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Short-term assessment of adverse effects is essential for populations exposed to higher

risk of environmental pollution. This study presents the time course of physiological and

morphological changes attributed to cadmium, emphasizing age-linked differences in

the susceptibility of photosynthetic apparatus of Spirodela polyrhiza fronds exposed to

different cadmium concentrations. A four-frond colony represented by mother, daughter,

and granddaughter plants was exposed to cadmium concentrations for 6, 24, and 72 h

to establish its effect on different generations of the great duckweed. The duration of

cadmium exposure accounted for the most variation in chlorophyll content as the most

influential variable, and after 72 h, frond responsiveness was a function of cadmium

concentration. Carotenoid contents behaved slightly differently in fronds of different ages,

with the oldest mother frond exhibiting accelerated senescence. Chlorophyll fluorescence

measurements showed that cadmium affects different photosynthetic electron transport

segments relative to the frond’s chloroplast structure level. Photosynthesis of mother

fronds exposed to low cadmium and daughter fronds exposed to high cadmium

was determined by the functionality of primary electron acceptance at the PSII level.

Mother plants exposed to higher cadmium concentrations were characterized by closed

and inactive reaction centers, dissipated energy outflux, and inhibited photosynthesis.

Young fronds exposed to low and high cadmium concentrations were characterized by

increased non-reducing reaction centers and thermal phase reduction, with activated

dissipative mechanisms at high cadmium concentrations. Cadmium-induced changes

in the ultrastructure of chloroplasts were visible after 6 h of exposure to lowest

concentrations, with gradual degradation of the thylakoid system as the fronds

aged. Younger fronds responded to cadmium more dynamically through molecular,

physiological, and anatomical changes and tolerated a more reduced electron transport

chain under given conditions than older fronds.

Keywords: dose-time-age response, polyphasic chlorophyll fluorescence, photosynthesis, respiration, PCA,

chloroplast ultrastructure, TEM
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FIGURE 3 | Mean effect sizes (Hedges d) and bias-corrected bootstrap 95% confidence interval for the overall effect of Cd treatment on technical fluorescence

parameters: (A) relative fluorescence at K step (300 ms–VK ), (B) at J step (2 ms–VJ ), (C) at I step (30 ms–VI ), (D) the fraction of O2 evolving centers, (E) the initial slope

that indicates the net closing rate of the reaction centers M0 [M0 = 4 (F300µs-F0)/(Fm-F0)], and (F) a proxy of electron carriers number per electron transport chain

(Sm). Effect sizes are based on mean differences between treatment and the control (C0) after 72 h of exposure to Cd concentration from 7 µM–C1 to 111 µM–C5.

The dashed line shows Hedges d = 0. When confidence intervals overlap zero, the effect sizes are not significantly different from zero (p-values for mean differences

are obtained by 2-tailed t-test, ns for p > 0.05; *p < 0.01).

increase in ABS/RC was accompanied by a similar rise in
TR0/RC. Simultaneously, the maximum quantum yield of
PSII photochemistry underwent minor changes indicating that
antenna size supplied excitation energy to active RCs, and that
there was a probable increase in the young plants’ functional
antenna size (Figures 2–4).

The donor side of PSII is a place of the catalytic site
of water cleavage and formation of the dioxygen molecule
(Stirbet and Govindjee, 2011). Differential curves of Chl
fluorescence transient, calculated between O-J steps representing
K-band (Supplementary Figure 4), variable fluorescence at K
step, and the fraction of O2 evolving centers (OEC), were

used to examine the PSII donor side’s condition (Figure 3).
K-bands were strongly expressed after 72 h of Cd exposure.
The amplitude increased with increase in Cd concentration
(Supplementary Figure 4), while the size of the effect increased
with plant age (Figures 3A,D). This VK increase on the
normalized O-J curve signified that OEC activity was damaged,
and that damage was more intense in the older fronds.

