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The Japanese knotweed (Reynoutria japonica Houtt.) is considered as one of the most
aggressive and highly successful invasive plants with a negative impact on invaded
habitats. Its uncontrolled expansion became a significant threat to the native species
throughout Europe. Due to its extensive rhizome system, rapid growth, and allelopathic
activity, it usually forms monocultures that negatively affect the nearby vegetation. The
efficient regulation of partitioning and utilization of energy in photosynthesis enables
invasive plants to adapt rapidly a variety of environmental conditions. Therefore, we
aimed to determine the influence of light conditions on photosynthetic reactions
in the Japanese knotweed. Plants were grown under two different light regimes,
namely, constant low light (CLL, 40 µmol/m2/s) and fluctuating light (FL, 0–1,250
µmol/m2/s). To evaluate the photosynthetic performance, the direct and modulated
chlorophyll a fluorescence was measured. Plants grown at a CLL served as control.
The photosynthetic measurements revealed better photosystem II (PSII) stability and
functional oxygen-evolving center of plants grown in FL. They also exhibited more
efficient conversion of excitation energy to electron transport and an efficient electron
transport beyond the primary electron acceptor QA, all the way to PSI. The enhanced
photochemical activity of PSI suggested the formation of a successful adaptive
mechanism by regulating the distribution of excitation energy between PSII and PSI
to minimize photooxidative damage. A faster oxidation at the PSI side most probably
resulted in the generation of the cyclic electron flow around PSI. Besides, the short-term
exposure of FL-grown knotweeds to high light intensity increased the yield induced by
downregulatory processes, suggesting that the generation of the cyclic electron flow
protected PSI from photoinhibition.

Keywords: Japanese knotweed, invasive species, modulated 820 nm reflectance, JIP-test, total driving forces,
non-photochemical quenching

INTRODUCTION

In the natural environment, plants are exposed to fluctuations of quantity and quality of the
incident light. They can adjust the physiological and biochemical processes to sudden changes
in light conditions. However, in the experimental conditions, plants are often grown at the
continuous light regime. At low-light conditions, they have to adjust the functioning to use the
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available light efficiently for the optimal photosynthesis, while
at high-light conditions, they have to protect themselves
from photoinhibition damage. Often, such adjustments include
structural changes at different levels, including, thylakoid,
photosystem (PS), pigment, and/or protein (Keren et al., 1997;
Lichtenthaler et al., 2007; Kouřil et al., 2013). Contrary to the
short-term adaptation to low–light conditions, the long-term
strategies involved different structural changes, such as increased
leaf mass and thickness, increased amount of thylakoids, or/and
higher chlorophyll content (Lichtenthaler and Burkart, 1999;
Lichtenthaler et al., 2007). Low light was shown to induce
alterations in the photosynthetic apparatus in beech and barley,
which resulted in the limitation of the electron transport due
to the lower amount of electron carriers and due to a lower
connectivity of PSII units in shaded leaves (Desotgiu et al., 2012;
Živčak et al., 2014). However, the response to the fluctuating-light
(FL) conditions depends on the environmental and experimental
conditions, as well as on the species, developmental stage, and
physiological factors of the plants (Yin and Johnson, 2000;
Kaiser et al., 2018), and usually includes the reprogramming
of gene expression connected to the photosynthetic processes
(Armbruster et al., 2017; Schneider et al., 2019) and stomatal
acclimation (Matthews et al., 2018; Yamori et al., 2020). When
plants grow in natural, FL, they have to develop the long-
term acclimation responses that differ from those found in
plants growing at constant high-light or constant low-light
(CLL) conditions (Schneider et al., 2019). Although, recently,
the technology and availability of illumination systems are more
acceptable and they could simulate natural light conditions,
sudden changes in light intensity, clouds, or even wind in
nature could occur in less than a second. Therefore, to
understand how plants behave in such environments, it is
desirable to study the photosynthetic processes under natural
environmental conditions.

The Japanese knotweed (Reynoutria japonica Houtt.) is one
of the most widespread invasive species in Croatia (Boršić et al.,
2008; CABI, 2019; FCD, 2020). It is a fast-growing and perennial
shrub, very invasive due to its rapid spread in various ecosystems,
and very difficult to remove. It is characterized by the ability of the
exceptional reproduction and the rapid physiological adaptation
to the conditions in the new environment (Spiering, 2011). The
Japanese knotweed can also be potentially beneficial to the human
society. Its high resistance and efficient accumulation of heavy
metals from the environment make it an ideal candidate for soil
phytoremediation. It has proven to be an acceptable source of
food for humans, domestic animals, and bees, and its metabolism
creates compounds that are of potential importance for the
herbicide medicine and industry (Beerling et al., 1994; Barney
et al., 2006).

One of the most important mechanisms that allows invasive
plants to achieve success in a variety of environmental conditions
is attributed to the higher photosynthetic rate compared with the
native plants (Li and Xiao, 2012; Bajwa et al., 2016). An important
aspect of the monitoring and detection of plant responses and
their survival under natural conditions is the estimation of their
physiological status. Recently, the chlorophyll a fluorescence has
been extensively used as a non-invasive, very sensitive, and fast

method for the estimation of the photosynthetic performance
that can provide a reliable source of information on plant
conditions (Goltsev et al., 2016; Bussotti and Pollastrini, 2017;
Mlinarić et al., 2017; Pollastrini et al., 2017; Kalaji et al., 2018b;
Begović et al., 2020).

