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perenne L.) seedlings in response
to Ni and Cd stress
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Perennial ryegrass is a grass species used to establish lawns in urban areas where pollution is a major
environmental problems. Cadmium (Cd) and nickel (Ni) contribute significantly to these pollutants and
may cause photosynthetic limitation. The main objective of this work was to perform a comprehensive
analysis of photosynthetic efficiency of perennial ryegrass seedlings under Cd and Ni stress. Some of
the main indices of photosynthetic efficiency (prompt and delayed chlorophyll-a fluorescence signals
and modulated reflectance at 820 nm) were compared with growth parameters. Two cultivars were
tested: ‘Niga’ and ‘Nira’. A decrease in photosystem (PS) Il and PSI activity was observed. This was
due to anincrease in nonradiative dissipation of the PSIl antenna, a decrease in PSll antenna size, or a
decrease in the number of photosynthetic complexes with fully closed PSII RCs. Efficiency of electron
transport was decreased. The effect on the modulated reflectance signal could indicate a restriction

in electron flow from PSII to PSI. The correlation between photosynthetic efficiency parameters,

such as Area, Fo, Fm, and Fv, and growth parameters, confirmed that some photosynthetic efficiency
parameters can be used as indicators for early detection of heavy metal effects.

Abbreviations

ChFl Chlorophyll a fluorescence

PSITand PSI  Photosystem I and II

ABS Energy fluxes of absorption of light energy
TR Trapping of excitation energy

ET Electron transport (ET)

RC Reaction center

CS Measured area of the samples

PF Prompt fluorescence

DF Delayed fluorescence

MRy, Modulated reflectance signal at 820 nm
PQ Plastoquinone

PC Plastocyanin

Q, and Qg Primary and secondary electron acceptor
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Heavy metal pollution has become a major problem worldwide'. High concentrations of heavy metals may have
natural causes. The soils naturally containing heavy metals are found in various places around the world where
metal ores come to the surface and decay through weathering. However, these sites are usually not considered
relevant to human activities, so no attempts are made to detoxify them. Heavy metal contamination may also
occur at high concentrations as a result of numerous human activities. Anthropogenic contamination may have
various causes and can be observed in many countries around the world. The most obvious cause of anthro-
pogenic heavy metal contamination of the environment is the activity of mining or refining industries, where
emissions of dust particles and leakage of contaminated water from landfills or storage facilities are the main
causes of environmental contamination®*. In addition, road transport is an important source of metal pollution
in heavily industrialized countries®®.

Among the heavy metals that cause major environmental problems, important are cadmium and nickel. This
is due to their high mobility in the environment and significant effects on humans and all biota. Cadmium has
been reported to have the strongest toxic effect on wheat growth, followed by the metals Cu>Ni>Zn>Pb>Cr’.
In other studies, cadmium was found to be the second most harmful heavy metal (after Hg) for root elongation
in species such as Triticum aestivum L. and Cucumis sativus L3. Both elements are known to be available to plants
from the air and soil’. Consequently, plants could be negatively affected if they take up these metals through
leaves and roots. It should also be noted that cadmium is not an essential microelement for plant growth and
development. In contrast, nickel is an essential nutrient for plants. However, the amount of Ni required for normal
plant growth is very low®. Due to the increasing Ni pollution in the environment, it is also crucial to understand
the functional role and toxic effects of Ni in plants.

The toxic effects of both metals on crucial physiological processes in plants, such as photosynthesis, water
balance, mineral supply, and dark respiration, are generally comparable. For example, both compounds have been
shown to cause similar disruption of photosynthesis at different structural-functional levels: Pigments and light
uptake, thylakoid ultrastructure and photosynthetic electron transport, stomatal conductance and CO, access,
activities of Calvin cycle enzymes, etc!*-13,

Photosynthesis is one of the most important processes in plants and is extremely sensitive to the changes
in the environment. Its analysis is one of the most reliable techniques for estimating the effects of unfavorable
environmental factors on plant growth and development. Under stress conditions, several processes are acti-
vated to distribute the excess energy absorbed by chlorophyll, including fluctuations in fluorescence emission
and increased heat production. The measurements of chlorophyll a fluorescence (ChFl) are commonly used
to analyze the response of photosynthesis to stress under various factors in all photosynthetic organisms!*-'6.
ChFl kinetics may provide valuable information about the functional and structural features of photosynthetic
electron transport!”'8. The fluorescence of a dark-adapted leaf increases from the initial values (Fo) to the maxi-
mum values (Fm) in the first second of illumination and is represented as a curve with several points (labeled O,
K, J, I, P)**%. For this purpose, a high-frequency recording of ChFl emitted from dark-adapted leaves must be
performed using a fluorimeter. Fluorescence kinetics reflects the photochemical efficiency of the photosynthetic
apparatus and provides valuable information about the functional and structural features of the components
involved in photosynthetic electron transport, referred to as PSII*!. Based on the fluorescence transients, com-
monly known as Kautsky curves, it is also possible to calculate parameters that can be associated with the energy
fluxes of absorption of light energy (ABS), trapping of excitation energy (TR), and conversion of excitation energy
to electron transport (ET) per reaction center (RC) on the measured area of the samples (CS).

All redox reactions of photosynthetic electron transport between PSII and PSI and all electron transfer reac-
tions in the RCs of PSII (donor and acceptor side) are reversible. Electron accumulation in the transport chain
between PSII and PSI leads to a retransfer of electrons and the risk of recombination in the PSII RCs. In this
situation, re-excitation of RC occurs as well as reoccupation (by rapid energy transfer) of the excited chlorophyll
state of the PSII antenna. The light emission from the newly populated excited chlorophyll molecules is delayed
compared to prompt fluorescence (PF). It is referred to as delayed fluorescence (DF) and is emitted prior to the
utilization of excitation energy in the primary photochemical reaction??. After quenching, light is emitted in
the red-infrared spectrum and occurs for a short time after PF decay. DF is emitted only by PSII and decays as
a polyphasic function in different time domains: Nanoseconds, microseconds, milliseconds, seconds and even
minutes®»?. Similar to PE, DF emission may be described as a fluorescence transient. A characteristic feature of
this curve is the presence of several maxima and minima. Their number and amplitude depend on the kinetic
components of the measured DF. According to*** the maxima are denoted by I and the minima by D letters.

