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The combined effect of Cd and high light stress on the photochemical
processes in Arabidopsis thaliana
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Abstract

The adverse effects of cadmium on plants are accompanied by a limitation of photosynthesis, due to the production
of reactive oxygen species, leading to oxidative damage to PSII and the disruption of key protein complexes involved
in photosynthetic pathways. We investigated the effects of cadmium stress combined with high light in Arabidopsis
thaliana, as dependent on the cadmium dose applied. The aim was to investigate the combined effect of the two
stressors on photochemical processes with the hypothesis that Cd stress enhances the negative effect of the high light.
The plants were treated with 0, 1, 10, and 50 mM Cd added as CdCl, solution to soil (potted plants), and a high light
stress. The highest dose (50 mM) induced a significant oxidative stress, reduced chlorophyll fluorescence parameters
related to PSII functioning and increased energy dissipation mechanisms. Elevated Cd contents impaired the electron
transport and limited PSII efficiency. OJIP analysis revealed a Cd-induced K- and L-band appearance documenting
LHC-PSII limitation. The combination of Cd and high light stress resulted in the photoinhibition effects in PSII,
i.e., a decrease in potential and effective yields of PSII.

Keywords: cadmium; chlorophyll fluorescence; heavy metal; nonphotochemical quenching; OJIP; photoinhibition; protective
mechanisms.
Introduction food chain, constituting a threat to human health (Nishijo
et al. 2017, Bharagava and Saxena 2020).

Plants, integral components of terrestrial ecosystems, are
serving as a primary source of nutrition for both humans
and animals; the well-being of plants is increasingly
threatened, especially in a climate change regime, by
various environmental stressors, among them, heavy
metals. Cadmium (Cd) is one of the most hazardous and
nonessential elements that has the potential to enter the
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wide-ranging and multifaceted, encompassing changes in
growth, water and nutrient uptake, and different metabolic
processes (as reviewed by El Rasafi ef al. 2022) including
photosynthesis. Cadmium uptake negatively affects root
growth and leaf development; even at low concentrations,
cadmium decreases dry biomass production and induces
oxidative damage by causing reactive oxygen species
(ROS) production (Cho and Seo 2005, Ben Ammar et al.
2008, Piotto et al. 2018).

One of the most crucial physiological processes
impacted by cadmium exposure is photosynthesis,
the driving force behind plant growth and biomass
production (Xin et al. 2019, Dobrikova et al. 2021).
The production of ROS, the oxidative damage and
the disruption of pigment—protein complexes — from
oxygen-evolving complex to PSII core complex to PSI —
led to an overall decline in photosynthetic processes
(Faller et al. 2005, Pagliano et al. 2006, Parmar et al.
2013, Sharma et al. 2020).

While the effect of cadmium on plant growth and
physiology is widely studied, its combination with other
stressors plays a central role nowadays. Abiotic stress, such
as temperature, high light or drought, is quite common
in ecosystems and agricultural systems, and the constant
increase in extreme weather phenomena is leading to
a growth in the intensity and severity of these stresses.

High light determines a reduction of photochemical
processes (i.e., photoinhibition), due to the excess of light
energy that the antenna complex and pigment—protein
complexes need to quench, by activating several secondary
mechanisms, and an overproduction of ROS, which can
induce photooxidative damage (in more severe cases of
oxidative damage caused by excess of light energy, the
photoinhibition becomes photodestruction) (Didaran et al.
2024).

Chlorophyll (Chl) fluorescence techniques have
emerged as powerful tools for studying the photosynthetic
efficiency of plants under various stress conditions. Our
study aims to investigate the effects of cadmium stress
on the model plant Arabidopsis thaliana, focusing on its
photosynthetic response. We utilized several advanced
Chl fluorescence techniques: (/) fast Chl fluorescence
transients (OJIPs) (Strasser et al. 2004, for their
descriptions, see the paragraphs below), (2) slow Kautsky
kinetics supplemented with quenching analysis, and
(3) induction curve of photosynthetic electron transport
(ETR) in continuous constant light. The three methods
were used to elucidate the mechanisms by which cadmium
disrupts primary photosynthetic processes in plants and to
deepen knowledge on the combined effect of short-term
photoinhibition and Cd accumulation in plant tissues.

Recently, Cd effects on primary photosynthetic
processes, functioning of PSII in particular, have been
evaluated using a fast Chl fluorescence transient (OJIP)
frequently (Faseela ef al. 2020). The shape of the OJIP
curve changes sensitively according to the strength
of Cd-induced stress in PSII as well as OJIP-derived
parameters. For the OJIP shape, Cd(dose)-dependent
reduction of Chl fluorescence signal resulting in a flattening
of'the curve is reported. In OJIP-derived parameters related

to PSII functioning, a decrease is reported, as shown,
e.g., by Zhou et al. (2024a). Moreover, the OJIP-derived
parameter related to thermal energy dissipation (DI/RC)
increases with increased Cd stress (Cai ef al. 2023).

