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ARTICLE INFO ABSTRACT

Keywords: Salinity is one of the important environmental risks affecting agricultural production in the world. Under this

Arthrocaulon macrostachyum condition and with the conventional cultivation methods, glycophyte plants, like tomato, are subjected to many

Intercropping ) stresses, such as ion toxicity, osmotic stress, nutritional disturbance, oxidative damage and metabolic disorders,

iz:)l[tr;zg)ected soil which cause growth inhibition and yield reduction. In this context, the main objective of our study was to

Yield compare the physiological, hormonal, metabolic and agronomic responses of tomato plants (Solanum lycopersi-
cum L.) grown in monoculture (TM) or intercropping (TH) with the halophytic species Arthrocaulon macro-
stachyum in a salt affected soil. The results showed that the intercropping system (TH) reduced the soil electrical
conductivity, and Na®™ and ClI" contents, improving mineral nutrition in tomato plants compared to TM. In
addition, TH decreased the osmotic stress, improved water potential and increased water use efficiency in tomato
plants, whereas the integrity of gas exchange parameters were maintained; as a consequence, an increase in
tomato yield was achieved. Moreover, the ratio of stress hormones (ABA, SA and JA) to growth regulating
hormones (GA, auxins and cytokinins) decreased under TH. Metabolomic analysis showed clear defined patterns
of differentially accumulated metabolites. Some of the metabolites with higher abundance in TH were linked to
phenylpropanoid biosynthesis and phenylalanine metabolism, whereas alanine, aspartate and glutamate meta-
bolism, monoterpenoid biosynthesis and butanoate metabolism pathways were downregulated. Our results
support the importance of A. macrostachyum in the desalination of salt-affected soils and in the improvement of
tomato yield in mixed culture. Indeed, this intercropping system offers farmers a low-cost biosolution that im-
proves yields while respecting the environment.

1. Introduction change, soil erosion, salinization and water shortages. In fact, this
imbalance in food security remains a major challenge for the world,
Global agriculture faces environmental constraints such as climate especially in the Mediterranean region. Globally, more than 8.7 % of the
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Fig. 1. A: Demonstration site in Tunisia (frontal and lateral view of the field) and B: field experiment design. HM: A. macrostachyum plants in monoculture, TH:

tomato and halophyte plants in intercropping, TM: tomato in monoculture.

land area is affected by salinization (FAO, 2011), and salt stress affects
about 20 % of the world’s arable land (Negacz et al., 2019). It is esti-
mated that by 2050, 50 % of the world’s irrigated land will be salinized
(Wang et al., 2022a, 2022b).

Most of the arable land in Mediterranean countries is located in arid
and semi-arid areas, where soil and water salinization, water shortages
and lack of soil nutrients are the biggest constraints to food and feed
production. In Tunisia, 10 % of the total area and 20 % of irrigated area
are salinized (Ben Hamed et al., 2021). This situation is exacerbated by
intensive cultivation and excessive use of mineral fertilizers, which lead
to soil and water pollution. Furthermore, in arid or semi-arid climates,
fresh water is an increasingly scarce agricultural resource due to the
increasing salinization of available water and the increasing demand of
water for urban and industrial use.

Moreover, smallholder farmers have limited knowledge of how to
improve traditional agriculture under drought and saline conditions. In
fact, most crops used in traditional agriculture are sensitive to salt. In
contrast, halophytes can grow in conditions where other glycophytes
cannot, particularly in farming systems that utilize saline irrigation
water resources and/or saline soils. Despite recent interest in the com-
mercial potential of halophytes, doubts remain about their suitability as
replacement or feed crops.

There is little scientific literature on large-scale halophyte produc-
tion and no cultivation management options as for conventional glyco-
phyte plants. In this sense, there is a need to develop economically,
socially and ecologically viable halophyte production systems. It is also
important to optimize and make available to farmers innovative pro-
duction and cultivation systems, that rely on these halophyte crop,
addressing soil and water salinization issues while contributing to food
security and environmental, economic and social sustainability.

