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ABSTRACT

Grasses accumulate high amounts of silica deposits in tissues of all their organs, espe-
cially at mature stage. However, when and under which conditions do grass seedlings
begin to produce these silica deposits and their relation with anatomy and develop-
ment is little known. Here we investigated the silicification process in the first leaves
and roots of seedlings of Bothriochloa laguroides grown in different substrate and Si
treatments.

The distribution and content of silica deposits in the organs of the seedlings grown
under different conditions were analyzed through staining techniques and SEM-EDAX
analyses.

Leaf silica deposits were accumulated 3—4 days after the first leaf emergence, also
under low silica solution (0.17-0.2 mM). Their location was mainly restricted to short
costal cells from basal sectors, and scarcely in trichomes and xylem at tips. Silica con-
tent in leaves increased with the age of the seedlings. Roots presented dome-shaped sil-
ica aggregates, between 4-12 um of diameter, located in the inner tangential wall of
endodermal cells and similar to those produced at maturity.

Silicification begins early in the first photosynthetic leaf, and silica distribution is
opposite to that found in mature plants, mainly restricted to basal sectors, probably
acting as a reinforcing element. The fast incorporation of solid amorphous silica in

leaves and roots, may be useful for farm applications in species that are Si-fertilized.

INTRODUCTION

Plants incorporate amorphous silica in intra- or intercellular
spaces, in cell walls, as well as on the cell surfaces to form the
silica—cuticle double layer (Sangster et al. 1983; Lux et al. 2003;
Zhang et al. 2013). Silicon is taken up by roots from the soil
solution in the form of monosilicic acid and is transported
through xylem as mono- and disilicic acid (Casey et al. 2003).
The uptake and movement of silicic acid is mediated by pro-
teinaceous transporters and also by passive diffusion, depend-
ing on the species involved (Mitani & Ma 2005; Ma et al.
2011). Regardless of the uptake system, silicic acid is translo-
cated to the shoot via the xylem, where it is further concen-
trated by water loss through transpiration. Once the
concentration exceeds 2 mw, it is polymerised, i.e. silicic acid is
converted to colloidal silicic acid and finally to silica gel (Ma &
Takahashi 2002).

Grasses, along with palms, sedges and horsetails, are the
main producers of amorphous silica (Si) deposits (amorphous
Si biomineralisations, Si phytoliths or silicophytoliths; Hodson
et al. 2005; Gomes Coe et al. 2014; Katz 2015). In grasses the
most frequently silicified tissue is the epidermis, however Si
deposits can be found in the xylem, parenchyma, sclerenchyma
and endodermis (Metcalfe 1960; Piperno 2006). Two groups of

cells can be distinguished from the epidermis: those that are
silicified early in plant development and in a regular way (silica
short cells), and those that are silicified according to different
factors such as phenology, transpiration rate and solar radia-
tion (represented by bulliforms, long cells, stomatal complexes
and trichomes; Blackman 1968; Takeoka et al. 1983; Motomura
et al. 2000, 2002, 2006; Ferndndez Honaine & Osterrieth 2012;
Ferndndez Honaine et al. 2013). Those silicophytoliths derived
from short cells are considered as important palaeobotanical
indicators in fossil records due to their taxonomic relevance,
their early silicification and their good preservation in soils and
sediments (e.g. Metcalfe 1960; Twiss 1992; Alexandre et al.
1997; Barboni et al. 2007).

Most studies related to the distribution of silicified cells in
leaf tissues were carried on mature plants (e.g. Blackman 1968,
1969; Sangster 1970a,b, 1977; Motomura et al. 2002, 2004).
The main results of these works were: (i) no silicification in
plants grown in minimal Si solutions; (ii) Si deposit higher in
sheaths than in blades; (iii) silicification acropetal in short cells
and basipetal in prickles; and (iv) Si deposits occurred in rela-
tively short time periods (between 8 and 20 days, depending on
the species studied).

