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Abstract The distribution/deposition pattern of silicon and minerals in different parts of wheat (Triticum aestivum) plants
was determined using laser-induced breakdown spectroscopy (LIBS) and phytolith analysis. The LIBS spectra of different
parts of wheat plants gave spectral signature of Ca, Mg, Si, Fe, Na, K, C, H, O and N. Phytolith analysis showed that the
leaves of wheat plants are the highest silicon accumulator followed by the awn, leaf sheath, lemma, rachilla and stem. The
results of LIBS analysis and the phytolith analysis were in close agreement. The multivariate statistical analysis, principal
component analysis (PCA), was applied to the data set of the LIBS spectra of the different parts of the wheat plants. PCA
on LIBS data matrix gives PC1 (99 %) and PC2 (1 %) which explains the 100 % variance in the data set. The PCA plots
discriminate the vegetative and fertile parts of the wheat plant. Furthermore, the appearance of silicon in each part of the

wheat plants also demonstrates its significance in biocement production.

Keywords LIBS - Phytolith - Poaceae - Silicon - PCA

Introduction

Plants absorb silicon in the form of monosilicic acid from
the soil through roots and deposit it in the form of opal
silica in epidermal, cortical and vascular tissues [24]. The
role of silicon is reported to reduce the effects of salt stress,
drought stress, metal toxicity, nutrient imbalance and
radiation damage [4, 8, 9, 13, 44, 49, 50]. Silicon report-
edly increases crop quality and yield, protects the plants
against fungal infection, insects, pest attack and increases
disease resistance [5, 17, 26, 27, 38]. Silicon can also
alleviate imbalance between zinc and phosphorus supply as
well as decrease the toxic effect of aluminum in
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hydroponic culture in several species [3, 9, 44, 56]. Similar
applications of silicon have also been found in other cereals
and dicotyledonous plants [11, 25, 41, 48, 53]. It is also
reported that silicon improves nutrient balance in a wide
variety of plant species [14, 28, 30]. Ponzi and Pizzolongo
[36] have described the morphology and distribution of
epidermal phytoliths in Triticum aestivum. Some other
silicon-related aspects in various plants have also been
discussed earlier by various active researchers [15, 16, 21,
32, 47].

In plants of the Poaceae family phytolith studies have
shown that silica is deposited in all parts of the plants in
varying concentrations and forms silica short cells, epi-
dermal long cells, bulliform cells and prickle hairs [6, 7,
52]. Various techniques have been applied to study silicon
deposition in plants; these include high temperature alkaline
dissolution, gravimetry, hydrofluoric acid dissolution,
microwave assisted nitric acid and sodium hydroxide
digestion, autoclave-induced sodium hydroxide digestion
and electro thermal vaporization combined with inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
[12, 20, 33, 34, 39, 54, 55]. The other techniques which are
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being utilized for elemental analysis of materials are ion
mobility spectrometry (IMS) and graphite furnace atomic
absorption spectrometry (GFAAS), but all these techniques
are expensive and require lengthy and time consuming
sample preparation and are not suitable for in situ and point
detection analysis. In order to know the distribution and
deposition pattern of silicon and other elements in different
parts of plants, an analytical technique which has point
detection capability is essential. Recently, laser-induced
breakdown spectroscopy (LIBS) has emerged as a promis-
ing analytical technique for the analysis of spatially-dis-
tributed elements in plants and biomaterials [6, 35].

The laser-induced breakdown spectroscopy technique is
based on collection of the emission from ionic, atomic and
molecular species in the plasma formed due to high power
laser and material interaction. LIBS has several unique
features like simultaneous multi-elemental monitoring,
capability of real time and in situ analysis of material in
any phase, i.e. solid, liquid and gas, and requires minimal
sample preparation. In recent years silicon-rich plants have
been used for the production of biocement. Hosseini et al.
[23] have shown that biocement is a blend of bio-silica
which requires less energy intensive clinker and have
environmental, economic and technical benefits. It has also
been proposed that a survey of the silicon content value of
the major crops and native plants species is an important
step for biocement production. Therefore, the main objec-
tive of our work was to know the distribution and depo-
sition patterns of silicon and mineral elements in various
parts of wheat (Triticum aestivum) plants with the help of
LIBS and phytolith analysis.

