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Highlights:

e Light microscopy, SEM and TEM morphological description of short cell phytoliths of Festuca
exaltata

e Light-interaction modelling shows that silica-cell phytoliths do not appreciably affect light in-
tensity in the cork-cells.

e Decreasing protein content in developing silica-cells

Summary

Short cells of Poaceae often contain a cell lumen (CL) phytolith. The aim of this investigation was to
analyse the features, development and possible function of CL phytoliths in Festuca exaltata leaves.
This study employed light microscopy (LM), scanning and transmission electron microscopy (SEM
and TEM respectively). The interaction of light with these phytoliths was modeled using the Finite-

Difference Frequency Domain (FDFD) method. The results showed that silica deposition begins within
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a medium electron density matrix. Proteins were detected in the center of the cytoplasm in a higher
amount during the young stage. This occurrence suggests that proteins may be a possible component of
the matrix or at least play a role in the silica deposition. At maturity, the short cell phytoliths have
peculiar morphology and positioning. These were tested numerically to verify their possible role in
either conveying or deflecting light rays, showing only a negligible influence of the phytoliths on the
distribution of light within the leaf. A channel apparently connects the silica and the cork cell,
suggesting that the cork cells have a metabolic activity related to the metabolism of the silica cells, but
possibly not exclusively related to the development.

Keywords: Drymochloa drimeja subsp. exaltata; phytolith formation; phytolith light

interaction; Cork cell; cell lumen phytolith

Introduction

Phytoliths are biomineral bodies that form in plants by the deposition of inorganic compounds (silica or
calcium carbonate) between / in the cell walls (CW phytoliths) or in the cell lumina (CL phytoliths);
calcium oxalate, an organic compound, may also form CL phytoliths (Metcalfe and Chalk, 1983;
Piperno, 2006). Most of the inorganic phytoliths are due to the deposition of amorphous silicon dioxide
(silica), for which reason they are frequently defined “opaline silica bodies”.

Phytoliths present a variety of shapes and sizes, which occur in different plants, in different parts of the
same plant, or even in different cells of the same tissue. However, phytoliths with the same
morphology may be found inplants belonging to unrelated taxa (Rovner, 1971). Their diagnostic utility
largely varies on a case by case basis: it is sometimes possible to get to the species level, but more
frequently only to the level of genus, family or higher taxa.

Phytoliths are present in numerous plant families, which differ in silica concentrations on a dry weight
basis. Among angiosperms, the highest level of silicification occurs in Poaceae and Arecaceae (Hodson
et al., 2005), but these bodies have been found even outside seed plants (Sheue et al., 2020). Regarding
Poaceae, phytoliths are found throughout the plant, mostly in the aerial part and in particular in the leaf
epidermis. In these plants, the epidermis displays very distinctive features: long cells (elongated with
respect to the leaf axis) and short cells (aligned to the long cells) are distributed according to different
patterns, which represent significant diagnostic markers (Rudall et al., 2014). Some of the short cells
may present a CL phytolith (silica cells), often of diagnostic relevance (Metcalfe, 1960; Rudall et al.,
2014).
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Epidermal micromorphology and phytoliths of the genus Festuca L. are among the most studied in the
Poaceae family (e.g. Consaul and Aiken, 1993; Marx et al., 2004; Namaganda et al., 2009; Ortifiez and
de la Fuente, 2010; Fernandez Pepi et al., 2012; Ortlfiez and Cano-Ruiz, 2013; Dani et al., 2014;
Cougnon et al., 2016) and more than twenty morphotypes were described in the subgenus Festuca
(Fernandez Pepi et al., 2012). Differences were observed in shape and distribution of phytoliths in the
adaxial and / or abaxial epidermis of the leaf blade, and the same morphotype may present a degree of
variability in relation to the position in the blade. Most of the morphotypes are linked to the silicified
walls of epidermal or vascular cells, the others occurring in the cell lumina, mainly in the bulliform
cells of the abaxial blade surface and in the short cells of the entire epidermis.

The development of phytoliths in plants is a largely unknown process, despite the interest in their
chemical and isotopic composition (Hodson, 2016). In-depth analyses on the silicification stages were
carried out, for example, on leaf blades of Bambusoideae, collected from before the opening of the leaf
blades, up to well-developed leaves, where the silicification process is complete (Motomura et al.,
2000, 2002, 2004, 2006). Studies on the development of CW phytoliths indicate that silica is deposited
onto carbohydrate material, even if other kinds of organic matrices cannot be ruled out. In Selaginella,
Equisetum and several flowering plants, callose is one of the carbohydrates involved in the process
(Waterkeyn et al., 1982; Law and Exley, 2011). Analysis of the cell wall biosynthesis in grass hairs
evidenced an increase in the amount of mixed-linkage (1—3,1—4)-p-d-glucans during silica deposition
(Perry et al., 1987). Pectic arabinan possibly has a role in the silicification of the walls of the epidermal
idioblasts in Adiantum (Leroux et al., 2013). Studies on silicification of the inner tangential walls of the
epidermal cells of Sorghum bicolor indicate the involvement of non-cellulosic cell wall
polysaccharides, namely arabinoxylan—ferulic acid complexes (Soukup et al., 2013).

