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A B S T R A C T   

Drought is an abiotic scourge, one of the major environmental stress factors that adversely affect plant growth 
and photosynthesis machinery through a disruption of cell organelles, arrangement thylakoid membranes and 
the electron transport chain. Herein, we probed the effect of drought stress on photosynthetic performance of 
Chenopodium quinoa Willd. Beforehand, plants were subjected to water deficit (as 15% Field Capacity, FC) for one 
(D-1W) or two weeks (D-2W), and were then re-watered at 95% FC for 2 weeks. Light and electron microscopy 
analysis of leaves showed no apparent changes in mesophyll cell organization and chloroplast ultrastructure after 
one week of drought stress, while a swelling of thylakoids and starch accumulation were observed after the 
prolonged drought (D-2W). The latter induced a decrease in both PSI and PSII quantum yields which was 
accompanied by an increase in F0 (minimum fluorescence) and a decline in Fm (maximum fluorescence). Drought 
stress influenced the fluorescence transients, where the major changes at the OJIP prompt FI level were detected 
in the OJ and IP phases. Prolonged drought induced a decrease in chl a fluorescence at IP phase which was 
readjusted and established back after re-watering and even more an increase was observed after 2 weeks of 
recovery. The maximum quantum yield of primary photochemistry (φPo) was unaffected by the different drought 
stress regimes. Drought induced an increase in the ABS/RC and DI0/RC ratios which was concurrent to a stable 
φPo (maximum quantum yield of PSII primary photochemistry). A substantial decrease in PI(ABS) was detected 
especially, during severe drought stress (D-2W) suggesting a drop in the PSII efficiency and the level of electron 
transport through the plastoquinone pool (PQ pool) towards oxidized PSI RCs (P700

+ ). The immunoblot analysis of 
the main PSII proteins revealed considerable changes in the D1, D2, CP47, OEC, PsbQ and LHCII proteins under 
drought. These changes depend on the stress duration and recovery period. The main message of this investi
gation is the elevated recovery capacities of PSII and PSI photochemical activities after re-watering.   

1. Introduction 

Drought is considered as one of the most important environmental 
stresses, particularly in arid and semi-arid agro-ecosystems where plants 
are frequently exposed to repeated and harsh water deficit periods, 
affecting plant growth and development, and subsequently the agricul
tural crop yields [1–3]. Drought effects on the physiological and 
biochemical processes are nowadays well understood; the primary effect 
of water deficit is the stomatal closure which allows plants to limit 

transpiration [4]. In addition, a decrease in the relative water content 
(RWC) and leaf water potential [5] were also recorded in case of water 
shortage. Photosynthesis is one of the most sensitive processes to 
drought [6] which leads to the decrease of internal CO2 concentration by 
limiting its diffusion through the stomata and the mesophyll cells [7–9], 
the decrease of stomatal conductance and the alterations of carbon 
assimilation [1]. Drought stress induces several others changes at the 
cellular level such as loss of membrane integrity and lipid peroxidation 
generated by reactive oxygen species (ROS) production and 
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accumulation [10] as a common sign of oxidative stress caused also by 
other abiotic stresses [11–13]. In contrast, drought resistant plants have 
developed various adaptive strategies to cope with water deficit [11,14]. 
These adaptive mechanisms can be summarized in: (i) morphological 
changes such as reduced leaf area and stomatal conductance allowing 
the reduction in water loss and developing of profound root systems 
reaching deeper water sources [15]; (ii) osmotic adjustment through the 
synthesis of compatibles solutes and osmolytes such as proline, poly
amines, and glutathione [16]; (iii) increase in the scavenging capacity 
for ROS via increase in antioxidant enzymes like SOD, POD, CAT, APX, 
GR and MDHR [11,12]; (iv) induction of ABA accumulation and 
increased expression in ABA biosynthesis genes mediating plant water 
balance and osmotic stress tolerance [17,18]. 

Particularly, there are some crops mostly well-adapted to these harsh 
climatic conditions such as water deficit, which includes quinoa [19]. 
Quinoa (Chenopodium quinoa Willd.) is a facultative halophyte which 
belongs to the C3 plants, and whose genome (2n = 4x = 36) has been 
recently sequenced [20]. It is known as an important food source in the 
Andean region for thousands of years [21–23], and emerges as a good 
food candidate due to its exceptional nutritive value, the high number of 
genotypes, and diverse adaptability to various abiotic stresses (USGS, 
United States Geological Survey 2010) such as salinity [22,24–26], 
drought [21,27–29], frost [30,31], as well as an ability to grow on 
marginal soils [32,33]. Quinoa is considered as staple food in many 
countries under the global climate changes which affect the growth 
conditions of crops and influence food production and distribution, as 
well as associated consequences for human food and nutrition security 
[34,35]. Quinoa is traditionally called the mother of grains, owing the 
potential to provide a highly nutritious food source because its seeds 
contain an excellent balance of essential amino acids, fibers, lipids, 
carbohydrates, vitamins, and minerals [36–38]. Due to these properties, 
quinoa has gained global attention of the scientific community in the last 
decade when 2013 was declared as the “International Year of Quinoa” 
by Food and Agriculture Organization (FAO) to attract attention to this 
alternative crop that can cope with the increasing scarcity of fresh water 
resources and an increasing soil salinization [39]. 