Materials and Methods
Sample Collection, Preparation and Section Cutting

PBW-343 variety of wheat was grown for the experiment.
Soil was placed in plastic pots and set on a greenhouse
stand at an average temperature of 23 °C without extra
light. Plants were irrigated two times in a week from the
tap water and no fertilizers were used during the experi-
ment. At the mature stage (140 days after sowing) of the
wheat (Triticum aestivum L.) plant, leaves, leaf sheaths,
stem, awn, lemma and rachilla were collected from the
Botany Department, University of Allahabad, Allahabad
(24°47" and 50°47'N latitude; 81°91’ and 82°21'E longi-
tude), Uttar Pradesh, India. Small pieces of leaves were
washed in distilled water and made transparent using the
technique of Stebbins [45] to see the deposition of silica in
different cells at different portions (margins and midrib) of
the leaves. Transverse sections of leaves, leaf sheath, stem,
awn, lemma, and rachilla were prepared and stained in

methyl red [10] to see the deposition of silica in different
parts of plant cells.

Biogenic Silica Extraction

Silica (phytolith) from different parts of wheat was
extracted using the dry ash technique [51]. To remove
mineral particles from the surface and to soften the min-
eralized tissue, small pieces of leaves, leaf sheath, stem,
awn, lemma and rachilla originating from mature plants
were washed thoroughly three times in a mixture of 10 %
HCI and distilled water. Each part of the wheat plant was
then dried at room temperature and 1 g of each sample was
placed in a ceramic crucible and washed for at least 6 h at
600 °C in the muffle furnace. Ash was treated with 100 ml
of 5 N HNOj; and KClO; (1 %) to remove organic mate-
rial. Residues were washed with distilled water and cen-
trifuged. The remaining biogenic silica residue was dried at
40 °C and mounted in Canada balsam onto microscopic
slides. For each sample (leaf blade, leaf sheaths, stem, awn,
lemma and rachilla) five slides were prepared in Canada
balsam by taking 0.001 g ash/slide. The shape, size and
frequency of each phytoliths present in each sample were
observed in 1.24 mm? area/slide using a Leica DM 2500
microscope fitted with a digital camera.

Data Analysis

Statistical analysis of the data was performed using Origin
8.1 software. The mean and standard deviation (SD) were
calculated for the analysis of frequencies of phytoliths in
different parts of the wheat plant. PCA was applied with
the help of Unscrambler X for the discrimination of data.

LIBS Experiment

The LIBS experimental set-up (Fig. 1) consists of a broad
band spectrometer (Ocean Optics, LIBS 2000+) equipped
with charge coupled devices (CCD), a translational stage for
holding the target sample (leaf, leaf sheath, stem, awn,
lemma, rachilla) and a Nd:YAG laser (Continuum, Surelite
II1-10). The maximum deliverable pulse energy of the laser
at 532 nmis 425 mJ with a pulse width of 4 ns and repetition
rate of 10 Hz. The laser energy was measured with a cali-
brated energy meter (Genetec Model SOLO PE model
UP19 K30H VMDO). The convex lens (focal length 15 cm)
was used to focus the laser beam onto the target surface to
generate the laser-induced plasma. The light emitted from
the plasma was first collected with a collecting lens (lens
diameter 5 mm, f-number is f/2) fixed at the tip of the fiber
bundle and then brought to the entrance slit of the LIBS
20004 spectrometer. The spectrometer has three modules to
provide high resolution (FWHM 0.1 nm) in the 200-500 nm
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Fig. 1 Laser-induced Converginglens  Sample Translational
breakdown spectroscopy (LIBS) Stage

