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The capacity of halophytes species to resist abiotic stress has been tested on multiple occasions. The ability of
these species such as Sarcocornia fruticosa to cope with severe stress conditions has been shown, as well as their
utility as a phytoremediation tool or even as potential crop species. However, there is a lack of literature on the
effect that these abiotic factors have on their physiological response after a recovery period. In a greenhouse
experiment, S. fruticosa plants were subjected to a combination of water regimen (water stress/field capacity)
and salinity concentration (171/510 mM NacCl) grown conditions for 30 days. After these stress periods, plants
were left 15 days in recovery conditions (field capacity and 171 mM NacCl). To study the effect of stress during
both periods, osmotic potential, net photosynthetic rate, stomatal conductance, intercellular CO, concentration,
quantum efficiency of PS II, OJIP-derived parameters and photosynthetic pigment concentrations were
measured. Our results show the already known resistance of this species to drought and salinity stress. However,
the combination of both factors did affect the ability of S. fruticosa to maintain its level of carbon assimilation due
to a decrease in stomatal conductance. In addition, the recovery period helped us to describe a synergic effect of
both abiotic factors showing that plants subjected to both stresses received a better response during the recovery

period than those only affected by salinity stress.

Introduction

The rise in atmospheric CO2 concentration and the increase in mean
temperature worldwide are the main aspect of climate change predicted
by models (IPCC, 2014). These two factors will have numerous conse-
quences in our ecosystems, such as soil degradation due to an increase in
soil salinity (IPCC, 2014). According to the International Climate
Change Panel (ICCP), the Mediterranean region is one of the most
vulnerable with temperature increase, decrease in rainfall and increase
of seawater level (Cuttelod et al., 2009). All of these problems would
constrain productivity in crops and would aggravate the intrusion of
seawater into aquifers near the coast. The reduction of soils available for
agriculture, in addition with the increase in world population, will leave
food security in a dangerous situation (Calone et al., 2022). Further-
more, due to the COVD-19 pandemic, the number of people malnour-
ished has increased by millions (Bongaarts, 2020). Therefore, modern
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agriculture needs facing the problem of maintaining its productivity in a
degraded system, decreasing the impact it has on the system to ensure
food security to an increasing population.

To cope with these problems, the FAO Strategic Framework
2022-2031 encourages following the concept of climate-smart agricul-
ture (CSA) proposed by the World Bank in 2009 to improve productivity
and reduce the carbon footprint and cost of agriculture (World Bank
Group, 2016). This CSA is sustained by three priority lines which are:
develop sustainable agriculture, increase the adaptative capacity of
agroecosystems and increase carbon sinking while decreasing carbon
emissions (Hussain et al., 2022). With these main objectives, CSA
tolerate different technologies and methods adapted to the environment
where the concept is being implemented (Campbell et al., 2014). One of
these techniques is the introduction of drought or salt tolerant plants as
crops species (Calone et al., 2022).

The Mediterranean region represents a biodiversity hotspot with a
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large number of species adapted to extreme conditions (Calone et al.,
2022). Between these species, halophytes are extremophile plants that
can grow at salinity level that are toxic for most plant species and
resistant to multiple harsh conditions (Calone et al., 2022). These plants
are currently being cultivated for food production as a gourmet dish
(Calone et al., 2022). Furthermore, the utility of these species has been
stated as a biomass crop or as a source of medicinal compounds (Ven-
tura et al., 2015; Ventura and Sagi 2013). Furthermore, they have been
proven as tools for soil phytoremediation (Pérez-Romero et al., 2016),
carbon sequestration (Calone et al., 2022), and recovery of saline soils
(Barcia-Piedras et al., 2019).

