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Abstract: Salinity negatively influences crop growth, but several salt-tolerant plant species (halo-
phytes) are viable crops. Sarcocornia fruticosa (ecotypes EL and VM) is currently cultivated, but there
is demand for new crop candidates and higher biomass production. Salicornia brachiata Roxb. and
Arthrocneum macrostachyum L. are considered novel crops, and to realize their potential, their response
to salinity and nitrogen nutrition was compared to S. fruticosa ecotypes. Experiments revealed that
higher N supplemented with lower NaCl significantly increased fresh and dry shoot biomass. Lower
biomass was obtained at lower nitrogen supplemented with elevated NaCl, whereas total soluble
solids content positively correlated with NaCl fertigation in both Sarcocornia ecotypes. Protein con-
tent increased with a lower nitrogen supply. Anthocyanins and oxygen radical absorbance capacity
were highest in S. fruticosa EL and A. macrostachyum at higher NaCl supply. The results show that
halophytes have a variety of strategies to cope with high NaCl, even between ecotypes of the same
species. Notably, repetitive harvesting of S. brachiata delayed flowering enabling year-round biomass
production. Additionally, S. brachiata accumulated higher biomass than Sarcocornia VM when grown
in a greenhouse at higher radiation than in a growth room and strongly supports its inclusion as a
cash-crop halophyte.

Keywords: halophyte; salt tolerance; N-nutrition; Sarcocornia; Salicornia brachiata; Arthrocnemum
macrostachyum

1. Introduction

The global reduction in available fresh water and arable land for crops, due partly to
increasing salinization, has created an urgent need for alternative crops [1]. Halophytes,
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as salt-tolerant plants, can help fill this need by their ability to thrive on saline soils and
saline water [2–4]. Indeed, some halophytes can grow well on seawater salinity. Thus,
land and water previously regarded as lost to agriculture have acquired new, added value.
Of the halophytes, a small subset, including Salicornia and Sarcocornia, has been readily
adapted for agriculture [5–7]. Both genera belong to the Amaranthacae and have long been
collected for food by coastal communities. They have been commercially cultivated for
over a decade [8], and Sarcocornia, in particular, has proven to be a valuable multi-harvest
crop. Year-round availability is a desirable trait from a consumer perspective, and these
halophytes are now well established in the cuisines of most of Northern and Southern
Europe and North America. The two Sarcocornia ecotypes used in the present study
have been well characterized in previous research [8]. Arthrocnemum macrostachyum has
attracted attention as a potential edible halophyte because of its high levels of nutritionally
important PUFAs and other metabolites [9]. Salicornia brachiata has long been regarded as a
nutritionally valuable halophyte [10], although, similar to A. macrostachyum, it has not been
investigated as a potential crop plant.

Introducing novel halophytes requires careful study of the nitrogen demand for
plant growth. Shpigel et al. [11] demonstrated in a constructed wetland study that the
growth of Salicornia was significantly affected by nitrogen with higher N, leading to
higher biomass production. Under saline conditions, nitrate (NO3

−) uptake is influenced
considerably by the antagonism between Cl− and NO3

− uptake mechanisms [12]. The
resulting nitrogen deficiency affects plant development and yield, although increasing
the N supply does alleviate this, at least in part. Salicornia has proved difficult to grow
commercially as it needs a supplementary light supply to repress flowering for all year
round. In contrast, Sarcocornia does not need artificial light if it is grown under successive
harvest conditions [8]. However, reliance on a handful of ecotypes is not a viable strategy.
New ecotypes are needed to buffer against unforeseen biotic and abiotic perturbations.
These new ecotypes need to be screened for certain desirable traits: biomass production,
salt tolerance, and nutritional value. We selected eight parameters as a screen for these
traits. The selection criteria were that the parameter assays should be well proven and
sensitive enough to be able to distinguish differences in treatment. To this end, the following
parameters were chosen: fresh weight and dry weight (FW and DW), relative water content
(RWC), electrical conductivity (EC), total soluble solids (TSS), total soluble proteins (TSP),
anthocyanins, and oxygen radical absorbance capacity (ORAC). Of these, RWC, TSP, EC,
and TSS reflect on osmotica and water relations (Liang et al., 2018), while anthocyanins
and ORAC reflect on antioxidant capacity, which contributes to the nutritional value of the
plants [13,14]. Our results show that the assays revealed differences in response to nitrogen
and salt levels between species and were sensitive enough to show differences between
ecotypes and species. Together, this ‘toolkit’ of assays can be used as a rapid and effective
screen to select candidate halophytic crop plants for further study and use.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Seed material of Sarcocornia fruticosa L. (VM and EL) ecotypes, S. brachiata Roxb. (SB)
were obtained from existing stocks, and A. macrostachyum L. (AM) seeds were collected
from the southern area of the Dead Sea, Israel.

