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Abstract

Alterations in photosynthetic performance of lutein-deficient mutant /uz2 and wild type (wt) of Arabidopsis thaliana
were followed after treatment with low temperature and high light for 6 d. The obtained results indicated lower
electrolyte leakage, lower excitation pressure, and higher actual photochemical efficiency of PSII in /uz2 plants exposed
to combined stress compared to wt plants. This implies that /uz2 is less susceptible to the applied stress conditions.
The observed lower values of quantum efficiency of nonphotochemical quenching and energy-dependent component
of nonphotochemical quenching in /uz2 suggest that nonphotochemical quenching mechanism(s) localized within
LHCII could not be involved in the acquisition of higher stress tolerance of /uz2 and alternatives to nonphotochemical
quenching mechanisms are involved for dissipation of excess absorbed light. We suggest that the observed enhanced
capacity for cyclic electron flow and the higher oxidation state of P (P700"), which suggests PSI-dependent energy
quenching in /ut2 plants may serve as efficient photoprotective mechanisms, thus explaining the lower susceptibility
of [ut2 to the combined stress treatments.
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Introduction thylakoid membranes, is extremely sensitive to different

abiotic stressors that very often act simultaneously. Higher
The photosynthetic process, driven by coordinated func- plants respond to adverse stress conditions at multiple
tioning of the main pigment—protein complexes in the levels ranging from leaf morphology and chloroplast
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ultrastructure (Walters 2005) to physiological rearrange-
ments, including alterations in the primary photosynthetic
reactions (Guy et al. 2008). Plant development at high-
light intensity and/or at low temperature leads to imbalance
between the amount of absorbed light and capacity for its
utilization causing overexcitation of the components of
linear photosynthetic electron chain, usually expressed as
excitation pressure (1 — qp) that is reflecting redox state of
the intersystem PQ pool (Huner ez al. 1996, 1998).

Absorbing sunlight that prevails the demands of
plants for effective photosynthetic process can potentially
lead not only to excess excitation but also to generation
of dangerous reactive oxygen species (ROS) that can
cause photoinhibition of PSII (Aro et al. 1993, Long
et al. 1994) and PSI (Sonoike et al. 1997, Ivanov et al.
1998). Under combined action of high-light illumination
and low temperatures, the level of excitation pressure and
oxidative stress is higher than the effect of only high light
as the effectiveness of enzymatic reactions, especially of
CO, fixation, the main metabolic sink via CO, reduction
through the Calvin cycle, and photorespiration, are retarded
(Allen and Ort 2001). For various types of photosynthetic
organisms is of a great importance to sense the redox
state of the photosynthetic electron chain and to apply
different mechanisms to control the overaccumulation of
redox intermediates under different environmental stress
conditions and generation of ROS (Huner et al. 2013).

It is generally considered that the main mechanism of
photoprotection in photosynthetic membranes of cyano-
bacteria, algae, and higher plants is operating in LHCII,
is triggered by the build-up of pH gradient across the
thylakoid membrane, and is a result from functioning of
the xanthophyll cycle (NPQ) (Demmig-Adams and Adams
1992, Horton et al. 1996). However, there are indications
that NPQ dissipates only part of the excessively absorbed
light energy (Gilmore 1997). Important component of
NPQ, which is involved in deexcitation of excited states of
chlorophyll (Chl) and thermal dissipation of excess light
in LHCII, is qgg that is dependent on ApH and is rapidly
reversible, considered to recover in several minutes after
switching off the actinic light. It is induced by low values
of pH in the thylakoid lumen (Miiller ez al. 2001, Ruban
2016). Arabidopsis thaliana mutants, npgl (unable to
convert violaxanthin to zeaxanthin; Niyogi ef al. 1998)
and [ut2 (does not synthesize lutein or a-carotene; Pogson
et al. 1996), are characterized by diminished levels of qg
(Niyogi et al. 1998, Pogson et al. 1998). In addition, it has
been proposed that lutein also might have a direct role in
qe formation (Niyogi e al. 1997, Lokstein et al. 2002).

Other mechanisms for protection against high light
have been also reported, including decrease of functional
absorption cross-section of PSII or of physical size of
LHCII, transfer of energy by phosphorylated LHCII from
PSII to PSI (state transition) (Huner et al. 1996, Ensminger
et al. 2006), quenching excess light in the reaction center
of PSII via the charge recombination between Pgs" and
reduced Qa (Krieger ef al. 1992, Ivanov et al. 2008).
Under conditions of overexcitation of PSII, cyclic electron
flow (CEF) around PSI provides electrons for synthesis of
ATP at the acceptor side of PSI (Miyake et al. 2005, Wei

et al. 2017, and references therein). In addition, part of
the excess absorbed light can be diverted to harmless heat
via mechanism that is not dependent on the functioning
of the xanthophyll cycle in the antenna — nonregulated
energy dissipation (®¢p) (Hendrickson ef al. 2004, Kramer
et al. 2004, Tvanov et al. 2012). Another mechanism for
increasing photochemical quenching has been reported
in cold-acclimated cereals that respond to increased
excitation pressure by elevated ribulose 1,5-bisphosphate
regeneration and diverting the electron flow through the
Calvin cycle for increase of CO, fixation (Huner et al.
1998). All these photoprotective mechanisms act either
separately or in different combinations to attain a proper
balance between absorbed light and capacity of different
metabolic sinks (Huner ez al. 1998, 2013).