Quinoa responses to drought stress have been well documented and 
their tolerance mechanisms to stress were also reported, most of which 
are common to most of higher plants as highlighted above. Nevertheless, 
some specific mechanisms are not yet completely understood for quinoa 
plant, especially, the photosynthesis which constitutes the primary 
target influenced by water deficit. In this way, different methods and 
biophysical tools (PAM analysis, chlorophyll a (Chl a) fluorescence, Fast 
Fluorescence decay, OJIP test, etc.) were previously used to demonstrate 
their applicability to research into the response of the photosynthetic 
apparatus and plant tolerance to unfavorable environmental conditions 
[40–42]. However, there is a limited amount of other substantiation 
regarding the effect of drought on halophyte photosynthetic apparatus 
and so further research is necessary on this topic. Earlier reports 
demonstrated that the stress release induced a restoration of plant 
growth as previously described in Eugenia myrtifolia [43], Solanum 
lycopersicum [44] and in two forage species, Medicago truncatula and 
Sulla carnosa [45]. Our hypothesis is that this recovery capacity could be 
tightly associated with the ability of preserving functional photochem
ical activity. The main objective of the present work is to analyze the 
effect of drought stress on photosynthetic apparatus (PA) based on 
different anatomical, biochemical and biophysical approaches. We also 
want to estimate the recovery capacity of photosynthetic performance 
after re-watering using chloroplast ultrastructure, Chl fluorescence and 
immunoblot analysis of thylakoidal proteins. Such study will provide 
valuable and reliable insights about the photosynthetic process involved 
in stress tolerance mechanism of quinoa and will generate additional 
knowledge about the resistance mechanisms in halophyte and define 
other physiological and biophysical markers for stress tolerance. 

2. Material and methods 

2.1. Plant growth conditions 

In this study we used Chenopodium quinoa (Var. Red Faro) originally 
collected from southern Chile and provided by the United States 
Department of Agriculture (USDA). Seeds were surface sterilized for 5 
min by soaking in a solution of sodium hypochlorite 20% (v/v), then 
rinsed generously (up to 5 times) with distilled water. Subsequently, 
quinoa seeds were sown in 0.6-L plastic pots (at a rate of 4 seeds per pot) 
filled with limono-sandy soil containing: (meq 100 g− 1 of dry soil) 0.25 
Na+, 0.95 K+, 0.65 Ca2+, and 0.05 Cl− ; and (g kg− 1 dry soil) 0.24 P2O5 
and 0.45 total nitrogen (N). The pH and the electrical conductivity of the 
aqueous extract (1/10) were 6.68 and 0.05 dSm− 1, respectively. The soil 
field capacity (FC) was determined according to [46] which was around 
11%. Seedlings were grown in a climate-controlled greenhouse with 
temperature of 25/18 ◦C and relative humidity of 60/70% day/night, 
respectively. Seedlings were irrigated with distilled water for the first 
week of germination and then with the full-strength nutrient [47] so
lution containing: 3.5 mM Ca(NO3)2, 3.0 mM KNO3, 1.5 mM MgSO4, 1.6 
mM KH2PO4, 0.6 mM K2HPO4, 3 μM Fe–K-EDTA, 0.05 μM H3BO3, 0.5 
μM MnSO4, 0.04 μM CuSO4, 0.05 μM ZnSO4, and 0.02 μM 
(NH4)6Mo7O24. Twenty day-old seedlings were subjected to a phase of 
acclimation (7 days) during which soil was maintained at 95% field 
capacity (FC). After one week of acclimation, plants were subjected to 
different water treatments as schematically depicted in Fig. 1. 

Ctrl: plants were irrigated with tap water at 95% FC (well-irrigated 
treatment). 

D-1W: water-deficit stressed plants irrigated with tap water at 15% 
FC, for 1 week. 

D-2W: water-deficit stressed plants irrigated with tap water at 15% 
FC, for 2 weeks. 

Rec–D1: Drought-stressed plants (D-1W) were re-watered at 95% 
FC. 

Rec–D2: Drought-stressed plants (D-2W) were re-watered at 95% 
FC. 

The period of recovery was maintained for 2 weeks for each drought 
treatment. Irrigation was performed every 2 days (regular weighing) to 
restore the soil moisture at 95 or 15% FC. During the drought period 2 g 
of slow release Osmocote (10 N:11P:18 K) was added to the soil mixture 
in order to maintain the same quantity of nutrients received by all 
treated or untreated plants. 

2.2. Leaf osmotic potential 

The leaf osmotic potential (Ψs) was probed as previously described in 
[48]. Quinoa leaves were quickly collected, cut into small segments, 
then placed in Eppendorf tubes perforated with four small holes and 
immediately frozen in liquid nitrogen. After being encased individually 
in a second intact Eppendorf tube, they were then kept for about 20 min 
at room temperature for thawing before being pressed. The collected 
tissue sap was analyzed for (ψs) estimation. Osmolarity (C) was assessed 
with a vapour pressure osmometer (Wescor 5500; Inc., UT, USA) and 
converted from mosmoles kg− 1 to MPa according to the Van’t Hoff 
equation: 

Ψs = − R T M, where R represents the universal gas constant, T stands 
for the temperature (K) and M is the osmolality. 

2.3. Plant growth and chlorophyll content 

In order to study the effect of drought stress and its recovery process 
on plant growth, different harvests were performed (Fig. 1). During each 
harvest, plant growth was determined by measuring the plant fresh 
weight (FW) and dry weight (DW) after desiccation at 70 ◦C for 3 days. 
For pigments analysis, quinoa fresh leaves (approximately 2.5 cm2) 
collected from leaf lamina were thereafter ground using pestle and 
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mortar, then extracted in a total volume of 5 ml of acetone 80% (v/v). 
The Chl extract was centrifuged at 3.000 g for 5 min. The supernatants 
were collected and Chl a, Chl b, total Chl content and Chl a/b ratio were 
calculated following the equations of [49]: 

Chla = 12.25A663 − 2.79A645  

Chlb = 21.50A645 − 5.10A663  

Chltot = 7.15A663 + 18.71A645 

The Cb = 21.50A645 − 5.10A663 Chl content was measured after each 
harvest and expressed as μg. g− 1 FW. 

