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Abstract

Although only 2-4% of absorbed light is emitted as chlorophyll (Chl) a fluorescence, its measurement provides valuable
information on photosynthesis of the plant, particularly of Photosystem II (PSII) and Photosystem I (PSI). In this paper, we
have examined photosynthetic parameters of Suaeda fruticosa L. (family: Amaranthaceae), surviving under extreme xero-
halophytic conditions, as influenced by diurnal rhythm or continuous dark condition. We report here CO, gas exchange and
the kinetics of Chl a fluorescence of S. fruticosa, made every 3 hours (hrs) for 3 days, using a portable infra-red gas analyzer
and a Handy PEA fluorimeter. Our measurements on CO, gas exchange show the maximum rate of photosynthesis to be
at 08:00 hrs under diurnal condition and at 05:00 hrs under continuous dark. From the OJIP phase of Chl a fluorescence
transient, we have inferred that the maximum quantum yield of PSII photochemistry must have increased during the night
under diurnal rhythm, and between 11:00 and 17:00 hrs under constant dark. Overall, our study has revealed novel insights
into how photosynthetic reactions are affected by the photoperiodic cycles in S. fruticosa under high salinity. This study has
further revealed a unique strategy operating in this xero-halophyte where the repair mechanism for damaged PSII operates
during the dark, which, we suggest, contributes to its ecological adaptation and ability to survive and reproduce under extreme
saline, high light, and drought conditions. We expect these investigations to help in identifying key genes and pathways for
raising crops for saline and dry areas.
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which further limits light interception by the canopy, sto-
matal diffusion, and photosynthetic rate (Chen et al. 2017).
It is well established that high level of salinity primarily
targets photosynthesis by impairing the photochemical
efficiency of both Photosystem I (PSI) and Photosystem II
(PSII), by reducing their overall maximum quantum yield,
the rate of electron transport, and the overall performance
index (Allakhverdiev et al. 2000; Kan et al. 2017; Soda et al.
2018). High salinity also causes swelling and degradation of
thylakoids and impairs granal stacking as well as chloroplast
envelope development; further, it increases the number of
plastoglobuli. In general, all these effects are most likely due
to the production of reactive oxygen species (ROS), which
lead to ultrastructural damage of the chloroplasts, as has
been shown in several plants (Bastias et al. 2015; Meng et al.
2016). Although plants are sessile, they are able to deal with
sublethal levels of several abiotic stresses (such as salinity,
low temperatures, oxidative stress) as well as daily fluctua-
tions in photosynthesis (due to changes in light intensity)
by relying on and utilizing circadian oscillators (Bendix
et al. 2015; Sharan et al. 2017; Shor and Green 2016; Webb
2003). Light intensities, as well as the duration of light and
dark cycles (photoperiodic length), play a crucial role in the
growth and development of plants (McClung 2006; Schaffer
et al. 2001). This photoperiodic entrainment modulates the
physiological harmony of the plant such as its growth, sto-
matal opening, leaf movement, and molecular responses by
regulating the expression of certain genes at particular times
(McClung 2006; Schaffer et al. 2001; Singh et al. 2015).
Two parameters that modulate the photoperiod cycle of an
organism are diurnal and circadian rhythm. The endogenous
cycle/rhythm that occurs within a period of 24 hrs is called
circadian. However, the oscillating rhythm that is synchro-
nized by day/night cycle is diurnal rhythm (see, e.g., Soni
et al. 2013; Webb 2003). There are two principal factors
that govern diurnal rhythm in plants: the internal oscillat-
ing clock, the circadian clock (circadian rhythm), and light
(De Caluwé et al. 2017; Schaffer et al. 2001). Endogenous
circadian oscillators occur in all organisms which act as
autoregulatory feedback loops driving the rhythmic behav-
ior of genes, proteins, and metabolites (De Caluwé et al.
2017). In plants, the photoperiodic entrainment of environ-
mental cues is ‘gating’ of the response to a stimulus through
rhythmic synchronization of transcriptional, translational,
and post-translational modulations of large gene families.
These genes, in turn, regulate plant growth and development
by activating and accumulating stress-responsive proteins
and metabolites (Greenham and McClung 2015). The fine-
tuning responses are brought in by “alternative splicing,”
controlled protein turnover, and chromatin modifications,
which allow the plants to coordinate their temporal organiza-
tion of biological processes with daily and seasonal changes
with light and temperature cycles (Greenham and McClung
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2015; Mora-Garcia et al. 2017). Both the internal state of
the plant and the external environment influence the “pulse”
of the oscillator clock by regulating the expression of its
components. Successively, the clock ensures the activa-
tion of certain genes regulating multitude of metabolic and
physiological aspects of plants that are suitable, during day
or night, in providing fitness advantage in developmental
processes during the life cycle of a plant (Cano-Ramirez
and Dodd 2018; De Caluwé et al. 2017; Dodd et al. 2014).

We know that the pattern of changes in photosynthesis
and respiration is influenced by diurnal rhythm in various
plants including oak-grass savanna species (Tang et al.
2005), Quercus palustris (Epron et al. 1992), Glycine max
(Zhang et al. 2007), Zea mays (Leakey et al. 2004), Vitis
vinifera (Downton et al. 1987), grassland species (Bahn et al.
2009), and Chinese flowering Castanea sp. (Cheng et al.
2016). Further, under stress, regulation of photosynthetic
machinery is influenced by diurnal rhythm in plants such as
Solanum lycopersicum (Ikkonen et al. 2015), Hordeum vul-
gare (Goldstein et al. 2017), Oryza sativa (Kim et al. 2017;
Singh et al. 2015), Z. mays (Feng et al. 2017), G. max (Pan
et al. 2015), Arabidopsis thaliana (Nitschke et al. 2016), and
Gossypium sp. (Garcia-Plazaola et 2017).

Unlike the glycophytes, halophytes have acquired cer-
tain photoprotective mechanisms since they have ‘supe-
rior’ alleles of the genes (involved in ion homeostasis, or
production of osmoprotective compounds or anti-oxidative
enzymes) for avoiding photodamage under high salinity
(Sengupta et al. 2018). Suaeda fruticosa, used in our study,
is a xero-halophyte well adapted to extreme desert environ-
ments and high saline conditions; it does it by maintaining
high chlorophyll (Chl) a/b ratio and by accumulating osmo-
protectants, such as proline and sugars (Flowers and Colmer
2015; Ullah and Bano 2015). However, no study has, thus
far, been carried out to investigate the photoperiodic control
of photosynthesis in this plant. Thus, the aim of our study
was to understand the complex machinery associated with
photosynthesis under diurnal rhythm conferring adaptive
advantage to this plant by measuring the CO, gas exchange
and Chl a fluorescence. These provide us information on
the basic photosynthetic efficiency of S. fruticosa surviving
under xerophytic conditions (Mishra et al. 2016). To further
test if eliminating light in S. fruticosa by keeping it under
continuous dark affects CO, and H,O fluxes, we maintained
the plants under diurnal rhythm initially for 24 hrs, and then
kept them under complete darkness for 48 hrs, under their
natural habitat.