Kautsky kinetics supplemented with saturation
pulses applied in light- and dark-adapted states allow
the calculation of several Chl fluorescence parameters
(for review see e.g., Rohacek 2002). In plant stress
physiology studies, potential and effective quantum
yields (Fv/Fu, ®psu) are wused most frequently,
including evaluation of negative Cd effects on primary
photosynthesis (Moustakas ef al. 2019, Huang et al
2023). Additionally, Cd-induced increase in protective
mechanisms in chloroplasts has been reported, the
activation of nonphotochemical quenching in particular
(Kiipper et al. 2007). Since PSII functioning decreases
with the severity of Cd stress, due to inactivation of
the water-splitting complex (Pagliano er al. 2006) and
the other processes associated with photosynthetic linear
electron flow (plastoquinone pool, FNR — Szopinski
et al. 2019), activation of NPQ helps the photosynthetic
apparatus cope with Cd-induced PSII overenergization
and alleviation of oxidative stress caused by reactive
oxygen species formation. Therefore, NPQ analysis is
a crucial part of the studies focused on plant sensitivity/
resistance to Cd (Han ez al. 2020) and/or other heavy metal
ions (Moustakas et al. 2024 for zinc).

Light-response curves of photosynthetic electron
transport (ETR curves) are another Chl fluorescence
technique used for assessing stress effects on photosynthetic
apparatus. The essence of the method is the exposition
of a leaf to a step-increased light (photosynthetic photon
flux density, PPFD) with a short acclimation at each light
intensity. At each PPFD level, a saturation pulse is applied
to achieve peak Chl fluorescence in the light-adapted
state (Fm'). The Fy' value is used for the calculation of
effective quantum yield (®@psp;) and, consequently, electron
transport rate (ETR). When plotted against PPFD, ETR
forms light-response ETR curves that respond sensitively
to environmental stressors by a flattening, i.e., decreased
values of ETR throughout the whole PPFD range. Such
a response has been reported, e.g., for salt stress (Zhao
et al. 2025), red and blue light (Li er al. 2021), and
photoinhibition (Bartak es al. 2023). ETR curves have
been used to evaluate heavy metals' effects (Vanhoudt
et al. 2014 for uranium, Chen ef al. 2016 for copper)
and toxic compounds' (Tomar and Jajoo 2019) effects
on plant photosynthesis. However, light-response ETR
curves are not equivalent to conventional photosynthetic
light-response curves (Py vs. PPFD) measured by gas-
exchange methods, since the ETR curves relate to PSII
activity exclusively and do not evaluate the proportion of
ATP and NADPH utilization in biochemical processes of
photosynthesis and ATP consumption in nonphotosynthetic
processes. Therefore, ETR curves typically overestimate
photosynthesis when ATP is used in nonphotosynthetic
processes to a substantial extent.

The findings from this study may provide valuable
insights into the strategies plants employ to cope with
cadmium and high light-induced stress. Ultimately,
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the knowledge gained from this research is expected to
contribute to a better understanding of the consequences
of heavy metal pollution on plants and the development
of strategies for sustainable production in contaminated
areas.

Materials and methods

Plant material and growth conditions: Arabidopsis
thaliana Col-0 seeds were kindly provided by Markéta
Samalova (Department of Experimental Biology, Masaryk
University, Brno). After sterilization in 70% alcohol for
2 min, seeds were sown in a soil mixture composed of
12 parts of peat, 2 parts of sand, and 1 part of perlite,
for one week. They were germinated in a greenhouse
with the following parameters: temperature of 22°C with
a minimum value of 17°C and maximum of 28°C; relative
humidity was 60% during the day and 65% during
the night; light intensity of 200 + 10 umol(photon) m2 s™!
with a 14/10-h day/night photoperiod. When seedlings
showed developed cotyledons (3—4 mm in diameter), they
were transplanted into 80-ml plastic pots with the same
soil mixture used for germination. Plants were grown in
a growth chamber at a temperature of 23°C during the day
and 20°C during the night, 16/8-h day/night photoperiod
at a light intensity of 160 + 10 pmol(photon) m2 s, and
a relative humidity of 40 £ 10%. Water was given by
subirrigation twice a week.

Cd and high-light treatments: Three weeks after
transplanting, A. thaliana plants developed a rosette of
leaves with a diameter of ~ 6 cm. At this stage, they were
separated into four groups of 11 plants, and each group
was treated with a different concentration of Cd, added as
CdCl; solution: 0 mM (as a control, Cd0), 1 mM (Cd1),
10 mM (Cd10), and 50 mM (Cd50). The solutions were
given to every pot by pipetting; a total of 15 ml of solution
was given to every pot to reach the field capacity of the soil.
After 24 h of Cd exposition, high light stress was induced
in three plants for each group by exposing the plants to
1,600 pmol(photon) m? s for 30 min; after 30 min of
exposition to high light plants were let recover under
the light intensity used for growth [160 + 10 pmol(photon)
m2s'].

Chl fluorescence measurements: We started recording
chlorophyll fluorescence (ChlF) after 24 h of Cd exposure.

At this time, we recorded the ETR induction curves.
Kautsky kinetics was recorded together with ETR
induction curves, then after high-light exposition, after
2 and 24 h of recovery from high light. Finally, OJIP curves
were taken after 24 h of recovery from high light. Below is
a description of the technique in detail.

