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Abstract
Suaeda fruticosa and S. monoica are important halophytes for ecological rehabilitation of saline lands. We report differ-
ential physio-chemical, photosynthetic, and chlorophyll fluorescence responses in these halophytes under 100 mM sodium 
chloride (NaCl), 50% strength (16.25 ppt) of seawater (SW)-imposed salinity, and 10% polyethylene glycol 6000 imposed 
osmotic stress at 380 (ambient) and 1200 (elevated) µmol  mol–1  CO2 concentrations. SW salinity enhanced the growth in 
both species; however, compared with S. fruticosa, the S. monoica exhibited comparatively better growth and biomass accu-
mulation under saline conditions at elevated  CO2. Results demonstrated better photosynthetic performances of S. monoica 
under stress conditions at both levels of  CO2, and this resulted in higher accumulation of carbon, nitrogen, sugar, and starch 
contents. S. monoica exhibited improved antenna size, electron transfer at PSII donor side, and efficient working of photo-
synthetic machinery at elevated  CO2, which might be due to efficient upstream utilization of reducing power to fix the  CO2. 
The δ13C results supported the operation of  C4  CO2 fixation in S. monoica and  C3 or intermediate pathway of  CO2 fixation 
in S. fruticosa. Lower accumulation of reactive oxygen species, reduced membrane damage, lowered solute potential, and 
higher accumulation of proline and polyphenol contents indicated elevated  CO2-induced abiotic stress tolerance in Suaeda. 
Higher activity of antioxidant enzymes in both species at both levels of  CO2 help plants to combat the oxidative stress. 
Upregulation of NADP-dependent malic enzyme and NADP-dependent malate dehydrogenase genes indicated their role in 
abiotic stress tolerance as well as photosynthetic carbon (C) sequestration. Operation of  C4 type  CO2 fixation in S. monoica 
and an intermediate  CO2 fixation in S. fruticosa could be the possible reason for the superior photosynthetic efficiency of S. 
monoica under stress conditions at elevated  CO2.
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Introduction

Environmental stresses are the major threats to plant pro-
ductivity (Ahammed et al. 2020a). Among various abiotic 
stresses, salinity and osmotic stress are the most common 
stresses and inter-related with each other in their physiologi-
cal responses (Zhang et al. 2010). Salinity and osmotic stress 
negatively affect the plant development and result in lower 
productivity (Ahammed et al. 2018). Halophytes acquired 
excellent tolerance ability against salt and osmotic stress, 
and besides saline land reclamation, these can be exploited 
as cash crops and biomass producing crops (Rathore et al. 
2016). Photosynthesis in plants is one of the major pro-
cesses adversely affected by salinity and osmotic stress 
through reduction in  CO2 fixation.  CO2 is the key input for 
photosynthesis; therefore, varying  CO2 concentrations have 
diverse effects on crop productivity (Sage and Coleman 
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2001; Ahammed et al. 2020b). The global climatic scenario 
is continuously changing and it is assumed that the level of 
 CO2 will reach 1000 μmol  mol−1 air by the end of this cen-
tury, which will directly affect the photosynthesis (Li et al. 
2019). Thus, the salinity and osmotic stress through reducing 
the soil fertility and the elevated  CO2  (eCO2) with various 
effects on photosynthesis will become the major factors in 
determining the global crop productivity. One of the solu-
tions under such conditions is the development of abiotic 
stress-tolerant crop having higher carbon (C) sequestration 
ability; however, it looks like a difficult solution. Another 
most promising approach is the use of halophytes that grow 
naturally under saline conditions and have better photosyn-
thetic yield under abiotic stress conditions. Several halo-
phytes find role as food, fodder, and in coastal protection, 
thus, possess potential for salty-land/wasteland reclama-
tion (Giessler et al. 2009). The  eCO2 up to certain levels 
improves the plant growth and productivity by increasing 
the  CO2 fixation, and this enhances the tolerance against 
various abiotic stresses (Ainsworth and Rogers 2007; Pan 
et al. 2018). Thus, studying the effect of  eCO2 in halophytes 
under abiotic conditions would be interesting and help to 
understand the mechanism involved in plant responses under 
interactive environment of  eCO2 and abiotic stress.

The  eCO2 increases the C assimilation, reduces stomatal 
conductance and N concentrations, and increases water-
use efficiency (Ainsworth and Rogers 2007; Ellsworth 
et al. 2004; Morgan et al. 2011). The higher supply of  CO2 
in plants imparts certain level of stress tolerance through 
elevated photosynthesis (Zhang et al. 2020a, b). The  eCO2 
improves photosynthesis with strong stimulatory effect in 
 C3 plants like Sorghum bicolor and Zea mays, whereas it 
has no effect on photosynthesis in  C4 plants like Andropo-
gon gerardii, Schizachyrium scoparium, and Sorghastrum 
nutans (Long et al. 2004). In Amaranthus and sugarcane, 
 eCO2 alleviated the negative impact of mild water stress and 
had no effect under severe water stress (Ghannoum 2009). 
The improved survival of Aster tripolium L. at  eCO2 under 
sodium chloride (NaCl) stress showed the positive impact of 
interactions between salinity and  eCO2 on growth, photosyn-
thesis, water relations, and chemical compositions in halo-
phytes (Geissler et al. 2009, 2010). The higher  CO2 leads to 
better water balance, reduction in stomatal conductance (gs), 
and improved osmotic potential in plants under saline stress; 
however, no significant biomass variations were recorded in 
Salicornia ramosissima, and this was attributed to the invest-
ment of higher energy for salinity stress defense mechanisms 
(Pérez-Romero et al. 2018). Atmospheric  eCO2 enhanced the 
photosynthesis in  C3 (Chenopodium quinoa) and  C4 (Atri-
plex nummularia) halophyte; however, A. nummularia dis-
tinctly showed a higher level of salt resistance as compared 
to C. quinoa (Geissler et al. 2015). The  CO2-concentrating 
mechanism in  C4 plants supports their better survival under 

stress conditions through concentrating the  CO2 around 
Rubisco, which minimizes the oxygenase activity and the 
resultant loss of carbon through photorespiration.

Suaeda fruticosa (L.) Forssk and S. monoica Forssk. ex 
J. F. Gmel are the two important halophytes exhibiting luxu-
riant growth under abiotic stress and possess potential of 
ecological rehabilitation of saline land. Suaeda genus pos-
sesses both  C3 and  C4 photosynthetic C fixation pathways 
with and without typical Kranz anatomy (Shomer-Ilan et al. 
1975). The presence of Kranz anatomy was reported as an 
essential criterion for  C4 photosynthetic operation; however, 
numerous literature reports demonstrated the functioning of 
 C4 pathway in single-cell system or without typical Kranz 
anatomy (Park et al. 2009; Koteyeva et al. 2011; Shomer-Ilan 
et al. 1975). The  C4 mode of  CO2 fixation is comparatively 
efficient and advantageous over the  C3 mode under hot, dry, 
and saline habitats. Salinity and osmotic stress primarily 
reduce the stomatal conductance and interfere with photo-
synthetic  CO2-diffusion. The cost of photorespiration has 
been reported as the driving force behind the evolution of 
 C4 photosynthesis (Sage 2004; Gowik and Westhoff 2011). 
Water stress severely affects  C4 photosynthesis by reduc-
ing the intercellular  CO2 concentrations; however, initially, 
the responses are not very harmful as the  C4 pathway is 
capable of supplying  CO2 through PEPC-medicated re-fix-
ation of respiratory  CO2 before escaping the bundle sheath. 
The abiotic stresses increase photorespiration as an adap-
tive response to maintain the availability of photosynthetic 
assimilates (Khatri and Rathore 2019).

