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Abstract Water shortage leads to a low quality of water, especially saline water in most parts
of agricultural regions. This experiment was designed to determine the effects of saline
irrigation on sorghum as a moderately salt-tolerant crop. To study salinity effects on photo-
synthetic pigment attributes including the chlorophyll content and chlorophyll fluorescence, an
experiment was performed in a climate-controlled greenhouse at two vegetative and repro-
ductive stages. The experimental design was factorial based on a completely randomized
design with five NaCl concentrations (control, 50, 100, 150, and 200 mM), two grain and
sweet-forage sorghum cultivars (Kimia and Pegah, respectively) and four replications. Ac-
cording to the experimental data, there were no significant differences between two grain and
sweet-forage cultivars. Except for 100 and 150 mM NaCl, salinity significantly decreased the
chlorophyll index and pigment contents of the leaf, while it increased the chlorophyll-a
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fluorescence characteristics. Although salinity reduced photosynthetic pigments and the crop
yield, either grain or sweet-forage cultivars could significantly control the effect of salinity
between 100 and 150 mM NaCl at both developmental stages, showing the possibility of using
saline water in sorghum cultivation up to 150 mM NaCl.
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1 Introduction

Globally, water limitation has resulted in using poor-quality water resources including different
kinds of saltwater (seawater, saline wells, drainage reuse, etc.). In arid and semi-arid regions,
where there is a drastic water shortage, plants adaptable to low-quality water and lack of water
must be cultivated. Sorghum, as a remarkable grain and industrial crop for inappropriate
environments, is one of the most important crops among these plants.

Salinity influences many aspects of plant physiology including photosynthesis.
Similar to most other environmental stresses, salinity has been known as an adverse
factor for CO, assimilation [1]. On the other hand, photosynthetic pigments are highly
important among all parts of the photosynthesis system as their quantity and quality
play vital roles in plant assimilation. Several studies have previously indicated that
photosynthetic pigment contents decrease with salinity stress [2-5]. Moreover, the
chlorophyll index (CI), as a non-destructive indicator for the total chlorophyll content,
usually decreases under saline stress in various plants [6—8].

The function and structure of different photosynthetic ingredients seriously influence
various photosynthetic pigment efficiencies, i.e., chlorophyll-a performance. Chloro-
phyll-a, as the antenna and the reaction center core in both photosystem I and photo-
system II (PSI and PSII, respectively), plays a crucial role among the other
photosynthetic pigments. Accordingly, the response of chlorophyll-a fluorescence to
environmental factors has been principally considered in recent photosynthesis research
[9-15]. Chlorophyll-a fluorescence is also a relatively rapid accessible attribute that can
measure non-destructively under various circumstances. Indeed, photosynthesis and
particularly photosystem II (PSII) behavior can be evaluated using the fast chloro-
phyll-a fluorescence transients induced by illuminating dark-adapted leaves [10]. This
study was conducted to identify the chlorophyll-a fluorescence features of two grain
and sweet-forage sorghum cultivars under different saline conditions.

2 Materials and methods
2.1 Experimental procedure

A pot study was performed at the College of Agriculture and Natural Resources, University of
Tehran, Karaj, Iran. A factorial experiment based on a completely randomized design with four
replications was conducted in a climate-controlled greenhouse. The day/night average of
temperature, relative humidity and photoperiod were 30/25 °C, 40/50%, and 14/10 h, respec-
tively. As well, the midday average of natural daylight intensity was 1500 pmol m 2 s '.

During the night, additional necessary illumination was supplied by tungsten (100 W m2) and
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white-light fluorescent (23 W m ?) lamps while other artificial sources of light were
eliminated.

Two sorghum [Sorghum bicolor (L.) Moench] genotypes, Kimia (a grain cultivar) and
Pegah (a sweet-forage cultivar), were chosen for this research (Seed and Plant Improvement
Institute, Karaj, Iran). Salinity was induced by adding sodium chloride (Merck KGaA,
Darmstadt, Germany) to tap water in five concentrations including control (tap water as
irrigation water), 50, 100, 150, and 200 mM, which corresponded to electrical conductivities
(EC), as follows: control (tap water as irrigation water), 5, 10, 15, and 20 dS m™'. Saline
treatments were conducted 2 weeks after sowing, continuing up to the end of the plant growth
period. NaCl concentrations more than 50 mM were gradually treated by 50-mM steps every
3 days up to the final concentrations. The soil electrical conductivities of saline levels,
estimated after the experiment, were 14, 47, 87, 132, and 181 mM, respectively. The details
of soil and irrigation water are presented in Supplementary Information 1.

Seeds were sown in 30 % 20-cm polythene bags that were filled with 15 kg of soil and
covered with 0.5 kg of gravel particles at the bottom. All pots were equipped with sub-holes to
allow relatively mild drainage of excessive salts. To ensure seedling emergence, ten seeds were
cultivated in every pot and the seedlings were thinned to two uniform-sizes per pot thereafter;
50 mg N kg ' and 40 mg P kg ' were utilized as the urea (at developmental stages 1 and 4:
third and final visible, respectively) and triple superphosphate (before planting), respectively
[16]. To avoid any moisture deficit, the pots were irrigated twice a week alternatively by saline
and tap water up to field capacity (FC). Additionally, every 4 weeks, irrigation was done until
the pots drained at the bottom and the drainage EC of each treatment was measured to be
assured of its accuracy.

