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Abstract. The leaves of scorzonera are vulnerable to mechanical damage due to heavy rainfall or
wind. The aim of the study was to determine the impact of pre-sowing exposure of scorzonera seeds to laser
light on the mechanical strength of the leaves and the content of photosynthetic pigments. The research
material consisted of scorzonera leaves obtained from seeds treated with He-Ne laser light at the wavelength
of 632.8 nm, surface power density of 5 mW cm >, and exposure time of 1, 5, 10, and 30 minutes. Young’s
modulus measurements showed that the leaves of the plants grown from seeds subjected to laser light stimu-
lation were characterized by better mechanical strength compared to the leaves of the control. The highest
values of the Young’s modulus were recorded for scorzonera plants grown from seeds subjected to laser
light exposure for 10 minutes. Exposure to light for a period of 1, 5 and 30 minutes significantly affected
the content of chlorophylls and carotenoids in the leaves relative to the control. The largest increase in the
content of photosynthetic pigments was recorded for 1 minute. The improvement in the mechanical strength
of scorzonera leaves may reduce their vulnerability to mechanical damage during vegetation.
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INTRODUCTION

Scorzonera hispanica is cultivated in Europe mainly as a root vegetable. The
plant produces long, edible roots with dark brown skin and cream-coloured flesh,
which are usually eaten boiled. Young scorzonera leaves are also edible and are
considered nutritious. They contain high amounts of potassium, iron, magnesium,
vitamin C, polyphenol acids and carotenoids (Dolota and Dabrowska 2004).
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Green leafy vegetables are used in many countries around the world as a source
of fibre, vitamins and minerals (Jiménez-Aguilar and Grusak 2017, Khanama et al.
2012, van Jaarsveld et al. 2014). The leaves also contain photosynthetic pigments,
including chlorophylls and carotenoids, which are considered highly beneficial to
human health (Znidar¢i¢ et al. 2011). A number of epidemiological studies have
revealed that a diet rich in chlorophyll or carotenoids may be correlated with a dimi-
nished risk of several degenerative disorders, including cardiovascular diseases and
various types of cancer (Boon et al. 2010, Sangeetha and Baskaran 2010). These
preventive effects have been associated with their antioxidant activity, i.e. protecting
cells and tissues from oxidative damage (Alvarez-Parilla et a/, 2010, Liu 2013).

The plant’s leaves are thin and flat, which facilitates better sunlight absorption
for photosynthesis (Read and Stokes 2006, Onoda ef al. 2011), but at the same time
renders the delicate plant material vulnerable to various types of damage (Read
and Stokes 2006, Onoda et al. 2008). Apart from static interactions, leaves are also
subjected, throughout their development, to various dynamic twisting, bending and
frictional forces. These may originate both from abiotic factors such as winds or
precipitation but can also be due to biotic damage caused by feeding insects and
herbivorous animals (Read and Stokes 2006, Read and Sanson 2003). For instance,
damage suffered by Scorzonera hispanica leaves due to heavy rainfall takes the
form of cracks in the vicinity of the leaf base and affect the adaxial part of the leaf
(Chwil et al. 2015). Such damage may reduce the assimilative and yield-producing
potential of the plant and deteriorate the quality of the leaves as edible parts of the
plant. In order to reduce said damage, preserve leaf integrity, quality and durability,
one should consider ways to improve the mechanical strength of the leaves.

The physical characteristics which are considered to be indicative of a given
material’s mechanical strength include its compressive strength, tensile strength
and shear strength, stress relaxation, mechanical hysteresis, and Young’s modu-
lus (Mohsenin 1986). Young’s modulus is a measure of material, including plant
material, elasticity and is a basic physical value determined in the course of vario-
us strength tests. Furthermore, due to the parameter’s independence of the tested
specimen’s geometric dimensions, it allows for a direct stiffness comparison be-
tween various materials (Mohsenin 1986).