Kautsky kinetics: To evaluate the effect of Cd treatments
through slow Kautsky kinetics (KK) we used an Open
FluorCam (Photon Systems Instruments, Drasov, Czech
Republic). Parameters derived from KK are specified in
the following table. Plants (eight replicates for each group
of treatment) were dark-adapted for 10 min before starting
the KK measurements. A single measurement started
with a basal flash of weak light [0.5 pmol(photon) m2 s™!
of photosynthetically active radiation, PAR] applied
in dark-adapted leaves, this light does not activate
photosynthesis and induce the basal fluorescence Fo;
after 2 s a saturation pulse [3,000 umol(photon) m= s~!
of PAR, 0.8 s] induced the maximum Chl fluorescence
level (Fum), followed by a 27-s dark period. Then
the seedlings were exposed to a 300-s-lasting actinic light
(AL) period [60 pmol(photon) m? s™' PAR] that activates
the photosynthetic electron flow. After AL is switched on,
the Kautsky effect — a rapid increase followed by a slow
decline in fluorescence level — was recorded. After 300 s,
a steady state of ChlF was reached and a saturation pulse
was applied to induce Fy' (maximum Chl fluorescence) in
the light-adapted state. After switching off the actinic light,
the background ChlF (F,') was recorded. A final saturation
pulse was given then to induce Fy" level in the dark and
the KK end. Chl fluorescence parameters calculated by
FluorCam software are listed in the text table below.

KK data were further analysed using MS Excel 365.
The following parameters, related to nonphotochemical
quenching, were calculated: NPQt, qi, and qg (according
to Tietz et al. 2017).

ETR induction curves: Electron transport rate (ETR)
induction curves were measured using a PAM 2500
fluorometer (Heinz Walz GmbH, Germany). To record
the ETR curves, plants (three replicates for each group)
were dark-adapted for 10 min, then a modified protocol
exposed them to constant actinic light of 620 pmol(photon)
m~ s for 10 min with repetitive saturating pulses (each

60 s) to measure Fy' and evaluate @pg;. During this period,

List of parameters derived from the slow Kautsky kinetic supplemented with saturation pulses. Formulae to calculate the parameters

are presented in Supplementary materials.

Parameter Meaning Reference

Fv/Fu Maximum (potential) yield of photosynthetic processes in PSII Genty et al. (1989)

Dpsit Effective quantum yield of photosynthetic processes of PSII Genty et al. (1989)

Rfd Chlorophyll fluorescence decrease ratio Lichtenthaler et al. (2005)
qu Fraction of PSII centres in open states Kramer et al. (2004)
NPQt Nonphotochemical quenching Tietz et al. (2017)

que Photoinhibitory quenching Tietz et al. (2017)

Qe Energy-dependent quenching Tietz et al. (2017)
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repetitive saturating pulses were applied and ETR levels
were calculated from ®pgy values using the following
equation:

ETR = ®pg;; X PFD x 0.84/2

where @pg; is the effective quantum yield of PSII, PFD
is the photon flux density, 0.84 reflects the fraction of
incident photons absorbed by Chl @ molecules in PSII and
the division by 2 is due to the equal fraction of photons
absorbed by PSII and PSI (Krall and Edwards 1992).

Finally, the maximum values along the ETR curves
were taken for each treatment to display the ETR pax.

OJIP curves: To evaluate responses of PSII to a short-
term Cd treatment combined with photoinhibition, fast
kinetics OJIP were recorded using a PAR-FluorPen
portable fluorimeter (Photon Systems Instruments, Drasov,
Czech Republic) equipped with detachable leaf clips.
A total of eight A. thaliana leaves for each group of
treatment were dark-adapted for 10 min using
the fluorimeter leaf clips, then ChIF was induced by
the fluorimeter, producing a saturating light pulse
of 3,000 pmol(photon) m? s, and the fast rise of
Chl fluorescence was recorded for 2,000 ms using
the fluorimeter's OJIP protocol, as described by Strasser
etal. (2004). Data were processed using FluorPen software
and then further analysed using MS Excel 365.

Statistical analysis: Statistically significant differences
in the Chl fluorescence parameters were evaluated by
one-way analysis of variance (ANOVA) and Tukey's test;
the P-value <0.05 was considered statistically significant.
Data elaboration was performed using MS Excel (MS Office
365), while statistical analysis and data visualization were
conducted using scripts written in the Python programming
language.

Results

Photosynthetic electron transport rate induction
curves: The electron transportrate (ETR) indicates the ratio
of electron transport through the electron chain at a given
light intensity (White and Critchley 1999). Cd exposition
led to a decrease in the ETR values, as shown in Fig. 1,
which displays the maximum values of ETR:ETRx.
The heavy metal-induced decline of the ETR is pronounced
with increased Cd concentration, but was not visible with
a solution concentration of 1 mM (in our data, rather
an increase than a decrease was apparent).

Kautsky Kkinetics: This experimental setup enabled us to
detect and evaluate the effect of Cd stress, its combination
with high light stress, and its related fluctuations in ChlF
parameters. Cd effect on ChlF was apparent after 24 h
of exposure to the heavy metal. Fig. 24 shows the KK
related to the treatments after 24 h of Cd exposition (but
before photoinhibition); these curves show the whole
Kautsky effect and the ChIF levels at each moment of
the kinetics. An indicator for several types of stress on
primary photosynthesis was the flattening of this curve;
this was evident as regards the Cd50 group.
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Fig. 1. Maximum electron transport rate values of Arabidopsis
thaliana leaves under Cd stress. A total of three replicates were
used for this analysis; the different letters above the boxes
represent the significant differences between the treatments
(by one-way ANOVA and Tukey's post hoc test). Cd0 are plants
treated with 0 mM CdCl, (control), Cd1l, Cd10, and Cd50 are
plants treated with 1, 10, and 50 mM, respectively, of CdCl,.

