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Responses of photosynthetic apparatus in sunflower cultivars to combined
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Abstract

Response of photosynthetic apparatus in some sunflower cultivars, i.e., S.28111, Hysun-33, Hysun-39, and SF0049, to
salt, drought, and combined stresses were studied. The combined stress caused severe damage to photosynthetic apparatus
as compared to single stress. The maximum quantum yield of PSII, phenomenological fluxes, plastoquinone pool size,
performance indexes, and driving force of absorption were greatly affected by the combined stress. Among the cultivars,
the combined stress produced synergistic effect (greater damage) in Hysun-33 and cross-tolerance (lesser damage) in
S.28111. Similarly, concerning the ion imbalance, S.28111 and SF0049 showed lower Na" and Cl" concentrations with
lesser electrolyte leakage as compared to Hysun-33 and Hysun-39 under salt and combined stress. Results revealed
that the disturbance in photosynthetic performance could be easily determined using JIP test by measuring chlorophyll
a fluorescence. This information can be useful for the screening of oil-seed crop plants having better photosynthetic
performance under salinized and desertified conditions.

Additional key words: electron transport rate; malondialdehyde; nonphotochemical quenching; OJIP transient.

Introduction improve their water-use efficiency, and produce higher
yields under abiotic stress.

Sunflower (Helianthus annuus L.) is one of the largest Abiotic stresses are the major growth restricting factors

and most important oil-seed crops for its edible oil, food
for animals, and appetizers in human diet. It has higher
unsaturated fatty acid contents and lesser amount of
cholesterol. Almost 33-million-ton oil seed production is
contributed by sunflower which is 8.5% of the total world
production (Saensee et al. 2012). This crop is considered
as moderately salt-tolerant and thus its production is still
expanding. However, the growth and seed production
are not high enough due to adverse agronomic and
environmental conditions. The possible solution for
higher abiotic stress tolerance is the selection of suitable
sunflower cultivars that can survive in high soil toxicity,

for the crop production in the world (Wang et al. 2003).
More than 30% productive land has faced yield reduction
due to drought conditions. Furthermore, the area affected
by salinity and drought is still expanding in the world.
Drought stress alters the plant's growth rate by disturbing
its physiological processes and biochemical activities
(Igbal et al. 2008, Umar and Siddiqui 2018). Drought or
salt stress tolerance varies among the cultivars of the same
species. The most effective approach to overcome salt and
drought stress is the development of tolerant crop cultivars.
Hence, it is dire need to identify the genetic resources with
a greater tolerance and to understand the physiological
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Abbreviations: ABS/RC — apparent antenna size of active PSII RC; Area — area over the fluorescence curve between Fy and F,; DFags —
driving force on absorption basis; DIo/RC — effective dissipation of energy in active RC; ET(/RC — electron transport per active reaction
center; Fo — minimum fluorescence; F/F, — efficiency of water-splitting complex; F¢/F,, — quantum yield baseline; F,, — maximum
fluorescence; F,./F, — electron transport rate through PSII; F,/F, — size and number of active reaction centers of photosynthetic apparatus;
F./F,, — maximum quantum yield of PSII; J — linear electron transport rate; MDA — malondialdehyde; NPQ — nonphotochemical
quenching; Plsgs — performance index on absorption basis; Plcs — performance index on cross-section basis; Pl — total performance
index; qn — nonphotochemical quenching coefficient; qp — photochemical quenching; RC/ABS — density of reaction centers on
chlorophyll basis; RC/CS,, — amount of active reaction centers per excited cross section; TR¢/DI, — ratio of trapping and dissipation
fluxes; TR¢/RC — maximal trapping rate of absorbed photons in RC; dgo or RE(/ET, — probability that an electron is transported from
reduced PQ to electron acceptor side of PSI; AVjp — amplitude of the relative variable fluorescence of the I-to-P-rise; ®pgy — efficiency
of PSII or quantum yield of PSII; ¢ro — quantum yield for reduction of the end electron acceptors at the PSI acceptor side (RE); yo —
yield of electron transport per trapped excitation or probability with which a PSII trapped electron is transferred from reduced Qa to Qs.
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mechanisms of tolerant plants.

PSII functionality and overall photosynthetic perfor-
mance of crop plants can be evaluated by chlorophyll a
fluorescence, which is known to be the most reliable
technique that reflects the physiological mechanism of
crop cultivars under stressful environments (Stirbet and
Govindjee 2011, Yan et al. 2013, Dabrowski et al. 2017).
Salt and drought stresses restrict water uptake through
roots and thus limit the photosynthesis via stomatal and
nonstomatal limitations. Koyro et al. (2013) reported
that higher amount of NaCl can affect the photosynthetic
enzymes and oxygen-evolving complex of PSII may
also dissociate or become inactivated. To investigate the
effects of abiotic stresses on photosynthesis, chlorophyll
(Chl) a fluorescence kinetics can be a useful tool. Kalaji
et al. (2011) reported that the minimum fluorescence (Fy),
maximum florescence (F.), size and number of active
reaction center of photosynthetic apparatus (F./Fo), and
performance index on absorption basis (Plaps) are the
most affected parameters under abiotic stress which not
only depend on the efficiency but are also responsible for
energy transfer and primary photochemistry of the plants.
Photochemistry is initiated when the pigments in the
antenna complex of PSI and PSII capture incident photons.
The absorbed energy in thylakoid membrane leads to
the electron transport from water to NADP’. These
electrons are sequentially transported through primary
electron acceptor of PSII (pheophytin), quinone A (Qa),
quinone B (Qg), plastoquinone (PQ) pool, cytochrome byf,
plastocyanin (PC), and then reach to PSI acceptor side

Disturbance in electron journey at any point during
the electron transport chain can reduce the photosynthetic
efficiency. It was observed that abiotic stress like salinity
and drought impaired the efficiency of PSI and PSII (Gao
et al. 2016). Therefore, it was assumed that different sites
of photosynthetic electron transport chain might have
variable responses against single or in combination of
salt and drought stresses. In this regard, Chl fluorescence
can be a useful tool to investigate alterations in electron
transport chain specifically at (/) PSII electron donor
side, (2) transport of electron between PSII and PSI, and
(3) electron acceptor side of PSI under salt and drought
stress (Strasser et al. 2010, Kan et al. 2017). The literature
regarding the potential capability of Chl a fluorescence
to detect the changes in photosynthetic apparatus in
sunflower is rather scarce.

