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A B S T R A C T

Limonium algarvense Erben (sea lavender) is a halophyte species with potential to provide natural ingredients
with in vitro antioxidant, anti-inflammatory, neuroprotective and antidiabetic properties. This study reports for
the first time the 1) cultivation of sea lavender in greenhouse conditions under irrigation with freshwater (ap-
prox. 0mM NaCl) and saline aquaculture wastewater (300 and 600mM NaCl), and 2) the influence of the
irrigation salinity on the plant performance (e.g. growth, number of produced leaves and flowers), in vitro an-
tioxidant properties [radical scavenging activity (DPPH and ABTS), ferric reducing antioxidant power (FRAP),
metal chelating properties on copper (CCA) and iron (ICA)], toxicity (in vitro on three mammalian cell lines) and
chemical composition (determined by LC-ESI-HRMS/MS). The freshwater-irrigated plants had better growth
performance than those irrigated with saltwater. Extracts from wild plants, had the highest antioxidant activity,
but those from cultivated ones kept high in vitro antioxidant properties and interesting chemical profile. The
flowers’ extracts of plants irrigated with 300mM NaCl had the highest antioxidant activities against DPPH,
whereas those from freshwater-irrigated plants were more active on ABTS, CCA and FRAP. Most of the extracts
showed nil toxicity. The flowers’ extracts displayed the highest diversity of compounds, mainly quercetin,
apigenin, luteolin, naringenin and their glycoside derivatives. Moreover, their abundance varied with the irri-
gation salinity. These data indicate that sea lavender plants can be successfully cultivated in greenhouse con-
ditions under fresh- and saltwater irrigation, maintaining interesting biological and chemical properties.

1. Introduction

Plants are used as a source of health improvement commodities
since ancient times, generally as herbal infusions, juices, elixirs, and
extracts (Miroddi et al., 2013). Nowadays, botanical nutraceuticals (e.g.
raspberry ketones, green tea supplements, echinacea, Garcinia cam-
bogia, Ginkgo biloba) are also used with the same purposes: to improve
health, delay the aging process, prevent chronic diseases, increase life
expectancy, and support the structure or function of the body (Nicoletti,
2012; Nasri et al., 2014). These products are sold in different forms, like
fresh or dried products, liquid or solid extracts, tablets, capsules,

powders, or tea bags (Grand View Research, 2017). Products containing
natural ingredients, such as nutraceuticals, have generally easier access
to consumers, lower prices and are more effective when compared to
prescription drugs, which combined with the growing consumer
awareness of the importance of a healthier lifestyle increased the po-
pularity of these products and the demand for natural-based formula-
tions (Nasri et al., 2014; Grand View Research, 2017). This boosted the
need to identify and develop innovative and bioactive nutraceutical
ingredients, sustaining the projections for the global nutraceuticals
market of 578 billion dollars by 2025 (Grand View Research, 2017).

Halophytes are salt-tolerant plants able to grow and prosper under
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several abiotic stressors, such as high salinity, high UV radiation and
drought (Koyro and Huchzermeyer, 2004; Flowers and Colmer, 2008).
This is possible due to different physiological and biochemical adap-
tations, including the production of potent antioxidant molecules, as for
example phenolic acids and flavonoids (Ksouri et al., 2012). Besides
their vital role in plant protection against oxidative stress, these mo-
lecules display important health improving properties (e.g. antioxidant,
and anti-inflammatory), and are therefore of high interest for different
commercial areas (e.g. food, pharmaceutical and cosmetics; Flowers
et al., 2010; Ksouri et al., 2012; Panche et al., 2016). Halophytes are
therefore considered an important pool of natural bioactive ingredients
with high added value for several applications, namely as nu-
traceuticals and dietary supplements (Ksouri et al., 2012). Some species
are already commercially exploited for different purposes, as for ex-
ample Hippophae rhamnoides L. (sea buckthorn) as a source of food
supplement and cosmetic ingredient (Biotona, 2019; Pipingrock, 2019),
Chenopodium quinoa Willd. (quinoa) and Salicornia spp. (sea asparagus)
as food (QuinoaPortuguesa, 2019; Riafresh, 2019) and Chrithmum
maritimum L. (sea fennel), as a source of cosmetic ingredient (Phytomer,
2019; Seppic, 2019).

The commercial exploitation of a plants must rely on its sustainable
cultivation. Halophytes can grow in saline conditions where conven-
tional crops (glycophytes) cannot, such as in integrated multi-trophic
aquaculture (IMTA) systems where saline aquaculture effluents are
used as irrigation and fertilizers for plant production (Ventura et al.,
2015; Waller et al., 2015; Custódio et al., 2017). IMTAs are re-
commended to accomplish environmental sustainability by biomitiga-
tion of aquaculture wastes, while allowing for potential additional in-
comes by adding crops for commercial purposes, either as food or as
sources of bioactive ingredients (Troell et al., 2009). In Europe, the
cultivation of some halophytes in IMTA systems was already addressed,
including Aster tripolium L. (sea aster) and different Salicornia species
(sea asparagus) (Buhmann et al., 2015; Waller et al., 2015; Custódio
et al., 2017).