In this paper, we have systematically studied the entrain-
ment capability of S. fruticosa at different photoperiods of
the light—dark cycle in order to analyze the influence of diur-
nal rhythm and of continuous dark on PSII efficiency. This
was done by measuring changes in the maximum quantum
yield of PSII photochemistry [via changes in the ratio of the
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variable (F,) to maximal (¥,,) Chl fluorescence]. Addition-
ally, we measured the overall photosynthesis performance
index at dawn and at dusk under both diurnal and continuous
dark conditions. Our investigation provides a comprehensive
analysis of PSII photochemistry, photoinhibition, and pho-
toprotection in S. fruticosa under extreme saline conditions.
Furthermore, the dynamic behavior of the photosynthetic
machinery observed, in this study, under diurnal condition
confirms the contribution of the photoperiodic entrainment
in providing tolerance against the saline environment in
xero-halophytes.

Materials and methods
Plant material and growth conditions

We conducted our study at the Sambhar Salt Lake (India’s
largest inland playa within the Thar Desert) located in the
middle of the Aravalli schists, India (26°58'N, and 75°5'E),
where S. fruticosa population is high. The average tem-
perature of this area reaches up to 50 °C during the sum-
mers and goes down to as low as 3 °C during the winters,
with a total salinity of 45-50 dS m~! and the pH range of
8.4-10.5 throughout the year (Krishna et al. 2014; Roy and
Singhvi 2016). Sambhar Lake receives an annual rainfall
of 100-500 mm, mostly during the monsoon season (Sinha
and Raymahashay 2004). At the site of our research, light
intensity was measured from ~05:00 to ~20:00 hrs, before
and after which the light intensity was reduced to nearly
zero (to provide darkness). The maximum photosyntheti-
cally active radiation (PAR) on a clear day was 1800 pmol
photons m~2 s~!, as measured by LX-101A Lux Meter (HTC
Instruments, India) between 10:00 and 15:00 hrs (Supple-
mentary Fig. S1). The plants that were monitored under
continuous dark had been covered with a double-layered
thick dark cloth, which had only ~ 1% transmission of the
day light (Supplementary Fig. S2), from 300 to 900 nm,
as measured by a Cary 300 UV-visible spectrophotometer
(Agilent, USA).

Gas exchange measurements

Leaf gas exchange parameters for S. fruticosa, under diur-
nal and continuous dark, were recorded using a Li-6400XT
(Li-Cor, Inc., Lincoln, USA) portable infra-red gas analyzer
(IRGA). Measurements were made continuously for 72 hrs
at 3 hr intervals on plants kept under both the experimental
conditions (see above); in these experiments, at least 2/3
of the IRGA chamber area was covered with leaves of S.
fruticosa. For the case of continuous dark, the first 24 hrs of
the experiment was under diurnal condition, and then, for
the next 48 hrs the plant was covered with two layers of the

black cloth (cf. Kolosova et al. 2001). However, all other
conditions were maintained similar to those used for plants
under diurnal condition. In order to measure transpiration
rate (7,), stomatal conductance (G,), net photosynthetic rate
(NPR), and intercellular CO, mol fraction (C;) under in situ
conditions, we measured them at ambient CO, concentration
(400 pmol mol ') and at photosynthetic photon flux density
(PPFD) of 2900 pmol photons m~2 s~!, obtained from the
blue and the red light emitting diodes.

Measurement of chlorophyll a fluorescence

Chlorophyll a fluorescence kinetics were measured with
Handy PEA-plant efficiency analyzer (Hansatech Instru-
ments, King’s Lynn, Norfolk, UK) instrument. The param-
eter for non-photochemical quenching (NPQ) of the excited
state of Chl a, the coefficient for photochemical quench-
ing (gp), the coefficient for non-photochemical quenching
(gn) and the total electron transport rate (ETR) through
PSII were calculated as follows (see, e.g., Lazar 2015): (1)
NPQ = (F,, — F! )/F’ ,where F,, is the maximum Chl fluo-
rescence in dark-adapted plants, and F/ is the maximum
Chl fluorescence in light-adapted plants, which is a meas-
ure of the excitation energy dissipation in PSII antenna,
(2) gp = (F|, = F(®))/(F|_ - F!), where F(t) is the Chl
fluorescence measured at time ¢, which indicates the pro-
portion of open PSIIs (i.e., with Q, in the oxidized state).
(3) gn = ((Fy—F,) = (F/_ = F))/(F,, = F,), which is a
coefficient for non-photochemical quenching that requires
measurement of the initial fluorescence of the dark-
adapted and light-adapted sample (i.e., F,, and F”), and (4)
ETR ~ @pg;-PPFD-A-0.5, where @pgy = (F! — F)/F! is
the light-adapted quantum yield of PSII, F being the Chl
fluorescence of the light-adapted sample, and PPFD (photo-
synthetically active photon flux density) being the incident
irradiance, A the leaf absorbance (estimated as 0.84), and 0.5
is for the assumed equal distribution of photons between PSI
and PSII. In addition, the variable-to-maximum fluorescence
ratio, F, (=F,, — F)/F,, was measured on dark-adapted
(10 min) leaves of S. fruticosa, by Handy PEA-plant effi-
ciency analyzer (Hansatech Instruments Ltd., Petney, Nor-
folk, UK). Measurements were made for 72 hrs at every
3 hrs.