JIP test offers more appropriate information about
possible destiny of the absorbed energy. It may provide
the evidence concerning the structure and function of the
photosynthetic machinery, namely PSII activity. This test
not only provides the analyses of fractions of the reaction
centers but also evaluates the probability of complete
energy flow in PSII components (Strasser et al. 2000,
Goltsev et al. 2016). The sites of metabolic changes using a
combination of both salt and drought stresses have not been
studied via photosynthetic apparatus, however, individual
effect of abiotic stress on photosynthetic mechanism have
been studied so far.

It was expected that Chl fluorescence can be used for
a fast assessment of cultivar acclimatization and can be
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helpful in management and planning (Baba ef al. 2016).
The common effects of combined salt and drought stresses
on growth and development of oil seed crop plants, such
as sunflower and soybean, have been reported but their
photochemical efficiency through Chl a fluorescence is
not well established. Salt and drought stress may have
some common effects on plants, such as reduction in
growth, oxidative damage, stomatal limitation, reduction
in photosynthesis, damage of cellular structure, and
production of some osmolytes (Wang et al. 2003, Tang
et al. 2015). Combination of these stresses on plants may
have unique biochemical, photochemical or physiological
responses which cannot be observed after the single stress.
Information regarding the combined salt and drought
stress is rather scarce. Thus, the aim of the present study
was to evaluate the PSII efficiency in relation to ion
accumulation in sunflower cultivars in order to identify the
best genetic resources by understanding stress-responsive
mechanisms under combined salt and drought stress.
Further, this investigation would not only provide insights
regarding the adaptability of photosynthetic apparatus of
sunflower cultivars to combined salt and drought stress but
also identify the cultivar that has to be used in salt- and
drought-affected areas.

Materials and methods

Plant material and experimental setup: The study was
performed under the greenhouse conditions (28-32/18—
20°C of day and night temperature, under natural sunlight,
and 60-70% of relative humidity) located at Stress
Physiology Phenomic Center, Department of Botany,
University of Karachi, Pakistan. Seeds of four Helianthus
annuus cultivars, i.e., Hysun-33, Hysun-39, and S.28111,
were collected from Plant Protection and Seed Certification
Department, Government of Pakistan, whereas SF0049
was collected from FMC corporation, Pakistan. Hysun-33
and Hysun-39 are known as moderately drought-tolerant
cultivars and were used in this study to compare the
physiological performance of newly introduced cultivars,
i.e., SF0049 and S.28111.

Plastic pots (15 x 18 cm) were filled with 1.5 kg of air-
dried soil. The pH of soil was 7.5 and soil type used in this
experiment was sandy loam. Seeds of each cultivar were
surface-sterilized with 2% of sodium hypochloride for
5 min to avoid any contamination during germination and
then five seeds in each pot were sown. At 12 DAS (days
after sowing), the pots were thinned to three seedlings.
Stress treatments were initiated at 30 DAS and lasted till
about 44 DAS. Control plant samples were treated with
tap water and the humidity of soil was kept more than
70% of water-holding capacity until harvesting. Salt
stress, i.e., 175 mM NaCl concentration, was applied in
regular increment in order: 75 mM, 50 mM, and 50 mM
NaCl solution. Later, soil was kept humid retaining
more than 70% of water-holding capacity throughout
the experimental period. Drought stress was imposed
via withholding water until soil moisture content (SMC)
reached to 20% and then maintained throughout the
experiment. Combined salt and drought stress was



achieved by progressive imposition of 175 mM NaCl and
then withholding water until SMC was reduced to 20%.
All the stress treatments were imposed for 14 d (initiated
at 30 DAS until 44 DAS) and then plants were used for
the analysis. Soil moisture and electrical conductivity
were measured using soil sensor (SDI-12 Hydra Probe
11, Stevens Water, USA). Experiment was organized in
randomized block design having four replicates (pots) for
each treatment and control. At the end of experiment (44
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attached leaves at ambient temperature. The data obtained
were used to calculate important parameters (Genty et al.
1989, Strasser et al. 2004, 2010; Maxwell and Johnson
2000). PSIT and PSI behavior was characterized on the
basis of various parameters derived from JIP test using the
following formulae:

Membrane permeability and malondialdehyde (MDA)
contents: Electrolyte leakage was determined using the

Fluorescence parameter

Meaning

ABS/RC = (M/V))/@ro
Area

DFags = 10g (plABS)
DFcs = log (Plcs)
DIy/RC =ABS/RC — TR(/RC
ETo/RC = (Mo/V)) X Wiy
Fo

Fo/F,

Fo/Fin

Fu

Fu/Fo

F./F,

FJ/F.