In our ongoing studies for the commercial valorisation of southwest
Portugal selected halophytes, we have identified the endemic species L.
algarvense Erben (sea lavender) as a potential source of natural in-
gredients with in vitro antioxidant, anti-inflammatory, neuroprotective
and antidiabetic properties (Rodrigues et al., 2015, 2016, 2019a). If
commercial exploitation of this species is to be attempted, one must
guarantee its sustainable cultivation and the production of biomass
with desired properties. Therefore, this work had three main goals: 1)
determine if sea lavender plants can be successfully cultivated in
greenhouse conditions; 2) determine the influence of irrigation salinity
on plant performance, chemical composition and in vitro antioxidants
properties of produced sea lavender plants, and 3) evaluate if cultivated
plants retain the in vitro antioxidant properties and chemical compo-
nents of wild plants. For that purpose, sea lavender seeds were collected
from the wild and germinated for three weeks, under freshwater irri-
gation. Obtained plants were then cultivated in greenhouse conditions
and irrigated with freshwater (approximately 0mM NaCl) and aqua-
culture wastewater in two different dilutions: whole water (600mM
NaCl) and 1:1 dilution (300mM NaCl). Produced plants were divided
into leaves, peduncles and flowers which were used to prepare ethanol
extracts by an ultrasound-assisted extraction. Extracts were evaluated
for in vitro antioxidant (radical scavenging and metal chelating) and
toxicological properties followed by a chemical characterization of the
extracts by liquid chromatography (LC) tandem high-resolution mass
spectrometry (HRMS) analysis. Results were compared with those ob-
tained with biomass from sea lavender collected from the wild.

2. Materials and methods

2.1. Chemicals

Folin-Ciocalteau (F-C) phenol reagent and all solvents used for

chemical analysis were bought from Merck (Germany), while Sigma-
Aldrich (Germany) provided the 1,1-diphenyl-2-picrylhydrazyl (DPPH),
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and
butylated hydroxytoluene (BHT). Further chemicals and solvents were
supplied by VWR International (Belgium). Methanol, acetonitrile, water
LC–MS optima grade, and formic acid LC–MS grade were supplied by
Fisher Scientific (Hampton, USA).

2.2. Plant material

Sea lavender wild plants were collected in the South of Portugal (Ria
de Alvor) in June of 2018 (coordinates: 37°07'34.8"N 8°35'54.9"W). The
taxonomical classification was performed by the botanist Dr Manuel J.
Pinto (National Museum of Natural History, University of Lisbon,
Botanical Garden, Portugal) and a voucher specimen is kept in the
herbarium of the XtremeBio laboratory (voucher code XBH1.2). The
plants were separated into flowers, peduncles and leaves, dried for 3
days at 40 °C, powdered and stored at −20 °C until needed. Seeds from
sea lavender were collected in the southern Portugal (Ria de Alvor;
coordinates: 37°07'34.8"N 8°35'54.9"W).

2.3. Greenhouse cultivation

2.3.1. Germination
Germination was made in polystyrene plant trays (1 seed per each

3×3 cm alveoli, 54 seeds in total), in a 3:1 mixture of peat and perlite
(v/v). Seeds were moistened every two days with freshwater (ap-
proximately 0mM NaCl), and germination percentage was recorded
weekly, for 3 weeks. Germination was carried out in plastic-greenhouse
conditions with a relative humidity of 20–80.2% (min/max) and
average temperatures of 7–33.5 °C (min/max.).

2.3.2. Plant production
Eight weeks after seeding, plantlets were transplanted to 1 L pots

(15 per treatment), containing the same substrate mixture used for
germination (3:1 mixture of peat and perlite, v/v), and were irrigated
with freshwater during an adaptation period of 4 weeks. Then, plants
were irrigated with progressively increasing concentrations of sterilized
saline aquaculture wastewater [from an outdoor tank producing Sparus
aurata L. (sea bream) and Dicentrarchus labrax L. (sea bass)], starting
from approximately 50mM with an increase of 50mM every two days
up to the final concentration. Plants were watered every two days with
100mL of the irrigation solutions with different NaCl levels, namely
approximately 0 (freshwater), 600mM NaCl (whole water) and
300mM NaCl (1:1 dilution with freshwater), in each alveolus. The main
nutritional components of the used wastewater are summarized in
Table S1 of the Supplementary material. Once a week the freshwater
irrigation solution was supplemented with liquid fertilizer (NPK 7-5-6).
The photoperiod varied among 13/11 and 14/10 h (day/night) for 1–7
and 8–14 weeks, respectively. The greenhouse temperature and relative
humidity conditions, during the 14 weeks of the treatments, are pre-
sented in Fig. S1 of Supplementary material.

2.3.3. Evaluation of growing parameters, fresh (FW) and dry (DW) weights
and moisture

After 14 weeks of saline irrigation, the number and height of floral
stems were measured, and the leaf number was determined. The plants
were then collected and separated into flowers, peduncles and leaves.
The leaf surface area was determined (3 leaves per treatment), together
with the FW and DW of aerial parts. Moisture was calculated as the
difference between FW and DW. Plant survival was also determined.
Samples from identical conditions were pooled in a single sample,
freeze-dried, powdered and stored at −20 °C.
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2.4. Metabolomics and in vitro antioxidant properties

2.4.1. Preparation of the extracts
Dried biomass (cultivated and from the wild) was extracted with

ethanol by an ultrasound-assisted extraction procedure (1:40, w/v) for
30min. The extracts were filtered (Whatman nº 4), evaporated under
reduced pressure and temperature in a rotary evaporator, weighted,
dissolved at the concentration of 10mg/mL in ethanol, and stored at
−20 °C.