The strength characteristics of plant leaves are usually determined based on
three main types of mechanical tests — puncture test, shear test and tensile test
(Onoda et al. 2011, Read and Sanson 2003). The tensile test is particularly useful
in studies conducted on heterogenous plant material (Kohyama et al. 2008) as it
may provide valuable information concerning mechanical characteristics, and also
with regard to forces parallel to fibre alignment (Angeles et al. 2013, Kohyama
et al. 2008). Single-axis tensile strength tests have been conducted to determine
various strength parameters of e.g. cabbage leaves (Kohyama et al. 2008), lettuce
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(Newman et al. 2005), spinach (Watanabe et al. 2017, Tang et al. 2011), chives
(Pinzon et al. 2013), as well as rosemary stems (Arevalo et al. 2013) and many
other thin-layered plant materials (Gladyszewska 2007).

The method of pre-sowing seed refinement by way of laser light stimulation
has been used mainly with a view to improving the seed germination rate, seed-
ling sprout rate, and overall crop yield (Podles$na et al. 2015, Krawiec et al. 2015,
Swathy et al. 2016). Some researchers argue that exposing seeds to light stimula-
tion could improve the quality of yields, including the chemical composition of
plants, e.g. by increasing the sugar content in sugar beet roots (Sacala et al. 2012),
increase the content of minerals and specific protein in alfalfa (Cwintal et al. 2010),
or increase the content of chlorogenic acid responsible for aubergine fruit’s antio-
xidative qualities (Swathy et al. 2016).

In terms of leaf vegetative resistance to conditions inhibiting growth, causing
mechanical damage, and reducing the suitability of the leaf for consumption, it
should be considered whether pre-sowing seed exposure to light stimulation could
be used to improve the plant’s qualitative characteristics in this respect.

The aim of the study was to determine the impact of pre-sowing He-Ne laser
light stimulation of scorzonera seeds on the content of photosynthetic pigments in
the obtained leaves and the mechanical strength of the same, as determined on the
basis of Young’s modulus.

MATERIAL AND METHODS

The research material consisted of ‘Maxima’ scorzonera leaves. The scorzonera
plants were obtained from seeds treated prior to sowing with He-Ne laser light at a wa-
velength of 632.8 mm, a surface power density of 5 mW cm 2, and an exposure time
of 1, 5, 10, and 30 min. (L1, L5, L10, L30), respectively. The control group leaves
were harvested from non-stimulated plants. Laser light stimulation was provided using
a device of our own design (Fig. 1), projecting laser light onto the seed dish from above.
The field experiment was conducted at the Felin Experimental Farm of the University
of Life Sciences in Lublin (51°23'N 22°56'E) on a grey-brown podzolic soil deve-
loped from loess formations overlying chalk marls, with the grain size composition
corresponding to that of weak silty loams. The seeds were sown on the 26™ of April
2013. The study entailed the determination of the content of photosynthetic pigments
in scorzonera leaves and assessing the mechanical qualities of the same. The research
material consisted of young leaves (3" fully developed leaf from the apical meristem).
The leaves were harvested in the second half of August from four-month old plants.

The content of photosynthetic pigments (chlorophyll @, b, a+b, and carotenoids)
in the leaves was determined spectrophotometrically. Chlorophylls and carotenoids
were isolated from the leaves in darkness, using acetone containing 0.01% w/v of BHT
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(butylated hydroxytoluene). The UV-Vis spectra were measured using a double beam
spectrophotometer Carry Bio 300, and the pigment concentration was calculated in
accordance with the procedure published by Lichtenthalter and Buschmann (2001).