Among them, Sarcocornia fruticosa has been tested in previous
studies as a drought, salt, and heat waves resistant plant (Redon-
do-Gomez et al. 2006; Pérez-Romero et al., 2020a; Calone et al., 2022).
S. fruticosa A.J. Scott is present in the south and west coast of Europe
(Redondo-Gomez et al. 2006). It grows in the middle and high marshes
from southwest Spain, where it is subjected to seasonal variation soil
salinity from 17 mM NaCl to 940 mM NaCl (Redondo-Gomez et al.
2006). Furthermore, S. fruticosa cope with stational drought and flood
periods (Redondo-Gomez et al. 2006). It belongs to the subfamily Sali-
cornioideae, which includes more than 100 succulent halophile species
(Calone et al., 2022). These species have recently been collected as
edible crops in gourmet cuisine due to the crunchy texture and the salty
taste of their fresh tips (Calone et al., 2022). In addition, they have been
shown to be nutritionally valuable as they contain antioxidant,
anti-inflammatory, and polyphenolic compounds (Costa et al. 2018;
Calone et al., 2022). Moreover, their seeds have been used as a source of
oil with health value and their biomass is used for bioethanol (Calone
et al., 2022). These species have also been suggested in many previous
works as phytoremediation tools of saline and heavy metals (Moreira
etal. 2015; Pérez-Romero et al., 2016; Said et al., 2018). However, there
is scarce information in the literature on the recovery capacity of this
species after a stress period. Calone et al. (2022) have shown that
S. fruticosa was able to fully recover from water stress after 15 days of
treatment. Nevertheless, there is a lack of information about the re-
covery capacity for salinity stress or the permanent effect that these
stress periods could have on the halophyte photosystem.

Taking all this into account, the main objective of this study is to
investigate the ability of S. fruticosa photosynthesis system to cope with
water and salt stress and to verify if the responses shown during stress
period where effective in order to recover its photosynthesis system after
these stressful conditions. To achieve this objective, plant physiology
and water status have been measured in S. fruticosa plants subjected to
two different regimes of water in combination (field capacity and water
stress) and with two different salinities (171 and 510 mM NacCl) before
and after a recovery period in which all treatments were taken at field
capacity and grown at 171 mM NaCl.

Materials and methods
Plant material

S. fruticosa seeds collected in September 2015 from Odiel marshes
(37°15'N-6°58'0; SW Spain) were stripped for each plant and stored in
the dark at 4 °C until the beginning of the experiment.

In May 2017 seeds were planted on 10% agar and transported to a
germinator (ASL Aparatos Cientficos M-92,004, Madrid, Spain). The
germinator conditions were a day-night regime of 16 h of light (photon
flux rate, 400 to 700 nm, 35 pmol m—2 s’l) at 25 °C and 8 h of darkness
at 12 °C, for 15 days. When the seedlings germinated they were carefully
transplanted into plastic pots (9 cm high x 11 cm diameter) filled with
perlite. These pots were placed in a greenhouse with controlled condi-
tions (temperature between 21 and 25 °C, 40-60% relative humidity
and natural daylight of 250 pmol m 2 s~! as minimum and 1000 pmol
m~2s! as maximum light flux). The pots were placed on shallow plates
and watered with 20% Hoagland solution (Hoagland and Arnon, 1938)
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and 171 mM NaCl. This salinity concentration was chosen due to the
halophytic behavior of S. fruticosa, which allows this species to show
better performance with this salinity level (Pérez-Romero et al., 2019).

Experimental design

When the plants had a mean height of 10 cm, they were separated in
four different trays and transplanted to individual pots with a mix of
organic commercial substrate (Gramoflor GmbH & Co. KG., Vechta,
Germany) and sand (3:1). Each tray contained twenty randomly selected
individual pots. Then two of the trays were irrigated until they reached
field capacity (WW) and the other two were watered with 25% of the
supply needed to achieve the WW (WS). Furthermore, one tray in WW
and one tray in WS water regime were subjected to 171 mM or 1% NaCl
of the solution volume (1%) and the in the other tray for both water
regimes the NaCl concentration was raised to 510 mM or 3% NaCl of the
solution volume (3%). Therefore, we obtained four different treatments
during the stress phase (WW 1%, WW 3%, WS 1%, and WS 3%). These
trays were maintained under the same conditions previously described.

After 30 days of experiment, we carried out the recovery phase of the
experiment. Firstly, we watered with tap water to clean any excess of
NacCl in the grown substrate. Then, 10 plants belonging to treatment WS
1% (WS 1% R-WW) and 10 plants from treatment WW 3% (WW 3% R-
NaCl) were well watered with 171 mM NaCl solution. Lastly, 10 plants of
WS 3% were well watered with 510 mM NacCl solution (WS 3% R-WW)
and another set of 10 plants was well watered with 171 mM NacCl so-
lution (WS 3% R-WW-NaCl). Recovery conditions were maintained for
10 days.