2.4.2. Chemical profile of the extracts by liquid chromatography-tandem
high-resolution mass spectrometry (LC-HRMS/MS) analysis

The sea lavender extracts were analysed by Liquid Chromatography
(UHPLC Elute) interfaced with a QqTOF Impact II mass spectrometer
equipped with an ESI source (Bruker Daltonics). Chromatographic se-
paration was carried out on a C18 reversed-phase Halo column 100 Å
(150mm×2.1mm, 2.7 μm particle size; Advanced Materials
Tecnology). Mobile phase consisted in water containing 0.1% formic
acid (A) and acetonitrile containing 0.1% formic acid (B). The used
elution gradient (A:B, v/v) was as follows: 95:5 from 0 to 2.5 min;
5:100min at 24.5 to 28min; 95:5 at 30 to 36min. The injected volume
was 8 μL, the flow rate was 300 μL/min, and the temperature of the
column and autosampler were maintained at 40 °C and 8 °C, respec-
tively.

The high resolution mass spectra were acquired in the ESI negative
mode, the optimized parameters were set as follows: ion spray voltage,
−2.5 kV; end plate offset, 500 V, nebulizer gas (N2), 2.8 bars; dry gas
(N2), 8 Lmin−1; dry heater, 200 °C. Internal calibration was performed
on the high-precision calibration mode (HPC) with a solution of sodium
formate 10mM introduced to the ion source via a 20 μL loop at the
beginning of each analysis using a six-port valve. Acquisition was per-
formed in full scan mode in the m/z 100–1000 range, and in a data-
depending MS/MS mode, with an acquisition of 5 Hz using a fixed cycle
time of 2 s, a dynamic exclusion duration of 0.5min. and a m/z-de-
pendent isolation window of 0.03 Da. Data acquisition and processing
were performed using DataAnalysis 4.2 software (Bruker Daltoniks).

2.4.3. Radical scavenging activity (RSA) on DPPH% and ABTS+
%

Samples were tested for RSA against the DPPH and ABTS radicals at
concentrations ranging from 10 to 1000 μg/mL, as described previously
(Rodrigues et al., 2015). BHT was used as a positive control at the same
concentrations of the samples. Results were expressed as a percentage
of inhibition, relative to a control containing ethanol in place of the
sample, and as half-maximal inhibitory concentration (IC50 values, μg/
mL), when possible.

2.4.4. Ferric reducing antioxidant power (FRAP)
The ability of the extracts to reduce Fe3+ was assayed by the

method described by Rodrigues et al. (2015). Absorbance was mea-
sured at 700 nm (Biotek Synergy 4), and increased absorbance of the
reaction mixture indicated increased reducing power. Results were
expressed as a percentage relative to the positive control (BHT, 1mg/
mL), and as IC50 values (μg/mL), when possible.

2.4.5. Metal chelating activity on iron (ICA) and copper (CCA)
ICA and CCA were tested on samples at different concentrations

(10–1000 μg/mL) as described previously (Rodrigues et al., 2015). The
change in colour was measured on a microplate reader (Biotek Synergy
4). EDTA was used as the positive control at the same concentrations of
the samples. Results were expressed as a percentage of inhibition, re-
lative to a control containing ultrapure water in place of the sample,
and as IC50 values (μg/mL), whenever possible.

2.5. Cell culture and cytotoxicity of the extracts

The murine RAW 264.7 macrophages, the human embryonic kidney

(HEK) 293, and the human hepatocellular carcinoma HepG2 cell lines
were respectively provided by the Faculty of Pharmacy and Centre for
Neurosciences and Cell Biology (University of Coimbra, Portugal), the
Functional Biochemistry and Proteomics, and the Marine Molecular
Bioengineering groups (Centre of Marine Sciences, Portugal).

The RAW 264.7 cells were maintained in RPMI 1640 culture media,
while HEK 293 and HepG2 cell lines were cultured in DMEM media,
both supplemented with 10% heat-inactivated FBS, 1% L-glutamine
(2mM), and 1% penicillin (50 U/mL) / streptomycin (50 μg/mL). All
cell lines were kept at 37 °C in a moistened atmosphere with 5% CO2.
Exponentially growing cells were plated in 96-well tissue plates at a
density of 1×104 cells/well (RAW 264.7) and 5× 103 cells/well (HEK
293 and HepG2), followed by 24 h incubation. The extracts were then
applied at the concentration of 100 μg/mL) for 72 h. Control cells were
treated with DMSO at the highest concentration used in test wells
(0.2%), and cell viability was determined by the MTT colorimetric
assay (Biotek Synergy 4), as described previously (Rodrigues et al.,
2014). Results were expressed in terms of cellular viability (%).