2.2 Leaf characteristics

All measurements were conducted on the youngest intact fully expanded leaf of the main stem
in each plant. Three plants were measured in every replication at a vegetative (developmental
stage 3: growing point differentiation) and a reproductive (developmental stage 7: soft dough)
stage, described by Kansas State University [16].

2.2.1 Chlorophyll index

The relative chlorophyll content was estimated on the upper (adaxial) central surface of the leaf
(except for the nervure) using a portable chlorophyllmeter (Chlorophyll Content Meter CL-01,
Hansatech Instrument Ltd., King’s Lynn, Norfolk, UK) between 10:00 and 14:00 h. The
relative chlorophyll content was determined based on dual wavelengths of the spectral
absorbance: 620 nm (the red band) at which chlorophyll absorption is high and 940 nm as a
reference wavelength. The results were expressed as a chlorophyll index [17].

2.2.2 Chlorophyll fluorescence

The chlorophyll-a fluorescence transients (the OJIP curve) were recorded by a portable plant
efficiency analyzer (Pocket PEA, Hansatech Instrument Ltd., King’s Lynn, Norfolk, UK)
between 10:00 to 14:00 h. The chlorophyll index measurements were made on the upper
(adaxial) central surface of the leaf (except for the nervure). Before measuring, the leaves were
fully dark-adapted for 15 min.
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Chlorophyll fluorescence induction was prompted by a 3-s pulse of red light (peak
wavelength of 627 nm) emitted from an LED lamp filtered by an NIR filter. This pulse
was emitted at maximal saturation irradiance of 3500 pmol m % s with 16-bit signal
resolution. The acquisition rate of this analogue/digital signal resolution was (1) 10 us
for the first 300 us, (2) 100 ps up to 3 ms afterward, (3) 1 ms up to 300 ms
subsequently, and (4) 10 ms thereafter. The fluorescence signal was considered as Fg
at 50 us [13, 18].

The JIP-test was used to analyze fast chlorophyll-a fluorescence transients providing
structural and functional information about photosystem II (PSII) behavior [13, 18]. The
original dark-adapted data and the equations, used for quantification of chlorophyll-a
fluorescence characteristics, are represented in Supplementary Information 2.

2.2.3 Chlorophyll and carotenoid contents

After measuring non-destructive traits (chlorophyll index and chlorophyll fluorescence)
on the same leaves, those leaves were gathered to measure their photosynthetic pigment
concentrations as destructive traits; 0.1 g leaf samples were ground in liquid nitrogen
and afterward the samples were extracted by 1.5 ml acetone (80%; v/v) via centrifuging
at 10,000 rpm for 10 min. The spectral absorbances of supernatant solution were
estimated at Agez.n, Agas.g, and Ayzo nm using a spectrophotometer (Unico SQ-2802S
UV/VIS, United Products and Instrument Inc., Dayton, NJ, USA). Concentrations of
total chlorophyll (Chl,,y), chlorophyll-a (Chl,), chlorophyll-6 (Chl,), and total carot-
enoid (Cary,.: xanthophyll + carotene) were estimated by Wellburn [19] equations in
80% acetone. Based on these values, other traits were calculated according to Supple-
mentary Information 3.

2.3 Statistical analysis

The results were analyzed by a general linear model (GLM) using the SAS 9.1 software
package (SAS Institute Inc., Cary, NC, USA). Significant differences among individual
means were determined based on the least significant difference (LSD) test at p<0.05.
Since vegetative and reproductive stages behaved similarly in some parameters, they
were pooled together. Correlation analysis was done according to significance of
Pearson’s coefficients at p <0.05.

3 Results
3.1 Pigment contents and leaf ratios

The grain and sweet-forage cultivars did not show any significant differences in any of the
photosynthetic pigment contents and ratios (data not shown). All photosynthetic pigment
contents and ratios significantly decreased by enhancing salinity at both the vegetative and
reproductive stages (Figs. 1 and 2a, b). Furthermore, the chlorophyll index (CI) behaved the
same (Fig. 2b). There were no significant differences among the interactions between salinity
and cultivars (data not presented). Since vegetative and reproductive stages behaved similarly
in some parameters, they were pooled together.
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Fig. 1 Changes of chlorophyll-a (Chl a), chlorophyll-b (Chl b), total chlorophyll (Chl a + b), total carotenoid
(Car: xanthophyll + carotene) and total photosynthetic pigments (Chl + Car: total chlorophyll + total carotenoid)
vs. salinity according to LSD (0.05) test (means + SE; n =4). Since vegetative and reproductive stages behaved
similarly, they were pooled together

At both developmental stages, nearly all pigment contents and ratios responded identically
to 100 and 150 mM NaCl. This result indicated that either grain or sweet-forage cultivars of
sorghum could similarly tolerate these two levels of salinity (Figs. 1 and 2a, b).

