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Abstract

:

The increasing salinization of agricultural soils urges us to find alternative and sustainable farming systems in order to allow the exploitation of areas that are otherwise becoming less suitable for conventional crops. Thanks to their adaptation to extreme saline conditions, halophytes are promising plants for resilient farming systems, such as intercropping with glycophytes, to ameliorate their productivity in saline soils. This research aimed to evaluate whether the nutritional profile and the content of some health-promoting compounds of the edible portion of Salicornia europaea were influenced by its cultivation in consociation with tomato plants. Moreover, the antioxidant, antibacterial, and anti-inflammatory properties of S. europaea were studied to characterize its bioactivity. The farming system did not influence the concentration of nutrients and bioactive compounds, except for flavonoids. The antimicrobial and anti-inflammatory properties of Salicornia extract suggested the importance of this halophyte for animal and human health.
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1. Introduction


The global population is expected to reach 9.7 billion by 2050, and there are concerns about the capacity of agriculture to produce enough food for the growing population. By some estimates, food production will need to go up by about 60 percent either through an increase in crop yields per unit area or expansion in the arable land by 2050 to meet the demand [1]. Furthermore, several regions already suffering from malnutrition, water scarcity, and soil degradation have been forecast to have a large population growth which raises serious concerns about whether traditional agricultural methods and crop species will have the capacity to sustain global food production targets [2,3].



Major cereal crops such as wheat, rice, barley, and corn fail to withstand increasing salinity and scarce water resources in marginal environments that are most vulnerable to climate change. Therefore, there is an urgent need to identify alternative solutions to sustaining and possibly increasing agricultural productivity in areas where growing traditional crops has become difficult and sometimes uneconomical. It becomes necessary to investigate the potential of plants that prefer to grow in salty soils or waters (i.e., halophytes) to produce food for human or livestock consumption [4].



Halophytes are unique plant species able to live in saline environments due to the development of adaptive mechanisms and responses that allow them to counteract the extreme adversity inherent to their biotope, such as the accumulation of non-enzymatic antioxidants to neutralize ROS and prevent oxidative damage [5,6,7]. These bioactive molecules involve vitamins, carotenoids, and polyphenols, which are in charge of the beneficial nutritional and medicinal properties of such plants. In fact, local communities living in coastal areas, such as those in the Mediterranean areas, have been using halophytes as food or in traditional medicine to relieve several human ailments and diseases, including hypertension and diabetes [8]. Due to the extreme conditions these halophytes must combat and face to survive, it is not surprising that these plants contain a higher level of phenolic compounds than glycophytes, which correlates to a higher antioxidant activity that, in some cases, is even more potent than that of synthetic antioxidants [9].



Recently, there has been increased attention to natural antimicrobial compounds since microorganisms are involved in the degradation of food or other derived products, and a wide range of diseases. Some plant species are a rich source of natural bioactive molecules with antimicrobial properties, which are able to fend off the growth of food infectious pathogens [5,10]. In addition, pathogens implicated in foodborne diseases or food-processing plant contamination are often capable to adhere and form biofilms. However, literature about plant constituents with antifouling capacity is scarce, particularly concerning halophytes.



Thanks to their ability to accumulate large amounts of salt in their shoots, halophytes are well known for their potential to remediate saline soil, thus allowing the subsequential cultivation of less tolerant crops. Such a feature can be also exploited to improve the productivity of salt-sensitive crops by cultivating them in intercrop systems with halophytes to enable more resilient agriculture systems and taking economic advantages from the simultaneous harvest of the two plant species [11].



Salicornia europaea L., or sea beans, is a halophyte that can be found along the coasts of America, Europe, South Africa, and the Mediterranean basin [12]. Previous studies with extracts of S. europaea from the Mediterranean areas divulged a high content of phenolics and flavonoids, which were suggested to contribute to considerable antioxidant activity [13,14]. Other interesting properties assigned to S. europaea extracts include its use to treat diverse diseases which is well known in oriental pharmacopeia [15], suggesting its potential use in several industrial and biotechnological fields. Although extracts of S. europaea have been previously reported to be rich in phenolic compounds and to display antioxidant properties, to our knowledge, there are no reports on its antimicrobial and anti-inflammatory activities.



The first aim of this study was to assess whether the cultivation of S. europaea in consociation with tomato plants modified the nutritional profile and the content of some bioactive compounds of the edible portion. The evaluation of the effectiveness of the halophyte–crop consociation is one of the main objectives of the HaloFarMs (Development and Optimization of Halophyte-based Farming systems in salt-affected Mediterranean Soils) project (https://mel.cgiar.org/projects/halofarms (accessed on 30 June 2022)), aiming to improve the crop yield in saline soils but also to determine the biochemical quality of the halophyte biomass and its bioactivity. Accordingly, the present research also aimed to evaluate the antioxidant, antibacterial, and anti-inflammatory properties of S. europaea, which could reinforce its potential application in the food industry and nutraceutical areas as a functional food.




