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ABSTRACT

Salt stress limits photosynthetic capacity of plants by disturbing thylakoidal reactions. Chlorophyll fluorescence
measurements help in measuring the extent of photosystem-II (PSII) photodamage. Panicum antidotale (P. antidotale)
and Panicum turgidum (P. turgidum) are potential fodder grasses, adapted to a variety of environmental stresses like
salinity and drought. In the present study, photosynthetic performance was assessed by chlorophyll a fluorescence
kinetic analysis of excised leaves of these two grass species immersed in varying concentration of NaCl (0, 250, 500 and
1000 mM NaCl) after 24 hours. Salt stress decreased chlorophyll fluorescence at J, I and P steps indicating reduced
efficiency of electron transfer at PSII and from PSII to PSI. In addition, salt induced increase in Fo (11% in P.
antidotale; 29% in P. turgidum) along with reduction in Fm indicated PSII photoinhibition at the donor end.
Performance index (Plags) and quantum yield of PSII were decreased in excised leaves of both Panicum species with
increasing salt levels. However, P. antidotale had greater Plags (1.08) and quantum yield of PSII (0.72) than in P.
turgidum (0.47 and 0.57 respectively), which is associated with better management in absorption (0.84% as compared to
12.4% in P. turgidum), trapping and electron transport or better management of PSII excitation pressure under salt stress.
Activity of PSII measured as Plags and some related JIP-test parameters can be used as potential indicators of salt
tolerance. So increasing salinity stress affected primary photochemistry of PSII in excised leaves of both grass species
but adverse effect of salt stress on PSII photochemistry was greater on P. turgidum than that of P. antidotale. 1t is
suggested that assessment of fast chlorophyll a kinetic analysis on excised leaves of different species/cultivars may help
in screening and selection for salt tolerance.
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INTRODUCTION Under salt stress conditions, the photosystem II (PSII)

can become overexcited, leading to an increase in

Plant growth is mainly translated by electron transport that may result in the over-reduction of
photosynthetic process, which includes efficiency of electron carriers or the generation of reactive oxygen
plants to convert solar energy into biochemical energy via species (ROS) near photosystem I (PSI) (Murchie and
thylakoidal reactions, and CO; fixation in Calvin cycle. Ruban, 2020; Shahzadi et al., 2021). To protect PSI,
Salt stress lowers the CO, fixation in Calvin Cycle by antioxidative enzymes such as superoxide dismutase
reducing availability of CO, through stomatal closure. (SOD), peroxidase (POD), catalase (CAT), and
Plants maintain balance between biochemical energy glutathione reductase (GR) can be activated (Gul et al.,
production in thylakoidal reactions and its consumption 2023). Over-reduction of electron carriers under salt
in photosynthetic carbon reduction (Takahashi and stress resulted in complete closure of PSII reaction
Badger, 2011). Thylakoidal reactions include absorption centers. Under this situation, salt stress causes the

of light by two photosystems and electron transport from p.roductlon of hlghly'reactlve ROS around PSII such as
photosystem-II (PSII) to photosystem-I (PSI) that singlet oxygen and triplet chlorophyll molecules and thus
resulted in generation of pH gradient and ATP synthesis PSII photodamage oceurs. Salt stress  causes PSII
(Athar and Ashraf, 2005; Ogbaga and Athar, 2019). photodamage by damaging light harvesting complex
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(LHC), oxygen evolving complex (OEC) and core protein
of PSII (D1 protein, Psba protein) (Ogbaga et al., 2018;
Murchie and Ruban, 2020; Athar et al., 2022).