Since the Japanese knotweed is a heliophilic species, it is
adapted to grow under the conditions of increased light intensity.
Due to its fast-spreading nature and by creating monocultures,
it has become a serious threat to the biodiversity. It is easily
cultivated, can grow in various types of soils, and can adapt
to a large scale of environmental factors (Beerling et al., 1994;
Barney et al., 2006). As an invasive species, it is capable of
developing certain adaptations to less favorable conditions.
However, one of the major environmental factors that can control
its performance is the availability of light. It affects the above-
and below-ground biomass of knotweed directly by reducing its
performance and, consequently, its invasiveness (Dommanget
et al., 2013; Dommanget et al., 2019). Specifically, the below-
ground system of the knotweeds presents the majority of its
biomass. Plants grown in high-light conditions, in comparison
with those grown in low-light conditions, allow the allocation of
more resources to the below-ground system, indicating a strong
effect of light, hence, enabling colonization and competitiveness
of the Japanese knotweed (Price et al., 2002). The most recent
study revealed that the Japanese knotweed adopts differential
strategies of growth and space occupancy when grown in full
sunlight and in shaded habitats (Martin et al., 2020). Therefore,
we hypothesized that plants grown at different light regimes,
e.g., CLL and fluctuating natural light, would develop certain
adaptations to such conditions in photosynthetic reactions. An
efficient photosynthesis was recognized to be one of the most
important mechanisms that allow invasive plants to achieve
success in various environmental conditions (Bajwa et al., 2016).
Thus, the main objective of this study was to determine the
influence of different illumination regimes on the efficiency
of the photosynthetic apparatus and to gain detailed insight
into its functioning in the invasive Japanese knotweed by using
mainly non-destructive methods, simultaneous measurements of
prompt fluorescence, modulated 820 nm reflection (MR), and
saturating pulse method, as well as by the determination of the
content of the photosynthetic pigment. To our knowledge, the
obtained results in this investigation will reveal the most detailed
insight into the light-driven reactions in the invasive Japanese
knotweed and the adaptations of the photosynthetic apparatus to
CLL and FL conditions. Therefore, our investigation results could
contribute to a better understanding of mechanisms that play a
role in the success of this invasive species.

MATERIALS AND METHODS

Experimental Setup
Rhizomes of the Japanese knotweed (R. japonica Houtt.) were
planted in a mixture of commercial soil and sand (3:1) in
six plastic containers (50 cm × 19 cm × 16.5 cm). The soil
used was natural peat (pH = 5.5–7) with the addition of
the fertilizer (Supplementary Table 2). Three of them were
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placed in the room near the window facing south, exposed
directly to sunlight. The light intensity (Quantitherm QRT1 light
meter, Hansatech, United Kingdom) varied from 30 to 1,250
µmol/m2/s. The photoperiod changed from 11 to 16 h of FL,
while the temperature was 23◦C ± 1◦C. A detailed information
on the distribution of the light throughout the day, the changes
in photoperiod, light intensity, and zenith angle that occurred
for 110 days is shown in Supplementary Table 1. The other
three containers were placed in the growth chamber with the
day/night photoperiod of 16/8 h (day/night), CLL intensity (i.e.,
40 µmol/m2/s), and a constant temperature of 23◦C ± 1◦C. The
combination of warm white light (i.e., 3,000 K), cool white light
(i.e., 4,000 K), and cool daylight (i.e., 6,500 K) from fluorescent
tubes (Osram, Munich, Germany) provided a range of visible-
light spectra within the visible range between 300 and 700 nm,
with maximum peaks at blue, green, and red parts of the spectra
(Supplementary Figure 1). The plants grown in CLL were used
as the control group. They were watered regularly. They started
to emerge at 2 weeks after the planting. In each container, at least
five plants were growing from one rhizome. The measurements
were carried out 110 days after planting on the fully grown leaves
(third leaf from the top of the plant).

Simultaneous Measurements of the
Prompt Fluorescence and Modulated
820 nm Reflection
The prompt chlorophyll a fluorescence (PF) and MR were
simultaneously recorded in vivo on five plants in each
container (n = 15) using Multichannel Plant Efficiency Analyser,
M-PEA (Hansatech Instruments, Norfolk, United Kingdom).
All measurements were performed on attached, fully dark-
adapted leaves (for 30 min). During the measurements, the
leaves were exposed to a pulse of high intensity red light-
emitting diode (LED) at 625 nm and intensity of up to 5,000
µmol photons/m2/s to ensure an effective light saturation of
exposed leaf surface (i.e., 4-mm diameter). Recorded PF data
were analyzed using the JIP-test that represents the translation
of the original data to biophysical parameters that quantify the
energy fluxes through PSII (Strasser et al., 2000; Strasser et al.,
2004). The OJIP transients are presented as mean values of
15 measurements for each group of plants. To evaluate the
condition of the photosynthetic apparatus in CLL- and FL-
grown Japanese knotweed plants, the selected structural and
functional parameters calculated from the JIP-test were chosen.
The description of the calculated OJIP test parameters is given
in Table 1. To compare the recorded OJIP transients for specific
events in the OP, OK, OJ, JP, and IP phases, the difference
in the relative variable fluorescence (1Vt) was calculated and
presented as a difference 1VOP, 1VOK, 1VOJ, 1VJP, and 1VIP
normalized to the control (CLL-grown plants) (Yusuf et al.,
2010; Da̧browski et al., 2019). The total driving force (DFtotal) of
the total photosynthetic electron transport, shown as log PItotal,
was summed up by the corresponding partial DFs: log γRC/(1-
γRC), log ϕP0/(1-ϕP0), log ψE0/(1-ψE0), and log δR0/(1-δR0) (van
Heerden et al., 2007). The MR measurements for high-quality
P700 reflectance were performed by using modulated 820-nm

LED. From the MR signal of the reflected beam, the MR/MR0
ratio was calculated. The first reliable MR measurement (MR0)
value was taken at 0.7 ms (Strasser et al., 2010; Oukarroum et al.,
2013; Salvatori et al., 2014; Salvatori et al., 2015). The parameters
and formulas used are listed in Table 1.