Regarding CL phytoliths, there is no indication of the presence of an organic matrix where silica is
deposited (Hodson et al., 1985; Zhang et al., 2013). Kumar et al. (2017a) demonstrated that silica cells
are viable and well connected to the neighboring cells during silica deposition in Sorghum and
suggested that the process could be enhanced by materials such as proteins, peptides, or sugars
contained in the apoplastic space. Deposition seems to begin in the cell wall, where it could be
mediated by callose or lignin, before filling the cell lumen (Zhang et al., 2013). The programmed death
of the silica cell is independent of the silica-deposition process: generally, silica deposition precedes
cell death, which leaves a void that remains unsilicified (Kumar and Elbaum, 2018). In the palm
Syagrus coronata, silica grains are presumably formed by the precipitation of silica in the vacuoles

(Lins et al., 2002). Macromolecular assemblages containing proteins seem to be associated with
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biogenic silica in Equisetum and Phalaris, even if their precise role requires further investigation. The
organic material involved in the phytolith deposition possibly contains lysine, proline and serine, which
would bind the silica by means of a hydrogen-bounding mechanism (Harrison, 1996; Perry and
Keeling-Tucker, 2003). In general, CL phytoliths are expected to contain a larger amount of proteins,
lipids and nucleic acids than the CW ones (Hodson, 2016).

Numerous hypotheses have been formulated about the function of phytoliths (Ma, 2004), but their real
role is still far from being understood. A mechanical / structural function has been attributed to silica
deposition, e.g. it could aid the stiffness of plant portions that are prone to structural damages or
prevent the collapse of the cells (Metcalfe and Chalk, 1983; Holzhiter et al., 2003). It plays a role in
water and salt exchanges, in addition to increasing the resistance to drought and other abiotic stresses,
such as high temperatures and concentrations of heavy-metals (Rogalla and Rémheld, 2002; Currie and
Perry, 2007; Liang et al., 2007; Savvas et al., 2009; Katz, 2015, 2018; Kumar et al., 2017b; Meunier et
al., 2017). It exerts a protective effect against pathogens by modulating the timing and extent of plant
defense responses (Bélanger et al., 2003; Fauteux et al., 2005) and it constitutes a deterrent against
herbivores (Massey et al., 2007; Hunt et al., 2008; Reynolds et al., 2009). Cork-silica cell pairs seem to
be involved in the production of epicuticular wax filaments (McWhorter and Paul, 1989). Some authors
have investigated the possible interaction of phytoliths with light measuring the optical properties of
the whole leaf or those of the isolated phytoliths (Agarie et al., 1996; Klan¢nik et al., 2014; Sato et al.,
2016). In rice, the typical silica cells of the epidermis are birefringent, while isolated phytoliths from
long cells and bulliform cells are not. Therefore, birefringence could be due to the deposition of silica
on ordered structures such as cellulose microfibrils while amorphous silica is not birefringent
(Dayanandan et al., 1983). The presence of phytoliths seems to affect mainly leaf transmittance
(Klanénik et al., 2014), and was suggested to possibly act as light diffusers or as “windows” that
increase the photosynthesis rate (Sato et al., 2016), even if the second hypothesis is not supported by
Agarie et al. (1996).

The aim of this paper is to investigate the three-dimensional morphology of the short-cell CL
phytoliths, their development and interaction with light. The study was performed on Festuca exaltata
C. Presl, Poaceae (= Drymochloa drymeja subsp. exaltata (C. Presl) Foggi & Signorini), an Italian
endemic species with relatively large leaves, which grows in the beech forests of the Apennine (Conti
and Bartolucci, 2015). The epidermis of Festuca is made up of long cells and short cells, stomata and
appendages, such as prickles and uncommon hairs; bulliform cells also occur on the adaxial surface
(Metcalfe, 1960; Dani et al., 2014).
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This investigation aims at providing new information to answer the following questions:

a) At what stage of leaf development do silica cell phytoliths form? What is the relation between silica
deposition and cell death?

b) What kind of biological matrix induce their formation (proteins, carbohydrates, lipids)?

c) What are the typical shape and position of short-cell CL phytoliths and do they affect significantly
the light distribution in the mesophyll?