Osmotic potential

After 30 days of experiment and after 10 days of recovery treatment,
the osmotic potential (¥() of the primary branches (n = 10) was
determined, using a psychrometric technique with a vacuum pressure
osmometer (5600 Vapro, Wescor, Logan, USA).

Gas exchange measurements

After 30 days of stress conditions and after 10 days of recovery
conditions, instantaneous gas exchange measurements were taken in 10
branches randomly selected between each treatment implemented.
Measurements were made with an open infrared gas analyzer system (LI-
6400XT, LI-COR Inc., Neb., USA) equipped with a light leaf chamber (Li-
6400-02B, Li-Cor Inc.). The net photosynthetic rate (Ay), the stomatal
conductance (gs) and the intercellular CO2 concentration (C;) were
determined. These parameters were obtained at a light photon flux
density of 1500 pmol m ~ 2s ~ !, leaf temperature of 25 °C, 50 + 2%
relative humidity of 50 2% and a CO, concentration surrounding leaf
(Cy) 400 pmol mol~! air. The intra-water use efficiency G(WUE) was
calculated as the ratio between Ay and g;. The photosynthetic area was
approximated as the area of a cylinder.

Chlorophyll fluorescence measurements

Modulated chlorophyll fluorescence measurements were made in the
same branches where gas exchange measurements were performed (n =
10), using a FluorPen FP100 PAM (Photo System Instruments, Czech
Republic) on light and 30 min dark-adapted leaves. Light energy yields
of the Photosystem II (PSII) reaction centers were determined with a
saturation pulse method as described by Schreiber et al. (1986), using a
0.8 s saturating light pulse with an intensity of 8000 pmol m~2 s~ The
quantum yield of PSII (QY) and the relative quantum yield of PSII (Q’Y)
were calculated as F,/Fp, and ®pgy; respectively after a comparison of the
minimum fluorescence values (F’g), the maximum fluorescence (F'p,)
and the operational photochemical efficiency with the values of the light
and dark-adapted branches.
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Fig. 1. Osmotic potential, Yo, in randomly selected
primary branches of Sarcocornia fruticosa after 30 days
of treatment with two salinity concentrations (171 and
510 mM NaCl) and two irrigation conditions (field
capacity, WW and water stress, WS) and its combina-
tions (Stress phase) and its recovery response after 15
days of stress factor or factors offset (Recovery Phase).
Legend indicates the treatments in stress period and
the origin of the recovery period’ treatments. Values
shown mean + SE (n = 10), different letters indicate
that there is significant difference between them.

At the end of the stress period and at the end of the recovery period,
photosynthetic pigments were measured in randomly collected branch
samples (n = 5) following the analysis of Gauss peak spectra pigment.

Samples were flash frozen in liquid Ny and freeze dried for 48 h in the
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Fig. 2. Net photosynthetic rate, Ay, (A), stomatal conductance, gs (B), intercellular CO, concentration, C; (C), and intrinsic water use efficiency, ;WUE, (D) in
randomly selected primary branches of Sarcocornia fruticosa after 30 days of treatment with two salinity concentrations (171 and 510 mM NacCl) and two irrigation
conditions (field capacity, WW and water stress, WS) and its combinations (Stress phase) and its recovery response after 15 days of stress factor or factors offset
(Recovery Phase). Legend indicates the treatments in Stress phase and the origin of the Recovery Phase’ treatments. Values shown mean + SE (n = 10), different
letters indicate that there is significant difference between them.
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Fig. 3. Relative quantum yield of PS II, ®pg;; (A) and maximum quantum ef-
ficiency of PS II photochemistry, F,/Fy, (B) in randomly selected primary
branches of Sarcocornia fruticosa after 30 days of treatment with two salinity
concentrations (171 and 510 mM NacCl) and two irrigation conditions (field
capacity, WW and water stress, WS) and its combinations (Stress phase) and its
recovery response after 15 days of stress factor or factors offset (Recovery
Phase). Legend indicates the treatments in stress period and the origin of the
recovery period’ treatments. Values shown mean + SE (n = 10), different letters
indicate that there is significant difference between them.