setup for recording the LIBS
spectra of a plant sample

|
Collecting
Lens

Spectrometer

LIBS 2000+ Fiber Bundle Stand

Power
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Fig. 2 Presence of silicified cells of Triticum aestivum leaf blade rod shaped (12, 13), sinuous rod shaped (14, 15), stomata (/6) and
[prickle hair cell (/-3), rod shaped (4), dendriform (5, 6), sheet epidermal cell (/7)] and stem of wheat [elongate sinuous phytolith
epidermal long cells (7), epidermal cells with stomata (8) and short (18, 19), rod shaped (20), trapezoid (21, 22), stomata (23), papillae
cells phytoliths], leaf sheaths [prickle hairs (9), trapezoid (/0), costal (24), epidermal cell (25)]
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wavelength region and a fourth module that has low reso-
lution (FWHM 0.75 nm) in the 200-900 nm wavelength
region. To record the LIBS spectra we first dried the wheat
plants and converted them to powder, and then one gram of
powder from each part was used to prepare the pellets. Pellets
were prepared using a pressure of 10 tons with a hydraulic
press machine in a KBr die. LIBS spectra of the pellets of
different parts of wheat plants (leaf, leaf sheath, stem, awn,
lemma, and rachilla) were recorded by focusing the laser
beam onto the surface of each pellet respectively. Each
spectrum was based on an average of ten laser shots under
optimized experimental conditions.

Results and Discussion

Phytolith Analysis

Transparency and Dry Ash Technique of Phytolith
Extraction

The phytoliths, obtained by the dry ash method from dif-
ferent parts of wheat plants, were viewed and analyzed

using optical microscopy. The phytoliths were found to
have a variety of shapes and sizes (Figs. 2, 3). Silicon was
deposited in inter- and intra-cellular spaces of different
parts of wheat plants. The phytoliths take a very distinctive
shape in various parts of the wheat plant, depending on the
shape of cells silicified. In the leaf blade, prickle hair cell,
rod shaped, dendriform, sheet epidermal long cells, epi-
dermal cells with stomata and short cells phytoliths were
present (Table 1). In the leaf sheaths prickle hairs, trape-
zoid, costal rod shaped, sinuous rod shaped, stomata and
epidermal cells were present (Table 1). Stem of wheat
produced elongated sinuous phytolith, rod shaped, trape-
zoid, stomata, papillae and epidermal cells (Table 1;
Fig. 2); while deposition of silicon in the fertile parts of
wheat plant such as in awn, lemma and rachilla also pro-
duced various types of phytoliths, for example, awn of the
wheat produced long hair cells, prickle hairs, hair bases,
sub epidermal rod shaped and epidermal cells. Lemma
produced dendriform phytoliths, rod shaped phytolith, hairs
and epidermal cells (Table 1). Rachilla of the wheat plant
also produced prickle hairs, fiber cell, dendriform phyto-
liths and epidermal cells (Table 1). In the last few decades
the procedure of phytolith counts showed a great relevance

Fig. 3 Presence of different types of silicified cells in Triticum
aestivum awn [long hair cell (26), prickle hairs (27), hair bases (29),
sub epidermal rod shaped (28), epidermal cell (30, 31), lemma

[dendriform phytoliths (32, 33), rod shaped phytolith 3 (34), hairs
(35), epidermal cell (36)] and rachilla prickle hairs (37) fiber cell (38),
dendriform phytoliths (39) and epidermal cells (40, 41)
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Table 1 Silicified cells present in different parts of wheat samples

Type of phytoliths Parts of plants

Leaf Leaf sheath

Stem

Lemma Rachilla Awn

Prickle hair cell
Rod shaped

Dendriform

Fig. 2 (1-3) Fig. 2 (9)

Fig. 2 (4) -

Fig. 2 (5, 6) -

Fig. 2 (7) -

Fig. 2 (8) -

Fig. 2 (10)
Costal rod shaped - Fig. 2 (12, 13)
Sinuous rod shaped - Fig. 2 (14, 15)
Fig. 2 (16)
Fig. 2 (17)
Papillae - -

Sheet epidermal long cells
Epidermal cells with stomata
Trapezoid -

e
ge  0g

Stomata -

Epidermal cell -

Hair bases - -
Sub epidermal rod shaped - -
Dendriform - -
Hairs - -
Fiber cell - -
Elongate sinuous phytolith - Fi