Materials and Methods
Festuca exaltata leaves were sampled from six living specimens belonging to the collection of Festuca
species of Orto Botanico “Giardino dei Semplici” (Botanical Garden of the University of Florence,
Italy) under the supervision of Professor Bruno Foggi, curator of the collection, who also undertook the
formal identification of the plant material. A living representative voucher specimen of the species is
located in the above-mentioned collection. We used also seedlings of F. exaltata obtained from seeds
germinated on wet paper, in order to observe the first stages of development of the silica cells.
At least three fresh leaves at different stages of development were collected from the central part of the
tuft of each F. exaltata plant, from newly emerged leaves to completely developed ones (Table 1),
following Motomura et al. (2006) and Li et al. (2017). Sampling was performed in 2016-2018.
>>insert Table 1 here

Phytoliths were isolated using the dry-ashing method, which utilizes high temperatures and HNO3
(Piperno, 2006). Several dozens of sections from the middle part of the leaf were analysed for each sample.
Light microscopy (LM) — In order to examine the shape and orientation of the silica cells, the
epidermis of fresh leaves was observed by LM after peeling (Leica DM2500). Transversal and
longitudinal sections were obtained with a cryomicrotome (CryoCut, American Optical Corporation),
operating at -20 °C. Isolated phytoliths included in a water/glycerol 1:1 v/v solution were also observed
in wet, unsealed mounts, which allowed the rotation of the phytoliths, to observe their three-
dimensional shape.
Samples from the middle part of leaves at different development stages were fixed in FAA (Clark,
1973), embedded in Technovit® 7100 Kulzer and sectioned with a Leica Reichert Om-U3
Ultramicrotome. Fresh and embedded material was stained with:

e Toluidine Blue for general staining of acidic tissue components for several secondary

metabolites (Trump et al., 1961; Ribeiro and Leitdo, 2020)
¢ Aniline Black-B for proteins (Fisher, 1968)
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e Aniline Blue WS for 3-glucans (Currier and Shih, 1968)

e Calcofluor for RB-glucans (Clark, 1973)

e Phloroglucinol-HCI for lignin (Jensen, 1962)

e Sudan HI-1V for lipids (Jensen, 1962)

e PAS reagent for total insoluble polysaccharides (O’Brien and McCully, 1981)
Observations were carried out using Leica Leitz DMRB light microscope.
Scanning electron microscopy (SEM) — SEM analysis was carried out to observe at high level of
detail the shape and position of silica, cork and long cells and the phytoliths linked to these cells.
Samples from the middle part of leaves at different stages of development were fixed in FAA,
dehydrated through an ascending ethanol series, subjected to Critical Point Drying and gold coated.
To investigate the 3D shape of the phytoliths, these were isolated from leaf fragments by charring at
500 °C in a muffle furnace and then gold coated for SEM observation.
Observation and Energy-Dispersive Spectroscopy (EDS) analysis were performed using a ZEISS EVO
MAL15 scanning electron microscope with micro-analyzer INCA Wave 250, to analyse silica
distribution and its variation in leaves at different stages of development.
Transmission electron microscopy (TEM) - To investigate the ultrastructure of the cells, small
pieces (2 mm x 2 mm cutting surface) of the middle part of leaves at different stages of development
were fixed overnight at 4 °C in 2.5% glutaraldehyde in 0.1 M phosphate buffer at pH 7.2 and post-fixed
in 2% OsO; in the same buffer. The samples were then dehydrated and embedded in Spurr's resin as in
Mosti et al. (2013) and van Doorn and Papini (2016). Transverse sections approximately 80 nm thick
were cut with a diamond knife on a Reichert-Jung ULTRACUT ultramicrotome. The sections were
contrasted with uranyl acetate and lead citrate. The observations were performed with a Philips EM 201
transmission electron microscope.
Finite-Difference Frequency Domain calculations — The interaction of light with the epidermis has
been modelled using an open-source implementation of the Finite-Difference Frequency Domain
(FDFD) method (https://github.com/fancompute/fdfdpy). After analyzing the precise morphology of
the silica cell phytolith (see above), the position of a typical phytolith in the surrounding tissues was
obtained by optical micrographs of longitudinal sections of the leaf at the developed leaves (DL) stage.
The segmented geometry was subsequently converted to a 2D spatial permittivity distribution assuming
the typical refractive index values reported for other plant species in the literature (Woolley, 1975;

Elbaum et al., 2003; Tamada et al., 2014). In particular, we assumed refractive index values of 1.48 for
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the cell walls, 1.43 for the phytolith, 1.40 for the cork cell, 1.38 for the cytoplasm, 1.34 for the vacuoles
and 1.0 for the air (external environment and inclusions inside the leaf). Tests were carried out
considering the relative illumination angle between the leaf and the Sun to be between 10° and 30°:
these values were chosen based on how Festuca DL are inclined with respect to the ground. For
simplicity, real refractive index values are assumed in order to investigate specifically the possible role
of the CL phytolith as a refractive optical element. Light intensity distributions for plane wave
illumination and transverse electric (TE) polarization have been calculated over a spectral range
between 600 and 700 nm and combined together to give an average response in the wavelength range
of interest. Light in this wavelength range interacts with both chlorophylls and phytochromes. In
particular, red light and phytochromes are involved in leaf growth and unrolling (Beevers et al., 1970;

Shlumukov et al., 2001), which happens during the time span taken into consideration in this paper.