In order to advance knowledge of silicification processes and
understand when and under which conditions grass seedlings
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begin to produce Si deposits, we analysed silicification in the
first leaves and roots of young seedlings of Bothriochloa lagur-
oides D. C. Pilger grown under different conditions. B. lagur-
oides is a native and abundant C, panicoid species with a wide
distribution within the Pampean region (Argentina) and is also
commonly present in grasslands of North and South America
(Vega 2000). The leaves of Bothriochloa spp accumulate high
amounts of silicophytoliths in different cell types, such as short
cells, bulliforms, prickles and long cells (Gallego & Distel 2004;
Fernandez Honaine ef al. 2006). Root tissues also deposit
amorphous Si in endodermal sectors, as do all species in the
Andropogoneae (Lux et al. 2003). Soil Si availability conditions
Si accumulation in mature leaves of B. laguroides, and silicifica-
tion of some cell types is related to ageing. The content of total
silicified cells increases in older leaves and the proportion of
silicified bulliform cells varies according to leaf position and
section, and site collection (Fernandez Honaine & Osterrieth
2012). Considering these previous findings, the present work
aims to answer the following questions: (i) does the first leaf
developed from B. laguroides caryopses produce silicified cells
and how long does it take to do so; (ii) is there a relationship
between the distribution of silicified cells and the growth, elon-
gation and maturation sites in young leaves; and (iii) as mature
plants produce Si deposits in bulliform cells of leaves and in
endodermal cells of roots, does this also occur in young
seedlings?

MATERIAL AND METHODS
Seed collection and germination conditions

Bothriochloa laguroides (Panicoideae) caryopses were obtained
from plants collected in the Reserva Integral Laguna de los
Padres, Buenos Aires province, Argentina, during summer
2011/2012. Caryopses were placed in paper bags and stored
until the study was carried in November 2013. After surface
sterilisation with 30% (v/v) hypochlorite for 15 min, caryopses
were washed with de-ionised water and germinated on two dif-
ferent substrates (trial A: cotton and napkin, trial B: river sand)
in an environment-controlled chamber at a 16-h light/8-h dark
regime, at 25 °C and 70% relative humidity. Each substrate was
placed in clear plastic trays of 16 cm x 10 cm, weighed and
supplied with different Si solutions: 0 mm (distilled water),
0.5mM and 1.8 mm Si. The solutions were prepared from
sodium metasilicate (Na,O5Si). In trial A, 30 ml Si solution or
distilled water was supplied per tray. In trial B, 300 g sand and
20 ml Si solution or distilled water was supplied per tray. In
each trial 30 caryopses (including glumes) were sown, and each
tray was wrapped in low- density polyethylene bags that were
sealed to avoid water loss through evaporation.

Before the experiment, and in order to assess the Si content
available for seedlings, Si content of the substrates was mea-
sured with UV-VIS spectrophotometry using the silicomolyb-
date method (American Public Health Association 1998). The
values obtained were: 0.2 £ 0.1 mm Si for cotton/napkin sub-
strate and 0.17 4 0.1 mu Si for river sand substrate.

Seedling harvest and Si identification in tissues

Seedlings were collected at different stages (emergence of the
first, second and, in cotton/napkin substrate, third leaf).

Fernandez Honaine, Benvenuto, Borrelli & Osterrieth

Seedlings from cotton/napkin substrate were collected on days
8, 12 and 16 after sowing, while seedlings from river sand were
collected on days 4, 7 and 11 after sowing. The organs collected
were cleaned with distilled water, cleared with 50% (w/v)
sodium hypochlorite solution, dehydrated in an ethanol series,
stained with phenol crystals (slightly diluted in ethanol) and
mounted in immersion oil. Phenol crystals stain Si in the cells
a rose colour (Johansen 1940; Fernandez Honaine & Osterrieth
2012). The stained organs (leaves and roots) were described
using a Zeiss Axiostar Plus microscope at 400x magnification.
Photographs were taken with a digital camera (Canon Power-
shot G10, Canon Inc., Tokyo, Japan). In each leaf a longitudi-
nal transect along the entire leaf (blade and sheath) was traced.
In some cases the transect did not cover the entire width, so
two transects were traced (one in the middle and the other on
the edge of the leaf). The number and type of silicified cells and
the number of fields included in the transects were also
counted. The number of silicified cells per mm? of leaf was cal-
culated in two plants from each substrate, treatment and col-
lection day (a total of 36 seedlings). Differences in the number
of silicified cells per mm? in the first leaf of seedlings between
substrates were analysed through a t-test. For each substrate
treatment differences in the number of silicified cells per mm?
in the first leaf of seedlings between silica treatment and day of
harvest were analysed through a two-factor aNova.

