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Abstract
Background: To determine the level of plant stress of second-generation biofuel crop Miscanthus x
giganteus ( Mxg ) grown in poor quality post-military soils using physiological parameters; to identify
impact of plant growth regulators (PGRs) on the stress reduction and to select the �uorescence indicators
most suitable for quanti�cation of stress. Plant �tness was quanti�ed with non-invasive measurement of
leaf �uorescence using 16 different indexes. Simultaneously visible stress signs were observed on stems
and leaves and differences were revealed by microscopy of leaf sections.

Results: Leaf �uorescence analysis, visual observation and changes of leaf anatomy revealed signi�cant
stress in all tested subjects . Besides commonly used F v /F m and P.I. (performance index), the
�uorescence parameter T fm (time to achieve maximum �uorescence) seems to be rather sensitive and
applicable for revealing �ner differences. However, none of investigated parameters proved signi�cant
positive effect of PGRs on stress reduction.

Conclusions: Measuring F v /F m , P.I., and T fm is a suitable method for revealing stress affecting Mxg in
poor post-military soils. Since PGRs application did not reduce the stress level, direct application of soil
amendments should be considered for stress reduction and improving the biomass quality.

Background
Plant biomass is a renewable source of energy and feedstock for bio products which ensures achieving
of given sustainability goals [1]. However, its competition with food crops on the high quality agricultural
land is against these objectives. Thus, different types of marginal lands are under consideration for
biomass production with proper selection of suitable crops. According to Gerwin et al., 46 % of area in
Europe were identi�ed as marginal for different reasons (low fertility, texture, pH, salinity, wetting or
contamination) and 22.6 % of these sites were determined to be suitable for biomass production [2].

Second generation biofuel crop Miscanthus x giganteus (Mxg),, a triploid hybrid (2n  =  3x  =  57) derived
from two parental species Miscanthus sinensis and Miscanthus sacchari�orus [3], is a perspective plant
for biomass production at the marginal lands [4, 5, 6]. Its closest relatives are other important crops like
sorghum, sugarcane or worldwide produced crop, maize. Production of these crops is highly affected by
climate [7]. In current, rapidly changing weather condition, Mxg showed 59% increase of yield compared
to maize in �eld trials [8]. Also, compared to other C4 cold tolerant biomass crops like switchgrass, Mxg is
more than twice as productive [9].

Different miscanthus species vary in cold tolerance. According to physiological measurements (Fv/Fm),
Mxg displays the highest vitality among other miscanthus species [10]. This perennial grass proved to be
very adaptable to different climate zones, its e�cient C4 metabolism contributes to high yields of
biomass within single vegetation season. Production is stable for more than 20 years, except for the �rst
and second years after planting [11]. Due to the high content of lignin and cellulose [12], it can also serve
as feedstock for bio products. The hybrid is sterile and does not represent any danger of invasion being
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reproduced through vegetative rhizomes only. Growing Mxg can be bene�cial in different ways
simultaneously: it can serve as fast growing source of biomass, it is able to improve soil quality and to
prevent soil erosion, to retain moisture and it is tolerant to different types of contaminants [13, 14].

In our previous study [15], the effect of two plant growth regulators (PGRs) on Mxg biomass parameters
was tested. Unusually high uptake of biogenic metals Mn and Zn was determined in Mxg above-parts if
grown in poor post-military soil with low metals concentrations. It was assumed that this fact was
connected with stress caused by poor soil characteristics and insu�cient nutrients supply.

Many types of stress can directly or indirectly in�uence the level of plant �tness. As a result, main
metabolic functions can be altered or suppressed and even green vigorously growing plants can undergo
severe stress [16] and the most important process, photosynthesis, can be in�uenced.

The common approaches for investigation of plant �tness level include analyses of secondary
metabolites [17], measuring level of plant hormones [18] and extraction of leaf pigments [19]. While using
these methods, certain amount of plant tissue has to be destructed and analysed. Furthermore, these
methods are time-consuming, costly and may create an additional stress while harming the plant. As an
alternative, non-destructive measurement of leaf �uorescence can give broader picture about different
stages of photosynthesis process throughout vegetation season [20]. This approach is fast, less
laborious and minimizes additional stress to the plant.