J = Opgy x PFD X% 0.5
NPQ = (Fn — Fu')/Fy'

Plass = (RC/ABS) x [@ro/(1 = @ro)] * [Weo/

(1 - yeo)]

Plcs = Plags X (ABS/CS)
Pliot = Plags X 8Ro/(1 — 3Ry)
gy =1 — (Fm'— F¢')/(Fm — Fy)
qr = (Fu'— F)/(Fu'— Fy')
RC/ABS

RC/CS,,

TRo/DIy

TR¢/RC =M/V,

SR() or REO/ET() = (1 — V[)/(l — VJ)

AVIP = (Fp - F])/(Fp — Fo)
Dpgy = (Fm' - Fl)/Fm'

apparent antenna size of active PSII RC

area over the fluorescence curve between Fy and F,,
driving force on absorption basis

driving force on cross section basis

effective dissipation of energy in active RC
electron transport per active reaction center
minimum fluorescence

efficiency of water-splitting complex

physiological state of the photosynthetic apparatus
maximum fluorescence

electron transport rate through PSII

size and number of active reaction centers of photosynthetic apparatus
maximum quantum yield of PSII

linear electron transport rate

nonphotochemical quenching

performance index on absorption basis

performance index on cross-section basis

total performance index

nonphotochemical quenching coefficient

photochemical quenching

density of reaction centers on chlorophyll basis

amount of active reaction centers per excited cross section
ratio of trapping and dissipation fluxes

maximal trapping rate of absorbed photons in RC

probability that an electron is transported from reduced PQ to electron acceptor

side of PSI
amplitude of the relative variable fluorescence of the I-to-P-rise
efficiency of PSII or quantum yield of PSII

Qro = Qpo X (1-Vy
\IIOZETo/TRo: 1 —VJ

quantum yield for reduction of the end electron acceptors at the PSI acceptor side

yield of electron transport per trapped excitation or probability with which a PSII
trapped electron is transferred from reduced Qa to Qg

DAS), phenotypic characteristics, physiological measure-
ments, and biochemical quantifications were investigated.

Chl fluorescence was recorded on the youngest fully
expanded leaves of sunflower cultivars between 09:00—
11:00 h using Chl fluorescence meter (OS-30p+, Opti-
Science, USA). The light pulse intensity used was 3,500
pmol(photon) m~? s!. The leaves were dark-adapted for
30 min using leaf clips. The light-adapted measurements
were taken during day time under natural sunlight. During
measurements special care was taken to the angle of the
leaf or shading. Fluorescence data were collected on

method of Lutts ef al. (1996) and expressed in percentage.
To determine the level of lipid peroxidation in sunflower
leaves at 44 DAS, the contents of thiobarbituric acid-
reactive substance was estimated according to the Carmak
and Horst (1991) using spectrophotometer (UV-1100,
Roctec, China) and the MDA contents were calculated
using the extinction coefficient (155 mM™' cm™) and then
expressed as mg g .

Ion analysis: The contents of K* and Na* were quantified

using flame photometer (Jenway PFP7, UK), whereas C1
content was determined by titration against 0.02 mol L!
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silver nitrate solution using 5% K,CrO, as indicator (Kwon
et al. 2009).

Statistical analysis: Experiment was organized in rando-
mized block design having four replicates (pots) for
each treatment and control. The Chl a fluorescence was
measured using 12 plants from each treatment and we had
four replicates for each plant (n = 48). Statistical analysis
of the collected data was performed using Duncan's
multiple range test (p<0.05) (Duncan 1955), used as post-
hoc to analysis of variance (ANOVA) with the help of the
personal computer software packages IBM SPSS Statistics
(version 20). To test the differences between mean values,
the Duncan's test was computed, and the resultant values
were expressed on bar graph as alphabets.

Results

PSII efficiency: Salt, drought, and the combination of both
stresses downregulated the photochemical efficiency of
PSII. Maximum quantum yield of PSII (F./F,,) decreased
in all sunflower cultivars when exposed to combined stress
as compared with control. The F,/F,, was not much affected
under salt and drought stress alone (Fig. 14). Under
combined stress, the F./F,, ratio decreased significantly in
treated plants. Among the cultivars, the lowest decline was
observed in S.28111 under salt, drought, and combined
stresses. Similarly, the size and number of active reaction
center of photosynthetic apparatus (F./F, ratio) decreased
under salt and drought stress with a greater reduction noted

under a combined stress (Fig. 1B). S.28111 had a higher
value compared to Hysun-33, Hysun-39, and SF0049.
However, F,/F, ratio was extremely low in Hysun-33.
Furthermore, a reverse trend was observed in case of
Fo/F, (Fig. 1C). Electron transport rate through PSII
(F.w/Fy) decreased sharply under a combined stress as
compared with control and the lowest decline was observed
in Hysun-33 (Fig. 1D).

Performance index on absorption basis (Plags) is
supposed to be a complex parameter in term of its
dependency on the ratio of RC/ABS, maximum quantum
yield of primary photochemistry, ratio of dissipation fluxes
(TR¢/DIy), and efficiency of the conversion of excitation
energy to electron transport (ETo/TRy — ET,). The greater
decline was observed in Plags, when Hysun plants were
subjected to combined stress (Fig. 24). The Plags drastically
declined in Hysun-33 and Hysun-39 ascompared to S.28111
and SF0049 under salt-stressed conditions. The decline
was more pronounced in both Hysun cultivars grown
under drought and combined stresses. DFags significantly
decreased under salt, drought, and combined stress as
compared with control (Fig. 2B). The area above the
fluorescence curve between Fy and F,, was reduced in both
Hysun and SF0049 as compared to S.28111 (Fig. 2D). The
highest decline was recorded in Hysun-39 under combined
stress. The probability that a trapped excitation transfers an
electron to the electron transport chain beyond Qa (o) and
performance index based on cross section (Plcs) decreased
under stressed conditions as compared with control
(Fig. 2E,F). The greater reduction in Plcs under combined
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Fig. 1. Effects of salt (S), drought (D), and combined (S+D) stress on chlorophyll fluorescence parameters: F./F, (4), F./F, (B), Fo/F,
(O), and F.,/F, (D) of S.28111, Hysun-33, Hysun-39, and SF0049. Vertical line on each bar represents mean standard error (). Values
among each genotype with the same letter(s) are not significantly different at P<0.05. F,/F,, — maximum quantum yield of PSII; F./F,
— size and number of active reaction centres of photosynthetic apparatus; Fo/F, — efficiency of water-splitting complex; F,/F, — electron

transport rate through PSII.
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Fig. 2. Effects of salt, drought, and combined (S+D) stress on quantum efficiencies, flux ratios or yields: Plags (4), DFags (B), Fo/Fin
(O), Area (D), yo (E), and Plcs (F) of S.28111, Hysun-33, Hysun-39, and SF0049. Vertical line on each bar represents mean standard
error (£). Values among each genotype with the same letter(s) are not significantly different at P<0.05. PIss — performance index on
absorption basis; DF4gs — driving force on absorption basis; Fo/F,, — physiological state of the photosynthetic apparatus; Area — area over
the fluorescence curve between Fy and F.,; y, — yield of electron transport per trapped excitation or probability with which a PSII trapped
electron is transferred from reduced Qa to Qg; Plcs — performance index on cross-section basis.

stress environments was found in Hysun-33 and Hysun-39
as compared to the cultivars S.28111 and SF0049.