2. Materials and Methods


2.1. Plant Material and Experimental Design


Salicornia (Salicornia europaea L. var. fruticosa) plants were cultivated in monoculture or in intercropping with tomato (Solanum lycopersicum L. cv. Optima) in a greenhouse located at the experimental station “Podere Rottaia” of the Department of Agriculture, Food and Environment of the University of Pisa (43°40′30.7″ N 10°18′38.6″ E), near to the seacoast. Both Salicornia and tomato plants were purchased from Italian nurseries (Azienda Bonato, Montagnana, Italy), which were later transplanted in the salt-affected soil of the experimental site. The soil where the experiment was carried out showed values of soil pH, electric conductivity (EC), and soluble Na content in the upper 15 cm of 7.4 ± 0.22, 1.66 ± 0.07 mS cm−1, and 814 ± 19 mg kg−1 soil, respectively.



The experimental design forecasted three different kinds of plots, namely Salicornia in monoculture (S), Salicornia consociated with tomato plants (S-T), and tomato in monoculture, with the latter condition not included in the present work. Each plot measured 5 × 4 m and was randomly assigned to one of the above-reported theses. Salicornia plots consisted of two double rows of twenty-five plants each (for a total of 100 plants per plot), while S-T plots consisted of two rows of thirteen tomato plants each, with twenty-five Salicornia plants planted at each side of the two tomato rows (Figure S1). Each plot was duplicated. Samples (the edible part of Salicornia plants, i.e., the apical ramets) were collected from each double row (giving a total of 4 replicates of 50 plants each for S and 4 replicates for S-T) and freeze-dried.




2.2. Proximate Composition


For proximate compositions, Salicornia plants were firstly pre-dried at 60 °C for 48 h and then milled to pass through a 1 mm screen. Dry matter, ether extract, crude protein, and ash were determined according to AOAC methods [16]. The dry matter content was determined by oven drying at 105 °C until a stable weight and total ash content by ashing at 550 °C for 3 h. The fat (ether extract) content was determined using high-temperature solvent extraction with an ANKOM model XT10 extractor (ANKOM Technology, NY, USA). The fiber fractions NDF (neutral detergent fiber), ADF (acid detergent fiber), and ADL (acid detergent lignin) were analyzed according to Goering and Van Soest [17] with some modifications using an ANKOM 200 fiber analyzer (ANKOM Tech. Corp., Fairport, NY, USA) [18]. Briefly, each milled sample was weighed into an ANKOM F57 filter bag (ANKOM Tech. Corp., Fairport, NY, USA), 0.5 ± 0.0025 g, and the bag was heat sealed. The bags were then suspended in 1900 mL of NDF detergent (Midland Scientific Inc., Omaha, NE) with 4 mL of heat stable α-amylase (ANKOM Tech. Corp., Fairport, NY, USA) and 20 g of Na2SO3. Bags were shaken for 60 min at 95 °C. As the NDF content is determined gravimetrically, the bags after the extraction process were rinsed with 25 °C distilled water, dried for 12 h in a 100 °C oven, and weighted. A similar procedure was followed to evaluate ADF content, with the samples undergoing the extraction process with the ADF solution (Midland Scientific Inc., Omaha, NE) for 60 min at 95 °C. ADL was performed by soaking the extracted ADL bags in 333 mL of 72% sulfuric acid for 3 h. Samples were stirred every 30 min to ensure uniform dispersion of the acid. Samples were then rinsed with 25 °C distilled water until the pH was neutral. The samples were then dried in a wire basket for 12 h in a 100 °C oven and weighted. The ADL content was expressed exclusive of residual ash. All samples were analyzed in 4 replicates.




2.3. Fatty Acid Composition


Fatty acid composition was evaluated by acid trans-methylation according to Christie [19] with some modification. Briefly, fatty acid methyl esters (FAME) were prepared by adding 4.5 mL of 10% HCl methanolic solution to 5 g of sample. Nonadecanoic acid (1 mg) was added as internal standard. After 8 h of incubation, 5 mL of n-hexane was used to extract the FAME after stirring for 1 min. The layers were allowed to separate, and the hexane fraction (1 μL) was injected into gas-chromatographic (GC) analysis by a GC2010 Shimadzu gas chromatograph (Shimadzu, Columbia, MD, USA) equipped with a flame-ionization detector and a high-polarity fused-silica capillary column (Chrompack CP-Sil88 Varian, 152 Middelburg, the Netherlands; 100 m, 0.25 mm i.d.; film thickness 0.20 μm). Hydrogen was used as carrier gas with 1 mL min−1 of flow. Split/splitless injector was fixed to a ratio of 1:40. The samples were analyzed with the following GC conditions: the initial temperature was 40 °C for 1 min; it was then increased to 163 °C at a rate of 2 °C/min and held at that level for 10 min; subsequently, the temperature was increased to 180 °C at 1.5 °C/min and held for 7 min and then to 187 °C at a rate of 2 °C/min; finally the temperature was increased to 220 °C with a rate of 3 °C/min and held for 25 min. The injector and detector temperature was set at 270 °C and 300 °C, respectively. FAME were identified by association with a standard mixture of 52 Component FAME Mix (Nu-Chek Prep Inc., Elysian, MN, USA).