To cope with climate change, farmers must develop new agricultural
systems that increase food production and build resilience to extreme
environmental conditions. In fact, sustainable agriculture requires a
strategic approach than simplifying production systems (monoculture).
For that, intercropping can strengthen and stabilize agricultural eco-
systems in the context of climate change and environmental constraints
by improving resource efficiency, enhancing soil water holding capac-
ity, and increasing tolerance to biotic and abiotic constraints. This sys-
tem represents a low-cost ecological solution for farmers. This work is
particularly important because, on the one hand, it aims to address
global agricultural challenges by proposing nature-based solutions to
stop soil erosion or convert low-value lands, diversify cropping to grow a

range of traditional food crops, traditional cash crops and new high-
value crops, and contribute to the conservation of global biodiversity
and natural resources. On the other hand, it aims to understand the
mechanisms of response of tomato to salt stress under this halophyte-
based intercropping system

In this context, the present work aims to optimise sustainable and
profitable agricultural and production systems, able to cope with soil
and water salinization through the use of halophytes. In this way, we
studied the responses of tomato plants grown in monoculture or inter-
cropped with A. macrostachyum plants in salt-affected agricultural soils
at the physiological, hormonal, metabolic and agronomic levels. The use
of these halophytes will reduce salinity in the rhizosphere of sensitive
plants and increase their yield (Grafienberg et al., 2003; Ashraf et al.,
2010). This phytoremediation/ phytodesalination approach is consid-
ered a novel and cost-effective biological approach to control soil and
water salinization while increasing the productivity of salt-sensitive
crops such as tomato (Zuccarini, 2008; Karakas et al., 2016; Jurado
et al., 2024). It has been demonstrated that the use of halophytes species
in crop rotations or intercropping increases the productivity of glyco-
phyte species. This rise was linked to the halophyte biomass’s removal of
salt from salt-affected soils (Hasanuzzaman et al., 2014; Agnihotri and
Kumar, 2015). Our study’s primary goal was to determine how
A. macrostachyum based intercropping system improve the physiolog-
ical, hormonal, metabolic and agronomic responses of tomato to salt
stress.

2. Materials and methods
2.1. Field experiment and crop management

The experimental field design consisted of three types of plots ar-
ranged in a randomised block design with three replications repeated
three times an area of approximately 600 m? (Fig. 1): the first contained
A. macrostachyum plants in monoculture (HM), the second contained
tomato (var. Sabra) and halophyte plants in intercropping (TH), and the
third contained tomato in monoculture (TM). Each plot consisted of a
6 m length row with 15 plants (40 cm apart). Tomato plants were ob-
tained from a Tunisian nursery and transplanted in mid-March, whereas
the halophyte plants were obtained from a CBBC nursery and trans-
planted at the same time. The plants were grown on a farm located in the
Soliman region, northeast Tunisia, position N43°40°30.7", E10° 18’
38.6" (Fig. 1). The aerial part of the plants was harvested for the different
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analysis, during the vegetative period.
2.2. Mineral content

Aerial parts of plants were washed with tap water and distilled water
and then dried in an oven at 65 °C. Dried material was ground to a fine
powder. In sterile vials, 25 mg of leaves powder was mixed with 10 ml of
H3S04 and incubated one hour in a water bath at 80 °C. Then, these vials
were left to precipitate for 24 hours. The supernatant obtained was then
filtered using sterile filter paper, the pellet removed and the filtrate
retained for assay (Zorrig et al., 2010).

2.3. Gas exchange measurements

Gas exchange parameters, including the net CO, assimilation rate
(A), leaf transpiration (E), stomatal conductance (gs), internal CO2
concentration (Ci), instantaneous water use efficiency (WUE = A/E) and
intrinsic water use efficiency (iWUE = A/gs) were determined using a
portable photosynthetic meter (CI-430, CID Bio-Science, WA, USA).
Measurements were carried out in the morning between 10:00 and
12:00, on mature leaves. These parameters were registered at saturating
light (Faize et al., 2011; Liang et al., 2023; Idoudi et al., 2024).