It is known [21], that yield of leaf �uorescence can give a valuable information about e�ciency of primary
photochemistry and plant �tness. Different plant physiology indexes are applied for identi�cation and
quanti�cation of plant stress. These “vitality indexes” usually focus on processes within primary
photochemistry, however, they can result in slightly different cipher. There is a little data about the most
appropriate type of measurement for identi�cation of stress in plants while growing in the nutritionally
poor soils, so it is not clear, which of these numerous indexes is the most appropriate.

The use of microscopy for measurement of leaf sections, thickness of leaves and stomatal density can
give broader idea about understanding the tissue structure [22]. Quanti�cation of certain speci�c
structures, like sclerenchyma cells, can also reveal substantial changes between plants. Sclerenchyma
cells have very thick secondary walls, usually ligni�ed or incrusted by silicon oxides. In
monocotyledonous plants, they are aggregated in clusters forming “caps” around vascular bundles.
These cells provide mechanical support, and due to the thick walls, they do not possess living content
therefore they are not capable of mitotic division [23], therefore, their number is �nal. However, there are
only a few data when microscopy research was used for studying of miscanthus leaves [24]. In that
study, only differences of leaves structure of miscanthus varieties in response to cold, were measured
and authors did not elaborate any stress factor related to the soil in which the plant grew.

In the current study, the complex approach was applied which united non-destructive method of
measurement of leaf �uorescence with supplementary microscopic measuring at harvest. The evaluation
of the common plant physiology values/indexes Fv/Fm and Performance index were combined with less
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used indicators: ET0/RC, TR0/RC, Vj and M0, F0, Fm, Fv, ABS/CS, Tfm, TR0/CS, ET0/CS, DI0/CS, RC/CS0,
RC/CRm which can help to detect minor changes in primary phase of photosynthesis. That combination
permitted to study the effect more deeply and to evaluate impact of soil properties and treatment of crop
by PGRs on the physiology parameters during plant growth in nutritionally poor post-military marginal
soils.

Methods

Soils
Soils for the experiment were taken from two points at the former military airport Hradcany, marked as
Hradcany 1 (H1), 50°37’31’‘N, 14°43’23’‘E and Hradcany 2 (H2), 50°37’26’‘N, 14°44’49’‘E. More detailed
explanation of site location and sampling procedure was done previously [15]. Generally, soil samples
were taken from upper 30 cm and homogenized according to the standard procedure [25].

Both soils were regosols, sandy types of soil with low water retention capacity and prone to acidi�cation.
According to online BPEJ (estimated pedologic-ecological unit) catalogue [26] production potential of this
area is very low (code 5.21.10). Agrochemical parameters of soils were examined in accordance with
methodology compatible with ISO or CEN standards (Table 1). Data con�rmed low fertility and slight
acidity of both tested soils. Slightly higher concentration of available nutrients was detected for H2 but
H1 had higher content of organic matter.

The low quality of soil was re�ected also in the state of soil microorganisms which play important role in
soil functions and plant growth. The soil microbial communities were characterized using phospholipid
fatty acids (PLFA), method compliant with ISO/TS 29843–2 [27] used in our recent studies [28, 29, 30].
Microbial activity was assessed via basal soil respiration as described previously [31]. The value of
PLFAtot, representing total living microbial biomass was very low, comparable with recent spoil heaps
after brown coal mining [32]. The other PLFA parameters also indicated the in�uence of stress conditions:
low ratios fungi/bacteria (F/B PFLA) and grampositive bacteria/gramnegative bacteria (G+/G- PLFA) [33].
All tested parameters were more favourable in H1 suggesting that content of organic matter was more
limiting factor than N, P, K accessibility for microorganisms.

One plant was grown in compost (marked as C soil) as representative of good quality standard soil
(Table 1). This plant was used in microscopy experiments.

