The prevalence of the LM19
epitope over the LM20 epitope in the collenchymatous cell walls suggests the presence
of continuous stretches of de-esterified (rather than esterified) HG, which may be
involved in the formation of strengthening calcium-mediated pectic gels (Albersheim
al., 2010). The LM5 mAbdirected against (1—4)-p-D-galactan, which occurssside-
chains of pectic rhamnogalacturonan-1 in angiosperms, only labelled the inner cell wall
layers and the septae of the collenchymatous celds mtifolium These galactan-rich
layers most likely correspond to the distinct inner layer that is continuous with the
septae walls as seen by TEM. Similar distribution patterns of the LM5 galactan epitope,

being restricted to the inner cell wall layers, were observed in collenchyma of tomato
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petioles (Jonegt al., 1997), hemp stems (Blaket al., 2008) and elderberry stems
(Leroux, 2012), suggesting that galactan might play an important role in the
differentiation process of collenchymatous tissues. Several reports have suggested that
pectic galactan is correlated with cells that undergo extensive elongation. For example,
galactans were shown to be present in primary cell walls of elongating cells of potato
stolons (Bushet al, 2001) and in elongating carrot suspension cells (Wikatal,

1999). In ferns, galactans have been immunodetected in the cell walls of sieve tube
cells, which also undergo extensive elongation (Leefd, 2015).

Cell walls of representatives of different plant groups were shown to contain
different proportions of hemicelluloses (Harris, 2005). Compared to angiosperms, fern
primary cell walls were reported to be particularly rich in mannans (Popper and Fry,
2004; Silvaet al, 2011). InAsplenium rutifoliummannan-epitopes were detected after
pectate lyase treatment in all primary cell walls of the cortex, including those of the
mechanical tissue. We immunodetected xyloglucan in the collenchymatous thickenings
using the LM25 mAbto XXXG/galactosylated epitopes. Xyloglucans have been
identified as one of the main hemicellulosic polysaccharides in eudicot angiosperm
primary cell walls (Cosgrove, 2005), and xyloglucan epitopes have been localised in
angiosperm collenchyma cell walls (Marces al, 2008). While the xylan-directed
mAbs LM10 and LM11 bound to discrete zones in tobacco collenchyma after
enzymatic removal of HG (Herwt al, 2009), they did not bind to collenchymatous
cell walls inA. rutifoliumand removal of pectic HG did not affect their binding pattern.
Mixed-linkage glucan epitopes were detected in the innermost layer of
collenchymatous tissues. This polysaccharide was previously reported to occur in
leptosporangiate ferns by Leroust al. (2015) where it was also detected in

collenchymatous thickenings dEquisetum arvenseFurther analyses, however, are
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necessary to biochemically determine the structure of the cell wall component that
binds to the BS-400-3 mAbn A. rutifolium While our results indicate that
collenchymatous tissue inA. rutifolium shows similarities with angiosperm
collenchyma, more collenchymatous tissues across vascular plants should be

investigated to reveal the range of variation in cell wall composition.

Septae are formed after secondary cell wall deposition

As the septae form junctions with the secondary cellswélihe parent cells, they must
arise from divisions of the protoplast of mature collenchymatous cells that have already
developed wall thickenings and not of initial eatif the apical shoot meristem. The
galactan-rich inner cell wall layer of the collenchymatous parent cell, which was found
to be continuous with the primary cell walls of the septae, is most likely deposited by
the protoplast during cytokinesis. Considering that the septae only appear late during
mechanical tissue differentiation it is not surprising that these transverse cell walls
display a distinct cell wall composition. For instance, LM21 mannan epitopes were
only detected in the primary walls of the cell files that originated from the

collenchymatous initial cells and were not found in the septae.

Mannans are implicated in the sclerification process of collenchymatous tissues
Mannans have been identified as the major components of secondary cell walls in
gymnosperms and ferns (Whistler and Chen, 1991; Bremner and Wilkie, 1971; Timell,
1962) and have been immunodetected in fern sclerenchyma tissues (Leroux et al.,
2015). InA. rutifolium, the ati-mannan probe LM21 bound to the inner cell wall layer
most likely corresponding to the electron-lucent inner layer revealed by transmission

electron microscopy, of sclerified collenchymatous céltsne of the mAbs used in this
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study bound to the secondary cell wall layers that were shown to be electron dense by
TEM (i.e. layers ‘1’ and ‘2°, Fig. 5C). A possible explanation is that glycan epitopes are
masked as a result of pigment impregnation. Our results also revealed that
incorporation of mannan appears to precede phenolic impregnation (Fig. 4), suggesting
that mannans may play a crucial role in the sclerification process. We obtained no
evidence for the presence of lignin in the mechanical tiss@e rftifolium. This is not
uncommon in ferns as biomechanical studies of eXguoisetumspecies, which also
contain sclerifying collenchymatous tissues, have shown that lignification is not a
prerequisite for conferring stiffness to plant tissiB®we and Speck, 2004). For
instance, non-lignified rigid cell walls may be formed through a polysaccharide-tannin
complex suchasthat found in the fruit wall oNelumbo nucifergvan Bergeret al,

1997). The polysaccharide fraction of these walls was predominantly composed of
galactose and mannose residues and in combination with insoluble tannins, this wall
complex might provide specific mechanical properties in a similar way as ligno-
cellulosic composites.