The Chl a florescence induction transient of the dark-
adapted samples was measured with a 300 s 650 nm excita-
tion light of several intensities between 2500 and 3400 pmol
photons m™ s, to find the light intensity at which the “P”
level reaches the maximal fluorescence (F,,); our results
showed that in our samples, F, is reached when the exci-
tation light intensity is 2900 pmol photons m=2 s~! (see
Supplementary Fig. S3). For measurement of OJIP, 1-2 s
are used; however, to include SMT phase, we measured
Chl fluorescence up to 300 s (Stirbet et al. 2018). Here, no
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maxima was detected in the SMT phase region; therefore, it
is not discussed in this paper. Further, the readings obtained
from the Handy PEA were double normalized at F, and at
F,, by using the PEA Plus software (version 1.12), and ana-
lyzed by using the so-called JIP-test, which is based on the
general concepts of energy fluxes in bio-membranes (see
Strasser 1978; Strasser et al. 2004). The following energy
fluxes were defined in the JIP test: photon absorption by
PSII antenna (ABS), trapping of excitation energy flux by
the PSII reaction center (TR), dissipation of the excitation
energy flux in PSII antenna (DI, which equals ABS — TR)),
electron transport (ET,) from PSII to the plastoquinone (PQ)
pool, and reduction of the end (electron) acceptors of PSI
(RE,). The Chl a fluorescence transient was plotted on a
logarithmic time scale to be able to see clearly all the steps
of the “OJIP” phase; further, Chl a fluorescence at 50 us was
taken as the minimum fluorescence (F,). Using the meas-
ured fluorescence data sets, we have calculated several JIP
parameters (see Table 1 for the abbreviations, definitions and
equations), as presented by Stirbet and Govindjee (2011) and
Stirbet et al. (2018).

Statistical analysis

Measurements of Chl a fluorescence as well as of gas
exchange were statistically analyzed using ANOVA model
(Fisher 2006). Only measurements having significant values
(p <0.05) are shown in the figures. For each time point, six
replicate readings were taken for both diurnal and continu-
ous dark experiments. From this, a heat map was developed
using Multi Experiment Viewer (MeV) version 4.9 to visu-
alize the values of the JIP parameters used in the analysis
(Saeed et al. 2006). This heat map was generated by normal-
izing the values and bringing them all to a range between
1 and 100% to provide an unbiased color code. Three color
code combination of red for high (100%), yellow for medium
(50%), and green for the lowest value (1%) was used to rep-
resent the heat map. Percentage values generated after nor-
malization are tabulated in Supplementary Tables 1 and 2.

Results

Leaf gas exchange and fluorescence measurements
under diurnal and continuous dark conditions

The leaf gas exchange of S. fruticosa was measured under
in situ conditions for the plants under diurnal as well as
under continuous dark condition at 3-hr intervals for 72 hrs
(as described in “Materials and methods” section). Clear
rhythmic activity was observed in all the photosynthetic
parameters in this study, repeated every 24 hrs (Figs. 1, 2).
Plants kept under continuous dark showed damping in the
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gas exchange values under dark conditions (right panel of
Figs. 1, 2). However, parameters such as F,/F,,, NPR, ETR,
and T, (Fig. 1) showed noticeable rhythm even under dark
conditions (though the amplitudes were smaller than under
diurnal rhythm). The parameters that noticeably changed
under continuous dark condition are shown in Fig. 1, while
the parameters that did not exhibit any noticeable change
under continuous dark, as compared to changes observed
under diurnal condition are, presented in Fig. 2. The weak
fluctuation in photosynthetic parameters, observed in S. fru-
ticosa, kept under continuous dark, is shown in Supplemen-
tary Fig. S5, after separating observations from two datasets
(i.e., diurnal for the first 24 hrs, and continuous dark for the
next 48 hrs).

The maximum PSII quantum yield, calculated from the
Chl a fluorescence (i.e., F,/F,,), showed the highest value
at 23:00 hrs, with its high level maintained till dawn under
diurnal rhythm. However, under continuous dark, F\/F,, was
high between 08:00 and 17:00 hrs, with its maximum value
observed at 14:00 hrs (Fig. 1a, b), while under the diur-
nal rhythm it had the lowest value during the same period.
In contrast to the maximum quantum yield, the NPR and
ETR had the highest values at 08:00 hrs and between 08:00
and 14:00 hrs under diurnal conditions (Fig. lc, d), as well
as at 05:00 hrs under continuous dark condition (Fig. le,
f). Similarly, the transpiration rate (7,) showed the highest
value between 08:00 and 17:00 hrs under diurnal conditions
(Fig. 1g), and at 05:00 hrs under continuous dark condition
(Fig. 1h). Parameters such as internal CO, concentration
(Cy), stomatal conductance (G,), non-photochemical quench-
ing with values between zero and infinity (NPQ), photo-
chemical quenching (gp) and non-photochemical quenching
(), with values ranging from zero to one, showed damping
under continuous dark condition, and the fluctuations could
not be noticed, as compared to those under diurnal condi-
tions (Fig. 2a—j).

Suaeda fruticosa under continuous dark showed maxi-
mum ETR, T,, C;, and NPQ at 05:00 hrs, which gradually
decreased until the next cycle, which is an opposite response
observed under diurnal rhythm, where it showed maxi-
mum activities of the same parameter during daytime, i.e.,
between 08:00 and 17:00 hrs. However, G, NPR, gp, and
gx» under continuous dark, showed almost a similar pattern
of activity as under diurnal rhythm (with some minor differ-
ences in the time of the peak). However, the amplitudes for
all these parameters were strikingly lower under dark than
the diurnal setup (Supplementary Figs. S5; 2).

Polyphasic chlorophyll a fluorescence rise in Suaeda
fruticosa under diurnal rhythm and continuous dark

To further determine the influence of the diurnal rhythm
and the elimination of light on the function and qualitative
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Table 1 Abbreviations, formulas, and definitions of the JIP-test parameters used in the current study (cf. Strasser et al. 2000, 2004)

Technical fluorescence parameter

=

maximum

Zz < <

Total time taken to attain maximum fluores-

cence

The area between the fluorescence curve and

the line F = F,,
F(50 ps)

(Fy = Fl(Fyy — Fy)
(F,— F)I(F,, — F,)
[Areal(F,, — Fo)l-M(11V))

4{F,(0.3 ms) — F }/(F,, — F,)]

{F(3 ms) — F(2 ms)}/(F,, — F,)
0.2{F(35 ms) — F(30 ms)}/(F,, — F,)]

Specific energy fluxes per active PSII reaction center

ABS/RC

DI/RC
TR/RC
ET,/RC

Phenomenological energy fluxes defined at F,
ABS/CS,

DI,/CS,
TR,/CS,
ET,/CS,

Phenomenological energy fluxes, defined at F,
ABS/CS,,

DI/CS,,
TR,/CS,,
ET,/CS,,

Performance index
PI

total

(M V)IF\JF,)

(ABS/RC) — (TR /RC)
MV,

My (11V)-(1 = V)

~F,
(ABS/CS,) — (TR/CS,)
(F/F,)-(ABS/CS,)

(F\/F,)-(1 = V))-(ABS/CS,)

~F,
(ABS/CS,)) — (TR/CS )
(F/F,)-(ABS/CS,)

(F\/F)-(1 = V)(ABS/CS,)

Pliga = Plaps (1 = VIV, = V))