The maximal rate of closed reaction center fraction (M0)
accumulation, the probability by which the captured exciton
moves the electron from the primary acceptor QA to QB (ψE0)
described by variable fluorescence at J step (VJ), and the quantum
yield of electron transport from Q−

A to PQ PSII (φE0) were used
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FIGURE 4 | Mean effect sizes (Hedges d) and bias-corrected bootstrap 95% confidence interval for the overall effect of Cd treatment on efficiencies and quantum

yield: (A) the maximum quantum yield of primary PSII photochemistry that leads to QA reduction (φP0), (B) the probability that a trapped exciton moves an electron

into the electron transport chain beyond QA (ψE0), (C) quantum yield of energy dissipation in PSII antenna (DI0/ABS), (D) the efficiency that contains the rate

constants for intersystem electron transport and reduction of the end-electron-acceptor (δR0), (E) performance index (potential) for energy conservation from exciton

to the reduction of intersystem electron acceptors, and (F) performance index (potential) for energy conservation from exciton to the reduction of PSI end acceptors.

Effect sizes are based on mean differences between treatment and the control (C0) after 72 h of exposure to Cd concentration from 7 µM–C1 to 111 µM–C5. The

dashed line shows Hedges d = 0. When confidence intervals overlap zero, the effect sizes are not significantly different from zero (p-value for mean difference is

obtained by 2-tailed t-test, ns for p > 0.05; *p < 0.01).

to examine the effect of Cd on the PSII acceptor side. The initial
slope of the relative variable fluorescence curve (M0) indicates
that the net closing rate of the reaction centers was increased by
about 200% inMFs exposed to 56 (C4) and 111 (C5)µMCd after
72 h, as opposed to the about 37 and 26 % increase in younger
fronds (DF2, GDF) exposed to the same concentrations of Cd
(Figure 3E). However, some slight differences in M0 increase
among the fronds (range was from 16 to 18% increase) were
noted when exposed to the lowest Cd concentration. At the
same time, the probability that a trapped exciton moves an
electron into the electron transport chain beyond QA (ψE0)
was decreased from 20% in young plants up to 80% in mother

plants when exposed to C4 and C5Cd after 72 h (Figure 4B).
This decrease was concentration-dependent in mother fronds,
but this concentration gradient was not observed in younger
fronds. Therefore, the electron transport on the acceptor side of
PSII between QA and QB was inhibited by Cd concentrations
above 28 (C3) µM. Cadmium effect increased with plant age and
exposure time (Supplementary Figure 4, Figures 3, 4).

Considerable decline in the probability that an electron is
transferred from the reduced intersystem electron acceptors
to PSI end-electron acceptors (δR0) indicated that intersystem
electron transport was inhibited, and that the size of the effect
was more extensive in younger fronds than mother fronds
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(Figure 4D). However, cadmium increased the number of non-
reducing reaction centers (VI) with almost an equal effect
size (Figure 3C). Electron transfer efficiency from PSII to PSI
end-electron acceptors (1VIP) was reduced by 20 % in all
the fronds and concentrations within the first 6 h of exposure
(Supplementary Figure 5). After 24 h, a concentration gradient
was formed in older fronds, while same as with all the other
parameters, no gradient was found in younger fronds. With more
prolonged exposure to Cd, electron transfer efficiency from PSII
to PSI end-electron acceptors was inhibited by 20–50% in the
MFs, around 50 % in the DF1s, and 40–60% in the younger
fronds (DF2s and GDFs). This lower effect of higher cadmium
concentrations on older fronds resulted from more significant
inhibition in previous electron transport steps in these fronds. In
fronds exposed to lower Cd concentrations, there was an increase
in the reduction rate of PSI end-electron acceptors, followed by
a subsequent decrease. This traffic jam caused by a blockage
on the acceptor side slowed down the electron transfer through
both photosystems, causing a reduction in PIABS and PITOT
(Figures 4E,F).

PCA and Clustering
Furthermore, a PCA was conducted to test the combined effect
of Cd concentrations and frond age on the correlation between
the selected Chl fluorescence parameters of S. polyrhiza. The
first two principal components explained the variations of 86.3
% in the total chlorophyll fluorescence variables. Principal
component 1 (PC1) accounted for 71.2% of the variance, and
principal component 2 (PC2) accounted for 15.1% of the variance
(Figure 5A). Positive loadings characterized the first component
with 61.9% contribution were ABS/CS0, ABS/CSM, TR0/CS0,
ET0/RC, ET0/CS0, φP0, ψE0, φE0, γRC/1-γRC, φP0/1-φP0,
ψE0/1- ψE0, Chla, Chlb, Car, and Chl a/b. PC1 included negative
loadings in the opposite position with a 32.5 % contribution
of parameters connected to dissipation mechanisms ABS/RC,
DI0/RC, DI0/CS0, φD0, VJ, and dV/dt0. Therefore, similar to the
conclusions of Bussotti et al. (2020), PC1 represents the capacity
of PSII to capture and retain photons andmove electrons into the
electron transport chain in the first photochemical phase.