The results of the nanoindentation experiments show that sclerification changes
the mechanical properties of the cell walls considerably. Since the cellulose orientation
in both collenchymatous and sclerified collenchymatous tissue is the same (Fiky. 5F
effects coming from varying cellulose fibril orientations can be excluded (Koneterth
al., 2009, Jageet al, 2011). The observed changes in mechanical properties can
therefore be assigned to the incorporation of new or modification of existing cell wall
components during the sclerification process. However, the indentation modulus of
sclerified cell walls is in the lower range of what is found for lignified wood cell walls
with small microfibril angles (Edest al, 2013). Possibly this can be explained by the

multi-layered cell wall structure with a considerable percentage of fibrils being aligned
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at rather high microfibril angles. Lignified multi-layered bamboo cell walls
(Parameswaran and Liese, 1976) typically also show lower indentation moduli (e.g.
Dixon and Gibson, 2014) than the S2 layer of wood cell walls.

The role of sclerification on the bending rigidity of petioles was estimated
assuming sclerified tissue had four times the elastic modulus of the unsclerified tissue.
This estimate is based on the two times higher indentation modulus and the
approximately 2-fold higher cell wall proportion in an average cross section of
sclerified tissue compared to collenchymatic tissue (Fig. 2F). Although occurring only
in a small fraction of the tissue cross section sclerification rigidifies petioles
significantly (Fig. 7B), especially close to the base, where the greatest bending
moments are experienced (Fig. 1). This mechanical role of sclerification was further
supported by calculations using standard beam theory (Gere, 2002), which showed that
sclerification decreased the deflection of the tip of the petiole under self-loading by

21%.

Conclusions

The collenchymatous tissue irA. rutifolium petioles structurally resembles
sclerenchyma, while in biomechanical performance and glycan composition it shares
more characteristics with angiosperm collenchythae reserve the term collenchyma

for walls that (for the most part) thicken during expansive growth of organs, then the
mechanical tissue iAsplenium rutifoliumand related species represents sclerenchyma.
This sclerenchyma tissue is highly versatile as its secondary cell walls mimic the
properties of collenchyma walls and have the ability to modify their mechanical
properties through sclerification. Such compositional and biomechanical dynamics

might be essential as ferns cannot produce secondary tissues and therefore only rely on
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the modification of their primary tissues to adjust the biomechanical performance of
their organs.

Our results are in line with the present conjecture that collenchyma does not
occur in ferns and most likely evolved in angiosperms. Although confusion remains
regarding the precise definition of collenchyma, our results strengthen the view that cell
walls are dynamic and can impart specific properties no matter when they are
deposited. However, there are some architectural restrictions which apply as long as
cell walls need to retain the ability to expand as sclerification will hinder this process.
The challenge is not to define tissues but to understand how the observed molecular

diversity underpins wall properties and functions.
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Figure legends

Figure 1. Transverse vibratome sections through different regions of a large leaf of

A. rutifolium. A. Overview of the leaf with indication of the positions of the sections
(1-12; adaxial side of the leaf is facing upwards). All sections contain subepidermal
collenchymatous tissue. Dark areas represent sclerified collenchymatous tissue, which
IS more abundant near the petiole base and absent in the upper part of BxeDetil

of a section through the petiole base showing strands of sclerified collenchymatous

tissues (s) surrounded by collenchymatous tissue (c). Scalebar B: 100 pum.

Figure 2. Transverse- (A, D, E) and longitudinal- (B C) sections through the
petiole of A. rutifolium stained with Delafield’s heamatoxylin (A) and toluidine

blue O (B-E).

A. The subepidermal collenchymatous tissue (c) is interrupted by parenchyma at the
lateral respiration lines (arrows). The parenchyma tissue (p) consists of cortex
parenchyma, enclosing two vascular bundiBs The collenchymatous cells have
tapering ends and are narrow and elongated; the cortical parenchyma tissue (p) is
isodiametric to moderately elongatedC. a higher magnification showing
collenchymatous cells divided by several thin-walled septae (arrowh&dSgction
through young petiole base showing undifferentiated (non-thickened) collenchymatous
tissue (c) and parenchymatous tissue fn).Section through mature petiole base
showing thickened collenchymatous (c) and parenchyma tissue (p). t: tracheids. Scale