Time to reach F,
The total area over the O-J-I-P curve

Minimum fluorescence (fluorescence at 50 ps)
Maximum fluorescence

Relative variable fluorescence at 2 ms
Relative variable fluorescence at 30 ms

Turnover number: number of Q, reduction
events between time 0 to F

Initial slope of the O-J-I-P curve (slope of the
O to J rise)

Slope of the J to I rise

Slope of the I to P rise

Absorbed photon flux by an active PSII reaction
center (i.e., the antenna size of an active PSII
reaction center)

Energy flux dissipated per active PSII reaction
center

Maximal trapped energy flux by a PSII reaction
center

The electron transport flux per active PSII reac-
tion center

Absorbed photon flux per excited PSII cross
section at time zero

Energy flux dissipated per excited PSII cross
section at time zero

The maximum trapped exciton flux per excited
PSII cross section a time zero

Electron transport flux per excited PSII cross
section at time zero

Absorbed photon flux per excited PSII cross
section at F

Energy flux dissipated per excited PSII cross
section at F

Maximum trapped exciton flux per excited PSII
cross section at F,

Electron transport flux per excited PSII cross
section at F

Performance index showing the conservation
of energy from excitation of PSII, until the
reduction of the last acceptor molecules of
PSI (the complete photochemistry)

For background and reviews on different aspects of the relationship of chlorophyll a fluorescence with the photosynthesis, used in our paper, see
e.g., Papageorgiou and Govindjee (2004), Schreiber et al. (1986), Stirbet and Govindjee (2012) and Stirbet et al. (2014)

parameters of PSII, we analyzed the OJIP phase of Chl a
fluorescence transient (Fig. 3). The average fluorescence
of S. fruticosa from zero to 300 s for each time point for
72 hrs under diurnal rhythm is shown in Fig. 3a, on a

logarithmic time scale. The distinct rise (from O to P) in
the O-J-I-P fluorescence curve was observed at all the
time points measured in both diurnal and continuous dark
conditions. However, the O level (F,) varied throughout
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Fig. 1 Photosynthetic parameters for Suaeda fruticosa showing
noticeable fluctuations in the amplitude under diurnal rhythm and
continuous dark; the blue area indicates night, the orange day, and
the striped brownish portion indicates continuous dark that was main-
tained by covering with two layers of black cloth. The right panel
shows photosynthesis parameters under continuous dark, where dur-
ing the first 24 hrs, the plant was kept under diurnal condition, fol-

the day, wherein the minimum value was observed at
14:00 hrs and 11:00 hrs under diurnal, and at 11:00 hrs
and 05:00 hrs under continuous dark. The OJIP curve was
plotted as F/F, (i.e., normalized to the “O” level; see cal-
culation in Table 1) to focus on the changes in the OJIP
curve. The highest OJIP polyphasic rise was observed
at 23:00 hrs, while the minimum fluorescence rise was
observed between 14:00 and 17:00 hrs (Fig. 3b). Through-
out the day, each time point showed variability in photo-
synthetic activity as well as in the functional and qualita-
tive parameters of PSII. To further analyze the differences
in various photosynthetic parameters, such as the area of
the OJIP fluorescence rise, the time to attain F,,,, and other
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Tr (mmol H,0 m-2s-)

lowed by 48 hrs under dark. All parameters, at different time points
of the day, were measured on the leaves of S. fruticosa for 72 hrs
(3 days). A clear rhythmic activity that repeats after every 24 hrs was
seen in all the parameters. a, b Quantum yield of the photosystem II
as inferred from the Chl a fluorescence, ¢, d net photosynthesis rate,
e, f electron transport rate, and g, h transpiration rate

parameters represented in Table 1, the measured fluores-
cence curve was double normalized, i.e., at both F, and
F,, levels, and represented by V(¢) =(F(t) — F )/(F,, — F,)
(Fig. 3c). This allowed us to focus on observing the rates
of changes during the entire OJIP curves, across all the
time points. Distinct changes in the OJIP rise and in the
parameters, such as the initial slope, the time to reach J, I,
and P levels, and the area over the curve, were observed
for all the time points under both continuous dark and
diurnal conditions. With respect to the J level, two distinct
sets of OJIP transient rise were observed under diurnal
condition. The time taken to reach J at 11:00, 14:00, 17:00,
and 23:00 hrs was shorter than that at 02:00, 05:00, 08:00,
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Fig.2 Photosynthetic parameters for Suaeda fruticosa not showing
any noticeable fluctuations in the amplitude after maintenance under
continuous dark; the blue areas indicate night, the orange day, and the
striped brownish portion indicates continuous dark (maintained by
covering with a double layer of black cloth). The right panel shows
the photosynthesis parameters under continuous dark, where during
the first 24 hrs, the plant was maintained under diurnal condition, fol-

and 20:00 hrs. However, under continuous dark, such a
distinction was not observed.

Similarly, the time-resolved fluorescence induction kinet-
ics of S. fruticosa from zero to 300 s for each time point
for 48 hrs (excluding the first 24 hrs) under continuous
dark, plotted on a logarithmic scale, is shown in Fig. 3d.
Further, Fig. 3e shows the curves normalized to F, (i.e.,
F/F,). In contrast to the diurnal rhythm, the typical OJIP
polyphasic fluorescence rise under continuous dark was
maximum at 11:00 hrs, while the minimum fluorescence

lowed by a 48-hr dark period. Photosynthetic parameters at different
time points of the day were measured from the leaves of S. fruticosa
for 72 hrs (3 days). a, b Internal CO, concentration, ¢, d stomatal
conductance, e, f non-photochemical quenching of the excited state of
Chl, usually by heat loss, g, h a quotient for photochemical quenching
of the excited state of Chl, and i, j a quotient for non-photochemical
quenching of the excited state of chlorophyll

rise was observed at 02:00 hrs. The relative variable fluo-
rescence V(¢)=(F(t) — F)/(F,, — F,) was calculated and
represented at different time points throughout the day at
3-hr intervals under dark conditions. Unlike the plant under
diurnal condition, which showed two distinct kinetics of the
OJIP fluorescence rise, no such distinct sets were observed
under continuous dark condition, but the OJIP kinetics was
different at each time point (Fig. 3f).

Quantitative estimation of the PSII activity by analyzing
the transient fluorescence rise of S. fruticosa under diurnal
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Fig. 3 Polyphasic OJIP transient
rise for Suaeda fruticosa under
diurnal or continuous dark con-
dition. For each time point, the
relative variable fluorescence
was measured for 300 s and the
data obtained were plotted on a
log scale. The right panel shows
the OJIP curve obtained from
the plant that is under diurnal
condition. The left panel is for
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as well as continuous dark conditions showed comparable
significant changes unlike the parameters obtained from
the gas exchange data, using IRGA, wherein the measured
parameters showed lower amplitude during continuous dark
(Supplementary Fig. S5).