Xanthophylls are an intrinsic component of the photo-
synthetic machinery of higher plants which are attached
to light-harvesting proteins of the main light-harvesting
complexes of PSII, LHCII, via hydrophobic, van-der-Waals
forces, and formation of H-bonds with amino-acid side
chains (Liu ef al. 2004). In higher plants, two molecules
of lutein and one molecule of violaxanthin and neoxanthin
are bound to every monomer of the major trimeric complex
of LHCII. The proper stoichiometry between these three
xanthophylls and binding to their specific binding site
determine the proper folding and organization of three-
dimensional structure of LHCII (Jahns and Holzwarth
2012). The missing xanthophylls can be substituted by
other xanthophyll species but the resulting structure
of LHCII is compromised (Croce et al. 1999). For the
carotenoid mutant [ut2 and [utl of Arabidopsis thaliana,
which do not contain lutein, it has been shown that the
missing lutein is countervailed by increased content of
other xanthophylls from the branch of B-carotene synthesis
from lycopene (Pogson ef al. 1996) and this substitution
did not compromise the light-harvesting functions (Pogson
et al. 1996, Lokstein et al. 2002, Dall'Osto et al. 2006) but
the formation of stable trimers of LHCII was hampered
(Lokstein ef al. 2002) and the effectiveness of NPQ
was much lower than that in wt (Dall'Osto et al. 2007).
Additionally, mutants of Arabidopsis that lack lutein,
growing under high light and/or low temperature, showed
higher level of photodamage (Dall'Osto et al. 2006).

In addition, another function was attributed to lutein —
the quenching of the triplet excited states of Chl that
have been shown in isolated and recombinant LHCII
(Peterman et al. 1995, Croce et al. 1999). When lutein was
missing, the degree of photobleaching of photosynthetic
pigments in isolated thylakoid membranes was accelerated
(Dobrev et al. 2016) supporting the suggestion that lutein
performs an important role in effective quenching of ROS
(Huang et al. 2010), in photoprotection, and prevention of
LHCII proteins degradation under high-light illumination
(Dall'Osto et al. 2006, Jahns and Holzwarth 2012).
Indeed, mutants of Arabidopsis and Chlamydomonas that
lack lutein and/or zeaxanthin are more photosensitive
than the respective wt, but lutein alone is not able to
provide effective photoprotection (Dall'Osto et al.
2007). Contrary, it has been also shown that the lack of
lutein in Arabidopsis thaliana (Pogson et al. 1996) and

111



A.V. POPOVA et al.

Chlamydomonas reinhardtii (Niyogi et al. 1997) mutants
does not significantly impact the photosynthetic process
and its structural role in organization of LHCII can be
fulfilled by the substituting xanthophylls.

Various economically important crop plans (wheat,
tomato, efc.) could be frequently exposed to sudden
periods of low temperatures during early spring and early
fall in the temperate zone of the Northern hemisphere,
when the light intensity is already/still high. The combi-
nation of these two factors can cause serious damage of
the photosynthetic apparatus and loss of crop yield. The
mechanisms allowing the plants to survive and recover
from these harsh periods of low temperatures/high light are
not well understood yet. The objective of the present study
was to investigate the response of Arabidopsis thaliana
plants, wt (Col-0) and /u#2 mutant, lacking lutein, the most
abundant xanthophyll, to combined treatment with two
stress stimuli, low temperature (12/10°C) and high light
[500 pmol(photon) m= s7'], in respect to photochemical
activity of PSII and PSI in vivo and to follow the ability to
recover after exposure to combined stress factors. Special
attention was paid to energy partitioning and the role of
alternative protective energy sinks as nonregulated thermal
dissipation and CEF around PSI.

Materials and methods

Plant growth conditions: Plants of Arabidopsis thaliana,
wt (Col-0) and mutant /uf2, were grown in growth
chambers (Fytoscope FS130, Photon Systems Instruments,
Drasov, Czech Republic) under controlled conditions on
perlite-containing soil. The photoperiod during the whole
experimental setup was 12 h. Light illumination during
plant development was 100 pumol(photon) m? s, day/
night temperature of 20/18°C, and humidity of 70%. Fully
developed plants (after 3—4 weeks of growth) were further
grown for 6 d at low day/night temperature (12/10°C) and
high light [500 pmol(photon) m2 s']. After 6-d exposure
to double stress conditions, plants were transferred back
to growth conditions and were recovered for period of
7 d (7 R). Leaf samples were taken before the start of
stress treatment (0 d), after 2- and 6-d exposure and after
7-d recovery period. Five independent experiments were
performed and at each timepoint, at least four parallel
samples were processed. For all experiments leaves of
fully developed plants were used.

