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Abstract
Silica is the best-known component filling the spaces that form phytoliths in many plants, but phytoliths may also contain 
other elements. We used scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM–EDX) to map 
element distributions in the leaves of Guadua bamboo, which is a successful competitor in southwestern Amazonian 
forests. We emphasize immobile elements that can be mineralized (silicon and calcium) as well as potassium, an abundant 
mobile nutrient with many vital functions. We discovered high silicon (Si) content with little or no calcium (Ca) or potas-
sium (K) in bulliform cells, bilobate shaped short cells and stomata, all of which can form phytoliths, and moderately high 
Si content in the bundle sheet, prickle tips and papillae. K often surrounded Si-loaded cells, Si and K had overlapping 
distributions in the intercostal areas near vein margins, and Ca showed abundant spotted distribution in the intercostal 
areas. The dark inside content of the costal zones of some samples in light microscopy showed no mineralization but 
prominently contained sulfur. Adjacent fusoid cells showed different Si, K and Ca combinations, which may suggest 
potentially variable functions of these cells. Widespread Si deposition strengthens Guadua bamboo leaves and may help 
it to outcompete tree species during periods of drought.
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1 Introduction

Plants absorb mineral nutrients from groundwater and 
transport them into their vegetative structures. Some 
plant groups deposit intracellular or extracellular mineral 
accretions with characteristic forms but unclear func-
tions. In many plants, silicon (Si) forms microscopic grains 
called phytoliths [1] but as a plant nutrient, Si is essential 
only in Equisetaceae [2]. Several plants contain aquapor-
ins that are specialized as Si transporters [3, 4], revealing 
that silicon is important in plants although its effects are 
often indirect [5–7]. Silicon may act as a metabolically 
cheap substitute for cellulose to add strength to plant 

structure [8] and hence prevent wilting under water stress, 
or improve plant resistance to herbivores or pathogens 
[9, 10].

Elements other than silicon may also mineralize either 
together with Si in silicophytoliths or as the main com-
ponent of a phytolith. For example, focusing on metals, 
woody plant phytoliths frequently contain aluminum (Al) 
in the form of aluminosilicates, but Al was absent from 
herbaceous phytoliths [11]. Silica phytoliths isolated from 
barley [12] contained Al, scandium (Sc), titanium (Ti), vana-
dium (V), cesium (Cs), iron (Fe) or rare-earth elements but 
not the major nutrients or other inorganic constituents of 
plants like potassium (K), calcium (Ca), magnesium (Mg), 
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manganese (Mn), chlorine (Cl) and bromine (Br). The ele-
ment compositions of phytoliths may also vary between 
plant taxa or in response to soil substrate or climate, yet 
the method used for extracting phytoliths from plant 
material may also affect the observed chemical composi-
tion [13]. In addition to inorganic constituents, silicophy-
toliths can include occluded carbon that may remain in 
the soil for very long times and thereby contribute to car-
bon bio-sequestration from the atmosphere [14, 15]. This 
hypothesis is criticized, however, because at least part of 
phytolith-occluded carbon in living plants originates from 
the soil and can therefore produce misleadingly old dat-
ings [16]. In archaeology, phytoliths can give information 
about ancient vegetation and domesticated plants [17].

Calcium also sometimes mineralizes in plant tissues, yet 
Ca as an essential plant nutrient is required for a number of 
specific structural and functional roles in every cell. Solid 
calcium oxalate (CaOx) and calcium carbonate  (CaCO3) 
deposits can be common within live mesophyll cells. As 
 Ca2+ is a relatively immobile plant nutrient [18], calcium 
oxalate crystals could act as Ca storage [19]. Large biomin-
eralizations of Ca oxalates, phosphates or carbonates are 
called calcium phytoliths or cystoliths [20]. Bulky, globu-
lar or elongated cystoliths have also been shown to affect 
light scattering inside Ficus leaves, thereby improving 
illumination deep in the leaf [21], and thereby enhancing 
photosynthesis.