The OJIP fluorescence rise under diurnal
and continuous dark conditions

To compare the OJIP fluorescence rise between plants under
diurnal and continuous dark (Fig. 3), single normalized (at
F,) fluorescence induction curves (i.e., F/F,) were calculated
for both conditions at each time point (see Fig. 4) and plot-
ted from O to 300 s on a logarithmic time scale. Differences
were observed in the pattern of the polyphasic OJIP fluo-
rescence rise between the plant that was under diurnal from
those under continuous dark at each time point. At 02:00 and
05:00 hrs, the fluorescence rise under both conditions shows
slow fluorescence rise (Fig. 4a, b). From 08:00 hrs until
23:00 hrs, the OJIP rise under both the conditions increases
(Fig. 4c—h). Under diurnal condition, the OJIP rise at 08:00,
14:00, and 23:00 hrs showed higher values than that under
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continuous dark. However, at 11:00 and 20:00 hrs, the OJIP
rise was higher under continuous dark condition. Under both
the conditions and at all the time points, maximum fluores-
cence rise was observed at 23:00 hrs under diurnal rhythm
(Fig. 4h). Under continuous dark, maximum fluorescence
was observed at 11:00 hrs (Fig. 4d). The increase in the
OJIP rise corresponded to the increase in F,/F,;, under both
diurnal and continuous dark conditions.

To further compare the variable fluorescence between the
plants under diurnal and continuous dark, the relative varia-
ble fluorescence, V(1) =(F(¢) — F )/(F,, — F,), was calculated
for both circadian rthythm and continuous dark condition at
each time point (Supplementary Fig. S6). Differences were
observed in the pattern of the polyphasic O—J-I-P transient
rise between the plant that was under diurnal from those
under continuous dark at each time point. However, under
both the conditions, a distinct ‘J* step was not observed dur-
ing 02:00 and 05:00 hrs (Supplementary Fig. S6a, b). A
high value of relative variable fluorescence between O-J
fluorescence rise was observed during 08:00 and 20:00 hrs
(Supplementary Fig. S6c, g) under both the conditions. In
addition, under diurnal condition, distinct ‘J” and ‘I’ steps
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Fig.4 Comparison of the OJIP fluorescence curves (normalized at F level) at different time points in the leaves of Suaeda fruticosa maintained

under diurnal (full line) or continuous dark (broken line)

were observed during 23:00 hrs; however, the I step was
not observed in plants kept under continuous dark condition
(Supplementary Fig. S6h).

Photosynthetic parameters obtained from the OJIP
transient by using the JIP test

The JIP parameters (Strasser et al. 2000, 2004), obtained
after double normalization to F, and F, of the fluorescence
induction curves of S. fruticosa (see “Materials and meth-
ods” section), were categorized as follows: technical fluores-
cence parameters, specific energy fluxes, phenomenological
energy fluxes, and performance indices, as shown in Table 1
(see also, e.g., Bussotti et al. 2010; Stirbet and Govindjee
2011; Gururani et al. 2015; Marcinska et al. 2017). In this
work, the calculated JIP parameters were represented in a
heat map, by scaling them between 1 and 100 by using a
color code in which green signifies low and red high values
(Fig. 5); their respective values (in %) are also given in Sup-
plementary Tables S1 and S2.

Under the diurnal rhythm (Fig. 5a), the time to attain
maximum fluorescence (fg,,) was at 14:00 hrs, while the
minimum time to attain F,, was observed between 02:00
and 05:00 hrs. Similarly, under continuous dark condition
(Fig. 5b), the lowest time to attain F,, was observed between
11:00 and 17:00 hrs, and the maximum time at 02:00 hrs.
The maximum complementary area of the OJIP transient
was found to be at 23:00 hrs under the diurnal rhythm, but

at 20:00 hrs under continuous dark condition, while the
minimum was obtained around 05:00 hrs in both cases.
The slopes of the O-J rise (M,), J-1 phase (M), and I-P
phase (M}p) were maximum around 08:00 hrs, 02:00 hrs,
and 23:00 hrs, under diurnal condition (Fig. 5a). However,
these three slopes were maximum around 20:00 hrs under
continuous dark condition (Fig. 5b).

Our results on four parameters from the specific energy
fluxes category are described below. The maximum absorbed
photon flux per active PSII (ABS/RC) and the dissipated
excitonic energy flux per PSII reaction center (DI /RC) were
observed at 05:00 and in between 08:00 and 14:00 hrs, under
the diurnal condition. However, under continuous dark con-
dition, both these parameters were maximum at 05:00 hrs.
On the other hand, the minimum values for ABS/RC and
DI /RC were observed around 11:00 and 23:00 hrs, under
the diurnal condition, but at 20:00 and 11:00 hrs, under the
continuous dark condition. Furthermore, the maximum PSII
trapping rate (TR,/RC) and ETR through PSII (ET,/RC)
were observed at 23:00 hrs, under diurnal, and at 11:00 hrs,
under continuous dark.

Our data on the four parameters of phenomenological
fluxes defined at the level of F, i.e., the absorbed photon
flux per PSII cross section at time zero (ABS/CS,), dis-
sipation of excitonic energy flux in the form of heat per
PSII cross section at time zero (DI /CS,), trapped energy
flux at time zero (TR /CS,), and electron transport flux per
PSII cross section at time zero (ET/CS,) (Fig. 5), gave the
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following result. All had the highest values around 17:00 hrs
under the diurnal condition; however, under continuous dark
condition, the maximum flux for both ABS/CS, and DI /CS,
was at 05:00 hrs, while for both TR /CS, and ET /CS,, it was
at 11:00 hrs. In addition, the absorbed photon flux per PSII
cross section at ', (ABS/CS,,), excitation energy trapped
per PSII cross section at F,, (TR,/CS,,), and ETR per PSII
cross section at I, (ET /CS,,) were maximum at 23:00 hrs
under diurnal and 11:00 hrs, under continuous dark. In con-
trast, the energy dissipated per PSII cross section at F, (DI./
CS,,) was found to be maximum around 17:00 hrs, under
diurnal and at 05:00 hrs, under continuous dark. Further, the
overall performance index (PI,,;) of S. fruticosa was found
to be maximum at around 05:00 and at 20:00 hrs, while the
minimum was at 14:00 hrs, under both conditions.