Our results showed that NPQ increased under salt,
drought, and combined stresses compared with control
(Fig. 3). Hysun-33 and Hysun-39 showed greater NPQ
under combined stress compared to S.28111 and SF0049.
Yield of PSII (®psi), the proportion of open PSII reaction
centers (qr, photochemical quenching), and relative
electron transport (ETR), decreased significantly under
salt, drought, and combined stress treatments (Fig. 3). The
lowest ETR was found in Hysun-39 under combined stress
treatment indicating lesser conversion of absorbed light
energy into efficient photochemistry and thus increased
dissipation energy. S.28111 showed the lowest decline
in ETR, which indicated better photochemistry with less
dissipation under combined stress. The coefficient of
nonphotochemical quenching (qn) is similar to NPQ. In
our study, qn was found to be a very sensitive indicator of
salt and drought stress in sunflower cultivars.

The pipeline model (Fig. 4) showed alterations in
inactive reaction centres in all sunflower cultivars under
stressful conditions. The pictorial model shown in Fig. 4

demonstrated the dissipation energy flux per reaction
centre (DI/RC) and absorption flux per reaction centre
(ABS/RC) which were higher under the combined stress
compared to control. Trapping per active reaction centre
(TR¢/RC) increased in Hysun-33 and Hysun-39, whereas in
S.28111 and SF0049, it showed a significant increase only
under salt stress. Changes in ET(/RC were insignificant
under the combined stress (Fig. 4). It was observed that
energy absorption, transfer, and loss were more affected
under the combined stress as compared to single stress.
The values obtained from several parameters under the
stressful environments were lower than those determined
in control plants. Electron transport per absorption flux
(ET/ABS) decreased significantly under salt, drought,
and combined stress. Hysun-39 had the highest decline in
ET¢/ABS under combined stress indicating a considerable
number of inactive reaction centres. Further, the combined
saltand drought stress-treated plants exhibited much higher
dissipated energy flux (DIo/ABS) than control plants.

The JIP test of each sunflower cultivar was obtained
under the salt, drought, and combined stress. Initial step of
the JIP test did not show significant differences under salt
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Fig. 4. Effects of salt, drought, and combined (S+D) stress on specific energy fluxes of S.28111, Hysun-33, Hysun-39, and SF0049.
The diagram shows the variation of absorption flux per reaction center (ABS/RC), trapped energy flux per reaction center (TRo/RC),
electron transport flux per reaction center (ET(/RC), and energy dissipation flux per reaction center (DIo/RC) for four treatments,
namely, control, salt, drought, and salt plus drought. This model was developed by the values of four fluxes. These values were
normalized so that values of each of the four fluxes can be compared within variety as well as within treatment. The model displays
fluxes in various shapes; the size of each shape is proportional to corresponding normalized value.

and drought stresses. In combined stress, all tested cultivars decline in the fluorescence intensity of the OJIP transient
exhibited a slower rise and reached a much lower peak of as compared to Hysun-33 and Hysun 39 (Fig. 64-D ).
fluorescence (Fig. 6). S.28111 and SF0049 showed a lower
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Fig. 6. Effects of salt (S), drought (D), and combined (S+D) stress on chlorophyll a fluorescence induction curve of S.28111 (A4),
Hysun-33 (B), Hysun-39 (C), and SF0049 (D). Vertical lines represent mean standard error ().

PSI efficiency: Total performance index (Pl) decreased difference was found between S.28111, Hysun-33, and
significantly in Hysun-33 and Hysun-39 under combined Hysun-39 under salt stress with their respective controls.
salt and drought environment. SF0049 showed the highest However, the highest Pl was observed in S.28111
Pl under combined salt and drought stresses as compared under drought stress. The parameter Ogo, expressing the
to other three genotypes (Fig. 74). An insignificant probability that an electron is transported from reduced
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Fig. 7. Effects of salt (S), drought (D), and combined (S+D) stress on PSI activities, i.e., Pl (4), AVip (B), dro (C), and @go (D) of
S.28111, Hysun-33, Hysun-39, and SF0049. Vertical line on each bar represents mean standard error (+). Values among each genotype
with the same letter(s) are not significantly different at P<0.05. Pl,, — total performance index; AV, — amplitude of the relative variable
fluorescence of the I-to-P-rise; 6ro — probability that an electron is transported from reduced PQ to electron acceptor side of PSI; qro —
quantum yield for reduction of the end electron acceptors at the PSI acceptor side.

PQ to electron acceptor side of PSI, increased under single
salt and drought stress environments (Fig. 7C). SF0049
showed the lowest increase of dro under salt and drought
environments, whereas the highest increase was observed
under combined stress. However, Hysun-33 showed a
substantial increase in dro under stressful environments,
particularly in drought stress. The amplitude of the
relative variable fluorescence of the I-to-P rise (AVip)
increased in all genotypes under stressful environments.
The highest AV}, was found in SF0049 under combined
stress compared to Hysun-33, Hysun-39, and SF0049
(Fig. 7B). The lowest increase in terms of percentage was
observed in Hysun-39 under combined stress. Quantum
yield for reduction of the end electron acceptors at the PSI
acceptor side (@ro) increased insignificantly in Hysun-33,
Hysun-39, and SF0049 under single salt and drought
stress; whereas the significant increase was observed in
S.28111 under salt and drought stress (Fig. 7D). Hysun-33
and Hysun-39 showed insignificant difference in ¢go under
combined stress compared to their respective controls.