Experiment design
The experiment design was the same as described earlier [15]. Two rhizomes of Mxg "Rankova
Zorya”(three years old), produced by the Institute of Bioenergy Crops and Sugar Beet, Ukraine, with
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average weight 20±2g, were planted in pots with 1 kg of sand, 1 kg of ceramzite drainage and 10 kg of
soil. The depth was about 10 cm.

Two PGRs, Stimpo and Regoplant were provided by Agrobiotech, Ukraine
(http://www.agrobiotech.com.ua/). PGR treatment was performed in two or three replicates. These PGRs
previously positively affected production of several �rst generation energy crops [34], were applied to
miscanthus rhizomes before planting and during vegetation. Those substances include essential
micronutrients, phytohormones and natural extracts that promote growth of bacteria in the soil. Detailed
characteristics of selected PGRs are shown in Table 2.

Part of the rhizomes was treated before planting by pre-soaking in 10 L of PGR solution of different
concentrations for 12 hours (Table 3). The control rhizomes were soaked in distilled water for the same
time. The pre-soaking concentrations were 10 mL/10 L; 25 mL/10 L; 50 mL/10 L for treatment by Stimpo
and 250 mL/10 L for Regoplant.

Above part biomass of selected plants was additionally sprayed with PGR solution in given concentration
during vegetation. First spraying was performed when 3 - 4 leaves appeared, the second spraying was
performed at full vegetation. Mxg was grown one vegetation season in real conditions and irrigated by
tap water while necessary (2—3 times per week).

Physiological parameters

Measurement of chlorophyll a �uorescence was performed throughout vegetation season (in the same
time of the day) using portable �uorimeter Handy PEA (Hansatech Instruments, UK). After 15 minutes of
dark adaptation, 650 nm saturation pulse with intensity of 3500 µmol/m2/s was emitted by 3 LED
diodes. Three youngest fully developed leaves were measured for each plant.

Fluorescence parameters: F0, minimal �uorescence intensity, initial �uorescence after application of
actinic light when all reaction centers of PSII are open, were measured. Fm, maximal level of �uorescence
measured when all PSII reaction centers are closed. In addition, values in between these stages, Fj equal
to �uorescence at 2ms, Fi corresponding to �uorescence at 30 ms and Fk describing �uorescence after
300 µs were analysed.

Based on these values, other physiological parameters were calculated: Vj, �uorescence intensity at 2 ms.
M0, approximated initial slope of the �uorescence transient, Fv/Fm ratio, maximum quantum yield of
primary photochemistry, ET0 (electron transported), DI0 (energy dissipated) and TR0 (energy trapped) per
reaction centre (RC) or cross section (CS). The absorption per cross section (ABS/CS) and density of
reaction centers per excited cross section at time t = 0 (RC/CS0) or t = m (RC/CSm) were evaluated as
well. The detailed description of indexes is done at Abbreviations and formulas.

Microscopy

http://www.agrobiotech.com.ua/
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Microscopy analysis was performed at the end of vegetation season for avoiding additional plant stress.
Second fully developed leaf from one plant grown in soil H1 and one from soil H2 was extracted 5 cm
from leaf tip and compared with same material harvested from plant grown in soil C. 3 x 4 mm blocks of
leaves were frozen and sliced using Leica CM 1100 freezing microtome to 12µm thick slices, mounted in
water and observed under inverted �uorescence microscope NIB–100F, Novel. Auto�uorescence was
recorded at excitation of 400–410 nm with barrier �lter 455 nm using camera Eurekam 3.0 PLUS, BEL.
Images were processed for brightness and contrast only using Image J software. Measurements of
anatomical traits were performed using Scopelmage 9.0.

Number of stomata per square cm was counted on bottom side of leaf (3 measurements per each leaf).
Bundle size was measured using “radius” tool in Scopelmage software, measuring three biggest vascular
bundles. Sclerenchyma cells above and under these largest bundles were counted. Only cells with less
than 50% of inner content were counted as “stone cells”. Leaf thickness and small bundle distance were
measured multiple times (40 times per each leaf).