dark to avoid photodegratation processes (Duarte et al., 2014). The
branches were then ground in pure acetone and pigments extracted at
—20 °C for 24 h in the dark, centrifuged at 4000 rpm for 15 min at 4 °C,
and the resulting supernatant was scanned on a dual beam spectro-
photometer (Hitachi Ltd., Japan) from 350 to 750 nm at 0.5 nm step.
The resulting absorbance spectrum was used to determine all the target
pigments, after application of the using Gauss-Peak Spectra (GPS) al-
gorithm according to Kupper et al. (2007). A GPS fitting library for this
Sigma Plot Software was employed. From the resulting pigment con-
centrations, it was also possible to calculate the De-Epoxidation State
(DES) as follows (Duarte et al., 2014):

DES = [Antheraxantin| + [Zeaxanhin|/[Violaxanthin] + [Antheraxantin|
+ [Zeaxanthin]

Statistical analysis

Statistic tests were performed using a statistical software package
Statistica v. 6.0 (Statsoft Inc.). The differential effect of different irri-
gation conditions treatments was determined by two-way analysis of
variance. Multiple comparisons were analyzed using an LSD test. Before
statistical analysis, Kolmogorov-Smirnov and Levene tests were used to
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verify the assumptions of normality and homogeneity of variances,
respectively.

Results
Osmotic potential

Plants grown in WW treatments showed overall lower values for
¥y than those grown in WS. However, there were no significant differ-
ences between salinity treatments in plants grown under the same water
conditions (Fig. 1).

In the recovery phase, those treatments that were in WS showed a
decrease in their (. Although these values were still higher than plants
at WW 1% showed. This recovery was not observed for plants grown at
WS 3% R-WW (Fig. 1).

Gas exchange

At the first phase of the experiment, all four parameters assessed
have shown a similar pattern. Ay, gs, and C; decreased significantly for
all treatments with respect to the control conditions treatment (WW
1%). {WUE showed the inverse pattern and was significantly lower in
WW 1% treatment compared to the other three tested conditions
(Fig. 2).

When recovery was applied, all four treatments values for C;, gs and
iWUE were significantly similar to WW 1% even WS 3% R-WW. How-
ever, Ay did not follow this trend. For this parameter, WW 3% R-NaCl
and WS 3% R-WW did not increase significantly compared with WW 3%
and WS 3% and did not reach the WW 1% values for Ay.

Chlorophyll fluorescence

Both Fy/Fy, and ®pgp; decreased when water stress and 510 mM NaCl
were applied simultaneously to S. fruticosa. However, ®pgy also
decreased for plants belonging to the WW 3% treatment compared to
WW 1%. In the recovery analysis, both parameters did not show a clear
trend. Fy/F, showed some reduction in its values for WW 3% R-WW
andWS 1% R-WW treatments. For ®pgp;, only WS 3% R-WW and R-WW-
NaCl showed an improvement with respect to WS 3%.

The OJIP-derived parameters ABS/CS, TR/CS and ET/CS followed a
similar trend between them. Only plants grown at WS 1% treatment
showed significantly lower values. While DI/CS values were signifi-
cantly higher than control conditions for both WW 3% and WS 3%
treatments (Fig. 3).

When recovery treatments were applied, ABS/CS, TR/CS, and ET/CS
showed the same pattern for all treatments. There was only an increase
in plants grown at WS 1% R-WW which surpass the values obtained even
at WW 1%. For DI/CS the difference was also only between WS 1% and
WS 1% R-WW, which was significantly higher when plants recovered
from water stress (Fig. 4).

Pigment concentration

There were no significant differences between the four treatments
during stress conditions for Chl a and Chl b concentrations. It seemed
that there was a higher p-carotenes and a lower DES in plants grown
under WS compared to plants treated with WW independently of salinity
concentration. However, the differences were not significant (Fig. 5).

Recovery treatments did not appear to have a significant effect in any
treatment for Chl a, Chl b, and p-carotenes. However, DES increased
significantly for WS 1% and WS 3% in both recovery treatments.

Discussion

Halophytes have the potential to be used as new crops in an inno-
vative agriculture threshold due to their high biomass production, their



J.A. Pérez-Romero et al.