3.2 Chlorophyll-a fluorescence of the leaf

Overall, chlorophyll-a fluorescence parameters were adversely influenced by salinity at the
vegetative and reproductive stages (Tables 1, 2, 3, and 4). In some parameters, the vegetative
and reproductive stages behaved similarly; therefore, they were pooled together. The two grain
and sweet-forage sorghum cultivars (Kimia and Pegah, respectively) did not represent any
significant differences in any of the chlorophyll-a fluorescence parameters (data not shown).
Moreover, no significant differences were observed among the interactions between salinity
and cultivars (data not shown).
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Fig. 2 Changes of pigment ratios vs. salinity according to LSD (0.05) test (means + SE; n=4). a Chlorophyll a
to b (Chl a/b), total chlorophyll to total chlorophyll and carotenoid (Chl/(Chl + Car)) and total carotenoid to total
chlorophyll and carotenoid (Car/(Chl + Car)). b Total chlorophyll to total carotenoid (Chl/Car) and chlorophyll
index (CI). Since vegetative and reproductive stages behaved similarly, they were pooled together
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Table 2 Changes of flux ratios (quantum yields and quantum efficiencies) vs. salinity

Salinity (mM)  Control 50 100 150 200
Quantum yields
TRo/Dlo  Pooled stages ~ 7.00°+0.13  6.81°+0.07  5.99°+0.07  5.86°+0.06  4.62°+0.03
Dp, Veg 0.89°+0.01  0.89°+0.01  0.88°+0.01  0.87°+0.01  0.84%0.01
Rep 0.84°+0.01  0.84*+0.01  0.83°+0.01  0.83°+0.01  0.80°+0.01
D, Veg 0.62°£0.01  0.59°£0.01  0.52°£0.01  0.52°£0.01  0.38%£0.01
Rep 037°+£0.01  036°+0.01  031°+0.01  031°+0.01  0.30°0.01
Dro Pooled stages ~ 0.42*0.01  036°£0.01  031°£0.01  031°2001  0.239+0.01
D, Veg 0.104£0.01  0.109+0.01  0.12°£0.01  0.13°£0.01  0.16*£0.01
Rep 0.16°£0.01  0.16°+0.01  0.17°£0.01  0.17°+0.01  0.20* +0.01
Quantum efficiencies
Ve, Veg 0.69°+0.01  0.66°+0.01  0.60°+0.01  0.60°+0.01  0.45% +0.01
Rep 0.44°+£0.01  042°+0.01  038°+0.01  038°+0.01  0.38°+0.01
Uro Pooled stages ~ 0.45*+0.01  038°+0.01  034°£0.01 0342001  0.25%+0.01
Sro Veg 0.81*+0.01  0.75°+0.01  0.74°+0.01  0.74*+0.01  0.66°+0.01
Rep 0.77°£0.01  0.65°+0.01  0.63°+0.01  0.63°+0.01  0.54% £0.01
ETo/Dly  Veg 5.92°+0.15  5.41°+0.06  4.28°+0.08  4.08°+0.06  2.36% +0.04
Rep 239*+0.08  227°+40.03  1.83°+0.02  1.85°+0.02  1.54°+0.02

Within each row, means+SE (n=4) followed by at least one similar letter were not significantly different
according to LSD (0.05) test. Since vegetative and reproductive stages behaved similarly in some parameters,
they were pooled together. All the chlorophyll-a fluorescence parameters were quantified in an arbitrary unit
(a.u.) or a relative unit (r.u.). TRo/Dlp: maximum quantum yield of the primary PSII photochemistry relative to
initial fluorescence (Fo); ®p,: maximum quantum yield of the primary PSII photochemistry relative to maximum
fluorescence (Fyy); Pgo: quantum yield of the electron transport flux from Q4 to Qg of PSII; ®r,: quantum yield
consequent of the reduction in end electron acceptors of photosystem I (PSI); ®p,: quantum yield of energy
dissipation as heat; Wg,: efficiency or probability with which a PSII trapped electron is transferred from Q, to
Qg; Yr,: efficiency or probability with which a PSII trapped electron is transferred from Q,- to the end electron
acceptors of PSI; Og,: efficiency or probability with which an electron from Qg is transferred to the end electron
acceptors of PSI; ETo/Dlo: proportion of electron transport to energy dissipation as heat; Veg: vegetative stage;
Rep: reproductive stage

3.2.1 Extracted and technical parameters of chlorophyll-a fluorescence

At both developmental stages, salinity increased the initial fluorescence (Fp), maximal
fluorescence (Fy), variable fluorescence (Fy), and the proportion of initial to maximal
fluorescence (LD). These results indicated that the stress increased solar energy dissipation
as fluorescence (Table 1).

This condition was a result of increasing the net rate of closure in reaction centers of
photosystems (M) following the salinity. It meant all chlorophyll-a molecules in reaction
centers were involved in the conversion of photons to electrons and there were no free
molecules of chlorophyll-a to convert photons to electrons. Increasing M resulted in further
closed reaction centers of photosystems at the J-step (V) and I-step (V;) of chlorophyll-a
fluorescence intensity (Table 1). This result was in agreement with the results of pigment
contents because photosynthetic pigments including chlorophyll-a molecules decreased by
salinity and a few number of these molecules could not absorb solar energy. Hence, the
decrease in photosynthetic pigments, especially the chlorophyll-a content (Fig. 1), caused the
decrease in the density of reaction centers per absorption energy flux in photosystems
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(RC/ABS) and a decrease in the density of reaction centers per cross section between
photosystem I and photosystem II (RC/CS). The decrease in chlorophyll-a and reaction centers
displayed low photon receptors. This situation led to finishing the excited electrons of the
chlorophyll and closing the reaction centers. Consequently, the absorbed solar energy could
not excite the chlorophyll-a electrons any more. Therefore, the fluorescence process increased
to dissipate the excessive absorbed solar energy and inhibited the destruction of the photo-
synthetic apparatus.