2.6. Statistical analysis

Results were expressed as mean ± standard error of the mean
(SEM), and experiments were conducted at least in triplicate.
Significant differences were assessed by analysis of variance (ANOVA)
followed by the Tukey HSD test (P < 0.05). All statistical analyses
were performed using the XLSTAT statistical package for Microsoft
Excel (version 2013, Microsoft Corporation). The IC50 values were
calculated by the sigmoidal fitting of data using the GraphPad Prism v.
5.0 program.

3. Results and discussion

3.1. Germination and plant growth performance

Despite the high commercial potential of several halophytes and the
need for economically, socially and environmentally viable production
systems, research regarding the cultivation of selected species is still
limited when compared to glycophytes (Ventura et al., 2015). More-
over, it is known that the plant growth and the biochemical profile of
halophytes’ obtained biomass can be influenced by agronomic condi-
tions, including the salinity irrigation, and optimized to produce bio-
mass with desired functional properties (Boestfleisch et al., 2014).
Thus, this work attempted the greenhouse production of L. algarvense
and evaluated the influence of saline irrigation on the growth perfor-
mance, in vitro antioxidant and chemical properties of the produced
plants.

Halophyte seeds’ germination is affected by, for example, salinity
and temperature (Khan and Gul, 2006), and for several Limonium spe-
cies, such as L. cossonianum Kuntze, L. tabernense Erben and L. supinum
(Girard) Pignatti, highest germinations rates are usually obtained with
freshwater treatments (Giménez et al., 2013; Delgado Fernández et al.,
2016; Melendo and Giménez, 2019). Therefore, in this work, sea la-
vender seeds were germinated using freshwater irrigation only. The
first seeds germinated after 3 days, and at the end of the 1st week we
observed a germination percentage of 7.4%, which increased to 51.8
and 81.5% in 2nd and 3rd weeks, respectively (Fig. 1). In a previous
work, the germination rate (84%) of L. tabernense treated with fresh-
water and temperatures above 30 °C (Delgado Fernández et al., 2016),
was close to that obtained by L. algarvense. Also, L. supinum seeds also
had high germination rates (98%) when treated with freshwater in all
temperature conditions (20/10–35/25 °C) (Melendo and Giménez,
2019). Likewise, L. cossonianum exhibited 90% of germination rate with
freshwater soaking (Giménez et al., 2013).

After transplantation and acclimatization, plants were submitted
during 14 weeks to different irrigation treatments, including approxi-
mately 0 (freshwater), 300 and 600mM NaCl of saline aquaculture
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wastewater. Afterwards, the above-ground plant organs were harvested
and divided into flowers, peduncles and leaves. All plants from all the
irrigation conditions survived until the end of the cultivation period.
However, plants irrigated with 600mM NaCl were not able to produce
flower stems and flowers. The moisture and dry matter contents are
depicted in Fig. 2. Leaves from freshwater-irrigated plants had the
highest moisture content (79.8%), amongst all treatments. Additionally,
leaves’ moisture level decreased with increasing salinity, whereas no
significant variation was observed in flowers and peduncles
(60.5–55.5% and 60.4–54.1%, respectively; P < 0.05). Fig. 3 shows
the growth performance parameters of sea lavender for each irrigation
salinity treatment. The highest number (2.3) and height (36.4 cm) of
the floral stems were obtained in freshwater-irrigated plants, which
significantly decreased when plants were irrigated with saline aqua-
culture wastewater at 300mM (P < 0.05). The same tendency was
found in the leaves, concerning its number and surface area (54.7 and
11.6 cm2, respectively; Fig. 3).

Although it is theoretically assumed that halophytes grow better
under saline conditions (Panta et al., 2014), there are several reports of
different species exhibiting better growth performance under non-saline
conditions, similar to our results. For example, this effect was observed
on cultivated Inula crithmoides L., Plantago crassifolia Forssk. and Med-
icago marina L. (Grigore et al., 2012), as well as with Cakile maritima
Scop. (Ksouri et al., 2007) and Polygonum maritimum L. (Rodrigues
et al., 2019b). These observations may be related to other restrictive
aspects besides salinity, as for example, accessibility to light, nutrients,
and water, which can influence the interspecific competition (Grigore
et al., 2012). Thus, to avoid competition with glycophytes in non-saline
habitats, halophytes preferentially colonize saline environments, where
they have a competitive advantage due to their salt tolerance (Grigore
et al., 2012). In turn, salinity compromises some plant functions,
leading to hydric stress, reduced plant biomass, impaired

photosynthesis, leaf damage, and nutrients deprivation (Koyro et al.,
2008). These problems, coupled with the high toxicity of sodium and
chloride ions, may explain the decreased plant growth and consequent
reduced leaves number and surface area observed with sea lavenders
irrigated with saline water (Ali et al., 2004). The same effects were
previously reported with other halophytes, namely Atriplex hortensis L.
and C. maritima (Ksouri et al., 2007; Kachout et al., 2009). Similar to
our results, salinity also reduced the floral stems and flowers number of
C. maritimum (Ventura et al., 2014). However, flowering was stimulated
in saline conditions on the halophytes P. crassifolia and Suaeda salsa
(Grigore et al., 2012; Guo et al., 2018),

Regardless the reduced growth and flowering, sea lavender plants
irrigated at 300mM of NaCl were able to complete their life cycle
(produce flowers and seeds), which indicates that this species can be
cultivated under saline irrigation up to that NaCl level. Additional work
is however needed to optimize the cultivation conditions to increase
productivity, for example, by optimizing the substrate and nutritional
supplementation of the irrigation water (Buhmann et al., 2015).

