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ice plant under saline conditions
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Abstract

BACKGROUND: Ice plant is a halophyte, known for its antioxidant activity and for being a highly functional food. It is capable of
increasing its contents of health-promoting compounds when subjected to certain stresses such as salinity. The objective of this
work was to determine the plant's best growing conditions to achieve both an optimal production of bioactive metabolites and
high crop yield. Mesembryanthemum crystallinum were grown under semi-controlled conditions and four saline treatments
were applied at: 0, 100, 200 and 300 mmol L' sodium chloride (NaCl), respectively.

RESULTS: The 100 mmol L™ NaCl treatment induced a slight increase in shoot dry weight (DW) and enhanced the leaf area. At
higher salinity levels, however, the shoot biomass decreased. The concentration of starch and total proteins declined as the
concentration of salt increased, while the total soluble sugars (TSS) content was lower in 100 and 300 mmol L™ NaCl treat-
ments. Proline increased in conditions over 100 mmol L™ NaCl. Furthermore, plants grown with 300 mmol L™ of NaCl pre-
sented the highest values of glutathione, ascorbic acid and vitamin C. Antioxidant enzymes activity and total phenolics
increased with the severity of the salinity.

CONCLUSION: Ice plant accumulates high levels of health-promoting compounds when grown with 300 mmol L™" NaCl. A high
concentration of beneficial compounds, however, is detrimental to the plant's growth. Moreover, 100 mmol L™ NaCl treatment
not only improved the concentration of bioactive and antioxidant compounds but also preserved the crop yield. It could thus
be interesting to promote the cultivation of this high nutritional value plant in environments of moderate salinity.

© 2021 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Keywords: Mesembryanthemum crystallinum,; salt stress; antioxidant properties; food; yield
__________________________________________________________________________________________________________________|

INTRODUCTION

The common ice plant, also known as glacier lettuce (Mesembryanthe-
mum crystallinum L)), is an annual plant belonging to the Aizoaceae
family. A native of the Namibi desert in southern Africa, it is widely dis-
tributed and naturalized in Western Australia, south-western
United States, Mexico's and Chile's Pacific coast,' and Europe's coastal
areas.” It is already being consumed as a vegetable crop in several
regions including India, California, Australia and New Zealand and in
some European countries,” that is, Germany* and The Netherlands.
Mesembryanthemum crystallinum is well known for its antioxidant
activity which can detoxify reactive oxygen species (ROS). It is
also recognized for its ability to rapidly accumulate phytochemicals
and secondary metabolites, including: carotenoids (beta-carotene),
pinitol, betacyanin, phenolic compounds, and flavonol conju-
gates>*"° Carotenoids are regarded as effective antioxidants''
while phenolic compounds have anticancer and antioxidant
properties,'>'* exert chelating effects, modulate the activity of vari-
ous enzyme systems'*'> and have health benefit.'®'” Moreover,
M. crystallinum is characterized by the presence of antioxidant
enzymes such as ascorbate peroxidase, superoxide dismutase and
catalase.'® It is also classified as a highly functional food given its high
concentration of polyols.® For the reasons given, M. crystallinum is a
traditional medicine. It is recognized in particular for: its demulcent

and diuretic effects'®; its role in protecting skin against radiation
given its significant content of antioxidant molecules®®; and its
antiseptic properties.”’ Moreover, M. crystallinum is used to treat
ocular infections and has become a good candidate for pharmaceu-
tical and cosmetic applications.>”%2

