agronomy

Article

The C4 Atriplex halimus vs. the C3 Atriplex hortensis:
Similarities and Differences in the Salinity Stress Response

Roberta Calone *, Antonio Cellini, Luigi Manfrini, Carla Lambertini, Paola Gioacchini,
Andrea Simoni and Lorenzo Barbanti

Citation: Calone, R.; Cellini, A.;
Manfrini, L.; Lambertini, C.;
Gioacchini, P.; Simoni, A.;
Barbanti, L. The C4 Atriplex halimus
vs. the C3 Atriplex hortensis:
Similarities and Differences in the
Salinity Stress Response. Agronomy
2021, 11, 1967. https://doi.org/
10.3390/agronomy11101967

Academic Editor: Roberto Barbato

Received: 2 August 2021
Accepted: 22 September 2021
Published: 29 September 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

Department of Agricultural and Food Sciences, Alma Mater Studiorum, University of Bologna,
Viale Fanin 44, 40127 Bologna, Italy; antonio.cellini2@unibo.it (A.C.); luigi.manfrini@unibo.it (L.M.);
carla.lambertini@unibo.it (C.L.); paola.gioacchini@unibo.it (P.G.); andrea.simoni@unibo.it (A.S.);
lorenzo.barbanti@unibo.it (L.B.)

* Correspondence: roberta.calone3@unibo.it; Tel.: +39-05-1209-6643

Abstract: Soil properties and the ability to sustain agricultural production are seriously impaired by
salinity. The cultivation of halophytes is seen as a solution to cope with the problem. In this frame-
work, a greenhouse pot experiment was set up to assess salinity response in the perennial C4 species
Atriplex halimus, and in the following three cultivars of the annual C3 Atriplex hortensis: green, red,
and scarlet. The four genotypes were grown for 35 days with water salinity (WS) ranging from 0 to
360 mM NaCl. Plant height and fresh weight (FW) increased at 360 vs. 0 WS. The stomatal conduct-
ance (GS) and transpiration rate (E) were more severely affected by salinity in the C4 A. halimus than
in the C3 species A. hortensis. This was reflected in a lower leaf water potential indicating stronger
osmotic adjustment, and a higher relative water content associated with more turgid leaves, in A.
halimus than A. hortensis. In a PCA including all the studied traits, the GS and E negatively correlated
to the FW, which, in turn, positively correlated with Na concentration and intrinsic water use effi-
ciency (iWUE), indicating that reduced gas exchange associated with Na accumulation contributed
to sustain iWUE under salinity. Finally, FTIR spectroscopy showed a reduced amount of pectin,
lignin, and cellulose under salinity, indicating a weakened cell wall structure. Overall, both species
were remarkably adapted to salinity: From an agronomic perspective, the opposite strategies of
longer vs. faster soil coverage, involved by the perennial A. halimus vs. the annual A. hortensis cv.
scarlet, are viable natural remedies for revegetating marginal saline soils and increasing soil organic
carbon.

Keywords: halophytes; gas exchanges; chlorophyll fluorescence; FTIR spectroscopy; element con-
tent; C:N ratio; electrolyte leakage

1. Introduction

The global population is growing at a rate of 1.1% per year and it is with 95% cer-
tainty that by 2050 it will reach between 9.4 and 10.1 billion people [1]. Recent projections,
which use 2014 as a baseline, estimate that crop production should increase by 25-70% to
meet food demand in 2050 [2]. Agricultural topsoil and soil organic carbon (SOC) are key
ingredients for intensive food production [3-5]. SOC, indeed, plays a crucial role in the
maintenance of soil health and productivity, due to its significant contribution to the
physical, chemical, and biological properties of soil [6]. However, besides enhancing crop
yield, SOC can act either as a source or a sink of atmospheric COz, and thereby, can influ-
ence the global process of climate change [7].

Soil holds about 80% (2500 GT) of the terrestrial carbon stock. Of this, nearly 1550 GT
are in the form of SOC, and the remaining in the form of soil inorganic carbon (SIC), that
mainly consists of elemental carbon and carbonate rocks such as calcite, dolomite, and
gypsum. The soil carbon reserve is around three times that currently found in the
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atmosphere (800 GT) and four times that fixed in living plants and animals (560 GT). Only
oceans have a larger carbon pool (about 38,400 GT), mostly in the inorganic form [8].

Over the last 10,000 years, however, the conversion of semi-natural or natural eco-
systems into human-managed agro-ecosystems has caused a 50-75% depletion of their
carbon stock, with around 135 GT C released into the atmosphere [9,10].

Nevertheless, a recent study estimated that the soil carbon capacity for C sequestra-
tion can be expanded up to 1.45-3.44 GT C per year (around 5.3-12.6 GT COz) [11]. Due
to this large carbon storage capacity, increasing atmospheric CO2 sequestration into long-
life soil carbon is considered one of the most cost-effective solutions to combat climatic
changes, contrast land degradation, and ensure food security [12].

Soil organic carbon content is a function of C input and of its turnover. The main
sources of SOC include crop residues, dead roots, and livestock manure; the decomposi-
tion of this organic matter (SOM) is mainly driven by soil microorganisms such as bacteria
and fungi. The processes of carbon gain and storage, however, are affected by numerous
factors including soil texture and pH, irrigation and management practices, and several
environmental factors such as high temperature, drought, salinity, etc. [13]. Consequently,
the implementation of soil carbon sequestration strategies requires tailored options ac-
counting for site-specific trade-offs and management opportunities.

As secondary soil salinisation is expanding worldwide with a rate of 2 Mha per year
[14], there is a growing interest in exploring the potential of saline lands for carbon se-
questration and storage. Indeed, the revegetation of saline areas can sequester substantial
amounts of carbon [15], besides providing important ecosystemic benefits as wildlife hab-
itats, biodiversity pools, and land regreening for grazing [16].

In saline soils, generally, the SOC content is lower than in non-saline soil, mainly due
to sparser plant cover and lower microbial activity [17], which implies a reduced input of
organic matter and slower decomposition rates [18].

On the other hand, SIC in the form of carbonate salts is higher in sodic and saline-
sodic soils, while soil C loss due to microbial respiration and leaching may be much lower
than in low salinity environments [19].

Hence, revegetating these areas with salt-tolerant crops can increase organic matter
deposition and enhance SIC dissolution through their root respiration [20,21], and can aid
in the maintenance of soil structure and SOC accumulation [22,23]. Additionally, growing
halophytes as food and fodder crops could, at the same time, indirectly contribute to the
atmospheric carbon mitigation by reducing deforestation to create new cropland [24].

The choice of halophyte species for saline area cultivation will depend on their salt
tolerance level, agronomic value, ease of cultivation, water and nutrient requirement, and
biomass potential.

In a previous study [25], the perennial C4 shrub Atriplex halimus resulted as the most
salt tolerant species among six wild halophytes common in the Mediterranean area.