Results
The following abbreviations will be used in the next paragraphs: SE (seedling), YL (Young leaves), UL
(Unrolling leaves), DL (Developed leaves).
Seedling leaf, light microscope
It was difficult to find cork cells and silica cells at a very young stage. Only a few could be observed.
The cork cell was much shorter than normal epidermal cells and its vacuole was smaller than that of the
epidermal cells. As a consequence of that, the cytoplasm was strongly toluidine blue positive (Fig. 1A).
The nucleus and the vacuole were positioned close to the internal tangential wall (Fig. 1A). On the
contrary the nucleus of the young silica cells was towards the outer tangential wall (Fig. 1A). The cork
cell vacuole occupied a large part of the cytoplasm (Fig. 1B) and the young silica cell was almost
completely occupied by nucleus and cytoplasm, while vacuoles were small and distributed all around
the cytoplasm (Fig. 1B).

>>insert Fig. 1 here
Leaf surface analysis (adult leaf)
The abaxial surface of F. exaltata leaf displayed a well-defined pattern, with long cells alternate to
short cell pairs: a proximal cork cell and a distal silica cell. In the peelings, the cork cells appeared
transversally elongated or slightly reniform, with the concavity toward the leaf apex; the silica cells
varied from elliptic — with a transversal main axis — to circular, sometimes slightly reniform, with a
concavity toward the leaf apex (Fig. 2a). Silica cells could be replaced by prickles and, more rarely, by

stomata.
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Rows of stomata run along the leaf. In the adaxial surface, the long—short cell pattern was present on
the veins; the epidermis between adjacent veins showed numerous stomata, long cells and rare small
isodiametric cells; this arrangement was interrupted by the occurrence of a central row of bulliform
cells. Linear 1-2 celled trichomes occurred at the leaf margin.

>>insert Fig. 2 here
LM leaf cross sections
At YL stage, LM observation revealed that the epidermis had long cells with a thick outer tangential
wall (Fig. 2b,c) and a large vacuole that occupied most of the lumen (Fig. 2b). The two short cells
displayed different features. Silica cells presented a very thin outer tangential wall, which seemed
essentially constituted by the cuticle only (Fig. 2b) and was not stained by Calcofluor. Most part of the
silica cells presented a cell lumen occupied by a rather homogeneous content, which is negative to the
PAS staining (Fig. 2d), and with one to few small dark Aniline Black-B positive circular spots (Fig. 2e).
The cork cells had rather thin walls, similar to the inner walls of the long cells; the cytoplasm was
deeply stained by Toluidine Blue; the nucleus, located in the middle part of the cell, occupied a large
part of the lumen (Fig. 2f). A narrow channel crossed the wall at the inner end of the silica cell (Fig.
2d,1).
At UL stage, the walls of the silica cells were thickened, with the exception of the outer tangential wall
which was very thin and Sudan III-IV positive (Fig. 1S, Supplementary information). The cytoplasm
was not detectable and a translucent deposit occupied the lumen of the silica cells. Cork cells presented
thickened walls; they did not exhibit other evident changes except for an increase in size of the vacuole
that occupied up to the half of the lumen.
SEM and EDS analysis
At YL and UL stages (Fig. 3a), the leaf surface presented long cells with evident margins interdigitated
with those of the adjacent cell. Cork cells were hardly detectable: a slight depression appeared at the
distal end of the long cell, between the long cell and the aligned silica cell. Silica cells appeared as
circular shallow depression with a very thin raised edge, which may be complete or distally interrupted.
Long cells displayed the same features observed at the previous stages. Clear depressions pointed out
the position of the cork cells. Silica cells had a reniform, semi-circular, or rarely circular barely
concave surface, surrounded by a raised edge.
Charred samples (isolated phytolith or aggregated phytoliths) offered the opportunity to observe the
3D-shape of the silica cell phytoliths and their position and orientation in the leaf (Fig. 3b). Silica cell

phytoliths vaguely resembled truncated cones or a double horn anvil (Fig. 3¢,d) and may be described
8
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as “rondel” sensu ICPN 2.0 (ICPT, 2019). The larger base (outer periclinal surface) is commonly
reniform, slightly concave, located at the level of the leaf surface. The smaller base (inner periclinal
surface) is very narrow often reduced to a linear edge (Fig. 3d) (“carinate” in ICPN 2.0), and faced to
the inner part of the leaf. Sometimes, the lateral surface is concave toward the leaf apex (Fig. 3a). The

axis of this solid passed through the centre of the base non-perpendicularly.

>>insert Fig. 3 here
EDS analysis (Fig. 4) revealed that at YL stage silicon is detectable on the distal part of the prickles
(Fig. 3Sa); silica cells exceptionally showed silicon accumulation in 8 cm-long leaves. Low values of
silicon are generally recorded in the silica cells at UL stage when silicon was not yet detectable in the
long cells. At DL stage, silica cells displayed high values of silicon, and silicon was also detectable on
the long cell surface. Different degrees of silicification were recorded in the same leaf blade, but the
tendency is evidently towards the increase in silicification proceeding from the YL to the DL stage
(Fig. 4, Table 1S), even if silicification appeared to be lacking in a few silica cells at the DL stage too
(lowest variation limits in Fig. 4).