Some leaf and root samples were observed under SEM (JEOL
JSM-6460 LV; Tokyo, Japan) at Universidad Nacional de Mar
del Plata, Argentina. Leaf samples were first fixed for 12 h with
3% glutaraldehyde, pH 7.2-7.4 phosphate buffered solution,
followed by dehydration through an alcohol series (50, 70, 80,
90, 95 and 100%). Finally, samples were dried in HMDS (hex-
amethyldisilazane), mounted on aluminium discs and coated
with gold. Other leaf samples and the roots were only dried at
65 °C for 24 h and observed under SEM, after gold coating.
For root observation, the peripheral cortical tissues were
mechanically removed with a razor blade, and the stele covered
by endodermal walls was observed with SEM. The composition
of the silicophytoliths was analysed using X-ray energy disper-
sive spectroscopy (EDS). The system used was an EDAX Gene-
sis XM4-Sys 60, equipped with multichannel analyser EDAX
mod EDAM 1V, Sapphire Si (Li) detector and super ultra-thin
window of Be, and EDAX Genesis version 5.11 software
(Tokyo, Japan).

RESULTS
Leaf silicification

In both substrates, the emergence of the coleoptile and first leaf
was observed 3—4 days after sowing. Seedling growth in cotton/
napkin was slower than growth in river sand, however no sta-
tistical differences in the height of seedlings between substrate
and/or Si treatment were detected (data not shown).

No Si deposition was found in coleoptiles. Silicified cells
were observed in leaves of 26 out of 34 seedlings. No silicified
cells were detected in leaves collected on day 4 in sand substrate
(six plants) or in two seedlings collected on day 8 in cotton/
napkin substrate. These results show that 7 days (in river sand
treatment) and 8 days (in cotton/napkin treatment) after sow-
ing (ca. 4 days after first leaf emergence) the leaves of seedlings
of B. laguroides were capable of cell silicification, irrespective of
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the Si solution treatment (Fig. 1). At the end of the experiment,
the content of Si deposits in the first leaf of seedlings grown in
river sand substrate was higher than in those grown in cotton/
napkin substrate (+ = 2.3708, P < 0.05).

Two-factor aNova showed that seedlings grown in river sand
substrate have differences in the number of silicified cells in the
first leaves between collection day and Si treatments (P < 0.05).
The first leaf of seedlings grown in 0.5 mm Si produced no or a
very low number of silicified cells per mm? than in the other Si
treatments (Table 1, Fig. 1), probably due to some interaction
between the substrate and the Si solution. In cotton/napkin
treatment differences were observed between days (P < 0.05).
The number of silicified cells per mm” increased with the age
of the plants. A two-factor ANova was carried on second leaves
of plants developed in cotton/napkin substrate, and only in the
factor ‘day of collection’ were the differences significant
(F=85.58, P<0.001 for day of collection factor; F=3.84,
P=0.08 for Si treatment factor). In second leaves of plants
developed in river sand substrate, only day 11 was evaluated.
Kruskal-Wallis tests showed no differences between Si treat-
ments (X* = 4.57, P=0.101). The third leaf was only evaluated
in plants from day 16, and no statistical differences were
observed between Si treatments (Kruskal-Wallis, X*= 3.42,
P=0.18). In general, the fact that the additional applied Si
concentration had no effect on total silicophytolith content
may be simply interpreted as the response was already satu-
rated by the background (substrate) concentration of 0.17—
0.2 mM. However, considering that individuals evaluated in

Table 1. Two-factor anova of the number of silicified cells per mm? in the
first leaf of seedlings grown in river sand (a) or napkin/cotton (b) substrates.