Discussion

In the hyper-saline inland playa located in the middle of the
Aravalli schists within the Thar Desert of western India,
roots of S. fruticosa are continuously exposed to highly
saline soil (electrical conductivity, EC ranging from 45 to
50 dS m™"), while their shoots are exposed to extremely
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hot (~ 50 °C during summer) and dry atmosphere (Krishna
et al. 2014; Roy and Singhvi 2016; Sinha and Raymahashay
2004). Photosynthesis is the primary physiological process
leading to growth and life of plants, and xerohalophytic S.
fruticosa plants possess a wide range of specialized adapta-
tion mechanisms to protect their photosynthetic apparatus
under these extreme saline conditions (Wungrampha et al.
2018). The daily fluctuation in the temperature (from~ 30
to 50 °C during the summer) and the high light intensity
(1800 pmol photons m~2 s~!) make it imperative for plants
to adjust their photosynthesis machinery with the changes
in these environmental conditions. Studies have been done
in the past showing the existence of diurnal rhythm in the
physiology of many plant species with respect to their pho-
tosynthesis (de Dios 2017; Matthews et al. 2017; Singh et al.
2015; Vialet-Chabrand et al. 2017). However, the present
study is a unique attempt to study detailed photosynthesis
parameters in a xero-halophyte growing around a salt lake,
as affected by the diurnal rhythm and under dark conditions.
Attempts have also been made in this study to identify and
to examine the photosynthesis components associated with
the complex adaptive processes in S. fruticosa under diur-
nal rhythm and under continuous dark conditions. Results,
obtained in this study, support our hypothesis that the
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photosynthetic activity of S. fruticosa is tightly regulated,
which not only helps in its growth and development, but
also in its adaptation to extreme environmental conditions.

Gas exchange and photosynthetic machinery
is tightly regulated by the photoperiodic
entrainment in Suaeda fruticosa

Photoperiodism in plants is a critical process that regulates
the physiological behavior and its responsiveness under
changing environmental conditions (Bendix et al. 2015;
Moraes et al. 2019). In the present study, we have measured
in situ gaseous exchange and the photosynthesis parameters
of S. fruticosa under diurnal rhythm, as well as under con-
tinuous dark conditions. Under both conditions, the gaseous
exchange and the photosynthetic parameters of S. fruticosa
followed a rhythmic cycle repeated after every 24 hrs. How-
ever, under continuous dark conditions, the amplitudes of
the measured parameters (such as G, NPQ, gp, gy, and C;)
were observed to be lower as compared to that under diur-
nal rhythm (Figs. 1, 2). Some of the parameters calculated
in this study, such as G, NPR, gp, and gy, showed similar
rhythmic pattern under both diurnal and continuous dark
conditions. On the other hand, other parameters, such as C,,
NPQ, ETR, T,, and F/F,, showed reverse rhythmic pattern
under continuous dark (Supplementary Fig. S4). Vialet-
Chabrand et al. (2017) showed that the leaves of Arabidopsis
thaliana, grown under fluctuating light and low light, are
thinner, but the photosynthesis rate per unit area remains the
same as that under diurnal conditions. However, we observe
here that the rate of photosynthesis decreases in S. fruticosa
under dark conditions.

Under diurnal conditions, parameters (arbitrarily called
set ‘A’) such as the maximum quantum yield of PSII (F,/F,),
stomatal conductance (G,), and photochemical quenching
(gp) were found to be maximum at dawn, i.e., 05:00 hrs,
and remained low during the rest of the day. This could be
an adaptive feature for avoiding irreversible photodamage
during high PAR and atmospheric temperature. In contrast,
with the increase in PAR and temperature (from 08:00 to
17:00 hrs), parameters (arbitrarily called set ‘B’), such as
non-photochemical quenching (NPQ), intercellular CO, con-
centration (C;), NPR, non-photochemical quenching coef-
ficient (qy), electron transport rate through PSII (ETR), and
transpiration rate (7,) (Figs. 1, 2), increased and showed a
reverse pattern with the set ‘A’ parameters. However, within
the set ‘B’ parameters, C; and gy showed another peak dur-
ing 23:00 hrs but the amplitude of this peak was roughly half
of that observed during light (around 14:00 hrs) (Fig. 2a, 1).
Interestingly, gp stands out among all the parameters, as it
was found to have a peak at dawn and another one at dusk,
i.e., at 05:00 and 20:00 hrs (Fig. 2g).

Biomass and yield of a plant are directly proportional to
the rate of photosynthesis (Zhu et al. 2008). Abiotic stress,
such as salinity, directly affects the photosynthesis machin-
ery of the plants, by damaging the photosynthesis pigments
such as Chl, thus leading to a severe reduction of photosyn-
thesis (Allakhverdiev et al. 2002; Wungrampha et al. 2018).
In S. fruticosa, NPR and ETR were observed to be tightly
regulated even under highly saline environment wherein
maximum NPR was observed at 08:00 hrs under diurnal
and 05:00 hrs during continuous dark (Fig. 1). As the light
intensity and temperature increases during the day, NPR
gradually declines which could be due to protection of the
photosynthetic pigments under high light and temperature
(Taylor and Rowley 1971).

Plants such as A. thaliana, Phaseolus vulgaris, Vicia
faba, Triticum aestivum, and Nicotiana tabacum, under sta-
ble environment, balance the gain in carbon and water loss
by tightly regulating NPR and G,. However, the correla-
tion between them varies depending on the availability of
water since G, also regulates net transpiration (7,) in plants
(Matthews et al. 2017). For instance, under long periods of
drought leading to carbon starvation, plants reduce the rate
of T, by suppressing G, rather than increasing the NPR to
prevent water loss (Hills et al. 2012). Apart from this envi-
ronmental factor, the role of photoperiodic regulation affect-
ing the synchronic response of G, and NPR is now emerging
as a supplementary mechanism in plants to regulate carbon
flux and water loss (de Dios 2017). However, the photoperi-
odic regulations for both G, and NPR are different and are
mutually independent of each other (Dodd et al. 2014). In
S. fruticosa, G, and NPR were found to be correlated under
both diurnal rhythm (Fig. 1b, f) and under continuous dark
(Fig. 2a, f); however, the net T, and C; varied under both the
conditions.

de Dios (2017) has shown that 30% and 70% of the gas
exchange in Gossypium sp. and members of the family
Fabaceae are controlled by photoperiodic cycle. Addition-
ally, in cotton and beans, the photoperiodic “memory” of the
previous day regulates the gas exchange parameter irrespec-
tive of the environmental conditions (de Dios et al. 2016).
However, in S. fruticosa, a similar effect of the ‘previous
day memory’ was not observed in parameters such as Cj,
NPQ, ETR, T,, and F,/F,,, which showed a reverse pattern
under continuous dark (Figs. 1, 2). This could be due to its
plasticity to adapt quickly under a changing environment.