Statistical analysis
The �uorescence data were processed using Microsoft Excel and Statistica for basic analysis. The
differences among varieties and treatments were analysed by the Student t-test at α = 0.05 signi�cance
level. Further statistical analysis was carried out using R Software Version 3.4.1–”Single Candle” [35].
There were 12 or less data points for each group available, so can not be assumed. That is why non-
parametrical Kruskal-Wallis test was carried out [36], For the 95% signi�cant results of Kruskal-Wallis test,
a post-hoc test - pairwise comparisons using Wilcoxon rank sum test [37] were conducted. The
adjustment method for multiple comparison after Benjamini-Hochberg was used [38]. The plots were
prepared using “ggplot2”, “tidyverse” and “extrafont” packages [39].

Results

Soil type effect
Fv/Fm ratio and performance index (P. I.) were used for basic characteristics of non-treated plants. Results
presented at Fig. 1a illustrate that plants growing in H2 soil were a little more successful in performing
primary phase of photosynthesis (mainly photosystem II) expressed by Fv/Fm ratio. For P. I. which
describes functionality of both photosystem I and photosystem II, difference in groups was not so
obvious (Fig. 1 b). Nevertheless both groups display much lower Fv/Fm than expected in healthy plants
with value 0.85 [40].

Despite the fact that Fv/Fm ratio in all individuals implies severe stress in both groups, plants look green
and vigorous (Fig. 2). However, plants in H1 and H2 soil are light green with purple veins and lower leaves
compared to same-aged individuals in C soil (Fig. 2 a). Plants in high-nutritional soil also lacked dry ends
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and dry spots on leaves, looked more “dark green” and produced more/stronger stems compared to H1
and H2 plants.

PGRs treatments effect
Boxplot of Fv/Fm and P. I. values of Stimpo and Regoplant treated plants are illustrated in Fig. 3. The
slight difference could be seen in �tness among plants treated by Stimpo. In comparison to control, some
groups showed increase of Fv/Fm (such as H1_S25x25, H1_S25x50), another (H2_S10x0, H2_S25x0)
showed decrease of that value. However, none of these differences was statistically signi�cant at 95%
level of signi�cance (Table 4).

For evaluation of Regoplant treatment effect, pairwise comparisons using Wilcoxon rank sum test was
provided, and only treatment H2_R250x250 (highest concentration of Regoplant, 250 mL/10 L) gave
statistically different result in comparison to untreated control plant in both parameters. For Fv/Fm,
H2_R250x250 showed statistical signi�cance not only to control H2, but this index was also signi�cantly
lower than control plants grown in H1 soil.

Since different concentrations of PGRs (except from group H2_R250x250) did not show signi�cant
impact to the stress factors, further evaluation was focused on type of PGR application. Mean values for
16 physiological parameters were calculated for non-treated plants and plants treated by Stimpo and
Regoplant. Different ways of PGRs application, soaking (So) and soaking combined with spraying (Sp)
were compared (Fig 4). The worst physiological states were found for plants treated by spraying of above
biomass by high concentration of Regoplant, the effect was mainly determined in plants grown in H2.
Treatment by Stimpo in high concentrations did not have such dramatic effect neither on plant
physiology, either on biomass production [15]. It was comparable to non-treated variants.

Besides Fv/Fm and P. I. value, which showed partial differences between variants, another measured
parameter - Tfm showed differences in individual groups. Increase of Tfm was observed after application
of Regoplant in both soil types, the same picture was observed for treatment by Stimpo in H2 variants. On
contrary, Stimpo, even in the highest concentrations, did not affect Tfm for H1. That trend in value of Tfm

for Stimpo sprayed plants suggests that this parameter is highly sensitive and may be considered for
detailed analyses.

The similar results were observed for other measured parameters: TR0/CS, RC/CS or ET0/ CS, where
application of Regoplant in all variants decreased trapping time, electron transport and number of
reaction centres per cross section of the leaf. On the other hand, additional spraying with Stimpo
increased these parameters independently on soil type and revealed some stimulatory effect of this PGR.