Fp is the maximum ChIF level reached when the actinic
light is switched on; after this point, there is a decline
in ChlIF level due to the quenching mechanisms that are
activated — the Kautsky effect. Fig. 2B represents the
curves normalized in Fp — each point was divided by the Fp
value. By normalizing, in Fp is possible to better evaluate
the differences in quenching mechanism after the actinic
light is switched on. We expected a flattened KK curve
for stressed plants; moreover, in FP-normalized curves, we
expected a higher level of ChlF after the Fp point, which
is an indication of a negative effect in the redox state
of the plastoquinone pool. This difference was seen in
the area indicated by the arrow in Fig. 2B: the area
between the control curve and the Cd-treated ones showed
the difference in how fast the quenching of the ChIF
emission was; according to the graph, the area increased
with the increasing Cd concentration.

From the KK it is possible to derive several parameters
that illustrate various aspects of the primary photosynthetic
processes. Fig. 3 shows parameters derived from the
KK: Fy/Fy is the maximum quantum yield and indicates
the potential photosynthetic efficiency; ®psy represent
the effective quantum yield; these parameters decrease
due to the Cd stress in the first 24 h of exposure, as seen
in Fig. 3 (before PI, i.e., before photoinhibition). Fig. 4
displays the parameter q;, which level indicates the redox
state of the plastoquinone (PQ) pool, which is also
the fraction of PSII centres in open state; and Rfd, which
indicates the ChIF decrease ratio and is correlated with
the net photosynthesis. These parameters followed
a similar pattern: the highest dose of Cd (50 mM) caused
a more rapid decline in photosynthetic performance, but
even if the differences were not significant for lower doses,
a progressive decrease was apparent with increasing Cd
concentration.
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Fig. 2. Slow Kautsky kinetics of chlorophyll fluorescence (means of eight replicates) recorded on Arabidopsis thaliana under Cd
exposition. (4) Kinetics without normalization; (B) kinetics normalized in Fp with one specific region of the curve zoomed in to better
show the differences. Cd0 are plants treated with 0 mM CdCl, (control), Cd1, Cd10, and Cd50 are plants treated with 1, 10, and 50 mM,
respectively, of CdCl,.

Fig. 3. Time courses of potential yield of photosynthetic processes in PSII (Fv/Fu), and effective quantum yield of photosynthetic
processes in PSII (®psi) recorded in Arabidopsis thaliana affected by Cd stress before (before PI), immediately after the high light
(photoinhibitory) treatment (after PI), and after 2 and 24 h of recovery. A total of eight replicates were used for this analysis; the different
letters above the boxes represent the significant differences between the Cd treatments (by one-way ANOVA and Tukey's post hoc test).
Cdo are plants treated with 0 mM CdCl, (control), Cd1, Cd10, and Cd50 are plants treated with 1, 10, and S0 mM, respectively, of CdClL,.

From ChlIF data recorded for the experimental plants,
itis possible to determine the parameters related to particular
pathways contributing to overall nonphotochemical
quenching using the equation by Tietz et al. (2017).
In this concept, nonphotochemical quenching (NPQt)
is formed by qn and gg (Fig. 5). NPQt was activated by
the Cd-induced stress, as we can see in the rise of NPQt
levels in Cd-treated plants (before PI). The qi component —
photoinhibitory quenching — plays a dominant role in this
case, as it composes the major part of the NPQt, against
the qr — energy-dependent quenching — that remains
constant in all the treatments and follows the same pattern
of the NPQt.

High light exposition effect on the photosynthesis
of plants was successfully sensed with the KK analysis:

186

parameters such as Fy/Fy and ®@psr showed a decline after
30 min of exposition to light (Fig. 3). This is because
the photoinhibition induction affects the functioning
of the PSII and reduces CO, fixation rate as well. After
the exposition to high light, the two parameters recovered
within a 24-h time range. The recovery pattern, however,
differed between Fy/Fy and ®@psyi. F./Fy reached a plateau
after 2 h of recovery, and this was not seen in @pgyy. Fv/Fu
reached the optimum values in a shorter time compared
to Dpgyi.

Concerning differences between Cd treatments,
Cd50 plants showed significantly lower values for
Fv/Fu and @pgy; after 2 h of recovery, the values
started declining again, probably because the Cd was
continuing to affect the overall plant homeostasis. Plants
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Fig. 4. Levels of ChlF parameters of Arabidopsis thaliana under Cd exposition. (4) The fraction of PSII centres in open states, qr;
(B) the chlorophyll fluorescence decrease ratio, Rfd. A total of eight replicates were used for this analysis; the different letters above
the boxes represent the significant differences between the Cd treatments (by one-way ANOVA and Tukey's post hoc test). Cd0 are plants
treated with 0 mM CdCl, (control), Cd1, Cd10, and Cd50 are plants treated with 1, 10, and 50 mM, respectively, of CdCl,.

treated with lower doses, Cd10 and Cdl, did not show
significantly different values compared to the control.
In contrast, they still appeared slightly lower than
the control; this can probably mean that these doses of Cd
could affect physiology, but this is not visible in the first
48 h of its exposition.

Nonphotochemical quenching also displayed a typical
behaviour (see Fig. 5); NPQt increased when plants
were affected by photoinhibition and was reduced after
recovery (Fig. 54). A similar pattern was observed in qy
(Fig. 5B). Also, in this case, as shown in quantum yield
parameters (Fv/Fu and ®psp), in Cd50 plants, NPQt
and qi were significantly higher and started to increase
again during recovery. qg showed an increase during
photoinhibition and then a decline during recovery
(Fig. 5C). In Cd50 plants, it reached a rather small decrease,
most probably because overall nonphotochemical
quenching was increasing, keeping this parameter quite
stable; overall, there were no differences in qg among
groups of treatment. In general, the control group still
showed a lower increase rate in NPQt and qy, and a faster
recovery rate, as shown in Fig. 5B (qu), even if it was
not statistically significant. Treatments with Cd appear
to show a higher photoinhibitory effect compared to
the control.