Decline in ABS/CS, TRy/CS, RC/CS, RC/ABS, and
@ro/(1 — @po) (efficiency of light reaction) were found under
drought and salt stress compared to control (Table 1S,
supplement). Hence, S.28111 had better tolerance in
terms of photochemistry of PSII under salt, drought, and
combined stress compared to Hysun-33, Hysun-39, and
SF0049.

Na*, K" and CI ions: Studies have shown that salt stress
affects the photosynthesis, plant development, and growth
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due to ion toxicity, water limitation, and osmotic stress
(Mehta et al. 2010, Dabrowski ef al. 2016). A substantial
increase in Na® concentration and Na'/K* ratio was
observed in sunflower plants when plants were exposed to
salinity alone or in combination of both salt and drought
stress as compared to control (Table 1). Under salt stress
and combined stress, the Na* concentration increased by
444 and 162% in S.28111, respectively, 400 and 377%
in Hysun-33, respectively, 569 and 231% in Hysun-39,
respectively, and 200 and 87% in SF0049, respectively,
as compared with control. Hysun-33 and Hysun-39 had
greater leaf Na® concentration than that of S.28111 and
SF0049 cultivars under salt stress. A small difference was
observed under drought compared with control plants.
Salt, drought, and combined stress induced a significant
increase in K" concentration in sunflower cultivars
(Table 1). The increase in K* concentration was insignificant
in S.28111, Hysun-33, and Hysun-39, but significantly
higher in SF0049. The increase in K" concentration may
be attributed to the maintenance of membrane integrity
in tested plants which prevents the leakage of K* through
membrane. On overall basis, the Na'/K* ratio increased
significantly under salt and combined salt and drought
stress compared with control (Table 1). The Na*/K* ratios
were higher in Hysun-33 and Hysun-39 under combined
stress. S.28111 and Hysun-33 showed the highest Na"/
K" ratios under salt stress alone (Table 1). However, CI-
concentration in leaves of each sunflower varieties, i.e.,
S.28111, Hysun-33, Hysun-39, and SF0049, increased
under salt and combined stress (Table 1). An insignificant



Table 1. Effect of salt, drought, and combined stress on Na*, K*, CI-, and MDA contents of four sunflower (Helianthus annuus L.)
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cultivars.
Treatments S.28111 Hysun-33 Hysun-39 SF0049 Mean
Leaf Na* Control 533+0.33 433+£0.88 5.33+0.33 5.00+1.00  4.99
[mg g'(DM)]  Salinity 29.00+0.58 21.67+1.45 35.67+0.88 15.00+0.58 25.33
Drought 7.00 £ 0.57 8.00+0.57 7.67+1.33 9.67+1.45 8.08
S+D 14.00+1.52 20.67+033 17.67+0.88 9.33+0.67 15.42
Varietal mean 13.83 13.67 16.58 9.75 13.46
Leaf K* Control 25.00+1.00 24.67+0.88 24.67+0.33  26.00+0.00 25.08
[mg g'(DM)]  Salinity 3533+0.33 34.00+1.53 32.67+0.88 4433+120 36.58
Drought 35.00+£1.15 3233+1.33 36.00£2.08 39.67+1.45 3575
S+D 3533+0.88 3433+1.20 32.00+0.58 36.67+0.33 34.58
Varietal mean  32.67 31.33 31.33 36.67 33.00
Na'/K* ratio Control 0.21+0.005 0.17+£0.03 022+0.012 0.19+0.04 0.20
Salinity 0.82+£0.01 0.64+0.07 1.09+0.002 0.34+0.02 0.72
Drought 0.20 £ 0.01 025+0.02 022+0.046 0.25+0.04 0.22
S+D 0.40 +0.05 0.60+0.03 0.55+0.023 0.25+0.02 0.45
Varietal mean  0.41 0.42 0.52 0.26 0.40
Leaf CI- Control 15.00+1.84 14.00+0.81 13.00+2.04 18.00+1.02 15.00
[mg g (DM)]  Salinity 28.00+1.79 31.00+3.36 36.00+3.29 25.00+2.27 30.00
Drought 14.00£1.95 15.00+0.51 11.00 £ 1.45 16.00+£2.82 14.00
S+D 25.00+1.61 29.00+1.21 32.00+194 24.00+2.87 27.50
Varietal mean  20.50 22.25 23.00 20.75 21.62
Electrolyte Control 25.00+0.64 31.00+0.95 24.00+7.84 29.00+3.92 27.25
leakage [%] Salinity 36.00£3.42 42.00+1.29 4500+£0.93 39.00+£2.73 40.5
Drought 40.00£8.65 41.00+3.86 43.00+16.89 42.00+1.90 41.5
S+D 58.00£6.89 62.00+4.05 65.00+12.25 53.00+£0.55 59.5
Varietal mean ~ 39.75 44.00 44.25 40.75 42.19
MDA content Control 1.70+0.17 1.80 £0.22 1.60+0.27 1.90 +£0.07 1.75
[mg g '(FM)] Salinity 2.20+0.23 3.10+049  3.60+0.68 2.60 £ 0.07 2.88
Drought 2.80 +0.31 340+046  3.50+0.69 3.10 £0.07 3.20
S+D 3.50+0.36 4.50+£0.60 4.80+0.68 4.01 £0.70 4.20
Varietal mean ~ 2.55 3.20 3.38 2.90 3.01

difference between treated and control plants was found
under drought stress showing minimum CI~ concentration
in SF0049, while maximum in Hysun-39. Under salt stress,
a significant variation among the cultivars was observed in
CI concentration.