>>insert Fig. 4 here
TEM analysis
At YL stage, the silica cell cytoplasm displayed some large spheroidal membrane-limited bodies made
up of grey homogeneous material; RER cisternae and ribosomes were mainly located on the cuticular
side of the membrane (Fig 5a,b). A dark line corresponding to a channel crossed the wall connecting
the internal side of the silica cell to the adjacent cork cell (Fig. 5a). The middle lamella (observable in
the internal tangential wall) was less electron transparent (Fig. 5a). The cork cell had electron dense
cytoplasm, a nucleus with condensed chromatin (compare with a cell of the parenchyma in Fig. 2S) and
a large vacuole (Fig. 5a).
At UL stage, the silica cell lumen was occupied by a granular matrix tending to fracture along lines
orthogonal to the external wall; spheroidal membrane-limited bodies were visible in the cytoplasm
(Fig. 5¢). The cork cells showed a thick wall; electron dense layers were visible on the external
tangential walls; the nucleus had mainly condensed chromatin. A channel apparently connected the
silica cell with the cork cell (Fig. 5¢), even if it is not easy to follow the channel from the start to the
end, also because the TEM section is 80 nm thick, and in some points it may result cut from the plane

in a curved tract.
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At DL stage (Fig. 5d,e) the silica cell cytoplasm is still occupied by the granular matrix seen also in the
UL stage. Apparently, the sectioning process had caused the fracturing of the silica cell content along
lines orthogonal to the epidermis (Fig. 5d,e). The cork cells did not display evident changes with
respect to the previous stage (Fig. Se).

>>insert Fig. S here
Silica body - light interaction
In order to test the hypothesis about a possible optical role played by F. exaltata phytoliths, we
simulated a relative illumination angle between the leaf and the Sun consistent with strong midday
illumination. Fig. 6 shows the configuration for a relative angle of \theta_{leaf} - \theta_{Sun} = 20
degrees, which corresponds to, e.g., a vertical leaf illuminated by the sun at a height angle of 70
degrees, or a slightly patent leaf at an angle of 80 degrees illuminated by a Sun at 60 degrees, etc.
Different relative incidence angles have also been tested in a range of £10° around this value, returning
qualitatively similar results.

>>insert Fig. 6 here
To give a more quantitative idea on whether the presence of the phytolith can introduce a significant
redistribution of the intensity within the leaf tissues and cells, one can evaluate the overall intensity
change over certain regions. For instance, the relative intensity change within the cork cell area varies
from 0.5% to 1.3% for incidence angles between 20° and 30° between the Sun and the leaf. The
relative difference increases to 5% for 10°, which however is less significant since almost no light can
penetrate into the leaf at such shallow incidence angles, and thus even small variations have a larger
relative weight. All in all, the small magnitude of the observed intensity reduction introduced by the
phytolith, evaluated at different incidence angles, suggests that its presence should not have any
significant impact on chlorophylls and phytochromes. Fig. 6 shows, from left to right, the orientation of
the representative configuration used for the simulations (Fig. 6a), a portion of longitudinal micrograph
(Fig. 6b), and the segmented permittivity distribution that is fed into the simulation (Fig. 6¢).
Fig. 7 shows a side-by-side comparison of the two simulations obtained with and without the phytolith,
showing that the presence of the silica body does not affect appreciably the amount nor the spatial
distribution of intensity under the phytolith and in the underlying parenchyma. These results suggest
that the presence of phytoliths on F. exaltata DL is not directly related to an optical function. This is
consistent with the low refractive index contrast between the silica bodies and the surrounding cell

walls and cuticles.

10
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>>insert Fig. 7 here

Discussion

The leaf epidermis of Festuca, as many other grasses, is made up of long and short cells (Fig. 2a), the
latter developing into silica and cork cells. The precise distribution pattern opened to some questions
regarding the relationship between the different cell elements and the developmental stages that lead to
the final, mature structure. The silica bodies that form inside the silica cells deserve particular attention.
Phytoliths in F. exaltata form in silica cells when the leaf is few centimeters long and still rolled. They
display a peculiar shape (Fig. 3c,d), vaguely resembling an oblique truncated cone with reniform to
oval larger base (the outer periclinal surface) and a smaller base (the inner periclinal surface) often
reduced to a linear edge. The larger base is placed at the level of the leaf surface, the smaller one faces
the inner part of the mesophyll (Fig 2c¢,d,f). The axis of the phytolith forms an angle of about 45° with
respect to the leaf axis. In this position, the larger base of the phytolith and consequently the outer
tangential wall of the silica cell covers the most part of the adjacent cork cell, which reaches the leaf
surface with a small part of its outer tangential wall, reducing the area that is directly reached by light
(Fig. 2d,f). This area has a semilunar shape (Fig. 2a), which is the reason for its naming collar-shape
(Kaufman et al., 1970).

According to our observation, in F. exaltata the breakdown of the silica cell protoplast precedes the
formation of the CL silica body in a very precocious stage, as also observed in Triticum aestivum
(Blackman, 1969). In the 3 cm-long leaves (YL), silica cells already display a rather homogeneous
content and organelles are hardly detectable (Fig 5a,b). Subsequently (UL stages and DL), silica
deposits occur in silica cells (Fig Sc—e). Similar behavior was observed in the glumes of Phalaris
canariensis (Hodson et al., 1985), where the cytoplasm contents of the silicified cells broke down
before the emergence of the panicle. Anyway, recent research at air-scanning electron microscopy in
Sorghum suggests that silica cells are viable during the whole process of silica deposition (Kumar et al.,

2017a).