Added to its high nutraceutical value, M. crystallinum is an
annual facultative halophyte with a crassulacean acid metabolism
(CAM), which among others, is induced by saline stress. It is thus
highly tolerant to salinity and can complete its life cycle in soil
with an equivalent concentration of sodium chloride (NaCl) than
seawater.? This characteristic is particularly relevant today.
Indeed, soil salinity is a major, global, issue>*** owing to its
adverse impact on agricultural productivity and sustainability.?®
Furthermore, soil salinization is projected to increase in future
climate change scenarios led by rising sea levels, the impact on
coastal areas, and temperature increases. The latter will inevitably
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result in higher evaporation levels and further salinization.?> This
global problem can be solved by developing tolerant crops,
reclaiming degraded saline soil and/or domesticating wild plants
with desirable properties.?® In this context, several facultative hal-
ophytic members of the Aizoaceae have been used as an alterna-
tive crop for many years.* In addition, it is well known that abiotic
stresses such as salinity can enhance the bioactive compounds in
certain plant species that can benefit and improve human
health.2*?” Examples include the concentration of polyols, which
increases under saline and water stress conditions, or different
bioactive compounds which were affected by light quality and
intensity.”®

In this light, this highly nutritional plant is worthy of study and
notably the growing conditions that may bring about an increase
in its health-promoting properties. Therefore, the objective of this
work was to analyse the antioxidant response of the glacier let-
tuce grown under increasingly saline conditions. We also sought
to determine the best balance between optimal crop production
and high bioactive compound contents.

MATERIALS AND METHODS

Plant material and growth conditions

Mesembryanthemum crystallinum L. seeds were collected from
wild plants in Alicante (southeast Spain) and, disinfected
using 0.5% of sodium hypochlorite (NaClO) for 2 h. They were
then pre-hydrated with aerated, deionized water for 22 h.
Subsequently, they were germinated in vermiculite hydrated
with deionized water and maintained in a growth chamber
at an air temperature (T) of 24 °C day/night (D/N) and relative
humidity (RH) of 70% D/N.?° The chamber's light conditions
were 16 h light/8 h dark cycle with a photosynthetically active
radiation of 400 pmol m~2 s™' supplied by a combination of
fluorescent tubes (Philips TLD 36 W/83 Germany and Silvana
F36W/GRO, Wilmington, Massachusetts, USA). After 20 days,
the seedlings were transferred to a glasshouse under semi-
controlled conditions of T D/N: 25/18 °C; RH D/N: 60/80%
and received natural daylight (at a mean photosynthetic pho-
ton flux rate of 400 umol m™2 s7').3° They were then trans-
planted into 1 L plastic pots containing vermiculite and
watered weekly with 500 mL of Hoagland solution. A total of
55 days after their transplantation, the plants were divided
into four homogeneous groups of six seedlings. Four saline
treatments were applied: control (0 mmol L™'), 100, 200 and
300 mmol L™ of NaCl. To avoid an osmotic shock, the concen-
tration of NaCl was increased gradually during the first week
to reach the desired NaCl concentration and maintained for
one additional week. After 15 days under saline conditions,
the plants were harvested and the different determinations
were performed. At the end of the experiment, the electrical
conductivity (EC) of the substrate from the non-saline con-
tainer and the pots cultivated under 100, 200 and
300 mmol L™' of NaCl was 1.80, 13.67, 19.08 and 25.01 dS
m~', respectively.

Growth parameters

The production of the plant's edible part was measured based on
leaf fresh weight (FW) and shoot dry weight (DW) determined
after drying fresh matter at 80 °C in an oven until reaching a con-
stant weight. Leaf area was estimated using the app ‘Easy Leaf

Area Free' 3!

Biochemical analysis

These analyses were performed on the youngest full-mature
leaves harvested at midday, frozen in liquid nitrogen and stored
at —20 °C for later quantifications.

Starch, total soluble sugars (TSS), proline and proteins in leaves
were quantified in potassium phosphate buffer (KPB) (50 mmol L™,
pH 75) extracts of fresh tissue (0.1 g). These extracts were
filtered through four cheesecloth layers and centrifuged at
28 710 x g for 15 min at 4 °C. The pellet was used to determine
the starch.32 The supernatant was collected and stored at 4 °C
to determine TSS, proline and proteins. TSS were spectropho-
tometrically analysed with the anthrone reagent.® Free
proline was estimated via spectrophotometric analysis at
515 nm of the ninhydrine reaction.>* Total soluble proteins
were measured following the Bradford method®® using
bovine serum albumin (BSA) as a standard.