Sum of Mean F
Factor square df  square F P(F) (P=0.05)
(a)
Collectionday 14662.55 2 7331.27 19.78 0.0005** 4.26
Si treatment 4100.21 2 2050.11 5.53 0.0271* 4.26
Interaction 3559.75 4 889.94 2.40 0.1266 3.63
Error 3335.37 9 370.60
Total 25657.87 17
(b)
Collection day 3208.73 2 1604.37 5.22 0.031* 4.26
Si treatment 335.18 2 167.59 0.54 0.598 4.26
Interaction 958.03 4  239.51 0.78 0.566 3.63
Error 2767.56 9 307.51
Total 7269.50 17

*Significant difference at P < 0.05.
**Significant difference at P< 0.01.
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this study were young, it is possible that differences between Si
treatments did not increase due to the age of the plants. Future
studies including older plants will be necessary to corroborate
these findings.

The cells that were silicified were the costal epidermal short
cells, mostly located in the abaxial epidermis, and in middle as
well as in edge sectors of leaves (Fig. 2). In the first leaf of 24
seedlings (from a total of 26 collected in different substrate and
Si treatments), the silicified cells were mainly distributed at the
base of the leaf, ie. the sheath, ligule sector and part of the
blade base (Figs 2, 3). In the second and third leaves, especially
in those plants where the ligule was not defined, no clear silici-
fication gradient was observed. In older leaves also the xylem
and prickles were silicified at the tips and/or the edges of leaves
(Fig. 2d, h).

Root silicification

Silica deposits were identified in the basal section of roots of
the oldest seedlings in both substrates (Fig. 2i, j). They were
observed in seedlings collected from cotton/napkin substrate
on day 12 in 1.8 mm Si treatment and on day 16 in all Si con-
centrations; also in seedlings from river sand substrate collected
on day 11 in 1.8 mm Si treatment. These Si aggregates were
dome-shaped, with a rugose/slightly granular surface. The
diameter of these aggregates ranged between 3.98 and 12.4 pm,
with a median of 7.34 (n =40 aggregates measured in seven
root fragments under SEM). They were regularly distributed in
one, sometimes two, rows along the inner tangential wall of
endodermal cells. Between three and seven silica aggregates
were observed in each endodermal cell, depending on the
length of the cell.

DISCUSSION
Silicification in the first leaves

Even though other research in grasses has shown early accu-
mulation of amorphous Si in short cells of young leaves,
those studies were on mature plants or seedlings developed
from tillers, where probably other environmental/biological
factors might affect the silicification process (Sangster 1970a,
1977; Motomura et al. 2006). The present study shows, in
general terms, that the silicification process occurs in the first
leaves of seedlings developed from caryopses collected in the
field, between 7 and 8 days after sowing (ie. as early as
3—4 days after first leaf emergence), regardless of substrate or
Si treatment. It also proves that the ability for silicification is
present in the first photosynthetic leaf, where numerous
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Fig. 2. Photographs of the epidermis of leaves and roots of B. laguroides seedlings taken under optical (g, h) and scanning electron (a-d, i—j) microscopes. a:
Localization of Si cells (sc) in seedlings grown in river sand, [0] mm Si treatment and collected on day 11. b: Detail of the rectangle of (a). c: Mapping of Si of
the sector shown in (b). D: Prickles located at the tip of the leaf in a seedling grown in river sand and collected on day 11. e, f: EDAX analysis of prickles marked
with * in (d). g: Silica cells stained with phenol in leaves of seedlings grown in cotton/napkin substrate, [0.5] mm Si treatment and collected on day 12. h: Silicifi-
cation of xylem at the tip of the leaf, in seedlings grown in river sand and collected on day 11. I: Silica aggregates (a) located in the inner tangential wall of
endodermis in roots from seedlings grown in napkin/cotton substrate. j: Mapping of Si of the sector shown in (i). p: prickles; sc: silica cells, st: stomatal com-

plexes; x: xylem. Scale bar in optical photographs: 20 pm.
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metabolic processes are simultaneously generated (Taiz & Even though the first developmental stages of a plant may

Zeiger 2002). A process occurring so early in plant develop- demand a significant investment of energy in order to ensure
ment is likely to have some importance, probably in relation the success of photosynthesis, the silicification process also
to reinforcement of the structure in the first fragile leaves. occurs. This means that this last process may be important
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or necessary for plant development. The silicification process
seems to be unaffected by the type of substrate or Si treat-
ment, but rather by the time elapsed since leaf emergence. As
time progresses, more short cells accumulate amorphous Si,
until all of them are filled and, probably, other type of cell
start to be silicified (trichomes).