Fresh tap water (EC 0.7 dS/m2) was used for the germination phase and initial seedling
establishment in a temperature-controlled growth room with temperatures between 30
and 35 ◦C and a long-day regime of 16:8 h of light and dark, respectively. The light
(200 µMol/m2/s) was provided by 100 W fluorescent tubes, and the photoperiod was set
to long-day conditions to prevent flowering. Seeds were surface sterilized in a 2% bleach
solution for 20 min and washed thoroughly with distilled water before sowing in autoclave
sterilized, thoroughly wetted, potting soil. Germinated seedlings were carefully transferred
to 12 × 8 × 6 cm (Length × Width × Depth) plastic pots. Each pot contained ten similarly
sized individuals of one ecotype.
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After seedlings had reached ~2 cm height fertilization was started using 3 g/L NaCl +
0.5 g/L NPK (20-20-20 + micronutrients) (Haifa Chemicals, Haifa, Israel). After this initial
growth phase, when plants had reached ~6 cm height, the NPK was supplemented with
NH4NO3 to provide the low and high N treatments. The N from the 20:20:20 comprised
7.4 mM N consisting of urea (3.7 mM), ammonium (1.5 mM), and nitrate (2.2 mM). To
this was added 1 mM NH4NO3 (2 mM N) designated as Low N (LN), or 4 mM NH4NO3
(8 mM N) designated as the High N (HN). Other nutrients in the applied 0.5 g/L 20:20:20
included phosphorous (0.3 mM P as P2O5) and potassium (0.4 mM K as K2O) as well as
the following micronutrients: Fe 1000 ppm, Mn = 500 ppm, Zn 150 ppm, Cu 110 ppm,
and Mo 70 ppm. The two salinity levels comprised low salinity (LS) containing 50 mM
NaCl and high salinity (HS) containing 120 mM NaCl. The experiment contained four
treatments comprising two different N and salt combinations referred to as LN + LS,
HN + LS, LN + HS, and HN + HS, and each was replicated four times.

The irrigated solution volume was adjusted so that approximately 50% of the solution
leached out of the pots. The EC values of the input irrigation solution and the leaching
fraction are presented in Table 1. The leaching fraction EC under the above irrigated volume
was higher than that of the input solution by approximately 1.3-fold.

Table 1. Electrical conductivity (EC) (ds m−1) of the input nutrient solution and leaching fraction.
The means plus standard errors (±SE) are shown, n = 7.

Treatment Input Leaching Fraction

Nitrogen (mM) NaCl (mM) EC (ds m−1) EC (ds m−1)
9.42 50 5.87 8.12 ± 0.21
15.42 50 6.19 8.45 ± 0.22
9.42 120 11.87 14.76 ± 0.84
15.42 120 11.95 16.1 ± 0.84

2.2. Harvesting Regime

The first harvest is known as the “technical cut” and is the basis of the cutting table.
This harvest was established by trimming the upper part of the shoot by approximately 5
cm when the plant’s height was 11–16 cm. After that, shoot regrowth was harvested. New
shoots quickly grow from above the previously cut shoot, producing an evenly growing
crop for the subsequent harvest. These shoots constitute the commercially viable part
of the plant as it is succulent and without unpalatable woody stems. The weight of the
harvested fresh shoot biomass (FW) was determined immediately after harvesting, and
~2 g was retained for further analysis. Dry weight (DW) biomass was dried in a forced-air
oven (DK-500, MRC, Holon, Israel) at a temperature of 65 ◦C until a constant weight was
attained. The fresh shoot and dry weight biomass per unit area are presented (kg per m−2).
The retained fresh shoot samples were immediately flash-frozen in liquid nitrogen and
stored at −80 ◦C until analyzed.