2.4. Chlorophyll content

Chlorophyll levels were measured on young and mature leaves with
a portable SPAD chlorophyll meter (SPAD-502Plus KONICA MINOLTA).
SPAD stands for Soil and Plant Analyze Developments. The SPAD chlo-
rophyll meter was used for a fast, precise and non-destructive estimation
of chlorophyll levels in leaves (Shah et al., 2017).

2.5. Leaf water potential and water content

Leaf water potential (Yw) was measured using a pressure chamber
(Soil Moisture Equipments Corp., Santa Barbara, CA, USA) (Scholander
et al., 1965) on five fully expanded young leaves per treatment.

2.6. Total phenolic (TPC), flavonoid (TFC) and tannin contents (TTC)

To prepare ethanol extracts, dried biomass from tomatoes leaves
were mixed with 96 % ethanol (1:40 w/v), stirred continuously over-
night at room temperature (RT, approximately 25°C). The mixture was
subsequently filtered, and the ethanol was evaporated using a rotary
evaporator under controlled conditions. The resultant dry extract was
redissolved in ethanol to achieve a 10 mg/ml concentration and stored
at 4°C until use in the determination of secondary metabolites, and
antioxidant properties.

TPC was determined by the Folin-Ciocalteu method (Velioglu et al.,
1998), and expressed as gallic acid equivalents (GAE) in milligrams per
gram of extract (dry weight, DW). TFC was estimated by the aluminium
chloride (AlCl3) colorimetric method adapted to 96-well microplates
(Zou et al., 2011) and expressed as rutin equivalents (RE) in milligrams
per gram of DW. TTC was analyzed by the 4- dimethylaminocinna-
maldehyde- hydrochloric acid (DMACA-HCI) colorimetric method (Li
et al., 1996) adapted to 96-well microplates and expressed as catechin
equivalents (CE) in milligrams per gram of DW.

2.7. Determination of in vitro antioxidant activity

The in vitro antioxidant properties of the extracts were evaluated on
samples at the concentration of 10 mg/ml. Radical scavenging activity
(RSA) was evaluated against 1-diphenyl-2-picrylhydrazyl (DPPH)
(Brand-Williams et al., 1995) and 2,2-azino-bis(3-ethylbenzthiazo-
line-6- sulphonic acid (ABTS) radicals (Wang et al., 2008). The absor-
bance was measured at 517 nm and RSA were expressed as percent
inhibition relative to a blank containing methanol.
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The ferric reducing antioxidant power (FRAP) was assayed by the
method of Oyaizu (1986) modified by Megias et al. (2009). Samples
(50 pl), distilled water (50 ul) and 1 % potassium ferricyanide (50 ul)
were mixed and incubated at 50 °C for 20 min. Then, 50 pl of 10 %
trichloroacetic acid (w/v) and ferric chloride solution (0.1 %, w/v) were
added, and absorbance was measured at 700 nm (EZ read 400, Bio-
chrom, Cambridge, UK).

The iron chelating activity (ICA) was determined by measuring the
formation of the Fe?" ferrozine complex according to Megias et al.
(2009). Thirty pl of the samples were mixed with 200 pl of distilled
water and 30 pL of a FeCl, solution (0.1 mg/ml in water) in 96- well
microplates. After 30 min, 12.5 pl of ferrozine solution (40 mM in
water) was added. Absorbance was measured at 562 nm using a
microplate reader (EZ read 400, Biochrom). EDTA (1 mg/ml) was used
as the positive control. Increased absorbance of the reaction mixture
indicated increased reducing power. Results were expressed as per-
centage of inhibition, relative to the positive control (FRAP) and to the
negative control (ICA).