The atherogenicity index (AI) and thrombogenicity index (TI) were calculated according to the equations reported by Ulbricht and Southgate [20].




2.4. Glycine Betaine Extraction and Quantification


One hundred milligrams of each Salicornia powder were extracted with 1.5 mL of 30% ethanol, vortexed quickly, agitated for 15 min, and centrifuged at 4000× g for 5 min. These extraction steps were reproduced twice on the pellet. The supernatants collected after each extraction were then gathered and lyophilized.



Glycine betaine content in Salicornia aerial part was explored using 1H NMR spectroscopy. Dry extracts were resuspended in 800 µL of D2O. A BRUKER Avance 500 spectrometer equipped with a BBO probe was used. The spectra were performed with a 30° pulse using a 10 s delay at 298 °K. Calculation of glycine betaine concentration was based on integration of its NMR peaks. Areas of peaks corresponding to this metabolite were compared to those of trimethylsilyl propionate used as a standard with known concentration.




2.5. Extraction and Quantification of Total Phenolics, Flavonoids, and Tannins


Samples were extracted with 80% (v/v) aqueous methanol, as reported by Tavarini et al. [21]. The collected hydroalcoholic extracts were used to quantify total phenolics, flavonoids, and tannins.



Phenolic compounds were quantified by the Folin–Ciocalteu assay [22] by measuring the absorbance of the reaction mix at 750 nm and expressing their concentration as mg of gallic acid equivalents (GAE) g−1 FW.



Flavonoid concentration was determined by recording the absorbance at 510 nm of the reaction mix prepared following the method reported by Kim et al. [23]. Flavonoid concentration was expressed as mg of catechin equivalents (CAE) g−1 FW.



Tannin concentration was determined as the difference between phenolic concentration measured before and after tannin precipitation, according to the procedure reported by Makkar [24]. Thanks to their ability to form insoluble complexes with polyvinylpolypyrrolidone (PVPP), tannins can be removed from the hydroalcoholic extract by centrifugation, allowing the recovery of tannin-free supernatant.




2.6. Extraction and Quantification of Chlorophylls and Carotenoids


Pigments were extracted under dimmed room light in 100% HPLC-grade acetone with 1 mM sodium ascorbate according to the method reported by Castagna et al. [25]. Chlorophyll and carotenoid profile was achieved by HPLC separation (Spectra System P4000HPLC, UV 6000 LP photodiode array detector; Thermo Fisher Scientific, Waltham, MA, USA) using a Zorbax ODS column (SA, 5 μm particle size, 250 × 4.6 mm; Phenomenex, Castel Maggiore, Italy). The elution gradient is reported in Table 1. The detector was set at 445 nm, and pigments were quantified (mg g−1 FW) using calibration curves of commercial standards of chlorophyll a, chlorophyll b, lutein, and β-carotene (Sigma-Aldrich, Milan, Italy).




2.7. Evaluation of the In Vitro Antioxidant Activity


Antioxidant activity of the hydroalcoholic extract was determined by the ABTS (2,2-azinobis (3-ethylbenzothiazoline-6-sulphonic acid)) and the ferric-reducing antioxidant power (FRAP) assays.



ABTS test was carried out following the procedure reported by Re et al. [26]. based on the ability of antioxidants to reduce pre-formed ABTS●+ radicals to ABTS. The absorbance of the reaction mix was read at 734 nm after 4 min incubation, and the percentage inhibition was calculated against a blank control. The results were expressed as μmol Trolox equivalent (TE) g−1 FW.



The FRAP assay, based on the ability of antioxidant compounds to reduce the colorless ferric-tripyridyltriazine (Fe3+-TPTZ) complex to the blue ferrous-tripyridyltriazine (Fe2+-TPTZ) complex, was determined according to Benzie and Strain [27]. The absorbance was recorded at 593 nm, and the results were expressed as μmol of Fe (II) g−1 FW.




2.8. Evaluation of the In Vitro Antimicrobial Activity


A 30% ethanol extract was prepared from 1 g of Salicornia powders following the same procedure as for GB analysis. Dried extract was then resuspended in methanol, and its antimicrobial activity was screened against eight foodborne bacterial strains following the broth dilution method. The tested microorganisms included the Gram-positive Bacillus cereus (ATCC 6464), Bacillus subtilis (ATCC 6633), Listeria monocytogenes (ATCC 35152), Micrococcus luteus (ATCC 10240), and Staphylococcus aureus subsp. aureus (ATCC 33862) and the Gram-negative Escherichia coli (ATCC 4157), Pseudomonas aeruginosa (ATCC 27853), and Salmonella enterica (ATCC 13314). Bacterial strains were grown in liquid nutrient broth (Difco Surrey, England) at 37 °C for 24 h before being used.