The increasing atmospheric  CO2, temperature, drought, 
and salinity strongly influence plant growth, productivity, 
habitat fragmentation, and C balance in a terrestrial ecosys-
tem. The drought/osmotic and saline conditions are thought 
to suppress the photosynthetic activity in plants, and at the 
same time,  eCO2 is expected to enhance the photosynthetic 
activity. Both  C3 and  C4 halophytes are well adapted to stress 
conditions; therefore, it would be interesting to evaluate the 
performance of S. fruticosa and S. monoica under abiotic 
stress at  eCO2. Further, despite the progress in understand-
ing the mechanism of plant responses to the  eCO2, very 
few attempts have been made to study the effect of  eCO2 
in halophytes. Therefore, the focus of present study was to 
evaluate the interactive effect of salinity (NaCl and SW) 
and osmotic (polyethylene glycol-6000; PEG) stress with 
 eCO2 (1200 µmol  mol–1) on S. fruticosa and S. monoica to 
understand the physiological and photosynthetic responses 
involved in their survival during harsh conditions. The 
results would provide insights in understanding the mecha-
nism involved in regulation of their growth, development, 
and biomass production in halophytes under abiotic stress 
conditions at  eCO2. The results would help to choose the 
suitable species for biomass production through vegetation 
restoration in the degraded land.
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Material and Methods

Plant Growth and Stress Treatment

Seeds of S. fruticosa and S. monoica were collected from 
mature plants growing along Bhavnagar seacoast (Guja-
rat, INDIA). Seeds were sterilized and germinated on 
sterile garden soil in 500 ml capacity plastic pots (each 
pot contained 350 g soil and made porous to avoid water-
logging) at 30 ± 2  °C under diffused light conditions. 
The plants were irrigated with tap water. 7 days (d) old 
seedlings were transferred at 26 ± 1 °C for 12 h per day 
 (hd–1) photoperiod of 1000 µmol  m−2  s−1 photosynthetic 
photon flux density (PPFD) in a plant growth chamber 
(PGC-105, Percival, USA). The 6 weeks old and uniform 
plantlets were incubated at 380 [ambient  (aCO2)] and 1200 
 (eCO2) µmol  mol–1  CO2 concentrations in separate growth 
chambers and acclimatized for a week. In our previous 
observationks, at 1200 µmol  mol–1 of  CO2 in both species 
exhibited the highest photosynthesis rate (PN); therefore, 
this concentration was considered as  eCO2. The plants 
(both at  aCO2 and  eCO2) were regularly irrigated with 
aqueous solution of 100 mM NaCl, 50% strength of SW 
salinity (16.25 ppt), and 10% PEG for 7 d to impose the 
salinity and osmotic stress. Tap water was used to irrigate 
the control set of plants. Fig. S1 depicted detailed experi-
mental design. After 7 d, the photosynthetic gas exchange 
and chlorophyll fluorescence performances were recorded. 
The samples (from control and stress-treated plants) were 
harvested and stored at − 80 °C for subsequent physio-
chemical analysis. A separate set of the experiment con-
tinued for 15 d to analyze the growth and morphological 
symptoms in plants.

Histological Observations, Determination of Plant 
Growth, and Water Contents

Fresh leaf samples of both S. fruticosa and S. monoica grow-
ing under greenhouse conditions (27 ± 2 °C temperature, 
50–60% relative humidity, and ambient light) were cut trans-
versely. The field emission scanning electron microscope 
(SEM; JSM-7100F, JEOL USA) using Cryo-GATAN facility 
was used to document the anatomical features. Morphologi-
cal symptoms and growth in plants were recorded on 0th, 
7th, and 15th d of stress treatments at both levels of  CO2. 
The fresh/dry weight biomass (FW/DW) and root growth 
were recorded after 15th d of stress treatments. Uniform 
plant tissues of approximately 100 mg (FW) from apical 
portions of control and stressed plants were dried at 80 °C 
for 48 h in a hot air oven, and DW was recorded. The water 

content (WC; ml  g–1 FW) was calculated as (FW − DW/FW 
of sample) and subsequently converted as % of FW.

Elemental and δ13C Analysis in Suaeda Species

Fresh leaf samples from plants growing in natural habitat 
were harvested, dried, and powdered. The C and N elements 
were analyzed using an elemental analyzer (vario MICRO 
cube, Elementar, Germany). The leaf samples were also 
analyzed for C and its stable isotope ratios (δ13C) using 
elemental analyzer (vario MICRO cube, Elementar, Ger-
many)—isotope ratio mass spectrometry (IsoPrime100, 
Isoprime Ltd., UK) following Chaudhary et al. (2018). The 
system was calibrated using international standards from the 
International Atomic Energy Agency. The Pee Dee Belem-
nite (PBD) was used as standard C and isotopic signals were 
expressed as δ notation as δ13C ‰ = [(Rsample − Rstandard)/
Rstandard] ×  103; where R = ratio 13C:12C of the samples.

Determination of Ion Contents 
and Energy‑Dispersive X‑Ray Analysis

Oven-dried and pre-weighed samples were acid [perchloric 
acid and nitric acid solution (3:1 v/v)] digested and heated 
to dryness. The residue was dissolved in deionized water, 
and the ion contents  (Na+ and  K+) were estimated by induc-
tive coupled plasma optical emission spectrometer (Opti-
ma2000DV, PerkinElmer, Germany). Alternatively, energy-
dispersive X-ray (EDX) mapping was performed for  Na+ and 
 K+ contents. For EDX analysis, leaf was cut into thin sec-
tions and mounted on a stub. Samples were loaded in a scan-
ning electron microscope (SEM; JSM-7100F, JEOL USA) 
equipped with a quantitative EDX machine. The vacuum was 
applied to the samples for 30 min, and, subsequently, the 
mapping was performed following the instructions provided 
in the machine manual.

Determination of Electrolyte Leakage and MDA 
Content

The fresh leaves (uniform) harvested from stressed and 
unstressed Suaeda plants were washed with deionized water 
and immersed in 10 ml deionized water in a set of closed 
vials. These were incubated at 26 °C on a gyratory shaker 
for 24 h. The electrical conductivity (EC) of the solution 
 (EC1) was measured using a conductivity meter (SevenEasy, 
Mettler Toledo AG 8603, Switzerland). These samples were 
autoclaved at 121 °C for 15 min, cooled up to 26 °C, and 
EC  (EC2) was measured. The electrolyte leakage (%EL) was 
calculated as  (EC1/EC2) × 100.