The overall function of PSII as maximum quantum yield
(φP0) was highly correlated with parameters related to the
efficiency of the water-splitting complex and the density of
active reaction centers on the donor side of PSII (φP0/1-
φP0, γRC/1-γRC), the quantum yield of photoinduced electron
transport at the acceptor side of PSII (ψE0, φE0), and carotenoid
content (r = 0.82, p < 0.01). Simultaneously, strong negative
correlations were determined between maximum quantum yield
and parameters of dissipation mechanisms and PSII apparent
antenna size. PC2 was characterized by positive loadings with
68.3 % contribution related to reduction of end electron acceptors
(δR0, φR0, RE0/RC, RE0/CS0, δR0/1-δR0) that characterize IP-
phase, the pool size of electron carriers (SM, N), and the
total performance on absorption basis (PITOT). The total
contribution of negative loadings on the opposite side of
PC2 was 24 % and included parameters connected to the
disconnection of the tripartite system (RC-core antenna-LHC)
described by variable fluorescence at L-band (VL, with 5.5

% contribution), inactivation of the oxygen-evolving system
described by variable fluorescence at K-band (VK, with 4.9 %
contribution), the reduction of PSI electron acceptors related
to variable fluorescence at I-band (VI, with 8.9% contribution),
and trapped photon flow (TR0/RC, with 4.9% contribution)
per active PSII. Accordingly, PC2 represents the thermal phase,
which correlates well with the acceptor side of PSI and influences
the overall photosynthetic behavior and the whole linear electron
transport (Bussotti et al., 2020).

The four groups, superimposed in the chart (Figure 5B), were
generated using the hierarchical k-means clustering algorithm on
principal components. By analyzing all chlorophyll fluorescence
parameters together, a clear separation of the control plants into a
distinct group is shown in correspondence with positive values of
PC2, meaning that after 72 h, only the control fronds maintained
fully functional and undisturbed linear electron transport. In
all the other fronds, Cd harmed at least the thermal phase
of photosynthesis. Hierarchical k-means clustering separated
stressed fronds into three distinctive groups defined by their
response to Cd concentrations. The first group was correlated
positively with PC1 and consisted of mother plants (MFs, DF1s)
exposed to low concentrations of Cd (C1-C3) and daughter
plants (DF2s, GDFs) exposed only to the C3Cd concentration.
Their photosynthesis was determined by the functionality of
primary electron acceptance at the PSII level. On the opposite
side along the PC1 axis, the most stressed fronds are the MFs
exposed to high Cd concentrations (MFs at C4 and C5, and
DF1s at C5). This group was characterized by closed and inactive
reaction centers, meaning that all the energy outflow they would
generally use for photochemistry dissipated as heat, inhibiting
photosynthesis. The third group of stressed plants is located
orthogonally to PC1. It correlates with negative loadings of
PC2 or the first phases of fluorescence transient, L- and K-
bands, although with lower component loadings. This group also
correlates with increased non-reducing reaction centers (VI) and
subsequent thermal phase reduction on the opposite side along
the PC2 axis. These plants are mainly young fronds (DF2s and
GDFs) exposed to the lowest and highest Cd concentrations,
indicating that an increase in VI does not necessarily mean an
increase in non-reducing reaction centers but could mean less
functional reaction centers. The effect of C4 and C5 on young
fronds was also related to dissipative mechanisms (negative
loadings of PC1). In contrast, low concentrations most probably
caused an increase in functional antenna size (positive loadings
of PC1).

Based on the analysis of chlorophyll fluorescence parameters
(Figures 3–8) of mother and daughter plants and their distinct
response to the C1 and C3 treatments (Figure 5B), further
analyses of S. polyrhiza fronds were focused on their reaction to
these concentrations.