Aliquots of Salicornia extract, corresponding to 2, 10, or 50 μg of dried extract, were dropped in sterile 96-well microplates (Nunc, Fisher Bioblok) in 6 replicates. After complete evaporation of the solvent, 100 μL of microorganism suspension (102 cells/mL) obtained by dilution from the culture tube was added to each well. Microbial suspension was used alone in some wells as positive control or in the presence of antibiotic mixture (5 mg mL−1 of streptomycin and 10 mg mL−1 of penicillin G) as negative control. Then, the microplates were aseptically sealed, agitated, and incubated for 24 h at 37 °C. Finally, microorganism growth was estimated by reading the absorbance in each well at 405 nm with a microplate spectrophotometer (Multiskan MCC/340, Titertek). Antimicrobial activity was expressed in percentage of growth inhibition using the following formula:


Growth inhibition (%) = [1 − (ASample − AC−)/(AC+ − AC−)] × 100,








where AC− and AC+ are the absorbances of the negative and positive controls, respectively.




2.9. Cytotoxic Effect and Evaluation of Inflammatory Mediators’ Expression in HT-29 Cells


The HT-29 cell line (DSMZ, Germany) was grown as previously described [28], and cell treatments were performed using a complete medium without FBS and phenol red. A toxicity curve using increasing concentrations of the hydroalcoholic extract (5, 10, 25, 50, 75, 100, 200, 500, and 1000 µg mL−1) of the edible portion of Salicornia plants cultivated in monoculture was performed, and cell viability was evaluated by the MTT assay according to Gabriele et al. [29].



Further experiments were carried out on HT-29 cells exposed for 24 h with or without 5 or 25 ng mL−1 of tumor necrosis factor α (TNFα) after 1 h pre-treatment with or without 50 and 200 µg mL−1 of Salicornia extract. Total RNA extraction, reverse transcription, and quantitative real-time PCR were performed as previously described [28]. Gene expression of IL-8 (CXC motif chemokine ligand 8) and COX-2 (prostaglandin-endoperoxide synthase 2) inflammatory markers was calculated by the 2−ΔΔCT relative quantification method using β-actin as gene housekeeping [30].




2.10. Statistical Analysis


Differences in the nutritional and nutraceutical parameters of Salicornia plants attributable to the cultivation method (monoculture vs. intercropping) were evaluated by Student’s t-test (n = 4, p ≤ 0.05).



One-way ANOVA followed by post hoc Tukey–Kramer test (p < 0.05) was applied to check the influence of the different concentrations of Salicornia extract on cell viability and markers of inflammation.



Statistical analysis was performed using the JMP software (SAS Institute, Inc., Cary, NC, USA). Data are expressed as mean ± standard error (SE).





3. Results


3.1. Nutrient Composition


3.1.1. Proximate Percentage Composition


The mean proximate composition of the edible portion of Salicornia plants grown in monoculture or in intercropping with tomato plants is reported in Table 2. No significant differences due to the cultivation method were observed for any parameter. The high percentage of ashes detected in these samples is related to the elevated Na concentration, which was 9.07 ± 0.58 and 7.71 ± 0.75 g 100 g−1 in the S and S-T samples, respectively.




3.1.2. Fatty Acid Composition


In accordance with the invariance of lipid content, the fatty acid composition did not undergo modification following the cultivation method. Interestingly, Salicornia plants, irrespective of being cultivated in monoculture or consociated with tomato, presented a high percentage of PUFAs, particularly those of the ω-3 series (PUFAn3), and a very low ω-3/ω-6 ratio (Table 3).





3.2. Glycine Betaine


The 1H-NMR spectrum of the hydroalcoholic extract of Salicornia aerial parts showed the predominance of glycine betaine among polar osmolytes since no other significant signals could be easily observed (Figure 1). Noteworthy, there were no significant differences in the NMR spectrum of Salicornia tissues cultivated alone or intercropped with tomato plants. From the spectrum, the GB level could be quantified, and its concentration was 5.99 and 6.26 g 100 g−1 for Salicornia cultivated in monoculture or the mixed system, respectively.




3.3. Chlorophylls and Carotenoids


As observed for most parameters, chlorophyll a and b were also present at similar concentrations in Salicornia grown in monoculture or consociated with tomato (Figure 2a,b). Moreover, carotenoid concentration underlined the absence of differences attributable to the cultivation method (Figure 2c). Irrespective of being cultivated in monoculture or the intercropping system, Salicornia contained β-carotene and the three xanthophylls lutein, neoxanthin, and violaxanthin which were similarly concentrated in the two samples. Lutein was the most concentrated carotenoid, accounting for about half of the total carotenoid concentration (50–52% for the S-T and S samples, respectively), followed by β-carotene, which ranged from 24% (S) to 31% (S-T).




3.4. Total Phenolics, Flavonoids, Tannins, and Antioxidant Activity


The concentration of total phenolics, flavonoids, and tannins is reported in Figure 1. The cultivation method had no effect on the concentration of total phenols and tannins (Figure 3a,b), while it affected the flavonoid level. Specifically, the growth of Salicornia in consociation with tomato plants led to a significant decrease in flavonoid concentration (−26%, Figure 3c).