In vivo chlorophyll a fluorescence analysis has
been widely used as a power tool to assess structural
stability and functional activity of PSII or physiological
status of plant health under environmental stresses
including salt stress (Maxwell and Johnson, 2000; Woo et
al., 2008; Javed et al., 2021). Strasser et al. (1995)
suggested the use of fast chlorophyll a fluorescence to
assess structural stability of PSII. This technique
followed by JIP-test allows to assess the extent of
damage at oxygen evolving complex (OEC), light
harvesting complex and electron transport rate (Strasser
et al., 2004). Dark-adapted leaves exposed to high energy
light cause a rise in chlorophyll fluorescence emission
with three distinct phases i-e O-J, J-I and I-P. These steps
reveal PSII associated photochemical events (Strasser et
al., 2000). These three phases can be defined as, O-J
phase is reduction of acceptor side of PSII-Photochemical
phase and J-I phase is reduction/oxidation of PQ pool-
thermal phase. However, the last I-P phase represents the
redox status of mobile electron carrier plastocyanin (PC)*
and reaction center of PSI (P700%). Thus, it can be used
to measure photosynthetic efficiency. Therefore, OJIP
analysis following JIP-test is extensively used for
monitoring plant health status under abiotic or biotic
stress conditions. Moreover, this technique is suggested
to use for screening crop cultivars for abiotic stress
tolerance (Lazof and Lauchli, 1991; Kalaji et al., 2018;
Samborska et al., 2018; Rastogi et al., 2020). It is an
important source of information regarding the processes
like photochemical and non-photochemical processes.

Panicum antidotale Retz. and Panicum turgidum
Forssk., the two potential fodder grasses, are known for
having adaptations to salt and drought stress that ranges
from ion homeostasis to photosynthetic adaptations.
However, it is not known that whether greater ability to
protect PSII from photodamage plays a role in degree of
salt tolerance in these two grass species. As genetic
variability is found in plant species with respect to
salinity tolerance therefore research projects are designed
to screen germplasm for salt tolerance. Classical
screening method for salt tolerance is usually based on
the yield responses but it is very extensive and expensive.
Screening and selection should be based on fast, reliable
and non-destructive techniques such as fast chlorophyll a
fluorescence kinetic analysis (OJIP). It is assumed that
addition of NaCl directly to the leaf tissue (excised leaf)
inhibits protective effect of several mechanisms which
regulate Na delivery. This can enhance PSII exposure to
salinity and decrease photochemistry (Smethurst er al.,
2009). Fast chlorophyll a fluorescence analysis was used
to evaluate the photosynthetic capacity of P. antidotale
and P. turgidum in excised leaves under salt stress, with
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the aim of assessing the structural stability and functional
activity of their PSII and their degree of salt tolerance.

MATERIALS AND METHODS

Photosynthetic adaptations to salt stress in P.
antidotale and P. turgidum were assessed in terms of PSII
structural stability and functional activity. Stumps of P.
antidotale and P. turgidum were collected from natural
population at Haiderwali (29.01°N and 72.14°E) and
Tibbi Mansoora (29.11°N and 72.15°E) respectively. The
grass species were first identified and then verified from
herbarium at Institute of Botany, Bahauddin Zakariya
(BZ) University, Multan. All collected stumps of P.
antidotale and P. turgidum were transferred to plastic
pots (28 x 32 cm diameter and depth) filled with 8 kg
normal garden soil. One stump per pot was allowed to
establish for two weeks. The plants were grown in
Botanic Gardens BZ University, Multan (30.11°N and
71.28°E) under full sunlight with normal irrigation till
their establishment. The average day and night
temperature were 30£6°C and 22+4°C respectively. Day
length was 11-12 hr while relative humidity range was
from 33.5-45.5%. Fully developed leaves were randomly
selected from both grass species and excised from the
plants.

Application of increasing salinity stress to excised
leaves: A series of solutions was prepared using NaCl
having concentration 0, 250, 500 and 1000 mAM NaCl.
The study was conducted in completely randomized
design with four treatments and four replicates. Each
replicate contained excised leaves from at least three
individual plants. Excised leaves of each grass species
were dipped in each salinity stress solution for 24 hours.
Leaves were covered with aluminum foil for dark
adaptation. Chlorophyll a fluorescence transient was
measured by a FluorPen FP-100 (Photon System
Instruments, Czech Republic).

Fast chlorophyll a kinetic (OJIP) analysis: A saturation
pulse was applied on the dark-adapted leaf (4 mm area)
with two light emitting diodes. The length of saturation
pulse was 0.8 sec with 3000 pmole m? s'. The
fluorescence was recorded after every 10 ps initially till 2
ms. Fluorescence at different time points were also
recorded such as Fo as O (Fluorescence at 40-50 ps), F;
or Fluorescence at J (2 ms) point, F; or fluorescence at
point I (30 ms), and fluorescence at point P (500 ms) or
maximum fluorescence (Fum). OJIP raw curves were
plotted on log time scale.