Effect on morphology
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The auto�uorescence of leaf surface and transversal leaf sections con�rmed severe changes in
morphology in plants grown in the different soil types. The comparison of H2 plants with H1 plants and C
plant (grown in nutritionally rich compost) was presented in Fig. 2. Leaves of C plants were green (Fig. 2
a), vigorous, had well organized stomata in one row, as seen from bottom of the leaf (Fig. 5 e) and, were
rich in sclerenchyma cells as seen on transversal section (Fig. 6). Considering, that C plant was incubated
under the same conditions as H1 and H2 plants and the only difference was much better nutrition, that
plant can be handled as “standard phenotype”.

Closest phenotype to “standard” could be observed in plants grown in H2 soil, where leaves were green
with light purple edges (Fig. 2 c), they lack some sclerenchyma, compared to C, but resemble
developmental stage of standard plant (Fig. 5 c, d, Fig. 6). Its stomata were organized in two rows or one
and two rows (Fig. 5 g, h). In H1 plants, alterations of xylem could be seen (Fig. 5 b, red arrow), according
to shape and number of bundles, and seems to be underdeveloped. Size and number of motor cells was
much lower than in C plants and plants cultivated in soil H2. Overall colour of the leaf was faint with dark
purple edges (Fig. 2 b) which is typical for undernourished leaves.

The measurement of anatomical traits (Fig. 6) showed changes in certain plants. It could be concluded
that stomatal density and leaf thickness increased in plants grown in soil type H2, on the other hand size
of sclerenchyma regions above and under big bundles in H2 and H1 plants decreased along with
distance between small vascular bundles. Main vein size remained almost unchanged.

Discussion

Physiological status and changes in leaf
�uorescence
The differences in physiological and morphological parameters observed among plants grown in H1 and
H2 soil can be explained by different soil properties. According to Strašil et al., the appropriate soil pH for
growing miscanthus is 5.5–6.5 [41]. This is optimal for most plants because slightly acidic soil pH
ensures good availability of most micronutrients. In our case, both types of soil were in optimal pH range,
therefore changes in �tness had to be caused by another reason. Andrejić et al. observed decrease of
Fv/Fm after one month of exposure to zinc contaminated soil [42]. In that research miscanthus did not
display such a low value of maximum quantum yield of PSII photochemistry as in our study, contrary,
plants showed chlorotic spots and dry margins on their leaves, Rapid drop of Fv/Fm was observed after
exposure to physical stress rather than chemical. In experiment of Jiao et al. [10], various genotypes of
Mxg were grown at different temperatures (24, 16, 10, 6°C). Subjects exposed to lower temperatures
displayed much lower Fv/Fm. Similar results were obtained by Ings et al. [43] during measurement of
Fv/Fm and P. I. value in drought stressed Mxg plants. After four weeks both parameters dropped rapidly. In
experiment of Bilska-Kos et al. with Mxg after three days cold treatment no signi�cant differences were
found in Fv/Fm values [24].



Page 9/23

In the current study 16 physiological parameters were evaluated in order to detect the possible positive
effect of PGRs for stress reduction in the system. As it is seen in Fig. 3, some parameters remained
almost unchanged in treated and non-treated plants (TR0/RC), some parameters changed within one type
of treatment: for Tfm parameter changes between concentrations of applied PGR can be found, implying
that this parameter can be used as highly sensitive marker to minor changes in plant photochemistry.
However, all available instruments did not provide this type of measurement. Therefore the common
Fv/Fm parameter [16, 20] was included in this study.

Some authors consider Fv/Fm ratio as parameter with low sensitivity [45]. However, in our case Fv/Fm

displayed bigger changes than widely used performance index (P. I.). This may be explained by the fact
that main changes occur within PSII, however, it is necessary to stress that high variability of measured
data was received. Because Fv/Fm and other �uorescence-based parameters are not stress-speci�c, the
investigation of plant leaf structure by independent, but invasive, method was performed.