2.4. Light and transmission electron microscopy 

The structure and the ultrastructure of chloroplasts were analyzed 
independently in control and all drought-treated samples, using both 
light and transmission electron microscopy as previously described in 
[50]. Briefly, leaf segments of approximately 0.5 mm in length were 
fixed with 1% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 
7.4) for 1 h at room temperature. The samples were then washed in 
phosphate-buffered saline and post-fixed in 1% (w/v) OsO4 similarly 
buffered for 2 h at 4 ◦C. The specimens were dehydrated in a graded 
ethanol series and propylene oxide, infiltrated and embedded in Epon 
812 resin [51]. 

Semi-thin sections of the samples were stained with toluidine blue 
and studied under a Zeiss Axiophot light microscope connected to a 
digital camera (Axiocam, Zeiss) with image analysis software. Addi
tionally, ultrathin sections were cut from the same samples and were 
collected on 150-mesh copper grids, and double stained with 2% (w/v) 
uranyl acetate for 40 min and with 3% (w/v) lead citrate for 3 min [52] 
and then photographed using a Transmission Electron Microscope 
(TEM, Philips EM 201) at 75 kV. 

2.5. Measurement of fast fluorescence induction kinetics (OJIP-curves) 
and PAM saturating pulse method analysis 

The Chl a fluorescence induction (FI) kinetics was measured at room 
temperature using a Plant Efficiency Analyzer (Handy PEA, Hansatech 
Ltd., Northfolk, England) as previously described in [50]. Notably, 
leaves were dark adapted for 30 min before the determination of the 
minimum fluorescence (F0) when all PSII RCs are open and maximum 
fluorescence (Fm) when all PSII RCs are closed. Light intensity reaching 
the leaf was 3000 μmol m− 2 s− 1 which was sufficient to generate 
maximum fluorescence for control and all drought treatments. Chl a 
fluorescence transient was measured as previously reported in [53,54]. 
The OJIP-curves were normalized at both F0 and Fm and a series of 
parameters (VOP, VOK and VOJ) were calculated according to [53–55]. 
The differences among relative variable fluorescence curves (ΔVOK and 
ΔVOJ) between untreated (Ctrl) and drought-treated plants were defined 
as the so called L- and K-bands, respectively. 

The so-called JIP-test was also performed using Biolyzer v.3.0.6 

software (Chl fluorescence analyzing program by Laboratory of 

Drought stress 
application

7 14
Drought-1Week

Drought-2Weeks

21 28
(Days)

Sowing Harvest Harvest Harvest Harvest

0
Recovery-2Weeks

Recovery-2Weeks

Fig. 1. Schematic diagram showing the experimental procedure for cultivating quinoa in presence and absence of drought stress. Drought stress was applied for 
either one week (D-1W) or 2 weeks (D-2W), each drought treatment was followed by a recovery period of two weeks. Four harvests were performed after 7, 14, 21 
and 28 days after the beginning of stress application. 

Table 1 
Definitions and explanations of selected JIP-test parameters derived from the 
chlorophyll a fluorescence induction curve.  

Fluorescence parameters Description 

F0 ≡ F20μs Minimal fluorescence when all the reaction centers 
are open 

FK ≡ F300μs Fluorescence intensity at 300 μs 
FJ ≡ F2ms Fluorescence intensity at the J-step (2 ms) of OJIP 
FI ≡ F30ms Fluorescence intensity at the I-step (30 ms) of OJIP 
Fm(≡ FP) Maximal recorded fluorescence intensity, at the 

peak P of OJIP when all PSII reaction centers are 
closed 

Fv = (Fm–F0) Variable chlorophyll fluorescence 
tFm Time to reach the maximal fluorescence intensity 

Fm 

Vt = (Ft − F0)/(Fm − F0) Relative variable fluorescence at time t 
VI = (FI – F0)/(Fm – F0) Relative variable fluorescence at the I-step 
VJ = (FJ – F0)/(Fm – F0) Relative variable fluorescence at the J-step 
MO = (∆V/∆t)O = 4(F300μs – 

F0)/(Fm – F0) 
Approximated initial slope (in ms− 1) of induction 
curve Vt (for F0 = F20μs) 

Area Integrated area between the induction curve and 
the line F––Fm relates to the pool size of PSII 
electron transport acceptors 

SM = Area/FV Normalized area (reflecting multiple turnover QA 

reduction events and representing the number of 
electrons that have to flow through the electron 
transport chain in order to reach Fm 

N = SM MO (1/VJ) Number of QA redox turn over until Fm is reached 
ABS/RC = MO (1/VJ) (1/φPo) Absorption flux (for PSII antenna chlorophylls) per 

reaction center (RC) 
TRO/RC = MO (1/VJ) Trapped energy flux (leading to QA reduction) per 

reaction center RC 
ETO/RC = MO (1/VJ) ψo Electron transport flux (further than QA

− ) per PSII 
RC(at t = 0) 

DIO/RC = (ABS/RC) - (TRO/ 
RC) 

Dissipated energy flux per reaction center RC (at t 
= 0) 

φPo = TRO/ABS = FV/fm = [1 - 
(F0/fm)] 

Maximum quantum yield of primary 
photochemistry (at t = 0) 

ψo = ETO/TRO = (1 - VJ) Probability that a traped exciton moves an electron 
further than QA

−

φEo = ETO/ABS = [1 - (F0/fm)] 
ψo 

Probability that an absorbed photon moves an 
electron further than QA

−

ABS/CSm = Fm (at t = tFm) Absorption flux per excited cross section, 
approximated by Fm 

TRO/CSm = φPo (ABS/CSm) 
(at t = tFm) 

Trapped energy flux per excited cross section, 
approximated by Fm 

DIO/CSm = (ABS/CSm) - 
(TRO/CSm) (at t = tFm) 

Dissipated energy flux per excited cross section, 
approximated by Fm 

ETO/CSm = φEo (ABS/CSm) 
(at t = tFm) 

Electron transport flux per excited cross section, 
approximated by Fm 

RC/CSm = ψo (VJ/MO)(ABS/ 
CSm) 

Density of reaction centers per excited cross- 
section (at t = tFm) 

RC/ABS = [(F2ms - F0)/4 
(F300μs - F0)](FV/fm) 

Density of reaction centers per chlorophyll 

PI(ABS) = (RC/ABS) (φPo/(1- 
φPo))-(ψo/(1-ψo)) 

Performance index on absorption basis 

PI(CSm) = (RC/CSm) (φPo/(1- 
φPo))-(ψo/(1-ψo)) 

Performance index on cross section basis  
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Bioenergetics, University of Geneva, Switzerland) [56]. Detailed in
sights and explanation about JIP-test parameters are available in 
Table 1. Data were also visualized by generating spider plots of bio
energetic fluxes. 