OJIP curves: Fig. 64 displays the polyphasic rise of
ChlF transients from plants after 24 h of recovery from
high-light exposition (48 h of Cd stress). The curves show
a slight difference between groups in the O and J phase
(photochemical phase): control plants show the lowest
values in this phase, while they rise in plants treated with
Cd. Some differences also appear in the I phase (thermic
phase). The P phase shows lower values in Cd-treated
plants compared to the control; this is far more accentuated
in the Cd50 plants, which display a flattened curve typical
for stressed plants (Kalaji et al. 2014). Fig. 6B shows the
curves normalized in the O and P points; this normalization
allows the enhancement of the difference in the middle
phase of the curve. Cd-treated plants showed higher values

compared to the control, which means that the redox state
of the PQ pool was affected.

To further elucidate the differences in the ChIF transient,
we double normalized the curves between 0 and 300 ps
and between 0 and 2 ms, and we obtained, respectively,
the K-band, between O and J steps, and the L-band,
between O and K steps (Fig. 7). The K-band indicates
the inactivation of the oxygen-evolving complex (OEC);
the L-band can be interpreted as an indicator of connectivity
loss of the three-part complex: antenna—LHC-reaction
centre. Cd50 plants showed a positive band, both for K and
L. In contrast, other treatments did not show an observed
difference in both K and L bands compared to the control.

Fig. 1S (supplement) represents a radar graph that
shows the parameters calculated within the transient
OJIP. Before plotting, they were normalized according to
the control values; Cd50 was significantly different in
all the parameters. Although the differences between
Cdl, Cd10, and control were not significant, these
groups followed a gradual pattern from control to Cd10.
Cd treatments seemed to lower the values of these
parameters and increase the values of the ones connected
to energy dissipation (®no). The performance index (Plags)
represents the performance of electron flow through
the PSII expressed on an absorption basis; this parameter
is quite sensitive in detecting changes in PSII functionality.
Cd treatments progressively lowered the Plsps; Cdl and
Cd10 were significantly different from both control and
Cd50, and the latter was the lowest and significantly
different from control.

The parameters of energy flux per reaction centre —
ETy/RC, TR(/RC, ABS/RC, DIy/RC (Fig. 8) — delineate
the distribution of absorbed light energy into various
flux components responsible for driving photochemical
reactions. There was no statistical difference between
groups apart from the Cd50 plants; this group showed
an increased value of absorption (ABS/RC), trapping
(TRo/RC), and energy dissipation (DIo/RC) while electron
transport above the plastoquinone pool (ET(/RC) was
reduced.
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Fig. 5. Time courses of nonphotochemical quenching,
NPQt (4), photoinhitory quenching, qi (B), and energy-dependent
quenching, qg (C) of chlorophyll fluorescence showing
involvement of photoprotective mechanisms under Cd stress
and high light stress. The NPQt, qx, and qg values were evaluated
before (before PI), after 30 min of high light (photoinhibitory)
treatment (after PI), and after 2 and 24 h of recovery. A total of
eight replicates were used for this analysis; the different letters
above the boxes represent the significant differences between the
Cd treatments (by one-way ANOVA and Tukey's post hoc test).
All parameters were calculated according to the formula by Tietz
etal. (2017).
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Discussion

Cd accumulation in soil and root uptake is complex and
regulated by many factors (Alloway 2013). The most
relevant are the chemical mechanisms regulating its
availability in soil, such as ion chelation (Song et al.
2017, Liu et al. 2018). In this study, plants showed
adose-dependent response to Cd stress. Exposure to 50 mM
of Cd caused the most evident effects on photosynthesis
and plant growth, while exposure to 1 or 10 mM showed
mild/hidden effects, observable after 48 h through changes
in Plsps levels (Fig. 8). Cd induces diverse effects on plant
physiological processes on a molecular and metabolic
level (DalCorso et al. 2010, Lin and Aarts 2012). Among
them, phytochelatin production is the main protagonist
(Ben Ammar ef al. 2008), serving for heavy-metal
ion-binding by chelatinization and allocation in the vacuole
(Peng and Gong 2014). Cd accumulation in plant tissue is
seen to determine lipid peroxidation and enhanced H,O,
production, consequently, oxidative damage and a reduced
electron transport chain (Cho and Seo 2005, Ben Ammar
et al. 2008). Some of these effects could be detectable by
Chl fluorescence. In this study, it proved to be a functional
tool for understanding the effects of the combination of Cd
stress and photoinhibition from high light exposure.

Basic chlorophyll fluorescence parameters: As seen in
the reduction of Fy/Fy, ®psy, and Rfd, Cd stress affected
the primary photosynthetic processes. In Cd50 plants,
a significant decrease in Fv/Fy values indicates inhibition
of several processes in PSII induced by a high Cd
dose. Such a response is reported for a wide variety of
photosynthetic organisms, ranging from cyanobacteria
(Zhou et al. 2006), algae (Hernandez 2016), lichens
(Maslac et al. 2016), mosses (Bellini et al. 2020), ferns
(Deng et al. 2014), to vascular plants (Pagliano ef al.
2006). Underlying mechanisms causing a decrease in
Fv/Fu are negative effects on the oxygen-evolving complex
(OEC) also known as the water-splitting complex (WSC)
(Linger et al. 2005), and oxidative destruction of PSII core
proteins, D1 in particular (Zsiros et al. 2020). Our data
support the Cd-induced negative effect of Cd on OEC,
since the parameter Fy/F, (the efficiency of the OEC on
the donor side of PSII) declined in Cd-treated plants
(Fig. 1S), similarly to the data reported by Dobrikova et al.
(2021) for Cd-treated Salvia sclarea.