The lipid peroxidation was determined by estimating the 
malondialdehyde (MDA) concentration (nmol  g−1 FW) fol-
lowing Hodges et al. (1999). The samples were extracted 
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with 0.1% trichloroacetic acid (TCA), and 0.2 ml extract 
was reacted with 0.8 ml of thiobarbituric acid (TBA) rea-
gent (0.5% TBA in 20% TCA) and subsequently boiled at 
95 °C for 30 min. Samples were ice cooled and centrifuged 
at 10,000 × g for 5 min, and absorbance was read at 440, 
532, and 600 nm.

Determination of ROS Accumulation and Activity 
of Antioxidant Enzymes

Accumulations of reactive oxygen species (ROS) namely 
hydrogen peroxide  (H2O2) and superoxide  (O2¯) were deter-
mined in vivo in fresh leaf samples from apical portion of 
the shoots. Accumulation of  H2O2 was detected by immers-
ing the samples in 3,3-diaminobenzidine (DAB) solution 
(1 mg  ml–1 in 10 mM phosphate buffer; pH 3.8) at room tem-
perature (RT) for 12 h in dark, thereafter exposing the sam-
ples to intense light until the brown spots showing accumu-
lation of  H2O2 appeared. Accumulation of  O2¯ was detected 
by immersing the fresh samples in nitro-blue tetrazolium 
(NBT) solution (1 mg  ml−1 in 10 mM phosphate buffer; pH 
7.8) at RT for 6 h, thereafter, exposing to high irradiance 
for 12 h until the blue spots showing accumulation of  O2¯ 
appeared. Before documentation, the chlorophyll contents 
were bleached by ethanol washing.

The samples were ground in liquid nitrogen, and the 
total protein was extracted in protein extraction buffer [Tris 
buffer: 50 mM (pH 7.0), 1 mM EDTA, 0.05% (w/v) tri-
ton x-100, and 5% (w/v) polyvinylpolypyrrolidone]. Total 
protein in the extract was determined following Bradford 
method (Bradford 1976). This extract was used for deter-
mination of the activity of catalase (CAT), superoxide 
dismutase (SOD), and guaiacol peroxidase (GPOX). The 
SOD activity was determined by monitoring the inhibition 
of nitro-blue tetrazolium (NBT) reduction following Beyer 
and Fridovich (1987). The NBT reduction was recorded at 
560 nm, and the amount of enzyme required for 50% inhibi-
tion of NBT was considered as one-unit activity. The CAT 
activity was determined by monitoring the disappearance 
of  H2O2 (Miyagawa et al. 2000) and taking 43.6  M−1  cm−1 
as an extinction coefficient (∆e) at 240 nm (Patterson et al. 
1984). The GPOX activity was determined following Jebara 
et al. (2005) by reading absorbance at 470 nm and consider-
ing 26.6  mM−1  cm−1 as ∆e.

Determination of Solute Potential 
and Photosynthetic Pigments

Fresh leaf tissues were frozen in liquid nitrogen, thawed, and 
centrifuged for 10 min at 10,000 × g to extract the sap. The 
ionic strength of the sap was measured using Vapro Pressure 
Osmometer (model-5600; Wescor, Logan UT, USA). Solute 
potential (Ψs) of sap was calculated as − nRT/V, where n 

represents numbers of solute molecules; R represents the 
universal gas constant; T represents temperature in K, and 
V is volume in liter.

Leaf samples (200 mg FW) were ground in liquid nitro-
gen and homogenized in 1 ml of N,N-dimethylformamide. 
After 30  min of incubation under dark conditions, the 
homogenate was centrifuged at 10,000 rpm for 15 min at 
4 °C. The absorbance of the supernatant was recorded at 
461, 647, 664, and 664.5 nm. The contents of photosynthetic 
pigments were calculated following Inskeep and Bloom 
(1985) and Chamovitz et al. (1993).

Photosynthetic Gas Exchange Measurement

The photosynthetic gas exchange was recorded using a coni-
fer chamber (6400-05 LCF, Li-Cor) attached to an infrared 
gas analyzer (LI-6400XT; Li-Cor, Lincoln, NE, USA). The 
plants under natural habitat exhibited the highest rate of pho-
tosynthesis at 1000 µmol  m–2  s–1 PPFD (data not given); 
therefore, gas exchange was recorded at this intensity. Data 
were recorded on plants (10 replicates per stress treatment 
and 10 readings per replicate, n = 100) acclimatized to coni-
fer chamber conditions for 20–30 min. Reads were recorded 
at 1000 µmol  m–2  s–1 PPFD, 380 or 1200 µmol  mol–1  CO2, 
26 ± 0.5 °C block temperature, and 60 ± 5% RH. The net 
photosynthesis rate (PN; µmol  CO2  m–2  s–1), stomatal con-
ductance (gs; mol  H2O  m–2  s–1), intercellular  CO2 concentra-
tion (Ci; µmol  CO2 mol  air–1), transpiration rate (E; mmol 
 H2O  m–2  s–1), ratio of Ci to available  CO2 concentration (Ci/
CA), and vapor pressure deficit (VpdL) were determined. 
The water-use efficiency (WUE; µmol  CO2  mmol–1  H2O) 
was calculated as the ratio of PN and E.

Chlorophyll a Fluorescence Measurement

Chlorophyll a fluorescence was recorded using Handy Plant 
Efficiency Analyser (HPEA; Hansatech Instruments, UK). 
Measurements were recorded at RT on adaxial surface of the 
intact leaves through continuous excitation with high time 
resolution to investigate the rapid fluorescence induction 
(Oukarroum et al. 2015). Before measurement, the plants 
were dark adapted for 45 min using dark-adaptation facili-
ties. Leaves were illuminated with saturating red light of 
3000 µmol (photon)  m–2  s–1 to close PSII reaction centers 
(RC) completely, and fluorescence signals were recorded 
for 1.0  s on a 4 mm diameter area of the dark-adapted 
leaves. The fluorescence detector used 730 ± 15 wavelength 
of 3000 µmol (photon)  m–2  s–1 intensity. The instrument 
recorded prompt fluorescence (PF) when actinic light was on 
(light interval) and off (dark interval), respectively. The data 
were downloaded into PEA Plus software (version 1.10) and 
analyzed using its data analysis module. Based on chloro-
phyll a fluorescence transient various photosynthetic fluxes 
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viz. plastoquinone pool size (area), minimal fluorescence 
(F0), maximum fluorescence (FM), variable fluorescence 
(FV), basal quantum yield of non-photochemical processes 
in photosystem II (F0/FM), maximum quantum efficiency 
of PSII (FV/FM), activity of the water-splitting complex 
(FV/F0), absorption per RC (ABS/RC), electron transport 
flux per PSII RC  (ET0/RC), energy trapped in PSII RC  (TR0/
RC), energy dissipated from PSII  (DI0/RC), and photochem-
ical and non-photochemical de-excitation rate constant (kP 
and kN) were studied. The OJIP curve was plotted, and rela-
tive rise was interpreted as effects of the stress conditions 
on transfer of electron through PSII and PSI in plants under 
stress at  aCO2 and  eCO2. Amplitudes of I–P phase represent-
ing the ratio of PSII and PSI [δFIP = (FP − FI)] and electron 
transport (δVIP) around PSI to reduce final (i.e., ferredoxin 
and NADP) acceptors [δVIP = (Fm − F30ms)/(Fm − F0)] were 
determined following Schansker et al. (2005) and Khatri and 
Rathore (2019).