2.8. Analysis of plant hormones

Phytohormones including gibberellins, cytokinins, auxines, abscisic
acid (ABA), salicylic acid (SA) and jasmonic acid (JA) were analyzed in
leaves. Approximately 50 mg of leaf samples were homogenized in
liquid nitrogen and incubated in 1 ml of cold (-20 °C) extraction mixture
(methanol/water, 80/20 v/v). The extraction procedure was performed
as previously described (Albacete et al., 2008; Jurado-Manogil et al.,
2024) and phytohormones were determined using a U-HPLC-HRMS
system comprising an Accela Series U-HPLC (ThermoFisher Scientific,
Waltham, MA, USA) coupled to an Exactive mass spectrometer (Ther-
moFisher Scientific) with a heated electrospray ionisation interface.
Xcalibur software version 4.3 (ThermoFisher Scientific) was used to
obtain mass spectra and for each analysed component calibration curves
(1, 10, 50, and 100 pg 1"1) were constructed (Jurado-Manogil et al.,
2024).

2.9. Metabolomic analysis

Plant material consisting in mature tomato leaves was snap-frozen in
liquid nitrogen and later freeze-dried. Four samples of both tomato in
monoculture (TM) and in intercropping with the halophyte (TH) were
analysed. For the extraction, 70-90 mg of freeze-dried material was
homogenised with 50 % methanol (HPLC grade, Sigma-Aldrich) in a
ratio of 1/20 (w/v) and then extracts were vigorously vortexed,
centrifuged for 10 min at 13,500x g and the supernatants filtered
through PTFE 0.45 pm filters (Agilent Technologies). Ultra-performance
liquid chromatography-quadrupole-time-of-flight mass spectrometry
(UPLC-QToF-MS/MS) and MS data acquisition was performed at the
Metabolomics Platform at CEBAS-CSIC, Murcia, Spain (Jurado-Manogil
et al., 2023; Barba-Espin et al., 2024).

The metabolomic data analyses were performed using the Metab-
oAnalyst 5.0 software (https://www.metaboanalyst.ca), with data sub-
jected to the following sample normalization: data logarithmic (base 10)
transformation and Pareto scaling.

For data organization, visualization, and classification, a partial least
square discriminant analysis (PLS-DA) and a hierarchical clustering
heatmap for sample averages displaying the top 25 variable features
(criteria: distance measure, Euclidean; clustering algorithm, Ward) were
performed. Finally, the Mummichog algorithm, allowing direct mapping
of mass spectra to existing pathway databases was used to identify those
metabolic pathways differentially affected in the pairwise comparison
TH vs. TM. In this analysis, the molecular weight tolerance was setup at
5 ppm, the primary ions enforced, and Arabidopsis thaliana (Kyoto
Encyclopedia of Genes and Genomes, KEGG) selected as pathway library
(Jurado-Manogil et al., 2023).
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Table 1

Electrical conductivity, Na* and Cl" contents (mg/ kg) of the soil before and after
planting tomato (TM) and halophyte (HM) in monoculture or in intercropping
system (TH). Error bars represent the standard error of the mean.

plot EC(dS/ EC Na™ Na™ CI' (mg/ CI' (mg/
m) (ds/ (mg/ kg) (mg/ kg) kg) after
before m) before kg) after  Before
after
HM 2.8 1.1 555.8 279 1229 281.2
+5.6 +2.8 +12.3 +2.8
™ 3.1 11.2 559.4 466.2 1262.4 1832.8
+5.6 +4.7 +12.6 +18.3
TH 3.2 1.3 553.6 303 £3 1232.8 426.8
+5.5 +12.3 +4.3
Table 2

Effect of the halophyte-based intercropping management on the cation contents
(mg/g dry weight) in tomato plants. TM: tomato in monoculture; TH: tomato in
intercropping. Significant differences between the means + SE (n = 3) were
determined using Tukey’s test (HSA). The means followed by the same letters are
not significantly different at P < 0.05. Error bars represent the standard error of
the mean.