Photosynthetic pigment content: Photosynthetic pig-
ments were extracted from leaf material (40 mg) with
ice cold 80% acetone (v/v) in dim light as described in
Gerganova et al. (2016). Leaf material was grinded at
4°C and the extracts were centrifuged in sealed tubes at
4,500 x g for 15 min at 4°C. The pigment content was
determined spectrophotometrically (UV-VIS Specord 210
Plus, Analytic Jena, Jena, Germany) in the clear extract.
Content of Chl @, Chl b, and carotenoids (Car) was
determined according to Lichtenthaler (1987). At every
timepoint, four parallel samples were collected from wt
and /ut2 plants at the beginning of every experiment, after
2- or 6-d treatment of plants with low temperature and high
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light and after the recovery period at growth conditions.
Mean values = SE were calculated from five independent
experiments and expressed as mg(pigment) g'(FM).

Photosynthetic CO, exchange: CO, and water vapor
exchange were measured with infrared gas analyzer
LI-6262 (Li-Cor, USA) at 25°C and light intensity of
800 umol(photon) m=2 s'. The measurements were
performed on intact leaves of control (0 d), treated (6 d),
and recovered (7 R) wt and /ut2 plants after 10-15 min
to achieve steady-state conditions. The leaf was clamped
in a gas-exchange cuvette at a rate of 0.75 L min™' of air
flow. The net rate of photosynthesis and the transpiration
rate were calculated according to von Caemmerer and
Farquhar (1981). The water-use efficiency (WUE) was
calculated as a ratio between net rate of photosynthesis
and transpiration rate.

Photosynthetic O, evolution: The rate of net photo-
synthetic O, evolution in leaves of Arabidopsis thaliana
plants, wt and lut2, was determined by Clark-type O,
electrode (DWI1, Hansatech Instruments, King's Lynn,
Norfolk, UK) equipped with LD1/2 leaf-disc electrode
chamber as described in detail previously (Gray et al. 1996,
Popova et al. 2019). Every measurement was performed
on eight leaf discs with a total area of 10 cm? in saturating
atmosphere of CO,, provided by 200 uL of 1 M NaHCO:s.
Measurements were performed before start of every
experiment (0 d), after treatment with two stress factors for
2 and 6 d, and after recovery for 7 d. At every timepoint, at
least four parallel samples were measured. Every sample
was dark-adapted for 5 min at room temperature (22°C).
Light-response curves of leaf discs were created by plotting
the evolved O, against respective light intensity from 0 to
1,400 pmol(photon) m? s provided by an array of red
light-emitting (650 nm) diodes (LH36/2R, Hansatech
Instruments Ltd., King's Lynn, Norfolk, UK). The rate of
O, evolution at every light intensity was corrected for the
level of dark respiration. Light-compensation points (LCP)
were registered as in Bravo et al. (2007). LCP is the point
where the light-response curve intercepts the line parallel
to the x coordinate at 0 value of oxygen evolution (Py,).

Pulse-Amplitude-Modulated chlorophyll a fluores-
cence: Parameters of PSII photosynthetic performance
were determined on dark-adapted leaves for 15 min in
wt and /uf2 fully developed plants — control, nontreated
plants, treated with two stress stimuli for 2 or 6 d and after
recovery period of 7 d. Measurements were performed
at room (22°C) temperature and ambient CO, and O,
conditions using PAM-101/103 fluorometer (Heinz Walz
GmbH, Effeltrich, Germany) as described previously
(Popova et al. 2019). The minimal Chl fluorescence
when all PSII centers were open (F,) was registered at
illumination with weak [0.120 pmol(photon) m2 s7]
modulated (1.6 kHz) light. A white-light pulse with
saturating intensity of 3,000 pumol(photon) m? s and
duration of 0.8 s was applied to close all PSII and to register
the maximal fluorescence F.. To initiate photosynthetic
process, leaf sample was illuminated for 5 min with actinic
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light that corresponded to plant growth illumination
[100 pmol(photon) m™ s7'] and saturating light pulse was
given every minute to determine the maximal fluorescence
level in the light-adapted state (F.'). After reaching the
steady-state fluorescence level (F;), the actinic light was
switched off and the minimal fluorescence in the light-
adapted state (Fo") was registered. After switching off the
actinic light, saturating pulses of white light were given
every 10 s for 1 min followed by pulses every 30 s for
registration of the rapidly reversible component of NPQ, qg
(Ivanov et al. 2006, Ruban 2016). The main photosynthetic
parameters of PSII activity were calculated using formulas
of van Kooten and Snel (1990). Maximal quantum yield of
PSII in the dark-adapted state was determined as F./F,, =
(Fm — Fo)/Fn, excitation pressure of PSII as 1 — qp =
1 — [(Fn' = FO)/(Fw' — F¢')]. The quantum efficiency of
ApH- and/or xanthophylls-dependent nonphotochemical
quenching of excess absorbed light in PSII antennae as
Dnpg = F/F,' — Fy/Fr, and actual photochemical efficiency
of PSII as ®psy = (Fn' — F,)/F.'. Constitutive energy
dissipation was calculated as ®¢p = F/F,, (Hendrickson
et al. 2004, Ivanov et al. 2012).