An increase in MDA contents was observed in tested
plants under stress conditions as compared with control
(Table 1). In this investigation, MDA contents increased
significantly under salt, drought, and combined stresses.
MDA is the end product of lipid peroxidation in the
cellular membrane. Combined salt and drought stress had
more pronounced on S.28111, Hysun-33, Hysun-39, and
SF0049. Among the cultivars, MDA content was higher
in Hysun-39, whereas a lesser concentration was observed
in S.28111. A minor variation was found between salt and
drought stress alone in all sunflower cultivars. Lower MDA
contents in S.28111 compared to Hysun-33, Hysun-39,
and SF0049 corresponded to the lower lipid peroxidation
indicating better protection against oxidative damage due

to salt and drought stress. Single and combined stress
significantly increased the electrolyte leakage (EL) in all
sunflower cultivars. In terms of varietal mean, the highest
EL (44.3%) was observed in Hysun-39 under combined
stress treatment, whereas the lowest EL (39.8%) was
observed in S.28111 (Table 1).

Discussion

In the present investigation, Chl @ fluorescence transients
through JIP-test were analyzed in S.28111, Hysun-33,
Hysun-39, and SF0049 in order to examine the response
of photosynthetic apparatus to combined stress. Sunflower
plants were grown under salt, drought, and combined
stress along with their control. Ion accumulation and
detailed photochemistry of PSII of sunflower cultivars
under stressed conditions were investigated.

F./Fy, is not sensitive to early and moderate stresses but
decreased under salt and drought stress. A small decline in
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F./F,, might be due to an increase in photorespiration of C;
plants under osmotic stress (Maxwell and Johnson 2000,
Zivcak et al. 2013). The decline in F,/F,, ratio was related
to decrease in F,, values under salt, drought, and combined
stress indicating the disruption of antenna complex of PSII
and increased dissipated energy, destruction of reaction
center at PSII, and impaired ribulose-1,5-bisphosphate
(RuBP) regeneration ability (Vieira Santos et al. 2001),
thus, electron transport capacity of PSII was reduced.
The F./F,, ratio in Hysun-39 decreased up to 38% (more
than additive effects) under combined salt and drought
stress. It is suggested that sunflower cultivar S.28111
maintained lesser disruption in antenna complex and RuBP
regeneration ability under combined stress. Reduction in
the rate of electron transport from Q4 to Qg leads to strong
photodamage, loss in reaction center, and decline in size
and number of active reaction centers of photosynthetic
apparatus (F./Fy). Zaghdoudi et al. (2011) reported that
decline in the F./F, was followed by greater inhibition of
PSI and PSII due to interruption of electron flow at their
oxidation sides. Further, Fo/F, determines the efficiency of
water-splitting complex (Sun et al. 2016). Results showed
that the efficiency of water-splitting complex increased
under combined salt and drought stress. Hysun-33 and
SF0049 reached the highest F¢/F, under drought and
combined stress. S.28111 showed a lesser increase in all
stress treatments. Possibly, the PSII has more inactive
reaction centers under stress conditions and therefore it
was unable to accept more electrons from water-splitting
complex due to the blockage at PSII acceptor side. The
lower electron transport through PSII lowered down the
pressure and improved the efficiency of water-splitting
complex in sunflower cultivars, especially, in SF0049 and
Hysun-33, under stress environment.

The quantum yield baseline (F¢/F,,) can be used as a
stress indicator and its normal range varies between 0.15
and 0.25 in sunflower plants. Fy/F,, increased under salt
stress indicating that the rate of plastoquinone reduction
(Qa) was much higher than the rate of oxidation (Qg).
Performance index (Plags) is primarily a stress indicator
and it decreased in all sunflower cultivars under salt,
drought, and combined stresses (Mehta et al. 2010, Kalaji
et al. 2018). Hysun-33 and Hysun-39 showed additive
effects, whereas S.28111 and SF0049 showed less additive
effects under combined stress. The substantial reduction
in the ratio of trapping and dissipation fluxes had greater
effects on Plygs. It was observed that the ¥, values were
affected after single stresses compared with control,
whereas they were not significantly affected by combined
stress treatment except in Hysun-39 (Fig. 2E.F). Decline
in W, can be interpreted as the blockage of electron flow
from reduced Qa to Qg due to salt, drought, and combined
stresses. Decreased in light and biochemical reactions
confirmed the greater decline in net photosynthetic rate
in Hysun-39 and Hysun-33. Greater decline in ¥, values
in Hysun-39 suggested that PSII electron transfer from
reduced Qa to Qg was affected. The indicator of driving
force in PSII based on absorption basis, DFags, greatly
decreased under stress. However, DFaps showed that
Hysun-33 and Hysun-39 had the lowest number of active
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RCs and highest inhibition of the reoxidation of reduced
Q4 under combined stress. Furthermore, S.28111 and
SF0049 showed better primary photochemical reaction
as compared to Hysun-33 and Hysun-39 under stressed
conditions.