Stress phase Recovery phase

Plant Stress 8 (2023) 100162

Stress phase Recovery phase

6000 6000 5000 5000
a B
5000 - r 5000
4000 - [ 4000
b b
4000 - - 4000 b b
o > 3000 - r 3000
c
8 B o =
@ 3000 1 H3000 @ S ¢ p
] o K
2 9 F »
2000 - r 2000
2000 - F 2000
1000 1000 1000 + - 1000
[ 0 o 0
Wi 4, Ww3., Ws,., WS3 Ww 30, Ws 1o, Ws S3 Ww 4, WW30 Ws1 Wssa Ww 3, S1/ Ws 3o, WSa
% % % 3%., 6RN, 7 /,, R 3/, /,, R.| % % %-. o R n~R
Wiy R: Wiy, Nacy Wit Ry R, “Nagy
Irrigation treatment Recovered stress factor -Vv\é‘é‘/ 110%1‘171 mM NaCl Irrigation treatment Recovered stress factor
%‘\//Vvvsvas:/f 510 mM NaCl
[——3JRecovery at 171 mM NaCl
[Z—3Recovery at 510 mM NaCl
Stress phase Recove hase
3000 Stress phase Recovery phase 3000 1400 p! ry pl 1400
C a
a
2500 L 2500 1200 - a r 1200
1000 - b r 1000
2000 1 . ab t 2000
c
» b m o 800 - r 800 o
S 1500 - F1s00 3 2 &
w » 0 @
600 - r 600
1000 - r 1000
400 - - 400
500 - r 500 200 L 200
0- T T T L] 0- - 0
Ww.,%WWa%WS 1% WSs% Wwa.,/'gs1 Wﬁ/g;/R 3/"RWW WW1Q WW3%WS 1% Sg% WW3.;/WS1 Wﬁvﬁ, 3%'R'Ww
“Nac; “Nacy

Irrigation treatment Recovered stress factor

Irrigation treatment Recovered stress factor

Fig. 4. Absorbed energy flux, ABS/CS (A), trapped energy flux, TR/CS (B), transport energy flux ET/CS (C) and dissipated energy fluxes, DI/CS (D) per cross section
in randomly selected primary branches of Sarcocornia fruticosa after 30 days of treatment with two salinity concentrations (171 and 510 mM NaCl) and two irrigation
conditions (field capacity, WW and water stress, WS) and its combinations (Stress phase) and its recovery response after 15 days of stress factor or factors offset
(Recovery Phase). Legend indicates the treatments in stress period and the origin of the recovery period’ treatments. Values shown mean + SE (n = 10), different

letters indicate that there is significant difference between them.

nutritional values, and their ability to grow in extreme conditions
(Ventura and Sagi 2013; Ventura et al., 2015; Pérez-Romero et al., 2018;
Calone et al., 2022). There is abundant literature on the ability of hal-
ophytes to cope with stress (Redondo-Gomez et al. 2006; Carreiras et al.,
2020; Pérez-Romero et al., 2020a) or their phytoremediation potential
(Pérez-Romero et al., 2016; 2022; Mateos-Naranjo et al., 2018; Bar-
cia-Piedras et al., 2019). However, few studies can be found on recovery
from abiotic stresses in halophytes species (Calone et al., 2022). This
study showed how a perennial halophyte such as S. fruticosa responded
to water and salt stress and if the negative effects of such a stress persist
after a period of recovery.

The water state of S. fruticosa has been proven to be resistant to
salinity presence in the growth solution (Redondo-Gomez et al. 2006;
Pérez-Romero et al., 2020a; Calone et al., 2022). Our results agreed with
these previous studies showing a stable ¥, independently of NaCl con-
centration. However, this parameter increased for plants grown at WS
conditions. This increment has been observed as a mechanism of
response to balance water state together with a decrease in gs (Hor-
maetxe et al., 2006). S. fruticosa plants that were under WS conditions
showed this decrease in g5 and also an increment in jWUE compared with
control conditions showing concordance with what Hormaetxe et al.
(2006) found. What was more interesting was the ability displayed by
S. fruticosa to recover. Calone et al. (2022) obtained similar results after
the recovery period shown values similar to plants grown in control
conditions for three halophyte species. Nevertheless, our results showed
one single exception, plants grown in the WS 3% R-WW treatment

showed higher ¥ values than the other recovery treatments. Even when
salinity did not affect ¥, the exposition to 510 mM NaCl seemed to
interfere with the recovery process and did not allow these plants to
restore its ¥ to non-stressed values.

