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of both species to HL also caused marked changes in the 
leaf anatomy and carotenoid composition (an increase in 
Violaxanthin + Antheraxantin + Zeaxanthin and Lutein 
pools), suggesting enhanced photoprotective capacity of the 
carotenoids in the plants grown in nature under high irradi-
ance. Collectively, the results of the present work suggest 
that the mechanisms of long-term PSA photoprotection in 
Tradescantia are based predominantly on the light-induced 
remodeling of pigment-protein complexes in chloroplasts.

Keywords Tradescantia · Shade-tolerant species · Light-
resistant species · Chlorophyll a fluorescence · Xanthophyll 
cycle · Electron transport

Abbreviations
AL  Actinic light
A  Antheraxanthin
Car  Carotenoid(s)
CBC  Calvin–Benson cycle
Chl  Chlorophyll(s)
Cyt  Cytochrome
DCMU  3-(3,4-Dichlorophenyl)-1,10-dimethyl urea
DE  Xanthophyll de-epoxidation index
EPR  Electron paramagnetic resonance
ETC  Electron transport chain
F685  Intensity of chlorophyll fluorescence at 685 nm
F740  Intensity of chlorophyll fluorescence at 740 nm
HL  High light
LHCII  Light-harvesting complex II
LL  Low light
Lut  Lutein
NPQ  Non-photochemical quenching
OJIP  Polyphasic fast chlorophyll fluorescence 

induction
PAM  Pulse amplitude modulation

Abstract In this study, we have compared the photosyn-
thetic characteristics of two contrasting species of Trades-
cantia plants, T. fluminensis (shade-tolerant species), and T. 
sillamontana (light-resistant species), grown under the low 
light (LL, 50–125 µmol photons  m−2 s−1) or high light (HL, 
875–1000  µmol photons  m−2  s−1) conditions during their 
entire growth period. For monitoring the functional state of 
photosynthetic apparatus (PSA), we measured chlorophyll 
(Chl) a emission fluorescence spectra and kinetics of light-
induced changes in the heights of fluorescence peaks at 685 
and 740 nm (F685 and F740). We also compared the light-
induced oxidation of  P700 and assayed the composition of 
carotenoids in Tradescantia leaves grown under the LL and 
HL conditions. The analyses of slow induction of Chl a 
fluorescence (SIF) uncovered different traits in the LL- and 
HL-grown plants of ecologically contrasting Tradescantia 
species, which may have potential ecophysiological sig-
nificance with respect to their tolerance to HL stress. The 
fluorometry and EPR studies of induction events in chloro-
plasts in situ demonstrated that acclimation of both Trades-
cantia species to HL conditions promoted faster responses 
of their PSA as compared to LL-grown plants. Acclimation 
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Pc  Plastocyanin
PSA  Photosynthetic apparatus
PSI  Photosystem I
PSII  Photosystem II
PQ  Plastoquinone
P700  Primary electron donor in photosystem I
QA,  QB  Electron acceptors of PSII; primary and second-

ary plastoquinones
qE  Rapid (energy-dependent) component of NPQ
qI  NPQ component related to inactivation of PSII
qM  Medium component of NPQ
qT  NPQ component related to state transitions
SIF  Slow induction of fluorescence
VDE  Violaxanthin de-epoxidase
V  Violaxanthin
WL  White light
Z  Zeaxanthin

Introduction

In photosynthetic systems of oxygenic type, two pigment-
protein complexes, photosystem I (PSI) and photosystem 
II (PSII), provide electron transfer from the water mol-
ecule oxidized by PSII to the terminal electron acceptor of 
PSI,  NADP+ (Barber 2008; Eberhard et  al. 2008; Mame-
dov et  al. 2015). PSI and PSII are interconnected via the 
cytochrome (Cyt) b6f complex and mobile electron carriers: 
plastoquinone (PQ) and plastocyanin (Pc). Electron trans-
port through the intersystem electron transport chain (ETC) 
is accompanied by acidification of the thylakoid lumen and 
alkalization of stroma, thereby generating the trans-thyl-
akoid difference in electrochemical potentials of protons 
(

Δ�̃�
H

+

)

, which serves as the driving force for ATP syn-
thesis (Mitchell 1966). The products of the light-induced 
reactions of photosynthesis, ATP and NADPH, are used 
mainly in biosynthetic processes of the Calvin–Benson 
cycle (CBC) (Edwards and Walker 1983). Several mecha-
nisms of electron transport control provide a well-balanced 
performance of photosynthetic apparatus (PSA) and ensure 
its protection against light stress (Eberhard et  al. 2008; 
Horton 2012). Short-term response of chloroplasts to 
dark-to-light transients includes (a) the light-induced acti-
vation of the CBC (Woodrow and Berry 1988; Buchanan 
1980, 1991; Michelet et al. 2013); (b) pH-dependent regu-
lation of the intersystem electron transport (Kramer et  al. 
2003; Foyer et al. 2012; Järvi et al. 2013; Tikhonov 2013, 
2015); (c) re-distribution of electron fluxes between alter-
native pathways of electron transport (Miyake 2010; John-
son 2011); (d) light energy partitioning between PSI and 
PSII, the so-called “state transitions” (Allen 2003; Lemeille 
and Rochaix 2010); and (e) the light-induced remodeling 
of PSA (Horton 2012; Kirchhoff 2013). Variations in the 

environment conditions may cause the long-term changes 
in photosynthetic apparatus, termed acclimation, which are 
associated with the adjustment of stoichiometry of light-
harvesting and electron transport complexes by synthesis 
and/or degradation of chloroplast components (Chow et al. 
1990, 1991; Adamson et  al. 1991; Liu et  al. 1993; Dem-
mig-Adams 1998; Anderson et al. 2001; Lichtenthaler and 
Babani 2004; Lichtenthaler et  al. 2007a, b). Acclimation-
dependent changes in PSA may improve the quantum effi-
ciency of photosynthesis, providing a high photosynthetic 
performance of chloroplasts and sustainability of plants 
under variable environmental conditions.