Redox state of P,: Alterations in the redox state of Pz
were registered in leaves of wt and Juz2 plants, dark-adapted
for 15 min, before the start of every experiment, after
2- or 6-d exposure to stress conditions and after recovery
period of 7 d using a PAM-101/103 modulated fluorometer
(Heinz Walz GmbH, Effeltrich, Germany) equipped
with ED-800T emitter-detector unit (Klughammer and
Schreiber 1991) as described in Ivanov et al. (1998).
Measurements were performed at 22°C and ambient O,
and CO, conditions. Leaves were illuminated with far-
red light (Awax = 715 nm, 10 W m=2, Schott filter RG 715).
The redox state of P, was registered as FR-induced
absorbance change around 820 nm (AAsy) in a custom-
designed cuvette. Multiple-turnover (MT, 50 ms) and
single-turnover (ST, half peak 14 ps) saturating flashes
were applied by XMT7-103 and XST-103 (Walz) power/
control units, respectively. The relative functional pool
size of the intersystem electrons able to reduce PSI center
(P700") was calculated as the ratio between the area of MT
to the area of ST flashes (¢ /P70 = MT area/ST area) (Asada
et al. 1993, Ivanov et al. 1998).

The half time (t2) of the decay kinetics of re-reduction
of Pr" after switching off FR illumination was assessed
as the capacity for CEF around PSI (Klughammer and
Schreiber 1991, Ivanov at al. 1998).

Electrolyte leakage: Electrolyte leakage from leaf tissue
(150 mg) was measured with a conductivity meter (EC 215,
Hanna Instruments, USA) after 24-h incubation of leaf
discs in double-distilled water (15 ml). The conductivity
of the floating solution was measured after 24-h shaking
and the maximum leakage of the tissue was determined
after boiling the leaves for 15 min at 100°C. The extent
of leakage was presented as percentage of the maximum
leakage.

Statistics: Data were presented as mean values = SE,
calculated from five independent experiments with four

parallel samples for each time point. Statistically significant
differences were calculated by two-tail Student's t-test in
Excel. Statistical differences between values of wt and
lut2 plants were indicated with (+) and between values
of nontreated and treated leaves with (*), (+/*P<0.05;
++/**P<0.01; +++/***P<0.001).

Results

Photosynthetic pigments and electrolyte leakage: The
content of photosynthetic pigments in wt and /uz2 leaves
of control and plants treated by low temperature and
high light for 2 and 6 d and after recovery did not differ
significantly between control wt and /u¢2 plants, although
in nontreated /ut2 plants, the content of Chl a, Chl b, and
total carotenoids was slightly lower (around 10%) than
that in wt (Table 1S, supplement). After development
at these conditions for 6 d, a significant reduction of all
photosynthetic pigments took place, the effect being
stronger in /ut2 mutant compared to wt (Table 1S). Further
development at original growth conditions for 7 d did not
lead to complete recovery of pigment contents to that of
nontreated plants.

The membrane integrity was assessed by measuring
the extent of electrolyte leakage. Electrolyte leakage
of control, nontreated leaves of wt and /uz2 plants was
similar, 18.3 £ 0.8% and 18.1 + 1.2%, respectively. After
6 d of combined treatment, the values of this parameter
increased to 25.4 + 9.2% and 20.9 + 1.3% for wt and
lut2 leaves, respectively, indicating some destabilization
of the membranes under these conditions. However, this
enhancement in electrolyte leakage was reversible and it
strongly declined after recovery of plants (Fig. 1).

Fig. 1. Effect of combined treatment for 2 and 6 d with low
temperature (12/10°C) and high light [500 pmol(photon) m= s™]
and after recovery period of 7 d (7 R) of Arabidopsis plants,
wt and /ut2, on electrolyte leakage. Means + SE values were
calculated from five independent experiments with at least four
parallel samples (n = 20). Statistically significant differences
were calculated by two-tail Student's t-test. Statistical differences
between values of wt and /uz2 plants were indicated with (+)
and differences between respective control and treated plants
with (*). (+/*P<0.05; ++/**P<0.01; +++/***P<0.001).
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CO; fixation and oxygen evolution of leaves: The net
rate of photosynthesis (Fig. 24) in control, nontreated
wt plants was about 20% higher than that in /uz2 plants.
After treatment for 6 d, the net rate of photosynthesis in wt
plants decreased by 30% and by only 7% in /u¢2 plants in
comparison with nontreated plants. After recovery period,
the values showed complete recovery for wt plants while
for lut2, the values were even higher than before the start
of the treatment. Similar alterations after 6 d of treatment
were observed for the transpiration rates (Fig. 2B). The
observed stress-induced decline in the water-use efficiency
(WUE) was less evident and wt and [ut2 plants responded
to the stress conditions in a similar manner (data not
shown).