Our data indicate that the silica deposition is not perfectly synchronous in all the short cells, given that
different degrees of silicification were recorded in the same leaf blade. Furthermore, silicification may
even fail, as observed in wholly developed (DL) leaves. The silica deposition in short cells follows that

in prickles and precedes that of long cell walls, in agreement with the results of other studies (Fig. 3S),

11
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which indicate that the silica cells are among the first epidermis cells involved in biomineralization

(Motomura et al., 2006; Fernandez Honaine et al., 2016; Kumar et al., 2017b).

Regarding the phytolith formation, in F. exaltata silica is deposited onto a matrix that does not contain
carbohydrates as shown by histochemical staining. A more or less spherical body begins to form in the
silica cell already at a very young stage of the leaf and this spherical body is PAS negative (Fig. 2d).
Indeed, previous studies indicated the involvement of carbohydrates within the cell lumen (Waterkeyn
et al., 1982; Law and Exley, 2011), but they were not observed in other Poaceae (Hodson et al., 1985)
and neither the presence of other substances that stimulate the gradual infill of the cell (Hodson, 2016).
In the glume of Phalaris canariensis, silica granules fill the lumen of the silica cell without evidence of
a matrix in the cytoplasm (Hodson et al., 1985); in the vacuoles of the palm Syagrus coronata, silica
grains are presumably formed by the precipitation of silica, without the occurrence of template and
proteins (Lins et al., 2002); in the hypodermal layer of the leaves of S. coronata, regularly shaped
phytoliths are deposited in extracellular spaces; in the leaf of Oryza sativa, needle-shaped silica
structures seem to arise from the inner layer of the ccll wall after the wall is lignified (Zhang et al.,
2013).

Conversely, in F exaltata the silica cell lumen fills with a homogenous content (Fig. 4S) with Aniline
Black-B positive material occupying a large part of the cytoplasm in some cells (Fig. 4Sa), while in
other cells only dots are present within a more transparent material possibly already silica (Fig. 4Sb).
These dots observed with histochemical methods (aniline black positivity) corresponded to the ovoidal
grey bodies observed in TEM images, apparently surrounded by a possibly membraneous layer. These
observations may hint at the presence of proteins as possible component of a silica deposition matrix.
However, we showed different stages of accumulation of proteins in the center of the cytoplasm, but we
were not able to identity a real matrix, that is a clear pattern of material with a definite shape, hence the
presence of a matrix to direct the deposition of silica still needs further investigation.

Considering the fact that proteins gradually disappear during the deposition of silica, and that
histochemical staining does not highlight the presence of other types of matrix, proteins may be
involved in the deposition of silica, as also suggested by Kumar et al. (2020).

A narrow channel with a diameter varying from 200 nm on the silica cell side to 30—50 nm on the
opposite side, apparently connects the inner side of the silica cell to the adjacent cork cell (Fig. 5¢),
even if it is difficult to visualize a complete structure from the start to the end. The channel might be

the same as the pit connection observed between cork and silica cells of Lolium temulentum (Lawton,
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1980: Fig. 20), and is present during the whole span of time from 3 cm-long leaves (YL) up to the
complete development of the leaf blade, when the silica cells are senescent. A connection among the
silica cell and the neighbouring cells was also evidenced in the young leaf of Sorghum bicolor (Kumar
etal., 2017a).

This connection would suggest a direct involvement of the cork cell in the metabolism of the silica cell
and possibly in the development of the short cell phytoliths. Notably, cork cells have dense cytoplasm,
rich in ribosomes, displaying cytological features that are very different from those of the common
epidermis cells, which are normally occupied by a large vacuole (Fig. 5d). This aspect suggests that
they have a metabolic activity that differs from that of all the adjacent cells, both silica and long cells.
Similar features were already observed in silica and cork cell pairs ot the internodal epidermis of Avena
(Kaufman et al., 1970), Lolium (Lawton, 1980), Phalaris canariensis (Hodson et al., 1985), and in
Sorghum halepense leaves (McWhorter and Paul, 1989).

The function of silica in the epidermis cells has not been totally clarified yet, even if many studies
support different hypotheses about its role, such as herbivore deterrence, drought resistance, structural
support etc. Regarding structural support silica deposition seems to allow the leaf to maintain its
extension even in the case of paucity of water, by increasing the rigidity of the leaf. Anyway, the silica
cell phytoliths do not seem to have a structural role in supporting the leaf blade because they are spaced
apart and not directly connected to other silicified structures.