The Cd-induced decrease in Fv/Fu is typically
accompanied by an increase in protective mechanisms,
nonphotochemical quenching in particular (Waheed et al.
2025), which was found in our study as well. The Fy/Fu
decrease might be attributed to F, increase, Fy decrease
or both. In our study, the decline in Fv/Fy could be due
to an F, increase and might be attributed to the physical
interaction of LHCII with the PSII antenna complex
(Singh et al. 2023). These data suggest that the main
affected parts of the photosynthetic apparatus are
the water-splitting complex, the PSII components (LHC
and PSII proteins), and the connectivity between PSII and
the PQ pool. The latter explanation might be supported
by the study of Todorenko ef al. (2021), who reported
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Fig. 7. Double normalized curves of K-band (4) that display the changes in O-J phase relative variable fluorescence intensity of
Cd-treated plants in comparison with the control (Cd0); L-band (B) that shows the changes in O—K phase relative variable fluorescence
intensity of Cd-treated plants compared with the control (Cd0). CdO0 are plants treated with 0 mM CdCl, (control), Cd1, Cd10, and Cd50

are plants treated with 1, 10, and 50 mM, respectively, of CdClL,.

Cd-induced inhibition of electron transport from PSII
to the PQ pool and between PQs and PSI. However,
Cd-induced limitation of PSII functioning is more serious
than PSI, since activation of cyclic electron transport
protecting PSII has been reported (Wang et al. 2022a).
These Cd-induced negative changes in the transfer of
energy from the PSII reaction centre to electron acceptor
molecules decrease PSII functioning, leading to the
degradation of the PSII reaction centre if the Cd dose
is too high. For A. thaliana, such response of Fy/Fy has
been reported for the Cd concentration ranging between
50-100 pmol (Maksymiec ef al. 2007, Martinez-Pefalver
et al. 2012). Cd stress decreases the electron transport
rate above the Qa, generating an excess of energy at
the antenna level. This generates more energy dissipation
and an increase in NPQ and qj, as it has a photoinhibitory
effect. As reported by Wodala et al. (2012), Cd-induced

stress is shown to decrease the ETR values, our results are
in accordance with this as seen in Fig. 1. In general, Cd
stress significantly affected PSII structural and functional
activity in A. thaliana, which agrees with earlier research
showing that higher accumulation of Cd reduces the PSII
structural ability and functional activity. The Cd effects are
interpreted as stress damages in the PSII antenna and PSII
core, resulting in a decrease in ®@pg; and impaired ETR, as
has been observed by Manzoor ef al. (2022) and our study
as well.

OJIPs and OJIP-related parameters: Flattening of
OJIP in terms of heavy metal-induced decrease in Chl
fluorescence values forming the OJIPs is described as
a consequence of heavy metal negative effects on PSII and
reported for Cu (Singh ez al. 2022), and is well documented
in our data. A decline in PSII functioning (see an increase/
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decrease of OJIP-derived parameters, see Fig. 1S, Fig. 8)
caused by Cd ions found in our study is well comparable
to the evidence reported for Cd-treated plants (Faseela
et al. 2020). The negative changes to PSII are reflected in
the decrease in Plgs, an increase in DI/RC and consequent
increase in ®po (Fig. 8). These effects are in accordance
with a recent study of Cd-treated tobacco (Cai ef al. 2023),
tomato (Chtouki er al. 2021), and lettuce (Chen et al
2022), which report Cd concentration-dependent decrease
in Plags. This is associated with a Cd-induced decrease in
PSII functioning, especially the effectiveness of energy
flow through reaction centres of PSII, as well as decreased
capacity of electron transmission between photosystems
(Wen et al. 2005). Such changes are accompanied by
an increase in Cd-induced thermal dissipation (DI/RC),
as shown by e.g., Kalaji and Loboda (2007) for barley,
as well as the effectiveness of this process (®po), as
a consequence of Cd-induced overenergization of PSII due
to reduced photosynthetic electron transport and reported
in other Cd-treated plants (e.g., Cai ef al. 2023). Cd stress
caused a reduction of the electron transport from Q4 to Qg,
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which is indicated by a larger trapping but a lower electron
transport over the Qa (TRoRC, ET¢/RC). This finding is
in accordance with previous studies (Geiken et al. 1998).
An increase in DI//RC is considered a protective
mechanism activated in the early stage of plant response
to Cd treatment. Increased DIy/RC helps alleviate
the formation of reactive oxygen species. However, if
the Cd stress lasts too long (in terms of days) or if Cd
doses are too high, formation of reactive oxygen species
(ROS) becomes accelerated and may lead to severe
Cd-induced oxidative stress in PSII and pigment—protein
complexes in the thylakoid membrane (Bi et al. 2009).
For A. thaliana, however, some Cd-tolerant mutants have
been created that exhibit a high synthesis of antioxidative
enzymes. Such mutants show an increased (compared
to wild type) tolerance to Cd-induced oxidative stress in
the photosynthetic apparatus (Radeva et al. 2010).
Functioning of LHC-PSII complex components in
Cd-treated plants is well reflected by the presence of
L-band and K-band in Cd50 treatment (Fig. 7).
The approach of L- and K-band is widely applied in
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the research focused on primary photosynthesis in plants
exposed to a wide variety of stressors, including Cd
treatment (see e.g., Zhou et al. 2024a,b). In the study,
the presence of L- and K-band was reported even after
3-d exposure to 100 pmol Cd. Positive values of K- and
L-bands found for Cd-treated plants (Cd50) might be
attributed to excessive Cd-induced damages to the donor
side of PSII and connectivity between LHCs and PSII.
In majority of studies exploiting K- and L-band occurrence
in response a Cd stress (e.g., Wang et al. 2022b, Cai et al.
2023), concentrations of about 100 uM L' are reported
to induce an increase in K-band and interpreted as
a disruption of the functional link between OEC and PSII
(Jiang et al. 2006). Similarly to these and our results,
several studies (e.g., Gururani et al. 2013, Cai et al.
2023, Zhou et al. 2024b) report that the appearance of
K- and L-bands is a consequence of PSII limitation on
the donor side of PSII in heavy metal-treated plants. Our
data suggest that negative changes to connectivity between
PSII components (L-band presence), i.e., grouping the PSII
units or energetic connectivity between antenna and PSII
RCs (Guo et al. 2020), are apparent only in 50 mM Cd
treatment but not in lower Cd concentrations. The same is
evident for the limitation of the oxygen-evolving complex
functioning (K-band presence), found exclusively in
the Cd50 treatment.