=

g. 2 (18, 19)
Long hair cell - -

Fig. 2 (20)

Fig. 3 (37) Fig. 3 (27)
Fig. 3 (34) - -
Fig. 3 (32,33) - -

Fig. 2 (21, 22) - - -

Fig. 2 (23) -
Fig. 2 (25)

Fig. 3 (30, 31)

Fig. 3 (36) Fig. 3 (40, 41)

Fig. 2 (24) - - _

- - Fig. 3 (29)
Fig. 3 (28)
- Fig. 3 (39) -
Fig. 3 (35) - -
- Fig. 3 (38) -

Fig. 3 (26)

Numbers in parentheses represent part numbers in the referred figure

90

75 4

60

45

30

Number density(silcified cells/mm?)

15 -

leaf  leaf sheath lemma  rachilla

Different parts of wheat(Triticum aestivum)

stem awn

Fig. 4 Distribution of silicified cells in different part of the plant
using phytolith analysis

in phytolith studies and has been used by many phytolith
researchers [1, 46]. We have also used this procedure in a
fixed observed area of the slides and after counting we
observed that the highest silicified cells were present in leaf
blade followed by the awn, leaf sheath, lemma, rachilla and
stem (Fig. 4). It has been previously reported that the
highest silicon percentage was present in major transpira-
tion parts of the plants followed by the other parts of the
plants [37]; thus leaf blade contains the highest silicon. In

@ Springer

this study the terminology of phytoliths is used according
to the International Code of Phytolith Nomenclature 1.0
[31].

LIBS Analysis

LIBS spectrum of different parts of wheat was recorded in
the spectral range of 200-900 nm to acquire the informa-
tion of all the minerals/elements present in various parts of
the wheat plant. A typical LIBS spectrum of the wheat
leaves recorded in different spectral regions (200900 nm)
are shown in Figs. 5 and 6. The characteristic spectral lines
of silicon (288.1, 221.1, 252.8 nm) along with the spectral
lines of other essential elements such as magnesium (279.5,
and 285.2 nm), calcium (315.8, 317.9, 393.3, 396.8 and
422.6 nm) aluminum (308.2 and 309.2 nm), iron (238.2,
239.5 nm), sodium (589.6, 819.4 nm) and potassium
(766.4, 769.8 nm), etc. were observed in LIBS spectra of
the plant samples. In addition to this, the spectral lines of
lighter elements like carbon (247.8 nm), hydrogen
(656.2 nm), nitrogen (744.2 and 746.8 nm) and oxygen
(777.2 nm) have also been detected in the LIBS spectra of
plant samples. The identification of elements [40] is based
on the presence of the persistent lines of the elements
present in the LIBS spectra of target samples. The variation
in intensities of spectral lines (intensity proportional to the
concentration) of Si (288.1 nm) in the LIBS spectra of
different parts of the wheat plant is shown in Fig. 7, which
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Fig. 5 Laser-induced breakdown spectroscopy (LIBS) spectra from
200-500 nm of a leaf of wheat plant
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Fig. 6 Laser-induced breakdown spectroscopy (LIBS) spectra from
500-900 nm of a leaf of wheat plant

clearly reveals that the concentrations of silicon follow the
trend: leaf > awn > leaf = sheath > lemma > rachil-
la > stem. Before using the data (intensity) of the spectral
lines present in the LIBS spectra of the target sample one
has to verify the certain assumption like stoichiometric
ablation, optically thin plasma and existence of LTE.

In the present experiment, laser irradiance is 10'?
W cm™? which is sufficient for the stoichiometric ablation
[43]. In order to verify the optically thin plasma the intensity
ratio of the two lines of a species should be nearly the same as
the ratio of the product of transition probability (Aj;) and
statistical weight (g;) and inverse ratio of their wavelength.