It was noted that S. brachiata did not flower under the 14 h day length, and thus
biomass accumulation was not interrupted by flowering. To examine if, under natural
day length conditions, the successive harvest will prevent flowering, a parallel trial was
set up in a greenhouse under natural day length for 30.8523◦ N, 34.7834◦ E. The tem-
perature was partially controlled (~10 ◦C min to 40 ◦C max), and midday PAR reached
650–700 µMol/m2/s. Two 9 L pots of ten plants per pot were planted, using the same
potting medium as for the growth room experiments, for S. brachiata and S. fruticosa VM in
June 2021. Plants received the LN + LS treatment and were subject to a repetitive harvest
regime (same as the growth room plants) over one year.

2.3. Relative Water Content

For the determination of relative water content (RWC), three developed shoots of each
ecotype were cut at 5 cm in height. Three replicates were used for each treatment. The
fresh weight of the cut shoot was immediately weighed on an analytical balance, and the
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shoots were then placed in 10 mL double-distilled water (DDW) in 15 mL tubes. The tubes
were closed and kept at 25 ◦C for 24 h for the shoots to achieve full turgidity. After this, the
shoots were gently blotted with tissue paper to remove free surface water, and their turgid
weight (TW) was immediately taken. Dry weight was determined by drying the shoots at
65 ◦C until they reached a constant weight. The relative water content was calculated using
the equation of Yamasaki and Dillenburg [15]:

% RWC = ((FW − DW)/(TW − DW)) × 100 (1)

2.4. Assessment of Electrical Conductivity (EC) and Total Soluble Solids (TSS)

0.5 g of fresh shoot samples in four replicates were collected and immediately snap-
frozen in liquid nitrogen and stored at −80 ◦C until further analysis. Shoot tissue extractions
were carried out with modifications as described by Ventura and Mendlinger [16]. Frozen
samples were ground into a fine powder using a mortar and pestle and homogenized with
DDW at the ratio of 1:4 (w/v). Homogenates were centrifuged (Eppendorf 5424R, Hamburg,
Germany) at 18,400 rcf at 4 ◦C for 20 min, and the clear supernatant was collected. Electrical
conductivity (EC) and total soluble solids (TSS) were determined by using a standard EC
meter (ECTestr 11, Eutech Instruments, Paisley, UK) and a refractometer (Atago Digital
Refractometer PR-1, Tokyo, Japan). The concentration of TSS and EC was expressed in %
and deci-Siemens per meter (dS m−1), respectively.

2.5. Anthocyanin Determination

Shoot extractions were carried out with modifications as described by Laby et al. [17].
First, 100 mg of fresh shoot tissue was macerated in a mortar and pestle with 5 ml of 1%
HCl-acidified methanol (1.56 mL 32N HCl plus 48.4 mL methanol). Next, anthocyanins
were separated from chlorophylls by adding 500 µL of DDW and extracted with 1 mL of
chloroform, followed by centrifugation at 18,400 rcf for 20 min at 4 ◦C. The supernatants
were then centrifuged for an additional 20 min. The absorbance (OD) was read at 657
nm and 530 nm (Epoch Microplate Spectrophotometer, BioTek, Santa Clara, CA, USA).
The relative anthocyanin levels were determined using the following equation: OD530 −
(0.25 − OD657) × extraction volume (mL) × 1/weight of tissue sample (g) = relative units
of anthocyanin/g fresh weight of tissue.

2.6. Protein Extraction and Determination of Protein Content

Total soluble proteins were determined as previously described by Ventura et al. [18]
using the Bio-Rad Protein assay, with a modification of the Bradford procedure [19]. The
reference compound used was bovine serum albumin. Briefly, proteins were extracted
from the shoot in an extraction buffer containing 250 mM Tris-HCl (pH 8.48), 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM Dithiothreitol (DTT), 5 mM L-cysteine,
10 mM glutathione (GSH), 0.05 mM Na2MoO4, 0.1 mM phenylmethylsulphonyl fluoride
(PMSF), and 250 mM sucrose in the ratio of 1:6 and 1:4 (w/v) respectively. The extracted
samples were centrifuged at 4 ◦C at 18,400 rcf for 20 min. Protein contents were read in
a spectrophotometer at 595 nm. Protein content was calculated by the formula: optical
density (OD) × dilution factor and expressed as mg g−1 FW.