Semi-quantitative analysis of OJIP curves: In order to
assess differences in fluorescence under control and
stress conditions, raw curves were first normalized by Fo
or Fm or by both and then their differences were
calculated. Both normalized and differential kinetics
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curves were plotted on log time scale. These curves were
represented as Vop, Vok, Vois, and Vor. These were
calculated as [Vop = (F-Fo)/(Fm-Fo)], [Vok = (F-Fo)/(Fk-
Fo)l, [Vor = (F-Fo)/(F-Fo)], [Vor = (F+-Fo)/(Fi-Fo)].
Differences were calculated as AVok (L-band) and AVoy;
(K-band). There are two ways to measure the changes
between I and P time points. First formulae used Vor (>1)
= (F+-Fo)/(F1-Fo) and second as Vip [Vip=(F-F1)/(Fum-F1)].
Various JIP-test parameters were also calculated
following Strasser and his co-workers (Strasser ef al.,
2000; Bussotti et al., 2011; Oukarroum et al., 2012; Sunil
et al., 2020).

Quantitative analysis or JIP-test parameters:
Computed values of JIP-test obtained through Fluor Pen
version 2 software package provided by the manufacturer
of the equipment. The JIP-test parameters were processes
as percent of control and plotted as radar plot of each
grass species.

Statistical analysis: The experiment was conducted in
completely randomized design (CRD) with two factors
(varying levels of salt stress and grass species) with ten
replicates. The raw data was processed in MS Excel
2020. Raw curves were drawn on fluorescence data as a
function of time choosing XY scatter plot. The time in ms
was taken on x-axis and transformed it logl0. Semi-
quantitative analysis of OJIP curves were performed in
MS Excel. In addition, JIP-test parameters were extracted
from raw curves following (Strasser et al., 2000; Kalaji et
al., 2018; Javed et al., 2021b). The data for JIP-test was
subjected to two-way analysis of variance (ANOVA).
The means were compared using LSD at 5% probability
level. The statistical analysis was carried out using
computer package CoStat 6.4 (COHORT, Berkeley,
USA).

RESULTS

Fast chlorophyll a kinetic (OJIP) analysis: Imposition
of salt stress caused deleterious effect on excised leaves
of P. antidotale and P. turgidum. Photosynthetic
performance was assessed by measuring chlorophyll a
transients after 24 hours. A comparison was made among
the raw OJIP transients of the excised leaves immersed in
varying concentrations of NaCl (0, 250, 500 and 1000
mM NaCl). Although increasing level of salt stress
considerably decreased fluorescence levels at all steps of
OJIP.

Semi-quantitative analysis of OJIP curves: The
fluorescence level at J-I and I-P phases was significantly
decreased at all levels of salt stress in P. turgidum,
whereas in P. antidotale such decrease was observed at
500 mM NaCl and 1000 mM NaCl. Shape of raw curves
explained structural and functional activity of PSII
(Figure 1). Raw curves were normalized by Fo and
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double normalized by Fo and Fm to avoid differences due
to different Fo or Fm values in different replicative plants
(Figure 1). These normalized curves showed that salt
stress caused negative effects on PSII and electron
carriers of intersystem electron transport chain in excised
leaves of Panicum species, particularly in P. turgidum.
To find out tentative site of damages or adverse effects on
PSII due to salt stress, difference of double normalized
transients between salt stressed and non-stressed plants
were expressed as OP, L and K bands. L and K bands are
usually hidden among the O-J phase. The difference
kinetics of AVop of P. antidotale showed positive band of
OJIP transients at different salt levels especially at 1000
mM NaCl. Similarly difference kinetics of Aop of P.
turgidum showed positive band of OJIP transients at 500
mM NaCl and 1000 mM NaCl while negative at 250 mM
NaCl in J-P region (Figure 2). To reveal changes in
chlorophyll fluorescence at each step, difference kinetics
at L and K steps were also calculated and presented as
AVok (L band, energetic connectivity among PSII units)
and AVe; (K band, antenna size or OEC activity),
respectively (Figure 2). Positive amplitude of L band was
observed at 250 mM NaCl and negative amplitude of L-
band at 500 mM NaCl and 1000 mM NaCl in P.
antidotale. However, negative amplitude of L band at
1000 mM NaCl was higher than 500 mAM NaCl. In P.
turgidum, negative amplitude of L-band was observed
only at 1000 mM NaCl salt stress level and positive
amplitude was observed at other salt levels. In this case
positive amplitude of L band at 250 mM NaCl was higher
than 500 mM NaCl. Negative amplitude of L-band at
different salt levels showed that plants had greater
energetic connectivity among PSII units. Difference
kinetics as AVo; (K band) showed negative K band in salt
stressed leaves of both species of Panicum. Such negative
bands were observed in excised leaves of both species at
higher level of salt stress, whereas at lower salt stress
(250 mM NaCl) a positive K band was found in P.
antidotale. In addition, amplitude of negative K band was
increased with increased in salt stress (Figure 2).