Total glutathione (measured as total thiol) and vitamin C were
extracted according to Ruiz and Blumwald.*® The leaf tissue
was inserted in 6% m-phosphoric acid (pH 2.8) containing
1 mmol L™' EDTA. The extracts were centrifuged at 15 000 X
g for 10 min at 4 °C. The supernatant was collected to analyse
the glutathione and vitamin C. Total glutathione was measured
in a reaction mixture consisting of: 400 uL of reagent A
[110 mmol L' Na,HPO,-7H,0, 40 mmol L™'  NaH,PO,-H,0,
15 mmol L™" EDTA, 0.3 mmol L' 5,5-dithiobis(2-nitrobenzoic
acid)], 320 pL reagent B [1 mmol L™' EDTA, 50 mmol L™" imidaz-
ole, an equivalent of 1.5 units of glutathione reductase activity
(baker's yeast, Type )], and 400 pL of a 1:50 dilution of the leaf
extract in 5% disodium hydrogen phosphate (Na,HPO,) (pH 7.5)
prepared immediately prior to starting the assay. The reaction
was initiated by adding 80 pL of NADPH and the absorbance
changes measured at 412 nm.

The contents of ascorbic acid, dehydroascorbic and vitamin C
were determined using the high-performance liquid chroma-
tography (HPLC) technique (UHPLC 1260 Infinity Binary LC Sys-
tem, Agilent Technologies, Santa Clara, CA, USA).3” Vitamin C
comes in two biologically active forms: its reduced form, or
ascorbic acid; and its oxidized form, or dehydroascorbic acid.
A 20 pL volume of sample or standard was injected into a stain-
less steel, C18 (5 pm) column (Lichrospher, Agilent Technolo-
gies) operated at ambient temperature. A 0.2 mol L™
potassium dihydrogen phosphate (KH,PO,) in deionized water
solution was used as the mobile phase with a flow rate of
0.5 mL min™". The pH of the mobile phase was adjusted to 2.4
by phosphoric acid (H3PO,). An ultraviolet-visible (UV-vis)
detector at 254 nm at 30 °C was used. The calibration curve
was constructed with ascorbic acid at concentrations between
10 to 100 mg L™", with 1 mg mL™" of DTT. To quantify the
ascorbic acid, the previously diluted extract was injected into
the HPLC. To quantify the vitamin C (ascorbic acid + dehydroas-
corbic acid), 1 mL of the previously diluted extract was taken
and 1 mg of DTT was added. The mixture was allowed to react
for 2 h in the dark and was injected into the HPLC. Dehydroas-
corbic acid was calculated based on the difference between
total vitamin C content and ascorbic acid.

The concentration of leaf carotenoids was determined
following Sestak et al3® The samples (20 mg FW) were
included in 5 mL of 96% ethanol at 80 °C for 10 min to extract
the carotenoids. The absorbance of the extracts was spectro-
photometrically measured and the equations reported by
Lichtenthaler®® were used to calculate the concentration of
carotenoids.
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Figure 1. Shoot DW (a), leaf area (b) and leaf FW (c) in ice plant subjected
to different salt conditions. Means (n = 6) + SD were compared with Dun-
can test. Bars followed by a common letter are not significantly different
(P < 0.05). DW: dry weight; FW: fresh weight.