One of the key mechanisms of PSA protection against 
excessive light stress is based on enhanced thermal dissi-
pation of excess light energy in the light-harvesting com-
plex II (LHCII), commonly termed the non-photochemical 
quenching (NPQ). In general, however, the term NPQ com-
prises several events associated with a decrease in PSII 
activity: (1) ΔpH-induced quenching of excitation in the 
light-harvesting antenna of PSII (qE component of NPQ); 
(2) state transition caused by migration of mobile LHCII 
complexes from PSII to PSI (qT); and (3) partly reversible 
or irreversible photoinhibition of PSA (qI) (Ruban 2012). 
In plants, the key role in rapid generation of NPQ (qE com-
ponent of NPQ) belongs to the PsbS subunit of PSII and 
the xanthophylls cycle (Li et  al. 2000, 2002, 2004). The 
medium phase (~5–15  min) of the light-induced genera-
tion of NPQ, observed at sufficiently strong irradiance (the 
so-called qM-component of NPQ, sometimes denoted as 
qZ), is induced predominantly by the ΔpH-dependent de-
epoxidation of V to Z (Jahns and Holzwarth 2012). The 
light-induced protonation of lumen facing acidic residues 
of the PsbS protein and violaxanthin de-epoxidase (VDE) 
induce remodeling of the PSII-LHCII supercomplex and 
structural re-arrangements in thylakoid membranes creat-
ing a channel for heat dissipation of excess light energy in 
LHCII and thereby protecting the photosynthetic antenna 
against harmful over-excitation (Li et  al. 2009; Ruban 
2012). According to Dall’Osto et al. (2014), in Arabidop-
sis, nearly 50% of qM is accounted for by the mechanism of 
chloroplast photorelocation within the plant cell (the avoid-
ance effect). NPQ development is regulated by the needs of 
photosynthetic machinery (Tikkanen et al. 2012; Kono and 
Terashima 2014). At low intensities of actinic light (AL) 
which are insufficient to saturate photosynthesis, NPQ is 
usually insignificant. If the irradiance exceeds the capacity 
of the chloroplast ETC, NPQ increases.

The mechanisms of plant photoprotection under 
abrupt fluctuations in ambient irradiance have been 
in the focus of numerous studies for several decades 
(for review, see Allakhverdiev and Murata 2004; Hor-
ton 2012; Tikkanen et  al. 2012; Anderson et  al. 1988, 
2001; Thayer and Björkman 1990; Demmig-Adams et al. 
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2012; Matsubara et al. 2012; Murata et al. 2012; Suorsa 
et  al. 2012). Nevertheless, this problem still presents a 
challenge to biophysics and biochemistry of photosyn-
thesis. The capacity of plants for acclimation to irradi-
ance is specific for species and their habitat (Bjorkman 
and Demmig 1987; Johnson et  al. 1993; Terashima 
et  al. 2006; Matsubara et  al. 2009, 2012). Therefore, 
investigations of species-specific difference between 
the plants of the same genus related to contrasting eco-
logical groups (Samoilova et  al. 2011; Ptushenko et  al. 
2013; Mishanin et  al. 2016) are of particular interest 
for elucidation of acclimation mechanisms. The genus 
Tradescantia containing species with contrasting envi-
ronmental preferences is a convenient model for com-
parative study of PSA plasticity and its response to envi-
ronmental light. In our previous works (Ptushenko et al. 
2013; Mishanin et  al. 2016), we used two Tradescantia 
species of contrasting ecological groups, T. fluminensis 
(shade-tolerant) and T. sillamontana (light-resistant), as 
the convenient models for elucidation of species-specific 
peculiarities of photoprotection mechanisms in plants. 
In particular, we have found that acclimation to HL 
augments the level of PsbS (by a factor of ≈ 1.7–1.8) 
with respect to photoreaction centers  P700. In the light-
resistant species, T. sillamontana, the ratio PsbS/P700 is 
about two times higher than in shade-tolerant species 
T. fluminensis grown under the same conditions. This 
should enhance the capacity of their leaves for protec-
tion against the light stress.

Fluorescence of Chl a is a convenient reporter of the 
redox state of the chloroplast ETC and structural reor-
ganization of the PSII-LHCII supercomplex (for review, 
see Lazar 1999; Strasser et al. 2004; Stirbet and Govin-
djee 2011, 2012, 2016; Ruban 2012; Kalaji et al. 2014; 
Schansker et  al. 2014). In this work, in continuation of 
our previous study of the two contrasting Tradescan-
tia species (Mishanin et  al. 2016), we focused on the 
comparison of chlorophyll a (Chl a) fluorescence emis-
sion spectra and peculiarities of fluorescence induction 
simultaneously recorded at the two peaks of the emission 
spectrum, F685 and F740. We have demonstrated that in 
HL-acclimated plants of both species, the light-induced 
changes in fluorescence spectra occur faster than in the 
LL-grown plants. The HL plants also revealed marked 
changes in carotenoid content and composition, mani-
festing an increase in the relative content of violaxanthin 
cycle pigments involved into phoprotective responses. 
In the meantime, the steady-state ratio of electron fluxes 
from PSII to PSI and beyond PSI (as measured by the 
EPR method) was virtually independent of the growth 
conditions.

Materials and methods

Plant material and growth conditions

Plants of two Tradescantia species (T. fluminensis and T. 
sillamontana) were cultivated in soil and grown under the 
same experimental conditions at 24–26 °C and 40–50% 
humidity, with a photoperiod close to natural (≈16-h light 
in the midday and ≈ 8-h dark) as described in Mishanin 
et al. (2016). Plants were grown either at a low light (LL, 
50−125  µmol photons  m−2  s−1) or at a high light (HL, 
875−1000 µmol photons m−2 s−1) irradiation. All measure-
ments were taken using fully expanded mature leaves of the 
same age and developmental stage from the plants grown 
for 2–3 month. The shade-tolerant species T. fluminensis 
Vell (often regarded as a synonym of T. albiflora Kunth) 
is a habitant of tropical rainforests and other humid and 
shaded areas in south-eastern Brazil, Argentina, and Uru-
guay, which is tolerant of heavy shade (Randall 2012). T. 
sillamontana, a habitant of semi-deserts, is endemic to arid 
areas of the State of Nuevo León in Mexico. This species 
is almost succulent and nearly xerophytic; its fleshy leaves 
are covered with dense semi-transparent grayish-white spi-
der web-like hairs (trichomes). Figure  1 presents photos 
of leaves of the plants used in our work. Note that young 
leaves of HL-grown plants of both species are green in 
color and may acquire red coloration with aging. It is likely 
that the leaf reddening reflects one of the protective mecha-
nisms against light stress associated with accumulation of 
photoprotective pigments (Solovchenko 2010). In order to 
minimize scattering of data, we always used green leaves of 
the same age.

Fluorescence measurements

Chl fluorescence spectra were taken with a spectrofluor-
ometer CM2203 (Solar, Belarus) capable of simultaneous 
recordings of slow induction of fluorescence (SIF) at two 
wavelengths. Chl a fluorescence was excited by the actinic 
light (AL) produced by a light-emitting diode LXHL-
LB3C (Phillips Lumileds, USA; λmax = 475  nm, Δλ1/2 = 
20  nm). Intensity of AL on the sample surface could be 
varied in the interval from 50 to 500 µmol photons  m−2 s−1 
(13−130 W m−2).

EPR measurements

The relative content of PSI centers in leaves and kinetics 
of P

700
 redox transients were measured by the EPR method 

as described earlier (Trubitsin et  al. 2015). Freshly cut 
segments of leaves (5 × 15  mm) were placed in a trans-
parent quartz holder positioned at the center of the rec-
tangular TM110 resonator of a Varian (USA) E-4 X-band 
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spectrometer. EPR signals from oxidized centers P+
700

 were 
registered at room temperature (22–24 °C), microwave 
power of 10 mW, and magnetic field modulation amplitude 
Hm = 0.4 mT.