In addition to fluorescence enhancement, the time to reach maximal fluorescence (Ty;) was
shortened by salinity, which was a sign of accelerating fluorescence induction to dissipate the
excessive absorbed solar energy. On the other hand, the enhancement of non-photochemical
loss in a dark-adapted state of PSII (LD) showed that the stress affected initial fluorescence
(Fo) more than maximal fluorescence (Fy,) (Table 1; see Supplementary Information 2).

Similar to the content of pigments, the relative pool size of the plastoquinone (Sy), as a
kind of electron carrier per electron transport chain, was reduced by salinity at both develop-
mental stages. It meant salinity reduced electron carriers as well as chlorophylls and caroten-
oids, which led to a decrease in electron transportation and a delay in converting photons to
electrons followed by increasing chlorophyll-a fluorescence.

Nevertheless, the turnover number of quinone-a molecules (N) appeared differently at the
vegetative and reproductive stages. During electron transporting, electrons are transferred by
different electron carriers, i.e., the plastoquinones (PQ), the quinone-a molecules (Q,), the
quinone-b molecules (Qg), etc. As Q4 receives the electron, it changes to Q4-. By transferring
the electron from Q4- to Qg, Qa- turns to Q4. The number of these turnovers is referred to as
N. As Q4 decreases, the turnover of Q- to Q4 decreases and N declines.

It assumed that the amount of Q4 and Qg molecules must be reduced by salinity as well as
plastoquinones. However, the enhancement of N under 200 mM at the vegetative stage
showed the opposite. The reduction of N at the reproductive stage might be due to the plant
age. Indeed, the ability of electron transport in an old plant (reproductive stage) decreased
more by salinity stress (Table 1). On the contrary, the vegetative stage indicated a significant
enhancement of N under 200 mM salinity. It seemed that the turnover number of Q, in a
young plant (vegetative stage) could support electron transport under high salinity. However,
the significantly few N at lower saline levels might be due to sufficient amounts of Q4 at the
vegetative stage. As a matter of fact, it was not necessary to turnover Q- to QA quickly in
order to receive new electrons under lower saline levels at the vegetative stage (Table 1). This
result might be a sign of producing fewer excited electrons in older plants (reproductive stage)
due to their incapable photosynthetic apparatus compared to younger plants (vegetative stage).

3.2.2 Flux ratios (quantum yields and quantum efficiencies) of chlorophyll-a fluorescence

Except for the quantum yield of dissipation (®p,), all the other quantum yields and quantum
efficiencies decreased at the vegetative and reproductive stages. Approximately, all the
quantum yields and quantum efficiencies behaved the same under 100 and 150 mM NaCl
(Table 2).

Salinity reduced the quantum yield of the electron transport flux from QA to Qg of
photosystem II (Pg,) and the quantum yield of reduction in the end electron acceptors of
photosystem I (®p,). These results showed a decrease in electron transportation from Q4 to Qg
in photosystem II and afterward a decrease in electron transportation from Qg to the end
electron acceptors in photosystem I. Moreover, the quantum efficiencies showing that the
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electron transferred from Q4 to Qp (Vg,), the electron transferred from Qg to the end electron
acceptors of photosystem I (8g,,) and the electron transferred to the end electron acceptors of
photosystem I (Uy,) were reduced by salinity (Table 2). Lower Vg, and Wy, demonstrated that
there were a few open reaction centers at the J-step and I-step to produce excited electrons.
Subsequently, a few excited electrons could transmit to the electron transport chain of the
photochemical reactions of the photosynthesis. Such effects eventually led to the lower
maximum quantum yield of the primary PSII photochemistry relative to the initial fluorescence
(TRo/Dlp) and also the lower maximum quantum yield of the primary PSII photochemistry
relative to the maximal fluorescence (®p,). The reduction of these two parameters, as
indicators of the activity of photosystem II, displayed that the leaf photosynthetic capacity
was reduced by the salinity (Table 2).

Concerning the decrease in various pigment contents as a result of salinity (Figs. | and
2a, b), it appeared that the reduction of quantum yields and quantum efficiencies was a result
of decreasing both the content of electron acceptors (PQ, Qa, Qg, etc.) and the potential of
electron transferring.

The decrease in the density of reaction centers (RC/ABS and RC/CS), quantum yields and
quantum efficiencies represented that the photon absorption and the electron transport were
reduced by salinity; however, the electron transport decreased more. In other words, salinity
decreased the reaction centers in photosystems and the electron acceptors of the electron
transport chain, simultaneously. Nevertheless, the decrease was more in the electron acceptors
of the electron transport chain because the quantum efficiencies of the electron transport were
reduced (Table 2). These results revealed that there were so few electron acceptors in the
electron transport chain that the electron transport chain could not even transfer a few exited
electrons. This situation indicated that salinity damaged the electron transport chain of the
photosynthesis system more than its reaction centers.

By decreasing the electron transport, the excessive absorbed solar energy that could not
have been converted to electron transmission had to be dissipated as fluorescence and heat in
order to not damage the photosynthetic structures. Hence, the proportion of electron transport
to energy dissipation as heat (ETo/DIp) decreased while the quantum yield of dissipation as
heat (®p,,) increased (Table 2).

