
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Volume 6 • 2018 10.1093/conphys/coy073

Research article

Physiological and structural adjustments of two
ecotypes of Platanus orientalis L. from different
habitats in response to drought and re-watering
Violeta Velikova1,*, Tsonko Tsonev2, Massimiliano Tattini3, Carmen Arena4, Sashka Krumova2,
Dimitrina Koleva5, Violeta Peeva1, Svetoslav Stojchev2, Svetla Todinova2, Luigi Gennaro Izzo6,
Cecilia Brunetti7, Miroslava Stefanova5, Stefka Taneva2 and Francesco Loreto8

1Institute of Plant Physiology and Genetics, Bulgarian Academy of Sciences, Acad. G. Bonchev Str. bl. 21, Sofia 1113, Bulgaria
2Institute of Biophysics and Biomedical Engineering, Bulgarian Academy of Sciences, Acad. G. Bonchev Str., bl. 21, 1113 Sofia, Bulgaria
3Institute for Sustainable Plant Protection, Department of Biology, Agriculture and Food Sciences, The National Research Council of Italy (CNR),
I-50019 Sesto Fiorentino (Florence), Italy
4Department of Biology, University of Naples Federico II, Via Cinthia, 80126 Naples, Italy
5Faculty of Biology, Sofia University, 1113 Sofia, Bulgaria
6Department of Agricultural Sciences, University of Naples Federico II, Via Università 100, 80055 Portici, Italy
7Department of Biology, Agriculture and Food Sciences, Trees and Timber Institute, The National Research Council of Italy (CNR), I-50019 Sesto
Fiorentino (Florence), Italy
8Department of Biology, Agriculture and Food Sciences, The National Research Council of Italy (CNR), 00185 Rome, Italy

*Corresponding author: Institute of Plant Physiology and Genetics, Bulgarian Academy of Sciences (BAS), 1113 Sofia, Bulgaria. Tel: +359-979-
2683, Fax: +359-2-8739952. Email: violet@bio21.bas.bg

Platanus orientalis covers a very fragmented area in Europe and, at the edge of its natural distribution, is considered a relic
endangered species near extinction. In our study, it was hypothesized that individuals from the edge of the habitat, with
stronger climate constrains (drier and warmer environment, Italy, IT ecotype), developed different mechanisms of adapta-
tion than those growing under optimal conditions at the center of the habitat (more humid and colder environment,
Bulgaria, BG ecotype). Indeed, the two P. orientalis ecotypes displayed physiological, structural and functional differences
already under control (unstressed) conditions. Adaptation to a dry environment stimulated constitutive isoprene emission,
determined active stomatal behavior, and modified chloroplast ultrastructure, ultimately allowing more effective use of
absorbed light energy for photochemistry. When exposed to short-term acute drought stress, IT plants showed active sto-
matal control that enhanced instantaneous water use efficiency, and stimulation of isoprene emission that sustained
photochemistry and reduced oxidative damages to membranes, as compared to BG plants. None of the P. orientalis eco-
types recovered completely from drought stress after re-watering, confirming the sensitivity of this mesophyte to drought.
Nevertheless, the IT ecotype showed less damage and better stability at the level of chloroplast membrane parameters
when compared to the BG ecotype, which we interpret as possible adaptation to hostile environments and improved cap-
acity to cope with future, likely more recurrent, drought stress.
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Introduction
Models forecast more recurrent and intense heat waves,
drought and flooding events as a consequence of climate
change caused by rising CO2 concentration and temperature
on the Earth’s surface (IPCC, 2014). Plants cope with chan-
ging climate through evolutionary adaptation and pheno-
typic plasticity (Valladares et al., 2007; Hoffmann and Sgro,
2011; Nicotra et al., 2010; Becklin et al., 2016), involving
physiological, metabolic and/or structural adjustments, often
resulting in new ecotypes (Kooyers, 2015). However,
extreme and fast episodes of climate change could challenge
the adaptive capacity of plants with reduced plasticity
(Stockwell et al., 2003; Leimu et al., 2010).

Climate change-exacerbated drought is expected to have
a major negative impact on crops and native plants (Blum,
1996; Theurillat and Guisan, 2001). Drought primarily
affects photosynthesis, the key process of primary metabo-
lisms and productivity (for reviews see Chaves et al., 2003,
2009; Flexas et al., 2004; Lawlor and Tezara, 2009).
Drought-induced reduction of photosynthesis is attributed to
stomata closure and the consequent diffusive limitation of
CO2 entry, impaired photochemistry and enhanced-
metabolite fluxes into defense compounds (Chaves et al.,
2003). Stomata also regulate water loss, and stomatal con-
trol is critical to plant adaptation to arid environment, and
an important component of plant water saving strategies,
including hydro-passive (driven by leaf water potential) and
hydro-active (e.g. ABA-driven) stomatal control (Raschke,
1975a; Maroco et al., 1997; Chaves et al., 2003; Chaves and
Oliveira, 2004; David et al., 2007).

Drought could be particularly deleterious for the perform-
ance of fast-growing plants, which are hygrophilous in their
nature, and have a poor stomatal control over water loss
(Ngugi et al., 2004; Silim et al., 2009). In our study, two
populations of oriental plane (Platanus orientalis) located in
Italy and Bulgaria were compared. P. orientalis is a fast-
growing deciduous tree, whose habitat spans south-east
European and south-west Asian warm riparian forests.
Southern Italy (Campania, Apulia and Sicily) (Rosati et al.,
2015) is the westernmost limit of P. orientalis distribution
(Caruso et al., 2008) where the species is now endangered
and near extinction (Barstow and Rivers, 2017). In Bulgaria,
P. orientalis reaches the northernmost limit in its natural dis-
tribution (Grueva and Zhelev, 2011) where plants adapted
to cooler and more humid environments. Thus, it is likely
that individuals growing at the edge of the habitat, where a
changing climate is a powerful constraint, developed adapta-
tion mechanisms different than plants which thrive in more
suitable environments (Finni et al., 2017). Recently, we have
demonstrated that two Arundo donax ecotypes originating
from stands with different climate showed different physio-
logical and metabolic features when grown under well-watered
conditions, and these phenotypic differences determined differ-
ent drought-stress responses (Ahrar et al., 2017).