In contrast to the immobile elements discussed above, 
potassium is a mobile element in plant physiology. The  K+ 
ion is the most abundant inorganic cation in plant cells, 
contributing up to 10% of the total dry matter of plants. It 
has many essential roles in plant cells, including contribu-
tions to osmotic pressure regulation, enzyme activation 
and photosynthesis [22]. Potassium influences foliar  CO2 
uptake and transpiration by regulating the opening and 
closing of stomata. The  K+ cation is stored inside vacuoles, 
and as a soluble ion it easily moves in a plant. Potassium is 
not, however, a constituent of the structurally important 
molecules of plant organic matter [22, 23].

We apply in this study scanning electron microscopy 
with energy-dispersive X-ray spectroscopy (SEM–EDX) 
for detailed mapping of silica and calcium as immobile 
elements that can form mineralizations, as well as potas-
sium as a mobile nutrient without such a trait. Although 
SEM–EDX is most widely used in materials science, it also 
has many biological applications. For example, it has 
been used to map the localizations of cadmium (Cd) in 
the leaves of Lemna polyrhiza [24] and Si in the leaf blades 
of two Asian bamboos [25, 26].

Bamboos together with other members of the Poaceae 
family are intriguing for detailed element mapping 
because they commonly form silicophytoliths in bulliform 
cells, long and short cells and hair cells [27, 28]. The other 

anatomical positions of bamboo foliar phytoliths, though 
fewer, include the mesophyll, tracheid and vascular tissues 
[27]. Some mineralization may also occur in fusoid cells 
[29, 30]. It is not clear, however, whether silica deposition 
in particular cells is a passive result of water uptake or an 
active process [25].

We apply SEM–EDX mapping in field samples of the 
bamboo species Guadua sarcocarpa Londoño and Peter-
son. It is a giant (up to 15 m tall) and competitive bamboo 
species that dominates, together with its sister species G. 
weberbaueri Pilg., over 160,000  km2 of lowland rainforest in 
southwestern Amazonia [31, 32]. Reasons for the bamboos 
dominance in these areas are not well known but future 
success nevertheless requires a good ability to withstand 
the effects of global warming, such as extreme dry sea-
sons. If Guadua bamboos were to decline, vast tropical 
forests could change to open grasslands [33].

2  Material and methods

We collected leaf samples of Guadua bamboo from eleven 
different Western Amazonian locations during 2017 and 
2018 and used them in a light microscopy study [30]. The 
present study contains a subset of the most intriguing 
microscopy slides originating from two different locali-
ties in Southern Peruvian Amazonia: three samples (col-
lection numbers 10, 16 and 20) from Primavera (11.04o S, 
69.57o W) and one from San Carlos (10.75° S, 73.64o W). 
Both localities belong to a bamboo population that covers 
ca. 2,500  km2 and flowered in 2018, soon after our field trip 
(Van doninck et al. 2020). The population forms a bit more 
than 1% of a large area of Guadua bamboo-dominated 
evergreen to semi-deciduous forest in the borderlands of 
Peru, Brazil and Bolivia [31, 32]. Each sample was a part of 
a leaf blade, which we put in a small paper bag within a 
plastic container with silica gel to achieve rapid drying.

We applied the dry ashing method for sample prepara-
tion [30]. Each sample consisted of about a 1 cm long part 
of a leaf blade, which we first embedded on microscopy 
glass in Tissue-Tek compound and then heated in a labo-
ratory furnace by stepwise (5 °C/min) increase of the tem-
perature to 600 °C to ensure their complete burning. Sam-
ples were burned both without a cover glass, resulting in 
a degree of sample folding, and between two microscopy 
glasses but with possible problems caused by cover glass 
heating. We also prepared transverse sections by embed-
ding the leaf sample (Primavera-10) into Struers EpoFix. 
After hardening, the sample was cut, leveled and polished 
down to 30 µm. Light microscope studies were made at 
100 × and 250 × magnifications in order to distinguish dif-
ferent areas of mineralization (Fig. 1). For classification, we 
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consulted the International Code for Phytolith Nomencla-
ture [34].