Changes in leaf anatomy
The various changes in leaf anatomy were observed starting with increased number of stomata in H1
and H2 plants. As known [46], increase in stomatal density is often connected to in�uence of drought and
environmental factors. In our case, low water retention rate of H1 and H2 soil, might cause some
anatomical changes rather than impact of differences in soil nutritional qualities.

The other typical feature for H1 and H2 plants was lower amount of sclerenchyma cells in comparison
with C plant. Moreover, H1 plants differ in sclerenchymatic tissues from H2 plants. It was proved, that
lack of potassium in rice can lead to decreased amount of sclerenchyma [47]. That peculiarities were
observed in the current study, when H1 soil with lower concentration of available potassium showed
lower rate of sclerenchyma cells. Signi�cant role of potassium for synthesis of stability tissues (like
sclerenchyma) was observed for other crops as wheat [48] and oilseed rape [49].

H2 soil was generally more nutritious in some inorganic elements and H1 soil contained more organic
particles.

In that case, beside lower concentration of nutrients, visible signs of undernourishment like purple leaves,
signs of stress (low Fv/Fm, P. I.) were not only caused by low concentration of nutrients, but could be
ampli�ed by low retention of the soil that caused problematic accessibility of nutrients to plants.

The anatomical changes were reported after exposure to abiotic stress as well. Pitman et al. observed
increase in sclerenchyma cells in kleingrass subjected to water stress [50]. Some other changes in
anatomical traits were observed in plants being exposed to stress. Bilska-Kos et al. applied cold treatment
to young Mxg plants and after three days [24], leaf thickness as well as bundle sheath area increased.
Bundle sheath distance varied between experimental variants. Similarly to our plants, Makbul et al.
observed decrease in amount of sclerenchyma in soybean stems in drought stressed plants [51].
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Effect of PGRs
Overall, the satisfactory stimulatory effect of PGRs was not evident in our system. The partial increase of
certain parameters was observed with treatment by Stimpo while plant grew in both types of soils H1 and
H2, but generally in�uence on �tness was rather negative and mainly evident for high concentration of
applied Regoplant. The reason for this effect was not clear and requires additional research, nevertheless
all of studied plants (treated and also non-treated) displayed certain dose of stress (Fv/Fm below 0.85).
Results from our previous study on biomass [15] implies that their growth is retarded. This could be
caused by various environmental factors or experiment itself (incubation in pots).

Both PGRs contain various compounds and extracts which were expected to stimulate plant growth. As
reported by Ponomarenko et al. (2010), when energy crops grew in nutritionally rich soil, these PGRs
stimulated nutrient uptake, plants grew well and used strong photosynthetic apparatus for production of
large amount of biomass [34]. However, as it was observed in the current study when Mxg grew in
nutritionally poor soil, stimulation by PGRs did not result in better growth like due to lack of available
nutrients. The situation was worsened by Regoplant, which contains synthetic analogue of plant auxin (1-
NAA) and as a result, the stimulatory effect of this hormone for growth could not be ful�lled (because of
lack of nutrients) and depleted plant even more. The results clearly showed that for improving Mxg
biomass parameters during plant growth in poor soil, other agronomic technique can be proposed,
including incorporation of soil amendments [52], which positively in�uenced biomass parameters of Mxg
when the crop was grown at post-mining soil.

Conclusions
Application of two PGRs Stimpo and Regoplant was tested for reduction of stress level of energy crop
Mxg when the plant grew in nutritionally poor post-military soil. It was veri�ed that measurement of plant
leaf �uorescence can serve as powerful tool to detect plant stress in vivo. It was shown that
determination of common parameters Fv/Fm and P. I. was a suitable method for identi�cation of major
stress affecting Mxg in the research system. Finer changes in plant �tness were usually hidden from
these two parameters, however the minor alterations can be revealed using other indexes. Tfm parameter
was proposed as highly sensitive marker for detection of the minor changes in plant photochemistry.