The silicification pattern observed in the first leaves (domi-
nance of silicified short cells at the base and some prickles at
tips) is coincident with the description of Sangster (1977), who
noted that Si deposits in short cells are acropetal while prickle
deposits are basipetal. In mature plants, the distribution of sili-
cified cells is opposite to that observed in young seedlings: the
content of silicified cells increased towards the tip of the leaf
(Blackman 1968; Motomura et al. 2006; Fernandez Honaine &
Osterrieth 2012). In mature leaves, practically all short Si cells
have already been silicified and the gradient of silicification
occurs because of the Si deposits in other cells, such as long
cells, bulliforms, prickles and hooks, stomatal complexes, etc.
(Motomura et al. 2006; Fernandez Honaine & Osterrieth
2012). In this case, the higher Si content of silicified cells in the
apical leaf sectors may be the consequence of a higher transpi-
ration rate (due to higher solar radiation) and/or age. Instead,
in young seedlings, the distribution of silicified cells may be
due to the role that the first leaf plays in successful plant
growth. Once the first leaf has emerged, it is the only organ
capable for photosynthesis and is the responsible for develop-
mental and growth initiation of subsequent leaves. The first leaf
must elongate so as to reach the light and initiate the photosyn-
thetic process. If Si is deposited in the lumen of cells from api-
cal sectors, it is probable that elongation will be restricted and,
hence, photosynthetic processes limited. Instead, it can be pro-
posed that the first Si absorbed could account for elongation of
cell walls of the first sectors (apical) of the leaf (Hossain et al.
2002, 2007). The presence of silicified cells in basal sectors and
the sheath could also constitute a reinforcement structure, for
the leaf as well as for the whole young plant. Raven (1983) sug-
gested that Si deposition is a cheaper investment than lignin, so
silicification in basal sectors would be a good strategy as a sup-
porting structure in fragile and young plants.

Root silicification

Silica accumulation in the root endodermis of grasses has been
described (e.g. Lux et al. 1999, 2003; Montti et al. 2009). Silica
aggregates are a common feature of Andropogoneae and have
also been associated with drought tolerance (Lux ef al. 2002).
Such deposits have been observed in Sorghum spp. and in
mature plants of B. laguroides (e.g. Sangster & Parry 1976; Lux

Early silicification of leaves of grass seedlings

et al. 2002, 2003; M. Fernandez Honaine, M. Paolicchi, M.
Osterrieth, M.L. Benvenuto, unpublished). In the present
study, Si aggregates were found in the oldest individuals (har-
vest on day 12 and 16 after sowing), in all Si treatments, indi-
cating that Si accumulation in roots begins at early stages of
plant development, and resembles mature plant morphologies.

Growing conditions and silicification

Our results show that Si accumulation in leaves and roots of
seedlings of B. laguroides occurs even at low Si availability
(0.17-0.2 mm Si), unlike previous studies (Sangster 1970a; Lux
et al. 2003). These values represent the lower limit of the range
of values commonly found in soils (0.1-0.6 mwm; Epstein 2001).
Caryopses were collected from plants grown on typic Argiudoll
soils, which developed from quaternary loessic sediments, in
the Pampean region (Borrelli et al. 2010). The average concen-
tration of Si in the soil solutions is 0.7 mm, with a range
between 0.4 and 1.25 mm Si (Borrelli et al. 2010). These data
indicate that although normal development of this species
occurs on soils with higher Si concentration, the production of
silicophytoliths is also possible under conditions of low avail-
ability of this element.

In summary, the present study shows the ability of the first
photosynthetic leaves of seedlings of B. laguroides to deposit
amorphous Si in their tissues, even under lower Si availability
conditions than those found in soils where it normally grows.
It was shown that the accumulation of Si gradually increased
over time and there were no effects of different silica/substrate
treatments. The pattern of distribution of silicified cells in the
first photosynthetic leaves is opposite to that found in leaves of
mature plants, probably due to the role that early leaves play in
development and growth. Instead, silicification of roots resem-
bles the pattern observed in older roots. The rapid incorpora-
tion of solid amorphous Si in leaves and roots, even when Si
availability is low, is useful knowledge for farm applications,
especially for those species that are Si fertilised.
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