Changes in I-P phase are related with electron
transport from cytochrome bef complex or reduced
plastoquinone to photosystem-I (PSI) end electron
acceptors i.e. ferredoxin and NADP. Salt stress decreased
the IP curve in excised leaves of both Panicum species.
However, IP phase changes measured as using formulae
Vir = [(Ft-Fi)/(Fm-Fi)] showed that salt stress reduced the
rate constant in both Panicum species but the negative
effect was greater in P. turgidum (Figure 3).

Quantitative analysis or JIP-test parameters: Initial
fluorescence (Fo) become increased at 250 and 500 mM
NaCl salinity (29%) in P. turgidum, while in P.
antidotale it was increased only at 250 mM NaCl salinity
stress (11%) for 24 hours. However, other basic
chlorophyll fluorescence parameters (Fj, Fi, Fm) and
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variable fluorescence (Fv) were decreased with increase
in salt stress in both Panicum species (Figures 4 and 8).
However, the reduction in these attributes was greater in
the excised leaves of P. turgidum as compared to that in
P. antidotale. It is important to note that excised leaves of
P. antidotale treated with 250 mM NacCl for 24 hours did
not show any significant change in fluorescence at J and I
steps (Fy, Fi). Moreover, this reduction was maximal at
the highest level of salt stress i-e 1000 mM NaCl (Figure
4 and 8).

Ratios of fluorescence such as Fv/Fm and Fv/Fo
were also significantly reduced in excised leaves of both
species of Panicum. Ratio of fluorescence parameters in
the excised leaves of both Panicum species were
consistently decreased with consistent increase in salt
stress. However, these ratios of parameters were higher in
excised leaves of P. antidotale. Quantum yield of PSII
measured as Fv/Fm and Fv/Fo were greater in P.
antidotale (Fv/Fm 0.72) than in P. turgidum (Fv/Fm
0.57) at 250 and 500 mM NaCl salinity (Figure 5 and 8).
Rate of Qa reduction (Mo) was significantly increased
due to salt stress in excised leaves of both Panicum
species, particularly at 500 and 1000 mM NaCl
Moreover, increase in values of Mo was greater in
excised leaves of P. turgidum than in P. antidotale at the
higher salinity stress (Figure 6 and 8). Similarly, number
of oxidation reduction of Qa till Fm (N) and multiple
turn-over of Qa were increased due to salt stress in P.
antidotale, whereas these were decreased at the higher
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salinity stress. However, values of N were much higher in
P. turgidum than in P. antidotale (Figure 6 and 8). Area
and fix area under OJIP transients were significantly
decreased in excised leaves of both species of Panicum,
particularly at the highest level of salt stress. Both species
were significantly different in both these attributes only at
the highest level of salt stress where P. antidotale was
superior in these fluorescence attributes (Figure 6 and 8).