The wide range of salt stress responses described in Atriplex spp., indeed, makes this
genus an attractive taxon for saline land reclamation and SOC accumulation in highly
disturbed areas, as also proposed in other studies [26-30].

In this study, we compare the performance of the C4 Atriplex halimus L. with that of
a closely related species, the C3 annual Atriplex hortensis L. Plenty of studies have investi-
gated the two species taken separately, but little has been done to compare their mecha-
nisms of salt tolerance and understand which conditions are more suitable for one species
or for the other.

Atriplex halimus is a xerohalophytic shrub common in the Mediterranean basin. This
species has been investigated for its ability to ameliorate soil properties and enhance car-
bon sequestration [30-34], restore highly calcareous sodic soil [35], improve degraded
rangeland [36-38], remove heavy metals and salts from contaminated soil [34,39-44], and
sustain the growth of consociated salt sensitive crops [45,46]. Atriplex halimus leaves were
also traditionally used as a food dressing for their salty flavour [35]. However, their con-
sumption mainly occurred at times when other sources of food were unavailable [32].
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Atriplex hortensis, also known as orach or mountain spinach, is a species adapted to
brackish marshes in temperate environments. It is a sodium-accumulating halophyte
[47,48] studied for saline soil phytoremediation [42,49] and, above all, as a leafy vegetable
for the human diet thanks to its high nutritional value and medicinal properties [50-53].

The goal of the present study is to compare these two used halophytes, in order to
evaluate their biomass production, carbon content, and Na accumulation capacity, and
determine how physiological traits are shaped by salt tolerance in two species that are
closely related but very different in their life cycle and photosynthetic pathway. We se-
lected a red, a scarlet and a green cultivar of A. hortensis and a common A. halimus species
for our experiment.

2. Materials and Methods
2.1. Acronyms

The acronyms used in this study are defined as follows: fresh weight (FW), dry
weight (DW), plant height (PH), electrolyte leakage (EL), specific leaf area (SLA), carbon
isotope ratio (0°C), net photosynthesis (A), leaf transpiration (E), stomatal conductance
(GS), spad value (SPAD), effective quantum yield efficiency of PSII (®PSII), level of pho-
tochemical quenching of PSII (qP), PSII maximum efficiency (Fv'/Fm’), electron transport
rate (ETR), leaf relative water content (RWC), leaf water potential (LWP), and intrinsic
water use efficiency (iWUE).

2.2. Plant Material and Growth Conditions

The experiment was carried out at the Department of Agricultural and Food Sciences
(DISTAL), University of Bologna, Italy. Commercial seeds of Atriplex halimus, A. hortensis
cv. red, A. hortensis cv. Scarlet, and A. hortensis cv. green were purchased online from The
Original Garden (Valladolid, Spain) and Seedaholic (Galway, Ireland) online shops.

Seeds were surface-sterilised by immersion in a 3% sodium hypochlorite solution for
2 min, rinsed in deionised water for 5 min, and dried at room temperature. Prior to sow-
ing, A. halimus seeds were soaked for 12 h in deionised water and, thereafter, scarified by
manual bract removal in order to interrupt dormancy. Due to their slower germination,
seeds of A. halimus were sown 30 days before A. hortensis spp. seeds.

Seeds were sown manually in plastic seedling trays and placed into a growth cham-
ber with a 16/8-hour light/dark cycle, day/night temperatures of 27/22 °C and 70-80% rel-
ative humidity. The trays were dampened with distilled water once per day.

After germination, plantlets of similar size (4 leaves stage) were transplanted into
plastic pots of 3-litre volume (1 plant/pot) filled with a mix of river sand, peat moss (26%
organic carbon, pHz2o = 5.8, and salt content = 1.6 g L), and perlite (7:2:1 v/v).

Pots were transferred to a greenhouse, placed over benches, and irrigated automati-
cally three times per week with 200 mL of fresh water up to the beginning of the salt
treatment, to ensure adequate substrate moisture. Ammonium nitrate (N, 26%) was added
at 0.1 g pot™ prior to seedling transplant; a second dose was supplied mid-experiment by
placing the granular fertiliser directly on substrate surface prior to watering.

In the greenhouse, temperatures ranged between 22.2 + 1.1 and 27.7 + 16 °C, and RH
between 42 + 4% and 82 + 3.7%. Photosynthetically active radiation (PAR) of 200 mol m~2
s was provided by high pressure sodium lamps with a 16-hour light and 8-hour dark
cycle.

2.3. Treatments and Experimental Design

In all plants, excluding those grown at 0 mM NaCl, salt treatments were started 20
days after transplanting, on the 20 July, when plants had six to eight leaves. Salt stress was
induced by incremental increases of 90 mM in the irrigation water every 3 days, until the
final concentrations of 90, 180, and 360 mM NaCl were reached on the 27 July.
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The amount of salt added to water (TSS, gnaci L1 H20) to reach the four salinity levels
(ECw, dS m™) was calculated according to Equation (1) as follows:

TSS = EC,, * 0.640 1)

A total of 200 ml of water solution was automatically distributed to each pot three
time per week until the end of the experiment.

The 4 halophyte genotypes (HG) x 4 water salinity levels (WS), totalling 16 combina-
tions, were set up with 8 randomised replicates, totalling 128 pots. Four plants per treat-
ment were used for non-destructive measurements and final harvest, while other four
plants were used for destructive measurements (SLA, EL, WP, RWC), as below described.

The four genotypes were abbreviated AH (A. halimus), AR (A. hortensis red), AS (A.
hortensis scarlet), and AG (A. hortensis green). The four water salinity treatments were
named Ctrl, WS90, WS180, and 360 WS.

2.4. Growth and Yield Assessment

On the 31 August, 35 days after salt stress initiation (DAS), four plants per each treat-
ment were randomly selected and harvested. Shoots were separated from roots and
weighed to determine the plant fresh weight (FW, g plant) and the plant height (PH, cm).
Shoot samples were oven-dried at 60 °C and weighed to determine the dry weight (DW,
g plant™). Specific leaf area (SLA, cm? g') was measured one day before harvest on four
plants per treatment by dividing the leaf area of three randomly selected leaves by their
dry weight.

2.5. Plant Water Relations

Water potential (Ww) was measured on a leaf disk from the uppermost fully ex-
panded leaf, using the WP4-C dewpoint potentiometer (METER Group, Pullman, WA,
USA). Leaf cuts were stored in sealed plastic cups and measurements were started within
a short time of sampling [54]. Concurrently, leaf relative water content (RWC, %) was
determined on the same leaf: a small disc of 2 cm diameter was cut from the leaf and
weighed to determine fresh weight (FW). Then, it was put in a 15-millilitre vial with dis-
tilled water in the dark and, after 24 h, the turgid weight (TW) was measured. The sample
was finally oven-dried at 105 °C for 24 h to assess the dry weight (DW). The RWC (%) was
calculated according to Equation (2) as follows [55]:

FW — DW

RWC = —————
We=Twow

X 100 2)
All the plant water relation measurements were performed at 7 and 27 days after salt
stress initiation (DAS).