Double-Pulse Method
For the calculation of QB-reducing and non-QB-reducing centers,
the double-hit measurement protocol was used. The protocol
was set up at M-PEA, and it was measured simultaneously with
PF and MF. After the first pulse that was used to measure PF
followed a second pulse after the dark period of 500 ms. The
relative fraction of QB-reducing and non-QB-reducing centers
was calculated as described in the studies of Mathur et al. (2011)
and Tomar et al. (2015).

Saturation Pulse Method
The effect of light intensity on the PSII activity was determined
by measuring chlorophyll a fluorescence in vivo on two
randomly selected leaves per container using amplitude-
modulated fluorometer MiniPAM (Walz, Effeltrich, Germany).
The minimal (F0) and maximal (Fm) fluorescence yields were
measured in the dark-adapted leaves (30 min). Same parameters
(F′) and (Fm

′) were measured at the photosynthetically active
photon flux density (PPFD) at 100, 250, 500, 1,000, and
2,000 µmol photons/m2/s. The following parameters were
calculated: maximum quantum yield of PSII, effective quantum
yield of PSII [Y(PSII)], the relative rate of the electron transport
(relETR; Genty et al., 1989), non-photochemical quenching
(NPQ; Bilger and Björkman, 1990), quantum yield induced
by downregulatory processes in PSII [Y(NPQ)], and quantum
yield of non-regulated energy dissipated in PSII [Y(NO)]
(Kramer et al., 2004).

Determination of the Photosynthetic
Pigments
After the measurements of PF and MR, the same leaves were
used for the determination of the concentration of photosynthetic
pigments. The leaves were powdered using liquid nitrogen,
and the photosynthetic pigments were extracted using cold
acetone. The concentrations of chlorophylls (Chl a and Chl b)
and carotenoids (Car) were determined spectrophotometrically
(Specord 40, Analytik Jena, Germany) at 470, 661.6, and
644.8 nm. The total chlorophyll (Chl a+ b) concentration, as well
as the chlorophyll a and b ratio (Chl a/b) and the Chl a+ b to Car
ratio (Chl a+ b/Car), was calculated (Lichtenthaler, 1987).

Data Analysis
The Student’s t-test was used to analyze the statistical differences
between the leaves exposed to CLL and FL conditions. The
asterisk (∗) indicates a significant difference between the
compared parameters. For simultaneous DF and MR, as well as
for double-pulse measurements, five leaves per container were
used (n = 15). For the photosynthetic pigment concentration,
same leaves were collected into composite sample and six
(n = 6) replicates were measured per treatment. For modulated
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TABLE 1 | Description of used JIP-test parameters.

Prompt fluorescence (PF)

Technical parameters

F0 Fluorescence intensity at 20 µs

Fm Maximal fluorescence intensity

Ft Fluorescence intensity at time t after the onset of actinic illumination

Fv Maximal variable fluorescence

tFm Time to reach maximal fluorescence intensity Fm

Area Total complementary area between the fluorescence induction curve and F = Fm

Sm Normalized total area above OJIP curve, reflecting multiple-turnover events

Sm/tFm Index quantifying the average excitation energy of open RCs from t = 0 to tFm

N Turnover number

M0 Initial slope of the curve at the origin of the relative variable fluorescence rise

Vt Relative variable fluorescence at time t

Density and overall grouping probability of RCs

RC/CS0 Measure for QA
− reducing RCs per excited leaf cross-section (CS)

QB reducing centers The fraction of QB reducing reaction centers

Non-QB reducing centers The fraction of non-QB reducing reaction centers

OEC centers The fraction of Oxygen Evolving Complexes (OEC)

P2G Overall grouping probability for the use of the absorbed energy in photochemical reactions

Quantum efficiencies and flux ratios

ϕP0 = TR0/ABS Maximum quantum yield of primary photochemistry, the probability that an absorbed photon will be
trapped by the PSII RC and will reduce one QA

ψE0 = ET0/TR0 Electron transport efficiency, the probability that an absorbed photon will enter the electron transport
chain

ϕE0 = ET0/ABS Probability that a photon trapped by the PSII RC enters the electron transport chain

δR0 = RE0-ET0 Probability that an electron is transported from reduced PQ to the electron acceptor side of PSI

ϕR0 = RE0/ABS Quantum yield of electron transport from QA
− to the PSI end electron acceptors

ABS/RC Effective antenna size of an active reaction center (RC). Expresses the total number of photons
absorbed by Chl molecules of all RC divided by the total number of active RCs

ET0/RC Electron transport in an active RC

TR0/RC Maximal trapping rate of PSII. Describes the maximal rate by which excitation is trapped by the RC

DI0/RC Effective dissipation in an active RC

RE0/RC Electron flux reducing end electron acceptors at the PSI acceptor side per RC

Performance indices and driving forces

PIABS = γRC/(1-γRC) x ϕP0/(1-ϕP0) x ψE0/(1-ψE0) Performance index (potential) for energy conservation from photons absorbed by PSII to the reduction
of intersystem electron acceptors.