Determination of Proline, Sugar, Starch, 
and Polyphenol Contents

Proline contents from fresh leaf samples were extracted 
in 3.0% sulphosalicylic acid. The extract was reacted with 
ninhydrin reagent, and absorbance was read at 520 nm fol-
lowing Bates et al. (1973). Soluble sugar from samples was 
extracted repeatedly in 80% ethanol and estimated following 
anthrone-sulphuric acid method. The residual pellet left after 
extract of the soluble sugar was digested in 52% perchloric 
acid for starch estimation. The digest was diluted with milliQ 
water and processed as that of sugar estimation. Glucose was 
used as standard, and absorbance was read at 630 nm. For 
starch determination, the obtained values were multiplied 
by a factor of 0.9 to convert the glucose values into starch. 
Polyphenol contents were estimated following Chandler and 
Dodds (1983) by recording the absorbance at 650 nm against 
a standard curve prepared with catechol.

Determining the Expression of  C4 Photosynthetic 
Pathway Genes

Total RNA was extracted from leaf samples following the 
GITC method (Chomczynski and Sacchi 1987). The cDNA 
was prepared using total RNA as template and a Superscript 
II RT first-strand cDNA synthesis kit (Promega, Madison, 
Wisconsin). Expression of the NADP-me (F5′-TGC CCA TAC 
CCC TTGAT-3′ and R5′-TTG GCA AAA TCT TCG AAC T-3′) 
and NADP-mdh (F5′-GCT TGC TTC TGG TGT GGT -3′ and 
R5′-CAA TCA GAA TGG CCC ACT -3′) genes was determined 
using real-time PCR (RT-PCR). The tubulin (F5′-CAC GCG 
CTG TAT TCG TAG AT-3′ and R5`-TGA CCA CGA GCG AAG 
TTA TTAG-3′) gene was used as an internal control. RT-
PCR was performed using 1 × Sso Advanced SYBR green 

supermix (Bio-Rad). qRT-PCR conditions comprised dena-
turation at 94 °C for 5 min for 1 cycle; 40 cycles of each 
denaturation at 94 °C for 30 s (sec); annealing at 55 °C for 
30 s; and extention at 72 °C for 30 s. Relative-fold expres-
sion was calculated using following Livak and Schmittgen 
(2001).

Statistical Analysis

The experiment was performed in a randomized block design 
with minimum 03 replicates (each replicate with 3 sub-rep-
licates; n = 9) for physio-chemical estimations and with 10 
replicates (each replicate with 10 sub-replicates; n = 100) for 
measurment of gas exchange and chlorophyll fluorescence. 
Data recorded were subjected to ANOVA for analysis of 
variance to determine the significance among mean values 
of the treated and control plants (Supplementary Table S1). 
Post-hoc multiple comparison of mean values was carried 
out following Tukey’s test at a significance level of p ≤ 0.05. 
To construct the radar plot (Fig. 9), the chlorophyll a fluores-
cence reads of control plants (under both levels of  CO2) were 
considered as standard and the reads of stress-treated plants 
were calculated as relative values. The data are presented as 
mean ± standard error (SE) and significantly different mean 
values have been denoted by different lowercase letters.

Results

The  eCO2 had differential effects on photosynthetic C cap-
ture potential, ion accumulation, physio-biochemical and 
growth responses in S. fruticosa and S. monoica under salt 
(100 mM NaCl and 50% strength of SW) and osmotic (10% 
PEG) stress. Leaf anatomy in both species showed differen-
tiation of ground tissues as palisade and spongy mesophylls 
(Fig. 1a, b); however, none of these possess bundle sheath 
or Kranz anatomy (Fig. 1c, d).

Effect of  eCO2 on Growth and Water Content in S. 
fruticosa and S. monoica

S. fruticosa exhibited improved growth under saline con-
ditions and S. monoica exhibited improved growth under 
seawater salinity (Fig. S2) at  aCO2. Similarly, both species 
showed improved growth at  eCO2; however, the growth 
in S. monoica was comparatively better as compared to 
S. fruticosa as the  eCO2 induced the epinastic symptoms 
in S. fruticosa leaves (Fig. S3). Similar to shoot growth, 
both species showed improved root growth under salin-
ity stress at both levels of  CO2. At  eCO2, the SW salin-
ity significantly improved the root growth in both species 
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(Fig. S4). S. fruticosa and S. monoica yielded FW and 
DW in agreement with growth (Fig. S5a, b). At  aCO2, 
the biomass accumulation in S. fruticosa was compara-
tively higher than S. monoica under saline conditions. The 
 eCO2 improved the biomass yield in both species under 
SW salinity. Compared with  aCO2 condition, both species 
exhibited lower WC under  eCO2. Compared with control 
treatment, S. fruticosa maintained higher WC under stress 
conditions at  eCO2, and S. monoica did not exhibit sig-
nificant changes in WC (Fig. S5c). Both species exhibited 
poor growth attributes and WC under PEG stress. The 
interaction among Suaeda species,  CO2 levels, and stress 
type significantly influenced the plant growth, fresh and 
dry biomass yield, WC, and root growth.

Effect of  eCO2 on Carbon and Nitrogen Assimilation 
in Suaeda Species

Both species exhibited no significant variations in C con-
tents under control and stress conditions at  aCO2. The 
 eCO2 reduced the C contents in S. fruticosa under stress 
conditions; however, S. monoica exhibited no significant 
variations (Fig. 2a). S. fruticosa showed comparatively 
lower accumulation of N contents, and S. monoica exhib-
ited higher accumulation of N contents under saline con-
ditions at  eCO2 (Fig. 2b). The interaction among Suaeda 

species,  CO2 levels, and stress treatments had significant 
influence over the accumulation of C and N contents. S. 
fruticosa and S. monoica exhibited the stable isotope ratio 
(δ13C) as − 21.44 and − 15.62, respectively.

Effect of  eCO2 on Ion Accumulation and Solute 
Potential in Suaeda Species

Both species accumulated higher contents of  Na+ and lower 
contents of  K+ under stress conditions (Fig. 3b, c). The  eCO2 
significantly reduced accumulation of  Na+ and  K+ in both 
species under stress. The EDX-SEM observations confirmed 
the higher accumulation of  Na+ and lower accumulation of 
 K+ in leaf tissues and on root surface of both species under 
saline condition (Fig. S6). In agreement with ion accumu-
lation, S. fruticosa and S. monoica exhibited significantly 
lower Ψs (more negative values) under stress condition at 
both levels of  CO2 (Fig. 3a). The decrease in Ψs under stress 
condition was comparatively higher in both species at  aCO2 
than  eCO2. The interactions among Suaeda species,  CO2 
levels, and stress type significantly influenced the Ψs and 
accumulation of ions.