2.6. Electrolyte Leakage

To determine cell membrane permeability, a leaf sample of 2 cm? was cut from the
upper fully expanded leaf, rinsed 3 times with demineralised water and immersed into
distilled water in 10-millilitre flasks. Electrical conductivity (EC) was measured after 2 h
of floating at room temperature using a conductivity meter.

Total conductivity was obtained by repeating the procedure after keeping the flasks
in an oven (90 °C) for 2 h. Results were expressed as a percentage of total conductivity.
The measurement was executed one day before harvest on four plants per treatment.
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2.7. Leaf Gas Exchange and Chlorophyll a Fluorescence

Leaf transpiration (E, in mmol m=2 s7), stomatal conductance (GS, in mmol m=2 s1),
net photosynthesis (4, in pmol m=2 s), maximum (Fm') and minimum (Fo') fluorescence
with light-adapted leaf, and steady state fluorescence (Fs) were measured using a portable
photosynthesis system (Li-Cor 6400, LI-COR Biosciences, Lincoln, NE, USA), after setting
a COz concentration similar to the external environment (400 ppm), and a LED light source
(90% red and 10% blue) similar to the natural irradiance occurring inside the greenhouse
(200 pmol m= s™). The chamber block temperature was 28 + 2 °C and the leaf temperature
inside the sensor head was 28 + 3 °C. The chamber oxygen concentration was equal to the
external environment.

The effective quantum yield efficiency of PSII (®PSII), which represents the capacity
for photon energy absorbed by photosystem II (PSII) to be utilised in photochemistry un-
der light-adapted conditions, was calculated as (Fm'—Fs)/Fm'. The ®PSII was broken
down in its two components, as follows: the level of photochemical quenching of PSII (qP)
and the PSII maximum efficiency (Fv'/Fm’). The qP, which is related to the actual fraction
of photochemically active PSII reaction centres, was calculated as (Fm’—Fs)/(Fm’—Fo').
The Fv'/Fm’ was calculated as (Fm'—Fo')/Fm’ and describes the maximum operating effi-
ciency in the light adapted state, with any decrease in this parameter reflecting an increase
in non-photochemical quenching.

The intrinsic water use efficiency (iWUE, pmol CO2 mmol-' H20) was determined as
the molar ratio between photosynthetic assimilation of CO: (A) and water loss by transpi-
ration (E). All gas exchange and fluorescence parameters were measured at 7 and 27 days
after salt stress initiation (DAS) on the youngest fully expanded leaf of four plants per
treatment.

2.8. Mineral Elements

Dry samples of plant shoots were ground, and the concentration of the main elements
(Na, K, Ca, Mg and P) was quantified using Inductively Coupled Plasma Spectrometry
(ICP-OES) (Spectro Arcos, Ametek, Kleve, Germany). Three analyses per treatment were
performed.

2.9. Total Carbon and Nitrogen Content and Carbon Isotope Ratio

The C and N concentration of the dry and ground shoot samples was determined
using the Flash 2000 elemental analyser (Thermo Fisher Scientific, Waltham, MA, USA).

The stable carbon isotope ratio was measured on the same sample using Continuous
Flow-Isotope Ratio Mass Spectrometry (CF-IRMS), by introducing the combustion gases
(CO2) from the elemental analyser into the Isotope Ratio Mass Spectrometer (IRMS, Delta
V Advantage, Thermo Fisher Scientific).

The C isotope ratio was expressed as d *C values (%o) according to following for-
mula:

R sample

13 o, — -
8 € %o R standard

1] x 1000 )
where R sample and R standard are the 13C/2C ratios of sample and of the international
standard (Vienna Pee Dee Belemnite standard, VPDB), respectively. Three analyses per
treatment were performed.

2.10. Spectroscopic Characterisation

FT-IR spectra of samples were recorded by using a Bruker Tensor FT-IR instrument
(Bruker Optics, Ettlingen, Germany) provided with an accessory for analysis in total re-
flectance attenuated (ATR), single reflection and a 45° angle of incidence (Specac Quest
ATR, Specac Ltd., Orpington, Bromley, UK).



Agronomy 2021, 11, 1967

6 of 24

The spectra were acquired from 4000 to 400 cm™, with a spectral resolution of 4 cm™
and 64 scans. Offset normalisation was performed to adjust the baseline and move the
spectra intensities so that the minimum absorbance value was 0. A background against
air before each measurement was performed. Spectra were processed using the Grams/386
spectroscopic software (version 6.00, Galactic Industries Corporation, Salem, NH, USA).

2.11. Statistical Analysis

The data of the measured traits were submitted to two-way ANOVA for the two fac-
tors HG and WS, and the HG x WS interaction. The Tukey’s honest significant difference
(HSD) post hoc test at p <0.05 was used to indicate significant differences among ANOVA
sources. The ANOVA results are reported in Tables S1-S3 of the supplementary materials.

To better highlight the key effects of the experiment, only the data from the two cor-
ner salinity treatments (Ctrl and 360 WS) are reported in the Results; the intermediate
salinity levels (90 and 180 WS) exhibited an intermediate behaviour.

We investigated the relationships among traits measured at 27 DAS by computing
the pairwise Spearman’s rank correlation coefficients (0), and then testing their signifi-
cance with a = 0.05 [56].

A principal component analysis (PCA) was carried out on the physiological data col-
lected at harvest to summarise with a multivariate approach the performances of the four
genotypes under Ctrl and 360 WS treatment.

The principal components (PCs) were obtained from centred and scaled quantitative
variables, through diagonalisation of the correlation matrix and extraction of the associ-
ated eigenvectors and eigenvalues. All the measured traits were set as active quantitative
variables, while the four halophyte genotypes (AH, AG, AR, AS) and the two treatments
(Ctrl and 360 WS) were used as supplementary categorical variables, i.e., variables that
were not used in the computation of PCs.

All the statistical analyses were performed with the R 6.3.6 statistical software, using
Car [57] and Emmeans [58] packages for the analysis of variance and post hoc test, and
the FactoMineR package for principal component analysis [59]. Charts were created with
the ggplot2 [60] and corrplot [61] R packages.

3. Results
3.1. Plant Growth

Under the Ctrl conditions, Atriplex hortensis cv. green and scarlet exhibited the high-
est fresh weight (FW), while A. hortensis red showed the lowest FW. All the four geno-
types, however, recorded a significant biomass increase under 360 WS, with the greatest
increment in A. hortensis red and scarlet (+38 and +33%, respectively) (Figure 1A). Despite
the increased FW, the plant DW did not show a significant HG x WS interaction (Figure
1B).

Under the Ctrl condition, the three A. hortensis cultivars had a similar and statistically
higher plant height (PH) than A. halimus (Figure 1C). The impact of salinity on PH was
almost negligible in all the halophytes except A. hortensis cv. red, which showed a signifi-
cant PH decrease (-31%). Likewise, the three A. hortensis cultivars showed a statistically
higher specific leaf area (SLA) than A. halimus under the control condition (Figure 1E).
Under salinity, however, A halimus did not undergo a significant SLA decrease, while A.
hortensis green and scarlet showed higher, significant reductions (-35 and -20%, respec-
tively).