3.2.3 Specific energy fluxes and phenomenological energy fluxes of chlorophyll-a
Sfluorescence

Except for the reduction of energy flux per reaction center (REo/RC), all specific fluxes and
phenomenological fluxes responded similarly to the salinity stress at both the vegetative and
reproductive stages (Table 3). The absorption energy flux per reaction centers (ABS/RC), the
trapped energy flux per reaction centers (TRo/RC) and the electron transport flux per reaction
centers (ETo/RC) were raised by increasing NaCl at both developmental stages. However,
ETo/RC was only different under the control at the vegetative stage (Table 3). It was assumed
that the reduction in the density of the reaction centers (Table 1) led to using all reaction centers
and filling up the whole capacity of the reaction centers. This situation eventually intensified
ABS/RC, TRo/RC, and ETo/RC. Nonetheless, the decreased slope of the density of the
reaction centers was so harsh that the electron transport flux per reaction centers (ETo/RC)
did not obviously change by the salinity at the reproductive stage. It demonstrated that the
photosynthetic system could only transfer a few excited electrons released by a few reaction
centers. This situation was regardless of the increase in the salinity and the decrease in the
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reaction centers and the electron acceptors. Therefore, the remaining excited electrons released
by the reaction centers could not be transferred and their energy must be released as
chlorophyll-a fluorescence.

On the other hand, the reduction energy flux per reaction center (REo/RC) behaved
differently at the two developmental stages. Although REG/RC was insignificant at the
vegetative stage, it significantly decreased under salinity at the reproductive stage (Table 3).
The response of REo/RC was relatively in accordance with the turnover number of Q4 (N) at
the vegetative stage. Since N could support the electron transport in young plants (Table 1), the
electron transmission to the final PSI electron acceptors could continue (Table 3). Hence, the
reduction of the end electron acceptors of PSI (REo/RC) did not significantly vary at the
vegetative stage. However, N decreased due to the plant aging at the reproductive stage;
therefore, REo/RC decreased.

In this situation, it was obvious that the energy dissipation as heat per reaction center (DIp/
RC) increased to dissipate the excessive absorbed solar energy in order to not destroy the
photosynthetic structures (Table 3) as well as the increase in chlorophyll-a fluorescence
(Table 1). Nonetheless, 100 and 150 mM NaCl demonstrated similar specific fluxes.

On the other hand, salinity stress increased the absorption flux per cross section (ABS/CS)
and the trapped energy flux per cross section (TRo/CS) while it decreased the electron
transport flux per cross section (ETo/CS) and the reduction energy flux per cross section
(RE/CS) simultaneously (Table 3). The enhancement of ABS/CS and TRo/CS indicated that
the cross section reached its maximum potential for transferring electrons. Therefore, the
electron acceptors were more involved in electron transferring due to few electron acceptors.
This situation led to an increase in the proportion of absorbed energy flux to the cross section
(ABS/CS) and the trapped energy flux per cross section (TRo/CS).

While the electron acceptors decreased, electron transferring per cross section (ETo/CS)
declined. Consequently, it caused a decline of the reduction energy flux per cross section
(RE/CS), implying a few electrons could be transferred to the end electron acceptors of
photosystem I (Table 3). On the whole, it caused an increase in energy dissipation as heat per
cross section (DIo/CS) in order to dissipate excessive absorbed energy (Table 3).

In the last three salinity levels, a similar TRo/CS might be a result of filling up the photon
trapping capacity per cross section. As well, a similar ETo/CS under the first two salinity
levels represented that S0 mM NaCl could not influence the electron transfer in the electron
transport chain at any of the developmental stages. At the vegetative stage, ETo/CS was
significantly different under 200 mM NaCl. However, it did not significantly vary at the
reproductive stage. It might be related to the plant age as an older plant, having thicker leaves
at the reproductive stage, contained more leaf tissues per leaf cross section. Therefore, the
electron transfer measured by the fluorimeter might be recorded in a thicker tissue of the leaf
compared to the leaf of a young plant at the vegetative stage. Consequently, more electron
transfer might be detected at the same time, leading to ETo/CS without any significance
among the last three salinity levels at the reproductive stage (Table 3).

3.2.4 Performance indices and driving force parameters of chlorophyll-a fluorescence

All performance indices and driving forces significantly decreased at both developmental
stages (Table 4). The significant decline of all performance indices and driving forces
obviously showed salinity stress deeply influenced the photochemical reactions of the photo-

synthetic apparatus. Nevertheless, non-significant differences between 100 and 150 mM NaCl
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demonstrated that there was a considerable tolerance up to 150 mM salinity in either the grain
cultivar (Kimia) or the sweet-forage (Pegah) cultivar of sorghum (Table 4).

3.3 Crop yield and the relationship between chlorophyll-a fluorescence of the leaf

Seed yield per plant, total dry matter per plant and the harvest index (HI) were reduced by the
interaction of salinity and cultivars (Fig. 3a-c). The grain cultivar (Kimia) showed higher seed
yield per plant (Fig. 1a) while the sweet-forage cultivar (Pegah) displayed higher total dry
matter per plant (Fig. 1b). The sweet-forage cultivar (Pegah) had only vegetative growth
without showing any seed yields under 200 mM NaCl (Fig. 1a); therefore, it displayed no
harvest index under this salinity level (Fig. 3c).

On the other hand, the sweet-forage cultivar (Pegah) could control negative effects of
salinity up to 150 mM NaCl in the seed yield per plant (Fig. 3a), total dry matter per plant
(Fig. 3b) and the harvest index (Fig. 3c). As well, the grain cultivar (Kimia) could control
negative effects of salinity on total dry matter per plant up to 150 mM NaCl (Fig. 3b).
Although the grain cultivar (Kimia) displayed a decreasing trend in the seed yield per plant
and the harvest index under salinity, it could control negative effects of salinity on these traits
between 100 and 150 mM NaCl (Fig. 3a, c).