The modulated reflectance signal (MR) is measured at 820 nm and it provides information about electron
transport adjacent to plastoquinone (PQ) and to PSI acceptors®, indicating the changes in the redox states of
PSI RCs and plastocyanin (PC).

Perennial ryegrass (Lolium perenne L.) is one of the most widespread grass species in Europe. It is widely used
as a forage crop and as an alternative and renewable bioenergy source. The turf cultivars of perennial ryegrass
are widely used for the establishment of lawns in urban areas®?°. Urban green spaces have numerous functions.
Maintained lawns increase the aesthetic value of the whole city and are involved in phytoremediation, which leads
to improvement of air and soil quality®®. On the one side, seedlings are particularly more responsive to different
environmental conditions (e.g. water availability, photosynthetic photon flux density), and it is the development
in this phase that has the greatest impact on the later functioning of the entire lawn?. On the second hand, despite
that seedling are more responsive than mature plants, so far, there have been no studies on the influence of heavy
metals on the photosynthetic efficiency of the Lolium perenne seedling. Numerous studies have demonstrated the
possibility of simultaneously measuring PF, DE, and modulated reflectance to reveal changes in photosynthetic
efficiency under different environmental factors, such as various abiotic and biotic stresses®?’. However, there
is a lack of information on how cadmium and nickel contamination affect the seedlings of perennial ryegrass
turfgrass cultivars. Literature is lacking on the ability of chlorophyll a fluorescence to detect changes in PSII and
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PSI in seedlings of this species. In this work, the multifunctional plant efficiency analyzer (MPEA-2; Hansatech
Instruments, UK) was used to perform simultaneous measurements of PF, DE, and MRg,, signals in seeds of two
grass cultivars of perennial ryegrass exposed to cadmium- and nickel-induced stress. It was hypothesized that
the stress could affect multiple sites of the photosynthetic electron transport chain in different ways depending
on the heavy metal and cultivar. We focused on changes in the state of the photosynthetic apparatus in response
to these two treatments to find possible marker parameters of these stresses.

The main objective of this study was to perform the detailed in vivo analysis and to compare of the changes in
PSII photochemistry induced by Ni and Cd stress in seedlings of two turfgrass cultivars of perennial ryegrass by
analyzing parameters derived from the prompt and delayed chlorophyll fluorescence recordings and from MRg,,
signal. In addition, we tested whether the chlorophyll fluorescence data could be used to discriminate cultivars
with better resistance to soils contaminated with these metals. The results would be useful to understand the
photosynthetic performance of perennial ryegrass under stress conditions and would increase our knowledge
of the photosynthetic system under heavy metal contamination.

Results

The heavy metals concentration in leaves. Averaged concentration of Cd in ‘Niga’ cultivar grooving
on substrate contaminated with 50 mg of this elements was 0.27 mgx kg™ D.M., but in plants on substrate con-
taminated with 100 mg was 7.4 mgx kg™ D.M (Table 1). Similar phenomena was noted in ‘Nira’ cultivar. The
averaged concentration of Cd was 2.9 and 6.1 mgx kg™ D.M. respectively.

Averaged concentration of Ni in Niga cultivar growing on substrate contaminated with 50 mg of this ele-
ments was 23.3 mgx kg™ D.M., and in plants grooving on substrate contaminated with 100 mg of Ni it was
37.3 mgx kg™ D.M. The averaged concentration of Ni in Nira cultivar was 21.0 and 3.67 mgx kg™ D.M.
respectively.

The chlorophyll and total nitrogen concentration in leaves. The impacts of both metals were
reflected in modifications of the mean values of chlorophyll a and b concentration in leaves tissue. Averaged
concentration of Chl a in ‘Niga’ cultivar growing on substrate not contaminated was 2.39 mg x g! EM., and Chl
b was 0.78 mgx g™! EM. (Table 2). It was noted, that values of both pigments in plants grooving on substrate
contaminated with Cd and Ni decreased. Moreover, Ni caused deeper decreasing of this pigment than Cd.

Averaged concentration of chlorophylls in ‘Niga’ cultivar growing on uncontaminated substrate was 2.37 and
0.30 mgx g~! EM., as in case of ‘Niga' cultivar, in plants growing on substrate contaminated with Cd the changes
were less pronounced that in plants crowing on substrate contaminated by Ni.

The average total nitrogen content in ‘Niga’ growing on uncontaminated substrate was 21.20 mgx g™ EM.,
and in ‘Nira’ cultivar it was 20.13 mgx g™' EM. There were no significant changes in values of this parameters in
plants growing on contaminated substrate.

Prompt chlorophyll a fluorescence. The two heavy metals Ni and Cd significantly affected the intensity
of the fluorescence signal of perennial ryegrass seedlings. However, these changes were also dependent on cul-
tivar and concentration (Fig. 1). In the case of cultivar ‘Niga, the most pronounced changes were observed in
plants treated with 100 mg Nix 100 g™! substrate, and the measured fluorescence signal was decreased at the |
point compared to the control samples. In both treatments with Ni and in the case of the treatment with 100 mg
Cdx100 g! substrate, the changes occurred at the I point. In the case of the cultivar ‘Nira, only nickel at both
concentrations caused a significant decrease in the transient at the J-point.