Light-response curves of photosynthetic oxygen
evolution of wt (Fig. 34) and lut2 (Fig. 3B) leaves are
presented in Fig. 3. For both types of leaves, the rate of
oxygen evolution at low light intensity increased linearly
till reaching a plateau at 250 pumol(photon) m= s™'. For

Fig. 2. Effect of combined treatment with low temperature
(12/10°C) and high-light illumination [500 pumol(photon) m2s']
of Arabidopsis plants, wt and /ut2 mutant, on the net rate of
photosynthesis (4) and transpiration rate (B). Presented values
were registered in intact nontreated, treated for 6 d, and after a
recovery period of 7 d (7 R) plants. Means + SE values were
calculated from five independent experiments with at least two
parallel samples (n = 10). Statistically significant differences
were calculated by two-tail Student's t-test. Statistical differences
between values of wt and /uz2 plants were indicated with (+)
and differences between respective control and treated plants
with (*). (+/*P<0.05; ++/**P<0.01; +++/***P<0.001).
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both types of leaves, the prolonged treatment with two
stress factors caused a decrease in saturating level of
oxygen evolution (Pxmax). For wt plants, the decrease after
2 or 6 d of treatment was 6 and 17%, respectively, while
for lut2 plants, the decrease of Pmax Was 20 and 23%,
respectively. After recovery period, a complete restoration
of oxygen evolution was obtained, reaching values around
15% higher than that in respective nontreated plants.
Light-compensation points (LCP) of wt and /ut2 leaves
were also determined from the light-response curves
presented in Fig. 3. Untreated leaves of wt exhibited
LCP of 33 pumol(photon) m2 s! while for /ut2 leaves the
value of LCP was 40% higher [47 umol(photon) m~ s7'],
thus indicating a higher respiration rate in /uz2 mutant.
Exposure of both wt and /ut2 to combined treatment with
two stress factors for 2 and 6 d resulted in two-fold higher

Fig. 3. Oxygen-evolving activity of leaf discs of Arabidopsis
plants, wt (4) and [ut2 mutant (B), at increasing light intensity
[0 to 1,400 pumol(photon) m= s'], provided by an array of
red-light emitting diodes (650 nm). Leaf discs were taken
from mature plants at the beginning of every experiment
(0 day), after 2 or 6 d at combined treatment with two stress
factors and after recovery period (7-d R). Oxygen evolution
was registered at room temperature (22°C) in a CO, saturating
atmosphere. Every sample contained eight leaf discs. Mean
values for every light response curve were calculated from
two independent experiments with three parallel samples

(n=06).
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LCP values [74 umol(photon) m~ s™'] compared to control
plants. Transfer of plants back to growth conditions for
their recovery decreased significantly the values of LCP
[47 pmol(photon) m? s7'] but they were still higher than
that in nontreated plants.

Photosynthetic performance of PSII: The maximal
quantum yield of PSII (F,/F.,) was reduced in both types
of plants to a similar extent after 2 and 6 d of combined
stress treatment and fully recovered after 7 d of growth
under control conditions (Fig. 44). The quantum efficiency
of PSII (®psy) in both wt and /uz2 mutant (Fig. 1S,
supplement) decreased similarly after 2 d of treatment but
at longer exposure, the values for both types of leaves were
higher than on the second day and mutant plants recovered
more efficiently from stress.

Nontreated wt and /ut2 plants exhibited comparable
1 —qp values. As expected, 1 — qp values strongly increased
with duration of the combined stress treatment (Fig. 45).
This increase was similar after 2 and 6 d of treatment in wt
plants (with 58 and 56%, respectively), while the elevation
of this parameter for /ut2 plants was gradual and smaller

(23 and 32%), respectively. These alterations were fully
reversible and after return of plants to growth conditions
the values of 1 — qp were comparable with those before
treatment.

In Fig. 4C, values of the estimated quantum efficiency
of NPQ (®npq) are shown. The value of nontreated /uz2
plants was much lower (35%) than that of nontreated wt
plants. Exposure of wt and /ut2 plants to the combined
stress caused a strong reduction of @p, the effect being
more pronounced in /ut2. For wt leaves, the decline
was 25 and 55% after 2 and 6 d of combined treatment,
respectively, compared to nontreated plants. For leaves of
lut? plants, the decrease in ®xpq was much stronger, with
50 and 60%, after 2 and 6 d of treatment, respectively. After
a recovery period, the level of @npq in Wt leaves remained
comparable with that after treatment for 6 d, while /ut2
leaves showed a complete recovery and the value of ®npq
was close to that in nontreated /uz2 plants (Fig. 4C).