Fig. 1  The SEM-cryo images showing leaf anatomy (a, b) and the enlarged view of vascular tissues (c, d) in S. fruticosa and S. monoica respec-
tively
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Effect of  eCO2 on ROS Accumulation and Membrane 
Properties in Suaeda Species

Stress induces accumulation of  O2
– and  H2O2 in S. fruticosa 

and S. monoica at both levels of  CO2. NaCl stress caused 
comparatively higher accumulation of  O2

– (Fig. 4a). S. fru-
ticosa exhibited higher accumulation of  H2O2 under stress 
at  eCO2 while S. monoica exhibited higher accumulation at 
 aCO2 (Fig. 4b). S. monoica exhibited higher accumulation 
of  O2

– and  H2O2 under NaCl stress at both levels of  CO2. At 
 eCO2, S. monoica exhibited similar accumulation of ROS 

under control and saline condition. At  eCO2, S. monoica 
under PEG stress exhibited higher accumulation of superox-
ide and lower accumulation of peroxide radicals.

S. monoica exhibited lower MDA contents under stress 
condition at  aCO2. Stress increased the accumulation of 
MDA in S. fruticosa at both levels of  CO2 except PEG 
stress at  eCO2. S. monoica exhibited lower contents of 
MDA under stress condition at  aCO2. In contrary to  aCO2, 
the  eCO2 significantly increased the MDA accumulation 
in S. monoica under 50% SW. The  eCO2 increased MDA 
content in S. fruticosa and S. monoica under NaCl and SW 

Fig. 2  Carbon (a), and nitrogen 
(b) contents in S. fruticosa 
and S. monoica under control 
and stress (100 mM NaCl, 
50% seawater salinity and 10% 
PEG) treatments at ambient 
and elevated  CO2 condition for 
7 days. The values (mean ± SE, 
n = 3) followed by different low-
ercase letters as superscripts are 
significantly different by LSD 
(≥ 0.05%) at a particular  CO2 
level. In figure, SW represents 
seawater salinity, SF S. fruti-
cosa, and SM S. monoica 
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stress, respectively (Fig. 5a). The  eCO2 increased the EL 
in S. fruticosa under stress; however, S. monoica exhib-
ited lower EL at both levels of  CO2 under stress. NaCl 
stress caused higher EL than SW stress in both species at 
 aCO2 (Fig. 5b). The  eCO2 significantly reduced the EL in 

S. monoica under salinity stress compared with osmotic 
stress. The interaction among Suaeda species,  CO2 levels, 
and stress type had a significant effect on MDA accumula-
tion and EL.

Effect of  eCO2 on Expression of  C4 Pathway Genes 
and Activity of Antioxidant Enzymes

S. fruticosa and S. monoica exhibited up-regulation of 
NADP-me and NADP-mdh gene at both levels of  CO2 under 
stress (Fig. 6). Both species showed the highest (more than 
sixfold changes) expression of NADP-me and NADP-mdh 
under SW salinity at  eCO2. Stress induced the up-regulation 
of NADP-me and NADP-mdh gene in both species at both 
levels of  CO2. Compared with  aCO2, the  eCO2-induced up-
regulation of both genes in S. monoica under PEG stress.

At  aCO2, both species exhibited higher activity of SOD 
and CAT under stress; however, GPOX exhibited higher 
activity only under NaCl stress. Plants of both species under 
control treatment exhibited higher activity of SOD, CAT, 
and GPOX at  eCO2 as compared to  aCO2 (Fig. 7). Similarly, 
both species have higher antioxidant enzymes activity under 
stress condition at  eCO2; however, S. fruticosa showed lower 
activity of CAT under stress condition. Difference in the 
activity of these enzymes varied with types of stress and 
plant species.

Effect of  eCO2 on Photosynthetic Pigments 
in Suaeda Species

S. fruticosa exhibited lower accumulation of chlorophyll 
and carotenoid pigments under stress condition except for 
NaCl stress at  aCO2. The  eCO2 improved the accumulation 
of photosynthetic pigments in S. fruticosa under stress con-
dition (Fig. S7a, b); however, under NaCl stress, increase 
in the pigments was not statistically significant. The  aCO2 
and  eCO2 have no significant effect on accumulation of total 
chlorophyll in S. monoica under stress condition. S. fruti-
cosa showed higher accumulation of carotenoids under NaCl 
at  aCO2 and under stress condition at  eCO2 (Fig. S7b). S. 
monoica accumulated significantly higher content of carot-
enoids under PEG stress at  aCO2 and under stress condition 
at  eCO2 (Fig. S7b). Suaeda species,  CO2 levels and stress 
type showed significant interaction for the accumulation of 
total chlorophyll and carotenoid contents.

Effect of  eCO2 on Photosynthesis in Suaeda Species

The  CO2 levels and stress types had differential effects 
on photosynthetic gas exchange in S. fruticosa and S. 
monoica. SW salinity improved the PN in S. fruticosa at 
both level of  CO2; however, the increase was not signifi-
cant. PEG and NaCl stress decreased the PN in S. fruticosa 

Fig. 3  Solute potential (a) and accumulation of sodium (b) and potas-
sium (c) contents in leaves of S. fruticosa and S. monoica under con-
trol and stress (100 mM NaCl, 50% seawater salinity, and 10% PEG) 
treatments at ambient and elevated  CO2 condition for 7  days. The 
values (mean ± SE, n = 3) followed by different lowercase letters as 
superscripts are significantly different by LSD (≥ 0.05%) at a particu-
lar  CO2 level. In figure, SW represents seawater salinity, SF S. fruti-
cosa, and SM S. monoica 
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at both level of  CO2. Salinity stress improved the PN in S. 
monoica at both levels of  CO2; however, the improvement 
was only significant under SW salinity at  eCO2. Com-
pared with control plants, both species exhibited lower 
PN under PEG stress at both levels of  CO2 (Fig. 8a); how-
ever, the reduction in PN was significant only at  aCO2. 
S. fruticosa showed significantly higher gs under SW 
salinity and lower gs under PEG stress at  aCO2. There 
were no significant changes in gs under stress at  eCO2. 
S. monoica showed higher gs under stress conditions at 

 aCO2 and lower gs under stress conditions at  eCO2 except 
NaCl stress (Fig. 8b). S. fruticosa showed lower Ci under 
stress conditions at  aCO2, while S. monoica showed lower 
Ci under stress conditions at  eCO2 except NaCl stress. 
Compared with plants under control treatment, the S. fru-
ticosa had higher Ci under stress condition at  eCO2 and 
S. monoica had higher Ci under stress condition at  aCO2 
(Fig. 8c). S. fruticosa and S. monoica exhibited E in a 
trend as that of gs (Fig. 8d). S. fruticosa exhibited lower 
WUE under stress at both levels of  CO2. S. monoica had 

Fig. 4  In vivo detection of 
superoxide radials by NBT 
assay (a) and peroxide by 
DAB assay (b) in shoot apical 
portions of S. fruticosa and S. 
monoica grown under control 
and stress (100 mM NaCl, 50% 
seawater salinity, and 10% 
PEG) treatments at ambient 
and elevated  CO2 conditions 
for 7 days. In figure, the C 
represents control, N NaCl, SW 
seawater salinity, and P PEG
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lower WUE under stress at  aCO2. S. monoica under stress 
showed WUE comparable to control or higher than control 
at  eCO2. Both species exhibited Ci/CA in a trend as that 
of Ci. Both species showed VpdL almost comparable in 
plants under control and stress conditions at both levels of 
 CO2 (Fig. S8a–c). Stress treatments and their interaction 
with  CO2 levels had a significant effect on PN and WUE. 
Similarly, interaction among Suaeda species,  CO2 levels, 
and stress treatments had a significant effect on gs, Ci, E, 
Ci/CA, and VpdL.