The quantum yields and energy conversion in both photosystems 
(PSI and PSII) were evaluated simultaneously using saturating pulse 
analysis method of Dual-PAM 100 system (Heinz Walz GmbH, Germany) 
with Chl fluorescence absorption analyzer equipped with a P700 dual 
wavelength emitter-detector at 830 and 875 nm [57,58]. Plants were 
dark-adapted for 30 min before each measurement. A saturating pulse of 
white actinic light, AL (SP, width = 300 ms and intensity 10,000 μmol 
photons m− 2 s− 1) was applied to determine the maximum fluorescence 
in the dark-adapted state (Fm) and the absorbance parameters. A rapid 
light curve was triggered with increasing PAR (photosynthetically active 
radiation) levels from 20 to 1966 μmol photons m− 2 s− 1 with 1 min 
exposure for each light step (level). The Chl fluorescence quenching 
parameters were calculated as described in [59]. All cited parameters in 
this section were measured independently at each harvest point or time 
(Fig. 1). 

2.6. Thylakoid proteins extraction and immunoblot analysis 

Thylakoid isolation, sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and immunoblot gel membrane were 
performed as previously described in [60]. Leaves were ground to a fine 
powder and homogenized in an ice-cold solution buffer containing 50 
mM Hepes (pH 7.2), 5 mM MgCl2, 10 mM NaCl, 500 mM sucrose and 
0.1% bovine serum albumine (BSA) [61]. The homogenate was filtered 
through four layers of cheese cloth and the filtrate was centrifuged at 
5000 g for 10 min at 4 ◦C. The pellets were washed twice with the same 
isolation buffer without sucrose and finally suspended in 50 mM 
Hepes–NaOH pH 7.2, 5 mM MgCl2, 10 mM NaCl containing 0.1 M su
crose. The Chl content was determined by measuring the optical density 
(OD) of the samples using spectrophotometer as described in [62]. 

SDS-PAGE and immunoblotting were performed as previously 
described in [61]. Thylakoid samples were subjected to SDS-PAGE 
where each gel lane was loaded with 4μg of protein extract; the sepa
rated proteins were transferred onto nitrocellulose membranes. Subse
quently, the latter was then blocked for 1 h in 10% skimmed milk and 
probed with the specific primary antibodies. Immunodetection was 
performed by incubation with alkaline phosphatase conjugate method 
using goat-antirabbit secondary antibody and 5-bromo-4-chloro-3- 
indolyl phosphate/nitro blue tetrazolium (NBT) as chromogenic sub
strates. Proteins were probed using antibodies raised against the 
following proteins: D1(1:400), D2 (1:400), CP47 (1:800), LHCII 
(1:5000), PsbQ (1:400) and PsbO (1:800) according to [61]. The amount 
of each of these proteins was determined by quantifying the intensities 
of immuno-reactions using ImageJ software. 

2.7. Data analysis 

Results are presented as means more or less (±) standard error of six 
replicates for plant growth, leaf water potential and pigment analysis, 
but uniquely three replicates for the fluorescence measurements were 
performed on three different leaves, during each experiment, which was 
repeated twice (18 replicates in total). Statistical differences between 
measurements in different treatments were analyzed using one-way 
ANOVA and Duncan’s multiple range tests where P < 0.05 was 
considered statistically significant. Statistical analyses were performed 
using a professional software OriginPro (version 9.0 SR2; Northampton 
MA01060 USA). 

3. Results 

3.1. Plant growth capacity and Chl content 

The phenotype and morphological aspect of quinoa plants cultivated 
under different water deficit regimes were displayed in Fig. 2. Compared 
to control, plant submitted to drought stress for 1 week (D-1W) showed 
no apparent change in plant phenotype or canopy morphology. How
ever, a considerable reduction in the plant growth was observed 
following 2 weeks exposure to drought (D-2W) without appearance of 
any stress-induced damages including leaf rolling, chlorosis, and ne
crosis. After 2 weeks of rehydration, a nearly complete plant growth 
restoration was observed only for plants that have been drought-stressed 
for 1 week (Rec–D1). Plant growth was also evaluated by the per
centage (%) of DW reduction relative to the Ctrl (Figs. 2 and 3A). Our 
results show a significant decrease in the entire plant DW about 16% and 
52% after exposure of quinoa plants to D-1W and D-2W, respectively. 
The decrease in DW was attenuated after re-watering (Figs. 2 and 3A). 
This alleviation in DW was about 4% and 39% for Rec-D1 and Rec–D2, 
respectively (Figs. 2 and 3A). 

Drought treatment induced also substantial changes in the Chl con
tent irrespective of water regime (Table 2). Accordingly, drought stress 
for one week (D-1W) had no significant effect on either Chl a, Chl b or 
total Chl content, while a significant decrease ranging from 31 to 32%, 
relative to (Ctrl), was observed for all Chl pigments measured after 2 
weeks of water deficit (D-2W). After a recovery period of 2 weeks 
(Rec–D2), the decrease in Chl content was relieved (Table 2). Hence, 
this decline in Chl content was merely about 19.5%, 24.3% and 20%, 
relative to the Ctrl, for Chl a, Chl b and total Chl content, respectively 
(Table 2). Regarding the Chl a/b ratio, a decrease by about 13% was 
recorded uniquely for (D-1W) and (Rec–D1) treatments if compared to 
control without stress (Table 2). 