Our results showed that NPQ, PSII, qp, qn, and J were
less affected in sunflower under salt stress compared
to drought and combined stresses (Fig. 3). However,
Hysun-39 and Hysun-33 were found to be more sensitive
to the combined stress. The downregulation of PSII
photochemical efficiency caused by stresses reflected the
significant decrease in maximum quantum yield of PSII
under stresses. Linear electron transport rate (rETR) is
sensitive to water stresses which increased gradually with
moderate to severe stress. The lowest TETR was found
in Hysun-39 under combined stress treatment indicating
Hysun-39 was unable to convert the absorbed light energy
into efficient photochemistry and increase dissipation
energy. S.28111 had the lowest decline in relative electron
transport which indicated better photochemistry with lesser
dissipation under the combined stress. The qgp represents
the proportion of excited electrons and their conversion to
the chemical energy in PSII reaction centers. Krause and
Weis (1991) described that the qp value depends on the
presence of primary electron acceptor of PSII, i.e., Q4 in an
oxidized state. S.28111 showed greater efficiency and had
better PSII functional state compared to Hysun cultivars
under combined salt and drought stress. The greater
decrease in gp might be due to the damaging effects of salt,
drought, and combined stress on the efficiency of complete
photochemical process or the separation of LHCII from
PSII reaction center (Wu et al. 2010). Likewise, Netondo
et al. (2004) described that higher NPQ values protect the
photosynthetic machinery against photodamage under
osmotic stress conditions. Higher photoprotective capacity
strives with photochemistry for absorbed light energy
and caused downregulation of photosynthetic capacity,
which was observed by the decline in quantum yield of
PSIT (Dpsi). S.28111 and SF0049 did not show greater
downregulation in photosynthetic capacity under single
and combined stress environments. In this research, qn was
found to be a more sensitive indicator of salt and drought
stress in sunflower cultivars as compared to combined
stress. It was evident from the data that the qu affected the
F, rather than F,. It is therefore suggested that the main
target of salt and drought stress is the second electron
acceptor (Qg) on acceptor side of PSII and blocking the
electron transport beyond Qa.

To compare and explain the mechanism of tolerance in
sunflower cultivars, a model is presented in Fig.4. It refers
to the reaction center in the membrane and deals with the
specific energy fluxes (ABS, ET,, TRy, and DIy) per RC.
Whereas Fig. 5 and 6 refer to the phenomenological energy
fluxes such as TRy, ETy, and DI, per ABS. Fig. 4 suggested
that fractions of RC (ABS/RC and DIy/RC) became
dissipative centers to prevent the photooxidative damage
of photosynthetic apparatus. Under combined stress, a
significant increase was observed in the energy fluxes for
absorption of photon per active reaction center (ABS/RC)
and energy dissipation flux per reaction center (DIy/RC)



in Hysun-33 and Hysun-39 as compared to S.28111 and
SF0049. Thus, the higher values of ABS/RC indicated the
reduced number of active reaction centers under combined
stress. This might be due to high proton gradient through the
thylakoid membrane under stress, which results in active
reaction center becoming a dissipative center and convert
violaxanthin into zeaxanthin to prevent the oxidative
damage under extreme conditions. It is clear from the
Fig. 5 and Table 1S that salt, drought, and combined stress
led to a significant decrease in electron transport per ABS
and per CS. A clear difference was observed in trapping
efficiency per CS,, compared with control in each cultivar.
The dissipation per ABS and CS was the most affected
and more than additive in Hysun-33 and Hysun-39 under
combined stress (Fig. 5, Table 1S). These results indicated
that the combined stress inhibited the electron transport
beyond Qi (ETo/CS. and ETy/ABS) in sunflower
cultivars, specially, in Hysun-33 and Hysun-39. There is
an insignificant change in the antenna size, chlorophyll
density (ABS/RC, TRy/RC) and heat dissipation (DI/RC,
DIy/CS, DI/ABS) in SF0049 and S.28111. It is suggested
that combined stress inhibited the electron flow from Qa to
Qg on the PSII acceptor side, especially in Hysun-39, but
did not produce any substantial effect on the PSII donor
side in S.28111, Hysun-39, and SF0049. Further, the PSII
light-harvesting function was less affected under combined
stress in S.28111 and SF0049. Based on our results, it
was proposed that the greater number of inactive reaction
centers was the basic reason for the higher dissipation of
absorbed light. The inactivation of reaction centers due
to stresses was evidenced by the decline in RC/CS, and
TR(/ABS (Fig. 5, Table 1S). RC/CS, expresses the active
RCs in PSII cross-section and its lesser values under
combined stress demonstrate a conversion from active to
inactive reaction centers (Mehta et al. 2010). TR/ABS
expresses the average of the maximum primary photo-
chemistry, quantum yield of active reaction centers, and
inactive reaction centers. This parameter decreased greatly
in Hysun-33 and Hysun-39 under single and combined
stress; it displayed inactivation of RCs. This confirmed
that the salt and drought stress can damage the active
RCs and decline Plags suggesting possible inhibition
of PSII activities and the rate of electron transport from
PQ to P700. A greater decline in ABS/CS, TR,/CS, and
RC/CS was observed in Hysun-33 and Hysun-39 as
compared to S.28111 under salt, drought, and combined
stress. It was evident from the data that abiotic stress
not only inactivated PSII reaction centers and reduced
antenna size and function but also curtailed specific rate
of electron excitation in open RCs. Results revealed
that ET/CS synergistically decreased in Hysun-39 under
combined stress as compared with control (Table 1S). It
was suggested that greater susceptibility of Hysun-39 to
combined stress may be due to the reduced capacity of
nonassimilatory electron pathways, i.e., Mehler's reaction
(Asada 1999, Takahashi and Murata 2005). It is suggested
that quick response of photosynthetic apparatus could be
a decisive feature for the tolerance in sunflower cultivars
under salt, drought and combined stress.

The lower JIP curve in Hysun-33 and Hysun-39
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indicated the accumulation of inactive reaction centers of
PSII as compared to S.28111 and SF0049 under combined
stress. Insignificant changes at ‘O’ step indicated that
there was a little or no loss of energy transfer to reaction
centers from antenna complex (Baker 2008). This may be
due to higher number of inactive reaction centers (lower
peak) where electrons cannot be transferred from reduced
plastoquinone (Qx") or LHCII to PSII core (Murkowski
2002). Sunflower cultivars showed rise in ‘J” step under
single salt stress. It is evident from J and I step that the
Hysun genotypes showed downregulation in electron
transport beyond Qa as compared to other cultivars.
Fluorescence rises to ‘P’ level because a due to electron
accumulation on PSI electron acceptor (Papageorgiou and
Govindjee 2004). Last level represents the values for Qa,
Qs , and PQH,. Lower J-I-P level in combined stresses as
compared to single stress, suggested that stress-induced
damages caused reduction in PSI efficiency to accept
electrons and reduced PQ pool size in sunflower.