Effect of  eCO2 on Chlorophyll a Fluorescence 
in Suaeda Species

S. fruticosa and S. monoica showed variable chlorophyll a 
fluorescence transient, chlorophyll fluorescence parameter, 
and different photosynthetic flux under salinity and PEG 
stress at  aCO2 and  eCO2 (Fig. 9a–d). Under stress, S. fru-
ticosa showed higher pool size of electron acceptors  (QA) 
on reducing side of PSII (area) at  aCO2 and lower at  eCO2. 
In contrary, S. monoica showed reduced area at  aCO2 and 
improved area at  eCO2 under stress. Both species showed 

Fig. 5  MDA contents (a) 
and electrolyte leakage (b) in 
leaves of S. fruticosa and S. 
monoica under control and 
stress (100 mM NaCl, 50% 
seawater salinity, and 10% PEG) 
treatments grown at ambient 
and elevated  CO2 condition for 
7 days. The values (mean ± SE, 
n = 3) followed by different low-
ercase letters as superscripts are 
significantly different by LSD 
(≥ 0.05%) at a particular  CO2 
level. In figure, SW represents 
seawater salinity, SF S. fruti-
cosa, and SM S. monoica 
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higher F0 under stress at both levels of  CO2 except NaCl 
stress in S. fruticosa and SW salinity in S. monoica at 
 aCO2. S. monoica exhibited lower FM and FV under stress 
at  aCO2. S. fruticosa at both levels of  CO2 and S. monoica at 
 eCO2 exhibited higher FM and FV under stress. S. fruticosa 
exhibited lower F0/FM under stress at both levels of  CO2. 
S. monoica had lower estimates of F0/FM under NaCl and 
PEG stress at  eCO2. S. fruticosa at  aCO2 and S. monoica at 
 eCO2 yielded higher estimates of FV/FM and FV/F0 under 
stress. In contrary, S. monoica at  aCO2 and S. fruticosa at 

 eCO2 yielded lower estimates of FV/FM and FV/F0 under 
stress. S. fruticosa under stress showed higher FV/F0 at 
 aCO2 and lower at  eCO2. S. monoica yielded lower esti-
mates of FV/FM under stress at  aCO2 and under SW salinity 
at  eCO2. Both plant species showed higher ABS/RC,  DI0/
RC, and  TR0/RC under stress at both levels of  CO2. S. fruti-
cosa had higher  ET0/RC under stress at both levels of  CO2, 
while S. monoica at  aCO2. Contrary to S. fruticosa, the S. 
monoica showed lower  ET0/RC under stress at  eCO2 level. 

Fig. 6  Gene expression profil-
ing of NADP-dependent malic 
enzyme (me) and malate dehy-
drogenase (mdh) in S. fruticosa 
(a) and S. monoica (b) under 
control and stress (100 mM 
NaCl, 50% seawater salin-
ity, and 10% PEG) treatments 
at ambient and elevated  CO2 
condition for 7 days. The values 
(mean ± SE, n = 3) followed by 
different lowercase letters as 
superscripts are significantly 
different by LSD (≥ 0.05%) at a 
particular  CO2 level. In figure, 
SW represent seawater salinity, 
SF S. fruticosa, SM S. monoica, 
ME malic enzyme, and MDH 
malate dehydrogenase
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S. fruticosa showed higher KP/ABS, and S. monoica showed 
lower KP/ABS under stress at  eCO2.

OJIP transient curves based on PF data of S. fruticosa 
and S. monoica under stress at  aCO2 and  eCO2 are presented 
in Fig. S9. S. fruticosa showed lower relative rise in O to 

J phase under stress at  aCO2 and exhibited the lowest rise 
in plants under PEG stress. S. monoica showed the highest 
relative rise in O to J phase under SW salinity stress at  aCO2 
and followed by unstressed plants. S. fruticosa showed the 
lowest relative rise in O to J phase under PEG stress at  eCO2. 
S. monoica showed the highest relative rise in O to J phase 
under PEG stress at  eCO2 and plants under SW and NaCl 
treatments followed this. S. fruticosa had higher δFIP under 
stress at  aCO2. At  eCO2, it showed significantly lower δFIP 
under stress except SW salinity as compared to control plants 
(Fig. S10a). S. monoica did not exhibit a significant change 
in δFIP under stress at  aCO2, while at  eCO2, it showed a sig-
nificant increase in δFIP under saline condition. S. fruticosa 
showed a significantly lower δVIP under PEG stress at  aCO2. 
S. monoica did not exhibit changes in δVIP under stress at 
 aCO2. Both species exhibited significantly higher δVIP under 
SW salinity and PEG stress at  eCO2 (Fig. S10b).

Effect of  eCO2 on Accumulation of Sugar, Starch, 
Proline, and Polyphenol

Saline conditions induced accumulation of sugar in S. fruti-
cosa at  aCO2. The  eCO2 lowered the accumulation of soluble 
sugar in S. fruticosa under stress except NaCl treatment. S. 
fruticosa showed higher accumulation of total sugar under 
saline conditions at  aCO2; however, S. monoica exhibited 
lower accumulation under stress. S. monoica showed lower 
accumulation of soluble sugar under stress at  eCO2 except 
SW salinity (Fig. 10a); however, reduction was not statisti-
cally significant. S. fruticosa accumulated higher contents of 
starch under stress at  aCO2, while accumulation decreased 
at  eCO2. S. monoica exhibited lower accumulation of starch 
under SW and PEG stress at  aCO2, while it exhibited sig-
nificantly higher accumulation under SW salinity at  eCO2 
(Fig. 10b). S. fruticosa exhibited higher accumulation of 
proline and polyphenol contents under stress at both levels of 
 CO2 (Fig. 10c, d). The  eCO2 increased the proline accumula-
tion in S. monoica under saline condition at  aCO2, and all 
the imposed strengths of stresses at  eCO2. The polyphenol 
accumulation increased in S. monoica under saline condition 
at  aCO2 and under SW and PEG stress at  eCO2. The interac-
tion among Suaeda species,  CO2 levels, and stress type had a 
significant effect on the accumulation of total soluble sugar, 
starch, proline, and polyphenol contents.

Discussion

The  eCO2 induced differential growth, physio-chemical, 
and photosynthetic responses in S. fruticosa and S. monoica 
under 100 mM NaCl/50% strength of SW/10% PEG-induced 
stress (Supplementary Table S2). The leaf anatomy clearly 

Fig. 7  Activity of superoxide dismutase (a), catalase (b), and guai-
acol peroxidase (c) in S. fruticosa and S. monoica under control 
and stress (100  mM NaCl, 50% seawater salinity and 10% PEG) 
treatments at ambient and elevated  CO2 for 7  days. The values 
(mean ± SE, n = 3) followed by different lowercase letters as super-
scripts are significantly different by LSD (≥ 0.05%) at a particular 
 CO2 level. In figure, SW represents seawater salinity, SF S. fruticosa, 
and SM S. monoica 



2942 Journal of Plant Growth Regulation (2022) 41:2930–2948

1 3

demonstrated the absence of typical Kranz anatomy in both 
species indicating it as a non-essential criterion in determin-
ing the type of C fixation in Suaeda species. The δ13C esti-
mates supported the operation of  C4 mode of  CO2 fixation 
in S. monoica (Shomer-Ilan et al. 1975; Voznesenskaya et al. 
2002) and  C3 or intermediate pathway of  CO2 fixation in S. 
fruticosa (Stutz et al. 2014). The δ13C estimates indicated 
the efficiency of  CO2 fixation in Suaeda. The better growth, 
eco-physiological responses, and absence of the epinastic 
symptoms indicated higher photosynthetic efficiency in S. 
monoica at  eCO2 and better utilization of  CO2.