3.2. Leaf osmotic potential 

Leaf osmotic potential significantly decreased in quinoa plant sub
jected to water-deficit stress with a drastic effect obviously observed in 
drought-stressed plant for 2 weeks (D-2W) (Fig. 3B). This decrease was 
about 25% and 45% for drought-stressed plants for 1 week (D-1W) and 
2 weeks (D-2W), respectively (Fig. 3B). After 2 weeks of rehydration of 
drought-stressed-plant, a restoration in this physiological parameter 
(osmotic potential) to a similar level recorded for control plants was 
observed for both drought recovery regimes (Rec-D1 and Rec–D2; 
Fig. 3B). 

3.3. Changes in the chloroplast ultrastructure 

Changes in the chloroplast structure were investigated using a light 
microscope and TEM (Fig. 4A, B). It is worthy to note that only drought 
stress treatment of 2 weeks (D-2W) affects substantially the shape of leaf 
mesophyll cells (MC). The latter takes an irregular shape and the 
epidermal cells were thinner if compared to the control without stress 
(Fig. 4A). Following both recovery regimes (Rec-D1 and Rec–D2), leaf 
mesophyll shape was similar to that observed for well-irrigated plants 
(Ctrl). The TEM observation of control leaves showed a typical and well 
differentiated chloroplast containing well compartmentalized grana 
stacks and well-developed stroma lamellae paralleled the chloroplasts 
long axes (Fig. 4B). We noticed the appearance of few plastoglobuli (PL) 
in the stroma lamellae (SL) in the control samples chloroplasts. The 
ultrastructure of chloroplasts was affected by water deficit and some 
starch grains (SG) appeared after one week of drought (D-1W). More
over, after 2 weeks of water deficit (D-2W) grana lamellae (GL) loosened 
with severely swollen thylakoids and we noted the presence of enlarged 
SG. However, after 2 weeks of re-watering no apparent change on 
chloroplast structure was observed in both drought recovery regimes 
(Rec-D1 and Rec–D2) if compared to control samples usually (Fig. 4B). 
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3.4. Chl a fluorescence induction (OJIP-curves) measurements 

Recording the Chl a fluorescence induction (FI) on dark-adapted leaf 
for either control or drought-treated quinoa plant, showed some modi
fications in the obtained typical OJIP-curves (Fig. 5A). Drought treat
ment for one week (D-1W) induced an increase in the F0 value if 
compared to the control. This increase was more pronounced after 2 
weeks of water deficit (D-2W). Furthermore, a decrease in Fm was 
noticed following drought stress application, especially for plants 
endured the stress for 2 weeks (D-2W). After the recovery period, no 
significant difference in Fm values was recorded between Ctrl and 
Rec–D1, while a small increase was detected with Rec-D2 treatment. It 
should be noted that water deficiency for 2 weeks (D-2W) entrained a 
considerable increase in the amplitude of Fv (variable fluorescence) at 
OJ and JI phases and a decrease in that of the IP phase as compared to 
Ctrl (Fig. 5A). 

A normalization of the transient Chl a fluorescence (Ft/F0) was 
performed at F0 and showed a typical O, J, I and P steps (Fig. 5B). All 
applied water regimes showed a decrease in Fv of JI and IP phase as 
compared to the Ctrl, with a dramatic effect detected under (D-2W) 
treatment, where we observed a clear reduction of variable fluorescence 
at IP phase (Fig. 5B). Thus, the decrease in IP phase recorded after water 

deficit (D-2W) was attenuated after the recovery period of 2 weeks 
(Rec–D2). In fact, after this recovery period, fluorescence rising based 
on Rec-D2 treatments, approximately reached the higher level than 
drought stressed plant (D-2W) but do not reached control level condi
tions (well-irrigated plants). 

Drought treatment for one (D-1W) or two weeks (D-2W) induced an 
increase in the variable fluorescence VOJ and VOK as compared to the 
control (Fig. 5C and D). However, this increase was compensated after 
the recovery period where the (Rec–D1) and (Rec–D2) treatments 
approximately reached the control values especially for the variable 
fluorescence VOK (Fig. 5C). 

3.5. JIP-test parameters 

Several biophysical parameters were derived from the transient fast 
Chl a FI (OJIP-curves) using Biolyzer v.3.0.6 software, which were 
(parameters) plotted in a spider chart (Fig. 6). SM (the area above the 
OJIP-curve, represents the number of electrons that have to flow 
through the electron transport chain in order to reach Fm, [63]) remains 
constant during all drought treatments. 

Considerable changes were observed in the energy and specific flux 
parameters regarding the water regimes compared to the control 

Control-1 D-1W D-2WControl-2

Drought 1 week Drought 2 week

Rec-D1 Control-2

Recovery period (2 weeks)

Control-1 Rec-D2

Fig. 2. Morphological aspects of quinoa plants cultivated under drought stress for one week (D-1W) or two weeks (D-2W). Each drought treatment was followed by a 
recovery period for two weeks (Rec-D1 and Rec–D2). Plant culture was conducted using a hydroponic system. 
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(Fig. 6). Hence, drought stress induced an increase in ABS/RC and TR0/ 
RC. This increase was more obvious in DI0/RC parameter after the D-2W 
treatment. However, these parameters were found to be lower under 
water recovery regimes (Rec-D1 and Rec–D2) than under drought 
treatment. In contrast, ET0/RC decreased only after 2 weeks of drought 
(D-2W) relative to Ctrl, while it remains stable for the other treatments. 