Cuttings from different leaves may have different thick-
ness and water content, which could influence the quality 
factor of the EPR spectrometer cavity. Therefore, for accu-
rate quantification of the EPR signals of P+

700
, we normal-

ized them to the reference EPR signal given by  Mn2+ ions 
embedded into the MgO lattice as it was described earlier 
(Mishanin et  al. 2016). DCMU was administered into the 
leaf by means of vacuum infiltration of the water–ethanol 
solution of DCMU (250 µM), which was enough to inhibit 
PSII completely (Trubitsin et al. 2015). The final concen-
tration of ethanol in the solution was ≤1%.

Samples were illuminated by white light (WL) from an 
incandescent tungsten lamp as described earlier (Kuvykin 
et  al. 2011; Trubitsin et  al. 2015). Infrared radiation was 
cut off with a 5-cm-thick water filter. The intensity of WL 
focused on the specimen surface was about 300  W  m−2, 
which corresponds to ~800–1000 µmol photons m−2 s−1.

HPLC analysis of carotenoids

A spot (6  mm diameter) on a dark-adapted half of the 
leaf (see above) was irradiated by AL (λmax = 475  nm, 
800  µmol  photons  m−2  s−1) for 20  min. The other half 
of the leaf blade remained in darkness. After the irradia-
tion of the sample, acetone extracts were prepared from 

both the irradiated part and the darkened part of the leaf 
(Solovchenko et al. 2001). The extracts were then injected 
into a Waters Alliance 2695 chromatograph equipped with 
a Waters Sunfire RP C18 column (150 × 4.6 mm, 3.5 μm) 
and Waters 2995 diode-array detector (Waters, Milford, 
USA) according to the protocol reported in Merzlyak et al. 
(2005). Xanthophyll de-epoxidation index was calculated 
as DE = (Z + 0.5  A)/(Z + A + V), where Z, A, and V are 
zeaxanthin, antheraxanthin, and violaxanthin content, 
respectively.

Results

Fluorescence spectra

Chl a fluorescence spectrum is a “fingerprint” of structural 
and functional peculiarities of PSA (for review, see Adams 
and Demmig-Adams 2004; Baker and Oxborough 2004; 
Govindjee 2004; Lichtenthaler and Babani 2004; Strasser 
et al. 2004; Baker 2008; Stirbet and Govindjee 2011, 2012, 
2016; Allorent et al. 2013; Wientjes et al. 2013; Kalaji et al. 
2014). Figure 2 shows the normalized emission spectra of 
Chl a fluorescence in dark-adapted (15-min) Tradescantia 
leaves (designated as “Dark”) recorded before continuous 
AL irradiation and immediately after 6-min illumination 
with strong AL (400 µmol quanta m−2 s−1, termed “Light”). 
The fluorescence emission spectra of the leaves of both 
Tradescantia species have two bands, with their maxima 

Fig. 1  Photographs of plants 
used in this work
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at 685 and at 740  nm. The fluorescence spectra of dark-
adapted samples (“Dark”) were normalized to the height 
of the “red” band, F685 (see Fig.  2a for definition). The 
fluorescence spectra of illuminated samples (“Light”) were 
normalized by the same way as the corresponding spectra 
of dark-adapted samples.

The “red” band F685 originates in the light-harvesting 
antenna of PSII (for review, see Govindjee 2004). Most of 
F685 belongs to Chl a in core PSII complexes. The “far-red” 
band (F740) is usually related to fluorescence emitted from 
PSI with a certain contribution of PSII, F

740
= F

PSI

740
+ F

PSII

740
. 

The ratio between the amplitudes of the fluorescence emis-
sion band at 685  nm and at 740  nm, F685/F740, depends 
on plant growth conditions (for review, see Lichtenthaller 
and Babani 2004). The LL-acclimated plants of both spe-
cies reveal higher amplitudes of the far-red peak F740 (with 
respect to normalized peak F685) as compared to HL-grown 
plants (Fig. 2).

The shape of the Chl fluorescence emission spec-
tra depends on a number of factors, i.e., the Chl content 
of the leaves and the re-absorption effect (for review, see 
Lichtenthaler and Babani 2004). The red fluorescence 
emission band F685 overlaps with the absorption bands of 
the in  vivo forms of Chl a, which would cause a prefer-
ential re-absorption of the light emitted in the F685 band, 
whereas the far-red band F740 is little affected. Thus, the 
fluorescence ratio F685/F740 can serve as indicator of the 
Chl content in leaves. Variation of the F685/F740 ratio may 
reflect relative changes in the contents of PSII and PSI 
complexes. A relative increase in the far-red peak in LL-
acclimated plants correlates with a significant increase in 
the content of Chl (per unit leaf area) in both Tradescantia 

species (Mishanin et  al. 2016). With increasing Chl con-
tent of Tradescantia leaves upon acclimation of plants to 
LL irradiation, the relative intensity of the far-red fluores-
cence band F740 markedly increases (Fig.  2), which may 
be caused, at least partly, by the light re-absorption effect: 
the light quanta emitted by PSII are absorbed by chloro-
plasts and then re-emitted as the far-red quanta of Chl a 
fluorescence.

Illumination of dark-adapted leaves induces reversible 
changes in their fluorescence spectra (Fig. 2). Along with 
the light-induced decrease in the intensity of fluorescence, 
there are marked changes in the line-shape of the spectrum: 
the “red” peak F685 decreases more significantly than the 
“far-red” peak F740. The alterations of the fluorescence 
spectra reflect functional and structural changes in PSA. In 
particular, they may be associated with the light-induced 
remodeling of thylakoid membranes and PSII-LHCII com-
plex induced by the light-induced acidification of the thyla-
koid lumen (for review, see Ruban 2012; Kaiser et al. 2015; 
Albanese et al. 2016). The effect of the trans-thylakoid pH 
difference (ΔpH) on the light-induced changes in the shape 
of Chl a emission spectra was confirmed by our observa-
tion that the injection into Tradescantia leaves of uncou-
plers (100  µM monensin or nigericin), which destroyed 
ΔpH, prohibited the light-induced changes in the shape of 
Chl a fluorescence spectra, F685/F740 ≈ const (Fig.  3). The 
light-induced decrease in the ratio between the fluorescence 
emission bands at 685 nm (PSII) and 740 (PSI) may also be 
indicative of state transitions, in particular, the state 1 → 
state 2 transition due to migration of phosphorylated LHCII 
complexes from PSII to PSI (for review, see Allen 1992, 
2003; Lemeille and Rochaix 2010; Rochaix 2014).