Salinity induced a significant increase in leaf electrolyte leakage (EL) in all of the four
halophytes (Figure 1D), with the highest increment in the two green-leaved genotypes, A.
hortensis green (+131%) and A. halimus (+105%).

The three C3 A. hortensis genotypes showed a similar (-33%o0 on average) and statis-
tically lower (more negative) 6'*C compared to the C4 A. halimus genotype (Figure 1F).
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The 360 WS induced a 03C shift towards less negative values in the three A. hortensis gen-
otypes with no effects, instead, in A. halimus.
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Figure 1. (A) Fresh weight, (B) dry weight, (C) plant height, (D) electrolyte leakage, (E) specific leaf area, and (F) *C isotope
ratio under control (Ctrl) and 360 mM water salinity (360 WS) in the four genotypes A. hortensis cv. green (AG), A. hortensis
cv. red (AR), A. hortensis cv. scarlet (AS), and A. halimus (AH). Vertical bars indicate standard error (n = 4). Different letters
indicate significant differences at p <0.05.

3.2. Photosynthesis and Leaf Gas Exchange

Seven days after the salt stress initiation (7 DAS), the two genotypes showing the
highest photosynthetic activity (A) under Ctrl, i.e., A. hortensis scarlet and green, were
those recording the highest A drop under salinity (-32 and -29%, respectively; Figure 2A),
while the other two genotypes had milder, non-significant A drops (Figure 2A).

The stomatal conductance (GS), on the contrary, decreased significantly in all of the
four genotypes, with the sharpest drop in A. hortensis green, which was the genotype
showing the highest GS under the Ctrl condition (Figure 2B). The plant transpiration (E)
followed a similar pattern as the GS (Figure 2C,G). Salinity did not affect the chlorophyll
content (SPAD value), whereas remarkable differences occurred among genotypes under
Ctrl, with the highest SPAD values in A. hortensis scarlet (39.5), followed by A. halimus
(28.9) (Figure 2D,H).

Twenty days later, at 27 DAS, the four genotypes did not show significant differences
in A values between Ctrl and HWS (Figure 2E) with, however, a considerable drop in A
values in A. hortensis scarlet compared to 7 DAS, especially under 360 WS. Under Ctrl, the
stomatal conductance (GS) decreased in all three A. hortensis genotypes, while it remained
almost unchanged in A. halimus (Figure 2F). As already observed at 7 DAS, the salinity
significantly decreased the GS, with the greatest decrease in the two green-leaved
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genotypes, A. halimus (-60%) and A. hortensis green (-55%). Similarly, at 27 DAS, E
dropped under Ctrl in all the three A. hortensis genotypes and increased in A. halimus (Fig-
ure 2G). The effects of salinity on E were similar to that observed in the GS (Figure 2F).
The SPAD value was not affected by salinity at 27 DAS (Figure 2H), as it was not affected
at7 DAS.
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Figure 2. Photosynthetic activity (A), stomatal gas exchange (GS), transpiration rate (E) and, chlorophyll content (SPAD
value) at 7 days after salt stress initiation (DAS) (A, B, C, D, respectively) and at 27 DAS (E, F, G, H, respectively) under
control (Ctrl) and 360 mM water salinity (360 WS) in the four genotypes A. hortensis cv. green (AG), A. hortensis cv. red
(AR), A. hortensis cv. scarlet (AS), and A. halimus (AH). Vertical bars indicate standard error (n = 4). Different letters indicate
significant differences at p <0.05.

3.3. Chlorophyll Fluorescence

At 7 DAS, the operating efficiency of PSII photochemistry (®PSII) and its qP compo-
nent, i.e., the level of photochemical quenching of PSII, did not yet show a significant HG
x WS interaction, although the single effect of HG was significant (Table 54 of the Supple-
mentary Materials). The same was observed for the electron transport rate (ETR) (Table
54 of the Supplementary Materials). The only fluorescence parameter recording a signifi-
cant interaction between the two experimental factors was Fv’/Fm’, which is the second
component of the ®PSII expressing the maximum efficiency of PSII photochemistry in the
light (Fv’/Fm’) (Figure 3B). Under the Ctrl condition, Fv'/Fm’ reached the highest value in



Agronomy 2021, 11, 1967

9 of 24

A. hortensis green and scarlet. These latter, however, were the only two genotypes showing
an Fv//Fm’ decrease with 360 WS.

The single WS factor, however, did not determine any significant changes in any of
the four described fluorescence parameters.

At 27 DAS, instead, all the four fluorescence parameters presented a significant HG
x WS interaction. In contrast to the other three genotypes, Atriplex hortensis scarlet was the
sole genotype increasing the ®PSII, Fv’'/Fm’, and ETR under 360 WS (Figure 3E-G), while
A. halimus decreased in Fv’/Fm’. In the other genotypes, 360 WS did not induce significant
fluorescence changes compared to the Ctrl.
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Figure 3. Operating efficiency of PSII photochemistry (®PSII), maximum efficiency of PSII photochemistry in the light
(Fv’'/Fm’), level of photochemical quenching of PSII (qP), and electron transport rare (ETR) at 7 days after salt stress initi-
ation (A, B, C, D, respectively) and at 27 days after salt stress initiation (E, F, G, H, respectively) under control (Ctrl) and
360 mM water salinity (360 WS) in the four genotypes A. hortensis cv. green (AG), A. hortensis cv. red (AR), A. hortensis cv.
scarlet (AS), and A. halimus (AH). Vertical bars indicate standard error (n = 4). Different letters indicate significant differ-

ences at p <0.05.

3.4. Water Relations

At 7 DAS, the plant relative water content (RWC) and intrinsic water use efficiency
(iWUE) did not show any significant HG x WS interaction, although the resulting effects
of the two single factors were significant (Table 54 of the Supplementary Materials). The
leaf water potential (WP) outlined narrow, yet significant, differences under Ctrl with the
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lowest value in A. halimus (Figure 4B). The 360 WS determined a WP decrease in all of the
four genotypes, with the greatest reduction in A. hortensis scarlet and A. halimus (-154 and
-107%, respectively).

Twenty days later, at 27 DAS, the four genotypes had similar RWCs under Ctrl, but
the 360 WS determined a RWC decrease in the two red-leaved halophytes (A. hortensis
scarlet and A. halimus) (Figure 4D).

The WP exhibited similar values among the four genotypes under Ctrl, but the 360
WS determined a severe WP decrease in A. halimus and A. hortensis green (=192 and —254%,
respectively) and negligible drops in the two red-leaved species.