No significant change was noticed concerning the flux ratios 
parameter φPo, (maximum photochemical quantum yield) at all treat
ments, while a decrease in ψo and φEo was detected in drought stressed 
leaves particularly after 2 weeks (D-2W). After the recovery period, 
(Rec–D1) and (Rec–D2) treatments exhibited values of ψo and φEo 
similar to those observed for the control without drought (spider chart of 
Fig. 6). 

The performance index PI(ABS) showed a considerable decrease under 
water deficit regardless the drought stress duration (Fig. 6). PIABS was 
significantly reduced by about 26% after just 1 week of drought stress 

(D-1W), if compared to the Ctrl. This decrease becomes more obvious 
and drastic after 2 weeks (D-2W) and reached about 70%. After the 
recovery period, the reduction in PI(ABS) was about 40% and 22% under 
(Rec–D1) and (Rec–D2), respectively. 

3.6. Energy conversion and electron transport rate through both 
photosystems (PSII and PSI) 

Efficiency of energy conversion and electron transport rate through 
PSI and PSII in quinoa leaf were evaluated simultaneously using a Dual- 
PAM-100 system (Figs. 7–8). Both photosystems were influenced by 
water regimes but to various extents depending on the stress duration. In 
fact, a significant decrease in both quantum yields of PSI and PSII Y(I) 
and Y(II) was observed in drought-treated plants if compared to the 
control, particularly after 2 weeks of stress, D-2W (Fig. 7A, D). 
Conversely, with the recovery regimes (Rec-D1 and Rec–D2) the 
decrease in Y(I) was alleviated and no significant change was detected 
concerning Y(II) if compared to the other treatments. 

Under drought stress conditions (D-1W and D-2W), the decrease in 
quantum yields Y(I) and Y(II) was accompanied, consecutively, by: (i) an 
increase of Y(ND) (quantum yield of non-photochemical energy dissi
pation in reaction centers due to PSI donor side limitation) (Fig. 7B) and 
(ii) an increase of Y(NPQ) (quantum yield of light-induced non-photo
chemical fluorescence quenching) (Fig. 7E). This effect (increase of Y 
(ND) and Y(NPQ)) was more pronounced after 2 weeks of water deficit 
(D-2W); and was attenuated after the recovery period. In addition, a 
slight decrease in the Y(NA) (quantum yield of non-photochemical en
ergy dissipation of RCs due to PSI acceptor side limitation) was observed 
in drought-stressed plants for both 1 (D-1W) and 2 weeks (D-2W) as 
compared to Ctrl (Fig. 7C). A restoration of this parameter (Y(NA)) to a 
level similar to that of control plants was observed for both recovery 
periods (Rec-D1 and Rec–D2). At variance, Y(NO) (quantum yield of 
non-light-induced non-photochemical fluorescence quenching) 
remained unchanged among treatments except a small decrease under 
drought stress for 2 weeks, D-2W (Fig. 7F). 

The electron transport rate through PSI (ETRI) decreased consider
ably under drought stress as compared to the control, with a drastic 
effect observed after 2 weeks of water deficit (Fig. 8A). After the re
covery treatment, the decrease in ETRI was attenuated during both re
covery periods (Rec-D1 and Rec–D2) but control levels remain usually 
not reached. No significant difference in the electron transport rate 
through PSII (ETRII) was observed after 1 week of drought (D-1W) or 
after the corresponding recovery period (Rec–D1) compared to Ctrl 
(Fig. 8B). In contrast, after 2 weeks of drought (D-2W) a decrease in 
ETRII was detected and it reached the control values after the termi
nation of the recovery period (Rec–D2). 

3.7. Amount of PSII proteins 

The abundances of the main PSII proteins such as PsbA (D1), PsbB 
(CP47), PsbD (D2), PsbQ (P16), PsbO (OEC33) and LHCII, were semi- 
quantitatively evaluated by immunoblot (Fig. 9). Interesting changes 
affected PSII proteins in drought-treated plants, with very important 
differential responses depending on the stress duration and the recovery 
period. Indeed, the amount of protein D1 decreased significantly under 
water deficit for 1 week (D-1W) if compared to the Ctrl. Thus, this 
decrease was more accentuated and sharp after 2 weeks (D-2W). 
Moreover, the amount of D2, CP47, OEC and PsbQ proteins decreased 
significantly in drought-stressed plants with the same manner after 1 or 
2 weeks of stress. After the recovery period, the damage to D1 protein 
detected in drought-treated plants was restored and reached the control 
levels. This explains the phenomenon of PSII proteins repair during the 
recovery process. Furthermore, the decrease in D2 protein amount was 
attenuated following the recovery regimes (Rec-D1 and Rec–D2) but its 
abundance remains still lower than in the control. 

It is worthy that the decrease in the amount of CP47, OEC and PsbQ 
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Fig. 3. Dry weight (DW) reduction (%) under drought stress compared to Ctrl 
(A) a leaf osmotic potential (B) of quinoa plants subjected to drought treatment 
for one (D-1W) or 2 weeks (D-2W) and after a recovery period for two weeks 
(Rec-D1 and Rec–D2) for each drought treatment. Data are means of 6 repli
cates ±SE. Mean values with similar letters are not different at P-value <0.05 
according to Duncan’s multiple range test at 95%. 

Table 2 
Chlorophyll content in Chenopodium quinoa leaf submitted to different treat
ments (Ctrl, D-1W, D-2W, Rec-D1 and Rec–D2). Data are means of 6 replicates 
± SE. Means with similar letters are not different at P < 0.05 according to 
Duncan’s multiple range test at 95%.   