PItotal = γRC/(1-γRC) x ϕP0/(1-ϕP0) x ψE0/(1-ψE0) x δR0/(1-δR0) Performance index (potential) for energy conservation from photons absorbed by PSII to the reduction
of PSI end acceptors

DFtotal = log PItotal Total driving forces for photosynthesis of the observed system, created by summing up the partial
driving forces for each of the several bifurcations

Modulated reflection (MR)

Vox Rate of P700 and PC oxidation, calculated as the maximum slope decrease of MRt/MR0

Vred Rate of P700 and PC re-reduction, calculated as the maximum slope increase of MRt/MR0

MRmin A transitory steady state, with equal oxidation and re-reduction rates of P700 and PC, calculated as the
minimum of MRt/MR0

fluorescence measurements, two leaves per container were
measured (n = 6). The difference between the parameters
measured in CLL and FL plants, as well as between the
parameters at different PPFD, was analyzed by one-way analysis
of variance (ANOVA), followed by the Fisher’s least significant
difference (LSD) post hoc test. The results were expressed as
means ± standard deviation (SD), and the differences were
considered significant at p < 0.05. For all statistical analyses,
Statistica 13.4.0.14 software (TIBCO Software Inc., Palo Alto, CA,
USA) was used.

RESULTS

Analysis of Prompt Chlorophyll a
Fluorescence Transients and Parameters
of the JIP-Test
Prompt chlorophyll a fluorescence and MR were measured
in knotweed plants grown at CLL and FL conditions. The
curve normalized between O and P steps (Figure 1A) showed
higher values in FL-grown plants compared with CLL–grown
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Mlinarić et al. Light Dependent Reactions in Knotweed

FIGURE 1 | Variations in the shape of the transient curves of the chlorophyll a fluorescence measured in the Japanese knotweed (Reynoutria japonica Houtt.) leaves
exposed to constant low light (blue lines) and fluctuating light (gray lines). Each curve represents the average kinetics of 15 measurements (n = 15) per treatment.
Average fluorescence data were normalized between OP (A), OK (B), OJ (C) JP (D), and IP (E) steps and plotted as difference kinetics 1Vt in a different time range.
Average values measured in constant low light were used as referent values. The relative variable fluorescence transient, Vt (A), shows typical O-J-I-P steps, while in
difference kinetics, 1VOP, specific bands O-L-K-J-I-H-G-P can be distinguished.

plants. The 1Vt (Figures 1A–E) was calculated as the difference
between FL-grown and CLL–grown plants, which was used
as a reference for data normalization. Our results revealed
negative 1L (Figure 1B), 1K (Figure 1C), and 1H (Figure 1D)
bands, while the 1G band (Figure 1E) showed a negative
amplitude followed by a slight positive inflection in FL-
grown knotweeds. The VIP ≥ 1, plotted in the 30–300 ms
range (Figure 1E, insert), showed a higher amplitude in
FL-grown plants.

The fluorescence intensity at 20 s (F0) (Table 2) showed
significantly lower values in FL-grown plants compared with
CLL-grown plants, while the Fm showed no difference between
the two plant groups. The total complementary area between

the curves of fluorescence induction and Fm (Area) revealed
almost two times higher values in FL-grown plants compared
with CLL-grown plants. The time to reach the maximal
fluorescence intensity (tFm) as well as the M0, the initial slope of
relative variable fluorescence, was low in FL-grown plants when
compared with CLL-grown plants. The parameters including
Sm, that provides an amount of the energy that is needed to
close all reaction centers, Sm/tFm, that describes the average
fraction of open reaction centers during the time needed to
complete their closure, N, the turnover number, and the fraction
of oxygen-evolving complex (OEC) revealed significantly higher
values in FL-grown plants than in CLL–grown plants. The density
of active reaction centers (RC) per cross-section, RC/CS0, the
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Mlinarić et al. Light Dependent Reactions in Knotweed

TABLE 2 | Selected parameters of the chlorophyll a fluorescence, characterizing PSII functioning gained from measurements of the Japanese knotweed (Reynoutria
japonica Houtt.) leaves exposed to constant low and fluctuating light.

Constant low light Fluctuating light t-value p

F0 6540.467 ± 1305.285 5347.333 ± 581.853 −3.233 0.003*

Fm 26239.000 ± 2584.880 25021.933 ± 2636.281 −1.277 0.212

Fv/F0 3.095 ± 0.474 3.687 ± 0.225 4.371 <0.001*

F0/Fm 0.247 ± 0.029 0.214 ± 0.011 −4.208 <0.001*

Area 279006.792 ± 32506.227 464173.496 ± 40850.223 13.737 <0.001*

tFm 500.000 ± 65.465 432.667 ± 73.724 −2.644 0.013*

Sm 14.238 ± 1.948 23.771 ± 2.515 11.606 <0.001*

Sm/tFm 0.029 ± 0.004 0.056 ± 0.011 9.365 <0.001*

N 4.448 ± 0.416 6.574 ± 0.605 8.014 <0.001*

M0 0.611 ± 0.109 0.470 ± 0.041 −4.708 <0.001*

RC/CS0 3845.759 ± 450.251 3626.533 ± 268.331 1.620 0.116

OEC fraction 0.653 ± 0.040 0.683 ± 0.030 2.308 0.029*

QB reducing RCs 0.600 ± 0.035 0.606 ± 0.023 0.492 0.627

non-QB reducing RCs 0.400 ± 0.035 0.394 ± 0.023 −0.492 0.627

P2G 0.284 ± 0.121 0.304 ± 0.091 0.501 0.143

VL 0.079 ± 0.019 0.059 ± 0.005 −3.876 <0.001*

VK 0.167 ± 0.031 0.129 ± 0.011 −4.585 <0.001*

VJ 0.478 ± 0.038 0.408 ± 0.042 −4.776 <0.001*

VI 0.909 ± 0.017 0.827 ± 0.033 −8.592 <0.001*

Data are presented as mean ± SD.
An asterisk (*) represents a significant difference at p ≤ 0.05 (using the Student’s t-test). For parameter abbreviations, see Table 1.

fraction of QB and non-QB reducing centers and an overall
grouping probability, P2G, showed no significant difference
between two differentially grown plant groups. However, the
variable fluorescence measured at all chosen time points, VL, VK,
VI, and VJ, showed significantly lower values in FL-grown plants
compared with CLL–grown plants.