2.7. Oxygen Radical Absorbance Capacity (ORAC) Measurements

The total antioxidant content (oxygen radical absorbance capacity (ORAC)) of the
shoot tissue was determined according to Gillespie et al. [20], with slight modifications.
Briefly, 25 mg of fresh leaf tissue was flash-frozen in liquid N immediately after harvest
and homogenized in Eppendorf tubes with three tungsten carbide beads for 30 s at 25 Hz
(using liquid N cooled Teflon adaptors in a Retsch MM400 mixer mill (Retsch GmbH, Haan,
Germany)). Then 1 mL of 50% acetone was added to each sample tube. Homogenized
tissue samples were centrifuged at 1900 rcf for 10 min at 4 ◦C. After centrifugation, 500 µL
supernatant was removed to a new centrifuge tube and centrifuged again at 1900 rcf,
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diluted ten times, and the total antioxidant capacity of each sample was determined as
further described.

In each well of a black 96-well microplate, 25 µL of the plant extract, blank (phosphate
buffer) or standard (0–50 µM Trolox), and 150 µL of fluorescein (0.09 M) were mixed and in-
cubated at 37 ◦C for 10 min. Subsequently, 25 µL of 2,2-Azobis-2-methyl-propanimidamide
dihydrochloride (150 mM) (AAPH), also heated to 37 ◦C, was added to start the reaction,
and the kinetic was read every minute for one hour. The fluorescence kinetics was mea-
sured at 485 nm excitation and 530 nm emissions (Synergy H4, BioTek, Santa Clara, CA,
USA). The area under the curve (AUC) for the one-hour kinetic reading was calculated as:

AUC = 0.5 + [f 2/f 1] + [f 3/f 1] + [f 4/f 1] + . . . + [fn/f 1] × t (2)

where f is the fluorescence reading and t is time (minutes).
The net AUC is calculated by subtracting the blank from each standard or sample.

Net AUC = AUCsample − AUCblank (3)

The Trolox equivalent (TE) in each extract was calculated from the standard curve
using Trolox of known concentration. The results are expressed as µmol Trolox equivalent
per gram fresh weight (mol TE g−1 FW).

2.8. Data Analysis

The effects of nitrogen and salinity treatments on the means of fresh and dry plant
biomass were compared. Significant differences between treatments were tested by one-
way ANOVA followed by the Tukey–Kramer HSD test at a 5% significance level (JMP8
(SAS, Cary, NC, USA)) or Student’s t-test (Microsoft Excel). The sample number, n, varied
from 3 to 7.

3. Results

The following notation is used: 9 mM N is LN, 15 mM N is HN, 50 mM NaCl is LS,
and 120 mM NaCl is HS. Thus, 9 mM N + 50 mM NaCl is LN + LS, etc.

3.1. Fresh Shoot Biomass Accumulation

Effect on ecotype (Figure 1). AM biomass was negatively affected by salinity, with the
low salinity (LS) treatments having significantly higher biomass than the high salinity
(HS) treatments. SB, VM, and EL exhibited significantly higher biomass in the HN + LS
treatment. Other treatments did not significantly affect biomass accumulation.

Effect within treatment (Figure 1). VM and EL generally had significantly higher biomass
than AM and SB, except for the LN + HS treatment (VM and SB were not significantly
different). Overall, VM and EL ecotypes attained approximately twice the fresh weight of
AM and SB.

For the greenhouse trial, the individual harvest fresh biomass and cumulative fresh
biomass for seven successive harvests are shown in Table 2. Harvests were approximately
40 days apart. Overall, SB biomass greatly exceeded that of VM at each harvest except
for the seventh harvest. SB plants showed die-off below the growing crown, whereas VM
growth continued with increasing vigor. Supplementary Figure S1A,B in the Supplementary
Materials shows the plants before and after harvest and the differences in growth habits of
the two halophytes. VM has an upright, sparsely branched phenotype, whereas SB has a
more prostrate and bushy phenotype.
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Table 2. Fresh shoot biomass in Salicornia brachiata (SB) and Sarcocornia fruticosa (VM) for seven
harvests approximately 40 days apart over one year. Plants were grown under greenhouse conditions
and with natural daylight and 9 mM N and 50 mM NaCl. The means plus standard errors (±SE) of
each harvest are shown, n = 2, * n = 1.