Under Ctrl, the iWUE result was similar among the four genotypes but the 360 WS
determined a iWUE increase in the two green-leaved species, although only in A. hortensis
green this change was significant (Figure 4F).
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Figure 4. Leaf relative water content, leaf water potential, and intrinsic water use efficiency at 7 days after salt stress
initiation (A, B, C, respectively) and at 27 days after salt stress initiation (D, E, F, respectively) under control (Ctrl) and 360
mM water salinity (360 WS) in the four genotypes A. hortensis cv. green (AG), A. hortensis cv. red (AR), A. hortensis cv.
scarlet (AS), and A. halimus (AH). Vertical bars indicate standard error (n = 4). Different letters indicate significant differ-

ences at p <0.05.

3.5. Element Vector Analysis
The vector analysis combines changes in biomass and element concentration and
content into a comprehensive picture of plant response to Na input (Figure 5A).
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High salinity (360 WS) did not determine a significant dry weight change in any of
the four genotypes. Hence, the strong increase in the Na content and concentration may
indicate an enhanced and selective uptake of this nutrient in all of the four Atriplex acces-
sions, with no detrimental effect on overall plant growth.

Minor changes were also observed in the other elements. The potassium uptake ap-
peared to be not limited by salinity (Figure 5B). However, A. hortensis cv. red showed a
significant drop in the K concentration, indicating a possible dilution effect related to a
plant DW increase, although the latter was not significant. A. hortensis cv. scarlet was the
only genotype showing a strong K content increase with 360 WS, confirming that K avail-
ability was not limited by Na competition and a preferential K accumulation occurred in
the plant.

Ca availability, instead, appeared to be more affected by salinity as all of the four
genotypes showed a Ca concentration decrease (Figure 5B). This decrease may be inter-
preted as a symptom of Na antagonism, in those genotypes also showing a Ca content
drop (A. halimus and A. hortensis cv. green), or dilution, as in the case of A. hortensis cv.
scarlet and red, which showed the highest, although not significant, DW increase under
360 WS.

Three out of the four genotypes, as well, outlined a Mg concentration decrease that
may be ascribed to Na antagonism in A. hortensis cv. green (a significant Mg content de-
crease, too) or to a dilution effect in the case of A. halimus and A. hortensis cv. red (no Mg
content decrease) (Figure 5C). In the case of A. hortensis cv. scarlet, again, the rise in Mg
content combined with the steadiness in Mg concentration may be ascribed to a dilution
effect.

Contrarily to the three cations, the P uptake appeared to be boosted by 360 WS (Fig-
ure 5C). In all of the four genotypes, indeed, the P content increased, with the highest
accumulation in A. hortensis cv. scarlet. The lack of P concentration increases in A. hortensis
cv. red and green may indicate that the increase in the P content was proportional to the
dry biomass increase, thereby resulting in no significant change in element concentration.

Nitrogen content increased with salinity, although the increase was significant only
in A. hortensis cv. red and scarlet (Figure 5D). As before, the unchanged value in N con-
centration in all of the four genotypes may indicate that the N content increase was pro-
portional to the dry biomass increase, thereby resulting in no significant change in element
concentration.

Finally, the carbon content increased in all of the genotypes except A. halimus (Figure
5D). The observed drop in element concentration in A. halimus and in A. hortensis cv. red
and scarlet may indicate that the increase in the biomass was proportionally higher that
the increase in the element content, resulting in a C concentration drop.

Thus, among the four genotypes, A. hortensis cv. scarlet stands out for its higher con-
tent of K, P, and Mg as a likely result of selective uptake as osmoregulation compounds.
A. hortensis cv. red, instead, is characterised by the higher N and Na increase. Compared
to the former two genotypes, A. halimus and A. hortensis cv. green did not show a signifi-
cant change in neither the K nor N content and concentration (Figure 5E).
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Figure 5. Vector analysis showing directional changes in Atriplex spp. dry weight and (A) Na content and concentration,
(B) K and Ca content and concentration, (C) Mg and P content and concentration, (D) N and C content and concentration.
Dry weight and element content and concentration are expressed as relative data with respect to the Ctrl treatment, which
is set at 100% and is indicated by a blue square; the colours of the element symbols are related to the four genotypes, as
shown in the ensuing interpretation of the directional changes in relative dry weight (DW) and element concentration and
content with respect to the reference treatment (Ctrl) (E). Upwards and downwards arrows indicate significant changes,
and (-) indicates insignificant changes. The number of arrows indicate an increasing amplitude of the variation (from >1

to >4 LSD).
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3.6. Physiological Traits Relationships and Results of the Multivariate Analysis

The plant fresh weight (FW) and electrolyte leakage (EL) results were negatively cor-
related with the transpiration rate E (o = -0.52 and ¢ = —0.85, respectively) and stomatal
conductance (GS) (o =—0.37 and o = 0.86, respectively), suggesting that, although the gas
exchange reduction had a detrimental effect on the plant membrane stability, it represents
a key strategy adopted by the plant to maintain its growth (Figure 6). Indeed, the positive
correlation between the FW and EL (o = 0.52) indicates that increased membrane permea-
bility did not hamper plant growth.
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Figure 6. Pairwise Spearman’s rank correlation coefficients calculated for the surveyed traits. Above the diagonal: graph-
ical representation, with the colours and size of the circles referring to the direction and intensity of the correlations, while
the symbols *, **, *** express significant correlations at p <0.05, 0.01, and 0.001 Below the diagonal: numerical coefficients.

Consistently, the plant intrinsic water use efficiency (iWUE) outlined a negative as-
sociation with the plant GS (o = -0.39), E (0 = -0.66), and leaf water potential (LWP) (o =
-0.43), meaning that a decrease in these parameters allowed plant growth to be sustained
under conditions of reduced water availability.

These observations are further corroborated by the negative, although bland, corre-
lation between the leaf RWC and qP (o = —0.39), ®PSII (o = —0.37), and ETR (o = -0.37),
suggesting that a lower activity of the plant photosynthetic machinery served to maintain
the plant RWC.
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The LWP, in turn, result was positively associated to the plant height (PH) and the
specific leaf area (SLA) (0 = 0.49 and o = 0.69, respectively), indicating that a decrease in
the plant size and leaf area per unit of dry matter contributed to the lowering of the osmic
potential through the concentration of the cells’ fluids. The SLA result was negatively cor-
related to the SPAD index, suggesting that an increase in leaf thickness (i.e., a decrease in
the SLA) may have favoured chlorophyll concentration.

The SLA and PH, in turn, results were positively correlated to the Fv'/Fm’, indicating
areduction in the photosystem II photochemical efficiency in parallel with the whole plant
size.

We further explored the associations among traits with Principal Component Analy-
sis (PCA), to assess the strength and direction of correlations between the original traits
and the extracted Principal Components (PCs).

The first three PCs, explaining 72% of the total variance (eigenvalues reported in table
S7 of the Supplementary Materials), were used for PCA interpretation. The correlation
coefficients were calculated between the PCs and each quantitative (the 24 physiological
traits) and qualitative, i.e., categorical, variables (the four Atriplex genotypes and the two
water treatments). The associated p-values were computed to rank the variables according
to their relevance (Table S8 of the Supplementary Materials).