We selected 15 samples of interest to study by scanning 
electron microscopy with energy-dispersive X-ray spectros-
copy (SEM–EDX). In folded samples (see above) we under-
took progressive sample leveling (each time 10 µm deeper) 
to expose structures of particular interest. We used a field 
emission scanning electron microscope (SEM) (Zeiss, Gemi-
niSEM 450, Oberkochen, Germany 2018) and applied EDS 
mapping by energy dispersive spectroscopy (EDS) (Bruker 
XFLash 5060F and XFlash 6|60, Nano GmBH, Berlin, Germany 
2018). The samples were coated with carbon (Agar Scientific 
Ltd, UK, model: B7367A) and fixed on an aluminum sample 
holder with copper and carbon adhesives to ensure elec-
trical contact between sample and ground. High vacuum 
conditions (p < 1.0·10–6 Pa) were applied in all images and 
electronic spectra. The instrument manufacturer’s ESPRIT 
v.2.1.2.17832 software was used for coloring and enhanc-
ing the contrast of the elements of interest, while the GNU 
Image Manipulation Program (GIMP) v. 2.10.12 was applied 
for constructing the montage images. Heat maps of element 
contents were prepared for showing in relative scale the dis-
tributions of the detected counts per second per electron 
volt (cps/eV). In those maps, relative element densities are 
imagined by colors from very low (dark blue) to very high 
(bright red). We also prepared line charts to reveal EDS spec-
tra and element intensities (contents) in selected areas or 
transects of interest.

3  Results

The light microscopy view of the adaxial leaf surface dis-
plays costal zones of different widths, and the intercostal 
areas with discontinuing chains of conspicuous bulliform 
cells (Fig. 1a). When the microscope focuses leaf meso-
phyll, tight rows of fusoid cells (dark or translucent) and 
widely dispersed short cells (bilobate, saddle-shaped) 
appear (Fig. 1b). Figure 1b also displays an occasional 
case where the costal zone contains dark infilling. The 
EDS maps showed no signal of Si, K or Ca (not shown) for 
these structures, while their sulfur (S) content was elevated 
(Fig. 2c–f ).

Bulliform cells can be silicified or have no silica (Fig. 3). 
They contain little or no potassium, yet K can show up in 
cells with reduced Si (Fig. 4). Potassium commonly forms 
a layer around bulliform cells (Figs. 2d, 5e, 6e). Si and K 
also have some overlapping high-content areas in the leaf 
parenchyma in some areas near vein margins (Figs. 2c, d, 
5d, e, 6d, e). Vein margins can alternatively show high 
levels of calcium, yet Ca mainly appears with high-con-
tent spots dispersed widely around the leaf parenchyma 
(Figs. 5f, 6f ).

Fusoid cells form stacks, attached nearly perpendicu-
larly to the costal zones, and show variable element con-
tents (Fig. 6). Out of the cells with a dark appearance in 
light microscopy, some contain Si, K and Ca (yellow arrows 
in Fig. 6) while others have high Ca but contain hardly any 
K and Si (red arrows). The translucent cells in light micros-
copy can either contain Ca with low K (pink arrow) or not 
show any of the three elements (white arrow). In a pair of 
opposite fusoid cells attached to the same vascular bun-
dle (Fig. 7), both display weakly elevated Si, but only the 

Fig. 1  Light microscope 
photographs of Guadua 
bamboo leaf after dry ashing. 
a Adaxial (upper) leaf surface 
(Primavera-2); b Mesophyll 
(Primavera-16). Abbreviations: 
i = intercostal zone, c = costal 
zone (leaf vein), cd = costal 
zone with dark inside content, 
b = bulliform cell, bi = bilobate 
short cell, sa = saddle shaped 
short cell, f = fusoid cell with 
presumed mineralization, 
ft = translucent fusoid cell
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one with the dark appearance in light microscopy (Fig. 7a) 
also reveal elevated S and Ca. The emptier-looking cell, 
instead, shows a peak of Cl (Fig. 7c). Other areas with raised 