Harvests Fresh Biomass (kg m2) Total Biomass
(kg m2)

1st 2nd 3rd 4th 5th 6th 7th
S. brachiata (SB) 2.89 ± 0.53 10.38 ± 0.33 5.72 ± 0.09 7.18 ± 0.60 4.62 ± 0.95 7.20 ± 0.78 1.7 ± 0.10 39.73 ± 1.10
S. fruticosa (VM) 0.26 ± 0.07 1.00 ± 0.15 0.90 ± 0.36 1.00 ± 0.55 1.75 * 4.70 * 5.0 * 14.60 ± 0.65
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Figure 1. Fresh shoot biomass in Arthrocnemum macrostachyum (AM), Salicornia brachiata (SB), and
Sarcocornia fruticosa ecotypes (EL and VM). LN under different combinations of N (9 and 15 mM) and
NaCl (50 and 120 mM). Means plus standard errors (±SE) are shown. Different uppercase letters show
significant differences between treatments of one ecotype (same color bars), and different lowercase
red letters show significant differences between ecotypes within the same treatment (Tukey’s HSD,
p ≤ 0.05, n = 4).

3.2. Dry Biomass Accumulation

Effect on ecotype (Figure 2). AM: dry biomass was negatively affected by salt, with
the low salt (LS) treatments having significantly higher biomass than the high salt (HS)
treatments. Within each salinity level, the higher N treatment plants had significantly
higher dry biomass. For EL, significantly higher biomass was recorded in the HN + LS
treatment. Other treatments did not significantly affect dry biomass accumulation.

Effect within treatment (Figure 2). VM and EL had significantly higher biomass than AM
and SB. Similar to the fresh weight trends, the Sarcocornia ecotypes attained approximately
twice the dry biomass of AM and SB.
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3.3. Relative Water Content (RWC)

Effect on ecotype (Figure 3). AM: the LN+HS-treated plants had a significantly higher
RWC than in other treatments. For SB, however, this treatment had the lowest RWC.
This was significantly lower than the LN + LS plants and not significantly lower than the
other treatments.
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Effect within treatment (Figure 3). SB had a significantly lower RWC in two treatments:
HN + LS and LN + HS. Otherwise, no differences were found in RWC between ecotypes.

3.4. Total Soluble Protein Content

Effect on ecotype (Figure 4). For AM, no difference was found in total soluble protein
content (TSP) except for a decrease in the HN + LS treatment. For SB, the TSP content was
significantly higher for the LN treatments than for the HN treatments. VM, in the HN + LS
treatment, had significantly higher TSP content than the other treatments but generally had
low TSP. The other Sarcocornia ecotype, EL, had the lowest TSP content in the HN + LS
treatment and the highest in the LN + HS treatment, with no difference between the other
two treatments.
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Effect within treatment (Figure 4). AM and SB had significantly greater TSP contents
than the VM and EL ecotypes within each treatment. EL had a significantly higher TSP
content than VM in all treatments except for HN + LS.

3.5. Total Soluble Solids Content

A significant difference was found between salinity treatments, with the HS treatments
having significantly higher total soluble solids (TSS) contents than the LS treatments (t-test,
p = 0.01, n = 8).

Effect on ecotype (Figure 5). No difference in TSS was found between AM plants. The
highest and lowest TSS values for SB plants were found in the LN + HS and HN + LS
treatments. TSS in VM plants increased with increasing total salts (N + NaCl) with
LN + LS < HN + LS < LN + HS < HN + HS. Here, the increase between the lowest and
highest was approximately two-fold. TSS levels in EL plants differed significantly be-
tween salinity levels, where the high salinity treatments produced higher TSS than the low
salinity treatments.
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Effect within treatment (Figure 5). No differences were found in TSS within the LN + LS
treatment. However, in the HN + LS treatment, SB had significantly lower TSS than VM.
The high salt treatments separated VM and EL ecotypes from AM and SB. In the LN + HS
treatment, the EL plants had significantly higher TSS than AM and SB, and in the HN + HS
treatment, both VM and EL were found to have significantly higher TSS than AM and SB.

3.6. Anthocyanin Determination

A significant difference was found between salinity treatments, with the HS treatments
having significantly higher anthocyanin contents than the LS treatments (t-test, p < 0.01,
n = 8).