In accordance with the behavior shown by the total phenolic concentration, the antioxidant capacity of the hydroalcoholic extracts of the edible part of Salicornia, measured by both ABTS and FRAP assays, was similar in plants grown in monoculture or intercropped with tomato (Figure 4a,b).




3.5. Antimicrobial Activity


Antimicrobial screening of Salicornia extract was evaluated by means of a microdilution test of a number of Gram + and Gram − bacterial strains. On the whole, no significant growth inhibition was observed for seven out of the eight strains tested. Interestingly, however, 50 μg of Salicornia extract induced 80% inhibition of Bacillus subtilis growth so that the minimal inhibitory concentration (MIC) could be estimated at about 1 mg mL−1.




3.6. Potential Anti-Inflammatory Effect of Salicornia Extract on HT-29 Cells


Since the proximate composition and the nutraceutical content, except for flavonoids, were not influenced by the farming system, the assays were carried out using extracts from Salicornia grown in monoculture. To detect possible cytotoxic effects of the edible portion of Salicornia, we performed a toxicity curve using 5–1000 µg mL−1 as a range of extract concentrations. The treatment effect was evaluated in terms of cellular viability using the MTT assay. As shown in Figure 5, the HT-29 viability was not significantly affected following 24 h of exposure to each tested Salicornia concentration.



In this study, we assessed the potential protective effect of the edible Salicornia portion against TNFα-induced inflammatory alterations on the HT-29 human colonic adenocarcinoma cell line. Herein, the effects of 24 h exposure to 5 and 25 ng mL−1 of NFα, following 1 h pre-treatment with 50 and 200 µg mL−1 of Salicornia extract, were evaluated in terms of the altered gene expression of IL-8 and COX-2, both involved in the inflammation pathway. As shown in Figure 6a,b, Salicornia extracts did not affect the basal expression levels of the IL-8 gene while significantly decreasing the COX-2 ones compared to the control cells. The exposure of HT-29 to 5 and 25 ng mL−1 of TNFα resulted in a significant up-regulation of both IL-8 and COX-2 genes compared to the control cells. Conversely, at both tested doses, Salicornia pre-treatments induced a significant reduction in IL-8 expression. A similar inhibitory effect, depending on Salicornia concentration at a lower inflammatory grade, was observed for COX-2 levels following both Salicornia pre-treatments.





4. Discussion


This study was carried out in the framework of research aimed to evaluate the effectiveness of farming systems based on the cultivation of crops in consociation with halophytes in allowing crop cultivation in salt-affected soils. Besides the primary objective of improving the crop yield, the research also aimed to valorize the halophyte biomass in view of its possible use as food, feed, or a source of natural compounds with beneficial effects on animal and human health.



4.1. Nutrient Composition and Fatty Acid Profile


The proximate composition of S. europaea, irrespective of the cultivation method, highlighted a very high ash content, comparable with the values (29.2–31.6%) reported by Barreira et al. [31] for Arthrocnemum macrostachyum L., Sarcocornia perennis alpini L., and S. ramosissima L. collected in South Portugal (the soil salinity concentration was not specified) but lower than the nearly 50% ash content observed in S. bigelovii L. cultivated in California (27.5 dS m−1 EC; 8.4 pH; 210.6 mM Na+ concentration) [32] and S. ramosissima collected from a salt marsh in Central Portugal (the soil salinity concentration was not specified) [33]. The high ash content is a typical feature of halophytes and reflects the elevated amount of minerals that these plants accumulate in their tissues in relation to the saline environment where they grow.



The fiber content of S. europaea, cultivated both in monoculture and intercropped with tomato, was particularly elevated, in accordance with the values measured in other halophyte species [31,32]. NDF, besides being an index of forage quality, can be useful to estimate the amount of insoluble fiber in the human diet, important for its role in reducing the risk of many pathologies, among which cancer [34] and cardiovascular and coronary heart disease [35].



Our Salicornia samples seem to be a valuable source of proteins and lipids, as compared to the variable range of these nutrients reported in different halophyte species. Comparable levels of crude proteins were observed in S. bigelovii and Atriplex lentiformis (Torr.) [32] and in A. macrostachyum [31], while very lower percentages were present in wild Sarcocornia perennis perennis and S. ramosissima [31,33] and even less than 2% in S. ramosissima cultivated in soilless systems with different salt concentrations, ranging from 35 to 465 mM of NaCl [36].