Oxygen Exchange Measurements and
Chloroplast Ultrastructure
The presented results of oxygen exchange rates refer to
measurements after exposure for 72 h to C1 (7µM) and C3
(28µM) Cd concentrations and represent a mean difference
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FIGURE 5 | Principal component analysis of 31 Chl fluorescence parameters in control and response to Cd treatment from 7 (C1) to 111µM (C5) after 72 h of

exposure. Principal component 1 (PC1) accounted for 71.2 % of the variance. Principal component 2 (PC2) accounted for 15.1 % of the variance. (A) Factor loadings

on the first two principal components (PCs) are shown after oblique (direct oblimin) rotation. (B) The two PC projections after oblimin rotation with factor scores are

sorted by frond age and Cd concentrations. Plotted points belong to centroids of differently aged plant fronds (MF, mother frond; DF1, first daughter frond; DF2,

second daughter frond; GDF, granddaughter frond).
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FIGURE 6 | Mean differences between Cd treatment (7µM, C1 and 28µM, C3) and the control (C0, StMo) and treatment effect sizes (Hedges d) with bias-corrected

bootstrap 95% confidence interval for O2 exchange rates(µmol O2 g−1 FW h−1): (A) net uptake rate during the dark period, (B) net oxygen evolution rate during the

light period, and (C) apparent photosynthesis rate obtained by subtracting uptake rate from net oxygen evolution rate. Each point represents a total of nine replicates.

The dashed line shows Hedges d = 0. When confidence intervals overlap zero, the effect sizes are not significantly different from zero (p-value for mean difference is

obtained by 2-tailed t-test, ns for *p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 7 | Transmission electron microscopy (TEM) images of S. polyrhiza mother fronds (MFs) after exposure for 6, 24, and 72 h to Cd concentrations (A–C) C1

and (D–F) C3 and granddaughter fronds (GDFs) after 6, 24, and 72 h of exposure to (G–I) C1 and (J–L) C3Cd. PL and black arrow represent plastoglobules, S is

starch grain.
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FIGURE 8 | TEM micrographs of chloroplasts in control (A,C) MFs, (B,D) GDFs, and changes in thylakoid organization in S. polyrhiza chloroplasts of MFs and GDFs

exposed to (E,F) C1 and (G,H) C3Cd concentration after 24 h.
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between treatment and control and treatment effect sizes
(Figure 6). In mother fronds, the net oxygen uptake during the
dark after 72 h of exposure to C1 was significantly decreased
by 28 % relative to the control MFs. However, the net oxygen
evolution rate was increased, although not significantly (6%).
In the youngest GDF fronds, and the dark oxygen uptake rate
after 72 h of exposure to C1 significantly increased relative to the
control GDF fronds by 114 %. At the same time, the net exchange
of O2 was significantly reduced by 53%. The oxygen uptake rate
in fronds exposed to C3 increased considerably in all the fronds,
from 75% in the oldest MFs to 124% in the younger DF2s. On the
other hand, the net O2 evolution rate was significantly decreased
from 183 % in MFs up to more than 300% in more immature
fronds (DF2s and GDFs), a six-fold decrease in contrast to C1.

Prasad et al. (2001) determined that Lemna trisulca exposed
to low concentrations of Cd increases its respiration rates,
mobilizing metabolism, and that under severe stress, respiration
decreases, indicating metabolism damage. According to Amthor
(2000), adverse growth conditions will increase respiration
relative to photosynthesis and, thus, reduce the total carbon yield
in the plant. Under stressful conditions, significantly increased
respiration rates of S. polyrhiza indicated an improvement
in physiological activities, whether the rate of respiration
or photosynthesis. Improving photosynthetic activities may
subsequently increase growth rates (Jager et al., 2013). However,
this hormetic effect of Cd on respiration and photosynthesis
may be an adaptive response of the plant organism to distribute
the amount of energy available to suppress losses. Because low
concentrations can cause partially repairable tissue injuries, the
metabolic rate will increase by activating mechanisms involved
in mitigating the harmful effects of Cd. Why? To repair stress-
induced damage by, e.g., removing reactive oxygen species
(Tkalec et al., 2008) or binding Cd to starch (Higuchi et al.,
2015). Repair is a process that consumes energy and increases
respiration rate (Jager et al., 2013). As the respiration rate
increases, substrates are diverted from growth. Consequently, the
growth rate of S. polyrhiza decreases, even at the lowest cadmium
concentration (Supplementary Figure 1).