The spider plot (Figure 2) represents the normalized
curves of the calculated biophysical parameters derived
from the JIP-test which characterize the functioning of PSII.
Results are represented as the difference between FL-grown
plants and CLL-grown plants that were used as control.
The performance index (PIABS) showed significantly higher
values of FL-grown plants compared with CLL-grown plants.
The quantum yields and probabilities (ϕP0, ψE0, ϕE0, δR0,
and ϕR0) were significantly higher in FL-grown plants when
compared with CLL-grown plants. The specific energy fluxes per
reducing PSII RCs, absorption (ABS/RC), and dissipation
(DI0/RC) were significantly lower in FL-grown plants;
trapping (TR0/RC) and electron flux reducing end electron
acceptors at the PSI acceptor side (RE0/RC) showed significantly
higher values, while the electron transport further than QA

−

(ET0/RC) showed no significant difference compared with
CLL-grown plants.

Total Driving Forces
The performance index for the energy conservation from the
exciton to the reduction of PSI end acceptors (PItotal) showed
three times higher values in FL-grown plants than in CLL-
grown plants (Figure 3A). DFtotal (Figure 3B) for photosynthesis
in the observed system are presented as corresponding partial

DFs: log γRC/(1-γRC), log ϕP0/(1-ϕP0), log ψE0/(1-ψE0), and
log δR0/(1-δR0). All calculated partial DFs showed a significant
difference between FL-grown and CLL-grown plants. The PItotal

FIGURE 2 | Spider plots display the normalized values of selected parameters
of chlorophyll a fluorescence characterizing PSII functioning: performance
index (PIABS), quantum yields (ϕP0, ψE0, ϕE0, δR0, and ϕR0), and specific
energy fluxes per QA

- reducing PSII RC (ABS/RC, DI0/RC, TR0/RC, ET0/RC,
and RE0/RC) of Japanese knotweed (Reynoutria japonica Houtt.) leaves
exposed to fluctuating light (gray line). The values for plants grown in
fluctuating light were shown as the difference compared with low-light-grown
plants (control = 1). The curve represents the mean values of 15 replicates.
The asterisk (*) represents a significant difference at p ≤ 0.05 (using the
Student’s t-test) compared with control.
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(Figure 3A) in FL–grown plants increased due to an increase
in log γRC/(1-γRC) and log ψE0/(1-ψE0), as well as less negative
values of log δR0/(1-δR0).

Analysis of Modulated 820 nm Reflection
Transients
Modulated 820 nm reflection signals (Figure 4A) were presented
as MR/MR0 ratio. The differences in kinetics at 820 nm
reveal the redox states of P700 and PC. The typical MR
transient comprises of fast decreasing phase from MR0 to
MRmin (at ∼0.7–7 ms, respectively) and a slow increasing
phase from MRmin to MRmax (at ∼300 ms). Our results
showed a similar slope for the fast part of the transient,
while the slow part of the transient revealed an obvious

difference between CLL-grown and FL-grown plants. CLL-
grown plants showed a substantial slowdown in the slow phase
of transient compared with FL-grown plants. Two additional
parameters that can be derived from MR820 signals, Vox and
Vred (Figure 4B), represent the oxidation rate of PC and P700
and the re-reduction rate of PC+ and P700+, respectively.
FL-grown plants showed a significantly higher Vox value,
while the Vred was significantly lower compared with CLL-
grown plants.

Rate of Electron Transport and Quantum
Efficiencies of the Photosystem II
To determine the effect of light intensity on the PSII activity,
relETR, Y(PSII), Y(NO), and Y(NPQ) were measured at different
light intensities (Figure 5). FL-grown plants showed significantly

FIGURE 3 | Difference of the performance index for energy conservation from exciton to the reduction of the PSI end acceptors [PItotal (A)] was measured in the
Japanese knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low light (blue bar) and fluctuating light (gray bar). Variation in the total driving forces
[DFtotal (B)] for each group of plants was calculated by summing up their partial driving forces: log γRC/(1–γRC) (white), log ϕP0/(1–ϕP0) (light gray), log ψE0/(1–ψE0)
(dark gray), and log δR0/(1-δR0) (black). Represented values are the mean of 15 replicates per treatment. The asterisk (*) represents a significant difference at
p ≤ 0.05 (using the Student’s t-test); error bars represent ± SD.

