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Abstract

While the morphological changes in the leaves of low light adapted higher plants are well established, the architecture and
lateral arrangement of the thylakoid membrane from plants grown under low light conditions are still not well explored. In
the present work we compare the structural organization and thermal stability of thylakoid membranes isolated from pea
plants adapted to moderate and low light conditions, and relate the observed structural changes to the functional capacity
of the photosynthetic apparatus. In line with earlier reports we confirm that low light induces decrease in the chlorophyll
a/b ratio and enlargement of grana membrane regions. Importantly, for the first time we demonstrate a significant thermal
instability of low-light thylakoids that are reflected in lower heat needed to disassemble the lateral order of the photosyn-
thetic complexes, as well as for the destabilization of the trimers and monomers of the major light-harvesting complex of
photosystem II. Data suggest that this important regulatory complex might adopt different conformation at moderate and
low light, which is caused by its specific lateral arrangement within the membrane and might be essential for its regulatory
role. In functional terms low light decreases the photochemical activity of thylakoids due to partial photosystem II centers
inactivation and impaired electron transport towards photosystem I without inhibiting the photosystems’ functionality, which
suggests that the established structural changes play a part in the photosynthetic apparatus operation.
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Introduction

Survival and acclimation of higher plants to the variable day
light quantity and quality strongly depend on the ability of
the photosynthetic apparatus to undergo timely adaptation
processes. At a leaf level the adaptation mechanisms include
changes of leaf area, thickness and position according to the
incident light, as well as changes in the chloroplast number and
rearrangement of already structured chloroplasts within leaf
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parenchyma cells. Generally, sun leaves are thicker and show
higher photosynthetic capacity per unit area than shade leaves
(Sims and Pearcy 1992; Murchie and Horton 1997; Oguchi
et al. 2003). At a chloroplast level short- and long-term adapta-
tion mechanisms involve reorganization of the pigment—pro-
tein complexes of the photosynthetic machinery accompanied
by change in Rubisco activity and content (Brooks et al. 1988;
Ballottari et al. 2007; Kirchhoff et al. 2007; Koufil et al. 2013).
The major light-harvesting complex of photosystem II (LHCII)
is a crucial player in these processes: instant excessive sharp
increase in light intensity is counteracted by dissipation of the
excess excitation energy via non-photochemical quenching
mechanism which requires alterations in LHCII conformation
and aggregation (Johnson et al. 2011; Ruban 2016). There are
also a number of reports revealing a strong link between the
oligomerization state of LCHII in pea plants and PSII func-
tionality (Apostolova et al. 2006; Ivanova et al. 2008; Dankov
et al. 2009, 2011). For example it was shown that the enrich-
ment of thylakoids with LHCII oligomers has a protective
effect against high light (Dankov et al. 2009, 2011). In addition
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Janik et al. (2017) revealed that the LHCII trimers’ forma-
tion depends on the light intensity. The authors showed that
the transition from low light to high light is associated with
reduction of LHCII trimers and increase in LHCII monomers
and dimmers, as well as with changes in LHCII configuration.

In conditions of short-term exposure to low light (LL)
intensity and/or far-red-light enrichment part of LHCII
complexes migrate and functionally associate with photo-
system I (PSI) in a process known as “state transitions”,
thus regulating the reduction state of the electron carriers
in photosynthetic electron transport chain (Minagawa 2011;
Horton 2012).

Prolonged growth (including early stages of development)
at high light intensity provokes increase in chlorophyll (chl)
a/b ratio due to higher photosystem II (PSII) content and
lowering of the overall synthesis of LHCII (Lhcb1, Lhcb2,
Lhcb5 and Lhcb6 content being influenced the most), thus
leading to increased CO, assimilation rates and electron
transport rates (Melis and Harvey 1981; Leong and Ander-
son 1984; Anderson et al. 1988; Bailey et al. 2001; Ballottari
et al. 2007). On the contrary acclimation to low irradiation
typically leads to higher LHCII content (thus, lower chl
a/b ratio) and more extended grana formation (Leong and
Anderson 1984; Anderson et al. 1988; Bailey et al. 2001;
Ballottari et al. 2007; Koufil et al. 2013). It was shown that
Arabidopsis plants respond with increased Lhcb3 and Lheb6
and reduced Lhcb4.3 expression under LL conditions, lead-
ing to enrichment of LHCII trimers that are moderately asso-
ciated to PSII (Koufil et al. 2013; Albanese et al. 2016).
While LL induces the formation of neatly ordered 2D arrays
of PSII-LHCII supercomplexes and hexagonal lipid phase
separation in spinach thylakoids (Kirchhoff et al. 2007), in
Arabidopsis the relative abundance of the ordered membrane
domains was identical at low and optimal light conditions
but they did differ in the extent of packing of the super-
complexes (Koufil et al. 2013). These results show that the
protein—protein and protein-lipid interactions play active
role in the light adaptation process, probably in a plant- and
light-specific manner.