Na® Kt Mgt Ca**
™ 64.5 +3.2b 128.7 £6.4a 63.5 +3.2a 110.9 +£5.5a
TH 28.1 +1.4a 148.9 +7.4b 76.1 +3.8b 152.7 £7.6b

Table 3

Effect of the halophyte-based intercropping management on the anion contents
(mg/g dry weight) in tomato plants. TM: tomato in monoculture; TH: tomato in
intercropping. Significant differences between the means + SE (n = 3) were
determined using Tukey’s test (HSA). The means followed by the same letters are
not significantly different at P < 0.05. Error bars represent the standard error of
the mean.

S07 NO3 cr
™ 181.6 +9.2a 183.8 £9.9a 185.4 +9.3b
TH 401.8 +£20.1b 224.4 +£10.8b 158.1 +7.9a

2.10. Tomato fruit production and quality

The number of mature fruits and mean fruit weight per plant were
determined. Five harvests (one harvest/week) were used to calculate the
total production of tomato. Ten representative fruits from each crop
management were squeezed at each harvest, and the juice filtered to
determine the quality of tomato. The total soluble solid (TSS, expressed
as Brix), the acidity and conductivity of the tomato extracts were
determined.

2.11. Statistical analysis

Significant differences between the means + SE (n = 5) were
determined by means of Tukey’s test (HSA) using the SPSS 16.0 soft-
ware. The means followed by the same letters are not significantly
different at P < 0.05. Error bars represent the standard error of the
mean.

3. Results
3.1. Soil mineral contents

Soil analysis before and after field trial showed that the intercrop-
ping of tomatoes with halophytes (TH) reduced the electrical conduc-
tivity by 58.3 % (Table 1). This decrease was related especially to a
significant decrease on Na™ and Cl content in the soil in TH of 45.3 %
and 65.4 %, respectively. On the other hand, TM showed increased soil
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Water Potential (MPA)

. Monoculture Intercropping
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a

Fig. 2. Water Potential in the leaves of Tomato in monoculture (TM) or
intercropping systems (TH): Significant differences between the means + SE (n
= 6) were determined using Tukey’s test (HSA). The means followed by the
same letters are not significantly different at P < 0.05. Error bars represent the
standard error of the mean.

Chlorophyll

WYoungleaves M Matures leaves

b b

SPAD value

Monoculture Intercropping

Fig. 3. Chlorophyll content (SPAD values) in young and matures leaves of to-
mato in monoculture (TM) or intercropping systems (TH). Significant differ-
ences between the means + SE (n = 6) were determined using Tukey’s test
(HSA). The means followed by the same letters are not significantly different at
P < 0.05. Error bars represent the standard error of the mean.

EC by 268 %. This rise was associated to increase of Cl” contents in the
soil by 45.2 % despite of the reduction observed in Na™ levels (16.7 %).
Concerning the halophyte in monoculture (HM), our results showed a
significant decrease on Na' and Cl contents in the soil of 49.8 % and
77.1 %, respectively, leading to a 62.4 % decrease in soil EC (Table 1).

3.2. Mineral contents and water potential

The intercropping system of tomatoes with halophytes changed the
cation (Table 2) and anion (Table 3) contents of the tomato plants. In
this regard, TH reduced sodium levels by 56.5 % compared with TM. In
addition, intercropping improved mineral nutrition in tomatoes. In this
sense, potassium, magnesium and calcium levels significantly increased
by 15.7 %, 19.8 % and 37.6 %, respectively, in TH compared to TM.
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Fig. 4. Gas exchange parameters in tomato in monoculture (TM) or intercropping systems (TH): stomatal conductance (gs), internal CO; concentration (Ci), CO,
uptake (A), leaf transpiration (E), water use efficiency (WUE = A/E) and intrinsic water use efficiency GWUE = A/gs). Significant differences between the means +
SE (n = 6) were determined using Tukey’s test (HSA). The means followed by the same letters are not significantly different at P < 0.05. Error bars represent the

standard error of the mean.