The course of normalized OJIP fluorescence transients measured in stressed plants of both cultivars differed
from those recorded in nonstressed plants (Fig. 2). The most important changes in the curve of stressed plants

Cadmium Nickel
Cultivar | Treatment | Mean |SD | Mean | SD
Control 0.0a 0.0 |0.0 0.0
somgCd [27b |07 |- -
Niga 100 mg Cd | 7.4¢ 09 |- -
50 mg Ni - - 233a | 6.7
100 mgNi | - - 373b |21
Control 0.0 0.0 |0.0 0.0
50mgCd |29a 07 |- -
Nira 100 mg Cd | 6.1b 1.3 |- -
50 mg Ni - - 21.0a |92
100mgNi | - - 367 |32

Table 1. Cadmium and nickel concentration in leaves [mgx kg™ D.M.] +S.D of two perennial ryegrass turf
cultivars (‘Niga’ and ‘Nira’) under different Ni and Cd treatment (0; 50 and 100 mgx 100 g™! of substrate).
Means within one cultivar marked by different letters represent statistically significant differences (p <0.05,
n=6).
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Chla Chl b
Cultivar | Treatment | Mean |SD |Mean |SD | Total nitrogen
Control 2.39a 0.21 |0.78a 0.06 |21.20a | 1.05
50 mg Cd 2.01a 0.08 |0.63ab | 0.05 |18.67a |1.20
Niga 100 mg Cd | 1.87b 0.11 |0.62b 0.05 |18.00a |2.15

50 mg Ni 1.53bc | 0.07 |0.52b 0.04 |18.17a | 1.00
100 mgNi | 1.19bc | 0.09 |0.39¢c 0.03 |18.57a |0.87

Control 2.37a 0.30 | 0.85a 0.09 [20.13a |1.44
50 mg Cd 2.16ab | 0.11 |0.72ab |0.05 |20.16a |1.95
Nira 100 mg Cd | 2.10b 0.05 | 0.70b 0.03 |17.93a |1.11

50 mg Ni 1.56b 0.09 | 0.54b 0.04 |16.93a |0.89
100 mg Ni | 1.56b 0.06 |0.52b 0.03 |18.23a |0.92

Table 2. Chlorophyll and total nitrogen concentration in leaves [mgx g™ EW.] +S.D of two perennial ryegrass
turf cultivars (‘Niga’ and ‘Nira’) under different Ni and Cd treatment (0; 50 and 100 mgx 100 g™! of substrate).
Means within one cultivar marked by different letters represent statistically significant differences (p <0.05,

n=6).
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Figure 1. Induction curves of chlorophyll a fluorescence [relative units] of two perennial ryegrass turf cultivars
(‘Niga’ and ‘Nira’) under different Ni and Cd treatment (0; 50 and 100 mgx 100 g™* of substrate) (n=6).

were observed in the I-P phase. In the O-] phase, the curve of plants treated with 100 mg Cd x 100 g™* had a
higher course than that of control plants. In the cultivar ‘Niga’ this phenomenon was also observed in the plants
treated with 50 mg Cd x 100 g™

The impacts of both metals were reflected in modifications of the mean values of some parameters deduced
from the JIP measurements. However, this interaction was largely dependent on the cultivar and the metal itself
(Fig. 3). In both cultivars, Ni caused a decrease in the parameter Area, F, F., F.. Only in the ‘Niga’ cultivar this
metal caused an increase in DI /RC. In the ‘Nira’ variant, the value of the ABS/RC parameter increased, but
the 8, and ¢, values decreased. Cd reduced the parameters F,, F,,, F,, PL, and Pl in both cultivars. ‘Niga’
showed an increase in 8y, and @y, values, which was not found in ‘Nira In this cultivar, however, an increase in
values ABS/RC parameter was found.
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Figure 2. Differential curves of AV, [relative units, obtained by subtracting control curve from the first sample]
of two perennial ryegrass turf cultivars (‘Niga’ and ‘Nira’) under different Ni and Cd treatment (0; 50 and
100 mgx 100 g! of substrate) (n=6).

In this work we focused on the first recorded delayed fluorescence (DF) decay component that appeared
within a time range of a microsecond. In this part of DF induction kinetics (which is initial, during the first 1 s
of illumination) the emission was of principal share. The intensity of the DF signal was reduced by both heavy
metals. However, the degree of their impact varied with cultivar and metal (Fig. 4). For the ‘Niga’ cultivar, Ni and
Cd in concertation of 50 mgx 100 g™' caused a comparable decrease in the intensity of curves. The first maxi-
mum of curve (I,) decreased from 138.7 rel. u. to 100.7 and 104.5 rel. u., respectively (Table 3). In this cultivar
treating with the concentration of 100 mg x 100 g™! caused a different reaction depending on the element. Cd in
this concentration caused decreasing of the I,-point to 94.4 rel. u., but Ni in this concertation caused decreasing
to 75.3 rel. u.

Cadmium (concertation of 50 mgx 100 g™!) did not cause any significant changes in the ‘Nira’ cultivar.
Significant changes of the courses of the curves were noted after the application of 100 mgx 100 g™! of both ele-
ments. In these treatments the I, parameter decreased to 113.7 and 114.7 rel. u. Similar changes were measured
after application of 50 mgx 100 g™* Ni. The value of the I; parameter decreased to 94.4 rel. u. It should be noted
that both metals caused significant changes in the I, and D, parameters and in the I;/I, and (I,-D,)/D, ratios.

Modulated light reflection signal measured at 820 nm. The reflectance at 820 nm was significantly
affected by stress application in both cultivars (Fig. 5, Table 4). In the Niga’ cultivar, MR,;,, increased due to
both metals, regardless of their concertation. The most significant increase of this parameter was noted in ‘Nira’
treated by 50 mg Nix 100 g'. The addition of nickel of 100 mg slightly modified the shape of the curves at this
point, however this was not statistically significant. Other treatments caused similar courses of curves as in con-
trol plants. Based on the statistical analysis, it can be concluded that in the ‘Niga’ cultivar the relative rates of P,
oxidation (AMR¢,) parameter decreased significantly in comparison to control in all plants treated with both
metals. In the ‘Nira’ cultivar only 50 mg Nix 100 g™! caused a significant reduction of this parameter. P, re-
reduction (AMRy,,,) in the ‘Niga’ cultivar was significant decreased by all treatments except 50 mg Cd x 100 g™*.
However, in the ‘Nira’ cultivar only 50 mg Nix 100 g™* caused significant differences in the comparison with the
control.