These results were in agreement with the chlorophyll-a fluorescence results. The positive
correlations of total performance index (PIags. tota)), as a key parameter showing the capability
of the photochemical reactions of the photosynthesis, with the seed yield per plant (Fig. 4a),
total dry matter per plant (Fig. 4b) and the harvest index (Fig. 4c) were compatible with present
findings. By increasing PIaps. tora1, CrOp yields also significantly increased (Fig. 4a-c).
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Fig. 3 Interactions of salinity and sorghum cultivars on seed yield (a), total dry matter (b), and harvest index
(HI) (¢) according to LSD (0.05) test (means + SE; n=4)
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harvest index (c) of sorghum cultivars under salinity at p <0.05

4 Discussion
4.1 Pigment contents and ratios

The decrease in pigment contents and ratios in this study was in accordance with Netondo et al.
[20] who reported a decline of chlorophyll-a, chlorophyll-b, carotenoid and chlorophyll a to b
ratio in salt-tolerant cultivars of sorghum by increasing NaCl. Similar results were obtained in
moderately salt-tolerant cultivars of soybean [3, 6, 21, 22] and okra [Abelmoschus esculentus
(L.) Monech] [2]. On the other hand, chlorophyll-a, chlorophyll-b, total chlorophyll, and total
carotenoid of a salt-sensitive cultivar of wheat decreased sharply by 250 mM NaCl in the study
by Kang et al. [4]. In all these researches, lipid peroxidation and reactive oxygen species
(ROS) played an essential role in damaging various photosynthetic membranes where photo-
synthetic pigments were bound. In addition, salinity decreased the chlorophyll index (CI) and
total chlorophyll of salt-sensitive cultivars of soybean [6] and tomato [7].

Xing et al. [5] indicated that total chlorophyll content of a salt-tolerant cultivar of rice
decreased by increasing salinity. Total chlorophyll was significantly higher than the control
under a mild saline stress, however, it significantly decreased under a severe saline stress. The
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result was related to chloroplast membranes faced with moderate and severe saline stresses.
Furthermore, the destruction of the thylakoid membrane structure was another reason for
reducing the affinity between chlorophylls and proteins of the chloroplast. Subsequently, this
situation lowered the activity of chlorophyll synthesis enzymes causing a decrease in chloro-
phyll stability and the breakdown of the chlorophyll without replacing it by enzymatic
synthesis [5].

On the contrary, chlorophyll-a, chlorophyll-b, and total chlorophyll of salt-tolerant cultivars
of wheat were increased under salinity levels more than 50 mM NaCl [23]. Nevertheless, no
significant differences were seen among 100, 150, and 200 mM NaCl [23], which might be
due to positive effects of salinity stress resulting in leaf thickness. This result was observed in a
recent study exploring more chlorophyll contents per leaf area [23]. In addition, the ratio of
chlorophyll-a to -b was significantly greater under the control rather than high saline levels.
However, it was insignificant between control and low saline levels [23]. Raja Babu and
Vijayalakshmi [24] reported more reduction in chlorophyll-b rather than chlorophyll-a in salt-
sensitive cultivars of rice, indicating the susceptibility of chlorophyll- to saline stress.

The pigment contents of pak choi [Brassica campestris ssp. Chinensis] decreased
under 50 and 150 mM NaCl, however, pigment contents behaved diversely among salt-
sensitive and salt-tolerant cultivars [25]. In a salt-sensitive cultivar, low sodium stress
(50 mM NaCl) just decreased chlorophyll-a while it did not affect chlorophyll-b and total
chlorophyll. However, high sodium stress (150 mM NaCl) reduced chlorophyll-a, chlo-
rophyll-b and total chlorophyll of the salt-sensitive cultivar. Nonetheless, the ratio of
chlorophyll a to b remained constant under both NaCl concentrations. In a moderately
salt-tolerant cultivar, chlorophyll-a, chlorophyll-b, and total chlorophyll decreased under
both NaCl concentrations. Nevertheless, the ratio of chlorophyll a to b remained almost
unchanged. In a salt-tolerant cultivar, low sodium stress (50 mM NaCl) reduced chloro-
phyll-a while it raised chlorophyll-b and the ratio of chlorophyll a to b. However, total
chlorophyll was not influenced by 50 mM NaCl. High sodium stress (150 mM NaCl)
declined chlorophyll-a and total chlorophyll whereas chlorophyll-b was not varied. The
ratio of chlorophyll a to b was rather greater under 150 mM NaCl [25].

4.2 Chlorophyll fluorescence
4.2.1 Extracted and technical parameters of chlorophyll-a fluorescence

The findings of this experiment were similar to the study of Yamane et al. [26], in which Fgo
and Fy; decreased as salt-sensitive and salt-tolerant cultivars of rice were subjected to 75, 100,
150, and 200 mM NaCl. As well, Kafi [23] reported Fy; and Ty; were lowered by salinity in
salt-tolerant cultivars of wheat [23]. It is known that photosynthesis including photochemical
reactions is limited under saline conditions [1-7, 20, 22-26]. It is attributed to draught,
degradation of chlorophyll molecules and also limitation of chlorophyll synthesis caused by
salinity [1, 5, 7, 20, 23-26].The result of this situation is excessive energy that cannot be
converted to electron flux and may damage the photosynthetic apparatus [13, 15, 18]. To
prevent the damage, the excessive energy must dissipate rapidly and the most fast and easiest
way to dissipate the excessive energy is fluorescence [13, 15, 18].