Transmission electron microscopy (TEM) was conducted to
compare ultrastructural changes in S. polyrhiza chloroplasts upon
exposure for 6, 24 and 72 h to C1 (7µM) and C3 (28µM)
Cd concentrations in older and younger fronds (Figure 7). In
the control older fronds, the observed chloroplasts with well-
developed granum stacks connected by intergranal thylakoids,
small starch grains (rarely), and several large plastoglobuli
(Figures 8A,C) are consistent with their age. In the younger
control fronds (GDFs), elongated intergranal thylakoids in one
or two layers are embedded in the chloroplast stroma with
rarely formed granum stacks (Figures 8B,D), small plastoglobuli,
and regular shaped starch grain (one or two). Single or paired
thylakoids without large granum stacks could be associated
with a reduced risk of photoinhibition under stress (Krupinska
et al., 2012). Cd-induced changes in the ultrastructure of the
chloroplasts were visible even after 6 h of exposure to the lowest
concentration used.

Gradual degradation of the thylakoid system was observed
in all the fronds. For example, wavy and dilated thylakoids

FIGURE 9 | (A) S. polyrhiza four-frond colony. MF, mother frond; DF1 and DF2,

first and second daughter fronds; GDF, granddaughter frond. Visual symptoms

(Continued)
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FIGURE 9 | of Cd treatment with (B) C1 and (C) C3 after 72 h of exposure.

Light microscopy images of S. polyrhiza (D,E) mother and (F,G)

granddaughter frond cross-sections treated with diluted Lugol solution after

exposure to (D,F) C1 and (E,G) C3Cd for 72 h. The scale bar is 100µm. (H)

Graphical summary of cadmium-induced changes in Spirodela polyrhiza.

were marked in mother fronds (Figure 8G), similar to Lemna
minor exposed to Cd (Tkalec et al., 2008). The size of
plastoglobuli decreases after 24 h of exposure. Thylakoids are
pushed toward the chloroplast periphery in younger fronds,
and starch grains occupy chloroplast volume. With prolonged
exposure to Cd, chloroplasts are inflated and contain larger
starch grains of irregular shape and structure. Plastoglobuli
are small but numerous. In younger fronds, starch content
increased with cadmium concentration and exposure duration,
while in older fronds, starch content was increased in low Cd
and decreased in higher concentrations (Figures 7A–F, 9D,E).
The accumulation of starch grains resulted from an imbalance
between photosynthate production and export. Therefore, the
energy produced by metabolic reactions either reinforced the
younger frond’s resistance to cadmium stress or compensated for
the reduced enzyme activity caused by the same Cd stress.

Although not directly analyzed in this study, possible
differences in Cd uptake and accumulation in plants of different
ages could influence photosynthetic activity, since Cd is a
cumulative toxicant (Haider et al., 2021). It has been determined
that S. polyrhiza can tolerate and accumulate Cd for 1 week
even when exposed to 7 µg Cd ml−1(Sajwan and Ornes, 1994).
The stage of plant development significantly affects physiological
activity, especially its roots. It is known that Cd bonds to
duckweed roots (Xue et al., 2018), affects the formation of
turions by causing nutrient deficiency, and accumulates in
mature fronds (Oláh et al., 2015). Cd accumulation depends
on the number of binding sites in cells and the capacity to
uptake Cd (Chen et al., 2021), and in S. polyrhiza, it is directly
proportional to its exposure concentration and duration (Rolli
et al., 2010). After several hours of exposure, we observed that S.
polyrhiza rejected its roots to avoid further uptake. We have also
observed the abscission phenomenon of colony disintegration
upon exposure to Cd with almost immediate release of DFs
from the maternal colony before reaching maturity (Figure 9
and Supplementary Figure 1). This avoidance strategy could
also result in differences in Cd accumulation in young and
mature fronds and needs to be taken into future consideration
in explaining the sensitivity of the photosynthetic apparatus to
Cd toxicity.