Stress induces accumulation of inorganic solutes and syn-
thesis of different compatible solutes. The ionomic analy-
sis clearly showed a higher accumulation of  Na+ and lower 
accumulation of  K+ under saline stress (Haque et al. 2017; 
Rathore et al. 2019). The accumulated inorganic solutes 
contribute to the osmotic adjustment after compartmen-
talization to avoid the cellular toxicity (Haque et al. 2017; 
Keisham et al. 2018). Lower solute potential helped plants 
to conserve and efficiently utilize the available water under 

physiological drought (Kumari et al. 2017; Rathore et al. 
2019). The saline condition induced growth, and this indi-
cated requirement of salts for optimum growth in Suaeda 
species (Haque et al. 2017; Rathore et al. 2019; Jacob et al. 
2020). In consonance with present results, 100–300 mM 
NaCl salinity did not cause injuries in S. glauca and plants 
grew better (Jin et al. 2016). Similarly, the  eCO2 improved 
the growth and biomass accumulation in both  C3 and  C4 spe-
cies of Atriplex, Phaseolus, Xanthium, and Zea mays under 
saline condition (Schwarz and Gale 1983; Li et al. 2014). 
These results indicated the operation of an efficient mode 
of  CO2 fixation in S. monoica as compared to S. fruticosa 
(Schwarz and Gale 1983), and this resulted in superior per-
formance of S. monoica under stress at  eCO2.

Stress caused oxidative damages through ROS accumula-
tion adversely affects the physiology of plants and damages 
the photosynthetic machinery, thus, resulting in reduced 
growth (Ahammed et al. 2020c). The higher activity of anti-
oxidant enzymes in both species under stress sequestered 
the ROS and combated the oxidative stress. Lower MDA 

Fig. 8  Net photosynthesis rate (a), stomatal conductance (b), intercel-
lular  co2 concentration (c) and transpiration (d) in leaves of S. fruti-
cosa and S. monoica under control and stress (100  mM NaCl, 50% 
seawater salinity and 10% PEG) treatments at ambient and elevated 

 CO2 for 7 days. The values represent mean ± SE (n = 3) and followed 
by different letters as superscripts are significantly different by LSD 
(≥ 0.05%) at a particular  CO2 level. In figure, SW is seawater salinity, 
SF S. fruticosa, and SM S. monoica 
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Fig. 9  Chlorophyll a fluorescence derived parameters and fluxes in 
S. fruticosa and S. monoica under control and stress (100 mM NaCl, 
50% seawater salinity and 10% PEG) treatments at ambient (a, b) 
and elevated  CO2 (c, d) for 7 days. The values represent mean ± SE 
(n = 10) and followed by different letters as superscripts are signifi-
cantly different by LSD (≥ 0.05%) at a particular  CO2 level. In fig-
ure, SW is seawater salinity. In picture, the area represents plastoqui-
none pool, F0—minimal fluorescence, FM—maximum capacity for 

photochemical quenching, FV—variable fluorescence, F0/FM—basal 
quantum yield of non-photochemical processes in PSII, FV/FM—
maximum quantum efficiency of PSII, FV/F0—activity of the water-
splitting complex, ABS/RC—absorption per RC,  ET0/RC—electron 
transport flux per PSII RC,  TR0/RC—energy trapped in PSII RC,  DI0/
RC—energy dissipated from PSII, and kP and kN—photochemical and 
non-photochemical de-excitation rate constant
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accumulation and EL in S. monoica under stress condition at 
both levels of  CO2 clearly indicated a lower degree of ROS-
induced membrane damages, which indicated improved effi-
ciency of the photosynthetic machinery. In consonance with 
present results, the  eCO2 significantly curtailed the accumu-
lation of ROS and MDA (Singh and Agrawal 2015). Lower 
accumulation of ROS might be a result of efficient utilization 
of light energy with available  CO2 which otherwise gener-
ates free radicals and damage the membrane integrity, pho-
tosynthetic machinery, and PSII system. The  eCO2-induced 
reduction in accumulation of ROS and MDA and the degree 
of EL are the indicators of efficient growth performances 
in S. monoica under stress. The present results clearly indi-
cated role of  eCO2 in effective management of ROS, better 
acclimatization, and efficient photosynthetic responses in S. 
monoica as compared to S. fruticosa under stress.

Photosynthetic pigments are visual indicators of photo-
synthetic performance in plants. Higher contents of pho-
tosynthetic pigments contribute efficient harvesting of 
light energy required for fixation of the available  CO2 in 

photosynthesis (Ahammed et al. 2020c). The carotenoids 
sequester the free radicals (ROS) and acts as stress sign-
aling molecule (the β-cyclocitral, an oxidation product of 
β-carotene) to induce the gene expression leading stress 
acclimation (Havaux et al. 2014). Compared with S. fru-
ticosa, the S. monoica exhibited efficient photosynthetic 
 CO2 fixation (PN) under stress indicating the operation of 
efficient  CO2 fixation. The higher PN, lower Ci, and gs in S. 
monoica under stress indicated better C utilization (Ueno 
et al. 2006). The efficient  CO2 fixation in S. monoica helped 
to maintain better PN under lower estimates of gs, Ci, and 
E at  eCO2 under stress. Vice versa, results in S. fruticosa 
indicated the operation of an intermediate  CO2 fixation path-
way, which might not be as efficient as that of S. monoica. 
The  eCO2 increased the WUE in S. monoica under SW and 
PEG stress, which helped in water conservation and adapta-
tion under physiological drought. In consonance with pre-
sent results, the  eCO2 improved the photosynthesis in Aster 
tripolium and Suaeda species (Rozema et al. 1991; Yadav 
et al. 2018). Compared with S. fruticosa, the  eCO2 helped 

Fig. 10  Accumulation of soluble sugar (a), starch (b), proline (c), and 
polyphenol (d) contents in S. fruticosa and S. monoica under control 
and stress (100 mM NaCl, 50% seawater salinity and 10% PEG) treat-
ments at ambient and elevated  CO2 condition for 7 days. The values 