FIGURE 4 | The kinetics of modulated 820 nm reflection (MR) normalized to MR0 (A), values of the oxidation rate of PC and P700 [Vox (B)], and re-reduction rate of
PC+ and P700+ [Vred (C)] were measured in the Japanese knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low light (blue) and fluctuating light
(gray). The represented values are the mean of 15 replicates per treatment. The asterisk (*) represents a significant difference at p ≤ 0.05 (using the Student’s t-test);
error bars represent ± SD.
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higher relETR values (Figure 5A) at moderate (500 PPFD)
and high light intensities (1,000 and 2,000 PPFD), while at
lower light intensities (100 and 250 PPFD), there was no
significant difference between CLL-grown and FL-grown plants.
The effective photochemical quantum yield of PSII [Y(PSII)], the
quantum yield of non-regulated energy dissipation [Y(NO)], and
the quantum yield for dissipation by downregulation [Y(NPQ)]
describe the energy distribution through PSII (Figure 5B). Both
CLL-grown and FL-grown plants revealed a similar response
of measured parameters. Nevertheless, there was a significant
difference for Y(PSII) and Y(NPQ) parameters at all applied
light intensities between both the plant groups. Except for the
significantly lower Y(NO) measured at 2,000 PPFD compared
with the lower light intensities in CLL-grown plants, Y(NO)
showed that there was no significant change regardless of the
applied light intensity between CLL-grown and FL-grown plants.

FIGURE 5 | Changes of relative electron transport rate [relETR (A)] were
measured at 100, 250, 500, 1,000, and 2,000 µmol/m2/s in the Japanese
knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low light
(blue dots) and fluctuating light (gray dots). Complementary changes of
quantum yields (B): quantum efficiency of PSII photochemistry (Y(PSII), dark
gray), quantum yield of non-regulated energy dissipated in PSII (Y(NO), white),
and quantum yield for dissipation through downregulation in PSII (Y(NPQ),
light gray) were represented for each applied light intensity for both
investigated plant groups. Data are shown as means of six replicates (n = 6).
Different letters represent significant difference at p ≤ 0.05 (using the ANOVA
LSD test) between two investigated plant groups at each light intensity within
each quantum yield [white letters for Y(PSII), letters in italic for Y(NO), and
black letters for Y(NPQ)].

FIGURE 6 | The Chl a + b (mg/g FW) and carotenoids (Car; mg/g FW) (A), as
well as Chl a/b and Chl a + b/Car ratios (B), determined in the Japanese
knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low light
(blue bars) and fluctuating light (gray bars). The values are represented as
means ± SD. The asterisk (*) represents a significant difference at p ≤ 0.05
(using the Student’s t-test).

Content of Photosynthetic Pigments
Although the Chl a + b showed no significant difference
between CLL-grown and FL-grown plants (Figure 6A), the
Car (Figure 6A) and the Chl a/b ratio (Figure 6B) showed
significantly lower values, while the Chl a + b/Car ratio
(Figure 6B) revealed significantly higher values in FL-grown
plants compared with CLL-grown plants.

DISCUSSION

The Japanese knotweed plants grown in CLL and FL conditions
exhibited a differential response of photosynthetic light-
dependent reactions. Our results suggested that the knotweed
plants grown in FL acclimated under such conditions by showing
better overall photosynthetic reactions compared with plants
grown in CLL, thus showing high acclimation potential. FL-
grown knotweeds showed a protected integrity of thylakoid
membranes, showing better grouping and connectivity between
the reaction centers of PSII. This allows them for an efficient
allocation of absorbed energy that can be efficiently utilized in
primary photochemistry. A larger acceptor pool enables them
to achieve an efficient electron transport due to higher amount
of free-electron acceptors, as well as more efficient reduction
rate at the PSI acceptor side. The fully functional OEC enables
replacement of sufficient amount of electrons toward PSII to
drive the functional photosynthetic reactions. As a result, FL-
grown knotweeds revealed a functional electron transport all the
way to PSI, as well as enhanced the photochemical activity of
PSI at the acceptor side. In addition, the results after short-term
light treatments suggested that FL-grown plants generate a cyclic
electron flow to protect PSI by preventing overreduction of the
PSI acceptor side.

When exposed to different growth conditions, the
photosynthetic apparatus comprises various strategies for
adaptation and/or protection at different levels of light
conversion throughout the electron transport chain. The OJIP
transient curves give us the perception of the status of the plant;
therefore, its shape was shown to be a good indicator of the
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pool size of the electron carriers in the photosynthetic electron
transport chain. Stressful conditions, therefore, cause the change
in the intensity of the characteristic points of the OJIP curve.
Subsequently, the intensity in the J, I, and P steps, and also in the
intermediate L and K bands, changes (Strasser et al., 2000; Kalaji
et al., 2018b). It was proposed that low light induces higher J step
and, hence, higher VJ and also higher ψE0 due to the limited
re-oxidation of QA (Strasser et al., 2007). Therefore, a smaller
pool of plastoquinone (PQ) disables CLL-grown knotweeds to
achieve an efficient electron transport since they had a lower
amount of free-electron acceptors (Gao et al., 2014). Stress can
induce higher I step due to the accumulation of a higher amount
of reduced QA and PQ, which subsequently blocks the electron
transport between QA and QB and further to PSI (Strasser et al.,
2010; Kalaji et al., 2014). It was reported for the Norway spruce
vegetative buds (Katanić et al., 2012), developing common fig
leaves (Mlinarić et al., 2017), and radish plants exposed to sulfur
deficiency (Samborska et al., 2019) that VI increase is connected
with reoxidation and turnover rate. Based on that, our results
imply that QA of CLL-grown plants could be reduced, but not
reoxidized as efficient as FL-grown plants.