Fig. 1. Own-designed rig for subjecting seeds to laser light stimulation

Strength tests were conducted at a bench equipped with tensiometric in-
struments and software necessary for the determination of Young’s modulus in
accordance with the author’s own method involving a visual analysis of the rela-
tive positions of random points placed on the studied material (random markers
method) (Gladyszewska 2007). The benefit of the aforementioned method is that it
allows one to disregard edge conditions by providing results that are independent
of material deformations in the area of critical sections. The specimens prepared
for laboratory testing were 50 mm long, dumb-bell shaped, with a stretched surface
width of 20 mm, cut out in such a way so that the midrib of the leaf was located
at the symmetry axis of the dumb-bell. Specimen thickness was measured in 10
places using a micrometric screw with 0.01 mm increments. The prepared speci-
men was placed in the clamps of the testing machine and stretched, with a force
increase rate of 0.13 N's™!. The moment of measurement initiation was preceded
by a stage during which pulverised graphite markers were placed on the specimen
using a special brush. The image of the stretched specimen was transferred via
a dedicated camera to a computer analysing the changes in the relative spacing of
the markers throughout the stretching test (Gladyszewska 2007, Gladyszewska et
al. 2011). Each measurement series included 30 repetitions. The value of Young’s
modulus for each specimen was determined based on the tangent of the angle of
inclination for the line corresponding to a single relationship:

2 = f(0) (M

where: , ¢,— deformation of the specimen in the direction of the force F, o — tension
(MPa), 5 = % , F— stretching force acting on the specimen (N), S — area of the

specimen’s cross-section (mm?).
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The total value of the linear elasticity modulus £ was the averaged value of all
individual measurements.

Statistical analyses of the results obtained from the tests were conducted with the
use of StatSoft Inc. STATISTICA ver. 13.1 software. In isolated cases of inconsisten-
cy in the measurable variables with the assumptions necessary for the applicability
of parametric statistical tests, the analysis of the obtained results was performed
based on non-parametric tests. The analysis of the discrepancies in Young’s modulus
values E between the respective groups (C, L1, L5, L10, L30) entailed the use of the
Kruskal-Wallis ANOVA rank test and median test, followed by multiple compari-
sons of mean ranks from all tests at the level of significance of o = 0.05.

Furthermore, a statistical analysis was performed for the mean values of pho-
tosynthetic pigment content using an ANOVA analysis, LSD test for the respective
study groups.

RESULTS AND DISCUSSION

Figure 2. presents Young’s modulus median values of E for scorzonera leaves
relative to the time of pre-sowing seed exposure to He-Ne laser light. The statistical
analysis revealed significant differences between the values of Young’s modulus in
the leaves of plants grown from non-stimulated seeds (C) and the leaves of plants
grown from seeds stimulated with light prior to sowing. The lowest £ value of
2.89 MPa was recorded for the control group (C). The leaves of plants grown from
stimulated seeds were characterized by a higher mechanical strength, as expres-
sed by the higher values of £ when compared to the control. The highest value of
Young’s modulus was observed for the leaves of plants grown from seeds exposed
to laser light for a period of 10 minutes (L10). This measurement was nearly four
times higher that the value observed in the control (Tab. 1, Fig. 2).

Table 1. Statistically significant differences between the homogeneous groups of Young’s modulus
and its dependence on seed exposure time to He-Ne laser light

Investigated Seed exposure time to He-Ne laser light
feature C L1 L5 L10 L30
Young’s modulus
E (MPa) d c c a b

L1, L5, L10, L30 — He-Ne laser light stimulation of scorzonera seeds with the exposure time of,
respectively: 1 minute, 5 minutes, 10 minutes, 30 minutes, C — control; Different letters mean statisti-
cally significant differences between the homogeneous groups of Young’s modulus at p < 0.05

In the case of scorzonera, the mechanical strength of the leaves determines their
vulnerability to damage due to intensive rainfall and wind. This type of damage
affects the base region of the leaf and results in the leaf cracking in the location
of the vascular bundle (Chwil ef al. 2015). This results in the death of the leaf and
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a reduction in the assimilative area of the plant, and consequently a reduced yield
from the leaves and roots. An improvement in the mechanical strength of the leaves
translates into better resistance to physical damage caused by both difficult envi-
ronmental conditions and the later processing and handling of plant material.