In fast growing and hygrophilous tree species, isoprene
emission is a common trait (Loreto and Fineschi, 2015), and
Platanus species are strong isoprene emitters (Kesselmeier
and Staudt, 1999; Velikova et al., 2006; Loreto and
Fineschi, 2015). Isoprene is considered to be a good antioxi-
dant per se (Vickers et al., 2009; Velikova et al., 2011), and
a proxy of other antioxidants that are synthesized through
the same biochemical pathway, e.g. xanthophylls (Tattini
et al., 2015). It was demonstrated that the suppression of iso-
prene emission through genetic manipulation or chemical
inhibition negatively affects thylakoid membrane function
and integrity (Velikova et al., 2011, 2015). However, iso-
prene biosynthesis is metabolically and energetically expen-
sive for plants (Sharkey and Yeh, 2001), and the trait might
have been lost under optimal conditions, or replaced by
more suitable mechanisms in very stressful environments. It
was suggested that isoprene facilitates C3 photosynthesis
under optimal conditions (Pollastri et al., 2014), or helps
plants overcome transient and mild stresses (Loreto and
Fineschi, 2015). It was also postulated that the isoprene
emission trait must have evolved independently in the major
lineages of land plants by parallel evolution (Sharkey et al.,
2013); or that IspS genes can undergo repeated gain and loss
at the family and even genus level thanks to the hypothetic-
ally low number of amino acidic mutations which may be
sufficient for evolution (Monson et al., 2013). Isoprene emis-
sion might have evolved in hygrophilous species as a first
mechanism of adaptation to terrestrial life (Loreto et al.,
2014) and could provide new information about the distri-
bution of genetic diversity, and local capacity of plant adap-
tation (Aitken et al., 2008). We hypothesized that ecotypes
growing under different environmental conditions developed
a different capacity to emit isoprene, which in turn produces
ecotype differences in chloroplast fine structure, physical prop-
erties of the thylakoid membranes and overall functionality of
the photosynthetic apparatus (Velikova et al., 2015).
Specifically, the capacity to emit isoprene might allow
Platanus ecotypes to survive at the edge of the habitat of the
species, and may therefore constitute a trait serving for
applied plant conservation purposes. We tested this hypothesis
exposing the two contrasting ecotypes of oriental plane to
drought stress and recovery from stress.

Material and methods
Plant material and growth conditions
P. orientalis seeds were collected from native populations in
Francavilla di Sicilia, Sicily, Italy (IT) (37.541976′N,
15.082318′E; mean summer temperature ~24°C and mean
summer rainfalls ~14mm) and in Kresna, Bulgaria (BG)
(41.440800′N, 23.082929′E; mean summer temperature
~23°C and mean summer rainfalls ~43mm) (https://en.climate-
data.org/location/194719/). According to the Köppen–Geiger
climate classification, the climate in Francavilla di Sicilia is clas-
sified as Csa (hot dry-summer), and in Kresna as Cfa (humid
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mild temperate) (https://en.climate-data.org/location/194719/,
http://hanschen.org/koppen/).

Seeds of the two ecotypes were germinated and plant
seedlings were grown in a climate chamber with the follow-
ing controlled conditions: light intensity (PPFD) 350 μmol
m−2 s−1, day/night temperature 25/20°C ± 2°C, relative
humidity 65–70%, photoperiod 14 h and ambient CO2 con-
centration 400 μmol mol−1. Plants were grown under these
conditions for 4 months. During this period, plants were
regularly watered to keep the pots to full water capacity, and
were fertilized every two weeks with full-strength Hoagland
solution to supply mineral nutrients at free access rates.

The first set of measurements was performed in well-
watered saplings (controls). Then, plants were divided in two
groups of 28 plants each. Fourteen plants of each ecotype
were kept under well-watered conditions throughout the
experimental period, to assess possible age effect, while the
other 14 plants were subjected to drought. No changes due
to aging were detected in well-watered IT and BG plants,
and these measurements are therefore not shown. The plants
undergoing drought stress were further divided in two
groups: eight plants were used for non-destructive measure-
ments and six for destructive measurements, as specified
below.

Drought stress was initiated by stopping watering, and
the pot water content was daily calculated using the fraction
of transpirable soil water (FTSW, %) parameter (Brilli et al.,
2007). The second set of measurements was performed after
6–7 days of drought stress, when the FTSW reached 28 ±
2%. Then, plants were re-watered to full pot capacity, and a
third set of measurements were performed after 7 days,
when FTSW was 90%. Third and fourth fully expanded
leaves from the apex were used for all analyses.

Plant water status
The leaf relative water content (RWC) was calculated as
[(FW−DW)/(TW−DW)] x 100, where FW is the fresh
weight, DW is the dry weight after drying the leaf at 80°C
for 24 h, and TW is the turgid weight of the leaf reached
after keeping the leaf in distilled water for 24 h. Leaf RWC
was determined in well-watered (control), drought-stressed
and re-watered plants.

Gas exchange and chlorophyll fluorescence
measurements
Leaf photosynthetic gas exchange was measured by a port-
able gas-exchange system (LCpro+, ADC BioScientific, UK).
The middle part of the leaf was clamped into the 6.25-cm2

gas-exchange system cuvette and exposed to a constant flow
(300 μmol s−1) of synthetic air (79% N2, 21% O2 and 400
μmolmol−1 CO2). All measurements were carried out at 25 ±
1°C leaf temperature and 800 μmolm−2 s−1 photosynthetic

photon flux density (PPFD) at the leaf level. The relative
humidity in the leaf chamber was set at 45–50%. The intrinsic
water use efficiency (iWUE) was calculated as a ratio between
photosynthesis (An) and stomatal conductance (gs). The CO2

diffusing into the intercellular spaces (Ci) was calculated using
the formulation of von Caemmerer and Farquhar (1981) with
the gas-exchange system software. To assess the physiological
behavior of stomata, the response of gs to increasing [CO2] in
the range of 50–1800 μmolmol−1 was analyzed. At each
[CO2] step all gas-exchange parameters were recorded after
reaching a steady-state, usually 5–10 min after the change in
[CO2].

Chlorophyll a fluorescence was measured by the
IMAGING-PAM M-series chlorophyll fluorometer (Heinz
Walz GmbH, Effeltrich, Germany). Plants were dark-
adapted for 30min prior to the determination of minimum
(Fo) and maximum (Fm) fluorescence and then a saturating
light pulse of 0.8 s with a PPFD > 3000 μmol photons
m−2 s−1 was applied. The maximum quantum yield of photo-
system II (PSII) was calculated as Fv/Fm = (Fm−Fo)/Fm.
Leaves were then exposed to actinic light (400 μmol m−2 s−1

PPFD) in order to obtain chlorophyll fluorescence in light-
adapted state. After reaching the steady-state fluorescence
(Fs), the application of a second saturating pulse under
actinic light conditions allowed to determine the PSII quan-
tum efficiency in illuminated leaves [ΦPSII = (F′m−Fs)/F′m],
where Fm′ is the maximum fluorescence in light-adapted state
(Genty et al., 1989). The non-photochemical quenching
(NPQ) was defined according to the equation NPQ =
(Fm−Fm′)/Fm′ (Bilger and Björkman, 1991).