Performance index (Plags) was significantly
reduced due to salt stress in excised leaves of both
Panicum species. Maximum reduction was observed at
the highest level of salt stress. Species differed in Plags at
higher salinity stress levels, where P. antidotale had
greater Plags than in P. turgidum (1.08 and 0.47
respectively) (Figure 5 and 8). Among phenomenological
fluxes, 250 mM NaCl salinity stress increased energy flux
for absorption per active reaction centers (ABS/RC) in P.
turgidum (12.4% as compared to 0.84% in P. antidotale).
Energy flux for trapping per reaction center (TRo/RC)
was decreased at higher salinity level in both Panicum
species. Similarly, energy flux for electron transport
(ETo/RC) was decreased in both Panicum grass species
at higher salinity level, particularly in P. turgidum. Salt
stress substantially increased energy flux for heat
dissipation per reaction center (DIo/RC) in both grass
species. Extent of increase in DIo/RC was greater in
excised leaf of P. turgidum than in P. antidotale (Figures
7-8).
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Figure 1. Chlorophyll a fluorescence curves without normalization (a-b) and curves with normalization (c-
d) Vro (e-f) Vrm and (g-h) Vor in excised leaves of Panicum antidotale and Panicum turgidum immersed in
varying concentrations of NaCl for 24 hours. mM = Millimolar; pus = Microsecond.
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Figure 2. Chlorophyll @ fluorescence differential curves (a-b) AVop, (c-d) AVos and (e-f) AVok in excised leaves of
Panicum antidotale and Panicum turgidum immersed in varying concentrations of NaCl for 24 hours. mM =
Millimolar; u = Microsecond.
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Figure 3. Chlorophyll a fluorescence curves with normalization as Vor>1, Voi<l and Vir in excised leaves of
Panicum antidotale and Panicum turgidum immersed in varying concentrations of NaCl for 24 hours. mM =
Millimolar; us = Microsecond.
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Figure 4. (a) Fo (Minimum fluorescence (50us) of OJIP, when all reaction centers of PSII are assumed to be
opened), (b) Fm (Maximum fluorescence at the peak of OJIP, when all reaction centers of PSII are assumed to
be closed), (¢) Fi (Fluorescence at I step (30 millisecond) of OJIP), (d) Fj (Fluorescence at J step (2 millisecond)
of OJIP), (e) Vi (Variable chlorophyll fluorescence at I step) and (f) Vj (Variable chlorophyll fluorescence at J
step) in excised leaves of Panicum antidotale and Panicum turgidum immersed in varying concentrations of NaCl
for 24 hours. mM = Millimolar; Error bars represent standard error; Mean + S.E.
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Figure 5. (a) Fv/Fm (A value that is related to the maximum gquantum yield of PSII), (b) Fv/Fo (A value
that is proportional to the activity of the water-splitting complex on the donor side of the PSII), (c)
Pl gy (Performance index for energy conservation from photon absorbed by PSII antenna to reduction
of Qp) and (d) RC/ABS (Reaction center density) in excised leaves of Panicum antidotale and
Panicum turgidum immersed in varying concentrations of NaCl for 24 hours. mM = Millimolar; Error

bars represent standard error; Mean = S.E.
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Figure 6. (a) Mo (Rate of closure of PSII ), (b) N (Number of QA redox turnovers until Fm is reached),
(c) Sm (Single turnover) (d) Area (Area above chlorophyll fluorescence curve between Fo and Fm
representing size of plastoquinone pool) in excised leaves of Panicum antidotale and Panicim
turgidwm immersed in varying concentrations of NaCl for 24 hours. mM = Millimolar; Error bars

represent standard error; Mean + S.E.
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DISCUSSION