Fig. 2. Median of Young’s modulus for the analysed scorzonera leaves. E (MPa) — Young’s modulus;
L1, L5, L10, L30 — He-Ne laser light stimulation of scorzonera seeds with exposure times of, respec-
tively: 1 minute, 5 minutes, 10 minutes, 30 minutes, C — control

In the available literature, there are no studies concerning the effect of the pre-so-
wing treatment of seeds with laser light on the strength properties of leaves. Studies
indicate that the values of Young’s modulus for leaves depends primarily on the
plant species, cultivar and growth phase. Angeles ef al. (2013) determined the value
of E for the leaves of 4 plant species used in the preparation of tamale, a traditional
Mexican dish. In the case of Calathea misantlensis and Canna indica the values of
E were within the range of approx. 16-18 MPa and 13-19 MPa, respectively, for the
parallel and perpendicular direction of forces affecting the leaf. Young’s modulus
values for the cooking banana (Musa paradisiaca) leaves subjected to stretching
forces in the direction of the midrib was approx. 213 MPa, while in the direction per-
pendicular to the same it was over 13 times lower. The lowest value of modulus £,
regardless of the direction of the stress forces, was observed for Oreopanax capita-
tus and it was within the range of 4.7-4.9 MPa (Angeles et al. 2013). Kohyama et al.
(2008) determined the value of the modulus £ for the leaves of 6 cabbage cultivars
and obtained values within the ranges of approx. 2.6-3.25 MPa and approx. 1.5-
2.6 MPa, respectively, for the parallel and perpendicular direction of forces acting
on the leaf. Newman et a/. (2005) measured Young’s modulus values for lettuce and
obtained results of approx. 8 MPa for adult leaves and 2.4 MPa for young seedlings.

Anten et al. (2010) observed in their research that subjecting the leaves of
broadleaf plants (Plantago major) to mechanical stress (brushing) and wind did not
significantly affect the value of Young’s modulus as compared to non-stimulated
leaves. In the case of spinach leaves, the linear elasticity modulus values were
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approx. 2.3 MPa, and for leaves subjected to blanching for differing periods of time,
the value of £ was within the range from approx. 1.7 MPa (10 s) to 3.3 MPa (40 s)
(Watanabe et al. 2017).

Figures 3-5 present values corresponding to the chlorophyll a, b, and a+b
content in scorzonera leaves relative to the time of exposure to He-Ne laser light
stimulation. It was observed that exposing seeds to laser light for 1, 5 and 30 mi-
nutes had a significant impact in terms of increasing the content of chlorophyll a, b,
and a+b in the leaves as compared to the non-stimulated control. The best results
were recorded for an exposure time of 1 minute, where the observed increase in
chlorophyll a, b, a+b content was, respectively, 18.3, 17.9, and 18.2%. Increasing
the exposure time to 10 minutes did not improve the content of said pigments.
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Fig. 3. Impact of seed exposure time to He-Ne laser light on the content of chlorophyll a in scorzonera
leaves. L1, L5, L10, L30 — He-Ne laser light stimulation of scorzonera seeds with an exposure time of,
respectively: 1 minute, 5 minutes, 10 minutes, 30 minutes, C — control; Means with different letters
are significantly different at p < 0.05
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Fig. 4. Impact of seed exposure time to He-Ne laser light on the content of chlorophyll b in scorzonera
leaves. Explanations as under the Fig. 3.
It was noted that stimulating the seeds with laser light for 1, 5, and 30 minutes
had a significant impact on the content of carotenoids in the resulting scorzonera
leaves. The highest increase in this respect was observed in the leaves of plants



74 A. CIUPAK et al.

grown from seeds stimulated for 1 minute and was 20.5% compared to the control.
Leaves of plants grown from seeds stimulated for 10 minutes contained lower le-
vels of carotenoids than those in the control (Fig. 6).
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Fig. 5. Impact of seed exposure time to He-Ne laser light on the content of chlorophyll a+b in scor-
zonera leaves. Explanations as under the Fig. 3.
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Fig. 6. Impact of seed exposure time to He-Ne laser light on the content of carotenoids in scorzonera
leaves. Explanations as under the Fig. 3.