The substantial changes in leaf morphology, i.e.: increased number of stomata and lower amount of
sclerenchyma cells in plants grown in poor soils were found. Since it was established that application of
PGRs Stimpo and Regoplant did not reduce the stress level of Mxg, the direct improvement of soil by soil
amendments has to be considered for stress reduction.
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Abbreviations, Formulas (Adapted From Hansatech Instruments
2006)
Fo- zero �uorescence, �uorescence level when plastoquinone electron acceptor pool (Qa) is fully oxidised;
these acceptors are available to receive light energy due to dark adaptation.

Fm - maximum �uorescence, �uorescence level when all electron acceptors are fully reduced, no longer
available for photochemistry

Fv - variable �uorescence (Fm-Fo)

CS - cross section of the leaf tissue

RC - reaction centre

Fj - �uorescence intensity at 2 ms

Fi - �uorescence intensity at 30 ms

Fk - �uorescence intensity at 300 µs
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Parameters
Fv/Fm - maximum quantum e�ciency of Photosystem II; maximum quantum yield of primary
photochemistry; Fv/Fm - TR0/ABS = (Fm-Fo)/Fm; typical value for non-stressed plant is 0,85 [40], can be
decreased by biotic or abiotic stress

Tfm - time to achieve maximum �uorescence; shorter Tfm can indicate stress of the plant

M0 - slope at the origin of the �uorescence rise; M0 = (Fk - Fo) / (Fm - Fo)

Vj - relative variable �uorescence at 2 ms; Vj = (Fj /Fo) / (Fm -Fo)

ABS/RC - absorption per RC; ABS/RC = (M0/ Vj) / ((1- Fo / Fm)))

TR0/RC - trapping at time zero per RC TR0/RC = M0/ Vj

DI0/RC - dissipation at time zero, per RC; DI0/RC = (ABS/RC) - (TR0/ABS)

ET0/RC - electron transport at time zero per RC; ET0/RC = (M0/ Vj) (1- Vj)

ABS/CS - absorption per CS; ABS/CS = (TR0/ABS) / (ABS/CS)

TR0/CS - trapping at time zero per CS; TR0/CS = (TR0/ABS) (ABS/CS)

DI0/CS - dissipation at time zero per CS; DI0/CS = (ABS/CS) - (TR0/CS)

ETo/CS - electron transport at time zero per CS; ET0/CS = (M0/ Vj) (1- Vj)

P. I.- performance index, vitality index; PI ABS = ((1-( Fo / Fm))/()/( M0/ Vj))*(()*(( Fm - Fo)// Fo)*((*((1- Vj)//
Vj)

RC/CSm - density of reaction centers per CS at Fm

RC/CS0 - density of reaction centers per CS at Fo
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Figure 1

Fv/Fm and b P.I. for non-treated plants in different types of soil (H1, H2).
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Figure 2

Mxg leaves used for microscopy- : a) C soil, b) H1 soil, c) H2 soil and d) H2_R250x250.
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Figure 3

Comparison of Fv/Fm and b P.I. for plants with different treatment; results signi�cantly different from
untreated control for the same soil are marked * P<0.05 and ** P<0.01).
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Figure 4

Physiological parameters of Mxg for two types of soil H1 and H2 and different type of PGRs application
(non-treated plants are marked H1 and H2).
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Figure 5

Mxg leaves used for microscopy; C soil (a, e), H1 soil (b, f), H2 soil (c, g) and H2-R250x250 (d, h); leaves
used for microscopy using auto�uorescence (a, b, c, d), stomata on the bottom side of the leaf,
auto�uorescence (e, f, g. h); X - xylem, P - phloem, M - motor cell, S - sclerenchyma cell, H - hook, BS -
bundle sheath cell, red arrow points altered bundle sheath.
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Figure 6

Morphology traits of plant grown in different soils (NS = number of stomata, LT = leaf thickness (µm),
MBR = main bundle radius (µm), SCU = sclerenchyma cells – up, SCB = sclerenchyma cells – bottom, BD
= bundles distance (µm)).
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