Pl is the performance index for energy conservation
from photons absorbed by PSII to the reduction flux (RE)
of PSI end electron acceptors. Pl also confirmed the better
performance of PSI acceptor side in S.28111 and SF0049
as compared to Hysun-33 and Hysun-39 under combined
stress. It is a multiparametric expression which associates
a density of reaction centers, quantum yield of primary
photochemistry, ability to transfer electrons between PSII
and PSI, and the efficiency with which electrons move
from the reduced intersystem electron acceptors to the PSI
end electron acceptors, i.e., Oro (Strasser et al. 2010). A
significant increase in dgo was observed under salt, drought,
and combined stress in all sunflower genotypes. Decrease
in Fp indicated a blockage in the electron transport from
reaction centers of PSII to Q4 and increased the dissipation
of excited states of Chls (Oukarroum et al. 2015). Abiotic
stress affects the IP-phase and salt and drought stress can
have genotype-dependent effects on the IP amplitude
(Oukarroum et al. 2009). AV is an important parameter
to measure the ratio of PSII:PSI and can be used as an
indicator for the changes in the PSI content (Ceppi et
al. 2012). AV indicates that the amplitude of the IP-
phase expresses the electron transport efficiency around
the PSI in reducing ferredoxin and NADP. The IP-phase
expresses the relative abundance of PSI as compared to
PSII and a greater PSI/PSII ratio allows for a fast reduction
of ferredoxin. This phase seems to be depressed from
the stresses that suppress the Calvin cycle (Oukarroum
2009). Higher values in SF0049 under combined stress
expressed a larger pool of electron acceptor in PSI.
Increased values of this parameter might be a reason for
enhancement of stress tolerance and reducing the effects
of one or both stresses maintaining the higher pool size
in PSI. However, the photochemistry of PSII was found
to be more sensitive to salt and drought stress compared
to PSI. The value of ¢go increased by single stress, while
under the combined stress, the value of ¢ro reversed in
all tested genotypes except SF0049. A higher transport of
electrons might be due to a larger pool size of end electron
acceptors at the PSI and stress activation of dark reactions.
These results indicate a higher tolerance of PSI activity to

637



M. UMAR et al.

salt and drought stress in general. It is obvious from this
investigation that the combined stress mainly inactivated
the PSII RCs and blocked the electron flow from Q4 to
Qg in the electron transport chain in sunflower cultivars.
The greater inactivation was observed in Hysun-33 and
Hysun-39 compared to SF0049 and S.28111. A significant
increment in ¢gro was found in S.28111 and SF0049 under
combined stress which means the proper electron transfer
towards the end electron acceptors of PSI.

Salt and drought stress caused membrane lipid
peroxidation and produced MDA with other compounds
(Nxele et al. 2017). The present investigation has shown
that salt and drought stress alone or in the combination
induced the oxidative stress evidenced by MDA
production in sunflower. Hysun-39 had the highest MDA
contents compared to other cultivars, whereas S.28111
had the lowest MDA contents under stressful conditions.
Salt and drought stress damages the membrane integrity
and promoted higher MDA contents which means the
leakage of important ions and increasing accumulation of
Na" and CI" under salt stress. All these finding support the
data obtained and illustrated in photochemical results. Our
results showed the increase of Na* concentration and Na*/
K* ratio in sunflower under salt alone and combined salt
and drought stress (Table 1). The greater K*/Na* ratios or
K*and Na* selectivity and distribution of ions in plants are
important criteria for salt tolerance assessment (Gu et al.
2016). Interestingly, SF0049 had lower Na* concentration
and Na"/K* ratio compared to S.28111, Hysun-33, and
Hysun-39. It is suggested that SF0049 may belong to a
group of plants that are reported as Na® excluders and
tolerate NaCl stress (Acosta-Motos et al. 2017). Thus,
the leaf K'/Na* ratio could be used as a salt tolerance
indicator in sunflower cultivars. However, the availability
of essential nutrients is normally reduced under saline
environments (Acosta-Motos et al. 2017). Electrolyte
leakage (EL) indicates the instability of membrane. The
EL in tested sunflower cultivars increased under single and
combined stress environments. S.28111 and SF0049 had
the lowest EL under single and combined salt and drought
stress. Abnormaly increased reactive oxygen species
(ROS) decreased cell membrane stability which leads to
the leakage of important ions. Lower K* concentrations
in Hysun-33 and Hysun-39 may be due to the greater
electrolyte leakage and lesser membrane stability under
combined salt and drought treatments.

Responses of photosynthetic apparatus in sunflower
cultivars varied according to the type and severity of
the stress. Fluorescence parameters indicated that the
photosynthetic apparatus of cultivar S.28111 was the most
tolerant against the stress as compared to other cultivars.
Besides the most frequently used parameters, such as F./
F., ratio, Plags, qp or NPQ, the other parameters, such
as quenching coefficient (NPQ, qn, gp), performance
indexes (Plaps, Plcs, and Ply), electron transport rate,
phenomenological fluxes, and specific energy fluxes,
are also important for the better understanding of PSII
functioning under oxidative stresses. The tolerance of
S.28111 and SF0049 were related to their lower Na“/K*
ratio and better operational photochemistry under single
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and combined stresses. SF0049 had the greater ability to
exclude Na*, whereas S.28111 showed the greater capacity
to scavenge ROS (supplementary data) during stresses.
Further, the absorbed light energy was transferred more
efficiently to the reaction centre, due to better electron
transport through PSII with lesser dissipation in S.28111
and SF0049 as compared to Hysun cultivars. It is therefore
suggested that S.28111 and SF0049 may be used to
develop those traits that could be used in crop improvement
programs in future.
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