Effect on ecotype (Figure 6). For AM, the anthocyanin content varied significantly
between treatments, with the highest values found in the HS treatments. The high an-
thocyanin contents in the HS treatments were repeated for SB, with the two HS values
significantly higher than the LS treatments. EL had no differences between treatments.
No differences were found between the LS treatments for the VM ecotype, and both an-
thocyanin contents were significantly lower than those from the HS treatments. Here, the
LN + HS VM plants contained significantly more anthocyanins than the HN + HS plants.

Effect within treatment (Figure 6). Within the LN + LS treatment, SB had the highest
anthocyanin values and EL the lowest. No significant differences were found between
ecotypes in the HN + LS treatment. In the LN + HS treatment AM, SB and EL had
significantly higher anthocyanin contents than EL. At the highest salts treatment (HN + HS),
SB and VM had significantly higher anthocyanin contents than EL, but these were lower
than those found in the LN + HS treatment.
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Figure 6. Anthocyanin contents in Arthrocnemum macrostachyum (AM), Salicornia brachiata (SB), and
Sarcocornia fruticosa ecotypes (EL and VM). LN under different combinations of N (9 and 15 mM) and
NaCl (50 and 120 mM). Means plus standard errors (±SE) are shown. Different uppercase letters show
significant differences between treatments of one ecotype (same color bars), and different lowercase
red letters show significant differences between ecotypes within the same treatment (Tukey’s HSD,
p ≤ 0.05, n = 2–3).

3.7. Oxygen Radical Absorbance Capacity (ORAC)

Effect on ecotype (Figure 7). ORAC in the AM plants increased significantly with salinity.
The two LS treatments have 6- to 8-fold lower ORAC than the HN + HS plants. AM in
the LN + HS treatment had lower ORAC than the HN+HS plants but significantly greater
values than the low salt treatments. The pattern for SB was similar, with high salt treatments
having higher ORAC values. Here though, the LN + HS plants had the highest values,
followed by HN + HS and LN + HS, with LN + LS plants having the lowest values. For EL,
the highest values were found in HN+HS plants, with lower values in the LN + HS and
HN + LS treatments. The lowest salts treatment, LN + LS, was not significantly different
from the highest salts treatment (HN + HS). Opposite to AM, ORAC values for VM were
highest in the lowest salts treatment and significantly lower in the high salt treatments
(LN + HS, HN + HS).

Effect within treatment (Figure 7). In the LN+LS treatment, VM contained the highest
ORAC values, with the other ecotypes having non-significant differences within the group.
For the HN + LS plants, SB and VM had significantly higher ORAC values compared to
AM and EL. In the LN + HS treatment, AM had the highest ORAC values, followed by SB.
The VM and EL ecotypes had significantly lower values. This pattern was repeated in the
HN + HS treatment, with AM plants having nearly 3-fold greater ORAC values than SB,
the next highest value. VM and EL ecotypes had the lowest ORAC values in this treatment.
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Figure 7. ORAC (moles TE g−1) in Arthrocnemum macrostachyum (AM), Salicornia brachiata (SB), and
Sarcocornia fruticosa ecotypes (EL and VM). LN under different combinations of N (9 and 15 mM) and
NaCl (50 and 120 mM). Means plus standard errors (±SE) are shown. Different uppercase letters show
significant differences between treatments of one ecotype (same color bars), and different lowercase
red letters show significant differences between ecotypes within the same treatment (Tukey’s HSD,
p ≤ 0.05, n = 3).

3.8. Electrical Conductivity

A significant difference was found between salinity treatments, with the HS treatments
having significantly higher EC values than the LS treatments (t-test, p < 0.001, n = 8).

Effect on ecotype (Figure 8). For all ecotypes, the HS treatments resulted in significantly
higher EC values than the LS treatments. On the other hand, N treatment did not affect the
EC values within an ecotype.
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Figure 8. Electrical conductivity (ds m−1) in shoot extracts of Arthrocnemum macrostachyum (AM),
Salicornia brachiata (SB), and Sarcocornia fruticosa ecotypes (EL and VM). LN under different combina-
tions of N (9 and 15 mM) and NaCl (50 and 120 mM). Means plus standard errors (±SE) are shown.
Different uppercase letters show significant differences between treatments of one ecotype (same
color bars), and different lowercase red letters show significant differences between ecotypes within
the same treatment (Tukey’s HSD, p ≤ 0.05, n = 3).
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Effect within treatment (Figure 8). For the LN + LS plants, the VM and EL ecotypes
had significantly higher EC values than AM and SB. At HN + LS, SB had a significantly
lower tissue extract EC with no difference found between AM, VM, and EL. The LN + HS
and HN + HS results were the same as for LN + LS plants, except the absolute values
were higher.