Chl a Chl b Tot Chl Chl a/b ratio 

Ctrl 0.858 ± 0.05a 0.341 ± 0.02a 1.19 ± 0.06a 2.51 ± 0.09a 

D-1W 0.759 ± 0.06ab 0.353 ± 0.01a 1.11 ± 0.04a 2.15 ± 0.10b 

D-2W 0.585 ± 0.04c 0.231 ± 0.03b 0.82 ± 0.04c 2.53 ± 0.05a 

Rec-D1 0.694 ± 0.05b 0.317 ± 0.04a 1.01 ± 0.03ab 2.18 ± 0.16b 

Rec-D2 0.691 ± 0.04b 0.258 ± 0.02b 0.95 ± 0.03b 2.67 ± 0.17a  
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protein complexes under drought stress (D-1W and D-2W) was 
compensated during the recovery period and even their proteins levels 
became higher under Rec-D1 and Rec-D2 treatments compared to the 
control before drought. This differential response of different PSII pro
tein complexes to drought could be explained by the damage to some 
PSII proteins during drought and the ability of the PSII in quinoa to 
repair the damaged proteins during the recovery process and regain the 
full PSII activity and even better than before stress period for some 
proteins but not for other. The abundance of LHCII protein decreased 
significantly at all treatments in the same trend, except drought stress for 
1 one week (D-1W) which showed no change if compared to control 
(Fig. 9). 

4. Discussion 

This report reveals the performance of quinoa (Chenopodium quinoa 
Willd.) plants under drought stress. Notably, our results show a decrease 
in the plant growth and development under drought stress and the 
depressive effect of water deficit was more pronounced during the 
prolonged stress period (2 weeks). Similar results were observed in the 
xero-halophytic shrub Atriplex halimus, showing that the decrease in the 
growth rate was accompanied by a restriction in the leaf expansion, in 
response to a prolonged water deficit [64]. A decrease in the dry matter 
was also detected in the halophyte Sesuvium portulacastrum subjected to 
a water deficit of 25% FC [15] or following application of polyethylene 
glycol (PEG) or mannitol treatment [13]. In addition, water deficit 
induced a substantial decrease in the leaf expansion which was 

Control

D-1W D-2W

Rec-D1 Rec-D2

A

D-1W D-2W

Rec-D1 Rec-D2

SG

SG

SGSGSL

GL

PL GL
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Control

SL

GLPL
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B

Fig. 4. Micrographs of leaf mesophyll cells obtained by light microscopy (A) and the ultrastructure of chloroplasts (B) obtained using transmission electron mi
croscopy (TEM) for quinoa plants grown under either control or drought-treated for one (D-1W) or 2 weeks (D-2W) and following a recovery period of two weeks 
(Rec-D1 and Rec–D2) for each drought stress treatment.Ch: chloroplast, V: vacuole, GL: grana lamellae, SL: stroma lamellae, PL: plastoglobule, SG: starch grain. 
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concomitant to a considerable decline in the net photosynthesis assim
ilation (A) for two forage species Sulla carnosa and Medicago truncatula 
[45]. Overall, these clues suggested that the osmotic stress decreased the 
whole plant growth mainly through a restriction in the leaf expansion 
and plant photosynthesis. According to this investigation, water deficit 
led to a significant decrease in the leaf water potential during either 
short- or long-term drought stress. Upon recovery, this parameter was 
restored back to a level similar to that of control plants (Fig. 3B). This 
corroborates the ability of quinoa to cope with water stress and high
lights its high capacity to maintain an appropriate tissue hydration and 
root development as previously demonstrated for two halophyte prov
enances of Cakile maritima exposed to a limiting water supply 
(mimicking 25% of FC) [65]. 

Several earlier reports have clearly emphasized that drought stress 
may directly affect photosynthesis through disrupting the cell organ
elles, by damaging the photosynthetic pigments, thylakoid membranes, 
chloroplasts ultra-structure and the photosynthetic electron transport 
chain, PETC [5,7,66,67]. Given that the chloroplasts constitute the 
primary target and that chloroplasts are most susceptible to various 
abiotic stresses [68,69], the prolonged drought stress period (D-2W) 
induced significant changes to the chloroplast organization, such as 
damage to envelope, loosing of grana lamellae, severe swollen of thy
lakoids and presence of enlarged starch grains (SG, Fig. 4). Similar 
features have been reported under long-term drought period in maize 
[66], wheat [67] and Leymus chinensis [70]. However, an earlier study 
demonstrated that under severe drought the resistant cultivar of sug
arcane (F172) maintained the integrity of its chloroplast structure [71]. 

Earlier observations revealed that the increased tolerance to drought 
and the recovery capacity could be tightly associated with the ability of 
preserving functional photochemical activity [72]. Our findings are in 
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agreement with previous results conducted on two different species 
including C3 malacophyllous Achillea ochroleuca and CAM succulent 
Sedum sexangulare, where the obtained results showed broken thylakoid 
membrane systems, swollen grana, and SG accumulation; however, all 
these symptoms disappeared after re-watering [73]. In the current 
study, the observed accumulation of starch under long-term water 
deficit might be related to the loss of the photosynthetic activity, as 
previously emphasized [74]. This is also confirmed, especially by the 
loss of PSII core proteins (Fig. 9). 

The biophysical approaches based on various techniques of Chl 
fluorescence (OJIP test and PAM analysis) were previously recognized as 
sensitive and powerful methods for the detection and assessment of 
plant response to stressful environmental conditions [25,50,75–78]. In 
fact, measurements of Chl a fluorescence kinetics deliver exhaustive 
information on the functional state of the photosynthetic apparatus, in 
particular PSII [40–42]. Thus, drought may directly or indirectly affect 
the kinetics and/or the shape of Chl a FI. Herein, we clearly showed that 

drought induced some changes to the PSII primary photochemistry 
regarding the stress duration. Indeed, a prolonged water deficit induced 
an increase in F0 (Fig. 5A) which implies that the primary PSII acceptor, 
QA, was not fully oxidized and this could be attributed to the chloror
espiration effect [79]. Hence, the F0 increase might be associated with 
the accumulation of QA

− in darkness as a redox poise with a partially 
reduced PQ pool, which could subsequently slow down the reduction of 
QA, the primary PSII quinone acceptor. 