Glycophytes such as Arabidopsis (Stepien and Johnson
2009), rice (Soda et al. 2018), barley, sorghum (Sharma and
Hall 1991), and maize (Guo et al. 2017) respond to salinity
by closing their stomata followed by a reduction in C;, G,,
F,/F_,NPR, and ETR (Huang et al. 2016; Hwang and Choo
2016; Schuback et al. 2016). However, halophytes such as
Cakile sp. (Megdiche et al. 2008), Artemisia anethifolia
(Wen et al. 2005), Suaeda salsa (Wang et al. 2004), Odyssea

@ Springer



Photosynthesis Research

paucinervis (Naidoo et al. 2008), and Paspalum vaginatum
(Lee et al. 2004) do not show significant changes in these
parameters even though growth and biomass are compro-
mised to a certain extent (Megdiche et al. 2008; Stepien and
Johnson 2009). Likewise, S. fruticosa also showed routine
cyclic pattern in these parameters representing acute adapta-
tion under salinity stress.

Non-photochemical and photochemical quenching
are regulated by light intensity

Under natural conditions, excess light intensity during mid-
day leads to the production of ROS such as superoxide (O7")
and hydrogen peroxide (H,0,), resulting in photo-oxidative
damage (Roach et al. 2015). It is interesting to know how
certain organisms such as Chlamydomonas, Chlorella
(Roach et al. 2015), Erythrophleum, Khaya (Huang et al.
2016), Ginkgo (Yang and Chen 2015), Z. mays (Leakey
et al. 2004), V. vinifera (Downton et al. 1987), and phyto-
plankton (Schuback et al. 2016) protect their photosynthetic
machinery by regulating the electron transport chain of their
photosynthesis. One possible approach to do so is by oper-
ating reversible NPQ reaction coupled with gp reaction or
under the extreme case, through irreversible NPQ reaction
(photoinhibition) (Stepien and Johnson 2009). In plants such
as rice, during high light intensity, NPQ acts as a major
photoprotective mechanism for their survival (Hamdani
et al. 2019). The two parameters, i.e. NPQ and gp, occur in
reverse order wherein an increase of NPQ is followed by a
decrease in gp and vice versa (Huang et al. 2016). Increase
in NPQ can broadly be due to two reasons: high-energy state
quenching with the release of heat or due to photoinhibition
(irreversible photosystem damage) (Stepien and Johnson
2009). In our study, we observed an increase of NPQ level
in S. fruticosa at midday (Fig. le) followed by reduction in
gp. This could be due to the increase in PAR, after 11:00 hrs
until 16:00 hrs (above 1500 umol photons m~2 s~!). This
tight regulation of the NPQ and gp to protect the photosyn-
thesis machinery against high PAR might contribute to its
adaptation under the combination of high temperature and
salinity stress during the noon.

Furthermore, in S. fruticosa we observed an increase of
F/F, during dawn and dusk. This could be due to its ability
for effective processing of light during low light intensi-
ties. The decrease in F/F,, from 08:00 hrs until 17:00 hrs
suggests photoprotection of the PSII by reversible inactiva-
tion or down regulation during high light intensity, rather
than photodamage. It is known that plants maintain higher
photosynthesis rate and photochemical quenching during
early morning hours when there is low radiation and high
enzymatic activity of CO, assimilation cycle (Stepien and
Johnson 2009). This observation further correlates with
higher ETR, gas exchange, and transpiration rate during
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early morning hours. Since the midday depression in gp
was accompanied by enhanced C,, it could be attributed to
decreased photosynthetic activity of mesophyll cells, rather
than the stomatal closure (Yang and Chen 2015). These
mechanisms protect the photosystems of the plant from
photooxidation by dissipating the excess energy as heat and
also by maintaining a low steady-state fluorescence yield of
PSII (Hajiboland 2014).

Furthermore, within a span of 24 hrs, under diurnal con-
ditions, maximum F/F,, and NPR were observed between
20:00 and 05:00 hrs (in the absence of light) and at 08:00 hrs
(Fig. 1a, c). However, under continuous dark, the quantum
yield of PSII (as reflected by F,/F,,) showed a gradual
increase after dusk, attaining its maximum 2 hrs after noon
(14:00 hrs) (Supplementary Fig. S5i), which is a reverse
pattern to that under diurnal conditions. This result gives us
an alternative perspective in addition to the photoprotective
mechanism of PSII and, that is, S. fruticosa has a quick and
systemic mechanism of repairing PSII that operates as PAR
reduces (in the night, when there is no light). This might
further help in reviving the PSIIs that were damaged during
high light. The repair of the D1 protein of PSII during the
night/low light has been reported in several photosynthetic
organisms such as diatoms (Li et al. 2016), Arabidopsis
(Jarvi et al. 2015), and spinach (Suorsa et al. 2014). Further,
the increase in the PSII quantum yield during noon under
the absence of light brings a new perspective of the inner
clock (circadian) regulating the photosynthesis machinery
in S. fruticosa. However, this further needs to be explored by
analyzing the circadian regulation mechanism in this plant.

Alternative electron transport pathways regulate
the carbon sink in Suaeda fruticosa during exposure
to high light intensity

When the halophyte Thellungiella is subjected to salin-
ity above 500 mM, there is a marginal inhibition in gas
exchange, with a significant increase in electron flow involv-
ing PSII (Stepien and Johnson 2009). This was found to be
due to an increased activity of the terminal oxidase in plas-
tids that acts as an alternative electron sink. This additional
electron flow accounts to~30% of the total ETR observed
in plants under stress (Joét et al. 2002; Stepien and Johnson
2009). In S. fruticosa, G, was seen to be lowest at the time
when ETR was highest, i.e., between 05:00 and 14:00 hrs
(Figs. le, 2c). The increase in total ETR when stomatal
conductivity (G,) is lower could be due to the activity of
plastid terminal oxidase under the combination of both high
temperature and salinity stress. Additionally, the observed
increase in ETR at 05:00 hrs (even though the complemen-
tary area of the OJIP transient is the lowest) could be due
to chlororespiration, involving both non-photochemical
reduction as well as oxidation of PQ during the induction
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of photosynthesis during the course of dark-to-light transi-
tion (Joét et al. 2002). The midday depression of gp, which
was accompanied by enhanced C;, could be correlated with
the decrease in the photosynthetic activity of the mesophyll
cells, rather than the stomatal closure, such as that of Ginkgo
biloba (Yang and Chen 2015). These mechanisms further
protect photosystems from photooxidation by dissipating the
excess energy as heat and also by maintaining a low steady-
state fluorescence yield of PSII (Hajiboland 2014).