Growth parameters. Averaged length of ‘Niga’ shoots in control conditions was 8.2 cm (Fig. 6). Both met-
als caused significant decreasing of this parameter, beside 100 mg of Ni. Length of roots also was influenced by
these stressors. Average value decreased from 2.3 to 0.8-1.6 cm. In ‘Nira’ cultivar there were no influence of
any metals on length of shoots. However, both metals caused decreasing of length of roots. This parameter was
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Figure 3. JIP-test parameters (relative units, normalized to the values from control conditions) as radar plots of
two perennial ryegrass turf cultivars. (A) ‘Niga’ treated by Ni; (B) ‘Niga’ treated by Cd; (C) ‘Nira’ treated by Ni;
(D): ‘Nira’ treated by Cd. The concentration of Ni and Cd were: 0; 50 and 100 mg x 100 g™! of substrate. Means
marked by different letters represent statistically significant differences (p <0.05, n=6) delayed chlorophyll a
fluorescence.

reduced from 2.4 to 0.8 cm by 100 mg of Cd. Others treatments also caused significant reduction. 50 mg of Cd
caused reduction to 1.2 cm, and Ni caused reduction to 1.4 and 1.0 cm respectively.

Relationships between photosynthetic efficiency and growth parameters. On the basis of the
statistical analysis significant correlations between plant photosynthetic efficiency parameters and plant growth
parameters have been noticed (Table 5). However, these correlations were cultivar and stressor dependent. In
the ‘Niga’ cultivar treated with cadmium, most of the parameters of photosynthetic efficiency were correlated
with the length of the shoots and the length of the roots. In this variety treated with nickel, a high correlation
was found between the parameters describing the curve (such as F,, F,, Area) and the length of both organs.
However, there was no relationship between plant growth and DF and MR820.

In the ‘Nira’ cultivar, much less dependence was found, and only between the individual parameters of
photosynthesis efficiency and the length of the roots. In plants of this cultivar treated with cadmium, these
parameters were N, ABS/RC, Tr,/RC and ET,/RC. In nickel-treated plants these parameters were: Area, F,, F,,
F, 11,1,/I,,1,-D,/D,.

A multiparametric analysis was used to evaluate the stress effects of both heavy metals in perennial ryegrass
in order to identify parameters that are most sensitive to the plant stress response. In the vector graphs (Fig. 7)
the relative “contribution” of each input variable to the formation of the principal components (Factor 1 and
Factor 2) is presented. The magnitude of the vector is an indicator of the stressor influence on corresponding
parameter and the vector direction depends on this impact on the Factor 1 and Factor 2 values.
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Figure 4. Delayed fluorescence induction curves [relative units] of two perennial ryegrass turf cultivars (‘Niga’
and ‘Nira) under different Ni and Cd treatment (0; 50 and 100 mgx 100 g™! of substrate) (n=6).

I, I, D, I/I, (1,-D,)/D,

Cultivar Treatment | Mean | SD Mean | SD Mean |SD |Mean |SD |Mean |SD
Control 138.7a | 12.8 |62.9a 4.0 |341a |21 |22a 0.1 |3.1a 0.3

50 mg Cd 100.7b 9.8 | 48.9b 42 |294b |0.5 |2.0ab |0.1 |2.4b 0.3

Niga 100 mg Cd | 94.4bc |17.2 |48.0b 53 |302b |19 |19ab |02 |2.1b 0.5

50 mg Ni 104.5b | 31.1 |50.3b 81 |298b |34 |20ab |04 |24b 0.8
100 mgNi | 75.3b 17.2 | 41.7b 55 [282b |29 |1.8b 0.2 | 1.6¢c 0.4

Control 144.2a |16.5 |63.6a 75 |341a (3.1 |23a 0.3 |3.2a 0.5
50 mg Cd 132.4b |20.5 |58.1b 52 |3l4a |15 |22a 0.1 |3.2ab |04
Nira 100mg Cd | 113.2b |22.1 |52.6b 72 [308a |19 |21la 0.2 |2.6ab |0.6

50 mg Ni 94.8¢ 47.6 |455c |150 |284a |52 |[19a 0.5 |2.2b 1.3
100 mgNi | 114.7b |17.0 |56.2b 6.2 |315a |15 [2.0a 0.1 |2.6ab |04

Table 3. (I,-D,)/D, and I,/I, ratios + S.D. [relative units] of two perennial ryegrass turf cultivars (‘Niga’
and ‘Nira’) under different Ni and Cd treatment (0; 50 and 100 mgx 100 g™* of substrate). Means within one
cultivar marked by different letters represent significant differences (p <0.05, n=6).

The modifications in the first principal component (Factor 1) determined 39.37% of total changes, the second
component (Fator 2) reflected 18.93%. Based on this analysis it can be concluded that both varieties has similar
response to stress. However, Cd and Ni caused different response of photosynthetic apparatus of both varieties.
The analyzed parameters of the JIP-test, DF and phases of reflection intensity had different sensitivity to stresses,
and contributed differently to the calculation of the principal components. The parameters can be merged in the
few groups. Independent group was formed by the DF parameters and AMR¢,; and AMRy,,,, which were merged
with Area, F, F, F,, PI,, Second group consist E, /F,,, F, /E,, @0, @po, Yio» Pl The third group consist of F./
F., TR,/RC, ABS/RC, and DI /RC. It should be noted, that length of shoots and length of roots also were merged
to one group, both of them corelated with F,/F,,, PI,5s and @z, The factor analysis used allowed to reduce the
28-dimensional space (the number of variables used in the PCA) to an easier-to-interpret space of 2 dimensions.
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Figure 5. Kinetics of modulated light reflection at 820 nm [relative units, all data are normalized to the initial
measured value of the signal] of two perennial ryegrass turf cultivars (‘Niga’ and ‘Nira’) under different Ni and
Cd treatment (0; 50 and 100 mgx 100 g™* of substrate) (n=6).