The good grouping and connectivity between the reaction
centers of PSII enable an efficient allocation of the absorbed
energy to the primary acceptor QA (Yusuf et al., 2010). The
occurrence of the K-band and the parameter Fv/F0 reflects the
activity of the OEC on the donor site of PSII (Kalaji et al.,
2011). Therefore, the tolerance to various stress, such as salinity
(Da̧browski et al., 2019) or drought (Oukarroum et al., 2007),
is often connected with the appearance of a negative L-band.
Likewise, a negative K-band is often associated with the plants
that exhibit tolerance to stress such as heavy metals (Żurek
et al., 2014; Begović et al., 2016), salinity (Pavlović et al.,
2019), chilling (Krüger et al., 2014), and drought (Oukarroum
et al., 2009; Begović et al., 2020), suggesting that functional
OEC can replace a sufficient amount of electrons toward
PSII to drive functional photosynthetic reactions. However,
recent investigation on low-light-grown and high-light-grown
Phalenopsis plants revealed a lower P2G in high-light-grown
plants (Ceusters et al., 2019), suggesting the higher connectivity
under the light limitation. Our results, however, suggested that
FL-grown plants had closely connected thylakoids that are
considered stable and not likely to undergo structural changes.
The negative shape of the L-band is the reliable indicator of
better grouping and connectivity between the reaction centers
of PSII that enables an efficient allocation of the absorbed
energy to the primary acceptor QA (Yusuf et al., 2010). Such
closely connected thylakoids are considered stable and not
likely to undergo structural changes. Therefore, the negative
L-band and higher, although not significantly, P2G, the overall
grouping probability within the PSII antennae in FL-grown
plants suggested better grouping and connectivity between the
reaction centers of PSII in FL-grown plants, which is related
with the preservation of integrity of thylakoid membranes
in FL-grown plants. In addition, FL-grown plants carry out
efficient photosynthetic reactions due to fully functional OEC
that was able to replace necessary amount of electrons in the
direction of PSII.

The most recent investigations also involved the calculations
of H- and G-bands. The H-band is connected to the redox state
of the QA, and the negative amplitude is the result of the inhibited
reoxidation of QA

− (Kalaji et al., 2018a; Da̧browski et al., 2019).
Negative amplitudes of G-band were associated with the
adaptation mechanism in nutrient-deficient rapeseed plants that
compensate the functionality by increasing the number of
NADP+ molecules per active RC (Kalaji et al., 2018a). A similar
response of FL-grown plants in our investigation suggests certain
adaptation to the FL. Additionally, the maximal amplitude of
WOI ≥ 1 reveals the IP phase, where larger amplitudes suggest
larger acceptors pool (Yusuf et al., 2010; Guo et al., 2020).
Therefore, a higher WOI amplitude in FL-grown plants indicated
a bigger pool of the end electron acceptors at the PSI acceptor
side compared with CLL-grown plants. Our results for FL-grown
plants were consistent with those implicating more efficient
reduction rate at the PSI acceptor side in FL-grown knotweeds
compared with CLL-grown knotweeds.

Recently, it was suggested that a good connection of PSII
would ensure an efficient utilization of absorbed light into the
electron transport and the excitation energy from closed RCs
will be transferred to open ones, but without connectivity, the
excitation energy will be mainly dissipated. Hence, an increased
connectivity is often associated with more efficient processing
of light energy (Ceusters et al., 2019). In our investigation,
considering connectivity, FL-grown plants showed a similar
behavior pattern as HL-grown Phalenopsis, indicating that light
limitation of CLL-grown plants diminished energy fluctuations
through PSII. Such specific fluxes consider only active RCs
that can reduce QA (Force et al., 2003; Yusuf et al., 2010). A
significantly lower Chl a/b ratio in FL-grown plants suggests a
higher acclimation potential due to the formation of smaller, but
more efficient, photosynthetic units (Oguchi et al., 2003; Brestič
et al., 2014). Furthermore, Fm and Chl a + b did not differ
between FL-grown and CCL-grown plants. It was suggested that
there was a strong correlation between Fm and Chl content and
that changes in the chlorophyll content do not affect the antenna
size but reflect its ability to acclimate to the light environment
(Dinç et al., 2012). FL-grown knotweed plants generated an
efficient mechanism to regulate the amount of excitation energy
needed to reach the RC as acclimation to fluctuations in the
light intensity. Moreover, the absorbed light energy in FL-grown
knotweeds was efficiently utilized in the primary photochemistry
and revealed functional electron transport all the way to PSI.

The PItotal was known to be the most sensitive parameter that
describes the functional activity of PSII, PSI, and intersystem
electron transport chain (Yusuf et al., 2010; Krüger et al., 2014;
Da̧browski et al., 2016), and therefore, it allows the extensive
analyses of the photosynthetic performance. It was suggested that
a higher value of log ϕP0/(1-ϕP0) is associated with an efficient
primary photochemistry due to the light reactions (Pereira et al.,
2000; Kalaji et al., 2011). An increase of this log ψE0/(1-ψE0)
suggests the improved ability of the photosynthetic system for
the conversion of the excitation energy to electron transport
beyond QA

− in plants grown in the FL (van Heerden et al., 2007;
Krüger et al., 2014). Based on that, our results imply that FL-
grown plants revealed highly regulated photosynthetic processes
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between the light-dependent reactions and the reactions leading
to CO2 assimilation compared with CCL-grown ones.