Chlorophyll a fluorescence follows rhythmic cycle
under both diurnal and constant dark conditions
in Suaeda fruticosa

The fast (within a second) OJIP polyphasic Chl a fluores-
cence rise (Strasser et al. 2004) at the beginning of the Chl
a fluorescence induction transient is known to be influenced
by environmental changes and the physiological state of the
plant (Luo et al. 2016), since PSII is often the primary target
under stress (Gururani et al. 2015; Soda et al. 2018). Under
salinity (Lee et al. 2004; Soda et al. 2018), high tempera-
ture (Allakhverdiev et al. 2008; Mathur et al. 2011), drought
(Luo et al. 2016) and change in light intensity during diur-
nal condition (Bacarin et al. 2016), changes in the value
of F,, time to reach F, (fgy), complementary area of the
OJIP curve, and other JIP parameters have been reported in
several photosynthetic organisms. The analysis of the OJIP
transient over the years has broadened our understanding
of the function of PSII under many different conditions (cf.
Stirbet et al. 2018). The so-called JIP test has been very use-
ful for the analysis of the PSII activity (e.g., Luo et al. 2016;
Stirbet and Govindjee 2011).

Our aim was to use the OJIP transient, as well as param-
eters defined in the JIP test, to investigate the effect of pho-
toperiods (under diurnal rhythm and continuous darkness)
on PSII activity of S. fruticosa, which thrives in a high saline
environment. By calculating the JIP parameters (cf. Table 1),
we observed a decline of the I-P phase and the complemen-
tary area of the OJIP curve during the day (Fig. 5). This
might be due to the acclimation response of S. fruticosa to
tolerate high PAR under prevailing salinity to maintain the
redox poise of the PQ pool. It has been reported that the hin-
drance of the electron flow, either due to stress or any other
factors, leads to drastic reduction in the complementary area
of the OJIP curve (see, e.g., Gautam et al. 2014). Further-
more, the rapid recovery of photodamaged PSII is dependent
on PSI activity as the stabilization of PSI activity during the
daytime has been shown to contribute towards photoprotec-
tion and recovery of PSII activity (Huang et al. 2016). Thus,
our study suggests that S. fruticosa stabilizes PSII complex
proteins and prevents the disruption of electron transport to
the PQ pool under high saline conditions.

Under circadian rhythm (by maintaining constant light),
Gonyaulax polyedra was shown to display faster OJIP rise
as compared to that under diurnal rthythm (Govindjee et al.
1979). The same phenomenon was also observed here in S.
fruticosa under constant dark wherein, at all the time points,
the time taken to attain F, was faster under continuous dark
condition (Fig. 5). Changes in energy fluxes per PSII reac-
tion center are specific functional parameters, while the
energy fluxes per excited cross section correspond to phe-
nomenological energy fluxes (Gururani et al. 2015). Thus,
by analyzing Chl a fluorescence transient, the energy flow
cascade through electron transport chain can be determined
(see, e.g., Bacarin et al. 2016). In this work, we observed
high amount of energy dissipated in the form of heat from a
PSII reaction center (DI /RC) during the daytime; this was
further followed by decreased energy trapping at the reac-
tion center (TR /RC). In contrast, and as expected, under
low light intensities, most of the light absorbed by the Chl
is utilized in photochemical reactions.

PSII is known to be much more susceptible to high tem-
peratures as compared to PSI, since it inhibits the water oxi-
dation complex (see, e.g., Bacarin et al. 2016; Nash et al.
1985). Indeed, a decrease in electron transport to the PQ pool
(ET/RC) and in the antenna size of an active PSII reaction
center (ABS/RC) was observed in this study (Fig. 5) during
noon. These studies show that under high light intensity (i.e.,
during daytime) S. fruticosa regulates the total electron flux
by decreasing the size of the antenna in PSII. The increase
in DI /RC further confirms that excess absorbed light is dis-
sipated primarily through reaction centers as well as antenna
during the daytime leading to a decrease in photochemical
reactions. Changes in Pl ,; were shown to follow the pat-
tern of F/F,, with similar amplitude, indicating a similar
sensitivity of PI,, to changes in light and temperature in
this plant. Previous studies on different halophytes such as A.
anethifolia (Lu et al. 2003; Wen et al. 2005), S. salsa (Wang
et al. 2004), P. vaginatum (Lee et al. 2004), Cakile maritima
(Megdiche et al. 2008), Porteresia coarctata (Sengupta and
Majumder 2009), Aster tripolium (Duarte et al. 2017), O.
paucinervis (Naidoo et al. 2008), and Thellungiella salsug-
inea (Goussi et al. 2018) have also demonstrated that these
plants maintain their phenomenological energy flux even
under salinity. Similarly, it had been shown earlier that cir-
cadian oscillations contribute towards the regulation of light
harvesting from the photosynthetic apparatus at both tran-
scriptional and post-translational levels (Dodd et al. 2014;
Locke et al. 2018). It is highly likely that this may be due to
the accumulation of osmolytes and soluble compounds such
as sugars and proteins that help in stabilizing the oxygen-
evolving complex and PSII core from salinity stress. In our
previous study (Singh et al. 2015; Nongpiur et al. 2019), we
have shown that expression of genes such as Prr, HKs, Hpts,
and RR of the ‘two-component system’ gene family regulates
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the circadian clock in rice seedlings under different abiotic
stress conditions, thus unraveling an alternate transcriptional
control mechanism in higher plants.

Conclusion

The present study compares in situ Chl fluorescence kinetics
of S. fruticosa in diurnal and constant dark conditions under
extreme saline conditions. In our previous studies (Soda
et al. 2018) on glycophytes, we had reported that salinity
stress severely influences PSI and PSII activities as well as
Chl a fluorescence. The work presented here is the first study
demonstrating that the prime strategy enabling the halo-
phyte S. fruticosa to grow in extremely saline environment
is to maintain structural integrity and electron flow through
PSI and PSII along with the protection of photosynthesis
machinery from photoinhibition during high irradiance at
midday. Moreover, Chl a fluorescence parameter revealed
that midday depression in photosynthesis and photochemical
activity of PSII in S. fruticosa enables the maintenance of
the equilibrium of electron flow from the antenna complex
to PSII reaction center and CO, gas exchange in the fluctuat-
ing microclimate. Further, metabolic fingerprinting and pro-
teomic analysis of S. fruticosa under the influence of diurnal
condition are planned for future studies to help us untangle
the complex adaptive machinery of this halophyte, which
enables it to survive under severe environmental conditions.
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