Volatile organic compounds analysis
The emissions of isoprene and hexenal, the latter being an
indicator of membrane damage (Loreto et al., 2006), were
detected by gas chromatography-mass spectrometry (GC–
MS) as reported in Beckett et al. (2012). Shortly, volatile
organic compounds (VOCs) were collected under the same
conditions used for measuring the photosynthetic gas-
exchange parameters by directing part of the air flowing out
of the leaf cuvette into a silicosteel cartridge packed with
200mg of Tenax (Markes International Ltd, Llantrisant,
UK). The cartridges were analyzed with a Perkin Elmer
Clarus 580 GC coupled with a Clarus 560 MS detector and
a thermal desorber TurboMatrix (Perkin Elmer Inc.,
Waltham, MA, USA) as detailed in Velikova et al. (2016).
The GC–MS system was calibrated using gas standard for
target compounds. The compounds were identified via the
National Institute of Standards and Technology (NIST)
library provided with the GC–MS ChemStation software
(Agilent Technologies and Perkin Elmer). GC peak retention
time was substantiated by analysis of parent ions and main
fragments on the spectra. The concentration of each volatile
compound was calculated by comparison with the peak area
of the gaseous standard.
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Isolation of thylakoid membranes
Thylakoid membranes from P. orientalis L. were isolated
according to the protocol of Harrison and Melis (1992) with
minor modifications. Leaf samples were collected at the end
of dark period, when starch level was minimal. Fully
expanded leaves (third and fourth node from the apex) were
homogenized in a medium containing 50mM Tricine (pH
7.8), 5 mM MgCl2, 10 mM NaCl, 400mM sucrose (isolation
buffer), filtered through cheese cloth and centrifuged at 4600
x g. The chloroplasts containing pellet was resuspended in a
hypotonic medium containing 50mM Tricine (pH 7.8),
5 mM MgCl2, 10mM NaCl and centrifuged at 5000 × g.
The thylakoid fraction was finally resuspended in the isola-
tion buffer, supplemented with 30% glycerol (v/v) and stored
at −20°C. Before each measurement, the membranes were
washed twice in the measuring buffer containing 20mM
Tricine (pH 7.8), 250mM sorbitol and 5mM MgCl2, the
chlorophyll (Chl) concentration was determined according to
Arnon (1949) and standardized to 0.7 mg Chl ml−1 and
20 μg Chl ml−1 for calorimetric and spectroscopic measure-
ments, respectively. Freshly-isolated thylakoid membranes
were used for further differential scanning calorimetry (DSC)
and merocyanine 540 fluorescence measurements.

Differential scanning calorimetry
measurements
DSC profiles (thermograms) were measured using a DASM4
high-sensitivity scanning microcalorimeter (Biopribor, Pushchino,
Russia). A buffer–buffer scan was subtracted from each experi-
mental DSC scan, followed by subtraction of a linear-baseline fit.
The samples were scanned in the range 30°C–100°C at a heating
rate of 1°Cmin−1. The data were analyzed with the Origin 6.0
software package (OriginLab Corporation, Northampton, MA,
USA). The transition temperatures (Tm) are defined as tempera-
tures at the maximum of the excess heat capacity curves. The cal-
orimetric enthalpy (ΔHcal) of the thermograms was estimated by
integrating the total area under the excess heat capacity curve
and the cooperativity (T1/2) was evaluated as the width at half
height of the main transition.

Merocyanine 540 fluorescence
The spectral characteristics of the lipophylic fluorescence
marker merocyanin 540 (MC540) were used to analyze the
physical state of the lipid matrix of thylakoid membranes.
Excitation spectra of MC540 incorporated in thylakoid
membranes were recorded with a Jobin Yvon JY3 spectro-
fluorometer by collecting the emission 590 nm upon light
excitation in the range 450–575 nm, in 1 nm step and apply-
ing 10 nm emission and excitation slits. Prior to measure-
ments, an aliquot of MC540 stock solution (1mM MC540
dissolved in ethanol) was added to thylakoid membrane sus-
pension at final concentration of 0.2 μM and the samples
were incubated for 20min. In order to correct for the contri-
bution of Chl fluorescence, excitation spectra of thylakoid
membranes were recorded in the absence of MC540 and

subtracted from the corresponding spectra obtained after the
addition of the probe. All measurements were performed at
25°C.

Thermoluminescence measurements
Thermoluminescence (TL) emission by leaf discs (diameter
10mm) was measured with a home-made apparatus
described in detail in Zeinalov and Maslenkova (1996). In
brief, freshly excised discs from middle part of the leaf with
the exception of the veins were placed on the sample holder
aluminum surface at 20°C and covered with a plexiglas win-
dow. After cooling the sample by liquid nitrogen to 1°C the
samples were illuminated with 1, 2 or 3 saturating (4J) single
turnover xenon flashes (10 μs half-band, 1 Hz frequency) of
white light. Then the sample was warmed up to 70°C at a
0.5-°C s−1 heating rate. Temperature of the sample was mea-
sured with a tiny thermocouple, inserted in the sample
holder. Luminescence was detected by HR943-02 photo-
multiplier (Hamamatsu Photonics, Japan).

The TL signals were read and registered by a computer
using home-made software. The signals from data files were
smoothed and the temperature maximum (Tmax) of the indi-
vidual bands was determined after signal decomposition by
using Origin 8.5 Multiple peak fit (OriginLab Corporation,
Northampton, MA, USA).

Leaf protein extraction and western blot
analysis
Leaf protein extraction was carried out following the proced-
ure of Wang et al. (2006). Leaf tissues (1 g), were fine
grinded in a mortar under liquid nitrogen. The powder was
suspended in 10% TCA/acetone solution, centrifuged at
16 000 × g for 3 min at 4°C and then washed first in metha-
nol (80%) and after in acetone (80%). After drying (50°C
for 10min), the pellet was resuspended in 1:1 phenol (pH
8.0)/SDS buffer and centrifuged at 16 000 × g for 3 min. The
upper phenol phase was treated with methanol containing
0.1M ammonium acetate, stored overnight at −20°C and
centrifuged again. The pellet was washed once with 100%
methanol and once with 80% acetone and after resuspended
in a SDS sample buffer.

The detection of D1 (PsbA) and Actin proteins was car-
ried out by western blotting analysis. Proteins (5 μg)
extracted from leaves together with PsbA and Actin protein
standard (2 μg) were analyzed on 12% dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
transferred onto 0.2 μm pore-size nitrocellulose membrane
(Bio-Rad Laboratories S.r.l., Segrate, Milano, Italy) at 100 V
for 4 h at 4°C in the transfer buffer (tris-glicine, methanol,
H2O). The nitrocellulose membrane was treated for 1 h with
blocking solution (50mM Tris–HCl, pH 8.0, 150mM NaCl,
0.5% (v/v) Tween 20, TBS-T) and 5% (w/v) non-dry milk
and incubated with anti-PsbA, hen polyclonal serum
(Agrisera, 1:50000, v/v) and anti-ACT, rabbit polyclonal
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serum (Agrisera, 1:2500, v/v) for 1 h at room temperature in
the same solution supplemented with 5% (w/v) non-dry
milk.

The blot was then washed several times with buffer TBS-
T and the binding antibodies detected using as secondary
antibody goat anti-hen IgY horse radish peroxidase (HRP)
conjugated (Agrisera, 1:50000, v/v) for D1 and anti-rabbit
HRP conjugated antibody (Agrisera, 1:10000 v/v) for Actin.
The immunorevelation of HRP reaction was performed using
the kit for chemiluminescence (Westar Supernova, Cyanagen
Srl, Bologna, Italy) by ChemiDoc System (Bio-Rad) (Arena
et al., 2017).