AMR,, AMRy,,,

Cultivar Treatment Mean SD Mean SD
Control 25.3a 10.0 32.9a 12.6
50 mg Cd 17.6b 5.0 29.9a 6.1

Niga 100 mg Cd 14.5¢ 4.2 24.6a 34
50 mg Ni 13.6¢ 6.9 23.6a 5.4
100 mg Ni 16.1b 2.2 20.9a 4.2
Control 21.9a 4.8 30.5a 5.4
50 mg Cd 22.2a 7.0 30.5a 5.8

Nira 100 mg Cd 20.3a 3.8 28.3a 4.9
50 mg Ni 13.3b 2.8 214a 4.8
100 mg Ni 20.4a 53 30.0a 6.4

Table 4. Relative rates of P, oxidation (AMRg,,) and P,,* re-reduction (AMR,,,) £+ S.D. [relative units]
calculated from the MRy, signal of two perennial ryegrass turf cultivars (‘Niga’ and ‘Nira’) under different Ni
and Cd treatment (0; 50 and 100 mgx 100 g* of substrate). Means within one cultivar marked by different
letters represent significant differences (p <0.05, n=6).

Since factors 1 and 2 explain more than 60% of the overall variability, it is possible to identify the most important
groups of parameters correlated with the root and shoot.
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Figure 6. Length of shoots and roots of two perennial ryegrass turf cultivars (‘Niga’ and ‘Nira’) under different
Ni and Cd treatment (0; 50 and 100 mgx 100 g™ of substrate). Means within one cultivar marked by different
letters represent significant differences (p <0.05, n=6).

Discussion

The tolerance and physiological status of plants can be evaluated using various methods of biochemistry, ecol-
ogy, plant physiology, genetics, and biophysics. In this study, measurement of chlorophyll a fluorescence was
proposed as a suitable and sensitive bioindicator of plant stress in response to heavy metal contamination. It
allows obtaining large amounts of detailed data on each step of the photosynthetic process. It is also very sensi-
tive to changes in the physiological state of a plant in vivo®-*!. To describe the response of the photosynthetic
apparatus of perennial ryegrass seedlings to Cd and Ni exposure, the simultaneous measurements of PF, DF and
MRg,, were performed. This allows the analysis of changes in important energetic properties of PSII and PSI as
well as stress-induced processes in the light phase of photosynthesis.

The harmful effects of heavy metals depend on their intake. In general, Ni is absorbed relatively more com-
pared to Cd*. Inhibition of chlorophyll synthesis is one of the main reasons for lower photosynthetic activity*>.
However, the symptoms of metal toxicity, shown by the reduction of biomass, pigment quantity, and photo-
synthetic activity, depend not only on the metal but also on the variety tested**. The negative influence on
photosynthetic properties seems to be a main reason for the reduced growth and development of plants*. These
authors suggest that such a decrease in photosynthetic activity may be the result of a reduction in chlorophyll
content caused by the heavy metals. Here, evidence is presented that the sensitivity of the photosynthetic system
to different metal concentrations may be coupled to the cultivar. According to Khalid et al.**, the reduction in
photosynthetic rate is a clear consequence of heavy metal toxicity. Our results for both ryegrass cultivars agree
with data from other researchers who found reduced photosynthetic activity in soybean®, brassica®, maize’®,
wheat®, spinach, and fenugreek*’ under both metal stresses. However, these experiments were conducted on fully
developed plants. In our study, it was demonstrated for the first time that the extent of photosynthesis reduction
depends on the cultivar even in young turfgrass cultivars. This is of crucial importance for the selection of plants
for the regeneration of degraded soils. In addition, Ageel'® found that Cd concentration was higher in roots
than in shoots. In contrast, Ni concentration was higher in shoots than in roots. This could explain the fact that
photosynthesis in perennial ryegrass is more strongly influenced by Ni.

Based on our results, the decrease in the Area parameter was observed. This parameter represents the pool
size of electron acceptors (QA) on the reducing side of PSIL. The decrease of this parameter may indicate a
blockage of electron transfer from the reaction centers to the quinone pool of PSII*!. The decrease in F,, was
also observed, which may indicate an inhibition of electron transport on the donor side of PSII, leading to an
accumulation of Pgg," and a decrease in the pool size of Q4. The decreased F,, may also be associated with an
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Niga Nira
Cd Ni Cd Ni
Parameter | Roots | Shoots | Roots | Roots | Roots | Shoots | Roots | Shoots
Chla 0.89 0.68 0.81 0.61 0.38 0.09 0.71 0.72
Chl b 0.84 0.64 0.77 0.57 0.57 0.04 -0.27 |-031
Chla+b 0.89 0.67 0.79 0.60 0.44 0.08 0.72 0.72
Nitrogen 0.45 0.47 0.66 0.45 0.13 -0.45 -0.27 |-0.31
Tf, 0.90* 0.77* | -0.03 —-0.38 0.00 0.33 0.48 0.06
Area 0.81* 0.74* 0.78* 0.65* 0.28 0.02 0.77* 0.60
F, 0.77* 0.74* 0.80* 0.64* 0.16 -0.15 0.74* 0.61
F, 0.84* 0.79* 0.79* 0.66* 0.36 0.07 0.79* 0.52
F, 0.85* 0.80* 0.79* 0.67* 0.38 0.10 0.78* | —0.50
F,/F., -0.86* | -0.75* | -0.63* | -0.64* | -0.39 -0.28 -0.30 |-0.03
F,/F, 0.86* 0.74* 0.63 0.64 0.39 0.29 0.30 0.04
F,/F, 0.87* 0.75* 0.65 0.64 0.49 0.30 0.39 |-0.01
Sm 0.10 0.01 0.27 0.14 -0.44 -0.25 0.16 |-0.52
N -0.40 -0.19 0.00 -0.13 -0.78* | -0.12 0.04 |-055
ABS/RC -0.71* | -0.36 -0.59 -0.58 -0.72* | -0.46 -0.66 0.01
DI,/RC -0.80* | -0.53 -0.64 -0.65 —-0.60 -0.19 -0.28 | -0.08
TR,/RC —-0.67 -0.30 -0.49 —-0.49 -0.74* 0.05 -0.18 | -0.20
ET,/RC -0.57 -0.63 -0.49 -0.26 -0.81* | -0.08 -0.33 0.00
RE,/RC -0.80* | -0.54 -0.19 0.01 -0.58 0.12 031 |-0.32
Pp, 0.86* 0.75* 0.63 0.64 0.39 0.28 0.30 0.03
Y, 0.32 -0.12 -0.16 0.09 -0.12 -0.16 -0.31 0.15
Pro 0.43 -0.01 0.16 0.40 -0.01 -0.09 -0.23 0.22
Sro -0.81* | -0.45 0.15 0.26 -0.31 0.23 049 |-0.38
Pro —-0.63 -0.51 0.21 0.42 -0.28 0.17 041 |-0.32
Pl,ps 0.66 0.26 0.49 0.62 0.57 -0.03 0.28 |-0.02
Pl —0.03 |-0.17 0.52 0.67% | 0.46 0.12 0.66 |—0.33
I, 0.87* 0.58 0.61 0.62 0.38 0.07 0.71* | -0.06
I, 0.87* 0.56 0.66 0.58 0.38 0.17 0.48 |-0.02
D, 0.83* 0.75* 0.73 0.62 0.39 0.23 045 |-0.17
I,/1, 0.80* 0.52 0.46 0.68* 0.24 -0.07 0.78* | —0.04
1,-D,/D, 0.79* 0.41 0.50 0.59 0.28 —-0.02 0.71* 0.04
AMR 0.65* 0.65 0.48 0.72* 0.02 0.52 045 |-0.15
AMR,, 0.42 0.56 0.36 0.62 0.05 0.41 036 |-0.13