The increase in fluorescence parameters was observed in most of the stresses. Fg, Fyy, and
Fy increased in different cultivars of maize and rice under zinc and cadmium stresses,
respectively [27, 28]. Nevertheless, these parameters changed differently in chilling stress
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[29]. As Fo rose under chilling, Fy; behaved vice versa [29]. In addition, an increase in closure
of reaction centers at the J-step (Vj) and PSII non-photochemical loss (LD) and also a decrease
in plastoquinone pool size were observed in different cultivars of potassium-deficient soybean
[30]. Ripley et al. [12] observed a decrease in the density of the reaction centers per absorption
energy flux (RC/ABS) in sorghum under low phosphorous. Similar responses were recorded in
different cultivars of maize and rice under zinc and cadmium stresses, respectively [27, 28].

4.2.2 Flux ratios (quantum yields and quantum efficiencies) of chlorophyll-a fluorescence

Quantum yields and quantum efficiencies, referred to as flux ratios, are parameters to
calculate the amount and the efficiency of absorbing quantums through photochemical
reactions of the photosynthesis [10—15, 18]. These parameters can help us decipher the
state of the quantum absorbing from solar energy in the leaf. It is understood that
quantum yields and quantum efficiencies decrease under harsh situations including
stresses [1-7, 10—15]. These parameters show the stress influences on absorbing and
converting solar energy in photosynthesis [10—15].

Netondo et al. [20] found a particularly significant sharp drop of ®p, as well as a mild fall of
the electron transport in salt-tolerant cultivars of sorghum under 150 mM NaCl. These results
had been related to the structural changes in PSII and the low effect of salinity on electron
transportation, respectively. On the other hand, in Yamane et al. [26], ®p, decreased under 75
and 100 mM NaCl although Fo was unchanged. Yamane et al. [26] attributed these conse-
quences to the swelling of thylakoid in chloroplasts of mesophyll cells exposed to the salinity.
This situation destroyed thylakoid membranes and grana structures [26]. As the salinity
increased, swollen thylakoids were enhanced in chloroplasts. The swelling of thylakoids under
salinity was induced via lipid peroxidation, caused by reactive oxygen species (ROS) such as
hydrogen peroxide and hydroxyl radical. In other words, PSII destruction was the direct effect
of salinity. A lower decrease in ®p, was possibly a result of the photoprotection [26].

Kafi [23] reported similar findings in salt-tolerant cultivars of wheat. Although ®p, was
significantly reduced with an increase under NaCl concentrations, it did not change up to
100 mM. A low value of ®p, might be a sign of disturbance in RuBP (ribulose-1, 5-
bisphosphate) regeneration under salt-stressed conditions, which seriously depends on the
electron transmission from PSII to the electron acceptors [23].

A decline of quantum yields and quantum efficiencies was reported in other stresses. As
reported by Ripley et al. [12], the proportion of electron transport to heat dissipation (ETo/
DIp) of sorghum decreased due to low phosphorous application. This result was compatible
with the present study. The decrease of phosphorus, as a key element of intermediates
participating in the electron transport, led to reduced ETo/Dlp. On the other hand, increasing
arsenic decreased TRo/Dlg via phosphorus deficiency in soybean [31]. It was related to the
vital role of phosphorus in all energy cycles of biosystems [31]. Moreover, TRo/DIp was
affected by a combination of zinc absence and drought, which drastically lowered TRo/DIg in
maize [27].

4.2.3 Specific energy fluxes and phenomenological energy fluxes of chlorophyll-a
Sfluorescence

Specific energy fluxes indicate the state of energy flux of photons in reaction centers of PSI
and PSII whereas phenomenological energy fluxes describe the state of energy flux of photons
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in the cross section between PSI and PSII (Supplementary Information 2d, e) [10-15, 18,
31-33]. It is important to know what happens to photons inside the photosystems (the reaction
centers) and between the photosystems (the cross- section) during photochemical reactions of
the photosynthesis [10-15, 18, 32]. Therefore, measuring these parameters can help us to
follow the state of the photon energy in the photosynthesis especially under stress conditions.
However, these parameters have been rarely discussed in chlorophyll-a fluorescence research.

In agreement with the findings of this study, it has been reported that the absorbed energy
flux per reaction centers (ABS/RC), the trapped energy flux per reaction centers (TRo/RC) and
the energy dissipation as heat per reaction centers (DIo/RC) significantly increased in sorghum
under low phosphorous stress [12]. This result was related to the decrease in the amount of
phosphorus-containing intermediates participating in the electron transport [12]. However, the
electron transport flux per reaction centers (ETo/RC) was not influenced by the stress [12].

On the other hand, taking into account that heat dissipation is the excessive photon
absorption that cannot be trapped by the reaction centers, DIo/RC may be influenced by the
ratio of active to inactive reaction centers in photosystems [12]. Accordingly, evaluation of
DIo/RC can probably predict the proportional amount of inactive reaction centers in photo-
systems [32]. Similarly, the trapped excessive energy that cannot be transmitted by the cross
section must be dissipated as heat per cross section. Hence, DIo/CS can probably be affected
by the proportion of active to inactive parts of the cross section. Consequently, calculation of
DIo/CS may estimate the relative rate of the inactive cross section.