To gain more insight into the mechanism of LL adapta-
tion of higher plants, in this work we study the structural
organization and thermal stability of thylakoid membranes
isolated from pea plants adapted to moderate (ML) and LL
conditions, and relate those structural features to the func-
tional capacity of the photosynthetic apparatus.

Materials and methods
Plant material

Pea (Pisum sativum) seedlings cv. RAN1 were cultivated
hydroponically in tap water for 14 days at controlled
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conditions: temperature 21 °C, 8 h light/16 h darkness
photoperiod and either 200 pmol photons s~! m™ (ML) or
20 pumol photons s~' m~2 (LL) growth light intensity pro-
vided by 6500 K LED lamps.

Thylakoid membranes isolation

Thylakoids were isolated from 14-day old pea plants accord-
ing to the protocol described in Petrova et al. (2018). Iso-
lated thylakoids were resuspended in 20 mM Tricine (pH
7.6), 250 mM sorbitol and 5 mM MgCl, buffer media sup-
plemented with 30% glycerol and stored at —20 °C until
further use. Prior to performing the experiments, the mem-
branes were washed twice in the same buffer. The chl a and
b concentrations of thylakoid acetone extracts were deter-
mined spectrophotometrically according to Arnon (1949).
Grana fractionation of thylakoids was performed according
to Chow et al. (1980). Thylakoid membranes were adjusted
to 0.1 mg chl ml~! with the resuspension media and digi-
tonin detergent was added gradually to 0.5% final concentra-
tion. After 15 min incubation on ice in the dark the thyla-
koid suspensions were diluted 6.7 times and centrifuged for
30 min at 10,000xg. The total chlorophyll content of grana
containing pellets was compared to that of thylakoids before
fractionation allowing for calculation of the percentage of
grana abundance in ML and LL thylakoids.

For each experimental method five individual repetitions
were performed.

Circular dichroism

Circular dichroism (CD) spectra of thylakoid suspensions
were recorded by Jobin—Yvon CD6 dichrograph in the spec-
tral range 400-750 nm with increment 1 nm, integration
time 0.5 s and 2 nm bandpass. The thylakoids concentration
was 15 pg chl ml~!. For the temperature series the CD spec-
tra were recorded at 20 °C after the samples were incubated
for 5 min at temperatures ranging from 20 to 80 °C, increas-
ing at an increment of 5 °C. The spectra were smoothed and
corrected for buffer contribution with the aid of Origin 8.0
software. For the CD bands at (—)679 nm and (+)694 nm,
a reference intensity value at 750 nm was subtracted, while
the value at 620 nm was used as reference for the (+)506 nm
CD band. The intensity of the doublet CD band (+)484/
(—)473 nm was obtained by subtraction of the intensities at
484 and 473 nm. The temperature at which the intensity of
specific CD bands reaches half of its intensity at 25 °C was
regarded as transition temperature.

Differential scanning calorimetry

The calorimetric profiles of isolated ML and LL thylakoids
were obtained by means of DASM-4 microcalorimeter
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(Privalov, Pushchino). Thylakoids with chl concentration
of 1-1.3 mg chl mI~! were scanned in the range 30-100 °C
with scanning rate 0.5 °C/min. Thermograms were pro-
cessed with Origin 8.0 software. Buffer—buffer scan and sig-
moidal baseline were subtracted from the original scans, and
they were further normalized to the total chl content of the
samples. Temperature of denaturation (7, the temperature
at the peak) and excess heat capacity (cp', the amplitude) of
the resolved thermal transitions were determined.

JIP test

Multifunctional Plant Efficiency Analyzer (M-PEA, Hansat-
ech Instruments Ltd. King’s Lynn, UK) was used to record
prompt fluorescence induction curves of intact fully devel-
oped pea leaves. The protocol applied involved recording
of fluorescence intensity for 1 s after application of high-
intensity (4000 pmol photons m~2 s~!, 620 nm) excitation
light. The JIP test results reported by us are based on four
independent experiments with about 30 repetitions for each
variant.