Fig. 2  Fluorescence emission 
spectra of T. fluminensis (a, 
c) and T. sillamontana (b, d) 
leaves of plants grown under 
the HL (a, b) or the LL (c, 
d) irradiation. Spectra of the 
dark-adapted (15 min) leaves 
(closed symbols) are normalized 
at the height of the “red” peak 
F685. Open symbols show the 
corresponding spectra recorded 
immediately after 6-min illu-
mination (400 µmol photons 
 m−2 s−1). The fluorescence 
spectra of dark-adapted samples 
(denoted as “dark”) were 
normalized to the height of the 
“red” band, F685 (for definition 
of F685, a). The fluorescence 
spectra of illuminated sam-
ples (denoted as “light”) were 
normalized using the same coef-
ficients as for the corresponding 
spectra of dark-adapted samples
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Kinetics of slow induction of Chl a fluorescence

Illumination of dark-adapted leaves induces reversible 
multiphase changes in the yield of Chl a fluorescence, the 
so-called OJIPSMT curve (for references, see Govindjee 
1995; Lazar 1999; Strasser et al. 2004; Papageorgiou et al. 
2007; Stirbet and Govindjee 2011, 2012, 2016; Kalaji et al. 
2014). In response to a sufficiently strong AL, the fluores-
cence intensity rapidly (within ~1–2 s) rises to the extreme 
level P (this fast phase of Chl a fluorescence induction is 
usually termed as the OJIP transition). The patterns of the 

OJIP kinetics, and their differences in T. fluminensis and 
T. sillamontana, have been described in our recent work 
(Mishanin et  al. 2016). After reaching the maximal level 
FP (Fig.  4), the intensity of Chl a fluorescence gradually 
decays to the steady-state level T. The slow phase of Chl 
fluorescence induction (PSMT) is usually termed as the 
slow induction of fluorescence (SIF) (for the nomenclature 
of the OJIPS(M)T transient, see Govindjee 1995). Note that 
the temporary rise of fluorescence intensity on the phase 
SMT is not always observed (for references, see Stirbet and 
Govindjee 2016).

Three basic factors determine SIF: (a) the light-induced 
activation of the CBC enzymes, (b) acidification of the thy-
lakoid lumen, and (c) state transitions associated with the 
re-distribution of absorbed light energy between PSII and 
PSI. Acceleration of electron drain from PSI to the acti-
vated CBC will stimulate the intersystem electron flow, 
thereby enhancing photochemical quenching of Chl a flu-
orescence due to re-oxidation of electron carriers on the 
acceptor side of PSII  (QA and  QB). The lumen acidification 
 (pHin ↓) induces quenching of Chl a fluorescence due to the 
enhancement of NPQ associated with remodeling of PSII-
LHCII supercomplexes (Jahns and Holzwarth 2012; Ruban 
2012). The rate of fluorescence decay characterizes the 
PSA capacity for rapid (short-term) response to variations 
of light conditions (for the sake of brevity, we will term 
this property of PSA as its “reactivity”). A difference in 
the kinetics of SIF in contrasting Tradescantia species may 
reflect their ecophysiological peculiarities (Ptushenko et al. 
2013). Below we compare the peculiarities of SIF in Trad-
escantia leaves recorded for two peaks (685 and 740 nm) of 
the Chl a emission spectra. This allowed us to judge about 
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dynamics of light-induced changes in the shape of fluores-
cence spectra.

Figure  4 presents the typical patterns of SIF in dark-
adapted (15-min) T. fluminensis leaves as measured simul-
taneously at 685 and 740  nm during illumination with 
the strong AL (panels a, b) or weak AL (panels c, d). In 
response to AL, the intensities of both peaks rapidly 
increase to their maximal values (FP) and then gradu-
ally decline toward steady-state levels (FT). The rates of 
SIF depend on the plant growth conditions and AL inten-
sity. During the action of the strong AL (500  µmol  pho-
tons  m−2  s−1, Fig.  4a, b), the HL-acclimated plants show 
more rapid quenching of Chl a fluorescence (tHL ~0.5 min 
for F685) than the LL-grown plants (tLL ~0.9 min for F685). 
The rate of SIF decay decreases with attenuation of the AL 
intensity (50 µmol photons  m−2 s−1, Fig. 4c, d). In the latter 
case, both the HL- and LL-grown plants show somewhat 
slower rates of SIF decay (tHL ~0.8 min and tLL ~1.3 min, 
respectively). Thus, T. fluminensis acclimated to high 
growth irradiance reveal more rapid kinetics of SIF decay, 
both upon the action of strong or low AL.

Figure 5 shows the representative time courses of SIF in 
T. sillamontana leaves measured simultaneously at 685 nm 
and at 740 nm during illumination with the strong (panels 
a, b) or weak AL (panels c, d). Kinetics of SIF in T. sil-
lamontana depends on the plant growth conditions, but 
less significantly than in T. fluminensis. Upon the action 
of strong AL, the HL-acclimated plants reveal somewhat 
more rapid quenching of Chl a fluorescence than the LL-
grown plants (tHL ~0.5 min and tLL ~0.6 min, respectively, 
for F685). During the action of the weak AL, the fluores-
cence decay in the LL-grown T. sillamontana is markedly 

slower than in the HL-acclimated plants (tHL ~0.5  min 
and tLL ~1.2 min, respectively, for F685). Thus, in T. silla-
montana, we observed the same trend as in T. fluminensis, 
the HL-acclimated plants revealed somewhat more rapid 
response (the light-induced decay of Chl a fluorescence) as 
compared to the LL-grown plants.

The difference between the LL- and HL-grown plants 
was more distinct upon comparison of the kinetics of the 
light-induced decrease in the F685/F740 ratio characterizing 
the shape of Chl a fluorescence spectrum. The light-induced 
changes in the F685/F740 ratio during the induction phase 
can be caused by structural reorganization of PSII-LHCII 
complexes in the thylakoid membrane. For instance, it has 
been demonstrated that formation of the photoprotective 
state is accompanied by a structural reorganization of the 
photosynthetic membrane involving dissociation of LHCII 
from PSII and its aggregation (Johnson et al. 2011; Jahns 
and Holzwarth 2012; Ruban 2012). Figure 6 shows the rep-
resentative kinetics of F685/F740 decay during the action of 
the strong AL. As one can see, the rapid phase of F685/F740 
decay is peculiar to HL-grown plants (see also Table  1). 
In LL-grown T. fluminensis (Fig. 6a), we usually observed 
the relatively slow decay of F685/F740 with the characteris-
tic time t ≈ 3.5 ± 0.24 min. Note that the spectral param-
eter F685/F740 decays more slowly than the amplitudes of 
peaks F685 and F740. In HL-grown T. fluminensis (Fig. 6a), 
we observed the two-exponential decay of F685/F740 with 
the dominant rapid component (t1 ≈ 0.5 ± 0.05  min) and 
the minor slow component (t2 ≈ 3.5 ± 1.22 min). The light-
induced decrease in the F685/F740 ratio may reflect sev-
eral events: (a) the light-induced remodeling of the PSII-
LHCII supercomplex associated with the NPQ generation 