To conduct the extraction of antioxidant enzymes and the sub-
sequent catalase, ascorbate peroxidase and glutathione reduc-
tase activity assays, frozen leaf samples (0.4 g) were extracted in
8 mL of 0.1 M KPB (pH 7.0), containing 0.1 mmol L' EDTA and
1% (w/v) polyvinylpolypyrrolidone (PVPP). The homogenate was
filtered through four cheesecloth layers and centrifuged at
34 452 x g for 10 min at 4 °C. The supernatant was divided into
aliquots and stored at 80 °C for further analysis. All the earlier
operations were carried out at 5 °C. The catalase (EC1.11.1.6) activ-
ity was determined according to Aeb*® with minor modifications.
The reaction mixture (2.1 mL) consisted of 50 mmol L™' KPB
(pH 7.0), 10 mmol L' hydrogen peroxide (H,0,) and a 100 pL
enzyme extract. The reaction was started by adding H,O, and
the decrease in A240 produced by the H,0, breakdown
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Figure 2. Leaf concentrations of starch (a), total soluble sugars
(TSS) (b), proline (c) and proteins (d) in ice plant subjected to different
salt conditions. Means (n = 6) + SD were compared with Duncan test.
Bars followed by a common letter are not significantly differ-
ent (P < 0.05).

was recorded. Ascorbate peroxidase (APX) (EC 1.11.1.11)
was determined following the indications of Nakano and
Asada,*' with slight modifications. The reaction medium
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(2.1 mL) consisted of 80 mmol L™' KPB (pH 7.0 and 0.1 mmol L™
EDTA), 0.75 mmol L™ ascorbate, 0.5 mmol L™ H,0, and 100 pL
enzyme extract. The reaction was started by adding H,0, and
ascorbate oxidation was determined by the decrease in A290. Glu-
tathione reductase (GR) (EC 1.6.4.2) was assayed as described by
Schaedle and Bassham*? with a reaction medium (2 mL) containing
50 mmol L™ Tris-hydrochloric acid (HCI) (pH 7.5), 3 mmol L™ mag-
nesium chloride (MgCl,), 0.5 mmol L™ oxidized glutathione
(GSSG), 3 mmol L™ NADPH, and 200 pL enzyme extract. The oxida-
tion of NADPH, was recorded at 340 nm. Enzymatic analyses were
performed on the youngest fully mature leaves.

Total phenolic compounds were extracted according to the
method of Chapuis-Lardy et al.** with some modifications. Fresh
leaf samples (1 g) were pulverized in liquid nitrogen, mixed with
20 mL of 80% methanol, and homogenized at room temperature
for 1 min. After filtration, 0.5 mL of each sample was mixed with
10 mL of distilled water. Total phenolic content was determined
from aqueous solutions using spectrophotometric analysis at
760 nm with the Folin-Ciocalteu reagent.** Results were expressed
as milligrams of gallic acid per gram of DW.

Sodium concentration was determined from leaf samples (0.5 g
DW) dry-ashed and dissolved in HCl according to Duque.** The
analysis was carried out using a Perkin Elmer Optima 4300 induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
(Perkin Elmer, Waltham, MA, USA). The operating parameters of
the ICP-OES were: radio frequency power 1300 W, nebulizer flow
0.85 L min~", nebulizer pressure 30 psi, auxiliary gas flow
0.2 L min~', sample introduction 1 mL min~" and three replicates
per sample.

Statistics
The results were analysed applying a one-way analysis of variance
(ANOVA) using the statistical program SPSS v.26 (IBM Corp.,

Armonk, NY, USA). The means + standard deviation (SD) were cal-
culated and when the F ratio was significant (P < 0.05), least signif-
icant differences were evaluated via the Duncan test. Significance
levels were set at 5%.

RESULTS

The results showed that salinity has different effects depending on
its concentration. Regarding shoot DW (Fig. 1(a)), 100 mmol L
NaCl treatment did not significantly influenced this trait, even
though a slight increase was observed. In contrast, higher salinity
concentrations were significantly detrimental to the shoot's bio-
mass. Leaf area markedly increased under saline conditions (Fig. 1
(b)), this increase being greater when treated with 100 mmol L
NaCl. And leaf FW (Fig. 1(c)) rose when treated with 100 mmol L™
of NaCl, while no differences were found between the control
and highest salt treatments.