Mothers vs. Daughters in Response to
Cadmium
The oxygen-evolving complex was not affected by low Cd
concentration in the mother fronds. Therefore, gross O2

production rate was not affected, and the supply of electrons
was similar to the control fronds. However, with a higher PITOT
decrease, both performance indices decreased, meaning that
electrons had to be redirected toward alternative electron sinks. A

shortage in NADPH could have been, thus induced, affecting the
Calvin Benson cycle (Krupa et al., 1999; Hald et al., 2008). The
increased starch grains observed in chloroplasts of MFs treated
with the lowest cadmium concentration could also mean that
the Calvin cycle was in a latent state. Since the dark O2 uptake
rate was reduced, starch probably was not mobilized during
the night, so decreased respiration rate could have possibly led
to accumulation of reducing equivalents, changing the ratio of
ATP/NADPH. The accumulation of reducing equivalents favored
cyclic electron transport around PSI, which supplied additional
ATP to chloroplasts by acidifying the thylakoid lumen (Huang
et al., 2019, 2021).

On the other hand, acidification downregulates electron
transport through the cytochrome b6f complex (Krieger-
Liszkay et al., 2000; Shikanai, 2014). In this way, the
regulation of homeostasis was achieved with additional
ATP needed to maintain system stability. This alternative
cyclic electron flow could have been mediated by either the
proton gradient regulation 5 (PGR5)/PGR5-like 1 (PGRL1)
pathway or by a NAD(P)H plastoquinone oxidoreductase
(NDH) complex (Munekage, 2002; Shikanai, 2007), since both
can reduce plastoquinone using ferredoxin as an electron
donor. However, lumen acidification typically decreases
the rate of plastoquinol oxidation, suggesting, according
to Cardol et al. (2011), that this step is the bottleneck
of photosynthesis.

The respiration rate in MFs was increased by increasing
Cd concentration to C3, but the oxygen-evolving rate was
decreased, and starch was mobilized, as shown in Figures 6, 9.
Since NADPH deficit was probably partially compensated
because of increased respiration, e.g., with activation of
NADPH producing reactions by malic enzyme and glucose-6-
phosphate dehydrogenase (Van Assche and Clijsters, 1990), the
cyclic electron flow around PSI was activated to recompense
increased needs for ATP. Furthermore, the mother fronds
have numerous plastoglobules inside chloroplasts (Figure 7A).
Their number and size were observed to decrease during
72 h of exposure to low Cd concentration (C1, Figure 7C).
However, their number and size were unchanged in higher
cadmium concentration (C3, Figure 7F). According to Austin
et al. (2006) and Besagni and Kessler (2012), plastoglobuli
participate in the synthesis, storage, and regeneration of
tocopherols plastochromanol and phylloquinone, which they
release to the thylakoid membrane through the attachment
site. Plastoglobules also contain carotenoids. Carotenoids in the
C1 treatment were probably recruited from plastoglobules and
contributed to the detoxification of reactive oxygen. Besides,
plastoglobules on their lipid monolayer surface contain specific
proteins, many of which are involved in lipid metabolism
like NADPH dehydrogenase (NDH), a known player in
prenylquinone metabolism that reduces the PQ pool to PQH2

(Eugeni Piller et al., 2012; Rottet et al., 2016). Since enhanced
synthesis of prenylquinones is implicated under oxidative
stress, the reduced rate of plastoquinol oxidation by increased
acidification in the C3 treatment could have been mitigated
by the action of NADPH dehydrogenase. Thus, prenylquinone,
namely plastoquinol, could have served as an electron carrier or
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more likely to reduce oxygen radicals O−
2 formed by electron

redirection to O2 in the water-water cycle (Munekage et al.,
2004; Miyake, 2010). Therefore, in C1 treatments of the mother
fronds, carotenoids were sufficient for detoxification of ROS
that originated around PSI, but in C3 other mechanisms had to
be involved.