Table 5. Correlation coefficients (r) between photosynthetic efficiency parameters obtained from prompt (JIP-
test), delayed fluorescence (I;; I; Dy; I,/1,; (I,—D,/D,)), and phases of reflection intensity (AMR¢,i; AMR,,,)
and root and shoot length (correlations significant at p <0.05, n=6).

increase in nonphotochemical quenching. The higher ABS/RC value indicates an enlarged antenna with active
and inactive reaction centers or conversion of PSII units to heat sink units along with inactive RCs*2.

In the present study, the decrease of PF and DF curves under the influence of both heavy metals was found
almost simultaneously. The I-P phase depends on the supply of electrons from PSII flowing through PSI and the
transient blockade on the acceptor side of PSI*. Thus, it can be concluded that both metals decrease the activity
of PSI*#*>, Another possibility is that the application of heavy metals causes a decrease in the linear electron flow
through both photosystems!!.

The observed decrease in the P point confirms that the non-radiative dissipation of PSII antenna chlorophylls
is increasing***® or the number of photosynthetic apparatuses with fully closed PSII RCs is decreasing'. These
effects caused by the influence of heavy metals led to a decrease in the total PSII activity, as shown by the decrease
in PL, in both cultivars.

It has been reported that DF decreases under stress conditions*”. The curve consists of several characteristic
points. The first characteristic point is the maximum (I,), and its decrease could indicate the photochemical
accumulation of certain redox states capable of charge recombination of DF light quantum emission. These
states are referred to as "light emitting". Our results showed that the I, parameter was significantly affected by
Ni and Cd loading in both grades. The second maximum (I,) indicates the non-photochemical enhancement
of DF by the electrical gradient formed by PSI***°. The I, maximum can be detected during the decrease of the
PQ pool and consequently when the disappearance of P,(,* and the decrease of the transmembrane electrical
gradient begin®. Goltsev et al.>! suggested that I, may be associated with the dynamics of the concentration of
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Figure 7. Principal component analysis of two heavy metals (Ni and Cd) effects on the photosynthetic
machinery of leaves of two species of ryegrass: ‘Niga’; ‘Nira.

light-emitting states of the PSII reaction center when electron transfer from Qj to PQ begins rather than with the
presence of the transmembrane electrical gradient. The I, parameter was significantly affected by both metals,
but the changes in the ‘Nira’ cultivar were detected only under the influence of 50 mg Ni, while in ‘Niga’ cultivar
the changes were also detected with the other Ni treatment. In our results, the changes were observed in another
characteristic point, D2. This parameter is associated with the maximum concentration of reduced P,. The PQ
pool is reduced and the acceptor side of PSI is still inactive. 1)/, is inversely related to electron flow in PSII
and has been reported to be sensitive to even mild stress®'. Our results clearly indicate a reduced biophysical
performance of the photosynthetic system in seedlings of perennial ryegrass under the influence of both metals.

The significant changes of the (I,—D,)/D, ratio can indicate that the electron transport chain efficiency was
reduced as a result of the loss of PSII activity and the damage of PSI function. The I, - D,/D, parameter reflects
the rate of electron transport in the PSII acceptor side, which is dependent upon the redox state of Q,, Qg, and
the PQ pool*"*°. We can confirm that the (I, - D,)/D, parameter was significantly affected by heavy metals in
both cultivars.

The significant influence on the MR signal of perennial ryegrass was also observed. Schansker et al.** and
also Gould et al.** stated that the MR signal is mainly influenced by the rate of electron flow from PSII to PSI.
Moreover, the limitation of the acceptor side of PSI can be the reason for the changing MR signal®. Our results
proved significant differences between the values of the AMR,, and AMRy,,,, parameters measured in the control
plants and in the plants treated by both metals. These results are well-matched with other authors, who proved
that these parameters were sensitive to different stresses*>*! who suggested that the fast phase of the signal cor-
responds to the kinetics of the photoinduced changes in the P, redox state. It can be significantly modified only
by strong stress**. However, the slow phase of the MR signal, which reflects the re-reduction of P,,*, could be
more sensitive and decreased progressively with stress intensity'*. Probably, the deactivation of this kinetic phase
is revealed as a diminished rate of electron transport through plastoquinone to P,y,*, and is the reason for the
more stable fast phase of the MR signal*>*!. The decreased PSI reduction activity can also result from decreased
PSII capacity to pump electrons to the intersystem electron transport chain, a disconnection between PSII and
PSI), and/or the inhibition of the PSI acceptor side*®>*>4,

It should be noted that this study showed significant differences between the tested varieties in terms of the
response of the photosynthetic apparatus to stress. Significant differences between different cultivars of Lolium
perenne seedlings to drought and salinity stress have been previously demonstrated®>*. Significant influence
of differ heavy metals were also shown in fully developed ecotypes of this species®. These authors also found,
that reaction of photosynthesis of this species on Cd, Pb and Zn contamination can varied among cultivars of
this species. However, due to complex biological interactions, currently used methods do not always give the
demanded results, so further multidirectional studies are needed.