This recovery pattern can also be seen on the gas-exchange param-
eters. The negative effect of NaCl concentration is usually due to accu-
mulation of Na™ and CI ™ in plant tissue that could have a direct negative
effect on the photosynthetic apparatus (Brugnoli and Lauteri, 1991).
Furthermore, the presence of high NaCl in soil reduces the availability of
water for plants (Belkheiri and Mulas 2013). Therefore, salinity and
drought stress are generally related (Belhkeri and Mulas, 2013). Our
results supported this relationship a similar decrease in Ay, C; and g
when plants were exposed to water and/or salt stress.. In addition, the
presence of high salinity and WS at the same time did not aggravate the
negative effect on gas exchange parameters highlighting the relationship
between these two abiotic factors as stress motors. As a consequence of
salt and water stress, S. fruticosa plants showed higher values of ;WUE
due to a greater decrease in g than in Ay compared to plants grown
under conditions of WW 1%. The enhancement of ;WUE did not avoid
the negative effect that salinity or water stress had on Ay. As previously
hypothesized (Flexas et al., 2004; Verena et al., 2016) this decrease on
Ay could be related to less availability of CO, due to stomatal closure.
The values obtained for C; and gs were in concordance with this hy-
pothesis. Restrictions in CO; availability could possibly cause increased
susceptibility to photodamage (Colom and Vazzana, 2001).

After S. fruticosa was subjected to a recovery period, all treatments
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showed gs, C;, and WUE values similar to plants grown under optimal
conditions (WW 1%). However, Ay did not recovered control values for
plants previously grown at 510 mM NaCl independently of water con-
ditions. Other studies had shown that Ay in halophytes was not affected
by a decrease in C; but by a decrease in gy, or by inhibition of RuBisCO
activity (Mateos-Naranjo et al., 2015; Pérez-Romero et al., 2018) this
could explain the reduction in Ay even after C; has been recovered.
Nevertheless, plants grown at WW 3% R-WW-NaCl showed an
improvement on Ay and values similar to those grown at WW 1%. This
could be related to a synergic effect of both types of stress,
Pérez-Romero et al., 2018; 2019; 2020a) demonstrated the importance
of considering the synergic effect between abiotic factors in order to
better understand the response of plant species in their natural habitat.
This study reflected these complex relationships established between
plants and their environment and showed how exposure to water stress
in the presence of 510 mM NaCl may affect the ability of S. fruticosa to
recover after the stress period. The Ay value did not show an improve-
ment when WW 3% was subjected to conditions R-NaCl. The lack of
recovery of Ay along with the improvement in g5 and C; could indicate
that there was salinity-driven damage caused at the photosystem or
pigment level (Carreiras et al., 2020) that did not recover after 15 days.
Thus, Ay did not increase even when plants had enough CO, available in
their stroma. Exposure to water and salinity stress mitigated this effect
in plants grown first at WS 3% and then recovered for both stress factors
(R-WW-NaCl). However, S. fruticosa treated with WS 3% and recovered
only of WS (R-WW) did not show the same trend, highlighting the
important role of NaCl excess in the grown solution in the recovery
ability of this species.

Nevertheless, the decrease observed in the gas exchange parameters
was not related to the destruction of photosynthetic pigments as the
pigment concentration for chlorophylls and carotenoids obtained
shown. Calone et al. (2022) found similar results in S. fruticosa, the
concentration of chlorophyll a, b and beta-carotenes being stable in
salinity and water stress presence. As well as our results shown, Calone
et al. (2022) found that the recovery period did not affect pigment
concentration. However, recovery treatment affected DES index values,
being this parameter lower for plants in WS treatments compared to
their recovered counterparts. This decrement could indicate a xantho-
phyll cycle malfunction (Duarte et al., 2013). On the other hand, it could
be a mechanism to reduce damage due to excess energy dissipation
through conversion of violaxanthin to zeaxanthin (Duarte et al., 2013).
There has been evidence that halophytes that exhibit an increase in DES
index values were able to respond better to abiotic stress (Pérez-Romero
et al,, 2018; 2020a). Therefore, the increase in this parameter in
S. fruticosa plants recovering from the stress period could indicate that
these plants responded to water and salinity stress by dissipating excess
energy, allowing them to restore their physiological status.