As for the younger daughter fronds (DF2s and GDFs),
the faster respiration rate in both cadmium treatments did
not result in starch mobilization, since starch accumulated
with increase in Cd concentration (Figures 9F,G). Therefore,
according to Vanlerberghe et al. (2020), faster respiration
rate probably resulted in the activation of NADPH-
producing reactions. However, the net exchange of oxygen
in the light was 6-fold higher in C1 than in C3 because
of the faster oxygen production rate in C1 and slower
oxygen production rate in C3 (Figure 6). At the same
time, the OEC complex was unaffected by both cadmium
concentrations, meaning that, in both treatments, electrons
were supplied as usual. However, electron transport
from Q−

A to PQ was reduced in the C1 treatment and
was unaffected in the C3 treatment, which was reflected
in PIABS.

Similarly, based on PITOT, the whole electron transport was
more affected by C1 than by C3. So, why is electron flow to
the PQ pool reduced in the C1 treatment? The increased oxygen
production in C1 treatment could be linked to increased specific
energy fluxes per active PSII (ABS/RC, TR0/RC, and DI0/RC),
activating cyclic electron flow around PSII (CEF-II) to enhance
the electron flux through PSII and oxidize the PQ pool. CEF-II, in
turn, could activate cyclic electron flow around PSI, accelerating
the change in pH (or acidification), leading to accumulation of
powerful reductant P700+ and contributing to the dissipation of
excess energy as heat to protect PSI (Miyake and Okamura, 2003;
Kadota et al., 2019). The decrease in electron transport from
Q−

A to PQ is responsible for the subsequent reduction of PIABS,
while electron transport from Q−

A to final electron acceptors
was responsible for reducing PITOT. Unaffected OEC complex
means that O2 was produced as usual, confirmed with no net
change in O2 fluxes in the light. However, due to some RCs’
inactivation, increased absorption, and trapping per active RCs,
more O2 was produced. Phenomenological energy fluxes per
cross-section were no different from the control values, except for
RE0/CS0, which was decreased significantly. On the other hand,
in the C3 cadmium treatment, ABS, TR0, and ET0 per active RC
were similar to the control values, while the density of active
RCs per CS was increased. All phenomenological energy fluxes,
except for RE0, increased, indicating increased photosynthetic
capacity per CS. These increased fluxes had a stimulating effect
that stopped PIABS decrease. However, the energy was lost
more (DI0/CS0 and DI0/CSm), reducing the available energy
for photosynthesis.

CONCLUSIONS

Reduced respiration rate, shortage of NADPH, and high
starch in older mother fronds exposed to low Cd resulted

in accumulated reducing equivalents favoring cyclic electron
flow around PSI, allowing the supply of additional ATP
to maintain system stability. When exposed to higher Cd
concentration, increased respiration rate and mobilized
starch compensated the NADPH deficit and activated the
alternative cyclic electron flow around PSI and water-water cycle.
Plastoquinol had to reduce resulting radicals, thus reducing
the available energy for photosynthesis and causing more
significant damage.

Faster respiration and mobilization of starch in younger
fronds exposed to low Cd concentration resulted in activation
of NADPH producing reactions. At the same time, because of
unaffected OEC but reduced electron transport rate, electron flux
through PSII was enhanced by the cyclic electron flow around
PSII and PSI. At higher Cd concentration, electron transport
rate was unaffected because of increased phenomenological
fluxes that converted inactive PSII into a functional state
and stopped the decrease in photosynthetic efficiency, causing
less damage.

In conclusion, the ultrastructural observation and chlorophyll
fluorescence measurements showed that exposure to cadmium
causes differences in photosynthetic efficiency, which are age-
related (Figure 9H). The younger fronds showed less loss of
energy connectivity than the older fronds and less inhibition of
electron flow on the acceptor side of PSII. This inhibition was
increased with increase in Cd concentration. Their potential to
sustain photochemical events at higher cadmium concentrations
as opposed to the older maternal fronds allows them to cope
more efficiently with cadmium-induced stress. Therefore, the
age of plants is an important parameter to consider when
assessing the photosynthetic and photoprotective abilities of
plants in response to heavy metal stress. Overall, the adverse
effects of Cd toxicity were concentration- and exposure duration-
dependent, since ultrastructural changes were visible very early
after exposure to the lowest cadmium concentration in the
all fronds. Placing age-related changes in the time frame of
Cd action provides valuable information on the toxicological
profile of Cd in terms of both concentration and duration
of exposure. This research contributes to a more accurate
and representative characterization of plant responses to heavy
metal stress.
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