Densitometry analysis was performed using ImageJ soft-
ware (Rasband, WS, US NIH, Bethesda, Maryland, USA,
1997–2012). Each D1 protein band was normalized to the
appropriate Actin band. Results were expressed in arbitrary
units and referred to leaf dry weight.

Transmission electron microscopy
Chloroplast ultrastructure was studied by transmission elec-
tron microscopy (TEM). Small leaf segments (1–2mm2) were
fixed in 3% (m/v) glutaraldehyde in 0.1M sodium phosphate
buffer (pH 7.4) and post-fixed in 1% (m/v) KMnO4 in the
same buffer for 2 h at room temperature. After dehydration
by increasing concentrations of ethyl alcohol (from 25% to
100%), the samples were embedded in Durcupan (Fluka,
Buchs, Switzerland) and cross-sectioned with a Reichert-Jung
(Wien, Austria) ultramicrotome. Observations were per-
formed with a transmission electron microscope (JEOL1200
EX, Tokyo, Japan). At least 20 micrographs for each treat-
ment were analyzed.

Data analysis
Data shown represent the means ± SE of measurements on
28 different plants in total. The sample size of each measure-
ment is reported in the corresponding figure legend. Data
were subjected to one-way analysis of variance (ANOVA).
Significant differences among means were estimated at the
5% (P < 0.05) level, using the Tukey’s test.

Results
Leaf RWC, chlorophyll fluorescence and
photosynthetic gas exchange
Under severe drought stress (28% FTSW) the leaf RWC was
reduced to 82.7 ± 2.3 in BG and 88.4 ± 1.1 in IT P. orienta-
lis leaves with respect to well-watered leaves (where RWC
was close to 100%). Although moderate, this difference
between ecotypes was statistically significant at P < 0.05
(Fig. 1A). Re-watering restored the original RWC of leaves
of the two ecotypes.

The maximal efficiency of chlorophyll fluorescence in
dark-adapted leaves (Fv/Fm) was not different between the
two ecotypes before stress, and did not statistically change
under drought. After re-watering, Fv/Fm decreased by 14%
in BG, whereas it increased by 17% in IT, and the difference
between ecotypes was statistically significant (Fig. 1B).

The IT ecotype was characterized by a significantly higher
efficiency of chlorophyll fluorescence in illuminated samples
(ΦPSII) in comparison to BG, during the whole experiment
(Fig. 1C). Drought stress caused reduction of ΦPSII in both
ecotypes, but the reduction was stronger in BG (-28%) than
in IT (-15%). After re-watering, ΦPSII further decreased in
both BG and IT, as compared to the respective controls.

The NPQ of chlorophyll fluorescence was significantly
lower in the IT than in the BG ecotype under control condi-
tions (Fig. 1D). Drought stress stimulated NPQ in both eco-
types, and significantly more in IT. After re-watering, NPQ
remained higher in IT, while it reached pre-stress level in the
BG ecotype. In all cases, NPQ of the IT ecotype never
reached the level of NPQ of the BG ecotype.

Photosynthesis (An) was not different in the two ecotypes
under control conditions. An was negatively affected by
drought in both BG (-67%) and IT (-64%) ecotypes
(Fig. 2A). This corresponded to a reduction in stomatal con-
ductance to CO2 (gs) by 65% (BG) and 70% (IT) (Fig. 2B).
Reduction of gs was accompanied by a significant decrease in
intercellular CO2 concentration (Ci) in IT plants, while Ci

was unaffected in the BG ecotype during the entire experi-
mental period (Fig. 2C). As An and gs decreased by a similar
magnitude under drought stress, the iWUE did not signifi-
cantly change in the BG ecotype. However, in the IT ecotype
where gs reduction outweighed the reduction of An, iWUE
increased by 40% under drought stress with respect to
iWUE of controls and drought-stressed BG plants, indicating
better control of stomatal closure over CO2 and water gas
exchange (Fig. 2D). When FTSW reached 90%, after re-
watering, an incomplete recovery of An was found in both IT
and BG leaves (Fig. 2A). Photosynthesis of BG leaves reached
73% of the control value, while in IT An recovered to 63%
of the corresponding controls. Slightly higher An in BG was
correlated with better recovery of gs in these plants com-
pared to the IT ecotype (Fig. 2B). iWUE decreased in IT after
re-watering and it was significantly lower than in re-watered
BG leaves (Fig. 2D).

In order to further assess stomatal behavior, we analyzed
the response of stomatal conductance to increasing [CO2]
(Fig. 3). The BG ecotype showed a general lack of gs
response to [CO2] under control and drought conditions.
The reduction of gs from ambient to highest [CO2] was 10
(control) and 16% (drought-stress), indicating passive sto-
matal behavior (Fig. 3A). However, in the IT ecotype gs
decreased by 26% (control) and 40% (drought-stress) when
comparing ambient and highest [CO2] (Fig. 3B), suggesting
active regulation of stomatal behavior (Haworth et al.,
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2015). A similar, active stomatal response to [CO2] was
observed in both IT and BG ecotypes when FTSW reached
90%, after re-watering (Fig. 3C), suggesting that drought
stress sensitized stomata to [CO2] in BG plants (Raschke,
1975b).

VOC emissions
Isoprene emission was significantly higher in the IT than in
the BG ecotype under control conditions (Fig 4A). When
plants were exposed to drought-stress isoprene emission was
slightly stimulated in the IT ecotype, but decreased by 40%
in the BG ecotype. After re-watering, isoprene emission of
BG leaves increased to values similar to those measured in
control plants, while in the IT ecotype isoprene emission
decreased, reaching values lower than in controls. The emis-
sion of hexenal, which is a sensitive marker of membrane
denaturation (Loreto et al., 2006), was undetectable in con-
trols and considerably increased upon drought stress in the
IT and especially in the BG ecotype (Fig. 4B). After re-
watering, the hexenal emission decreased with respect to that

observed during drought stress, but remained higher in the
BG than in the IT ecotype.

Chloroplasts ultrastructure
Thin segments obtained from the middle part of BG and IT
leaves were subjected to TEM analysis (Fig. 5). The meso-
phyll chloroplasts of controls of both ecotypes had similar
morphological characteristics, with a well-developed inner
membrane system (Fig. 5A, D). However, IT chloroplasts
showed higher stacked grana (~20–25 thylakoids) and more
stroma thylakoids than the BG ecotype. The chloroplast
membrane system was affected by drought in a similar way
in both ecotypes as the stroma and part of the grana thyla-
koids were largely fragmented. However, these changes were
more visible in the BG than in the IT chloroplasts (Fig. 5B,
E). After re-watering, the fine structure of IT chloroplasts
was similar to that of controls (Fig. 5C), while the membrane
system of BG chloroplast only partially recovered its integrity
(Fig. 5F).