An increase in ABS/RC and TRy/RC in the Cd50
plants (Fig. 8) might be attributed to PSII behaviour under
strong stress, since such a response has been documented
for a wide variety of stressors, such as e.g., low (chilling)
temperature (Kriiger et al. 2014), desiccation (Bednatikova
et al. 2020), and elevated temperature combined with high
light (Wang et al. 2022c). Specifically for heavy metals,
Cu- and Hg-induced increase in ABS/RC and TRy/RC is
reported (Singh ez al. 2023).

In the majority of plants, Cd stress leads to inhibition
of photosynthetic linear electron transport chain (ETo/RC
in OJIP analysis, see decrease at Cd50, Fig. 8). This
is well documented for a great variety of plants and
cyanobacteria (Verma and Prasad 2021, Singh ez al. 2022);
however, Cd-induced decrease in ETy/RC is associated
with the reoxidation of reduced Qa through electron
transport. However, the parameter (ET(/RC) reflects only
active reaction centres. Such limitation of PSII-related
photosynthetic processes is associated with an increase
in thermal dissipation DI/RC (Fig. 8, Cd10), which is
considered a protective mechanism activated in stressed
and less efficiently working PSIIs. Such Cd-induced
response is well described and associated with an extra
load of still active RCs (Gonzalez-Mendoza et al. 2007).

Combination with high light stress: Excess light energy
led to a bigger production of ROS and consequently
oxidative damage. Several tolerance mechanisms are
activated in plants in response to high light stress, such
as the xanthophyll cycle and other cycles that lead to
an enhanced level of nonphotochemical quenching
(Sharma et al. 2023).

The effect of the combination of Cd and high light
stress was Cd dose-dependent. Cd stress increased

photoinhibitory effects caused by high light only in Cd50
treatment. In contrast, the lower Cd concentrations did
not affect PSII functioning in comparison with untreated
control during photoinhibition and consequent 48-h
recovery (see Fv/Fu and ®ps; in Fig. 3). This suggests
that effective Cd concentration causing inhibition of PSII
lies between 10-50 mM Cd which is comparable to data
reported by Gharbi et al. (2018) for Solanum lycopersicum
due to high Cd content in leaves; the effective concentration
might be, however, one or two order of magnitude lower in
microalgae (Faller et al. 2005).

In our study, NPQt, its qix component in particular,
increased in the Cd50 plants after the short-term
photoinhibitory treatment (Fig. 5), indicating the co-
action of high light and heavy metal stress in chloroplasts
and activation of photoprotective mechanisms.
In vast majority of plants, nonphotochemical quenching
increases in response to a short-term photoinhibition as
documented for algae (Wang et al. 2022d), lichens (Haq
et al. 2024), mosses (Orekhova ez al. 2021), and vascular
plants having C; (Hikosaka 2021), C,4 (Shay and Kubien
2013), alternative C;/CAM (Matsuoka et al. 2018), and
CAM (Wang et al. 2022e¢) carbon-fixing mechanism.
The photoinhibition-induced increase in NPQ has been
reported for A. thaliana as well and, similarly to our study
(see Fig. 5, qu), attributed to an increase in photoinhibitory
quenching (Jin ef al. 2014). The q; increase is caused by
high light-induced structural and functional changes in
LHCII-PSIT supercomplex (Malnoé 2018). The q;
component of nonphotochemical quenching is mainly
related to inactivation or even damage of the reaction
centres of PSII, recognized as the slowest relaxing
component requiring hours to recover (Lichtenthaler
2005), i.e., to achieve pre-photoinhibition level.
Together with fast-activated and fast-relaxed as well,
energy quenching (qg, seconds to minutes), q; represents
an effective photoprotective mechanism. In short-
term photoinhibition, fast-activated photoprotective
mechanisms play a significant role in the initial response
of the chloroplast apparatus to high light. Among
them, qg, which is associated with high light-induced
ApH-dependent conversion of violaxanthin to zeaxanthin
(for A. thaliana see e.g., Wei et al. 2024), plays
an important role. Apart from zeaxanthin formation,
PsbS (Li et al. 2000) and lutein (Pogson et al. 1998) are
associated with qe. However, some studies suggest that
qe-type quenching can be induced only by artificially
lowered lumenal pH and resulting acceleration in cyclic
electron flow (Johnson and Ruban 2011, Johnson ez al.
2012).