PSII photochemistry

To probe the photochemical activity of PSII we measured
the rate of oxygen evolution via Clark type electrode (DW1,
Hansatech) as in Ivanova et al. (2008) with slight modifica-
tions. Isolated thylakoid membranes were resuspended in
20 mM MES buffer (pH 6.5), 10 mM NaCl, 5 mM MgCl,
and 330 mM sucrose to a final concentration of 25 pg
chl ml~! and supplemented with 0.4 mM 1,4-parabezoqui-
none. The measurements were performed at 22 °C applying
saturating white light.

Results

As a first step in our study we examined to which extent
LL adaptation of pea plants changed the chl a/b ratio and
the grana stacking under our experimental conditions. We
established that the growth of plants at LL intensity led to
5.5% lower chl a/b ratio for isolated thylakoid membranes
than the growth at ML intensity (Table 1); most probably
this was a result of increased LHCII content at low light, in
accordance with a number of studies (Lichtenthaler et al.
1982a; Kirchhoff et al. 2007; Koufil et al. 2013; Albanese
et al. 2016).

The amount of chl in isolated grana membranes, used
as a measure of grana abundance, was found to be higher
by about 37% in LL than in ML thylakoids (Table 1), con-
firming that larger grana stacks are formed at low light as
reported earlier (Lichtenthaler et al. 1982a, b).

Table 1 Chlorophyll (chl) a/b ratio of isolated thylakoid membranes
and chlorophyll content of isolated granas represented as % of the
total chlorophyll content of thylakoids

Light condition Thylakoid chl a/b % chl in grana

ML 2.69+0.01
LL 2.55+0.06

320+14
43.8+1.1

Mean values (+SD) presented for pea plants adapted to moderate
(ML) and low (LL) growth light conditions

To compare the lateral (macro)organization of the photo-
synthetic complexes within the ML and LL thylakoid mem-
branes we employed CD. The CD spectra of ML and LL
isolated thylakoids (Fig. 1a) recorded at 20 °C were com-
prised of the characteristic bands already reported for intact
thylakoids. Based on a number of publications the origin
of some of the CD bands can be attributed to specific com-
ponents of the photosynthetic membranes: long-range pig-
ment—pigment interactions originating from chirally ordered
PSII supercomplexes domains within the membrane plane
[(—)679 nm and (4)694 nm bands]; p-carotene bound to PSII
cores assembled in chirally ordered domains [(+)506 nm
band]; LHCII trimers [(+)484/(—)473 nm band pair]; LHCII
monomers [(—)657 nm band] (Garab et al. 1988; Dobrikova
et al. 2003; Garab and van Amerongen, 2009; Téth et al.
2016; Petrova et al. 2018).

While the thermal stability of (+)679 nm band was not
affected by the light regimen, all other above-mentioned
CD bands were less stable upon LL than upon ML condi-
tion (Table 2; Fig. 1). The extent of destabilization was the
highest for the CD bands reflecting the LHCII monomer
and trimer stability, i.e., the transition temperatures for the
(+)484 nm/(—)473 nm and (—)657 nm bands determined
for LL samples were found to be lower by 4—-6 °C compared
to ML ones. On the other hand the CD bands related to
the macro-organization of the thylakoid membranes [i.e.,
(+)506 nm and (+)694 nm bands] had transition tempera-
tures ca. 3 °C lower for LL than for ML samples (Table 2;
Fig. 1).

To further characterize the heat-induced denaturation
of the protein components in ML and LL thylakoids we
applied DSC. Thermograms of ML and LL thylakoids
featured 8 endothermic transitions denoted as T1-T8,
four of which were well-pronounced peaks centered at
60 °C, 65 °C, 71-73 °C, and 88 °C, respectively, and the
other four (denoted by *) were not clearly discernible and
appeared as shoulders at 57 °C, 63 °C, 68 °C, and 81 °C.
The resolved denaturation temperatures and their excess
heat capacities are summarized in Table 3. The first endo-
thermic event occurring at 57 °C, ascribed to the loss of
order in horizontal (lateral macroorganization) and/or ver-
tical (stacking) direction (Dobrikova et al. 2003; Petrova
et al. 2018) was downshifted on the average by 1.5 °C in
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Fig.1 CD spectra of ML (a) and LL (b) thylakoid membranes
recorded at different temperatures. For clarity arrows indicate the
direction in which the intensity of the main CD bands [(+)506 nm,
(=)657 nm, (—)679 nm and (+)694 nm] is changing with the