Furthermore, when studying the fluorescence-derived parameters,
there is no evidence of permanent damage in the S. fruticosa PS II
imposed by the stress conditions. In fact, the OJIP derived parameters
showed that only the plants grown under WS 1% appeared to be nega-
tively affected by the conditions imposed and after the recovery period
these plants were completely recovered with values higher than those of
the control conditions. PS II of halophytes has demonstrated great levels
of tolerance to salinity and water stress (Mateos-Naranjo et al., 2015;
Pérez-Romero et al., 2018; 2020b). This characteristic resistance is
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usually related to its ability to activate some energy dissipation strate-
gies (Mateos-Naranjo et al., 2015; Pérez-Romero et al., 2018; 2019;
2020a). As the dissipated energy flux (DI/CS) showed, in the recovery
periods plants that were subjected to water stress had higher values than
when they were in the stress period. This is in accordance with our re-
sults of the DES index, DI/CS is the amount of energy that it is not being
fixed by the PSII and is related with energy dissipation mechanisms such
as xanthophyll cycle or photorespiration that alleviate stress decreasing
the pressure in PS II during abiotic stress exposition (Pérez-Romero
et al., 2020a). Therefore, as the DES index pointed out, S. fruticosa at the
recovery period responded to the negative effects indicating that the
stress consequences could be strong enough to had a long-term effect.
However, as the physiology parameters indicated this response to stress
at the recovery period allowed this halophyte to restore its photosyn-
thetic parameters.

The lack of recovery for Ay at WW 3% R-NacCl could be due to a
reduction in F,/Fy, in the recovery period. This was the only treatment
that showed this trend for this parameter, S. fruticosa has demonstrated
its PS II tolerance to abiotic stress such as heat waves and salinity levels
higher than 510 mM NaCl (Pérez-Romero et al., 2020a). Our results are
in accordance with this tolerance, as OJIP derived parameters and ®pgy;
indicated for the treatments tested. Nonetheless, the decrease observed
at WW 3% R-NaCl could be related to the DES index and the DI/CS
values. Neither of those parameters increases for this treatment in the
recovery period. Therefore, the xanthophyll cycle and the excess energy
dissipation exhibited by the other plants grown under the recovery
conditions did not appear in these plants at WW 3% R-NacCl. This could
have led to a damage in its PS II efficiency, as F,/Fy, and Ay indicated,
even when the concentrations of g, Ci, and photosynthetic pigments
showed values similar to those under control conditions.

Halophytes resistance to water stress has been reported before
(Mateos-Naranjo et al., 2015; Pérez-Romero et al., 2018; 2020Db).
However, in this study we can see how plants grown under WS 1%
conditions showed an overall decreased in many of the parameters
studied as AN, gs, Ci or OJIP derived parameters. Nevertheless, photo-
damage does not generally occur during water stress (Colom and Vaz-
zana 2001) and our recovery period results seemed to support the lack of
permanent photodamage. All parameters measured during recovery
period for plants grown at WS 1% R-WW treatments displayed values
equal or even higher than those of plants grown at control conditions.
Thus, these results showed that even if drought could temporary affect
photosynthesis function in S. fruticosa this species had the ability to
overcome the negative effects when a recovery period was established.

Conclusions

Our data highlight the well-known relationship between water and
salinity stress and the great ability of S. fruticosa to resist salinity and
water stress even when they occurred at the same time. The main
achievement of this work is to study the ability of its photosystem to
recover after exposure to these abiotic factors, showing that the expo-
sition to high NaCl along with water deficit allowed this species to
restore its optimal state better than those of S. fruticosa plants that were
only subjected to salinity stress. The mechanisms that this species has to
cope with water and salt stress seemed to be similar and due to that it
allowed a restoration of its physiological state. Therefore, plants under
both tested stresses were able to recover in 15 days as the results for gas
exchange and chlorophyll fluorescence suggested.
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