It is generally considered that the major component of
NPQ is the ApH- and energy-dependent quenching — qg
(Horton et al. 1996, Ivanov et al. 2006, Ruban 2016). It
is generated within several minutes of exposure to light

Fig. 4. Alterations in photosynthetic para-
meters of PSII as induced by combined
treatment of Arabidopsis plants, wt and /ut2,
for 0, 2, and 6 d, and after recovery (7 R)
at growth conditions. Maximal quantum
yield of PSII, F./F., (4), excitation pressure,
1 — qr (B), quantum yield of the regulated
energy dissipation of PSII, ®Onpg (C), and
efficiency of constitutive energy dissipation,
®¢p (D). Mean values + SE were calculated
from at least three measured values for every
time point in five independent experiments
(n = 15). Statistically significant differences
were calculated by two-tail Student's t-test.
Statistical differences between values of
wt and [uz2 plants were indicated with (+)
and differences between respective control
and treated plants with (*). (+/*P<0.05;
++/**P<0.01; +++/***P<0.001).
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and relaxes for up to 5 min in darkness (Horton et al.
1996, Ruban 2016). The initial fast phase of the recovery
of qg was assessed in wt and /ut2 leaves after switching
off the actinic light and application of saturating pulses
(Fig. 5) with different time intervals. The recovery of
Chl a fluorescence flash yields was plotted against time
(Fig. 6) to characterize the dynamics of relaxation of gg in
both types of leaves. From Figs. 5 and 6 is evident that the
extent of qg relaxation in the mutant, in nontreated, treated
for 2 and 6 d, and after recovery, was much lower than in
wt for the whole measuring period (4.5 min). The initial
slope of qg relaxation curves (Fig. 6) (an approximation for
the rate of relaxation) was similar in wt and /uz2 leaves —
in both types of leaves, the rate of qg relaxation was faster
before the start of experiment and after 2 d of treatment
while for longer treatment (6 d) and after the recovery
period, the kinetics of qg relaxation was significantly
suppressed.

With prolonged treatment time, the values of ®ypq
gradually decreased in wt and /[uz2 plants (Fig. 4C).
At the same time, the nonregulated energy dissipation
(®¢p) increased by 30% after 2 and 6 d of treatment in
comparison with the respective control plants (Fig. 4D).
After the end of treatment, during the recovery period,
values of ®p showed complete recovery (Fig. 4D).

Redox state of PSI: The alterations in the redox state of
PSI of wt and /ut2 leaves as a result of stress treatment
were assessed by following the FR-induced absorbance
change at 820 nm (AAsy). The FR-induced oxidation of
P00 (P700") was not changed in wt leaves in the course of
treatment. In [ut2 leaves, the level of P,y increased after
2 d and did not change significantly at a longer exposure
to combined stress. The registered oxidation level of P
(P700") after the recovery period significantly increased
by 40 and 50% for wt and [ut2 leaves, respectively
(Fig. 74).

In order to determine the apparent intersystem electron
pool size that can be donated to PSI (e7/P) in vivo,
single- and multiple-turnover flashes (ST and MT) of
white light were given when steady-state oxidation level
of P (P700") was reached. Results presented in Fig. 7B
indicated that the intersystem electron pool in nontreated
wt and [ut? plants were comparable. An exposure to
combined stress resulted in a gradual increase of e7/Ps
values, being stronger expressed in /ut2 leaves. For leaves
of wt after transfer of plants to growth conditions, the
e /P79 restored to control value while for the mutant, the
value decreased in comparison to 6™ d of treatment but
remained higher than the value of nontreated /u¢2 plants.

After switching off the FR light, the half time of

Fig. 5. Typical traces of chlorophyll a fluorescence induction curves, before turning on actinic light (AL), after turning off AL, and series
of saturating light pulses after the AL was switched off, of wt (4,C) and of /uz2 leaves (B,D) before start of experiment (4,8) and after
6-d exposure to two stress factors (C,D). The arrows indicate turning on and off AL [100 umol(photon) m2 s7!]. After reaching a steady-
state fluorescence (F;), the AL was turned off, Fy' was detected, and multiple saturating flashes were given to estimate the relaxation of
energy-dependent component (qg) of nonphotochemical quenching (NPQ).
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the dark decay of oxidized to reduced state of Ps was
determined as a measure of effectiveness of cyclic
electron flow (CEF) (t1») (Fig. 7C). Half time of reduction
of Pwo" (ti2) in leaves of nontreated [uz? plants was
1.88 + 0.05 s, lower than that in leaves of nontreated wt
plants (2.18 + 0.09 s) suggesting that CEF was upregulated
in [ut2 compared to wt. In the course of treatment with
two stress factors, the rates of Ps" decay (ti,) were
accelerated in both types of plants, stronger expressed in
wt, suggesting a higher capacity for CEF under these stress
conditions. After the recovery period of 7 d, the values of
t1» showed a complete recovery in both wt and /ut2 plants.