Fig. 5  Fluorescence induc-
tion curves for dark-adapted 
(15 min) leaves of LL-accli-
mated and HL-acclimated T. 
sillamontana. Traces of the 
light-induced changes in the 
amplitudes of peaks F685 and 
F740 were recorded in response 
to strong AL (500 µmol pho-
tons m−2 s−1, a, b) or weak AL 
(50 µmol photons m−2 s−1, c, d)
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(Johnson et  al. 2011; Jahns and Holzwarth 2012; Ruban 
et al. 2012), and/or (b) a state 1 → state 2 transition (Derks 
et al. 2015). Thus, we may conclude that acclimation of T. 
fluminensis to HL-growth conditions provides the notice-
able acceleration of the PSA response to illumination. 
Similar trend of accelerating F685/F740 decay (although 
less noticeable) was observed in the light-resistant species 
T. sillamontana, which is the inhabitant of semi-deserts 
(Fig.  6b). Both LL-grown and HL-grown plants demon-
strate the mono-exponential decay of F685/F740 with some-
what different times, tLL ≈ 1.3 ± 0.04  min (LL) and tHL 
≈ 1.00 ± 0.03  min (HL). Bearing in mind that a decrease 
in the F685/F740 ratio reflects the light-induced structural 
changes in PSA, we can suggest that the long-term accli-
mation of plants to HL facilitates accelerated remodeling 
of the thylakoid membrane in response to AL. Accelerated 
response of HL-grown plants to AL is likely to reflect their 
elevated resistance to hazardous rapid fluctuations of solar 
irradiation.

Photo-oxidation of  P700

Figure 7 depicts the time course of the light-induced oxi-
dation of  P700 in dark-adapted (tad = 10 min) leaves of T. 
fluminensis grown at HL conditions. Kinetics of  P700 photo-
oxidation reveals three distinct phases (A–C) peculiar to 
intact chloroplasts in plants (Tikhonov 2015; Trubitsin 
et  al. 2015). After the relatively small initial jump (phase 
A), we observed more significant rise of the EPR signal 
from P+

700
 (phase B) followed by relatively slow rise of P+

700
 

to the steady-state level C. After ceasing the illumination, 
P
+
700

 reduced due to electrons donated by the intersystem 
ETC. The multiphase kinetics of P+

700
 induction in control 

samples can be explained by the interplay of several feed-
backs that regulate the rates of electron flow in the inter-
system ETC between PSII and PSI, on the one hand, and 
on the acceptor of PSI, on the other hand (for review, see 
Tikhonov 2015). Regulation of electron transport in the 
ETC beyond the PSI complex is associated with the light-
induced activation of the CBC reactions, which acceler-
ates the efflux of electrons from PSI, thereby promoting 
oxidation of  P700. The light-induced re-distribution of 
light energy in favor of PSI (state 1 → state 2 transition, 
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Table 1  Characteristic times 
of the light-induced decay of 
the fluorescence parameter 
F685/F740

Kinetics of F685/F740 decay was approximated with the following function: y = A
0
+ A

1
e−t∕t1 + A

2
e−t∕t2

Species Growth 
conditions

F685/F740 decay time (min) Amplitude

t1 t2 A0 A1 A2

T. fluminensis LL 3.5 ± 0.24 − 0.58 ± 0.05 0.19 ± 0.04 −
HL 0.5 ± 0.05 3.5 ± 1.22 0.81 ± 0.01 0.31 ± 0.01 0.09 ± 0.01

T. sillamontana LL 1.3 ± 0.04 − 0.60 ± 0.002 0.35 ± 0.01 −
HL 1.0 ± 0.03 − 1.20 ± 0.002 0.48 ± 0.03 −
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Lemeille and Rochaix 2010; Allorent et  al. 2013) should 
also facilitate photo-oxidation of  P700. On the other hand, 
the light-induced acidification of the thylakoid lumen 
 (pHin ↓) would lead to a decrease in the capacity of PSII 
to donate electrons into the intersystem ETC. This will 
occur due to the enhancement of thermal energy dissipation 
in the light-harvesting antenna of PSII (generation of qE). 
Besides, the lumen acidification would slow down oxida-
tion of  PQH2 by the Cyt b6f complex (for review, see Tik-
honov 2013, 2014), thereby hindering the electron flow to 
PSI and stimulating the rise of the EPR signal from P+

700
. In 

DCMU-treated samples with inhibited PSII, we observed 
the rapid monotonous rise of P+

700
 to the level P0, which 

was markedly higher than the steady-state level P in control 
samples. Along with a marked increase in the level of P+

700
, 

DCMU-treatment caused a decrease in the rate of the post-
illumination reduction of P+

700
 centers. By analogy with 

the leaves of other plants (Trubitsin et  al. 2015), we may 
assume that the contribution of cyclic electron flow around 
PSI was comparatively small in the presence of DCMU. 
Since parameter P0 characterizes the total content of  P700 in 
the specimen, the ratio P/P0 is indicative of PSII activity in 
chloroplasts in situ.

In Fig.  8, we compare the P/P0 ratio in the two Trad-
escantia species grown under the LL and HL conditions. 
In all cases, we found close values P/P0 ≈ 0.65. Despite a 
tendency for a small decrease in the P/P0 ratio in the HL 
plants, we did not observe statistically significant distinc-
tions between the HL and LL leaves of both species. The 
steady-state level of oxidized centers P+

700
 should be deter-

mined by efficient rate constants of the outflow of electrons 
from  P700 (k1) and the electron inflow to P+

700
(k2). A simple 

kinetic equation d[P]∕dt = k
1

(

[P]
0
− [P]

)

− k
2
[P], where 

[P]
0
 and [P] stand for the total and current concentrations 

of P+
700

, respectively, yields the steady-state ratio P/P0 = k1/
(k1 + k2). Taking into account the experimental value 
P/P0 ≈ 0.65 (Fig. 8), we obtain that under the steady-state 
conditions the ratio of the apparent rate constants equals to 
k1/k2 ≈ 1.9.

Composition of carotenoids in shade and sun leaves

Figure 9 shows the carotenoid composition, including the 
proportions of β-carotene (β-Car), lutein (Lut), the xantho-
phyll cycle pigments (V, A, Z), and neoxanthin (Neo), in 
the plants acclimated either to the LL or to the HL con-
ditions. In the HL-grown plants of both species, the rela-
tive amount of β-Car is lower than in the LL-grown plants 
(Fig. 9a). A decrease in the percentage of β-Car molecules 
occurs in favor of V + A + Z (Fig. 9b) and lutein (Fig. 9c). 
Changes in the proportion of neoxanthin are insignifi-
cant (Fig.  9d). Statistically valid rise in the proportion of 
the total amount of xanthophylls (V + A + Z and Lut) in 
HL plants should be relevant to the mechanism of plant 
protection against light stress associated with the xantho-
phylls cycle reactions (Demmig-Adams 1998; Jahns et  al. 
2009; Matsubara et al. 2009; Demmig-Adams et al. 2012; 
Jahns and Holzwarth 2012). It is interesting to note that 
HL-grown T. sillamontana (sun species) is characterized 
by more significant increase in the relative level of xantho-
phylls (V + A + Z + Lut) than that in shade-tolerant species 
T. fluminensis.