L/:Aki'gk (1)
I" A8

T T T T T T T 1
284 285 286 287 288 289 290
Wavelength (nm)

Fig. 7 Laser-induced breakdown spectroscopy (LIBS) spectra
showing variation in concentration of Mg and Si in different parts
of the plant

To verify Eq. (1) we took Ca(Il) 315.8 nm and Ca(II)
317.9 nm, whose intensity in the LIBS spectra were
calculated using LIBS software and the values of A;; and
gr were taken from the NIST basic atomic spectroscopic
data table [40]. The value of I'/I' = 1.8 and A,.g/
Azi.g;: = 1.7, which shows that the plasma is optically
thin. In order to ensure the LTE, electron density of plasma
calculated from experimental results using stark
broadening should be higher than the lower limit given
by the relation [18]:

Ne>1.6 x 102T'2AE (2)

Where N, (cm_3) is electron density, T (K) is plasma
temperature and AE (eV) is largest energy difference
between two adjacent levels for allowed transition. The

‘ ® Jorentzian plot of LIBS data ‘

185
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180 - Model: Lorentz
Chi*2 = 5.90268
RA2 = 0.94467
@ 175 yO 15499221 £1.63927
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5 wo 013623 2002417
§ 170 - A 585823 112454
=
‘A
5 165 -
=
n
160
| |
155 - "
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Wavelengt(nm)

Fig. 8 Lorentzian plot of Si 252.8 nm for FWHM (full-width-half-
maximum) measurement
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electron density of an element in laser-induced plasma is
related to the FWHM of stark broadening:

Ne
Ail/z ~ 2w [W] (3)

Where AZ1/2 (nm) is stark broadening calculated from
Fig. 8, w (A) is an electron impact parameter obtained from
spectroscopic data [18], and N, (cm™") is electron density.
Temperature of plasma is calculated from the Boltzmann
distribution law given by:

o~ (Ex/keT)

Ii'd =CFAy gkw

-13.0
-13.5 -
-14.0 -
-14.5 -

-15.0

In(I/(A*g))

-15.5
-16.0

-16.5

-17.0

T T T
35000 40000 45000

E(cm™)

T T
25000 30000

Fig. 9 Boltzmann plot for Si and Al for plasma temperature
calculation
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w
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8
=
0.4
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Fig. 10 Distribution of Ca, Mg, Fe and Al
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On rearranging the equation we get:

I Ey CF
In L]z——ﬂn[—] 5
e o o) ®)

where I}; is intensity of a spectral line of wavelength 4,
k is Boltzmann’s constant, C is the concentration of the
element, U (T) is a partition function, E; is the upper
energy level and F is an experimental parameter. A plot of
ln[ka/Ak,-gk] Vs E; is shown in Fig. 9 and the slope (—1/
kgT) gives the temperature of the laser induced plasma and
is equal to 7 7,000 K. The lower limit of electron density
calculated from Eq. (2) is 2.28 x 10'¢ (cm_3). We also
calculated the electron density by measuring the FWHM of
the stark broadened line (Fig. 8) and using Eq. (3) and
found it equal to 8.35 x 10'7, which verifies the existence

5.0 1 [ Na(589.6nm)/C(247.8nm)

45 I K (766.4)/C(247.8nm)

4.0
3.5 ]
3.0 i
25

Intensity ratio

201
15-
1.0—-
0.5-

leaf leaf sheath awn lemma rachilla stem

parts of the wheat plant

Fig. 11 Distribution of Na and K

0.70
1 [ Si(288.1nm)/C(247.8)
0.63 I Si(252.8nm)/C(247.8)
i I Si(221.1nm)/C(247.8)
0.56
2 ]
§ 0.49
ot i
‘% 0.42
=
3 i
= 0.35
0.28
0.21
leaf sheath leaf stem awn lemma rachilla

parts of the wheat plant

Fig. 12 Distribution of Si in different parts of the wheat plant for
different wavelength of Si
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Fig. 13 Principal component analysis (PCA) plot showing clustering of the same group in the plant