Si content in this foliar transverse section include the cuti-
cle and cell walls and/or the extracellular areas in both the 
epidermis and bundle sheet (Fig. 7d). The most prominent 

Fig. 2  Costal zone (vein) with 
dark inside content, also one 
bulliform cell (Primavera-16). a 
Light microscope picture with 
the dotted line demarcating 
margins of areas lost during 
sample leveling before SEM; 
b SEM image with demar-
cated location of the EDS 
transect; c–e EDS maps Si, K 
and S, respectively; f Intensity 
of S along the EDS transect 
(below, magnification of the 
SEM corresponding to the 
EDS transect). Abbreviations: 
i = intercostal zone, c = costal 
zone, cd = costal zone with 
dark inside content, b = bul-
liform cell
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Fig. 3  Foliar transverse section 
with two large bulliform cells 
in the adaxial leaf surface 
(Primavera-10). a Light micro-
scope picture; b SEM image 
with two delineated AOIs (AOI 
1 showing the background); 
c Intensity of Si in the AOIs; d 
EDS map of Si with the left side 
bulliform cell also shown in 
larger magnification. Abbre-
viations: b = bulliform cell, 
c = costal zone, cu = cuticle
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Si contents of this sample, however, occur in the stomata 
of the abaxial epidermis.

In top view, the abaxial epidermis shows elongated cells 
with ample stomata in the intercostal zone and elongated 
cells with perpendicularly arranged bilobate cells in the 

Fig. 4  Intercostal row of 
densely packed bulliform cells 
(Primavera-20). a SEM image 
with four demarcated AOIs 
(AOI 3 showing the back-
ground); b EDS spectra in the 
AOIs with the most prominent 
peaks labeled for the minerals 
they represent; c EDS map of 
Si; d EDS map of K

Fig. 5  Two costal and inter-
costal zones (Primavera-16). a 
Light microscope picture with 
the dotted line demarcating 
margins of areas lost during 
sample leveling before SEM; b 
SEM image with demarcated 
location of the EDS transect 
crossing a bulliform cell; c 
Intensities of Si, K and Ca along 
the EDS transect (below, mag-
nification of the SEM corre-
sponding to the EDS transect); 
d–f EDS maps of Si, K and Ca, 
respectively. Abbreviations: 
b = bulliform cell, c = costal 
zone
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Fig. 6  Fusoid cells attached 
to costal zones with three 
bulliform cells in the inter-
costal zone (San Carlos-10). a 
Light microscope picture; b 
SEM image with demarcated 
location of the EDS transect 
across a row of fusoid cells; c 
Intensities of Si, K and Ca along 
the EDS transect (below, mag-
nification of the SEM corre-
sponding to the EDS transect); 
d–f EDS maps of Si, K and Ca, 
respectively. Abbreviations: 
b = bulliform cell, c = costal 
zone, f = fusoid cell with dark 
content, ft = fusoid cell (trans-
lucent). Arrows (pink, yellow, 
white, red) help to compare 
element contents in individual 
fusoid cells
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Fig. 7  Foliar transverse section 
of a vascular bundle with two 
fusoid cells (Primavera-10). a 
Light microscope picture; b 
SEM image with three defined 
AOIs (AOI 1 showing the back-
ground); c EDS spectra of the 
demarcated AOIs; d EDS map 
of Si. Abbreviations: x = xylem, 
p = phloem, bs = bundle sheet, 
f = fusoid cell, pa = paren-
chyma, e = epidermis, cu = cuti-
cle, st = stomata
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costal zone (Fig. 8). The entire epidermis contains plenti-
ful papillae, both solitary and rows, and prickles near the 
margin between costal and intercostal areas. The EDS map 
reveals somewhat elevated Si in the papillae, a bit higher 
Si in the stomata and prickle tips, and the highest contents 
in the bilobate cells. K has almost the opposite distribu-
tion, as it is high in the costal long cells, even higher in the 
prickle bases, and low to very low in the areas where Si 
abounds. Focusing on the bilobate cells with major detail 
(Fig. 9), both their surface and interior are rich in Si with 
the exception of the dark spot inside. K shows somewhat 
elevated levels in the surface of the bilobate cells. Fig-
ure 9e shows bilobate cells to have no carbon (C) except 
in the dark dot where its levels are, however, comparable 
with those of the background.