(mean ± SE, n = 3) followed by different lowercase letters as super-
scripts are significantly different by LSD (≥ 0.05%) at a particular 
 CO2 level. In figure, SW represents seawater salinity, SF S. fruticosa, 
and SM S. monoica 
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in accumulation of higher contents of C in S. monoica; 
however, the N contents were lower. The accumulation of 
compatible solutes and their role in osmotic adjustment 
and sequestration of free radicals have been reported dur-
ing stress tolerance in halophytes (Hong et al. 2000; Ashraf 
and Harris 2004; Moghaieb et al. 2004; Song et al. 2006; 
Ksouri et al. 2007; Lokhande et al. 2011; Haque et al. 2017; 
Rathore et al. 2019; Jacob et al. 2020). The higher content 
of starch in S. monoica at  eCO2 indicated the availability of 
sugar as raw material for starch synthesis, and this might 
be due to  eCO2-induced efficient photosynthesis. Up-regu-
lations of SmNADP-me and SmNADP-mdh genes indicated 
operation of  C4 pathway and involvement of these genes in 
stress tolerance probably through enhancing the photosyn-
thetic assimilates (Schwarz and Gale 1983; Wheeler et al. 
2005; Rondeau et al. 2005). Expression of PEPC and PPDK 
enzymes have already been reported higher in Suaeda spe-
cies under abiotic stress and  eCO2, respectively (Cheng et al. 
2016; Yadav et al. 2018). Present results clearly indicated the 
role of  eCO2 in betterment of photosynthetic responses in S. 
monoica under stress. Compared with S. fruticosa, photo-
synthetic gas exchange measurements clearly indicated the 
better photosynthetic C-sequestration potential in S. monoica 
under stress at both levels of  CO2.

The  CO2 and stress induced variable changes in chlo-
rophyll a fluorescence, photosynthetic fluxes, and OJIP 
transient in S. fruticosa and S. monoica. Under stress,  eCO2 
improved the pool size in S. monoica indicating the efficient 
electron transfer at PSII donor side. The reduced pool size in 
S. fruticosa at  eCO2 indicated blockage of electron transfer 
from RC to quinone pool in S. fruticosa (Mehta et al. 2010; 
Khatri and Rathore 2019). Higher minimal fluorescence 
(F0) indicated damage to the PSII (Bussotti et al. 2011) and 
heat dissipation in an uncontrolled manner resulting over 
excitation of RC in both species under stress. The higher F0 
and ABC/RC indicated improved antenna size with RCs, 
and this might be due to higher contents of photosynthetic 
pigments. The  eCO2-induced increase in photochemical 
quenching (FM) indicated effective electron transport at PSII 
donor side and improved pool size of  QA which supported 
the efficient utilization of accumulated  P680+ (Govindjee 
1995) in both species and resulted in lower non-photochem-
ical quenching. The lower estimate of F0/FM in S. monoica 
under stress indicated  eCO2-induced reduction in non-pho-
tochemical quenching (Ranjbarfordoei et al. 2006). These 
results indicated better abiotic stress tolerance in S. monoica 
at  eCO2. The higher FV/FM indicated efficient working of 
the photosynthetic machinery in S. fruticosa at  aCO2 and 
in S. monoica at  eCO2 under stress conditions (Salvatori 
et al. 2014; Khatri and Rathore 2019). FV/FM indicated bet-
ter photosynthetic functioning of PSII RCs in S. monoica at 
 eCO2 under stress conditions. The water availability, pig-
ment contents, and active and inactive RCs significantly 

influence the ABC/RC and F0 under which indicated the 
improved antenna size (Misra et al. 2001). A higher num-
ber of inactive RCs contribute dissipation of heat energy, 
thus, higher  DI0/RC (Mathur et al. 2013). The  eCO2 helps 
S. monoica to maintain higher number of active RCs. The 
higher  TR0/RC indicated inefficiency of re-oxidation of 
reduced  QA

– to  QB resulting in loss of energy as dissipation 
(Mathur et al. 2013). Besides higher estimates of  TR0/RC 
and  DI0/RC, in the present case, the higher ABC/RC corre-
sponded efficient photosynthesis, and this clearly indicated 
efficient light harvest by RCs and its downstream utiliza-
tion for  CO2 fixation. Saline condition has been reported 
to have differential effects on electron transport  (ET0/RC) 
flux (Mathur et al. 2013; Demetriou et al. 2007; Khatri and 
Rathore 2019). Stress-imposed inactivation of RCs might be 
a reason for lower  ET0/RC in S. monoica under stress condi-
tions at  eCO2 (Mehta et al. 2010). The rise in O to J phase 
in OJIP transient curves clearly showed a better reduction 
of  QA by PSII in both species at  aCO2. The relative rise in 
O to J phase indicated better reduction of  QA by PSII RCs 
in S. monoica at  eCO2 and under 10% PEG, seawater and 
NaCl treatments. The δFIP in S. fruticosa at  aCO2 and in S. 
monoica at  eCO2 under stress conditions indicated better 
ratio of PSII and PSI (Schansker et al. 2005). The δVIP in S. 
monoica under stress at  eCO2 indicated improved electron 
transport through PSI for reduction of final acceptors, i.e., 
ferredoxin and NADP (Schansker et al. 2005). Chlorophyll 
a fluorescence indicated comparatively reduced biophysical 
performances of photosynthetic system in S. fruticosa under 
stress, while S. monoica exhibited operation of an efficient 
photosynthetic system under stress conditions at both levels 
of  CO2.

The present results clearly indicated that the photosyn-
thetic C fixation under stress directly influences the stress 
tolerance. The  eCO2 improved the growth and biomass accu-
mulation in both species under stress; however, the perfor-
mance of S. monoica was better as compared to S. fruticosa 
under  eCO2. The  eCO2-induced C and N assimilation in S. 
monoica under stress clearly indicated efficient functioning 
of photosynthetic machinery. The results demonstrated the 
efficient functioning of C concentration mode in S. monoica, 
which might be the major reason for  eCO2-induced bet-
ter physio-chemical and photosynthetic responses in S. 
monoica. The present results clearly indicated S. fruticosa 
and S. monoica as potential halophytes with differential 
photosynthetic and physio-chemical responses for reclama-
tion of saline land through vegetation restoration for bio-
mass production. Further S. monoica exhibited superior 
responses; thus, under increasing atmospheric  CO2 condi-
tion, this would be the plant of choice. The study would be 
helpful in designing the management strategies to combat 
global climate changes in degraded land through vegetation 
restoration using halophytes.
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Conclusion

S. fruticosa and S. monoica are important halophytes, and 
leaf histology does not differentiate  CO2 fixation mode in 
these halophytes. The stable isotope ratio supported the 
operation of  C3 or intermediate  CO2 fixation pathway in 
S. fruticosa. S. monoica exhibited better photosynthetic 
gas exchange and a lower degree of ROS-induced damages 
under abiotic stress at  eCO2. S. monoica under stress exhib-
ited comparatively better photosynthetic pool size, maxi-
mum photosynthetic potential of PSII, water splitting, basal 
quantum yield of non-photochemical processes in PSII, 
light absorption, heat dissipation, and maximum electron 
transport flux at both levels of  CO2. Assimilation of C and 
N supported efficient photosynthetic C-sequestration in S. 
monoica as compared to S. fruticosa. Expression analysis of 
 C4 pathway genes under stress and at  eCO2 suggested their 
involvement in stress tolerance. Overall, the  eCO2 induced 
differential responses in these species under stress, and S. 
monoica responded comparatively better due to sufficient 
availability of photosynthetic assimilates because of its 
effective C-sequestration potential.
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