Table 3 also shows that Cl” content decreased in intercropped tomatoes
by 14.7 %, while SOF and NO3 content increased by 121 % and 22.1 %,
respectively. These results clearly show the improvement in nutrient
uptake in intercropped tomatoes compared with monoculture,
concomitantly with the reduction of Na™ and CI” contents. Intercropping
improved the water potential in tomato by 31.3 % and, consequently,
decreased the osmotic stress (Fig. 2).

3.3. Chlorophyll and gas exchange

Intercropping increased the chlorophyll contents in young and
mature leaves of tomato by 32.0 % and 27.4 % respectively compared to

tomato in monoculture (Fig. 3). In addition, intercropping improved
photosynthesis activity of tomato, as reflected by the increase of net
assimilation of CO5 (37.4 %), stomatal conductance (38.7 %) and in-
ternal CO; concentration (35.2 %) compared to tomato in monoculture,
whereas no significant change was observed for transpiration. In addi-
tion, intercropping increased the instantaneous water use efficiency by
42.5 %, while the intrinsic water use efficiency did not show any sig-
nificant changes (Fig. 4). This is line with the COy assimilation and
stomatal conductance levels, which increased similarly under inter-
cropping (Fig. 4).
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Table 4

Effect of the halophyte-based intercropping management on the antioxidant
properties: the DPPH, iron-chelating activity (ICA) and ferric reducing antioxi-
dant power (FRAP) in tomato plants. TM: tomato in monoculture; TH: tomato in
intercropping; n.a. no activity. Significant differences between the means + SE
(n = 3) were determined using Tukey’s test (HSA). The means followed by the
same letters are not significantly different at P < 0.05. Error bars represent the
standard error of the mean.

DPPH ICA FRAP
™ 31.5+1.2a n.a. n.a.
TH 35.3+0.7a 10.7 £ 2.0 n.a.

Table 5

Effect of the halophyte-based intercropping management on hormones con-
centration in tomato after 57 days of planting. TM: tomato in monoculture; TH:
tomato in intercropping. Significant differences between the means + SE (n = 3)
were determined using Tukey’s test (HSA). The means followed by the same
letters are not significantly different at P < 0.05. Error bars represent the stan-
dard error of the mean.

Hormone concentration (ng g~) ™ TH
Stress hormones ABA + SA + JA 5994 + 4809 +
263b 120a
Gibberrellins GAl + GA3 + GA4 93.5 + 149.5 +
14.6a 11.9b
Cytokinins tZ + ZR + iP 10844 + 11661 +
435a 433a
Auxins IAA + OxIAA + 6248 + 9148 +
OxIAA + TAA-Ala 523a 731b
Stress hormones/growth SH/GH 0.349 + 0.229 +
regulating hormones 0.004b 0.07a
ABA/GA ABA/ GA 3.92 + 3.29
1.1b +0.04a

3.4. Antioxidant compounds and in vitro antioxidant properties

No significant changes were detected in the TPC between mono-
culture (TM) and intercropping (TH) treatments, with values of 53.3 mg
GAE/mg extract and 50.6 mg GAE/mg extract, respectively. Similarly,
TFC levels were comparable between TM (36.9 mg RE/mg extract DW)
and TH (37.5 mg RE/mg extract DW). However, there was a significant
reduction in the TC) from TM (76.0 mg CE/mg extract DW) to TH
(61.0 mg CE/mg extract DW). Antioxidant properties of the extracts
appeared diminished, with intercropping showing no significant effect
on these measures (Table 4).