Figure 1: Leaf relative water content (RWC, Panel A), maximum quantum yield of PSII in dark-adapted plants (Fv/Fm, Panel B), PSII
photochemical efficiency in light-adapted state (ΦPSII, Panel C) and non-photochemical quenching (NPQ, Panel D) in Italian (IT red bars) and
Bulgarian (BG, blue bars) populations of P. orientalis plants measured under control conditions (95% FTSW), during drought (28% FTSW) and
after re-watering (90%-R FTSW) treatments. Error bars indicate ± SE of the mean (n = 8). Data were subjected to one-way ANOVA followed by
Tukey’s test and bars accompanied by different letters are statistically different (P < 0.05).
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D1 content and physical properties of the
thylakoid membranes
The level of D1 protein was significantly higher in IT than in
BG under control conditions (Fig. 6). Drought stress and
recovery from drought did not affect D1 abundance in the IT
ecotype. In the BG ecotype, D1 level increased significantly
during drought (+186%), and after re-watering (+201%)
with respect to control.

The calorimetric scans recorded for thylakoid membranes
isolated from control BG and IT plants are presented in
Fig. 7 and the derived calorimetric parameters are compared
in Table 1. The excess heat capacity curves (thermograms)
show that the photosynthetic complexes denatured in a nar-
row temperature interval and the midpoint temperatures of
the major transitions were peaking at 73°C in the IT ecotype
and at 67°C in the BG ecotype (Fig. 7, Table 1). Although
the thermograms of the two ecotypes differed significantly
both in the position of the main peak as well as in the
enthalpy, the drought stress and re-watering did not change
significantly those thermodynamic parameters for the two
еcotypes (Table 1).

Since the thermal stability of membrane proteins strongly
depends on their lipid environment we further explored the
properties of the lipophilic marker MC540. The fluorescence
bands peaking at 566 and 536 nm originate from MC540
molecules incorporated into loosely packed (fluid) and more
tightly packed membrane domains, respectively. Thus the
ratio E566/E536 reflects how fluid the thylakoid membranes
are (Krumova et al., 2008). The two Platanus ecotypes
showed similar E566/E536 ratio in control conditions
(Table 2). Drought stress led to an increase of E566/E536 ratio
in both ecotypes, while re-watering restored the E566/E536

ratio to the values of corresponding controls, thus indicating
that the lipid packing in the thylakoid membranes of the two
ecotypes was very similar.

Thermoluminescence
In order to assess alterations of PSII primary photochemistry,
TL emissions after flash(es) excitation were recorded (Fig. 8).
In our case, we especially inspected the B band generated by
S2/3 and QB

− charge recombination (S2/3QB
−), and the so

called “afterglow” (AG) band formed when an electron is
back-transferred from stroma reductants to reduce the QB

Figure 2: Net photosynthetic rate (An, Panel A), stomatal conductance (gs, Panel B), intercellular [CO2] (Ci, Panel C) and intrinsic water use
efficiency (iWUE, Panel D) in Italian (IT, red bars) and Bulgarian (BG, blue bars) populations of P. orientalis plants measured under control
conditions (95% FTSW), during drought (28% FTSW) and after re-watering (90%-R FTSW) treatments. Error bars indicate ± SE of the mean
(n = 8). Data were subjected to one-way ANOVA followed by Tukey’s test and bars accompanied by different letters are statistically different
(P < 0.05).
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(S2/3QB+e
−) (Ducruet, 2003). No significant differences were

detected in the maximum temperature values of B band in
control leaves of the two ecotypes. After excitation by two

single turnover flashes (2F) which produce the maximal over-
all emission, the main B band was peaking at around 30°C
in both BG and IT (Fig. 8A). The intensity of the AG band
which appeared as a shoulder near 48°C, was higher in BG
than in IT controls (Fig. 8A), suggesting a higher cyclic elec-
tron flow in BG. In drought-stressed plants, TL emission
decreased compared to controls, especially in the BG ecotype
(Fig. 8B). This was accompanied by a statistically significant
shift of the B band of the BG ecotype from 30.3°C ± 1.2°C
(control) to 26.7°C ± 1.0°C (drought-stressed). No relevant
changes in the B band position of the IT ecotype were
observed, but the band was slightly upshifted (from 32.1°C ±
1.4°C in control to 34.3°C ± 1.5°C in drought-stressed
leaves). Drought stress reduced the AG intensity in the BG
ecotype, and again no effect in IT plants was detected. After
re-watering the temperature of B band returned similar to con-
trols (30.6°C ± 1.0°C and 33.4°C ± 1.0°C in BG and IT
leaves, respectively) (Fig. 8C). The AG band almost disap-
peared in re-watered BG and IT leaves.

Discussion
Platanus orientalis ecotypes display specific
physiological, structural and functional
differences under control conditions
Physiological, structural and functional traits of P. orentalis
plants originating from climatically different habitats were
compared in order to assess the effect of local microclimate
on plant adaptation.

No important differences in photosynthesis were found in
control plants of the two ecotypes (Fig. 2). However, the eco-
types were different in their stomatal behavior (Fig. 3).
Effective stomatal control is a fundamental eco-physiological
trait for plant survival and adaptation to unfavorable envir-
onmental conditions allowing for optimal CO2-uptake and
water-loss balance over a range of favorable and sub-
optimal growth conditions (Raschke, 1975a; Cowan, 1978;
Schulze and Hall, 1982; Hetherington and Woodward,
2003), helping plants to respond to and resist adverse envir-
onmental conditions (Haworth et al., 2011). It is interesting
to note that only IT plants exhibited clear active stomatal
behavior following the increases in [CO2] under control con-
ditions (Fig. 3A). It is already demonstrated that stomata can
be sensitized to CO2 by raising the level of ABA in the leaf,
or by supplying ABA through the transpiration stream
(Raschke, 1975b). We speculate that the active stomatal con-
trol in IT plants could be related to the more active plastidial
methyl erythrol phosphate (MEP) pathway via which volatile
and non-volatile isoprenoids, (including ABA, the hormone
controlling active stomata opening) are synthesized
(Lichtenthaler, 1999). Indeed, the IT ecotype is characterized
by significantly higher isoprene emission than the BG eco-
type. We recently demonstrated that in the isoprene-emitting
Arundo donax the leaf level of ABA was much higher than
in the non-emitting Hakonechloa macra under well-watered

Figure 3: Response of stomatal conductance (gs) to increasing [CO2]
of Italian (IT, red circle) and Bulgarian (BG, blue circle) P. orientalis
plants under (A) control conditions (95% FTSW), (B) exposure to
drought (28% FTSW) and (C) re-watering (90%-R FTSW). Error bars
indicate SE of the mean (n = 8).
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conditions (Velikova et al., 2016), confirming that isoprene
may proxy foliar ABA biosynthesis (Barta and Loreto,
2006). However, we cannot rule out any epigenetic modifica-
tions in IT ecotype due to the harsher environment in the
place of origin, which could determine the active stomatal
behavior of this ecotype.