Table 2 Transition temperatures of selected CD bands determined for
heat-treated ML and LL thylakoids

CD band Transition temperature (°C)
ML thylakoids LL thylakoids

(=)679 nm 54.8+1.2 54.6+2.4
(+)694 nm 53.5+0.1 51.0+0.7
(+)506 nm 56.5+0.4 53.6+0.8
(+)484/(-)473 nm 59.5+1.0 55.7+2.1
(=)657 nm 69.3+0.5 63.1+2.2
Mean+SD

LL compared to ML thylakoids. The transition occurring
at 73 °C in ML thylakoids, that is due to LHCII dena-
turation (see Petrova et al. 2018), was also destabilized
by 2 °C in LL samples (Fig. 2; Table 3). Its shift towards
lower temperatures most probably led to the slight increase
of the amplitude of the transitions below 70 °C (Fig. 2;
Table 3).
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increase in temperature. Temperature dependence of the intensity of
(=)657 nm (c¢) and (—)679 nm (d) CD bands recorded for ML (full
squares) and LL (open circles) thylakoids. For clarity the data are
normalized to the value at 25 °C

We assessed the functional consequences of low light
adaptation by recording prompt fluorescence induction
curves of intact ML and LL leaves applying JIP test (as
described and interpreted in Strasser et al. 2004 and Golt-
sev et al. 2016). Selected JIP parameters for intact leaves
are presented in Fig. 3 and Table 4. LL adaptation led to
decrease in the total amount of active PSII reaction centers
(reflected by the parameter RC/CS,) by about 13% which
resulted in proportional (ca. 14%) enlargement of their
effective light-harvesting antenna (ABS/RC) as compared
to moderate light-adapted plants. The latter result is in
accordance with the report of Albanese et al. (2016) on
the dependence of functional antenna size of PSII on light
intensity. These effects were associated with higher level
of excitation energy dissipation for processes other than
photochemistry (DIy/RC) in LL than in ML plants. The
flux of electrons passing through PSII and reaching the
acceptor side of PSI was also reduced by about 17% (REy/
RC) under LL conditions. While the efficiency of electron
transport from Q} to PQ (yg,) did not exhibit significant
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Table 3 Temperatures of

. DSC thermal ML thylakoids LL thylakoids
denaturation (7,,,) and excess transition
heat capacities (cp™) of T, (°C) c;" (cal g‘1 deg™h) T, (°C) c;" (cal g_1 deg‘l)
the successive calorimetric -
transitions observed in the Tl 57.8+1.1 1.06+0.03 56.3+0.7 1.28+0.14
DCS profiles of ML and LL T2 59.9+0.2 1.33+0.16 59.7+0.3 1.56+0.17
thylakoids 3" 63.0+0.2 1.32£0.07 63.1£0.4 1.53+0.11
T4 65.0+0.0 1.44+0.08 64.7+0.2 1.77+0.16
T5" 68.9+0.5 1.23+0.07 68.1+0.3 1.42+0.09
T6 72.9+0.2 1.58+0.17 71.5+0.6 1.54+0.14
T7" 81.8+0.2 0.51+0.02 80.8+0.7 0.62+0.02
T8 88.4+0.2 0.61+0.06 87.5+0.4 0.63+0.03
*indicates thermal transitions that are observed as shoulders of well discernible peaks in the recorded ther-
mograms
Mean+SD
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2.0 P2G 1.4 ABS/RC*
'@
[
T
= Pliogal” DI, /RC*
=
)
o
©
o
X
®a
o 6R°* Ppo
T T T T T T T T T T T
40 50 60 70 80 20
Temperature (°C) VEo RC/CS,*

Fig.2 DSC profiles of ML (solid line) and LL (dash-dotted line) thy-
lakoid membranes (mean + SD) recorded at a scanning rate of 0.5 °C/
min. Sample concentration 1.3 mg chl™! ml™!

decline in LL, the electron transport from PQ to PSI end
acceptors (dg,) was significantly decreased. The overall
performance of the photosynthetic machinery of LL-
adapted plants as judged by the PI,,, parameter strongly
decreased compared to ML ones. The initial slope of the
fluorescence induction curves reflecting the O, reduction
rate at the beginning of illumination (M, parameter) and
the maximum quantum yield of PSII (¢p,) did not change
upon acclimation of plants to LL intensity. The functional
connectivity of PSII complexes (P2G) was not signifi-
cantly different for the two studied light conditions.