4  Discussion

The elements analyzed in the present study have different 
physiological roles. Silicon is a poorly understood plant 
constituent, and neither its role in plant metabolism nor its 
transport within the plant is known [2, 5].  K+ and  Cl− ions 
participate in the osmotic regulation of the flow of water 
between plant cells [22];  Ca2+ is a common secondary mes-
senger but also plays multiple other roles in both cell wall 
and cell division [35];  S2+ ions, in turn, occur in methionine 
and cysteine and in iron-sulfur centers. Virtually all metal 
nutrients also act as enzyme activators in plants.  K+ and 
 Cl− move through cell membranes via channel proteins, 
whereas  Ca2+ is actively pumped outside of the cyto-
plasm and moves in via channels.  K+ remains soluble in 

cytoplasm [22]. Sulfur is obtained as sulfate ions by specific 
transporters, activated to adenosine-5’-phosphosulfate, 
reduced to sulfide, and bound to cysteine [36].  K+ moves in 
both xylem and phloem [22], whereas  Ca2+ is transported 
only in the xylem [35] and therefore does not move down-
wards in a plant.

SEM–EDX maps showed many specific element distri-
butions, reflecting the physiological roles, transport path-
ways and storage structures in different cell types of Gua-
dua bamboo. For example, calcium, a constituent of cell 
walls (i.e., apoplast) and vacuoles [37], showed widespread 
spotted distribution in the intercostal areas, but was vir-
tually absent from the silicon-accumulating cells and the 
costal zone (Figs. 4, 5). We found no clear indication of 
Ca cystoliths in Guadua bamboo. Sulfur was found in the 
occasional dark inside content of costal zones (Figs. 1b, 2e) 
and in some fusoid cells (Fig. 7c). The dark spot in bilo-
bate cells showed no particular element signal (Fig. 9c, f ), 
such as phytolith-occluded carbon that might have been 
expected based on earlier studies [38, 39]. This lack of sig-
nal should be interpreted with care, however, as the dry 
ashing method may have influenced the distributions of 
non-mineralizing elements like S and C.

We found high silica contents in bulliform cells, bilo-
bate and saddle-shaped short cells, and stomata (Figs. 1, 
2, 3, 4, 5, 6), thereby agreeing with earlier studies [25, 27, 
28]. Silica is moderately high in the bundle sheet (Fig. 7d), 
prickle tips (Fig. 8c), and, often together with potassium, 
some mesophyll areas near vein margins (Figs. 5, 6, 7). 
These may be visualizations of orthosilicic acid Si(OH)4 and 
 K+ ions from xylem sap to other parts of bamboo leaves 
[22, 40–42].

Fig. 8  Structure of the abaxial 
leaf-blade of Guadua bamboo 
(Primavera-20). a SEM image 
with two defined AOIs; b EDS 
spectra in the AOIs with the 
most prominent peaks labeled 
for the minerals they represent; 
c-d EDS maps Si and K, respec-
tively. Abbreviations: c = costal 
zone (indicated by orange dot 
line in the left), i = intercostal 
zone (indicated by yellow), 
st = stomata, pr = prickle, 
pa = papillae, st = stoma, 
bi = bilobate short cell
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The known physiological activity of some silica accu-
mulating cells can be incompatible with mineralization. It 
suggests that mineralization – especially the filling of the 
cell with amorphous silica – occurs when the cell has ful-
filled a more dynamic function. This feature is particularly 
obvious in bulliform cells, which can shrink and enlarge in 
response to water availability only if they are not filled with 
amorphous Si [43]. Silicification reduces potassium (Figs. 2, 
4, 5, 6) and in this way impedes cells from controlling their 
osmotic potential. In a histological analysis of a leaf-roll-
ing mutant of rice, shrinkage of bulliform cells resulted 
in inward‐curved leaves [44]. Silicification of guard cells 
(Fig. 8) possibly reduces stomatal movements.