Studies conducted to date by various researchers have revealed that the pre-
-sowing stimulation of seeds with laser light tends to increase the content of
photosynthetic pigments in leaves in the initial phase of plant growth. Asghar et
al. (2016) reported a significant increase in chlorophyll a, b and total chlorophyll
content in young seedlings of soya grown from seeds exposed to He-Ne laser light
at a wavelength of 632.8 nm, surface power density of 1 mW m™ and exposure
time of 3 and 5 min. Perveen et al. (2011) demonstrated the significant impact of
the pre-sowing exposure of sunflower (Helianthus annus L.) seeds to He-Ne laser
light on the increase in chlorophyll ¢ and b content in young plants (30-day plants).
In a study by Muthusamy et al. (2012), the exposure of aubergine (Solanum me-
longena L.) seeds to He-Ne laser light at 25 J cm 2 caused a significant increase in
the content of chlorophyll a, total chlorophyll, and carotenoids in 30-day seedlings.



IMPACT OF SEED LIGHT STIMULATION ON THE MECHANICAL ... 75

Similar results were reported by Dziwulska-Hunek et al. (2016) in a study concer-
ning the impact of laser light stimulation of seeds on the content of photosynthetic
pigments in 8- and 30-day-old leaves of scorzonera of the ‘Duplex’ cultivar.

The available literature lacks any reference to studies concerned with the im-
pact of light stimulation of seeds on chlorophyll and carotenoids content in the
more advanced stages of plant growth and development, i.e. the stage at which
plants are typically processed for consumption. The experiment described herein
revealed the significant impact of this method of seed stimulation on the content
of pigments in scorzonera leaves at the phase of edibility. The leaves obtained
from non-stimulated seeds contained, on average, 694 pg g — of chlorophyll a,
207 ugg ' — of chlorophyll b, and 112 pg g’ — of carotenoids. The values are
comparable to the content of the same pigments in parsley and common spinach —
respectively 630, 230, and 139 pg g ' and 690, 219, and 159 pg g ' (Wieczorek and
Wieczorek 2016), i.e. the species could be counted among the most common leaf
vegetables. In the study described, the pre-sowing light exposure of seeds caused
an increase in the total chlorophyll content of scorzonera leaves in the range of 9.7-
18.2%, while the content of carotenoids increased from 10.7 to 20.5% depending
on the exposure time. Since the two substances are photosynthetic pigments, it may
be assumed that the increase in their concentration may influence the intensity of
photosynthesis and consequently allow for better yields. In the future, it will pro-
bably be necessary to carry out studies to verify this dependence.

Carotenoids and chlorophylls are natural antioxidants found in fruit and vege-
tables. They serve an important role in reducing oxidative damage to the human
body resulting from the activity of reactive forms of oxygen (Liu 2013, Alvarez-
Parilla et al. 2010). Based on the results of the aforementioned study, it may be
concluded that the exposure of seeds to laser light increased the concentration of
those pigments in the leaves of scorzonera, and consequently improved the antioxi-
dative potential and health benefits of the plant.

CONCLUSIONS

The pre-sowing stimulation of seeds using He-Ne laser light led to an increase in
the chlorophylls and carotenoids content of scorzonera leaves and an improvement of
their mechanical strength. A significant increase in the content of photosynthetic pig-
ments was observed in the leaves of plants grown from seeds stimulated for 1, 5, and
30 minutes. The stimulation of seeds for a period of 10 minutes had the best effect on
the value of Young’s modulus but that time of seed exposure caused a decrease in the
photosynthetic pigments content of the leaves. The same time of seed exposure to laser
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light has an opposite effect on these two features. It is necessary to conduct a broader
study to verify the results obtained. It will be interesting to determine whether the qua-
litative parameters studied correlate with the leaf and root crops of scorzonera.
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