4. Discussion

The current study focused on the responses of various halophytes to nitrogen and salt
treatments, with the objective being the development of additional crop species suitable
for growth in brackish water. Two novel halophytes, SB and AM, were compared to the
currently cultivated VM and EL ecotypes. SB has been suggested as a valuable source of
seed oils and nutraceuticals and a heavy metal accumulator for bioremediation [21] but
has not yet been cultivated as a crop in a significant way. AM has also been identified as a
potentially valuable source of nutraceuticals [22–24] and a gourmet addition to cuisine [23].

Regarding fresh biomass, our data for Sarcocornia ecotypes EL and VM are in broad
agreement with those of Ventura et al. [8] at a similar salt level. Here it is worth noting that
the new novel halophyte, SB, accumulated double the amount of biomass as compared
to the currently cultivated VM under greenhouse conditions with greatly increased PAR
(650–700 Mol/m2/s, midday) and temperatures reaching 40 ◦C during the summer months
(Table 2). In addition to the high biomass, SB did not flower over the year. This is of great in-
terest for commercialization since the local Salicornia generally starts to flower as day length
decreases, which greatly diminishes its annual biomass production, whereas Sarcocornia
was shown not to flower all year round under successive harvest conditions. [8]. The multi-
ple harvest regime applied to S. brachiata has two significant advantages: (1) postponement
of flowering (see Supplementary Figure S2 for flowering plant) and continued vegetative
growth, and (2) multiple harvests ensure a quality product in that only young shoots are
harvested [25]. Notably, there is considerable variation in harvest biomass for S. brachiata.
Ventura et al. [26] demonstrated that the time between harvests is an important metric
when evaluating crop potential. Additionally, harvest frequency/biomass experiments
should be conducted to optimize the growth protocol.

Salinity stress may result in oxidative stress and damage by the generated reactive
oxygen species (ROS), ROS generation triggers anthocyanin production, and these antioxi-
dants are used to scavenge ROS to ameliorate osmotic damage to cells [27,28]. Anthocyanin
production, as a response to salinity, has been reported in rice plants [29,30]) where leaf
anthocyanin content correlates strongly with salt stress tolerance [29]. In contrast, although
high anthocyanin contents may protect sensitive plants against salt stress, salt-tolerant
plants do not always produce elevated levels of anthocyanins, presumably because they
have alternative mechanisms to reduce oxidative damage [31]. Our data show a sharp divi-
sion between low and high salt treatments, with most plants in the LN + HS having higher
levels of anthocyanins. The exception to this is VM, which had low anthocyanin contents
for all treatments indicating possible differences in VM responses to oxidative stress.

The total soluble protein contents in the various halophytes followed anthocyanin
contents. Changes in soluble protein contents in response to salinity have been reported
and fall into two groups: salt stress proteins and stress-associated proteins [32–34]. The
former group accumulates only under salinity stress, while the latter group is associated
with other abiotic stress such as cold, heat, drought, or mineral nutrition imbalances. Ashraf
and O’Leary [34] showed an increase in soluble proteins in salt-challenged wheat cultivars.
This response depended on the salt tolerance of the cultivar, with greater increases in
salt-sensitive plants compared to salt-tolerant plants. This is reflected in our data where
VM, which, together with EL, exhibited the highest biomass accumulation under the high
salinity treatments, had the lowest soluble protein content. Since proteins, in addition to
their role as osmotica, are a storage mechanism for nitrogen that is available for growth [35],
the results indicate a possible limitation of VM for further biomass increase unless N supply
by fertigation is enhanced.
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The ORAC assay is a widely used and biologically relevant method [36–38]. The
antioxidant capacity of a particular crop will vary across cultivar and growth conditions
and is, therefore, a useful assay to determine relative differences between experimental
treatments. Given that anthocyanins are important antioxidants, a positive relationship
between ORAC values and anthocyanins can be expected and has been established by
others [39]. We did not find a significant correlation between anthocyanin levels and ORAC,
although the high salt treatments did produce plants with high ORAC values. This was
particularly evident with AM, where increasing N and NaCl were associated with increased
ORAC values, and also with VM, which had a consistently low ORAC together with the
low anthocyanin contents discussed above. This is likely because the ORAC includes other
antioxidants in addition to the anthocyanins.