Simultaneous measurement of PE, DE, and MRg,, signals can be used to accurately determine electron trans-
port through PSII and to PSI. Delayed fluorescence analysis can provide additional information on the change
in antenna size heterogeneity of PSII. From this work, it appears that simultaneous measurements of PF, DF,
and MRy, can provide broader and detailed information on structural and functional changes of PSII and
PSI under heavy metal stress. This type of measurements allows to understand better the different parts of the
electron transport chain.
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Materials and methods

Plants, growth conditions and experiment design. Two turf cultivars of perennial ryegrass (Lolium
perenne L.)—Niga’ and “Nira— Malopolska Hodowla Roélin, Poland—were the objects of the experiment. Both
cultivars are widely used in the Central European region, they are characterized by similar utility values and
resistance to diseases. The Nira cultivar is more predisposed to less fertile soils. Previous studies have shown that
this cultivar is drought and salinity resistant. The Niga cultivar has not been studied in this aspect before>**°. The
experiment was conducted in a phytotron at the Warsaw University of Life Sciences—SGGW. Growth conditions
of plants in a phytotron were set and automatically controlled during the study period. The relative humidity of
air was 65%, the photoperiod for the day/night cycle was 16/8 h and radiation during the day was 95 (W m™)
(350 PAR) at plant height. The temperature was gradually increased (2 °C per hour) from 12 °C at night to 26 °C
during the day.

The seeds of both cultivars were sown in 13 x 13x 13 cm pots (25 pcs/pot) filled with clay sand. Pots were
without holes. Five treatments of heavy metals were applied as chlorides to the substrate before sowing: 0 mgx g
of substrate (control); 50 mg Nix g™ of substrate; 100 mg Nix 100 g™! of substrate; 50 mg Cd x g™! of substrate
and 100 mg Cd x 100 g! of substrate. The heavy metals were applied as water solution. In addition, a single dose
of the multi-component fertilizer Substral® 100 (30 g x m™2) was applied before sowing. All of the measurements
were carried out in uniform conditions on first fully developed leaves in 6 repetitions. The measurements were
made in one point in time, 8 weeks after sowing.

The heavy metals concentration in leaves. The powdered samples were dry-mineralized in a muf-
fle oven (Naberthern L40/11/P320) using the following time/temperature procedure: 120 °C—2 h, 200 °C-1h,
300 °C—1 h, and 450 °C—5 h. The ashes were digested in 30% HCI (Merck suprapur) and filteredthrough a
filter paper (Allen et al. 1974). The metals were determined using an atomic absorption spectrophoto-metric
method with the use of the Perkin Elmer 1100 B apparatus (Perkin Elmer, 1990). Three replicate subsamples of
each sample were processed. Three blanks were run with each batch of samples; thus, each sample was blank
corrected. To provide a quality control (QC), the elemental content in the plant samples was determined using
certified reference materials from NIST-USA (SRM 1573a—Tomato Leaves). The obtained results were in good
agreement with the certified values. The recovery range was from 94 to 99%, and the accuracy was 2-4%.

The chlorophyll and total nitrogen concentration in leaves.  The concentration of chlorophylls (Chl
a, b and a+b) in leaves was estimated by the spectrophotometric method. Prior to extraction, fresh samples
(0.5 g) were homogenized with acetone (80%v/v), filtered thought filter paper, and made up to a final volume of
5 ml. Chlorophyll concentrations was calculated from the absorbance of the extract at 663 and 645 nm using the
formula® given below:

Chla(mg- g 'FW) =11.75 x Agez—2.35 X Agss

Chl b (mg-g™! FW) =18.61 X Agys—3.96 X Age3N was determined by the Kjeldahl method using a Foss Tecator
(Foss Polska,).

The chlorophyll fluorescence measurements. The M-PEA Chlorophyll Fluorescence Measurements
System (Multi-Function Plant Efficiency Analyzer, Hansatech Instruments®, UK) was used. The following meas-
urement protocol was used: measurement time—1.0 s, intensity of actinic light—3000 umol m= s~!, wave-
length—635 + 10 nm. Three chlorophyll fluorescence signals were measured simultaneously: prompt chlorophyll
a fluorescence, delayed chlorophyll a fluorescence, and 820 nm light reflection.

The fluorescence signal was recorded with a maximum frequency of 105 points s™ (each 10 ms) within
0-0.3 ms. As a result, the collection of 118 points within 1 s was obtained. The PF is the fast kinetics of fluo-
rescence emission from samples adapted to the dark and can be described by a fluorescence induction curve
(fluorescence transient), its normalized analyze is known as the JIP-test?!. The minimum of the curve is F; it
is the initial fluorescence level measured at time 0.05 ms after actinic light is applied. This point is labeled as
O. The maximum fluorescence is F,, (labeled as point P). There are also characteristic points between O and P,
labeled K (300 ps), J (2-3 ms), and I (30 ms). Chlorophyll fluorescence induction curves were obtained by the
application of short pulse (in this study 1 s) of saturating light (650 nm), plotted on a logarithmic time scale
is common practice to illustrate the polyphasic shape with time. The JIP-test was used to calculate parameters
derived from these characteristic points of photoinduced chlorophyll fluorescence transients®!. All parameters
are described in Table 6.