Total Phenolic Content
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3.5. Hormones levels

In the intercropping system, tomato plants exhibited a 19.8 %
reduction in the combined levels of stress hormones, including abscisic
acid (ABA), salicylic acid (SA), and jasmonic acid (JA) (Table 5).
Furthermore, under TH conditions, the levels of gibberellins (GA1, GA3,
and GA4) and auxins (IAA, OxIAA, and IAA-Ala) surged by 59.8 % and
46.4 %, respectively. Concurrently, the ABA to GA ratio was reduced by
16.9 % (Table 5). To elucidate the phytohormonal interplay in response
to TM and TH conditions, the ratio of stress hormones to growth hor-
mones was calculated, revealing a 34.2 % decline under TH compared to
TM (Table 5)

3.6. Metabolomic analysis

The multivariate separation method PLS-DA displayed a clear
segregation between TH and TM samples (Fig. 6A). In addition, ac-
cording to the heatmap analysis, clearly defined patterns of differen-
tially accumulated metabolites were observed (Fig. 6B). Overall, among
the top 25 variable features, intercropped tomato displayed 15 features
with higher intensity than TM (Fig. 6B). Some of these metabolites with
higher abundance were “Phenylpropanoid biosynthesis”-related com-
pounds according to the metabolic pathway analysis (Table 6). Knowl-
edge about pathway modulation is essential to understand how
biological systems adapt to the surrounding conditions. In TH plants, a
stimulation of “Phenylpropanoid biosynthesis” and “Phenylalanine
metabolism” pathways took place, whereas intercropping induced a
downregulation of “Butanoate metabolism”, “Monoterpenoid biosyn-
thesis” and “Alanine, aspartate and glutamate metabolism™ pathways
(Table 6, Fig. 6C). Other metabolic pathways affected by the inter-
cropping condition were the “Citrate cycle (TCA cycle)” and the
“Riboflavin metabolism” (Table 6, Fig. 6C).

3.7. Yield and quality of tomato

A significant increase (15.8 %) was observed in tomato yield under
TH conditions compared to monoculture cultivation, while fruit quality,
as measured by acidity, conductivity, and Brix parameters, remained
unaffected (Table 7).

4. Discussion

4.1. Intercropping restored soil quality and improved mineral nutrition in
tomato compared to monoculture under salt stress

Our findings show that intercropping tomato plants with the halo-
phyte A. macrostachyum significantly reduced soil salinity, as reflected
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tannin content (TTC). Significant differences between the means + SE (n = 3) were determined using Tukey’s test (HSA). The means followed by the same letters are
not significantly different at P < 0.05. Error bars represent the standard error of the mean.
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Table 6
The most affected metabolic pathways in tomato plants according to Mummichog algorithm. Comparison: intercropping vs. monoculture.
Total Hits Impact KEEG Compound name m/z log2(FC)
Butanoate metabolism 17 4 0.364 C00232 Succinic acid semialdehyde 103,039 -8,1
C00164 Acetoacetic acid 103,039 -8,1
C00334 Gamma-Aminobutyric acid 86,060 -2,6
C00042 Succinic acid 101,023 -2,1
Phenylpropanoid biosynthesis 46 6 0.119 C00482 Sinapic acid 225,076 -2,1
C00852 Chlorogenic acid 377,084 2,9
C00811 4-Hydroxycinnamic acid 147,044 3,3
C10945 Caffeic aldehyde 147,044 3,3
C05838 Coumaric acid 147,044 3,3
C18069 Tricoumaroyl spermidine 584,276 3,3
Citrate cycle (TCA cycle) 20 3 0.201 C00042 Succinic acid 101,023 -2,1
C00158 Citric acid 193,035 3,9
C00311 Isocitric acid 193,035 3,9
Monoterpenoid biosynthesis 9 2 0.625 C00341 Geranyl diphosphate 337,056 -3,5
C17621 10-Hydroxygeraniol 153,127 —5,4
Alanine, aspartate and glutamate metabolism 22 3 0.493 C00232 Succinic acid semialdehyde 103,039 -8,1
C00334 Gamma-Aminobutyric acid 86,060 -2,6
C00042 Succinic acid 101,023 -2,1
Phenylalanine metabolism 11 2 0.235 C00166 Phenylpyruvic acid 147,044 3,3
C02505 2-Phenylacetamide 136,076 4,1
Riboflavin metabolism 11 2 0.274 C01268 5-Amino—6-(5-phosphoribosylamino)uracil 337,056 -3,5
C04454 5-Amino—6-(5-phosphoribitylamino)uracil 357,082 2,2