No statistically significant difference in Fv/Fm was found
in control plants, suggesting similar efficiency of PSII, when
all reaction centers were opened (Fig. 1). However, BG leaves
that have lower isoprene emission exhibited significantly low-
er ΦPSII compared with IT, indicating that a smaller fraction of

the absorbed light energy was used for photochemistry. Similar
to our observation, ΦPSII was lower in non-isoprene emitting
than in isoprene-emitting poplars (Velikova et al., 2015) and
these results were correlated with down-regulation of the pro-
teins involved in the photochemistry of photosynthesis
(Velikova et al., 2014). Lower isoprene and ΦPSII of BG plants
were mirrored by a higher NPQ compared to IT leaves. The
onset of this protective mechanism for the dissipation of excess
excitation energy (Demmig-Adams and Adams, 2006) suggests
that BG plants need to dissipate more absorbed energy as heat
to protect their thylakoid membranes from photodamage
(Murata et al., 2012). NPQ increase was already reported in

Figure 4: Isoprene (A) and hexenal (B) emission rate in Italian (IT red bars) and Bulgarian (BG, blue bars) populations of P. orientalis plants
measured under control conditions (95% FTSW), during drought (28% FTSW) and after re-watering (90%-R FTSW) treatments. Error bars indicate ±
SE of the mean (n = 8). Data were subjected to one-way ANOVA followed by Tukey’s test and bars accompanied by different letters are
statistically different (P < 0.05).

Figure 5: Representative electron micrographs of mesophyll chloroplasts in IT (A, B, C) and BG (D, E, F) ecotypes of P. orientalis. Chloroplast
micrographs illustrate thylakoid membrane organization in control (95% FTSW) (A, D), drought-stressed (28% FTSW) (B, E) and re-watered (90%
FTSW) (C, F) plants. Bars = 500 nm. CH, chloroplast; GT, grana thylakoids; ST, stroma thylakoids.
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plants with genetically down-regulated isoprene emission
(Behnke et al., 2009; Velikova et al., 2015), and in non-
emitters of the Arundinoideae subfamily when compared to
natural isoprene emitters (Velikova et al., 2016). Why high iso-
prene emitters do not need to dissipate non-radiatively as much
energy as low or non-emitters? Many experiments indicate that
isoprene stabilizes cellular membranes (Singsaas et al., 1997;
Velikova et al., 2011, 2012), and smoothness linear electron
flow between photosystems in the thylakoids (Pollastri et al.,
2014). More recently, the significance of isoprene in structural
organization of plastids, the chloroplast proteome profiling as
well as the lipid matrix of thylakoid membranes has been
demonstrated in genetically modified poplars with suppressed
isoprene synthase (Velikova et al., 2014, 2015). In our experi-
ment, the inner membrane system of IT mesophyll chloroplasts
was better developed, comprising higher grana stacks than in
BG chloroplasts (Fig. 5). A direct effect on the thylakoid mem-
brane organization could be exerted by protein stoichiometry
(Pribil et al., 2014), in particular, by PSII and LHCII assembly
into supercomplexes and megacomplexes (Kouřil et al., 2012).
Indeed, suppression of isoprene biosynthesis was accompanied
by a reduction of the concentrations of the photosystem I and
II reaction centers (Velikova et al., 2015), PsbP and PsbQ subu-
nits of PSII, and the major light harvesting complexes of the

two photosystems (Velikova et al., 2014). In plant mutants
lacking PsbO and/or PsbP, a strong decrease in D1 and D2
protein content was demonstrated (Bricker and Frankel, 2011).
We speculate that significantly lower level of D1 protein in BG
ecotype could be related to altered protein profile and different
structural organization of the thylakoid membrane system,
compared to the IT ecotype. Indeed, TEM analyses illustrate
that in BG chloroplasts the thylakoid membrane system con-
sists of a relatively smaller number of grana thylakoids uni-
formly occupying the stroma space (compare Fig. 5A and 5D).
Differences in the D1 protein among the two Platanus ecotypes
(Fig. 6) might affect both the functionality and the structural
organization of the photosynthetic apparatus.

To probe the conformational stability of the photosyn-
thetic complexes (crucial for their functionality) and also to
check how their thermal stability is affected by the different
grana ultrastructure of the IT and BG ecotypes, a DSC ana-
lysis was carried out. Importantly, DSC allows measure-
ments to be performed on native membranes and therefore
takes into account the specific lipid–protein and protein–pro-
tein interactions. Previous studies on thylakoid membranes
of higher plants (barley, spinach, pea) as well as on isolated
sub-membrane fractions revealed multiple thermal transitions

Figure 6: Western blot analysis and densitometric analysis of D1 protein in Italian (IT) and Bulgarian (BG) populations of P. orientalis plants
under control conditions (95% FTSW) (white bars), during drought (28% FTSW) (gray bars) and after re-watering (90%-R FTSW) (black bars). The
bar diagrams represent pixel volumes of D1 proteins in samples. The bands were normalized to the appropriate Actin band. Each value
represents the mean ± SE (n = 3). Data were subjected to one-way ANOVA followed by Tukey’s test and bars accompanied by different letters
are statistically different (P < 0.05).
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that can be ascribed to the denaturation of specific compo-
nents of the photosynthetic apparatus and to the heat-induced
disassembly of their lateral arrangement of the photosynthetic
complexes (reviewed in Krumova et al., 2010). In contrast to
those measurements, the thermograms recorded for IT and
BG thylakoids in control conditions showed only one well
defined transition along with 1 or 2 less defined transitions/
shoulders (Fig. 7, Table 1). Therefore, we cannot discriminate

the contribution of the multitude of photosynthetic proteins in
Platanus thylakoid membranes to the denaturation transi-
tions, and the dominant thermal transition can only be inter-
preted as representative of the general thermal stability of the
thylakoid proteins. The shoulder at 44°C in the IT and BG
thermograms can be attributed to heat-induced disorganiza-
tion of the membrane affecting its lateral (macroorganization)
and vertical (stacking) order, as already demonstrated for bar-
ley thylakoids (Dobrikova et al., 2003). It should be also
noted that the IT ecotype exhibited significantly higher ther-
mal transition temperature of the dominant peak (Tm2) and
nearly twice higher enthalpy (Table 1) than the BG ecotype.
The higher stability of IT thylakoids might be due to the larger
grana observed for this ecotype (Fig. 5A) or to altered physical
properties of the lipid matrix that exert stabilizing effect on
the photosynthetic proteins. Arguably, this may be associated
to a larger presence of isoprene in IT thylakoids, and to the
beneficial effect this compound exerts on the assembly and
function of membranes (Pollastri et al., 2014; Velikova et al.,
2015). The origin of the “smeared” high-temperature trans-
ition above 75°C is unclear and will not be discussed further
in this work.

To explore the differences in the physical properties of the
lipid matrix between the two populations we utilized the lipo-
philic fluorescent probe Merocyanine 540 (MC540). The
incorporation of MC540 in thylakoid membranes was shown
to be sensitive to the lipid packing (Krumova et al., 2008) and
the presence of different lipid environments (Garab et al.,
2017). The data presented on Table 2 strongly suggest that
there is no change in the lipid phase behavior (as estimated by
the E566/E536 ratio) between the two Platanus ecotypes under
control conditions.