To better visualize the influence of the two heavy metals on the dynamics of the chlorophyll transients, the
relative variable fluorescence intensity (V,) was calculated. As the next stage, the differences of relative variable
fluorescence intensity (AV,) were calculated by subtracting the normalized fluorescence values (between O
and P steps) recorded in control plants and under stress. V, and AV, were calculated according to the formulas:

Vi= (Ft_ Fo)/ (Fm_Fo) (1)

AV ,stress = Vt,stress_vt,control (2)

The characteristic points (I;, I, and D,) of DF curves were assessed according to Goltsev et al.”*. The I, point is
the first maximum of the curve, the I, point is second maximum, and D, is second minimum of curve. Moreover,
two ratios were calculated to better illustrate the influence of metals on DF induction curves: (I, - D,)/D, and I,/
1,. However, our obtained data did allow us to identify D, point.
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Area Area above the OJIP curve

Vy=(F-F,)/(F,~Fy,) Relative variable fluorescence at the J-step

@po=1-F,/F, Maximum quantum yield of primary photochemistry (at t=0)

Qo= (1-F,/F,)(1-V)) Quantum yield of electron transport (at t=0)

Pro=(1-F/F)(1-V)) Quantum yield of reduction of end electron acceptors at the PSI acceptor side (RE)

@po=F/Fyy Quantum yield (at t=0) of energy dissipation

Y=1-V, P}rlobabbility (calt t= 0) that a trapped exciton moves an electron into the electron transport

chain beyond Q,

Sro=(1-V/(1-V)) Efficiency/probability with which an electron from the intersystem electron carriers
© moves to reduce end electron acceptors at the PSI acceptor side (RE)

t(Ey) Time (in m/s) to reach the maximal fluorescence intensity F,,

N The number of rotation, amount of reduced Q, in time from 0 to t(F,,)

Performance index (potential) for energy conservation from exciton to the reduction of

Plibs = Vre/ (1= Ye) X @rof (1 = @ro) X Wio/ (1= o) intersystem electron acceptors

Performance index (potential) for energy conservation from exciton to the reduction of

Pliota = PLaps X Oro/ (1= 8ro) PSI end acceptors

ABS/RC=(1-Yrc)/Yre Absorption flux (of antenna Chls) per RC

TR,/RC=M,(1/V)) Trapping flux (leading to Q, reduction) per RC
ET,/RC=M,(1/V))¥, Electron transport flux (further than Q,") per RC
RE,/RC=M,(1/V))(1-V)) Electron flux reducing end electron acceptors at the PSI acceptor side per RC
DI,/RC=(ABS/RC-TR,/RC) Dissipated energy flux per RC (at t=0)

RC/CS,=¢p, (V}/M,) E, Density of RCs (Q, reducing PSII reaction centres)

I,and I, Maxima of DF induction curve

D, Minimum of DF induction curve

MR, Modulated 820 nm reflection intensity at time “0”

MR i Minimum of modulated 820 nm reflection intensity

MR, Maximum of modulated 820 nm reflection intensity

AMR, Fast phase (oxidation) of reflection intensity = MR, — MR ;,
AMR4 Slow phase (reduction) of reflection intensity = MR ., — MR ;,

Table 6. The description of fluorescence parameters, modified from?!.

The MR signal was measured simultaneous as PF and DE. The AMRg,; and AMR,,, parameters were
calculated.

Growth parameters. The growth parameters of L. perenne cultivars were determined 14 days after sowing.
The length of shoots and the length of roots were determined. These features were determined on five randomly
chosen seedlings of the tested cultivars taken from each pot (in total 5 seedlings x 6 repetitions). The WinRhizo
PRO 2009 (Regent Instruments Inc., Canada) scanned image technique was used for the analysis of plant materi-
als.

Statistical analysis. All ChIF parameters were statistically analyzed using the one-way test ANOVA.
REGWAQ test was used as a post-hoc test with a confidence level of 0.05. The relationships between the studied
characteristics and their changes under heavy metal conditions were determined based on principal component
analysis (PCA) and by correlation analysis. Statistica 13.0 program (TIBCO Software Inc., USA) and IBM SPSS
Statistics ver. 28 were used to perform the statistical analysis.

Conclusions

To the best of our knowledge, the analysis of simultaneous measurements of PF, DE, and MRg,, signals was
performed for the first time with the seedlings of perennial ryegrass grown under heavy metal stress. Although
the response of the photosynthetic machinery to this stress is a very complicated process, this analysis proved
that the comprehensive analyses of chlorophyll a fluorescence signals are a very accurate tools to diagnose the
influence of this stress on photosynthetic process. Our results revealed that both metals decreased the activity of
PSII and PSI. This may be due to an increase in nonradiative dissipation of PSII antenna chlorophylls, a decrease
in PSII antenna size or/and a decrease in the number of photosynthetic apparatuses with fully closed PSII RCs.
Based on DF analysis, we concluded that both metals could lead to photochemical accumulation of certain
redox states as well as a decrease in the PQ pool. In addition, our results evidently showed that the efficiency of
electron transport chain was reduced by the loss of PSII activity and damage to the function of PSI. A significant
effect on the MR signal of perennial ryegrass was also observed. This may indicate the limitation of the electron
flow rate from PSII to PSI or of the acceptor side of PSI. The decreased PSI reduction activity may also result
from decreased PSII capacity to pump electrons into the cross-system electron transport chain, disruption of
the connection between PSII and PSI, and/or inhibition of the PSI acceptor site. Significant differences were
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demonstrated between the perennial ryegrass cultivars tested with respect to their responses to both heavy metal
stresses. These findings may lead to the selection of plants with a higher potential for photosynthetic performance
under contaminated soil conditions that can be successfully applied to adjacent roads or other post-industrial
sites to be reclaimed. In order to more precisely determine the impact of individual heavy metals, when planning
subsequent experiments, it is proposed to extend the scope of research with a larger number of concentrations.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable
request.
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