Figure  10 shows how the short-term illumination 
of T. fluminensis and T. sillamontana leaves (20  min, 
800 µmol quanta m−2  s−1) induces the conversion of vio-
laxanthin (V) to zeaxanthin (Z). The light-induced decrease 
in the relative level of V (Fig. 10a) is accompanied by the 
concomitant enhancement of the percentage of Z mole-
cules (Fig.  10b). Relative amounts of antheraxanthin (A), 
the xanthophyll intermediate of the violaxanthin cycle (V 
→ A → Z), are negligible (Fig. 10c). These data allowed 
us to derive the de-epoxidation index, DE = (Z + 0.5  A)/
(V + A + Z) (Fig.  10d). In dark-adapted leaves of both 
species, the de-epoxidation indexes are close, DEdark ≈ 
25–32%. Illumination induces a marked rise of violaxan-
thin de-epoxidation, DElight ≈ 51–61%. Although the HL-
grown plants revealed a certain trend in the rise of DElight, 
this effect was not statistically significant. In the meantime, 
as we reported earlier (Mishanin et al. 2016), generation of 
NPQ in HL-grown plants was usually higher than in LL-
grown plants. We also demonstrated that the relative levels 
of the regulatory protein PsbS, calculated as the amount of 
PsbS per PSI complexes, increased with acclimation of T. 
fluminensis and T. sillamontana to HL conditions (Misha-
nin et  al. 2016). This suggests that there may be the syn-
ergetic effect of the PsbS and violaxanthin de-epoxidase 
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(VDE) proteins, which enforces the protection of photosyn-
thetic apparatus against excessive light.

Discussion

In this work, we have compared emission spectra of Chl 
a fluorescence and their changes during illumination in 
Tradescantia species of two contrasting ecological groups. 
Induction events in green leaves, monitored by the fluo-
rescence method, are determined by a number of regula-
tory feedbacks (for recent review, see Tikhonov 2015). A 
slow decay of Chl a fluorescence may be caused by the 
following events taking place within the chloroplast: (a) 
photochemical quenching, (b) non-photochemical quench-
ing, (c) re-distribution of light energy between PSII and 
PSI, and (d) reversible/irreversible inactivation of PSII. 
The enhancement of photochemical quenching occurs due 
to the light-induced acceleration of electron outflow from 
PSI to activated CBC (Buchanan 1980, 1991; Michelet 
et  al. 2013), which would cause the re-oxidation of PSII 
electron acceptors  (QA and  QB) via the intersystem ETC, 
thereby stimulating photochemical quenching of Chl a fluo-
rescence. Generation of NPQ and relocation of chloroplasts 
within the plant cell (the avoidance phenomenon, Zurzycki 
1955; Park et  al. 1996; Kasahara et  al. 2002; Davis et  al. 
2011; Königer and Bollinger 2012) may be the other rea-
sons for fluorescence decay, which provide protection of 
PSA against light stress. Below, we briefly consider eco-
physiological aspects of induction events in Tradescantia 
leaves, starting with the consideration of Chl a fluorescence 
spectra.

Fig. 9  The percentage of major 
carotenoids in the dark-adapted 
(D) and AL-illuminated (AL) 
leaves of HL-acclimated and 
LL-acclimated T. sillamontana 
and T. fluminensis. V violax-
anthin, A antheraxanthin, Z 
zeaxanthin, βCar β-carotene, 
Lut lutein, and Neo neoxanthin 
(n = 3; mean values ± SE). The 
brackets connect the bars rep-
resenting significantly different 
values. The asterisks denote P 
value according to Student’s 
t test (*P < 0.10; **P < 0.05; 
***P < 0.01)
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thin (c), and de-epoxidation index (d)



97Photosynth Res (2017) 133:87–102 

1 3

In green leaves, Chl a fluorescence has heterogene-
ous origin, demonstrating two distinct peaks in the emis-
sion spectrum (in Tradescantia leaves, at 685 and 740 nm, 
Fig.  2). According to Govindjee (2004), at room tem-
perature, the “red” fluorescence band F685 and its vibra-
tional satellite at 720–735 nm originate mostly in the PSII 
antenna complexes, the “far-red” band (F740) comes from 
both PSI and PSII complexes. The ratio between peaks F685 
and F740 depends on the growth conditions and may reflect 
relative changes in the contents of PSII and PSI complexes. 
With increasing Chl content of Tradescantia leaves upon 
acclimation of plants to LL irradiation (Mishanin et  al. 
2016), the relative contribution of the far-red fluorescence 
band F740 markedly increases in both species (Fig. 2). The 
enhancement of peak F740 may be explained by changes 
in relative sizes of the light-harvesting antennas of PSI 
and PSII (Mishanin et  al. 2016; Ptushenko et  al. 2017). 
The enhancement of peak F740 in LL plants may also be 
explained, at least partly, by the re-absorption effect: the 
light quanta emitted by PSII will be absorbed and then 
re-emitted as the far-red quanta of Chl a fluorescence. 
This effect should increase at higher contents of Chls (for 
review, see Lichtenthaler and Babani 2004). In favor of the 
re-absorption mechanism may be considered well-known 
fact that the far-red band increases with the rise of Chl 
content in photosynthetic and model systems. Our data are 
consistent with this point of view: an increase in F740 cor-
relates with the rise of the Chl content (per leaf area) in 
LL-acclimated Tradescantia plants (Mishanin et al. 2016).

Illumination of dark-adapted leaves with a sufficiently 
intensive AL induces quenching of Chl a fluorescence, 
collectively referred to as the Kautsky effect (Govindjee 
1995; Lazar 1999; Stirbet and Govindjee 2011). Along 
with a gradual decrease in the amplitudes of the red (F685) 
and far-red (F740) peaks (Figs.  4, 5), their ratio F685/F740 
also decreases (Figs. 2, 6). It is noteworthy that peak F

685
 

originates almost entirely in PSII and variable fluores-
cence of Chl a is attributed predominantly to PSII, whereas 
the contribution of PSI to variable fluorescence is neg-
ligible (Govindjee 2004). Therefore, the “far-red” peak 
F
740

= F
PSI

740
+ F

PSII

740
 will show less significant decay than 

F685. Since PSII is the sole source of light emission related 
to the F685 band, the decrease in F685 during the induction 
phase should be more indicative to generation of NPQ than 
F740. For this reason, the NPQ-dependent quenching of Chl 
a fluorescence manifests itself more significantly in the 
“red” band F685 than in the “far-red” band F740 (Fig. 2).