TL flash sequence experiments performed on dark-
adapted controls exhibited typical oscillation pattern with a
maximal intensity reached after two flashes, as normally
observed for fully functional PSII (Fig. S1), and the emission
decreased after three flashes. TL is associated mainly with
the operation of PSII, the system that oxidizes water to oxy-
gen and reduces plastoquinone (Demeter and Govindjee,

Figure 7: Representative DSC profiles recorded for thylakoid
membranes isolated from IT (red lines) and BG (blue lines)
populations of P. orientalis L. Control thermograms (A, 95% FTSW) are
compared with those recorded for drought-stressed (B, 28% FTSW)
and re-watered plants (C, 90-R% FTSW).

Table 1: Calorimetric parameters determined for thylakoid membranes isolated from the BG and IT ecotypes—transition temperatures (Tm) of
the sequential thermal transitions, total enthalpy (ΔH) and cooperativity (T1/2) of the thermogram. The plants were either grown in control
conditions, subjected to drought stress and/or subsequently re-hydrated. Mean ± SD (n = 3). Data were subjected to one-way ANOVA followed
by Tukey’s test. Means in the same row that are statistically different are shown by different letters (P < 0.05).

IT BG

Treatment Control Drought Re-watering Control Drought Re-watering

Parameter

Tm1 (°C) 44.0 ± 2.0a 44.8 ± 2.8a 46.9 ± 1.8a 43.0 ± 2.8a 42.4 ± 2.8a 41.5 ± 2.1a

Tm2 (°C) 72.7 ± 0.3a 70.9 ± 1.4a 70.9 ± 0.9a 67.2 ± 1.2b,c 65.5 ± 0.7c 70.0 ± 2.0a,b

Tm3 (
oC) 88.7 ± 0.8a 87.9 ± 0.1a 87.3 ± 1.1a

ΔH (cal/g) 17.6 ± 7.5b 24.2 ± 2.5b 23.6 ± 2.3b 36.4 ± 1.6a 40.47 ± 0.8a 45.9 ± 2.8a
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1989). Charge recombination in the oxygen evolving com-
plex and reduced primary (QA) or secondary (QB) quinone
electron acceptors of PSII contribute to the generation of TL
bands (Q and B), and small changes in the redox properties
of the radical pairs could affect the TL characteristics
(Demeter and Govindjee, 1989). Thus, it could be expected
that the observed significant differences in D1 protein
amount in IT and BG chloroplasts will also influence TL
emissions. However, no important alterations in the main B
band were found. It was suggested that S2QA

− stabilization
by depletion of the 33-kDa protein could be due to modifica-
tions in the redox potentials of both S2 and QB

−, which com-
pensate each other and result in an almost unchanged redox
span of S2QB

− (Demeter and Govindjee, 1989). Interestingly,
the intensity of the AG band which appeared as a shoulder
near 46°C, was higher in BG than in IT controls (Fig. 8A),
while its position was almost unchanged, indicating the
enhanced capacity of cyclic electron flow in BG samples
(Ducruet, 2003). Cyclic electron flow is driven by photo-
system I (PSI) in the light, and its activation may correspond
to an increased demand in ATP, for protein synthesis or for
other tolerance mechanisms which is fulfilled by cyclic elec-
tron flow (Bukhov and Carpentier, 2004). It is reported that
cyclic flow contributes to pumping protons into the lumen,
thus producing a stronger NPQ to dissipate the excess light
energy (Cardol et al., 2003). Indeed, in our study NPQ was
considerably higher in BG leaves compare to IT, even at con-
trol conditions.

Platanus orientalis ecotypes respond
differently to drought and to drought
recovery
Drought caused significant reduction of photosynthesis in
both BG and IT populations, accompanied by stomatal clos-
ure. Generally, diffusive resistances limit CO2 entry and
photosynthesis under stress (Medrano et al., 2002; Flexas
et al., 2008, 2016). However, in BG plants the intercellular
[CO2] did not change, indicating availability of substrate for
photosynthesis (Fig. 2C). Thus, biochemical and/or photo-
chemical constraints are also responsible for photosynthesis
inhibition in this ecotype. iWUE appears to be a plastic
phenotype trait (Ackerly et al., 2000). Plants from xeric areas
have higher iWUE than those from mesic areas only under
drought conditions, and improved iWUE is the product of a

Table 2. Fluorescence intensity ratio E566/E536 determined for MC540 incorporated in control, drought-stressed and re-watered thylakoid
membranes of leaves of BG and IT ecotypes. Mean ± SD (n = 3). Data were subjected to one-way ANOVA followed by Tukey’s test and values
accompanied by different letters are statistically different (P < 0.05).

IT BG

Treatment Control Drought Re-watering Control Drought Re-watering

Parameter

E566/E536 ratio 1.28 ± 0.07b 1.61 ± 0.08a 1.39 ± 0.10a,b 1.24 ± 0.09b 1.48 ± 0.07a,b 1.28 ± 0.11b

Figure 8: Representative thermoluminescence emission curves of
control (A, 95% FTSW), drought-stressed (B, 28% FTSW) and re-
watered (C, 90%-R FTSW) freshly excised leaf discs after excitation by
two (2F) saturating xenon flashes. Prior to the measurements Platanus
orientalis leaves of IT (red line) and BG (blue line) populations were
dark-adapted for 4 hours. TL was recorded during heating of the
samples up to 70°C at a rate of 0.5°C s−1.
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gene x environment interaction contingent on the presence of
a water deficit (Kooyers, 2015). Indeed, in our experiment
significant difference in iWUE between ecotypes was
observed only under drought stress. Interestingly, drought-
induced significant increase of iWUE only in IT population,
suggesting that IT leaves possess traits allowing better adap-
tation to drought than BG leaves. For example, the stomatal
responses to [CO2] revealed active stomatal behavior only in
IT plants exposed to drought. Interestingly, BG leaves
acquired active stomatal response to CO2 after re-watering.
Similar observations were reported in other species. In par-
ticular, it was shown that water deficit (Raschke, 1975b) and
pre-chilling (Drake and Raschke, 1974) can sensitize stomata
to CO2. The importance of effective stomatal control under
both optimal growing conditions and photosynthetic con-
straints is amply reviewed (Cowan, 1978; Farquhar and
Sharkey, 1982; Cornic, 2000; Chaves et al., 2003; Hetherington
and Woodward, 2003), and suggests that plants with more
active stomatal behavior will be more successful in unfavorable
environments than species with less responsive stomatal control
(Haworth et al., 2011). Acquisition of active stomatal control
after recovering from the drought stress seems to be independent
on foliar ABA, as isoprene level remained low in re-watered BG
leaves. Perhaps ABA imported from the root via the classic xyle-
matic transport of this hormone (Zhang and Davies, 1990) is
responsible for sensitizing stomata of BG leaves to CO2 after
recovering from drought.