4.2.4 Performance indices and driving force parameters of chlorophyll-a fluorescence

Plpg;, Plpsy and Pliy, exhibit the performance of the electron flux in PSII, PST and the whole
photochemical reactions (total), respectively. However, DFpg;, DFpsyr and DF i describe the
redox potential in PSII, PSI and the whole photochemical reactions (total), respectively [15,
31]. Total performance indices (PIags, tota a0d Plcs, tora1) and total driving forces (DFaps; totals
DFcs, toral) €valuate the whole of the photosynthetic apparatus from the first point in PSII
toward the end point in PSI [14].

Performance indices are new important high-sensitive fluorescence parameters used as
stress indicators that indicate the vitality of the photosynthetic apparatus. These indices are
based on four factors including the density of the reaction centers per absorption energy flux
(RC/ABS), the maximum quantum yield (®p,), the electron transport efficiency from Q, to
Qg (Pg,) and the electron transport efficiency from Qg to the end electron acceptors of PSI
(Oro) [14, 15, 30, 31]. In agreement with this finding, Ripley et al. [12] reported that the
decrease in the PSII performance index (Plsgs, psi) of sorghum was in relation to significant
decreases in Pp,, g, and Vg,,.

If a stressful condition influences one of these factors, performance indices will display
variations clearly and distinctly [14, 15, 30, 31]. Due to this advantage, performance indices
are used to screen genotypes in different researches [14, 15, 34]. Van Heerden et al. [11] noted
that performance indices facilitated the screening of soybean genotypes much faster, easier,
and more economical than other methods under dark chilling stress. Moreover, Tsimilli-
Michael and Strasser [14] expressed that the photosynthetic performance indices were the
most susceptible parameters for measuring chlorophyll-a fluorescence variations while the
commonly used ®p, was not susceptible enough. On the other hand, driving forces express the
performance indices in chemistry language [15]. Actually, driving forces are related to the
oxido-reduction reactions of the photochemical process [15].
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Plags, psi is also dependent on the number of reaction centers [11]. Reaction centers
consist of chlorophyll-a molecules containing nitrogen. Therefore, photosystems containing
more reaction centers (RC/ABS) can trap more energy through their chlorophyll-a molecules
(higher ®p,=TR/ABS). Therefore, they display greater electron transport yield (higher
®r,=ETo/ABS) and lower dissipated energy as heat or fluorescence (lower ®p,=DIy/
ABS, DIo/RC, and DIp/CS) [12]. In accordance with these findings, van Heerden et al. [11]
found a rapid increase in Plapg, psy of different genotypes of soybean under nitrogen
application while Plygg psy; Was reduced under nitrogen deficiency.

In addition to nitrogen, phosphorus is reported to be involved in performance indices.
Ripley et al. [12] explained that the reduction in the amount of phosphorus-containing
intermediates, taking part in the electron transport, led to lower performance indices in
eight-week and twelve-week plants of sorghum. It was clear that the absorption of some
elements including phosphorous had been limited by the stress.

On the other hand, the drought caused by some stresses such as salinity and chilling may
influence the performance indices and the driving forces. Desotgiu et al. [35] reported that
stomata closure following a decrease in the leaf water potential led to a decline of Plags; tota I
a poplar [Oxford clone] subjected to water stress. Moreover, total driving forces of photosyn-
thesis (DFps tota1 and DF g, 1ora1) decreased due to the drought caused by dark chilling stress in
different cultivars of soybean [11]. It has been previously proved that water deficiency is one
of the earliest negative effects of salinity. Therefore, performance indices and driving force
parameters can display well early drought impacts of salinity stress before its late toxic
impacts.

4.3 Crop yield and the relationship between chlorophyll-a fluorescence of the leaf

The decline of the seed yield, total dry matter and the harvest index has been reported in
different cultivars of sorghum under salinity stress [36—38]. It was obvious that the decrease in
photochemical reactions of photosynthesis resulted in the decline of crop yields especially the
seed yield per plant and the harvest index of the grain cultivar [3, 10, 11, 20, 28, 30]. This
result showed that seed yield per plant and the harvest index were more susceptible to salinity
rather than biomass production. As well, the unchanged total dry matter up to 150 mM NaCl
displayed that total dry matter was tolerant to salinity. Hence, it is possible to produce biomass
by cultivating either the grain cultivar or the sweet-forage cultivar of sorghum under high
salinity without decreasing the total dry matter. However, seed production of both cultivars
decreases the high salinity.

The positive relations clearly presented dependency of crop yields on the capability of the
photochemical reactions of the photosynthesis [10-12, 18, 30-34, 39, 40]. In other words, high
Plags, total l€ads to high crop yields and it may be possible to predict crop yields by measuring
chlorophyll-a fluorescence parameters such as Plags. (o [9-13, 15, 17, 27].

5 Conclusions

Salinity decreased all photosynthetic pigments including chlorophyll-a. The chlorophyll-a
fluorescence parameters as functional indicators of photochemical reactions showed drastic
effects of increasing salinity on the photosynthesis. Despite the negative effects of NaCl on

grain and sweet-forage cultivars of sorghum, both cultivars could control these effects between
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100 and 150 mM NaCl. Considering the findings of the present study, it seems that sorghum
could tolerate salinity up to 150 mM NaClL
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