bars: A, 250 um; B, 100 pm-€, 50 pm.
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Figure 3. Indirect immunofluorescence detection of cell wall glycan epitopes in
collenchymatous cell walls in transverse vibratome sections through petioles Af
rutifolium. A. Calcofluor White fluorescence showing full extent of cell was.
Binding of the cellulose-directed CBM3a probe to collenchymatous and
parenchymatous cell wall€. LM19, binding to pectic homogalacturonan with no or a
low level of methylesterification shows similar binding patterns as CBR3&M20,
directed against highly methyl-esterified pectic homogalacturonan, binds weakly to
collenchymatous walls, but strongly to intercellular space linings of cortical
parenchymakE, F. Binding of LM19 and LM20 antibodies to collenchymatous cell
walls in longitudinal section$s. The LM5 galactan epitope was only detected in inner
cell wall layers of collenchymatous tissue and in the septae (indet).M6,
recognizing arabinan, only weakly bound to epidermal cell whll$he anti-mixed-
linkage glucan antibody BS-400-3 binds to the inner cell wall layers of the
collenchymatous cellsJ. Immunodetection of the xyloglucan LM25 epitope in
collenchymatous walls. Note that antibody binding is stronger in the inner layer of the
walls. K. Higher magnifications of the collenchymatous tissues show that Calcofluor
White staining is brighter in the intercellular spadesAfter pectate lyase treatment,
LM15, recognizing the XXXG-motif of xyloglucan, binds to intercellular cell wall
material. M. Combined image of Calcofluor White staining (blue) and LM15 binding

(green). cp: cortical parenchyma. Scale bars: 50 um.

Figure 4. Indirect immunofluorescence detection of the LM21 heteromannan-
epitope in Collenchymatous and sclerified Collenchymatous tissue#, B. No
binding of anti-mannan LM21 to collenchymatous (a) and cortical parenchyma- (b) cell

walls. C, D. Pectate lyase pretreatment unmasked the LM21 epitope in primary cell
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walls of collenchymatous (c) and parenchymatous (d) cell wal® &e combined
images of antibody binding (green) and Calcofluor White staining (bkiel:. The
LM21 epitopeis not detected in transverse cell walls of collenchymatous cell @#s.

I. Sclerified collenchymatous tissues do not stain with Calcofluor White (G), have a
distinct inner wall layer labelled with LM21 (H) and have walls that exhibit red
autofluorescence (I)\J-L. Incorporation of mannan precedes impregnation of walls
with dark-brown phenolic compounds, as LM21 labels sclerifying collenchymatous
cells (J) while Calcofluor White staining (K) and absence of red autofluorescence (L

are observed in the same walls. Scale bars: 50 pum.

Figure 5. Ultrastructure and cellulose microfibrii angle measurements of
collenchymatous and sclerified collenchymatous tissue oA. rutifolium. A.
Longitudinal section showing thatollenchymatous walls are polylamellated with
alternating electron-dense and electron-lucent lamellae. Middle lamellae and cell
junctions are electron dense (asterisk). Septae remain thin-wéled higher
magnification shows that the middle lamella of the septa (arrowhead)ndd fuse

with that of the collenchymatous parent cell. The primary wall of the septa is
continuous with the inner wall layer of the collenchymatous parent@ellranverse
section of sclerified collenchymatous tissue. Three zones can be distinguished in the
secondary cell wall: the original collenchymatous wall impregnated with electron dense
pigments (1), a thick electron dense layer deposited during sclerification (‘2’) and a

thin electron lucent inner lay€13”). D. scattering image of collenchynmfa. Scattering
image of sclerified collenchymatotissue.F. radial scattering profile of collenchyma
(dark grey) and sclerified collenchymatous tissue (blaGk).Azimuthal scattering

profile of collenchyma (dark grey) and sclerified collenchymatous tissue (bldck).
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Simulated microfibril angle distribution of collenchyma (dark grey) and sclerified

collenchymatous tissue (black). Scale bars: A, 2 u@; B)0 nm.

Figure 6. Nanoindentation experiments.The cartoon in the middle schematically
shows a Berkovich indenter above a cell wall, indenting the cell wall and the final
indent in the cell wallA. Load function for sclerified collenchymatous cell wabs.
Load function for collenchymatous cell§€. Representative indentation curves with
slope dP/dh for calculating ER. Er of sclerified collenchymatous cell walls (blxck
and collenchymatous cells walls (dark grdy)Hardness of sclerified collenchymatous

cell walls (black) and collenchymatous cells walls (dark grey).

Figure 7. Mechanical modeling. A.Segmented areas of petiole cross sections, light
grey — parenchymatic tissue, dark grey collenchyma and black- sclerified
collenchymatous tissu8. Plot of the calculated flexural stiffness of each section of the
petiole versus position along the petiole, calculated both with and without the presence
of sclerified collenchymatous tissue. Values of flexural stiffness are normalized by the

Young’s modulus of the collenchymatous tissue and are given in units of thm
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