Shape of OIJIP curves or chlorophyll
fluorescence at various time points are semi-quantitative
indicator of status of PSII. In the present study,
photosynthetic performance was assessed by measuring
chlorophyll a fluorescence in excised leaves of grasses
(P. antidotale and P. turgidum) immersed in varying
concentration of NaCl (0, 250, 500 and 1000 mM NaCl)
after 24 hours which showed that salt stress decreased
chlorophyll fluorescence at J, I and P steps. However, Fo
was increased at mild salt stress but decreased at high salt
stress. These results can be explained as high salt stress
might increase thermal dissipation causing lower in Fo
values (Yamane et al., 1997; Yamane et al., 2000; Guidi
and Calatayud, 2014). For example, salt stress for seven
days in two Syrian barley cultivars reduced Fo values
(Kalaji et al., 2011) and suggested that salt stress might
have disorganized pigments in reactive center and
decreased the trapping efficiency of PSII (Duarte et al.,
2014). It might be due to increase in number of inactive
reaction center. Mild or lower salt stress might have
caused damage to light harvesting complex which leads
to low energy transfer from LHC to RC thereby resulting
in high Fo (Styring et al., 1990; Aro et al., 1993). Low
value of Fm suggests that all Qa molecules and electron
carriers of entire electron transport chain are completely
reduced, thus increased heat dissipation (Stirbet and
Govindjee, 2011; Goltsev et al., 2016). These results
suggest that salt stress reduced PSII efficiency by causing
damages at both donor and acceptor end of PSII. Fv/Fm
and Fv/Fo explain the PSII structural stability and oxygen
evolving complex (OEC) activity in PSII. Inhibition of
OEC activity leads to the lack of electron for reduction of
electron acceptors of PSII. In this study, both these
fluorescence parameters in the excised leaves of both
Panicum species were consistently decreased with
consistent increase in salt stress. However, quantum yield
of PSII measured as Fv/Fm and Fv/Fo were greater in P.
antidotale than in P. turgidum. It has been observed that
Fv/Fo is more sensitive to salt stress than Fv/Fm (Lazof
and Lauchli, 1991). These results can be explained in
view of the arguments of already published reports that
accumulation of Na* ions around PSII caused destruction
of PSII at antenna and core proteins (Chen and Murata,
2011; Bose et al., 2017). Salt induced increase in Fo,
decrease in Fm and Fv values might have been correlated
with increased thermal dissipation, denaturation of
chlorophyll binding proteins and pigment losses in
antenna as suggested earlier in different woody and
herbaceous species (Yamane ef al., 1997; Yamane et al.,
2008). Similarly, decline in Fv/Fm with increase in Fo
indicated PSII photodamage in rice plants under
increasing salt stress. Moreover, decrease in Fv/Fm due
to decrease in Fm and without change in Fo indicated
photoprotective thermal dissipation (non-photochemical
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quenching due to xanthophyll cycle) was found in leaves
of rice under high salinity stress (Yamane et al., 2008).
Based on this information, it can be inferred that the
higher heat dissipation observed in excised leaves of P.
antidotale is related to the photoprotective component of
non-photochemical quenching (NPQ), while the PSII of
P.  turgidum is more susceptible to photodamage
compared to P. antidotale under salt stress.

Performance index (Plags) is the most sensitive
JIP-test parameter, which explains active reaction center
density, light reactions and biochemical reactions
efficiency. Performance index (Plags) become lowered in
excised leaves of both Panicum species with increasing
salt stress and P. antidotale had greater Plags than in P.
turgidum. This might have been due to lower active
reaction center density in P. furgidum. Reduction in
active reaction center density is positively associated with
increase in energy flux for absorption per active reaction
centers (ABS/RC), reduction in energy flux for trapping
and electron transport per active reaction center in P.
turgidum. Thus, high energy flux for absorption and its
lower utilization resulted in damage of reaction centers
thereby resulting in increased heat dissipation (DIo/RC).
This is similar to what Oyiga et al., (2016) has reported
that among 150 wheat genotypes, salt sensitive wheat
genotypes had lower Plags due to greater damage to
reaction centers. Increase in ABS/RC due to salt stress in
P. turgidum can be related to re-grouping of light
harvesting complexes of inactive PSII RCs to active PSII
reaction center resulted in increase in delivery of
absorbed energy (Yamane et al., 2008; Kalaji et al,
2011).

The OI phase including JI phase reflects the
redox status of PQ pool. Changes in amplitude in
fluorescence of IP phase are associated with electron
transport from PQH, to PSI end electron acceptors
(Vredenberg, 2011). Data from OJIP analysis and curves
normalized with Fo or Fm showed that fluorescence at JI
and IP phases reduced in both grass species due to salt
stress. These results indicated that salt stress caused
photodamage to PSII and electron transport from PQ pool
to PSI end electron acceptors (Zhong and Lauchli, 1994,
Ceppi et al., 2012).

Conclusions: Based on the result of this study, it can be
concluded that increasing salinity stress reduced the
structural stability and functional activity of PSII in
excised leaves of both Panicum species. Salt stress
caused the photoinhibition of PSII at both donor end and
acceptor end (As reflected by increase in Fo, Vj, AOK,
AQJ), and reducing active reaction center density. In
addition, salt stress reduced the electron flow from
acceptor end of PSII to PSI end electron acceptors.
However, this adverse effect was more in Panicum
turgidum than in Panicum antidotale, which is more salt
sensitive. This clearly reflected that degree of salt
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tolerance is positively associated with PSII structural
stability, and this test on excised leaves can be used in
screening and selection for salt tolerance of grass species.
It is suggested that the assessment of fast chlorophyll a
kinetic analysis on excised leaves of different
species/cultivars may aid in understanding the salt
tolerance mechanisms.
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