Cell passivation through mineralization may also be 
an adaptive trait. Si-packed bulliform cells help bamboo 
keep its leaves unrolled during seasonal drought with con-
ceivably positive impacts on plant vitality [25]. Si deposi-
tion in the structurally positioned bilobate cells (Figs. 1, 
8, 9), bundle sheet (Fig. 7) and epidermis (Figs. 3d, 7d, 8c) 
can likewise contribute to the of the leaf blades´ overall 
mechanical strength. Among other conceivable functions 
of Si in plant leaves (see examples in Introduction), the 
thick layer of epidermal silica with dense papillae (Figs. 3d, 
7d, 8c) acts as a shield against pathogen penetration [16].

The rows of regularly arranged fusoid cells were 
intriguing in our data. These oblong structures can be 

living cells or cell-like gas spaces delimited by succes-
sive collapsed fusoid cells and their derivatives [29]. We 
propose that the cells appearing dark in light micros-
copy (Fig. 1b) may still be living. They always contain 
Ca, and show only moderate to low levels, if any, of K 
and Si (Fig. 5). The translucent fusoid cells, in turn, are 
assumed to be cavities that can be enriched with Ca 
when it is abundant also in the sap of the adjoining cos-
tal zone (Fig. 5f ). SEM–EDS maps also reveal local peaks 
of Si, K and Ca near to the distal ends of the fusoid cell 
rows. In a leaf transverse section (Fig. 6), one longitudi-
nally cut fusoid cell contained elevated Ca and S, while 
another cell showed a peak of Cl. The difference could 
result from cutting the two cells through different parts 
of their structure, yet nearby fusoid cells can indeed have 
contrasting element characteristics, as discussed above. 
Leandro et al. [29] have reviewed several possible func-
tions for fusoid cells in grasses, related to cell structure, 
light scattering and photorespiration. The ontogeny of 
fusoid cells in two Guadua species suggests their pos-
sible role in apoplastic transport [45]. By showing con-
trasting Si, K and Ca compositions between adjacent 
fusoid cells, our results suggest that individual fusoid 
cells may perform different functions.

The vast lowland plains with Guadua bamboo domi-
nance in the southwestern Amazonian forests exhibit 

Fig. 9  Structure and composi-
tion of the bilobate short cells 
of Guadua bamboo (San Carlos 
10). a Light microscope picture; 
b SEM image with demarcated 
location of the EDS transect; 
c–e EDS maps for Si, K and C, 
respectively; f Intensities of Si, 
K and C along the EDS transect 
(below, magnification of the 
SEM corresponding to the 
EDS transect). Abbreviations: 
bi = bilobate cell, dd = dark dot 
of the bilobate cell
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distinctive dry-season greening during the months when 
plants compete for water resources. According to remotely 
sensed water-content metrics, bamboo had lower water 
content index values than trees for most of the year, except 
for the early dry season, when the water content in bam-
boo foliage strongly increased [46]. Silicophytoliths help 
Guadua bamboo to keep its leaves stout and undamaged 
despite fluctuating water content, and thereby help it to 
outcompete tree species that cannot withstand seasonal 
water stress as well as Guadua bamboo. This hypothesis 
could be addressed by later empirical research.

5  Conclusions

The results agree with earlier studies by showing strong 
silica deposition in bulliform cells, short cells and stomata, 
and moderately high deposition in bundle sheet, prickle 
tips and papillae. Calcium displayed spotty wide distribu-
tion around leaf parenchyma. Potassium peaked around 
silicified cells, often overlapping with silica near leaf veins. 
Adjacent fusoid cells can have contrasting element com-
binations. The findings reveal functional details, like living 
cells with dissolved potassium getting inactivated by fill-
ing with amorphous silica. Changing cell characteristics 
may support Guadua survival by preventing leaf blade roll-
ing or folding during periods of seasonal drought, thereby 
helping Guadua bamboo to outcompete tree species in 
the increasingly dry seasonal climate of southwestern 
Amazonia.
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