3.2. Chemical composition

The metabolic profile of the sea lavender ethanol extracts was es-
tablished by LC-ESI-HRMS/MS, and the list of proposed compounds is
presented in Table 1. A total of 52 compounds, mainly flavonoids and
their glycoside derivatives, were tentatively identified in the flowers,
peduncles and leaves, but some were only detected in one specific plant
organ, specific irrigation salinity, in wild or cultivated plants.

The flowers had the highest number of compounds (twenty-one)
only detected in this organ, which included digalloyl-hexoside (3), hex-
3-en-1-olxylopyranosyl-(1-6)-glucopyranoside (7), epigallocatechin
gallate (9), licoagroside B (10), isorhamnetin-3-O-rutinoside (17), me-
thyl licoagroside B (19), quercetin-tetramethyl ether-dihydroxyethyl-
fructopyranose (20), quercetin-O-hexoside (22), 2'-C-methyl myricetin-
3-rhamnoside-5”-galloyl (23), apigenin-O-glucoside (29), apigenin-O-
glucuronide (31), luteolin-7-O-glucoside (33), luteolin-7-O-rhamnoside
(35), apigenin derivative (37), 4'-methyl eriodictyol-galloyl-rhamno-
side (38), eriodictyol (39), naringenin derivative (42), luteolin (44),
dihydrokaempferol (45), apigenin (49) and naringenin (50). Seven
compounds were only present in the leaves, namely glucosyringic acid
(4), eriodyctiol-O-glucoside (11), myricitin-3-O-rutinoside (12), rutin
(16), myricetin-O-acetyl-hexose (25), quercetin-hexoside derivative
(34), myricetin-galloyl-acetyl-deoxyhexose (40). Five molecules were
only present in the peduncles, namely galloyl glucose derivative (5),
sinapyl alcohol sulfate (6), galloylhexoside derivative (14), N-acetyl-
tryptophan (28) and feruloyltyramine (43).

Phenolic compounds are implicated in several plant-environment
interactions (e.g. against herbivory, UV-radiation, pollination) and their

Fig. 1. Percentage of germination of sea lavender (L. algarvense) for three
weeks.

Fig. 2. Moisture and dry matter contents (%) of flowers (F), peduncles (P) and leaves (L) of sea lavender (L. algarvense) plants irrigated with freshwater and
aquaculture wastewater at 300 and 600mM NaCl concentrations. Columns labelled with different letters are significantly different at P<0.05 (Tukey HSD test).
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presence on the different plant organs varies according to their bio-
chemical/physiological functions (Pagare et al., 2015). For example,
flowers are usually richer in flavonoids, which contribute to pigmen-
tation that is involved in the pollination process (Pichersky and Gang,
2000; Atmani et al., 2009; Iwashina, 2015). The prevalence of flavo-
noids in the sea lavender flowers is most likely related to these func-
tions.

Amongst all the compounds, a few were only detected in the wild
plants’ extracts, mainly quercetin (46) and several of its derivatives (16,
34, 47). A higher number of compounds was identified only in the
cultivated plants, mostly the flavonoids eriodictyol 39) and some fla-
vonoid glycosides (23, 25, 37). Besides, galloyl glucose (5) and galloyl
hexoside (14) derivatives were only present in flowers of freshwater-
irrigated plants. Moreover, the relative abundance of several com-
pounds fluctuated with the irrigation salinity. For instance, in the ex-
tracts from leaves, the levels of the molecules 1, 18, 30, 32 and 40
decreased with increasing irrigation salinity, reaching the highest
content in plants irrigated with freshwater. Conversely, compound 8
exhibited the opposite trend. Regarding the flowers’ samples, more
compounds had shown a variation with this parameter, for example, the
molecules 7, 22, 29, 31, 33, 37, 44, 49 and 51 increased, while 9, 23,
35 and 39 decreased with the increasing irrigation salinity. In turn,
compounds 6, 28 and 41 were detected in higher abundance in the
peduncles from plants irrigated with freshwater. This variation suggests
that some compounds may be produced as a part of a salt-stress re-
sistance mechanism. For example, an increase in the concentration of
less hydroxylated flavonoids, such as apigenin (49) and luteolin (44)
have been reported to be linked to an enhanced salinity tolerance in
some glycophytes, such as endive or rice (El-Shafey and Abdelgawad,
2012; Mekawy et al., 2018). This change for less hydroxylated forms
may be associated with an altered activity or/and expression of oxi-
dases and dehydrogenases enzymes (e.g. flavonol synthase and flavo-
noid 3′-hydroxylase) under stress conditions (Fini et al., 2011;
Chapman et al., 2019). For instance, the reduced prevalence of myr-
icetin and its derivatives in the leaves of wild and saline-irrigated
plants, coupled with a higher occurrence of more oxidatively stable
quercetin and its derivatives found in wild plants, could be related with
a more stressful environment, with higher UV-radiation and tempera-
ture (in the wild), and increasing salinity of the irrigation solution (in
the cultivated plants) (Csepregi and Hideg, 2018).