Oxygen evolution measurements have also revealed dif-
ferent PSII photochemical activity for the two light condi-
tions. The oxygen yield for NL thylakoids was found to be
60.9 + 5.3 pmolO,.chl™! h™!, while it was about 20% lower
for LL samples, i.e., 48.6 +3.6 pmolOz.chl_l h!

RE/RC*

Fig.3 Radar plot representing the relative change in selected JIP test
parameters in LL (open circles) as normalized to the values obtained
for ML plants (solid squares). *Significant difference according to
Student’s ¢ test with values of p <0.05

Discussion

In this work we demonstrate that pea plants’ acclimation
to LL intensity affects the structural organization and ther-
mal stability of the photosynthetic complexes at multi-
ple levels, i.e., membrane 3D architecture, lateral protein
arrangement and LHCII stability.

In line with previous works our data show that the grana
formed under LL conditions are larger than those formed
in ML plants. In addition, for the first time, we demon-
strate that the structural stability of LL thylakoids is lower
than the one of ML membranes upon heat treatment as
evidenced by both DSC (downshift of T1 transition upon
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Table 4 Mean values of selected JIP test parameters determined for
intact leaves

JIP parameters ML LL

M, 0.73 0.88
ABS/RC 2.08 2.37*
DIy/RC 0.48 0.57*
Ppo 0.76 0.76
RC/CS,, 5620.2 4888.6*
REyRC 0.30 0.25%
Vo 0.56 0.52
Oro 0.33 0.27*
| P 0.96 0.52%
P2G 0.19 0.17

M, approximated initial slope of the prompt fluorescence curve, rep-
resents the maximum rate of Q, reduction at the initial stage of illu-
mination (at t=0), ABS/RC excitation energy absorbed by active (Q,
reducing) RC, i.e., ratio between chl a molecules serving as light-
harvesting antenna and as active RC, DI,/RC total amount of energy
dissipated by active RC by means of transfer to PSI or in the form
of heat or fluorescence, ¢p, maximum quantum yield of the primary
photochemical process in PSII, RC/CS, number of PSII RCs capable
of Q, reduction per cross section, RE,/RC electron flux (per active
RC) reducing the end acceptors on the acceptor side of PSI (at t=0);
vy, efficiency of electron transport beyond Qj (at t=0), dg, probabil-
ity of reduction of PSI terminal acceptors by an electron residing on
the intersystem electron carriers, PI,,, total performance index of
PSI, PSII and photosynthetic electron transport chain, P2G group-
ing probability, reflecting the energy transfer between neighbouring
antenna complexes of active PSII and the probability of utilization of
the absorbed energy for photochemical reactions (Strasser et al. 2004;
Goltsev et al. 2016)

*Significant difference according to Student’s ¢ test with values of
p<0.05

LL conditions by 1.5 °C on the average, Table 3) and CD
(2 °C lower transition temperatures of (+)694 nm and
(+)506 nm CD bands for LL than ML samples, Table 2)
measurements. This implies that the formation of larger
grana at LL does not result in increase in the extent of
stacking, i.e., the amount of heat needed to disassem-
ble the 3D structure of thylakoids. By comparing the
CD spectra of thylakoids from different plant and algae
species, Toth et al. (2016) have convincingly shown that
there is no strict correlation between the grana number
and dimensions and the intensities of the major CD bands;
the authors have presented evidences implying that the
(+)694 nm and (4+)506 nm CD bands are more sensitive
to the lateral arrangement of the PSII supercomplexes
within the stacked membranes, while the (—)679 nm band
is more tightly related to the stacking itself. The fact that
in LL thylakoids the thermal stability of the (—)679 nm
CD band is not affected by the growth light while those of
(+)694 nm and (+)506 nm CD bands are decreased sug-
gests that the thermal destabilization under our experimen-
tal conditions is prompted by protein rearrangement in the
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plane of grana membranes. This would mean that heating
of thylakoids isolated from LL pea plants results first in
loss of lateral order followed by membrane unstacking,
while in ML pea samples these processes occur in parallel
under our experimental conditions.