The modulated reflection at 820 nm represents the oxidation
state of PC and P700 and re-reduction state of PC+ and P700+
and depends on the available pool of electron acceptors on the
acceptor side of PSI (Strasser et al., 2010; Guo et al., 2020).
The faster oxidation of PC and P700 reflects the enhanced
photochemical activity of PSI at the acceptor side (Gao et al.,
2014; Salvatori et al., 2015). It was suggested that a higher
PSI activity could be an adaptive mechanism for minimizing
the photooxidative damage by regulating the distribution of
excitation energy between PSII and PSI (Zhang et al., 2016).
It was reported recently that FL primarily damages PSI in the
wild-type Arabidopsis plants. In that case, the generation of
the cyclic electron flow around PSI could play an important
role in the photoprotection of the PSI donor side (Yamamoto
and Shikanai, 2019). Therefore, based on the above-mentioned
studies, our results suggested that in FL-grown plants, there
were too few electrons transferred to PSI, which were not able
to completely reduce P700+ and PC+ compared with CLL-
grown knotweeds.

The photosynthetic efficiency is known to decrease under
high irradiation, and at the same time, heat dissipation and
the relative electron transport increase (Bajkán et al., 2012;
Sperdouli and Moustakas, 2012; Brestič et al., 2014; Huang
et al., 2018). Several components can be involved in the
increase of non-photochemical quenching, and most usually,
its increase is associated with the dissipation of the active
energy via the carotenoids (Demmig-Adams and Adams, 1996;
Brestič et al., 2014). CLL-grown plants dissipated greater
amount of energy by downregulation, implying an effective
mechanism to cope with the photoinhibitory conditions.
Such an increase could be the case in our investigation
since the higher Car, as well as higher Chl a + b to
Car ratio, was observed in CLL-grown plants. Recently, it
was suggested that such a mechanism could be directly
associated with the P700 redox status (Brestič et al., 2014;
Zhang et al., 2016). The short-term exposure of FL-grown
knotweeds could cause accumulation of electrons in PSI,
resulting in oxidative damage. To prevent overreduction of the
PSI acceptor side, cyclic electron flow limits the production
of reactive oxygen species, thus protecting the acceptor side
of PSI (Salvatori et al., 2015). In such case, FL-grown
plants can generate a cyclic electron flow to protect PSI
(Yamamoto and Shikanai, 2019).

The parallel measurements of the photosynthetic parameters
used several non-destructive methods, and the determination
of photosynthetic pigments showed that CLL led to a lower
functionality of the light-driven photosynthetic reaction in
the Japanese knotweed compared with plants grown in FL.
The growth in FL, however, induced fully efficient PSII and
PSI, reaction centers, and intersystem electron transport. To
our knowledge, obtained results in this investigation revealed
the most detailed insight into the light-driven reactions in
the invasive Japanese knotweed and the adaptations of the
photosynthetic apparatus to the FL conditions. Recent study on
the growth dynamics of this invasive species based on the light

availability showed that the Japanese knotweed grew faster and
explored larger area when cultivated in full sunlight (Martin
et al., 2020). They found that plants grown in full sunlight had
higher vigor compared with those grown in shaded area. This
corresponds to our findings that CLL-grown plants had a poor
photosynthetic performance compared with FL-grown plants,
which could be one of the key roles of its invasive success.

CONCLUSION

It can be concluded that Japanese knotweed plants grown in
FL built distinct adaptations to the changing light conditions
compared with the plants grown in CLL. Our results revealed that
FL exhibited more efficient photosynthetic reactions compared
with the plants grown in CLL due to the better grouping
and connectivity between the PSII units compared with CLL-
grown plants. The fully functional OEC in FL-grown plants
was able to replace a sufficient amount of electrons toward
PSII to drive functional photochemical reactions. The formation
of smaller photosynthetic units in FL-grown plants caused a
lower absorption and trapping but a more efficient conversion
of excitation energy to the electron transport beyond the
primary electron acceptor QA. An efficient reduction and
reoxidation of QA in FL-grown plants ensured rather undisturbed
electron transport all the way to PSI, while the larger PQ
pool enabled them to achieve an efficient electron transport
due to a higher amount of free-electron acceptors. Due to the
larger acceptor pool at the PSI acceptor side, FL-grown plants
were more capable of reduction of their end acceptor than
CLL-grown ones. The enhanced photochemical activity of PSI
in FL-grown plants suggested the formation of a successful
adaptive mechanism for minimizing the photooxidative damage
by regulating the distribution of the excitation energy between
PSII and PSI. In contrast, CLL-grown plants accumulated a
higher amount of reduced QA and PQ that could be reduced
but not reoxidized as efficient as in FL-grown plants. That
subsequently blocked the electron transport between QA and
QB and further to PSI. However, FL-grown knotweeds exhibited
faster oxidation at the PSI side, which could be the result of
generating the cyclic electron flow around PSI. Despite the
better effective quantum yield of PSII and the linear electron
transport observed in FL-grown plants, an exposure to the
short-term high light intensity increased Y(NPQ), the yield
induced by the downregulatory processes, suggesting that the
generation of the cyclic electron flow around PSI was due to the
functional adaptation of the FL-grown plants to protect PSI from
photoinhibition.
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of salt stress on photosystem II efficiency and CO2 assimilation of two Syrian
barley landraces. Environ. Exp. Bot. 73, 64–72. doi: 10.1016/j.envexpbot.2010.
10.009

Kalaji, H. M., Oukarroum, A., Alexandrov, V., Kouzmanova, M., Brestic,
M., Zivcak, M., et al. (2014). Identification of nutrient deficiency
in maize and tomato plants by in vivo chlorophyll a fluorescence
measurements. Plant Physiol. Biochem. 81, 16–25. doi: 10.1016/j.plaphy.2014.
03.029
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Chlorophyll a fluorescence in evaluation of the effect of heavy metal soil

contamination on Perennial grasses. PLoS One 9:e91475. doi: 10.1371/journal.
pone.0091475

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
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