We have found that in HL-grown plants of both spe-
cies, the light-induced decrease in F685/F740 occurs faster 
than in corresponding LL-grown plants (Fig. 6). Thus, we 
can conclude that acclimation of plants to HL promotes 
more rapid generation of NPQ, increasing their capacity 
for survival upon rapid fluctuations of solar light. Along 

with the NPQ-dependent response of PSA, a decrease in 
F685/F740 might also reflect the “state 1 → state 2” transi-
tion associated with the re-distribution of absorbed light 
quanta between PSII and PSI (the qT component of NPQ, 
Horton et al. 1996). The light-induced decrease in sizes of 
PSII antenna in favor of PSI may lead to additional reduc-
tion of the F685 band. The “state 1 → state 2” transition 
is a prominent phenomenon in C. reinhardtii cells, where 
significant amount of the light-harvesting complexes (up to 
80%) can migrate from PSII to PSI (Delosme et al. 1996; 
Dall’Osto et al. 2014), providing a marked rise of the “far-
red” band of Chl a fluorescence upon illumination (Allor-
ent et al. 2013). It should be noted that in higher plants, the 
ΔpH-dependent component of NPQ (qE) is by far the most 
prominent (Horton et  al. 1996; Horton 2012). Otherwise, 
quenching of Chl a fluorescence due to state transitions 
(qT) is usually insignificant (Eberhard et al. 2008). This is 
likely because state transitions are of limited amplitude in 
higher plants. According to Vener (2007), in higher plants, 
only ~25% of LHCII is phosphorylated in state 2. He also 
concluded that the dramatic remodeling of the antenna sys-
tem observed during laboratory-induced state transitions 
(e.g., using far-red illumination) may not accurately rep-
resent the true nature of LHCII distribution under natural 
conditions.

The light-induced decay of F685/F740 might also be 
affected (at least partly) by the chloroplast avoidance phe-
nomenon. Relocation of chloroplasts positioned along peri-
clinal (top and/or bottom) to anticlinal cell walls should 
cause the self-shading of chloroplasts, thereby protecting 
the PSA against excess light (Augustynowicz and Gabrys 
1999; Kasahara et  al. 2002; Wada et  al. 2003). In the 
Arabidopsis npq4 mutant, this effect may contribute up 
to ~30–40% of the overall value of NPQ (Dall’Osto et al. 
2014). Inhibition of chloroplast movement has a drastic 
effect on stress tolerance to HL irradiation (Kasahara et al. 
2002). However, the literature data concerning the avoid-
ance response of different plants vary greatly among spe-
cies (Königer and Bollinger 2011, 2012). Davis et  al. 
(2011), who examined how leaf anatomy influenced chlo-
roplast movements in 24 plant species, reported that chlo-
roplast movement-dependent changes in leaf absorptance 
were greatest in shade species, in which absorptance 
changes of >10% were observed between HL and LL 
treatment. They concluded that the interplay between leaf 
anatomy, chloroplast position, and acclimation of photo-
synthetic apparatus will help maximize photosynthetic effi-
ciency at light conditions change. Königer and Bollinger 
(2012) noted that sun plants showed a larger degree of 
accumulation response and faster changes in transmission 
than shade plants. However, they did not find correlation 
between the rate or the degree of leaf transparency changes 
under HL and stress tolerance. This suggests that plants can 
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compensate for slow and limited changes of light trapping 
within the leaf using other photoprotective mechanisms.

Recently, Ptushenko et al. (2016) observed exceptionally 
high enhancement of the leaf transmittance in T. fluminen-
sis and T. sillamontana, which they attributed to chloroplast 
avoidance movements. The maximal effect (Tlight/Tdark ≈ 4) 
was observed in LL-grown T. fluminensis, in other speci-
mens they found Tlight/Tdark ~2. Surprisingly, the enhance-
ment of leaf transmittance in LL-acclimated T. fluminensis 
was almost two times stronger than in HL-grown leaves. 
In the meantime, the mesophyll cell widths were definitely 
smaller, and chloroplasts were somewhat larger in LL-
grown than in HL-grown plants. Besides, T. fluminensis 
mesophyll cells had relatively small size and large chloro-
plasts compared to other species, but unexpectedly showed 
substantially more significant avoidance. In this work, we 
have found that LL-acclimated T. fluminensis showed rela-
tively slow decay of F685/F740. In the meantime, this pro-
cess was markedly faster (t ≈ 3.5 min) than the avoidance 
effect (t ~10 min) reported by Ptushenko et al. (2017) for 
LL- and HL-grown T. fluminensis and T. sillamontana. Of 
course, we cannot exclude that the mechanism to chloro-
plast photorelocation might affect the light-induced decay 
of F685/F740. However, the comparison of kinetic data sug-
gests that it is the NPQ generation within the chloroplast 
PSA that determines the light-induced decay of F685/F740, 
while the relative contribution of the avoidance effect 
should be insignificant.

In our previous work (Mishanin et  al. 2016), using 
the EPR method for monitoring the redox state of  P700, 
we demonstrated the accelerated response of HL-grown 
Tradescantia to the dark–light–dark transitions. The dark-
adapted leaves of HL-acclimated plants showed more rapid 
photo-oxidation of  P700, as well as faster relaxation of their 
PSA in the dark, as compared to the LL-acclimated plants. 
These results correlate with the fluorescence data. In dark-
adapted Tradescantia leaves, characteristic times of SIF 
and photo-oxidation of  P700 are close (compare Figs. 4, 7). 
As noted above, the multiphase kinetics of P+

700
 induction 

in dark-adapted leaves may be determined by two basic 
mechanisms of the feedback regulation of electron trans-
port in chloroplasts: (a) the light-induced activation of the 
CBC and (b) generation of ΔpH (for review, see Tikhonov 
2015). As a matter of fact, these mechanisms are virtually 
of the same nature as those determining the kinetics of pho-
tochemical and non-photochemical quenching of Chl a flu-
orescence. Therefore, it is not surprising that both the EPR 
and fluorescence methods of monitoring photosynthetic 
processes in leaves lead to the same results, demonstrat-
ing that the long-term acclimation of Tradescantia plants 
to HL conditions augments the PSA “reactivity,” which 
manifests itself upon the dark–light–dark transitions. This 
effect might stem, at least in part, by increased expression 

of the regulatory protein PsbS in HL-acclimated plants of 
both Tradescantia species (Mishanin et al. 2016). Protona-
tion of PsbS caused by the lumen acidification is known to 
be responsible for rapid energy-dependent phase of NPQ 
generation (qE) (Li et  al. 2002, 2004, 2009; Ruban 2012; 
Correa-Galvis et  al. 2016). Results of our previous study 
(Mishanin et  al. 2016), which showed that PsbS is essen-
tial for the activation of NPQ in Tradescantia, are in close 
agreement with the literature data on enhanced expression 
of the regulatory protein PsbS in HL-acclimated plants 
of other species (Ballottari et  al. 2007; Zia et  al. 2011). 
These data suggest that PsbS is essential for the activa-
tion of NPQ, promoting conformational changes in PSA, 
which provide for thermal quenching of excess energy in 
the antenna of PSII. Enhanced expression of PsbS would 
enlarge the capacity of HL-acclimated plants for their pro-
tection against light stress.