Concerning the lipids, a high quantity of SFA was observed. High percentages of SFA are a common trait of halophyte plants, probably linked to their adaptation and resistance to a saline environment. It is, however, worth noting the high percentage of PUFAn3 detected in Salicornia ramets, accounting for about 44.5% of total lipids, that makes the lipid profile of these plants very interesting from a nutritional point of view. The extremely low n6/n3 ratio (about 2:1) is even below the recommended dietary n6/n3 ratio for health benefits (1:1–2:1). Considering that the n6/n3 ratio of Western eating habits ranges from 15:1 to 16.7:1 [37], consumption of Salicornia is advisable to achieve a more balanced FA intake. A positive role of PUFAn3 in preventing inflammation and reducing the onset of cancer, cardiovascular diseases, obesity, diabetes, and neurological disorders is recognized [37,38]. The interesting lipid profile of Salicornia is reflected in the extremely low AI and TI, which are used to estimate the potential benefits of a specific food related to the cardiovascular apparatus [39]. Barreira et al. [31] described the AI and TI ranging from 0.45 to 0.73 and from 0.21 to 0.37, respectively, in four halophyte species. According to these authors, the observed values were similar to those measured for tuna fish, which is commonly considered a valuable source of healthy unsaturated FAs. In our study, the AI and TI were even a little bit lower than those of A. macrostachyum, the best performing species described by Barreira et al. [31].




4.2. Glycine Betaine


The presence of the quaternary ammonium compound, glycine betaine, was reported in numerous halophytes from a large number of families [40] and in particular Salicornia species [41]. However, the osmolyte was particularly abundant in the plants cultivated here, and such GB concentration (6% DW) has never been reported hitherto.




4.3. Bioactive Compounds


Carotenoids have important nutritional and healthy properties, among which antioxidant and antitumoral activity, protection against cardiovascular and neurological diseases, provitamin A role (α-carotene, β-carotene, and β-cryptoxanthin), and prevention of age-related macular disease (lutein) [42]. Chlorophylls, despite usually being considered only an aesthetical and senescence-related trait that can guide consumer preference, may contribute to the antioxidant potential of green vegetables and fruits, as demonstrated by an EPR study in basil extracts [43]. Cárdenas-Pérez et al. [12] observed a reduction in the chlorophylls and carotenoids of S. europaea as the salinity of the nutrient solution increased, though their concentration remained stable at levels above 400 mM NaCl. Generally, cultivated halophytes were less rich in chlorophylls and carotenoids than field-collected ones [44]. Although our Salicornia was cultivated under greenhouse conditions, as in the research carried out by Cárdenas-Pérez et al. [12], chlorophyll levels were lower than the levels reported by these authors and more similar to the levels observed in other wild halophytes [44].



Phenolic compounds, and the subclass of flavonoids, have many recognized bioactive properties, and diets rich in these compounds have been associated with benefits for human health due to their antioxidant, anti-inflammatory, anti-ageing, and antimicrobial activities [45,46,47]. Tannins, besides sharing the same important health-protective functions as flavonoids, also possess interesting potential in animal feeding and veterinary [48,49].



The phenolic and flavonoid concentration of our Salicornia extract was lower than the values reported for other halophytes [50,51,52,53] among which also S. europaea [51].



However, Salicornia patua L. harvested in different Spanish locations (the soil salinity concentrations were not specified) presented values ranging from 2.989 to 4.209 mg g−1 dw [54], very similar to those measured in our samples (2.8–3.8 mg g−1).



Cultivation under greenhouse may negatively affect the synthesis of many compounds because of the lower light intensity as well as the different light spectral composition. Indeed, with light being an important factor that regulates the biosynthesis of flavonoids [55], the lower flavonoid content detected in intercropped Salicornia may be related to a shadow effect played by tomato plants. Moreover, the irrigation regimen and other environmental and climatic factors can interact with each other in an unpredictable way to determine the final phenolic (and flavonoid) concentration. Indeed, it is well known that the biosynthesis and accumulation of most secondary metabolites are influenced by a multitude of external variables, such as agricultural practices and pedoclimatic conditions. Castañeda-Loaiza et al. [44] reported that the phenolic and flavonoid content of Mesembryanthemum nodiflorum L. and Sarcocornia fruticosa L. was lower in cultivated (5.1 pH; 2.3 dS m−1 EC) than in wild plants collected in Spain (8.7 pH; 1.5 dS m−1 EC) and Portugal (8.4 pH; 3.7 dS m−1 EC). Interestingly, for Suaeda maritima L., the lowest content was instead detected in plants naturally grown in Spanish saltmarshes. Similarly, Kang et al. [56] observed that the cultivation of Salicornia herbacea L. with seawater (6.3% salinity) could result in high phenolic and flavonoid content as compared to the naturally grown one.



In accordance with the invariance of total phenolic content, the antioxidant activity of Salicornia extracts was unaffected by the cultivation method. The lower phenolic content detected in our samples, as compared to halophytes grown in open-air conditions, reflected in lower antioxidant activity. Costa et al. [57] reported about 10- to 20-fold phenolic content and antioxidant activity than ours in green, pink, and red Sarcocornia ambigua L. biotypes irrigated with saline effluent (water EC and pH of 46.0 dS m−1 and 8.56, respectively; 6.0 dS m−1 soil EC). These authors underlined the positive influence of open-field farming with respect to greenhouse cultivation. Indeed, the phenolic content of S. ambigua cultivated in a greenhouse (3.6 g L−1 water salinity; 8.0 pH) was 41 mg 100 g−1 F.W. [58], a value very similar to the content of our Salicornia plants.