The presented DSC and CD data also show that LHCII
monomers and trimers in LL plants are thermodynamically
less stable than in ML thylakoids. The destabilization of
the LHCII-associated DSC transition under LL conditions
by 1.4 °C on the average is lower than the reduction by
4-6 °C of the transition temperatures of the CD bands
assigned to the denaturation of LHCII trimers [(+)484/
(=)473 nm CD band] and monomers [(—)657 nm CD
band], but this is most probably an effect resulting from
the different heating protocols applied in the two types
of experiments. Nevertheless, both methods show that
LHCII structure is affected by the growth regimen. The
altered thermal stability and thermodynamic properties
of LHCII in LL-adapted plants might be due to differen-
tial enrichment or depletion of some of the Lhcb proteins’
(iso)forms (as reported by Koufil et al. 2013 and Albanese
et al. 2016) or as a result of the ability of LHCII to adopt
different conformation depending on the light conditions,
in line with the findings of Janik et al. (2017). This change
in the LHCII conformation might be associated with dif-
ferent oligomerization state of LHCII and/or different lat-
eral arrangement of the complexes. In either case altered
protein—protein and protein—lipid interactions in the two
types of samples should be involved, that might be essen-
tial for the regulatory function of LHCII complex.

Although in this work we have not studied thoroughly
the exact lateral protein order under the two light condi-
tions, on the basis of previous findings it can be suggested
that LL affects the ordering and extent of association of the
PSII supercomplexes as a mechanism of coping with lim-
ited resources (Kirchhoff et al. 2007; Koufil et al. 2013).
The effect observed for LL plants is opposite to that previ-
ously reported by us for unstacked thylakoids, where the
LHCII thermal stability was strongly increased (Petrova
et al. 2018). Therefore, it will be of a great interest to further
study the relation between LHCII stability and the thylakoid
membrane macroorganization in more detail.

In our experimental conditions, we found that the chl a/b
ratio of LL plants was increased by 5.5% (Table 1). Although
small, this change is significant and within the expected val-
ues established in previous chl a/b vs. light intensity curves
(Leong and Anderson 1984; Bailey et al. 2001), and suggests
synthesis of additional LHCII molecules in LL-adapted pea
plants. According to Koufil et al. (2013) these additionally
synthesized complexes belong to the population of non-
PSII-attached LHCII molecules. Therefore, an interesting
question to pursue further is whether they contribute to the
observed changes in LHCII thermal stability or the LHCII
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molecules bound to PSII supercomplexes have prominent
effect on the registered LHCII destabilization.

JIP test of intact pea leaves showed that the established
alterations in the thermal stability of LL thylakoids are
associated with changes in the photosynthetic processes in
a way that leads to lowering of the probability of reduction
of PSI end acceptors, thus reducing the overall productiv-
ity of the whole electron transport chain. The data revealed
lower number of active (Q, reducing) PSII reaction cent-
ers under LL than ML conditions, which is most probably
the reason for the lower oxygen evolution associated with
LL thylakoids as already reported (Chow et al. 1991; Park
et al. 1997; Bailey et al. 2001). It should also be taken into
account that the oxygen evolution rate depends strongly on
the oligomerization state of LHCII (as demonstrated by
Ivanova et al. 2008), however, this factor is not explicitly
studied in the current work. On the other hand the maximum
photochemical quantum yield of active PSII remains unaf-
fected at LL conditions which proves that these complexes
per se are well adapted to low light conditions and do not
experience any inhibition of their function. PSI appears less
active since the electron transport from PQ towards PSI is
less efficient under LL conditions. Thus, the overall decrease
in the photosynthetic performance of LL plants (PI,,;) can
be traced out to a partial deactivation of PSII reaction cent-
ers and less-efficient electron transport to PST acceptor side.
Our data also revealed that the functional cooperativity of
the PSII complexes did not change with the light conditions,
at least within the sensitivity limits of the applied JIP test.

Conclusions

In this work we have compared the structural arrangement
and stability of isolated ML and LL thylakoids, as well as
the functional performance of ML and LL pea plants. Our
data revealed that LL adaptation leads to increase in LHCII
content, enlargement of granas and formation of alternative,
thermally unstable lateral arrangement of PSII and LHCII
complexes. In functional terms LL-adapted thylakoids per-
formed less efficiently due to partial PSII centers inactiva-
tion and impaired electron transport towards PSI, but do not
experience severe inhibition of their functions. In conclusion
our data demonstrate that the structural remodeling of the
photosynthetic complexes is an important part of the low
light adaptation of higher plants.
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