Discussion

The main challenge of higher plants developing under
abiotic stress conditions, especially under high light and/or
in combination with low temperature, is to maintain balance
between quantity of absorbed light with temperature-

Fig. 6. Time-dependent relaxation of gz component of NPQ after
turning off the actinic light and giving a set of saturating flashes
of white light in leaves of Arabidopsis plants, wt (4) and lut2 (B),
before start of every experiment, after 2- or 6-d treatment with
two stress factors, and after recovery period of 7 d (7-d R). Mean
curves were calculated from at least three fluorescence traces.

dependent metabolic reactions. Absorbing excess light
can lead to excitation pressure on PSII (1 — qp) (Huner
et al. 1996, 1998) that can cause generation of ROS and
consequently photoinhibition and/or photooxidative stress
of PSII and PSI (Powles 1984, Aro et al. 1993).

Fig. 7. Alterations in FR-induced oxidation of P+ (4), intersystem
electron pool size (e/P7) (B), and P7o" decay (i), related to
efficiency of cyclic electron flow around PSI (C). Measurements
were performed on fully developed leaves of Arabidopsis plants,
wt and [ut2, treated with combined two stress factors for 0, 2,
and 6 d and after recovery for 7 d (7 R). Mean values + SE were
calculated from at least three measured values for every time point
in five independent experiments (n = 15). Statistically significant
differences were calculated by two-tail Student's t-test. Statistical
differences between values of wt and /ut2 plants were indicated
with (+) and differences between respective control and treated
plants with (¥). (+/*P<0.05; ++/**P<0.01; +++/***P<0.001).
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The exposure of wt and /uz2 plants to two stress
factors led to a comparable decrease of the maximal
quantum yield of PSII (F./Fy; Fig. 44), ®ps (Fig. 1S), and
the rates of oxygen evolution (Pama; Fig. 3). The almost
equal decline of both parameters after 2 and 6 d correlated
with an equal increase of dark respiration as suggested by
the identical increase of LCPs in both wt and /uz2 leaves.
The observed moderate changes in these parameters (with
around 20%) were not surprising as the applied stress
factors were not extreme and plants were able to recover
successfully after period of 7 d at control conditions.
Furthermore, the stability of cell membranes was not
significantly compromised, as evidenced by an extent of
electrolyte leakage. The observed decline in F,/F, and
oxygen evolution correlated with increased excitation
pressure on PSII (1 — qgp) (Figs. 3, 44,B). A similar increase
of 1 — g had been reported for Arabidopsis wt plants
exposed to low temperature (Ivanov ef al. 2012). However,
the increase of 1 — qp in [ut2 leaves was significantly
smaller compared to wt. Considering that the lack of lutein
is compromising the formation of stable three-dimensional
organization of LHCII (Dall'Osto ef al. 2000), it is very
likely that the lower antenna size of PSII prevents its
over-reduction under the applied stress conditions.

Nonphotochemical quenching of excess light energy
(NPQ) and especially of its energy-dependent component
qe is generally considered to be the main photoprotective
mechanism converting excess absorbed light into harmless
heat and is the fastest response to a photoinhibitory
treatment that is related to processes of light harvesting
by photosynthetic antenna complexes, their structure,
organization, stability, and pigment composition (Demmig-
Adams and Adams 1992, Horton et al. 1996, Ruban 2016).
The registered value of ®npq in nontreated /uz2 leaves
was 37% lower than that in nontreated wt plants (Fig. 4C).
As NPQ is largely dependent on the xanthophylls
zeaxanthin and lutein (Pogson et al. 1998, Niyogi et al.
2001), it could be expected that the lack of lutein and
the compromised structure and stability of LHCII in
lut2 could be the reason for the lower capacity of LHCII
to perform its main photoprotective function. In both
types of plants, the efficiency of thermal dissipation of
excess light declined in a time-dependent manner during
combined stress treatment. This decline of NPQ can be
due to inhibition of PSII activity and decrease in quantum
efficiency of light conversion resulting in insufficient
proton gradient to trigger energy dissipation in LHCII
(Barényi and Krause 1985, Tjus and Andersson 1993,
Popova et al. 2019).

In agreement with previous observations (Niyogi ef al.
1997, 1998; Pogson et al. 1998, Lokstein et al. 2002),
nontreated /ut2 exhibited lower level of NPQ (37%) in
comparison to wt plants. It is generally considered that
the main component of NPQ, qg, is ApH- and energy-
dependent, rapidly reversible in darkness (Wraight and
Crofts 1971, Horton et al. 1996, Ruban 2016), and is
related to the de-excitation of !Chl* and harmless
dissipation of excess absorbed energy in LHCII (Miiller
et al. 2001). Not surprisingly, the lower level of NPQ
strongly correlated with a similar decrease (32%) of
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gr in mutant plants (compare Figs. 54,8; Fig. 6), which
has been ascribed to disturbed assembly and structure of
LHCII (Niyogi et al. 1997, Pogson et al. 1998, Lokstein
et al. 2002).