A possible function may be related to the capability of the silica body to deviate light, creating shadow
cones and zones with higher light exposure. This effect could affect the cork cells, which are placed
under the silica cells, with only a negligible portion of their surface in direct contact with the
atmosphere and sunlight. As already said, the dense cytoplasm of the cork cells denotes an intense
metabolic activity possibly connected to the metabolism of the silica cells. This activity goes beyond
the lifespan of the silica cells, continuing when the silica cell phytoliths are already fully formed, at DL
stage. This suggests that the role of the cork cells is not exclusively related to the formation of the
phytoliths, which begins before and ends after the leaf unrolling and is stimulated by red light (Beevers
et al., 1970; Shlumukov et al., 2001). However, our experiments evidenced that the silica cell phytoliths
do not affect appreciably the amount nor the spatial distribution of light intensity in the cork cell and
the underlying parenchyma within a range of incidence angles that are representative of the typical
relative orientation between the leaf blade and Sun (Fig 7, 5S-6S). As a matter of fact, the incidental
details of the local surface morphology of the leaf can apparently affect the internal intensity

distribution up to an even larger degree than the phytolith itself. In the simulation shown in Fig. 7, this
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is seen for example looking at the concentration of light induced by the bulge surrounding the shallow
depressions in correspondence of the silica cell phytoliths. This suggests that, albeit not directly, the
presence of the short cell phytolith may still have an indirect influence on the internal intensity
distribution through their modulation of the leaf surface morphology. Figure 7S shows a side-by-side
comparison between the light distribution obtained for the original surface morphology and a case
where we have manually manipulated the surface to make it more flat above the typical phytolith
location. The flattened configuration is associated with a more uniform illumination of the underlying
parenchyma and a significant increase (=25%) of the intensity reaching the cork cell compared to the
original configuration where light seems to be partially deflected around it. Thus, other morphological
features on the leaf surface could modulate the intensity of the red light on the cells more effectively
than phytoliths, possibly influencing the signal leading to leaf unrolling.

New research is needed to further investigate this perspective, by analyzing a large number of
representative leaf surface samples and their full three-dimensional morphologies, which however
remains challenging both experimentally and numerically due to the need to manually classify and pre-
process the micrographs or microtomographs so that they can be used in the simulations, and due the
large scale of the problem compared to the typical wavelengths of light. In this perspective, we should
also note that silica cells present a smoother outer surface than those of the long cells, which were
shown to have a role in the diffusion of the light ("silica plates" in Sato et al., 2016). On the other hand,
the entire leaf surface is covered by epicuticular waxes (which were not considered at this stage of
modelling) and just the cork-silica cell pair seems to be involved in the production of wax filaments
(McWhorter and Paul, 1989). Despite being limited by the above modeling simplifications, our
numerical outputs show that the refractive index contrast between the phytolith and its surrounding
environment is too low for it to directly serve a significant optical function.

Other possible functions of the F. exaltata silica cell phytoliths could be generic protection against
pathogens and defense against herbivorous insects, as supposed for other plants (Bélanger et al., 2003;
Reynolds et al., 2009). This last hypothesis has to be taken in account, given that their presence could
damage the mouth parts of the insects and may interfere with the radular teeth of Mollusca (because of
their size).

Conclusions

In the leaves of F. exaltata, the epidermis consists of long cells alternating with pairs of short cells that

differentiate into a cork cell and a silica cell. The cork cells are placed under the silica cells, with only a
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negligible portion reaching the surface. Cork cells exhibit dense cytoplasm indicative of intense
metabolic activity.

According to our observation, in F. exaltata the breakdown of the silica cell protoplast precedes the
formation of the CL silica body, which happens very early in the development of the leaf. However, the

collected data show that silica deposition is not perfectly synchronous in the leaf blade.

Histochemical stainings indicate the occurrence of decreasing amounts of proteins during the
developmental stages of the leaves. They could represent a matrix component or be in some way

involved in phytolith formation.

Cork and silica cells are apparently connected by a channel that crosses the interposed walls,
suggesting a metabolic connection. The activity of the cork cells goes beyond the lifespan of the silica
cells, continuing when the silica cell phytoliths are already fully formed, after the unrolling of the
leaves. This suggests that the role of the cork cells is not exclusively related to the formation of the
phytoliths.

Numerical calculations have shown that the presence of phytoliths does not appreciably affect the
amount nor the spatial distribution of light in the underlying cells, leaving uncertainty about the precise