Regarding the biochemical analysis, results showed that while
the amount of starch in ice plant leaves diminished due to salt
stress (Fig. 2(a)), TSS concentration only declined with 100 and
300 mmol L™ of NaCl treatments (Fig. 2(b)). Proline levels increased
in plants subjected to saline conditions over 100 mmol L™ (Fig. 2(c))
and the concentration of proteins decreased as the severity of the
salinity improved (Fig. 2(d)).

As shown in Table 1, total glutathione concentration presented
significant differences according to the salt treatment (Table 1).
Plants grown with 300 mmol L™' of NaCl were found to have the
highest glutathione content compared to the rest of saline treat-
ments. In addition, the control treatment presented the lowest
glutathione values and there was no difference compared to
plants subjected to 100 mmol L' NaCl.

With respect to the ascorbic acid, dehydroascorbic acid and
vitamin C in leaves, Table 1 illustrates how both ascorbic acid

Table 1. Total glutathione, ascorbic acid, dehydroascorbic acid, vitamin C and carotenoids in ice plant subjected to different salt conditions
Treatment Glutathione Ascorbic acid Dehydroascorbic Vitamin C Carotenoids
[NaCl] (mmol L") (mmol mg™' DW) (mg kg™' DW) acid (mg kg™ DW) (mg kg™ DW) (mg g~ DW)
0 106.07 + 43.44 ¢ 0.20 + 0.10d 140+ 0.50a 1.60 + 0.60 ¢ 535+ 1.10 ab
100 163.16 + 36.57 bc 1.00+0.30c¢ 1.20 + 0.30 ab 2.20 + 0.60 bc 6.47 + 176 a
200 20749 + 3413 b 220+ 030b 0.40 + 0.00 b 2.60 + 0.40 ab 422 + 0.64 bc
300 32049 + 68.68 a 280+ 0.10a 0.50 +0.10 b 330+080a 3.17 £ 088 ¢
Means (n = 6) + standard deviation were compared with Duncan test. Within each column, values followed by a common letter are not significantly
different (P < 0.05).

NaCl, sodium chloride; DW, dry weight.

Treatment CAT
[NaCl] (mmol L") (mmol H,0, mg protein™)

Table 2. Catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR) in ice plant subjected to different salt conditions

APX GR
(mmol ascorbate mg protein")

(mmol NADPH mg protein™)

0 13383 +26.23 ¢
100 189.68 + 36.21 bc
200 24485+ 5877 b
300 453.05 + 126.16 a

1163.36 + 156.90 ¢
187347 +381.79b
254028 + 771.26 b
434205+ 752.13 a

196.14 + 46.46 C
36187 +70.85b
464.23 +31.96 b
964.22 + 189.89 a

different (P < 0.05).

Means (n = 6) + standard deviation were compared with Duncan test. Within each column, values followed by a common letter are not significantly

J Sci Food Agric 2022; 102: 2686-2692

© 2021 The Authors.

wileyonlinelibrary.com/jsfa

Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



http://wileyonlinelibrary.com/jsfa

®)
SCl

where science
meets business

WWW.50Ci.org

M del Carmen Rodriguez-Hernandez, | Garmendia

2 a
=z 5
»n 0O
L o
'S b 4
S 2
(]
§° 3 b b
5 2
F o
él- C
0 II
0 100 200 300

NaCl (mM)

Figure 3. Total phenolics in ice plant subjected to different salt condi-
tions. Means (n = 6) + SD were compared with Duncan test. Bars followed
by a common letter are not significantly different (P < 0.05).
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Figure 4. Leaf concentration of Na in ice plant subjected to different salt
conditions. Means (n = 6) + SD were compared with Duncan test. Bars fol-
lowed by a common letter are not significantly different (P < 0.05).

and vitamin C increased correlatively with the salt concentra-
tion, obtaining the highest values the plants subjected to
300 mmol L™" NaCl. An opposite trend was found for the con-
tent of dehydroascorbic acid, exhibiting lower values as salinity
increased.

In relation to the carotenoids, plants cultivated with 100 mmol L™
NaCl saw their levels slightly rise while 200 and 300 mmol L™ NaCl
treatments induced a decrease in carotenoids (Table 1).