Overall, just three compounds were previously reported in this
species, namely epigallocatechin gallate (9), syringic acid (26) and
apigenin (49) in methanol and infusions from flowers of the same
species collected from the wild (Rodrigues et al., 2015, 2016, 2019a).
However, several of the compounds detected in the present work have

already been described in other species of the genus Limonium. Erio-
dictyol (39) and luteolin (44) were previously detected in ethyl acetate
extracts from L. bondueli aerial organs (Benaissa et al., 2013) and from
L. bicolor flowers (Chen et al., 2017). The latter species was also de-
scribed to contain quercetin (46), rutin (16) and quercetin-3-O-rham-
noside (27) (Chen et al., 2017). Medini et al. (2017) reported the oc-
currence of feruloyltyramine (43), dihydrokaempferol (45) and
pinoresinol in L. densiflorum ethanol shoot extract (Medini et al., 2017).
In turn, apigenin-O-glucoside (29), luteolin-7-O-glucoside (33) and
naringenin (50) were previously detected in ethanol extracts from L.
insigne inflorescence stems, leaves and roots (Ortuño et al., 2018).
Myricetin (36) was already reported in ethanol extracts from aerial
parts of L. caspium (Willd) (Gadetskaya et al., 2015).

3.3. In vitro antioxidant properties

Several human health problems, including coronary diseases,
cancer, age-related degenerative brain disorders, Type 2 diabetes,
chronic inflammation, as well as the normal ageing process, can ori-
ginate or by exacerbated by oxidative stress states (Liguori et al., 2018),
which mean the occurrence of an imbalance amongst cellular anti-
oxidant defence systems and the production of reactive oxygen species
(ROS) and free radicals. This situation causes the impairment of vital
cellular molecules, such as DNA, proteins and lipids, which leads to the
development of the diseases mentioned above (Kohen and Nyska,
2002). In this context, antioxidant ingredients can stabilize or deacti-
vate free radicals avoiding and diminishing cellular injury contributing
to health maintenance. In this work, the in vitro antioxidant properties
of cultivated and wild sea lavender ethanol extracts were assessed using
five different methods, namely radical scavenging activity of DPPH and
ABTS, metal chelation of iron (ICA) and copper (CCA), and ferric re-
ducing antioxidant power (FRAP). Results are presented in Table 2.

Generally, the wild plants showed the highest antioxidant activity,
and flowers had the lowest IC50 value against the DPPH radical
(IC50= 123 μg/mL), whereas the peduncles were the most active on
ABTS, CCA and FRAP assays (IC50= 143, 320 and 38 μg/mL, respec-
tively). Amongst the cultivated plants, the flowers irrigated with
300mM NaCl had the best capacity to scavenge DPPH (IC50= 276 μg/
mL), but the flowers from freshwater-irrigated plants had the upper-
most RSA towards ABTS, CCA and FRAP (IC50= 467, 768 and 117 μg/
mL, respectively). Concerning the leaf extracts, the FRAP decreased
with increasing irrigation salinity, and the best activity was exhibited
by the extracts from freshwater-irrigated plants (IC50= 209 μg/mL).
Although a different pattern was found towards DPPH, where extracts
from plants irrigated at 300mM NaCl had the lowest IC50 value at

Fig. 3. Number and height (cm) of floral stems, and number and area (cm2) of leaves of sea lavender (L. algarvense) plants irrigated with freshwater and aquaculture
wastewater at 300 and 600mM NaCl concentrations. For each group, columns labelled with different letters are significantly different at P<0.05 (Tukey HSD test).
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(647 μg/mL), which increased 1.5 times at 600mM-irrigated plants.
None of the samples had significant ICA at the concentration of 1mg/
mL.

Flavonoids and their derivatives, as most of the compounds identi-
fied in sea lavender extracts, have diverse biological properties (e.g.
antiallergenic, antiviral, anti-inflammatory), but their most relevant
capacity is as antioxidants (Nijveldt et al., 2001; Kumar and Pandey,
2013). Thus, flavonoid-rich ingredients, such as the sea lavender flower
extracts, may neutralize free radicals leading to decreased cellular da-
mage, delaying disease development and improving health (Nijveldt
et al., 2001). The highest flavonoids diversity in the flowers may be
related to its higher antioxidant properties. Moreover, the highest ac-
tivity found in the wild plants suggests that salinity may not be the only
stress factor that influences the production of antioxidant, such as fla-
vonoids. In fact, the production and accumulation of high levels of
antioxidant molecules may result from a combination of several factors,
as for example high UV-radiation, temperature, variation between day
and night and/or herbivory, as well as salinity (Ramakrishna and
Ravishankar, 2011; Yang et al., 2018). Moreover, the accumulation of
flavonoids may also be influenced by the developmental stage, species,
cultivars and post-harvest processes (Cetinkaya et al., 2017).