function of these structures, which have such a peculiar shape and an ordered distribution.
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Fig. 1 LM observations on Festuca exaltata leaves in a seedling, Toluidine blue staining. More leaves are
enveloping the stem. In the image a more external leaf (EXL) is covering a more internal leaf (INTL). A) The
cork cell (asterisk) is much shorter and its vacuole smaller than in normal epidermal cells (EP). The cytoplasm is
strongly toluidine blue positive. The nucleus of the young silica cell (arrow) is towards the outer tangential wall.
B) Depending on the section, the cork cell (asterisk) vacuole (V) may occupy a large part of the cytoplasm, while
the young silica cell (arrow) is almost completely occupied by nucleus and cytoplasm, while vacuoles are small
and distributed all around the cytoplasm.
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Fig. 2. LM observations on Festuca exaltata leaf, abaxial epidermis. (a) Abaxial epidermis from above. The
white arrow indicates the position of the leaf apex. The disposition of the long cells (LC) with respect to the cork
cells (CC, black arrow) and the silica cells (SC) is shown. Phase-contrast. Bar = 25 um. (b) Longitudinal cross-
section. The disposition of the long cells with respect to the cork cells (asterisk) and the silica cells (arrow) is
shown. Calcofluor. Bar = 25 um. (c) Longitudinal cross-section. Some silica cells are Toluidine blue positive
(black arrow, proteins present) and others are not (white arrow, cytoplasm content mainly composed of silica).
PP = Palisade Parenchyma, AP = Adaxial Parenchyma. Toluidine Blue. Bar = 50 um. (d) Longitudinal cross-
section. Silica cells (arrow) are PAS negative, evidence that they do not contain carbohydrates. PAS reaction.
Bar =25 um. (e) Transversal cross-section. In some silica cells, a dark roundish blot (arrows), positive to the
staining, is visible at the center of the cytoplasm. Aniline Black-B. Bar = 50 um. (f) Longitudinal cross-section.
In silica cells, the external wall is lacking the positivity to the stain that is continuous on the rest of the
epidermis. Hence, cuticle (arrow) is apparently lacking on silica cells. A narrow channel (arrowhead) crosses the
wall at the inner end of the silica cell. Toluidine Blue, LM. Bar =25 pm.
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Fig. 3. SEM observations on Festuca exaltata leaf (a) YL stage. The disposition of the long cells with respect to
the cork cells (asterisk) and the silica cells (white arrow) is shown. Two prickles (PR) are visible. SEM. Bar = 10
pum. (b) Leaf epidermis after charring. Note the position of phytoliths with the larger base (arrow) facing the

outer part of the leaf. SEM image. Bar = 10 um. (c) Single silica body. SEM. Bar = 10 um. (d) Single silica
body. SEM. Bar = 10 um
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Fig. 4. Percentages of silica (weight % Si) in silica cells of Festuca exaltata leaves at different stages of
development. Leaf length is reported on the x-axis. Note the increase of the content from young leaves (29, 62
and 83 mm) and unrolling leaves (119 mm) to well-developed leaves (163, 255, 268 mm). Box: median + 1
quartile, whiskers = non-outlier values, < 1st quartile and > 3rd quartile, circles = isolated values and outliers
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Fig. 5. TEM observations on Festuca exaltata leaf, abaxial side. (a) YL stage. The silica cell cytoplasm contains
some large spheroidal membrane-limited bodies (black arrows) containing a grey material. A channel is clearly
observed connecting the internal tangential side of the silica cell to the cork cell (white arrow). The cork cell has
electron dense cytoplasm, a nucleus with a condensed chromatin and a large vacuole. Bar =2 pm (b) YL stage.
Detail of the large spheroidal membrane-limited bodies (black arrows) in the silica cell cytoplasm. RER
cisternae (white arrow) are visible close to the internal tangential wall. Bar = 2 pm (c) UL stage. The silica cell
cytoplasm is occupied by a granular matrix (white arrow) tending to fracture along lines orthogonal to the
external wall. The cork cell shows a thick wall and more electron dense layers are visible on the external
tangential walls, while the nucleus has mainly condensed chromatin. Apparently a curved channel (black arrows)
is apparently connecting the silica cell with the cork cell. TEM. Bar = 2 um (d) DL stage. The silica cell
cytoplasm is occupied by a granular matrix tending to fracture along lines orthogonal to the external wall (black
arrow). The cork cell shows a thick wall, more electron dense layers are visible on the external side of the walls,
while the nucleus has mainly condensed chromatin. Some chloroplasts of the underlying parenchyma are located
close to the side of the silica cell, protruding towards the internal side of the mesophyll. Bar = 2 pm. (¢) DL
stage. The silica cell cytoplasm is occupied by a granular matrix (black arrow). No spheroidal membrane-limited
body is visible in the cytoplasm. Bar =2 um. CC = cork cell, CU = cuticle, LC = long cell, SC = silica cell, W =
wall
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Fig. 6 Setup of numerical calculation (a) Sketch of typical leaf orientation. A region of interest on the lower side
of the leaf is isolated from (b) an optical micrograph and rotated at different angles to simplify numerical
calculations by allowing illumination from the vertical direction. Different regions are identified and segmented
to form (c) a simplified representation of the permittivity distribution of the elements of the leaf epidermis and
its underlying parenchyma.
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Fig. 7 Comparison between light intensity distributions in the epidermis (a) with the phytolith and (b) without
the phytolith. Light intensity is shown in arbitrary units for TE polarization. Panel (c) shows the difference
between the two (note the 4% enhancement of the colour bar limits to obtain an appreciable contrast).
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Table 1. Main characteristics of the three main stages of development of the sampled leaves.

Stage Description Leaf length

YL (Young Leaves) before unrolling, erect 3-8cm

UL (Unrolling Leaves) during the unrolling process, | about 12 cm
erect

DL (Developed Leaves) completely unrolled leaves, from | 16-27 cm
erect to slightly patent (about 20
degrees from the vertical)
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