The correlation circle and the PCA biplot of variables are reported in Figure 7.

PC1 synthesised the direct inter-relations involving plant gas exchanges, content of
the main favourable cations, and plant growth. We found the strongest positive correla-
tions with PC1 for K concentration (0.89), Ca concentration (0.85), Mg concentration (0.71),
E (0.71), GS (0.67), 813C (0.63), and in contrast, the strongest negative correlation for EL
(-0.68), FW (-0.67), and PH (-0.60).

PC2 synthesised the direct inter-relations involving Na content, plant water poten-
tial, and the PSII photochemical activity. The PC2 showed the strongest correlation with
the SLA (0.81), LWP (0.79), Fv'/Fm’ (0.73), C concentration (0.70), ®PSII (0.58), ETR (0.57),
E (0.68), and GS (0.64), and the strongest negative correlations with Na (—0.71) and the 813C
(-0.66).

PC3 summarised the inter-relations involving plant growth, Na and N concentration,
and chlorophyll fluorescence. The PC3 showed the highest positive correlation with the
qP (0.81), N (0.64), ®PSII (0.61), and ETR (0.61), and the highest negative correlation with
the C (-54), SPAD (-0.54), and DW (-0.49).

The position of the barycentres (Figure 7B) of the three A. hortensis cultivars showed
a modest gap from A. halimus (AH). AH barycentre, indeed, was in the lower-right quad-
rant in the same direction of 6C, which is the parameter that mainly differentiated it from
the other C3 species. AH, then, together with A. hortensis cv. scarlet (AS), were the geno-
types showing the highest content of chlorophyll (SPAD value). Furthermore, AH had the
same positive direction as the RWC, being the species showing the highest RWC under
salinity.

A. hortensis cv. scarlet barycentre is in the lower-left quadrant in the same direction
as the FW, DW, EL, and P, and together with the barycentre of the 360 WS treatment, as it
was the species showing the highest value of these parameters under salinity.

The A. hortensis cv. green (AG) barycentre was located in the upper-right quadrant,
being that showing the highest value in the fluorescence parameters despite salinity.

The proximity of the A. hortensis cv. red (AR) barycentre to the AG barycentre sug-
gests their greater mutual similarity than the other two species.

The barycentre of the Ctrl treatments was located in the same direction as the gas
exchange parameters, in the opposite quadrant of the fresh weight and water content pa-
rameters.
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Figure 7. (A) PCA correlation circles; the increasing arrows’ lengths and shades of colour from light blue to red indicate
the increasing contribution of variables to the definition of the first two principal components; (B) PCA biplot of variables.
Yellow squares show the barycentres of the four Atriplex genotypes (AG, AR, AS, and AH), the red points show the bary-
centres of the two salinity treatments (Ctrl and 360 WS), and the green triangles show the quantitative variables, i.e., the

24 measured traits.

3.7. FT-IR Spectroscopy

In order to obtain a detailed indication of the structural changes in the samples due
to saline stress, the interval between 1800 and 400 cm™ was shown (Figure 8). In general,
all the spectra displayed similar functional groups, although the relative intensity de-
creased in the presence of NaCl.

A weak band at 1733 cm™! is attributable to the uronic esters and acetyl groups of
hemicelluloses, or the ester bonds of the carboxyl groups of the ferulic and p-coumaric
acids of lignin [62]. In all the spectra, the band at 1630 cm™ may be due to the Amide I
(C=0) of proteins, unesterified uronic acids (-COO-) [63], and aromatic skeletal vibrations.
Additional bands at 1550 (N-H) and 1240 (C-N) cm™ may be assigned to Amide II and
Amide III bands, respectively. The broad shoulder at 1430-40 cm™ was attributed to the
CH:bending of cellulose and lignin. The band at 1379-69 cm™ was assigned to O-H bend-
ing [63]. The absorbance at 1320 cm™ is typical of the aromatic skeletal vibrations [64] of
the syringyl ring plus the guaiacyl ring, and the C=O stretching vibration in lignin. The
strong band at 1030 cm™ was assigned to the C-O-C pyranose skeletal vibration of cellu-
lose [65]. The appearance of the band at 900 cm™ is typical of 3-glucosidic bonds between
the glucose units in cellulose [66]. The bands appearing from 1000 to 500 cm™ may be also
due to the vibrations of the Si-O group.

As the spectral profile of all the samples is dominated by cellulose bands, a significant
decrease in the bands of this compound was observed under salt stress. In AG, no struc-
tural modification was found.
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Figure 8. FTIR-ATR spectra of A. hortensis cv. green (AG), cv. red (AR), cv. scarlet (AS), and A. halimus (AH) samples
under control (red line) and 360 mM water salinity (black dotted line) in the 1800 and 400 cm™" wavelengths region.

4. Discussion

Salt-affected soils occupy around 932 million ha of the earth’s surface [67]. Through
the cultivation of salt-tolerant plants, these lands may be at least partially converted into
important terrestrial ecosystems, with an associated carbon sink contributing to increase
the soil organic carbon stock, while providing additional space to grow food and fodder
for the future population.
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This work compares some physiological traits of four Atriplex genotypes common in
the Mediterranean basin, whose cultivation may be part of a strategy to promote the res-
toration of saline soil organic carbon and fertility. The four genotypes showed similar be-
haviours under salinity, although with differences in the intensity of salinity effects.

Under Ctrl, the FW was significantly lower in A. halimus than in A. hortensis cv. green
and scarlet (Figure 1). This was expected, since A. halimus is a perennial plant, whereas A.
hortensis is an annual one, having a faster growth rate [42]. This difference was encoun-
tered also in plant height, positively correlated with plant FW (Figure 6), as A. halimus
showed the lowest height. Atriplex hortensis cv. red resulted as the smallest among the
three C3 genotypes, probably due to an intrinsic difference in its plant size.

The growth of all of the four genotypes was enhanced under 360 WS, although not
significantly in A. halimus. In agreement with this, a significant increase in carbon content
was detected in the three annual species but not in A. halimus under salinity (Figure 5).
These results are in contrast to the findings of previous studies that found a biomass de-
crease in A. hortensis already at 78 [47,68] and 250 mM [48,69], and in A. halimus already
at 160 [70] and 300 mM [71-73], while Yepes et al. [74] did not detect a biomass decrease
up to 300 mM in A. halimus.

The plant height did not vary significantly with salinity except for A. hortensis cv red.
This is not in accordance with Kachout et al. [47], who observed a similar decrease both
in green and red A. hortensis already at 78 mM.

Under control conditions, the three C3 A. hortensis showed values of net photosyn-
thesis (A), stomatal conductance (GS), and transpiration rate (E) similar or even higher
with respect to the C4 A. halimus (Figure 2). At 27 DAS, these parameters, especially GS
and E, showed a decrease, more pronounced in the C3 than in the C4 Atriplex species
(Figure 2). According to Nippert et al. [75], the higher resource use efficiency of C4 plants
would allow them to remain active over a longer time and to persist through periods of
resource limitations up to the late vegetative season when the C3 species may have al-
ready senesced.