In this context, earlier study conducted on the perennial tree crop 
Mulberry (Morus spp.) grown under water deficit, demonstrated an 
elevation in F0 which could be attributed to a partially reduced PQ pool 
[80]. Besides, the gradual decrease in Fm during the stepwise drought 
reflects that the prolonged drought could be responsible for the thermal 
phase which induced a decrease in Chl a fluorescence at the IP phase and 
a reduction in the PSII electron transport [81]. It was earlier reported 
that following photodamage to OEC, the potential for damage to the PSII 
RCs would increase due to a restriction in the electron donation from the 
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OEC to the oxidized PSII RCs [82]. To cope with excessive light, stressed- 
plants have developed an adaptive mechanism to dissipate safely the 
excess of absorbed energy as heat [82]. Thus, our experiments agree 
with this strategy as reflected by the increase in DI0/RC [50,83]. 

Drought stressed-plants were able to avoid PSII core complex dam
age where the decrease in the amount of D1, D2 and CP47 proteins was 
readjusted and recovered after rehydration (Fig. 9). In agreement with 
our results, a long-term drought-induced reduction in water content has 
led to a considerable depletion in the PSII of Pisum sativum [84]. The 

remaining PSII complex appeared to be functionally reorganized with a 
unit size (LHCP/PSII core) two fold greater than that of well-irrigated 
plants and enhanced degradation of CP43 and Dl proteins. This 
remaining functional “surviving” PSII core was also demonstrated in our 
current investigation showing that the prolonged drought impaired the 
active PSII RCs but the inactivation process was not due to a physical 
destruction of the PSII core [85]. In addition, a relative stability in ETRII 
under drought could be accompanied by a decrease in the PSII proteins 
expression (such as D2 and CP47) which signifies that the electron 
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transport chain remains still intact and normally functional. Such ob
servations suggested a kind of acclimation process for this halophyte 
thanks to the stability of chloroplast integrity under stress conditions 
[25]. 

To gain more insight about the impact of drought stress on PSII, we 
performed as well the JIP-test analysis using radar plot for the derived 
parameters from OJIP-curves (Fig. 6). Notably, it has been confirmed 
that drought stress causes some variations in energy absorption, energy 
and/or electron trapping, electron transport, and energy dissipation per 
cross section, which results in a reduction in the PSII efficiency [86,87]. 
Accordingly, some other studies have demonstrated that the increase in 
the ABS/RC under drought stress could be attributed to the decrease in 
the active RCs, i.e., which is probably associated to the double reduction 
of QA [80,88]. Consistently, our results show an increase in the ABS/RC 
and DI0/RC ratios under drought stress, which was concurrent with a 
stable φPo (reflects the PSII primary photochemistry). The increase in 
ABS/RC might prevent the decrease in the electron transport rate (ETR), 
particularly under drought and ultimately favor the excess energy 
dissipation in order to reduce photodamage to the thylakoid system. 

Our results of energy conversion and quantum yields showed a 
decrease in Y(I) and Y(II) and an increase in Y(ND) and Y(NPQ) under 
prolonged drought stress (Fig. 7), such observation tend towards to an 
appropriate photosynthetic control. This mechanism takes place during 
the occurrence of stomata closure, resulting thereby in the accumulation 
of reductant power (NADPH) and in a reduced ATP consumption, 
leading eventually to less organic matter and low plant yield. Under this 
so called “photosynthetic control” process, less electron flow through 
PSI would happen, contributing to a huge thylakoid lumen acidification, 
which triggers the photoprotective quenching mechanisms to dissipate 
safely the excess energy [89]. 

The photosynthesis efficiency in quinoa could be evaluated by 
determining the performance index PI(ABS) which constitutes a very 
sensitive parameter to most of the abiotic stresses [53,60,90,91]. This 
integrative parameter estimates three main functional steps in PSII, i.e., 
the density of fully active RCs per absorption, the trapping of excitation 
energy and its conversion into the electron transport steps [92]. Thus, 
our results show a significant decrease in the PI(ABS), especially after 
long-term drought stress (D-2W) which suggests potentially a decrease 
in the PSII turnover and the level of electron transport through the PQ 
pool towards the oxidized P700 (P700+). Hence, similar results were 
previously reported and demonstrated a positive correlation between 
the CO2 assimilation rate and the PI(ABS) values under drought [93]. 

5. Conclusion 

The photosynthetic performance of quinoa submitted to gradual 
drought stress and recovery process was evaluated in the present study 
based on various Chl fluorescence techniques, chloroplast ultrastructure 
and immuno-blot analysis for the main PSII proteins. Our findings 
prompted us to deduce: 1) The structural integrity loss and the chloro
plast arrangement disturbance could recover rapidly upon re-watering 
for both drought periods. 2) A prolonged drought could be responsible 
for the damping (or fall) of OEC capacity due to impairment of electron 
transport at the PSII donor side. 3) The electron transport chain remains 
active under different drought regimes. 4) The quinoa PSII supports well 
severe stressful conditions, including drought, and possesses a great 
potential and/or capacity to repair the damaged PSII protein complexes 
following stress. The flexibility of quinoa photosynthetic apparatus to 
drought seems strengthened thanks to the capacity of its efficient and 
robust physiological, biochemical and anatomical mechanisms to deal 
with the prevailing severe environmental conditions in its new climate 
of North Africa if compared to that of South America (original climate). 
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M. Rapacz, M. Wójcik-Jagła, B. Pawluśkiewicz, W. Bąba, M. Brestic, Exploration of 
chlorophyll a fluorescence and plant gas exchange parameters as indicators of 
drought tolerance in perennial ryegrass, Sensors 19 (2019) 2736. 
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