Furthermore, the different activity patterns obtained in the various
methods may be due to the different mechanisms of reaction of the
extracts’ compounds with the different oxidizing agents, i.e., the same
molecule may react in a distinct way with the different reactive species
(Niki and Noguchi, 2000; Dai and Mumper, 2010). In addition, since
oxidative stress includes a wide range of reactive species, it is also
important to use diverse methods to fully evaluate the antioxidant
potential of a sample (Badarinath et al., 2010; Niki, 2010).

Previous work on sea lavender plants collected from the wild de-
scribed the high in vitro antioxidant potential of methanol extracts from
different plant organs, especially from flowers, with significant RSA
towards DPPH and ABTS, and also high copper chelating and ferric
reducing properties (Rodrigues et al., 2015). Other work focused on the
antioxidant properties of infusions and decoction from flowers and
suggested that these may have potential as functional beverages
(Rodrigues et al., 2016). In this work, the irrigation salinity influenced
the antioxidant capacity of obtained extracts, similar to what was al-
ready reported for other halophytes. For example, the activity of ex-
tracts from Sesuvium portulacastrum (L.) L. was dependent on the plant
organ: for instance, leaves and root had increased activity with in-
creasing salinity levels, whereas stems displayed a reduced antioxidant
activity (Slama et al., 2015). Also, the same species showed an in-
creased antioxidant activity when irrigated with concentrations up to
400mM NaCl, followed by a decrease up to 800mM NaCl irrigation
(Slama et al., 2017). In turn, the antioxidant properties of extracts from
six-week-old plants of Bruguiera cylindrica (Linnaeus) Blume, Tripolium
pannonicum L. and Lepidium latifolium L. was not influenced by irriga-
tion with saltwater (Boestfleisch et al., 2014). On the contrary, the
antioxidant activity of the species Atriplex halimus L. was enhanced with
increasing salinity (200–400mM NaCl) (Bendaly et al., 2016). In the
case of C. maritima a different pattern was observed according to the
different seeds’ origin, for example, plants originated from seeds from
one location (Tabarka) showed reduced antioxidant activity with
higher NaCl concentrations, whereas those from seeds collected from
the other location (Jerba) showed no variation with salinity levels
(Ksouri et al., 2007). Another study, comparing the antioxidant prop-
erties of C. maritima at two distinct stages (vegetative and flowering),
observed a peak in the antioxidant properties on the vegetative period,
but during the flowering stage, the activity fluctuated amongst the
different soil salinities (Mansour et al., 2018). These facts suggest that
the antioxidant properties of produced biomass from halophyte species
are influenced by a set of conditions, including not only salinity but also
seed origin, stages of growth (vegetative/flowering) and plant organ. A
defined pattern cannot be found amongst the reported studies for dif-
ferent halophytes, proposing that these adaptations may be species-Ta
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specific.

3.4. Toxicological evaluation

Natural products are generally acknowledged to be safer than the
synthetic ones (Karimi et al., 2015). However, plants can be in-
trinsically toxic due to their chemical composition, (Nasri and Shirzad,
2013) and therefore, it is of utmost importance to ensure their safety for
potential consumers. The toxicity of botanical ingredients is usually
determined by their cytotoxic effects on mammalian cell lines as it is
suggested to correlate in a positive way to in vivo models (Carballo
et al., 2002; Parra et al., 2001; Blazka and Hayes, 2001). Following this,
the sea lavender ethanol extracts were evaluated for their in vitro cy-
totoxicity on three mammalian cell lines: murine RAW 264.7 macro-
phages, human embryonic kidney (HEK) 293, and human hepatocel-
lular carcinoma HepG2 cells (Fig. 4). Samples allowing cellular
viabilities higher than 80% were considered non-toxic (Rodrigues et al.,
2014, 2016).

All the extracts had no toxicity against HEK 293 and HepG2 cell
lines, with viabilities generally higher than 100%. Regarding HEK 293
cells, extracts from flowers of freshwater-irrigated plants had the
highest values of cell viability (142%). Similarly, several samples in-
creased HepG2 cells viability over 150%, such as the flowers extract
from plants irrigated with 300mM NaCl and from those collected from
the wild (185 and 176%, respectively). However, a few extracts reduced
the viability of RAW cells, namely the wild leaves and peduncles (67.4
and 74.3%, respectively), leaves of plants irrigated with 300mM
aquaculture wastewater (75.4%) and peduncles of freshwater-irrigated
plants (78.2%). The remaining samples were considered non-toxic to-
wards RAW 264.7 macrophages.

The increased cellular viability observed after the application of sea
lavender extracts could have two different explanations. First, it is
important to keep in mind that the MTT assay is a colorimetric assay
that measures the activity of mitochondrial NAD(P)H-dependent cel-
lular oxidoreductase enzyme to reduced MTT (Aslantürk, 2017).
Therefore, an increase in cellular viability may be the result of in-
creased enzymatic activity or higher cellular proliferation.

Moreover, and despite being described with anti-tumour effects,
flavonoids have shown low or nil-toxicity towards non tumoral cells
(Nijveldt et al., 2001), and in fact several flavonoids, such as apigenin,
quercetin, naringenin and rutin (present in sea lavender extracts) have
been reported with hepatoprotective effects, i.e., protect against in-
duced hepatotoxicity in HepG2 cells, and also with liver regenerative
properties (Tapas et al., 2008; Kumar and Pandey, 2013). This may also
explain the increased cellular viability resulting from the application of
sea lavender extracts. Besides, the reduced cell viability induced by the
wild plants rather than greenhouse produced ones, can be associated

with the occurrence of some toxic compounds (e.g. alkaloids), which are
usually synthesized by wild plants for protection against herbivores
(Stamp, 2008).