4.4. Biological Activity


A significant antimicrobial activity of Salicornia extract was found against Bacillus subtilis. This finding is very interesting since plant antimicrobials are mainly apolar compounds (essential oils, terpenes, etc.). Here, the antimicrobial effect is due to the polar compound(s), which we have mentioned hereabove is mainly constituted of carbohydrates and glycine betaine. If the bacteriostatic or lethal activity has been already reported for betaine analogs [59], it is unlikely that such an antibacterial effect could be due to GB since it is generally considered an efficient osmoprotectant for most bacteria. Further experiments, including extract fractioning and bioguided study, are in progress to identify the potent antimicrobial agent in Salicornia aerial parts.



The potential cytotoxic effect of 24 h exposure of HT-29 cell line to increasing concentrations of S. europaea methanol extract (5–1000 µg mL−1) was estimated by MTT assay as cellular viability. Our findings demonstrate that the S. europaea extract was not toxic and did not alter the HT-29 viability by 24 h treatment, in line with Kang et al. [60] on the same cell line following 24 h exposure to 70% methanol Salicornia herbacea L. extract. Conversely, at higher concentration ranges and treatment conditions, Altay et al. [61] highlighted time- and dose-dependent cytotoxic effects on HT-29 cells following 48 and 72 h exposure to Salicornia freitagii L. extract.



To the best of our knowledge, this is the first study evaluating the potential protective effect of S. europaea methanol extract against TNFα-induced inflammatory alterations on the HT-29 human colonic adenocarcinoma cell line. The pre-treatment of HT-29 cells with 50 and 200 µg mL−1 of S. europaea extract was effective in significantly reducing the expression levels of the IL-8 and COX-2 genes, two markers of the inflammatory pathway, without affecting IL-8 basal levels while decreasing the COX-2 ones compared to the control cells. These findings are in line with the anti-inflammatory activity described by Sun et al. [62] on sepsis-induced acute lung injury and the anti-neuro-inflammatory effect observed by Kim et al. [63] in LPS-stimulated BV-2 microglial cells. Indeed, Salicornia plants contain several bioactive components, including β-cyanines, isoflavones, flavanones, etc., known for their antioxidant, anti-inflammatory, and neuroprotective properties [64].





5. Conclusions


Halophyte plants have great potential as cash crops due to their many uses (e.g., food and feed, source of bioactive compounds, etc.). Their consociation with salt-sensitive crops is a promising solution to overcome the progressive salinization of agricultural soils. Our results demonstrate that the cultivation of Salicornia europaea intercropped with tomato plants did not generally affect the content of nutrients and nutraceutical compounds. This finding contributes to valorizing the halophyte biomass produced in mixed crop systems. Salicornia exhibited antimicrobial activity against Bacillus subtilis and a good anti-inflammatory effect, without any significant cytotoxic consequences. Further studies on the content and profile of bioactive compounds and on the bioactivity of Salicornia extract are highly encouraged to confirm the potential pharmaceutical/veterinary use of this plant.
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Figure 1. 1H-NMR spectrum of Salicornia europaea raw extract dissolved in D2O. 2 H and 9 H signals show the two main types of proton in the GB molecule (CH2 and CH3, respectively). TSP, trimethylsilyl propionate. 
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Figure 2. Concentration of (a) chlorophyll a, (b) chlorophyll b, and (c) carotenoids of the edible portion of Salicornia plants cultivated in monoculture (S) or in intercropping with tomato plants (S-T). Data represent the mean ± SE (n = 4). n.s. = not significant. 
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Figure 3. Concentration of (a) total phenolics, (b) flavonoids, and (c) tannins of the edible portion of Salicornia plants cultivated in monoculture (S) or in intercropping with tomato plants (S-T). Data represent the mean ± SE (n = 4). Significance level: * p ≤ 0.05; n.s. = not significant. 
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Figure 4. Antioxidant capacity measured through (a) ABTS and (b) FRAP assays of the hydroalcoholic extracts of the edible portion of Salicornia plants cultivated in monoculture (S) or in intercropping with tomato plants (S-T). Data represent the mean ± SE (n = 4). n.s. = not significant. 
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Figure 5. Percentage of viability of HT-29 cells incubated for 24 h in the presence of increasing (5–1000 µg mL−1) of Salicornia extract. Data represent the mean ± SE (n = 4). No statistically significant differences were found according to one-way ANOVA followed by Tukey’s test (p ≤ 0.05). 
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Figure 6. Relative gene expression of (a) IL-8 and (b) COX-2 in HT-29 cells 1h pre-treated with 0, 50, and 200 µg mL−1 of Salicornia extracts and exposed for 24 h to 0, 5, and 25 ng mL−1 of TNFα. Data represent the mean ± SE (n = 4). For each TNFα concentration, the presence of different letters indicates significant differences according to one-way ANOVA followed by Tukey’s test (p ≤ 0.05). Significance level: *** p ≤ 0.001; ** p ≤ 0.01; n.s. = not significant. 
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Table 1. HPLC elution gradient used for chlorophyll and carotenoid analysis.
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	Time (min)
	Solvent A 1 (%)
	Solvent B 1 (%)