The effect of the salinity on antioxidant enzyme activity in ice
plant leaves was also assessed (Table 2). Catalase, ascorbate per-
oxidase and GR activities were greater when the salinity treatment
increased, the maximum enhancement occurring with the
300 mmol L' NaCl treatment.

Similarly, 300 mmol L' NaCl treatment produced a signifi-
cantly higher concentration of total leaf phenolics (Fig. 3),
while the control treatment presented the lowest values. No
differences were found between the results of the 100 and
200 mmol L™ NaCl treatments.

The salinity effect on the ice plant's leaf sodium (Na) concentration
was also assessed (Fig. 4). As expected, the accumulation of Na was
greater as the severity of salt stress increased.

DISCUSSION

Healthy soil is essential for global food production and maintain-
ing climate sustainability.*® Inland and coastal cultivation of halo-
phytes will contribute to the establishment of innovative farming
systems in marginal lands. The latter, in turn, enables to signifi-
cantly increase the productivity and quality of commercial crops
typical of the area and to reduce soil salinization. It also allows
to identify new salt-tolerant cash crops that can be cultivated
under the extreme conditions of such lands.*” In this work, it has
been shown that it was possible to enhance the growth of the hal-
ophyte M. crystallinum by applying an appropriate rate of salinity
(100 mmol L™' NaCl). An increase both of the leaf biomass and
leaf area was achieved compared to the control treatments. It
would thus seem that growth can be somewhat stimulated by
applying this concentration of salt in ice plants under pot culture
in semi-controlled glasshouse conditions. Moreover, the higher
salinity treatments produced a greater leaf area compared to
the control treatment, even though shoot DW diminished. This
finding is significant, as leaves are the edible part to be harvested
for fresh consumption.” Recently, ice plants have also been suc-
cessfully incorporated as dry powder in cookies, replacing wheat
flour.*®

Halophytes, as ice plants, balance their growth rate with their
needs in salt for osmotic adjustments.*® The salt tolerance of hal-
ophytes is often associated with several osmotic adjustments
that lead to the accumulation of a number of organic solutes.
Examples include soluble sugars>®>' or proline,” other free amino
acids, proteins and several effectors.'>?*>2 According to our
results, ice plant did not seem to use soluble sugars as solutes
to cope with salinity. This finding is compatible with that of Atzori
et al,”> who observed a relationship between decreasing soluble
sugars and increasing saline conditions. This previous work indi-
cated that other solutes, such as proline and polyols, act as osmo-
regulatory metabolites. Therefore, the halophyte plant's
production of a high carbohydrate concentration in response to
salinity may not be necessary.” In this sense, our results support
this suggestion, as the proline concentration increased when
salinity exceeded 100 mmol L™' of NaCl, the greatest values
being achieved when treated with high salt levels. Thus, plants
treated with a higher saline concentration would perform a
greater osmotic adjustment to alleviate salinity's negative effect.
This proline accumulation in response to salinity could be at the
detriment of starch and proteins, which balance osmotic adjust-
ment and growth. In fact, shoot DW decreased under high salinity
treatment. Stress-induced accumulation of proline in the com-
mon ice plant has been associated with both, osmoprotectory
and antioxidant functions.>® Likewise, according to previous
studies, the carotenoids content, which is involved in energy
adjustment and the transport of electron in the photosystem,>
decreased in plants treated with over 100 mmol L™' of NaCl.>>’
57 This supports the suggestion that high salinity is negatively
affecting the photosynthetic process, and consequently plant
growth.

However, the ice plant is known as a functional food.>®° It is
rich in dietary antioxidant compounds (polyphenolic compounds,
vitamin, and ascorbic acid) and endogenous antioxidant enzymes
which protect the organism against oxidation damage.® In this
work, improvements were found regarding both ascorbic acid
and vitamin C in M. crystallinum leaves that were cultivated with
salinity compared to the control treatments. These results are in
agreement with previous results on ice plants®? and other
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