of LTE in laser-induced plasma. Now the data of the LIBS
spectra of the plant sample may be used for calculation of
the intensity/concentration of the elements in the different
parts of plant. To minimize the variation in experimental
conditions we used the intensity ratio of the spectral lines
of two elements instead of the absolute intensity of a
spectral line. Intensity ratios of atomic lines of two
different set of elements were evaluated from the LIBS
spectra recorded from the different parts of the wheat plant
and are shown in Figs. 10, 11 and 12. It is clear from Eq. 4
that the intensity of atomic lines of the elements in the
laser-induced plasma is directly proportional to its
concentration of the element in the sample. Thus,
variation in the intensity of the atomic lines of elements
(Figs. 10, 11 and 12) clearly demonstrates the variation in
concentration of Ca, Mg, Fe, Na, K, Al and Si in different
parts of the wheat plant. These mineral elements play a
significant role in development and growth of the plants as
well as human life [2, 42, 22]. Intensity ratios of the atomic
lines of Si (288.1, 252.8, 221.1 nm) with the atomic line of
C (247.8 nm) were determined from LIBS spectra of the
different parts of the wheat plant and shown in Fig. 12. It is
clear from Fig. 12 that highest intensity/concentration of
silicon is present in leaf followed by the awn, leaf sheath,
lemma, rachilla and stem, which is in close agreement with
the results of phytolith analysis (Fig. 4). In the leaf blade,
epidermal cells were heavily silicified so that the LIBS
spectrum gives high concentration/intensity of silicon in
the leaf blades, and it also support our previous study [6]
that leaf contains the highest amount of silicon followed by
the leaf sheath and stem. Grundbacher [19] concluded that
awns accumulate high concentration of silica in their
epidermal and hypodermal cells. Silicifications of the cells
of awns provide the stiffness which protects the plants from
various insects and pests attacks. The results of the LIBS
analysis also demonstrate that the second most abundant
silicon accumulator in the wheat plant is awn, while other

parts like leaf sheath, lemma, stem and rachilla, accumulate
less silicon and deposit in short cells. It has been reported
that a heavy deposition of silicon within the plants depends
on the transpiration stream that translocates silicon from
the uptake site to the transpiration site [13, 29]. To
discriminate the pattern of silicon deposition in different
parts of the plant using the LIBS technique we have used a
statistical method known as principal component analysis
(PCA). Principal component analysis of the data (intensity
and wavelength of spectral lines) of the LIBS spectra of
different parts of the wheat plant gives the PCA plot
(Fig. 13). Two principal components, PC1 (99 %) and PC2
(1 %), explain 100 % variance within the data set and
formulate two clusters in the PCA plot. Leaf, leaf sheath
and stem create a first group of cluster while in the second
a group of cluster of awn, lemma and rachilla are present.
The leaf, leaf sheath and stem are the vegetative parts of
the wheat plants and thus have analogous characters, while
awn, lemma and rachilla are the fertile parts of the wheat
plant which form similar cluster. Thus this may be the
reason for the formation of two different groups in the PCA
plot. On the basis of the experimental results of our work
one may conclude that the LIBS technique can also sustain
and resolve the physiological, aspects of plant science.
Thus, the LIBS technique may be used as a versatile
complementary tool with phytolith analysis.

Conclusions

The present work successfully demonstrates the capability
of the LIBS technique for quick and simultaneous deter-
mination of elements including silicon present in the wheat
(T. aestivum) plant. Results of the present paper further
demonstrate that the LIBS technique may be used for the
study of spatial distribution of minerals in plants. Analyses
of silicon in different parts of the wheat plant using LIBS
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and phytolith analysis show similar results. However, with
the help of phytolith analysis we can analyze only silicon,
whereas LIBS can give the information about all elements
present in the sample in a very small span of time. Na and
K ratio in the food supplements have always been a matter
of interest in the food science. Therefore, the ratio of Na
and K in different parts of the wheat plant obtained by the
LIBS analysis should be given more attention for better
utilization of other parts of the wheat plant along with the
seeds. Silicon is present in each part of the wheat plant,
which reveals that wheat residues may also be used in eco-
friendly biocement production as in recent years biocement
production from the plant residues is a major thrust area of
research. PCA of the LIBS data revealed the future possi-
bilities of LIBS application in plant science.
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