In chloroplasts, efficient photoprotection of PSA is pro-
vided by synergetic action of two basic factors of NPQ 
induction, the light-induced protonation of the regulatory 
protein PsbS and conversion of V to Z (Rees et  al. 1989; 
Zia et  al. 2011; Jahns and Holzwarth 2012; Ruban et  al. 
2012). Formation of Z is known to promote the generation 
of NPQ; lutein is also involved in photoprotection of plants 
(for references, see Adams and Demmig-Adams 2004; 
Jahns and Holzwarth 2012). The content of xanthophylls in 
photosynthetic systems increases, as a rule, under the light 
stress conditions. In this context, it was interesting to com-
pare the induction events in Tradescantia with alterations 
of the content of their xanthophylls upon acclimation to dif-
ferent growth light conditions (Fig.  9). Similarly to other 
photosynthetic organisms (Adams and Demmig-Adams 
2004; Matsubara et al. 2009, 2012), in Tradescantia grown 
under LL and HL conditions, the relative contents of dif-
ferent carotenoid species change with the intensity of light 
to which plants were exposed during their growth period 
(Adamson et al. 1991). The HPLC analysis of carotenoids 
revealed a distinct rise in the proportion of xanthophylls 
(V + A + Z and Lut) in HL-acclimated plants of both spe-
cies (Fig.  9). Enhancement of the xanthophyll content 
augments photoprotective capability of carotenoids in the 
plants grown under the solar stress conditions. Illumina-
tion of dark-adapted leaves for a rather long time (~20 min) 
induced the conversion of V to Z (Fig. 10), which is accom-
panied by a further rise of NPQ (the qM phase of NPQ). In 
HL-acclimated plants, the qM-component of NPQ induced 
by rather strong AL is usually higher than in LL-acclimated 
plants (for more details, see Ptushenko et al. 2013; Misha-
nin et al. 2016). The light-induced conversion of V to Z and 
binding of Z to the PsbS protein is known to enhance the 
sensitivity of PsbS to the lumen acidification (for review, 
see Jahns and Holzwarth 2012; Ruban et  al. 2012). The 
synergetic action of PsbS-dependent mechanism of NPQ 
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generation, sensitized by Z, should enhance the capacity 
of HL-grown plants for protection against the light stress. 
Along with the reactions of the xanthophyll cycle, slow 
components of NPQ development in the light, as well as 
its relaxation in the dark, may reflect other events in chlo-
roplasts: re-distribution of light quanta between PSI and 
PSII (“state transitions”, Allen 1992; Lemeille and Rochaix 
2010; Tikkanen and Aro 2012, 2014; Kim et al. 2015) and 
photoinhibition (qI-component of NPQ, Öquist et al. 1992; 
Baker 2008). These factors, however, provide less sig-
nificant contribution to NPQ generation in PSA of higher 
plants (Lemeille and Rochaix 2010).

Noteworthy that the steady-state levels of P+
700

 induced 
by a strong white light were close in the LL- and HL-grown 
plants (Fig. 8). This fact means that the ratio between the 
apparent rate constants of the electron outflow from  P700 
(k1) and the electron inflow to P+

700
 (k2) remained almost 

the same (k1/k2 ≈ const). This implies that there may be 
synergetic effects of multifarious factors maintaining opti-
mal balance between photosynthetic activities of PSI and 
PSII upon variations of the growth conditions. Bearing in 
mind more significant decrease in the photosynthetic per-
formance of PSII in HL-grown Tradescantia plants caused 
by NPQ generation (Mishanin et al. 2016), we may suggest 
that the overall electron flow through PSI will be balanced, 
maintaining the ratio k1/k2 ≈ const at various growth condi-
tions. One of the mechanisms, which compensate the NPQ-
dependent decrease in the overall performance of PSII at 
high actinic light, may be associated with the fact that the 
rate-limiting step in the chain of electron transfer from PSII 
to PSI lies beyond the PSII. It is well-known fact that the 
inhibition of a significant portion of PSII complexes (inhi-
bition up to ≈ 70−80% of PSII units) by DCMU suppresses 
but only insignificantly the electron flux from PSII to PSI 
through the common pools of PQ and Pc molecules (Siggel 
et al. 1972; Tikhonov and Ruuge 1979; Tikhonov and Ver-
shubskii 2017). Efficient interaction between the intersys-
tem ETCs can be explained not only by “electronic” inter-
actions but also due to “excitonic” connectivity between 
different PSII units (Antal et al. 2013; Stirbet 2013). Thus, 
the NPQ-dependent attenuation of PSII capability to donate 
electrons into the intersystem ETC should not lead to dra-
matic reduction of electron flux between PSII and PSI, pro-
vided the rate-limiting step of electron transfer is beyond 
the stage of  PQH2 formation in PSII.

Another mechanism supporting the optimal balance 
between the operation of PSII and PSI may be associated 
with variations of the relative contents of PSI and PSII 
(Murchie and Horton 1998; Schöttler and Tόth 2014). In 
particular, Ballottari et  al. (2007) reported about contrast-
ing behavior of PSI and PSII during acclimation of Arabi-
dopsis to different light. They observed, in particular, that 
the PSI/PSII ratio increased in LL conditions and shifted to 

lower values in HL conditions. In this case, NPQ-depend-
ent modulation of PSII activity will be compensated by 
variations of the PSI/PSII ratio.

Concluding remarks

Comparative study of ecologically contrasting Tradescantia 
species (T. fluminensis, shade-tolerant, and T. sillamontana, 
light-resistant) revealed distinct traits of their PSA, which 
have potential ecophysiological significance with respect to 
their tolerance to high light stress. Acclimation of plants to 
different growth irradiances involved changes in their leaf 
anatomy and carotenoid composition (increase in V + A + Z 
and Lut pools) in HL-acclimated plants of both species, 
suggesting enhanced photoprotective capacity of the carot-
enoids in the plants grown in nature under high irradiance. 
The fluorometry and EPR studies of the induction events in 
Tradescantia chloroplasts in  situ demonstrated that irradi-
ance acclimation of the plants promoted a faster “reactiv-
ity” of PSA in HL-acclimated plants as compared to LL-
acclimated plants. Collectively, the results of the present 
work suggest that the mechanisms of long-term PSA photo-
protection in Tradescantia are based predominantly on the 
light-induced remodeling of pigment-protein complexes in 
chloroplasts.
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