Under salinity, a decrease in the GS and E was observed already after 7 days from
the stress initiation (Figure 2), suggesting that an effective control of the stomata opening
was the primary mechanism adopted by the plants to adapt to the stress.

The higher GS and E drop compared to the control observed in A. halimus at 27 DAS
confirm that the C4 species have a lower stomatal conductance requirement per unit of
fixed COz2 [76] thanks to the ability to maintain photosynthesis also with a low internal
COz2 concentration [77]. The greater stomata closure, in turn, may also explain the higher
RWC values found in A. halimus than in the three A. hortensis genotypes at 27 DAS (Figure
4).

The maintenance of the levels of net photosynthesis (A) and intrinsic water use effi-
ciency (iWUE) in all of the genotypes up to the end of the experiment indicates that the
positive effect of the increased stomatal resistance to water vapour deficit due to stomata
closure was higher than the detrimental effect of the increased mesophyll resistance to
CO:z uptake.

This hypothesis is furtherly confirmed by the pathway in the carbon isotope ratio
(01%C) (Figure 1F), which decreased with 360 WS in two of the three C3 A. hortensis geno-
types, while it remained unchanged in the C4 A. halimus.

The carbon isotope ratio, indeed, is related to the stomatal conductance, as a higher
13C discrimination occurs when the stomata are open [78]. A lower 3C discrimination (i.e.,
less negative d'°C values), therefore, indicates the closure of the stomata and is associated
with an increased iWUE [79].

The 63C to iWUE relationship is easily demonstrated in the C3 species [80], because
of the larger discrimination toward the heavier ¥*CO: molecule with respect to the lighter
12COg, resulting from Rubisco fractionation [81]. The relationship is found also in the C4
species, but to a lesser degree because of the smaller fractionation during Rubisco
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carboxylation [80]. C3 plants, indeed, have d*C values between —-32.6 and —19.2%o., while
C4 plants between -10.4 and -16.6%. [82].

The 6'3C increase with 360 WS observed in the C3 genotypes confirms the salinity-
induced increase in stomata resistance that, in turn, augmented the plant iWUE.

Not surprisingly, the C4 A. halimus *C discrimination appeared to be less sensitive
to salinity, although previous studies on the C4 Atriplex confertifolia [83] and A. lentiformis
[84] showed a 6'3C decrease under salinity.

Despite the significant GS and E reductions already at 7 DAS, the mild, albeit signif-
icant, effects of salinity on the PSII photochemistry were detected only at 27 DAS (Figure
3).

High external NaCl concentrations could harm thylakoid membranes by denaturing
the lipid bilayer and lipid—protein associations, thus impairing the electron transport
chain [85]. Furthermore, salinity-induced stomata closure may lead to a reduction in the
proportion of opened reaction centres, thereby reducing the photochemical quenching co-
efficient (qP) [86]. However, the absence of these symptoms, proved by the almost un-
changed ®PSII, Fv'/Fm’, qP, and ETR values, indicates that there were no serious damages
to PSII machinery under 360 WS. On the contrary, the slight increase in Fv’/Fm’ and ETR
in A. hortensis cv. scarlet may confirm the association of red plant pigment with an im-
proved salinity tolerance [87,88].

Unlike previous studies that showed reduced pigment content in A. halimus [89] and
A. hortensis [47] under salt stress, we did not observe salinity effects on the chlorophyll
content in any of the four Atriplex genotypes. The negative correlation between the SPAD
and the SLA (Figure 6) may in part explain this phenomenon, suggesting that a possible
salt-induced reduction in chlorophyll may have been counterbalanced by the reduction in
the leaf area, resulting in the unchanged concentration of the pigment.

Under salinity, the restricted water availability and the necessity to save water led to
a reduced leaf area per unit of dry weight and an increased leaf thickness. In fact, the
thicker cell walls and the increased concentration of osmolytes have been shown to en-
hance the cellular hydration maintenance, helping to overcome the salinity-induced os-
motic imbalance [90]. In our experiment, this was confirmed by the positive correlation
found between the SLA and the leaf water potential (LWP) (Figure 6), which suggests that
a decrease in the SLA (i.e, in leaf area per unit of dry weight) contributed to the LWP
lowering and, hence, to the cell osmotic adjustment.

The electrolyte leakage (EL) is a useful indicator of ROS production in plants sub-
jected to salinity and enables us to evaluate the membrane injury caused by lipid peroxi-
dation [91]. Thus, the results obtained in this study suggest that Atriplex membrane integ-
rity was affected by 360 WS, and that A. halimus and A. hortensis cv. green were the geno-
types most prone to oxidative stress. The negative correlation between the EL, GS, and E
(Figure 6) is an indication that a reduced intracellular CO: concentration under salinity
favoured the formation of ROS threatening the membrane stability.

Similarly, Nedjimi et al. [71] and Paulino et al. [92] observed an EL increase in A.
halimus and A. nummularia under 100 and 300 mM NaCl, respectively.

Nevertheless, although Na concentration was positively correlated to EL (Figure 6),
the absence of toxic NaCl effects on the plant photosystems indicates that the plant was
able to keep Na compartmentalisation. Hence, in this case, we may assume that the high
EL values may not be considered a sign of damaged plasma membranes, but rather of an
NaCl-induced efflux of K [93,94]. Indeed, according to Demidchik et al. [94], under envi-
ronmental stress conditions, the cytosolic K efflux plays a role in the metabolic switch by
inhibiting consumptive anabolic reactions and stimulating energy-releasing catabolic pro-
cesses that are necessary for stress adaptation and cell membrane reparation.

However, the absence of salinity effects on the K content in all of the four genotypes
proves the Atriplex’s ability to keep a selective K uptake also in conditions of high external
Na concentration [95,96].



Agronomy 2021, 11, 1967

19 of 24

All of the four genotypes already showed a leaf water potential (LWP) decrease after
7 days from the salt stress initiation, with A. hortensis cv. green and A. halimus reaching
the lowest LWP levels at 27 DAS (Figure 4). As shown in the PCA correlation circle, the
Na concentration was inversely correlated to the LWP, suggesting that an increase in the
former caused a decrease in the latter. A higher uptake of Na under saline conditions is a
common condition in many Atriplex species whose cells are able to use Na for the mainte-
nance of cellular osmotic potential under high salinity [97,98]

Furthermore, the LWP appeared inversely correlated to the N concentration (Figure
7). Indeed, several nitrogen-containing compounds are accumulated in plants exposed to
salinity [93,95]. These compounds contribute to the osmotic adjustment and scavenging
of free radicals, favouring the maintenance of cellular macromolecules and pH. In our
study, a significant increase in N content was detected in the two red leaved A. hortensis
genotypes, and this may also be related to their higher content in betacyanins, a class of
pigments constituted by nitrogen-containing phenols that also play a key antioxidant role.