The results presented in Fig. 4D clearly showed
that during the treatment with combined stress stimuli,
a significant part of excess light was dissipated by
constitutive thermal dissipation (®¢p) that represents a
part of the absorbed light energy that was not utilized by
photochemistry or dissipated by NPQ. This type of energy
dissipation represents an alternative and complementary
pathway that utilizes the energy not dissipated by the
major component (qg) of thermal dissipation mechanism
NPQ that may be somehow restricted by exposure to
low temperature (Savitch ef al. 2009, Bag et al. 2020).
It is very probable that the low temperature restricts
functioning of NPQ as the xanthophyll cycle is dependent
on the enzymatic conversion of violaxanthin to zeaxanthin
by violaxanthin de-epoxidase.

Exposure of higher plants to cold stress diminishes
the requirement for electrons for the process of CO,
fixation (Savitch et al. 2011 and references therein). In
this study, we showed that the capacity to assimilate CO,
decreased after 6-d exposure to combined stress, stronger
expressed in wt type plants (with 37%) in comparison
with [ut2 plants (the decrease was only 12%) (Fig. 24).
At the same time, the increased excitation pressure
on PSII (Fig. 4B) indicated that Qa and PQ pools were
over-reduced in both types of plants as a result of
development for 6 d under the combined stress. This
suggestion is in accordance with results presented in
Fig. 7B indicating that the intersystem electron pool size
from overexcitation of PQ pool and stromal reducing
components (e7/P0) (Asada et al. 1993), which can be
donated to P, increased in a time-dependent manner.
The stress-induced higher availability of intersystem
electrons was diverted from the linear electron transport
chain to PSI-dependent CEF for providing additional
ATP for biochemical reactions and for protection of PSII
against photodamage (Munekage ef al. 2002). Indeed,
after the exposure of wt and /ut2 plants to combined
stress, an acceleration of the CEF was observed. A similar
acceleration of CEF as a protective mechanism against
photoinhibition at low temperature had been reported for
Arabidopsis, wt (Ivanov et al. 2012, Popova ef al. 2019).

The significant decrease of ®npq is a clear indication
that other photoprotective mechanisms might be involved
in mitigating the effect of combined stress treatment
in both wt and lut2 plants. The observed significant
increase of rates of re-reduction of Ps" and constitutive
(nonregulated) thermal dissipation (®sp), i.e., a fraction
of absorbed light energy not utilized by photochemistry
(®psu; Fig. 1S) or thermally quenched within the pigment
bed of PSII (Onpo), suggests that an enhanced capacity for
CEF and ApH-independent photoprotective mechanisms
were involved in photoprotection. Although no major
differences in these parameters occurred between wt and
lut2 mutant after 2 and 6 d of stress treatments, it has
to be mentioned that the initial capacity for CEF in [ut2
(nontreated plants) was higher than that in nontreated wt
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plants (Fig. 7C; Popova et al. 2019), while the acceleration
of CEF during stress treatments (2 and 6 d) was higher in
wt plants.

These results seem to contradict previous observations
indicating a higher sensitivity of /uf2 to high-light and
low-temperature treatments (Dall'Osto et al. 2006).
However, it should be noted that while higher light
intensity [1,400 umol(photon) m2 s™'], lower temperature
(4°C), and much longer treatments (3 weeks) were used
in their study, we used milder short-term stress treatments
[500 umol(photon) m= s, 12/10°C, 6 d], which may
account for the different responses observed.

Conclusions: The experimental results demonstrating
lower electrolyte leakage (Fig. 1), lower excitation pressure
(1 — gp; Fig. 4B), and higher ®psy; in /uz2 mutant (Fig. 1S)
exposed to combined low-temperature and high-light
treatment suggest that /ut2 experiences overall a lower
stress level compared to wt plants exposed to the same
experimental conditions. In addition, the compromised
three-dimensional structure of LHCII due to the lack of
lutein (Lokstein et al. 2002) and the lower values of ®Onpq
(Fig. 4C) and qg (Fig. 6B) in lut2 plants under normal
conditions and after treatment with two stress factors
clearly indicated that photoprotective mechanism(s)
localized within LHCII could not be involved in the
acquisition of lower stress levels in /uf2 mutant. As an
alternative, the observed enhanced capacity for CEF
(Fig. 7C) and the higher oxidation state of Py (Fig. 74),
which suggests PSI-dependent energy quenching (Bag
et al. 2020), may serve as efficient photoprotective
mechanisms, thus explaining the lower susceptibility of
lut2 to the stress treatments.
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