The reduction of electron transport and the increase
in thermal dissipation are the two key mechanisms
behind Cd stress response (Cai et al. 2023); what is seen
after the induction of high light stress could suggest that
mechanisms other than the ones activated in response to
Cd are activated in response to high light stress. The more
rapid increase in gy and decline in ®@ps; found immediately
after the photoinhibitory treatment indicate that the
primary photosynthetic metabolism is more susceptible to
a surplus of incident light when already exposed to a stress
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such as Cd, which slows down the electron flow at the Qa
level and oxygen-evolving complex.

The negative effect of Cd on photosynthetic parameters
as reported in our study is typical for high Cd content in
leaves, which is species-specific, however, ranging from
0.6 t0 9.1 mg kg' (Baldantoni et al. 2016). Cd uptake and
transport from roots to shoots is nonspecific, because of
the great number of metal transporters and nonselective
ion channels which are involved. Multiple factors, such
as e.g., root uptake, sequestration in root vacuoles,
translocation through xylem and phloem, and dilution
during plant growth, may influence the accumulation of
Cd in plant shoots. Moreover, even Cl ions released from
CdCl; used in our study may interact with the negative
effect of Cd on PSlI-related chlorophyll fluorescence
parameters; however, such interaction might be neglected,
similarly to other studies exploiting the addition of CdCl,
to cultivation medium/substrate (Naciri et al. 2024).
Phytochelatins, which are synthesized both in shoots and
roots in dependence on the severity of Cd stress (Mou
et al. 2016), may influence Cd allocation in particular
plant tissues and photosynthesis. They are biomolecules
acting against the toxic effects of Cd and other heavy
metal ions in plants (for review see Merlos Rodrigo et al.
2016 and Faizan et al. 2024). They affect the extent of
Cd complexation in different plant parts by forming
Cd-phytochelatin complexes that sequester the Cd and
therefore lessen the toxic effects. Thus, allocation of Cd
rather in shoots and/or roots is affected by phytochelatin
synthesis and allocation. Therefore, the differences in
Cd allocation represent an important factor since they
affect the amount of Cd which is found in leaves and
the chloroplasts. Moreover, subcellular Cd localization
in shoot and root cells (Van Belleghem et al. 2007) plays
an important role since it may affect the effective amount
of Cd in the chloroplast and the Cd impact on primary
photosynthetic processes. Therefore, several alleviative
strategies are applied in experimental plant biology to
reduce negative Cd effects on plant photosynthesis, growth,
and biomass production. Among the recent trends, there
are e.g., mitigation of Cd effects by nanoparticles (Kang
et al. 2024, Soni et al. 2024), addition of phosphorus into
plant nutrition (Chtouki et al. 2021), foliar application of
salicylic acid (Hayat e al. 2024), and biochar application
to soil (Danso ef al. 2023).

Conclusion: Our study aimed to evaluate the response
of PSII to Cd and high light, specifically the activation
of protective mechanisms for photosynthetic processes
related to photochemical part of photosynthesis, i.e.,
nonphotochemical quenching and related processes in
the chloroplasts. Our study suggests that 10 mM (Cd10) did
not cause much negative effects in PSII and its functioning;
in contrast, 50 mM (Cd50) induces several negative changes
in primary photosynthesis associated with PSII and studied
by chlorophyll fluorescence techniques. Results from
chlorophyll fluorescence indicate that the most affected
site by Cd stress on the electron transport chain is at the
plastoquinone level and OEC level, along with the PSII
complex. Finally, the combination of Cd stress and high
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light stress is translated in an enhanced photoinhibitory
effect; if the plant is exposed to the heavy metal, a stressor
such as high light would have a worse negative effect,
and would require more time and energy to recover.
Cd-induced changes are, however, not related exclusively
to PSII, they comprise a broad complex of responses
(for review see Bashir ef al. 2015) including structural
changes in thylakoid membrane components, alterations
in chloroplast structure, including e.g., reduction in size
and number of grana stacks (Hakmaoui ez al. 2007). In
light of the above, our study suggests further research on
the various response mechanisms activated by Cd stress
and how these mechanisms interact when combined
with other stresses, such as high light. Moreover, various
plant—microbe interactions in the root compartment
of heavy metal-exposed or -treated plants represent
an emerging field of study to alleviate negative Cd effects
in plants. Recently, several plant growth-promoting
bacteria (PGPB) have emerged as promising candidates
for enhancing plant resilience to Cd stress. Many PGPB
have been tested recently to improve plant tolerance by
modulating antioxidant defence mechanisms, facilitating
the following aspects of plant physiology: nutrient
uptake, enhancing soil quality, regulating plant hormones,
photosynthesis, and biomass formation (He et al. 2020,
Wu et al. 2020, Yang et al. 2024). Alleviation of negative
effects of cadmium toxicity on photosynthetic processes
by foliar application of biocompounds is another recent
trend (Rafique er al. 2025, Shabbir et al. 2025) which,
together with studies focused on nanoparticles (Faizan
et al. 2021, Zhou et al. 2025), are promising fields of
science.
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