The increase in the phosphate concentration under salinity (Figure 5) and its positive
correlation with Na (Figure 6) reveal, as well, the involvement of this anion in Atriplex leaf
osmotic adjustment and indicate the ability of this species to augment selective phosphate
uptake under high external NaCl concentrations [98]. In fact, salinisation has been found
to increase the plant P requirement, likely due its major role in the energy transfer system,
in the carbohydrate partitioning and transport, and in the constitution of most enzymes
[99].

Finally, FTIR spectroscopy was used for a collective screening of the changes in car-
bohydrates, proteins, and cell wall components during salt stress. Overall, the spectra pro-
file of all the samples between 1800 and 400 cm™! was dominated by cellulose bands (Fig-
ure 8). Salt stress, indeed, can indirectly affect cell wall properties.

The absorption bands at 1743, 143040, 1320 and 1033 cm™ most closely reflect the
presence of pectin, lignin, and cellulose. These bands decreased in all the Atriplex geno-
types under saline stress, in particular in AS and AH.

Based on these results, we can infer that cell wall biosynthesis was sensitive to salin-
ity. Similarly, Wang et al. [100] observed a reduced cell wall lignification in Atriplex pros-
trata under salinity due to a possible substitution of lignin with extensin during salt stress
adaptation. The same was observed in the Chenopodiaceae halophyte Suaeda maritima
[101].

The decrease in the Ca content (Figure 5), probably due to Na competition, may be
among the causes of the change in the cell wall structure. Calcium ions, indeed, are in-
volved in the stabilisation of the cell wall structure and control of the wall enzymes’” ac-
tivities.

A general remark, however, is that salinity may increase lignification at root level,
while it decreases it at stem level [102].

Proteins, as well, are involved in the maintenance of the cell wall structure and play
a major role in the cell’s physiological functions and homeostasis.

The interpretation of protein status as means to assess the degree of salt tolerance of
plants should, however, be considered with caution, as the relationship between protein
status and salinity is not always entirely conclusive. As reported by Ashraf and Harris
[103], in some studies, a higher soluble protein content was observed in salt-tolerant spe-
cies than in salt-sensitive species, while other studies found a decrease or no change in the
protein content under saline conditions, regardless of the degree of tolerance of the sur-
veyed species.

In our study, the amide reduction (Figure 8) was not supported by the N content
(Figure 5), which was higher under salt stress conditions. However, we cannot exclude
the possibility that the greater contribution of the band at 1630 cm™' may be due to the
uronic acid and aromatic ring vibrations, confirming that the Atriplex cell wall composi-
tion changed in response to salinity.
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By considering that the carbohydrates region between 1100 and 900 cm™" decreased
from AR to AH, we can also deduce that carbohydrates contributed only modestly to os-
moregulation. Indeed, as stated by Bennert et al. [104], inorganic ions (Na, K, Cl) and ox-
alate, an organic acid, are the main osmotically active solutes in Atriplex spp., while solu-
ble carbohydrates, amino acids, and other organic acids are scarcely involved in the ionic
balance maintenance.

5. Conclusions

Both Atriplex halimus and A. hortensis thrived under salinity, as the improved plant
growth demonstrates. This is apparently due to mechanisms of physiological adaptation
(reduced stomatal conductance (GS) and transpiration (E)) enabling the two species to
preserve moisture and improve water use efficiency.

In this respect, A. halimus was shown to be a slightly better performer than A. horten-
sis, thanks to the C4 vs. C3 photosynthetic pathway allowing the former species to main-
tain net photosynthesis despite the stronger GS and E drop under salinity. This is further
supported by a stronger drop in the leaf water potential under salinity, allowing A. hali-
mus to maintain a higher relative water content.

The results obtained in this study indicate both Atriplex species to be potentially
suited for cultivation in marginal/abandoned saline areas, thereby contributing to soil car-
bon sequestration, which is the premise for the agricultural reclamation of these areas. In
this strategy, the perennial A. halimus ensures a slower but longer lasting soil canopy cov-
erage thanks to better plant homeostasis in the face of salinity, whereas the scarlet leaved
genotype of A. hortensis is expected to provide faster soil coverage and higher biomass
production.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/agronomy11101967/s1; Table S1: Effects of halophyte genotype (HG) and the four (Ctrl,
90, 180, 360 mM NaCl) water salinity levels (WS) on the physiological traits at seven days from the
salt stress initiation (7 DAS). Significance codes: ™, ®, *, **, and *** mean, respectively, not significant
and significant at p < 0.1, p < 0.05, p < 0.01, and p < 0.001. Different letters indicate significant differ-
ences at p < 0.05 (n = 4); Table S2: Effects of halophyte genotype (HG) and the four (Ctrl, 90, 180, 360
mM NaCl) water salinity levels (WS) on the physiological traits at twenty-seven days from the salt
stress initiation (27 DAS). Significance codes: ™, ¢), *, **, and *** mean, respectively, not significant
and significant at p < 0.1, p < 0.05, p < 0.01, and p < 0.001. Different letters indicate significant differ-
ences at p <0.05 (n = 4); Table S3: Effects of halophyte genotype (HG) and the four (Ctrl, 90, 180, 360
mM NaCl) water salinity levels (WS) on physiological traits, biomass, and element content at
twenty-seven days from the salt stress initiation (27 DAS). Significance codes: s, ), *, ** and ***
mean, respectively, not significant and significant at p <0.1, p <£0.05, p <0.01, and p <0.001. Different
letters indicate significant differences at p < 0.05 (1 = 4); Table S4: Effects of halophyte genotype (HG)
and the two corner (Ctrl and 360 mM NaCl) water salinity levels (WS) on the physiological traits at
seven days from the salt stress initiation (7 DAS). Significance codes: s, ®), *, **, and *** mean, re-
spectively, not significant and significant at p < 0.1, p < 0.05, p < 0.01, and p < 0.001. Different letters
indicate significant differences at p < 0.05 (n = 4); Table S5: Effects of halophyte genotype (HG) and
the two corner (Ctrl and 360 mM NaCl) water salinity levels (WS) on the physiological traits at
twenty-seven days from the salt stress initiation (27 DAS). Significance codes: s, ), *, ** and ***
mean, respectively, not significant and significant at p <0.1, p <0.05, p <0.01, and p <0.001. Different
letters indicate significant differences at p < 0.05 (1 = 4); Table S6: Effects of halophyte genotype (HG)
and the two corner (Ctrl and 360 mM NaCl) water salinity levels (WS) on physiological traits, bio-
mass, and element content at twenty-seven days from the salt stress initiation (27 DAS). Significance
codes: s, ®), * ** and ** mean, respectively, not significant and significant at p < 0.1, p <0.05, p <
0.01, and p <0.001. Different letters indicate significant differences at p < 0.05 (1 = 4); Table S7. Eigen
analysis of the PCA correlation matrix; Table S8. Correlation coefficients between quantitative and
categorical variables, and the first three PCs. The PCs were computed using 32 input data.
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