Table 2
In vitro antioxidant activities of ethanol extracts of different sea lavender plant organs (flowers, peduncles and leaves) obtained from the wild (WT) and greenhouse
produced plants under different irrigation salinities (freshwater, 300 and 600mM NaCl). Results are expressed as IC50 values (μg/mL).

Extract/compound) Treatment/source Plant organ DPPH ABTS CCA FRAP

Ethanol Freshwater Flowers 414 ± 11b 467 ± 19b 768 ± 32d 117 ± 1c

Peduncles 639 ± 9c 843 ± 35d – 273 ± 7e

Leaves – – – 209 ± 7d

300mM NaCl Flowers 276 ± 4ab 657 ± 15c – 269 ± 9e

Peduncles 692 ± 11c 898 ± 30d – 205 ± 5d

Leaves 647 ± 25c – – 325 ± 17f

600mM NaCl Leaves 946 ± 13 – – 376 ± 9g

Wild Flowers 123 ± 3a 199 ± 16a 348 ± 6b 81 ± 6bc

Peduncles 373 ± 6b 143 ± 4a 320 ± 2b 38 ± 3a

Leaves 149 ± 5a 625 ± 62c 627 ± 7c 74 ± 10ab

Positive control* 111 ± 9a 142 ± 11a 171 ± 9a –

-: activity lower than 50% at 1mg/mL. *Positive controls: RSA of DPPH and ABTS (BHT), and CCA (EDTA). Values represent the mean ± standard error of the mean.
(SEM) of at least three experiments each performed in triplicate (n=9). In the same column, values followed by different letters are significantly different at
P<0.05 (Tukey HSD test).

Fig. 4. Cytotoxicity of ethanol extracts of sea lavender (L. algarvense) organs (F
– flowers; P – peduncles; and L - leaves) from plants irrigated with freshwater
and two concentrations of aquaculture wastewater (300 and 600mM NaCl),
and plants collected from the wild (WT) on HEK 293 (A), HepG2 (B), and RAW
264.7 (C) cell lines. Values represent the mean ± standard error of the mean
(SEM) of at least three experiments performed in triplicate (n= 9). Columns
marked by different letters are significantly different according to the Tukey
HSD test (P < 0.05).
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Infusions and decoctions made from sea lavender flowers were
identified previously as a potential antioxidant and anti-inflammatory
functional beverages, and the toxicological assessment of these for-
mulations was also reported against mammalian cell lines (Rodrigues
et al., 2016). Similar to the present results, all samples were non-toxic
at 100 μg/mL, and some increased HepG2 and microglial (N9) cells
viability above 100% (Rodrigues et al., 2016). Since the in vitro toxicity
against mammalian cell lines is positively correlated with in vivo toxi-
city on mice (Garle et al., 1994; Di Nunzio et al., 2017), the results of
our study indicate that extracts from the cultivated sea lavender may be
considered as safe for application as nutraceutical ingredients. Never-
theless, additional experiments are needed to confirm these preliminary
tests.

4. Conclusions

In this study, we report for the first time the cultivation of sea la-
vender in greenhouse conditions under irrigation with saline aqua-
culture wastewater (at two NaCl levels), and the influence of that
salinity on plant growth, and on the in vitro antioxidant, toxicological
and chemical properties of ethanol extracts from aerial organs of pro-
duced sea lavenders, compared to those from wild plants. Overall, the
obtained results suggest that:

1) Sea lavender plants can be successfully cultivated in greenhouse
conditions and irrigated with freshwater and with irrigation salinity
up to 300mM NaCl. The percentage of germination after 3 weeks
was 81% and sea lavender plants irrigated with freshwater and at
300mM NaCl were able to complete their life cycle (produce flowers
and seeds).

2) The irrigation salinity influences plant performance, chemical
composition and in vitro antioxidants properties of produced sea
lavender plants. Freshwater irrigated plants exhibited better growth
performance, plants irrigated with 300mM NaCl were able to
complete the life cycle while those irrigated with 600mM NaCl were
not able to produce flower stems and flowers; the irrigation salinity
decreased plant growth, including the number of flowers and leaves.
The in vitro antioxidant properties and the chemical composition
were maintained under saline and non-saline irrigation.

3) Cultivated plants retain the in vitro antioxidant properties and che-
mical components of wild plants. Although extracts from wild plants
had generally a higher RSA on the DPPH and ABTS radicals, copper
chelating and ferric reducing activities than those from cultivated
ones, a significant antioxidant capacity was still observed in extracts
from cultivated plants. Flavonoids were the main compounds pre-
sent in the extracts and their presence varied within the source of
biomass (wild/cultivated). However, cultivated plants were still rich
in bioactive molecules.

Therefore, sea lavender could be candidate for commercial pro-
duction in saline conditions, for example in IMTA system using diluted
aquaculture wastewater, or in other systems using brackish water for
irrigation, to be used as a source of bioactive ingredients.
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