The photochemistry of photosynthesis was also less
affected by drought in IT than in BG leaves as indicated by
chlorophyll fluorescence parameters. The higher ΦPSII in
drought-stressed IT compared to BG ecotype was not accom-
panied by higher net photosynthetic rate, suggesting increas-
ing use of PSII electron flow for oxygenation of RuBP, i.e. to
photorespiration. Indeed, Ci was significantly lower in IT
than in BG leaves, indicating a different ratio between
Rubisco substrates (CO2 and O2) in the mesophyll, and an
increased partitioning of electron transport toward the
photosynthetic oxidation cycle driving photorespiration (Figs
1C and 2C).

Photosynthesis did not recover completely in either of the
investigated P. orientalis ecotypes. This observation confirms
sensitivity of this mesophytic plant to drought, and shows
that more intense and more frequently occurring future
drought episodes (IPCC 2014) may severely endanger P.
orientalis, impairing physiology and growth. Incomplete
recovery of An could be mainly due to significantly lower gs
in IT ecotype. However, in BG plants gs was restored to con-
trol value, while An did not recover, suggesting involvement
of biochemical limitations, as also indicated by stability of
intercellular [CO2] (Fig. 2C). Photochemical limitations
affecting the incomplete recovery of net photosynthesis are
also possible what is obvious from the fact that Fv/Fm and
ΦPSII are lower in the BG ecotype after re-watering, com-
pared to the corresponding controls (Fig. 1B and C).
Moreover, as indicated by the data on Fig. 6 the BG ecotype

responds by increased production of D1 protein which is
attributed to active repair and de novo synthesis, which also
supports the photochemical limitation due to stress-induced
damages of the light harvesting mechanisms and reaction
centers.

Isoprene emission of drought-stressed leaves decreased
significantly only in the BG ecotype, while it remained almost
unchanged in the IT ecotype. Under stress, the reduction in
isoprene emission is predominantly due to limitation in car-
bon and energy supply through photosynthesis (Brilli et al.,
2007; Tattini et al., 2014). In the present study, the inhibition
of isoprene emission of drought-stressed leaves was associated
with more pronounced alteration in the chloroplast ultrastruc-
ture in BG than in IT plastids. Our observations are consistent
with previous studies with transgenic poplar (Velikova et al.,
2015). Similar correlation between isoprene internal concen-
tration and structural organization of thylakoid membranes
was also found in two Arundinoideae species as stronger
destructive alterations of the plastid membrane system were
found in the species (Hakonechloa macra) which does not
produce isoprene than the isoprene-emitting Arundo donax
(Velikova et al., 2016).

The D1 protein expression of the IT ecotype under
drought remained similar to control conditions, confirming
the stability of thylakoid membranes and PSII complexes.
Previous studies have indicated that drought stress adversely
affects the levels of thylakoid membrane proteins (Yuan
et al., 2005; Liu et al., 2009; Chen et al., 2016). However,
drought stress promoted significant increase in the level of
D1 protein in BG ecotype, which we interpret as a compen-
sation mechanism for the reduced photochemistry observed
in these drought-stressed plants. It was suggested that the
increased accumulation of low molecular weigh antioxidants
(Havaux et al., 2005; Ramel et al., 2012; Demmig-Adams
et al., 2013) and increased activity of ROS-scavenging
enzymes (Al-Taweel et al., 2007; Kornyeyev et al., 2003)
might reduce the levels of intracellular ROS, thereby allowing
the synthesis of D1 protein (Chen et al., 2016). The functional
and structural integrity of PSII is maintained by multi-step
processes (for review see Theis and Schroda, 2016). Giardi
et al. (1996) provided strong evidences that drought increases
the extent of phosphorylation of the PSII core proteins and
D1 protein synthesis in pea plants. It is reasonable to suppose
that drought stress induces structural and functional reorgan-
ization of PSII in the BG ecotype. In particular, the signifi-
cantly higher level of D1 in BG samples during drought and
after re-watering might be due to enhanced PSII protein phos-
phorylation, and to faster turnover of D1 protein.

In our study, the drought-stressed plants of both ecotypes
where characterized by higher E566/E536 ratio (Table 2). This
indicates a more fluid lipid phase in the membranes
(Krumova et al., 2008) that is probably related to the forma-
tion of lipid peroxidation products as evidenced by hexenal
production (Fig. 4B). These changes, however, did not affect
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significantly the thermal stability of the thylakoid membranes
as they were observed in both ecotypes. Upon re-watering
the E566/E536 ratio decreased to values close to the control
ones, again corresponding to a reduced hexenal level in re-
watered plants, compared to drought-stressed plants (Fig. 4B
and Table 2). This indicates that the two ecotypes are able to
restore the physical properties of the lipid matrix upon re-
watering.

TL revealed significant differences between ecotypes upon
drought-stress occurrence. Drought stress induced a signifi-
cant shift of B band to lower temperature only in the BG eco-
type, indicating that the part of the PSII centers were
destabilized by drought in these plants (Peeva and
Maslenkova, 2004; Bürling et al., 2014). The higher stability
of IT thylakoid membranes positively correlated with
increased isoprene emission, which increased only in IT
drought-stressed samples. This supports the idea that iso-
prene helps stabilize membrane properties (Velikova et al.,
2011; Ahrar et al., 2015). However, the temperature max-
imum of B band returned to the value similar to control after
re-watering, indicating no permanent impairment of PSII in
recovering BG plants. The intensity of the AG band is also
often found to increase in dehydrated leaves (Peeva et al.,
2012; Bürling et al., 2014). However, AG intensity decreased
in drought-stressed BG ecotype, and almost disappeared
after re-watering, suggesting low capacity of the biochemical
machinery to support the cyclic and chlororespiratory path-
ways (Bürling et al., 2014). On the contrary, no changes in
AG band intensity and position were observed in IT leaves.

In summary, the results of this study confirmed that P.
orientalis plants are inherently sensitive to drought, but also
revealed that ecotypes originating from harsher (drier) envir-
onments possess physiological and structural traits that
could help them better overcome short-term drought-stress
events. Our study suggests that isoprene plays a role in plant
adaptation to drought. Aside its direct antioxidant action
(Vickers et al., 2009) we surmise that the higher isoprene
emission (hence production) in drier environments at the
edge of P. orientalis’s habitat (e.g. Sicily, Italy), may affect in
chloroplast fine structure, the physical properties of thyla-
koid membranes, and overall functionality of the photosyn-
thetic apparatus, conductive to a more efficient utilization of
absorbed light energy for photochemistry, and less damage
to photosynthesis. Although a short-term drought-stress epi-
sode did not cause any irreversible changes in the photosyn-
thetic machinery of either ecotype, the functional and
structural traits observed in the IT ecotype may be key for
supporting resistance, resilience, and adaptation to drought
stress, conditions expected to be more widespread and more
frequently recurring in the P. orientalis habitat in the future.

Ultimately, in the context of climate change, it is essential
to understand how fast variations of the environment will
modify the adaptive capacity of relict species, especially trees.
While ecotypes adapted to dry and warm environments will

better resist/be resilient better to climate extremization (as
shown here), more studies on the relationships between
adaptation strategies, genetic and epigenetic diversity, and
population structure are needed for developing in situ and ex
situ conservation strategies (Frankel et al., 1995).

Supplementary material
Supplementary material is available at Conservation
Physiology online.
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