	0
	100
	0



	8
	100
	0



	10
	0
	100



	26
	0
	100



	28
	100
	0



	32
	100
	0







1 Solvent A (acetonitrile/methanol, 85/15, v/v); solvent B (methanol/ethyl acetate, 68/32, v/v). Flow rate 1 mL min−1.
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Table 2. Proximate percentage composition (g 100 g−1) of the edible portion of Salicornia plants cultivated in monoculture (S) or in intercropping (S-T) with tomato plants. Data represent the mean of 4 replicates. SE, standard error. n.s. = not significant.
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	S
	S-T
	SE
	p





	Dry matter
	18.21
	18.20
	0.62
	n.s.



	Crude protein
	13.82
	12.35
	0.63
	n.s.



	Ether extract
	1.37
	1.28
	0.06
	n.s.



	Ashes
	31.24
	32.23
	1.23
	n.s.



	Carbohydrates
	14.39
	16.41
	0.88
	n.s.



	NDF 1
	39.18
	37.63
	1.43
	n.s.



	ADF 2
	23.29
	23.08
	1.00
	n.s.



	ADL 3
	5.23
	4.19
	0.34
	n.s.







1 NDF, neutral detergent fiber. 2 ADF, acid detergent fiber. 3 ADL, acid detergent lignin.
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Table 3. Fatty acid profile of the edible portion of Salicornia plants cultivated in monoculture (S) or in intercropping (S-T) with tomato plants. Data are expressed as mg 100 g−1 and represent the mean of 4 replicates. The percentage of FAME content is also reported in brackets. SE, standard error. Significance level: n.s. = not significant.
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	S
	S-T
	SE
	p





	C14:0
	0.97 (0.20)
	0.90 (19)
	0.04
	n.s.



	C16:0
	103.48 (21.79)
	102.23 (21.50)
	2.03
	n.s.



	C16:1c7
	2.24 (0.47)
	2.56 (0.54)
	0.54
	n.s.



	C16:1c9
	0.69 (0.15)
	0.78 (0.16)
	0.03
	n.s.



	C17:0
	0.63 (0.13)
	0.54 (0.11)
	0.03
	n.s.



	C18:0
	7.54 (1.59)
	7.63 (1.60)
	1.03
	n.s.



	C18:1c9
	12.18 (2.57)
	12.27 (2.58)
	1.34
	n.s.



	C18:1c11
	1.77 (0.37)
	1.86(0.39)
	0.27
	n.s.



	C18:2cc
	104.33 (21.97)
	104.52 (21.98)
	2.13
	n.s.



	C20:0
	14.00 (2.95)
	14.50 (3.05)
	1.56
	n.s.



	C20:1c11
	0.93 (0.20)
	0.88 (0.19)
	0.05
	n.s.



	C18:3n3
	209.41 (44.10)
	210.0 (44.17)
	4.32
	n.s.



	C21:0
	0.42 (0.09)
	0.51 (0.11)
	0.04
	n.s.



	C22:0
	3.83 (0.81)
	3.74 (0.79)
	0.41
	n.s.



	C20:3n6
	2.23 (0.47)
	2.32 (0.49)
	0.51
	n.s.



	C22:1t13
	0.46 (0.10)
	0.57 (0.12)
	0.04
	n.s.



	C20:3n3
	0.41 (0.09)
	0.32 (0.07)
	0.05
	n.s.



	C22:1c13
	0.26 (0.05)
	0.35 (0.07)
	0.05
	n.s.



	C23:0
	1.48 (0.31)
	1.39 (0.29)
	0.33
	n.s.



	C20:5n3
	0.39 (0.08)
	0.41 (0.09)
	0.05
	n.s.



	C24:0
	5.63 (1.19)
	5.54 (1.17)
	0.66
	n.s.



	C22:5n6
	0.43 (0.09)
	0.54 (0.11)
	0.07
	n.s.



	C22:6n3
	1.10 (0.23)
	1.09 (0.23)
	0.12
	n.s.



	SFA 1
	137.97 (29.06)
	136.98 (28.81)
	2.78
	n.s.



	MUFA 2
	18.52 (3.90)
	19.27 (4.05)
	1.67
	n.s.



	PUFAn6 3
	106.99 (22.53)
	107.38 (22.58)
	2.34
	n.s.



	PUFAn3 4
	211.30 (44.50)
	211.82 (44.55)
	4.56
	n.s.



	n6/n3 ratio
	0.51
	0.51
	0.02
	n.s.



	AI 5
	0.32
	0.31
	0.04
	n.s.



	TI 6
	0.16
	0.16
	0.02
	n.s.







1 SFA, saturated fatty acids. 2 MUFA, monounsaturated fatty acids. 3 PUFAn6, ω-6 series of polyunsaturated fatty acids. 4 PUFAn3, ω-3 series of polyunsaturated fatty acids. 5 Atherogenicity index. 6 Thrombogenicity index.
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