Shoot relative water content (RWC) is a measure of shoot tissue hydration and a
suitable indication of the shoot response to salinity: a decrease indicates physiological
droughting because of osmolytes limitation, and an increase indicates the outcome of
osmolytes accumulated within the plant tissue, while a steady state indicates that the
plant water status is stable. Here, the halophytes showed different responses to salinity. Of
particular interest was the response of SB to increased salts, where the RWC was consistently
lower than the lowest salts treatment (LN + LS). Ben Amor et al. [40] show that salt tolerance
is related to tissue osmolyte accumulation, and it suggests that SB is the most sensitive to
salts. A decreased RWC could be the result of physical drought in the root environment,
but this is not the case here as the experimental layout precludes this with all four ecotypes
represented in each treatment tray. The RWC of VM, AM, and EL generally increased with
increasing salinity levels, suggesting that tissue osmolyte accumulation was a tolerance
strategy for this ecotype. It is worth mentioning that glycophytic plants show decreases in
RWC in response to salinity increase as demonstrated by Soni et al. [41] using 15 wheat
genotypes at two salinities similar to those used in the current study (6 and 10 dS/m).
Similarly, Kapoor and Pande [42], in a study on Fenugreek, also comparing salinities similar
to this study, found that RWC decreased with increasing salinity. The halophyte response
is contrary to this, and halophytes grown at high salinities have increased RWC [43]. It
was interesting to record both responses in our study. SB RWC clearly decreased with
increasing salinity presenting a response more glycophytic than halophytic, the result
of lower osmotica expressed generally by the lowest TSS and EC compared to the other
halophytes examined (Figures 5 and 8), whereas VM, EL, and AM exhibited a more typical
halophytic response.

The enhancement of the total soluble solids (TSS) increase with salinity in Sarcocornia
ecotypes is in agreement with other studies [44–46] showing that sugars content increase is
presumably a plant response to salinity increasing osmo-protective mechanism balancing
the increased salt uptake, as seen with EC values [47]. Interestingly, this was only observed
for the Sarcocornia ecotypes, while AM showed no variation in TSS across the treatments,
whereas SB showed varied TSS values with no apparent pattern across the treatments.

With regard to control plants in studies that include halophytic plants such as Salicor-
nia and/or Sarcocornia, it should be considered that ‘zero salinity’ as the control treatment
would, in itself, be a stressor. Accordingly, it is entirely appropriate to include a salt
treatment as the control when the plant material is Salicornia and/or Sarcocornia and
compare other salinity level treatments to it, as done before by Ventura et al. [18,24,25] and
Kurmanbayeva et al. [48].

5. Conclusions

The assays, including osmotica, antioxidant status, and biomass accumulation, used
here provided a useful and informative screen for evaluating candidate crops. Different
combinations of nitrogen and salt were used to examine the generation of plant crops with
differing characteristics. High biomass, for example, can be achieved using high nitrogen
levels together with low salinity. The data also revealed unexpected findings in that SB, a
quintessential halophyte, presents a glycophytic RWC response to salinity and opens the
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door to more detailed physiological studies. We also demonstrate, for the first time, the
potential for SB to become a high biomass crop capable of producing biomass year-round,
with sequential harvesting being the key to delaying flowering.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12081749/s1, Figure S1: Sarcocornia fruticosa VM (two left
hand pots) and Salicornia brachiata (two right hand pots). The upper Figure S1A shows the plants
immediately before harvest, and the lower Figure S1B shows the plants after harvest. Harvesting was
performed using the commercial protocol. Briefly, plants were allowed to grow until they reached
~15 cm high. The plants were cut back to ~10 cm, forming a ‘cutting table’. Plants regrew and
were harvested again when the new shoots were ~8–10 cm long. This ensures young stems for the
market without fibrous material. Note the different growth habits of S. brachiata: Figure S2: Flowering
Salicornia brachiata in plants grown without shoot harvest.
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