Table 7

Effect of the halophyte-based intercropping management on the production and
quality of tomato fruits. TM: tomato in monoculture; TH: tomato in intercrop-
ping. Significant differences between the means + SE (n = 3) were determined
using Tukey’s test (HSA). The means followed by the same letters are not
significantly different at P < 0.05. Error bars represent the standard error of the
mean.

™ TH
Yield (T/plot) 11 +0.6a 12.8 +0.64b
Estimated Yield (T/ha) 79.3 +4a 91.9 +4.6b
Acidity (pH) 4.1 +0.2a 4.1 +40.2a
Conductivity 4.4 £0.22a 4.6 £0.23a
TSCC (Brix) 5.7 £0.29a 5.8 £0.29a

by decreased soil electrical conductivity and reduced sodium (Na') and
chloride (CI') concentrations in the soil and, as well as in plant tissues.
These results are consistent with those of Barcia-Piedras et al. (2023),
who documented a 31 % reduction in soil salinity due to the presence of
A. macrostachyum for more than 30 days, alleviating the negative effects

of salinity on germination in barley and wheat. Similarly, Jurado-Ma-
nogil et al. (2023) reported a decrease in soil Cl'levels when they applied
a halophyte/tomato intercrop in a greenhouse. This is consistent with
the successful remediation of saline soils by Wang et al. (2020) planting
the euhalophyte Suaeda salsa using drip irrigation technology, as shown
in their three-year field experiment.

Furthermore, studies using halophytes (Portulaca oleracea L., Salsola
soda L., Atriplex hortensis L.) in tomato intercropping systems under
salinity conditions have shown that Na® content decreased in tomato
roots and leaves, while K*, Ca®*, P and Mg content increased (Zuccarini,
2008; Albaho and Green, 2000; Karakas et al., 2019). Our study showed
that TH intercropping had a positive effect on improving the mineral
supply of tomato plants, as evidenced by the increase in K* Ca?*, Mg?",
SO% and NOj3 levels in tomato plants. Similar results have been found in
other glycophyte species such as maize, barley, watermelon, and rice,
grown in intercropping systems with halophytes such as Sesuvium por-
tulacastrum, Spinacia oleracea, Bacopa monnieri, Sesuvium verrucosum,
Salsola komarovii and Atriplex canescens (Rabhi et al., 2010; Muchate
et al., 2018; Simpson et al., 2018; Lastiri-Hernandez et al., 2020). These
findings highlight the significance of intercropping with halophytes in
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maintaining ionic balance in glycophytes and in reducing soil Na*
levels.

Many studies have shown that intercropping systems influence
rhizosphere microbial communities and provided insight into the roles
of microbial biodiversity and ecological performance in improving crop
production under environmental constraints (Ichihashi et al., 2020;
Mukhtar et al., 2021; Zhang et al., 2021). Gong et al. (2019) found that
intercropping improved soil fertility and rhizosphere enzyme activity by
altering rhizosphere microbial communities, which differed signifi-
cantly from those in monoculture systems. In our study, the enhanced
nutrient levels in tomatoes may be attributed to increased soil avail-
ability of these nutrients, facilitated by microorganisms, particularly
plant growth-promoting rhizobacteria (PGPR), within the intercropping
system. Moreover, many works showed that the root-associated micro-
biota contribute to improving plant tolerance to abiotic stresses (Soussi
et al., 2016; Mukhtar et al., 2021; Slatni et al., 2024).

4.2. Intercropping system decreased the osmotic stress in tomato and
maintained the integrity of photosynthesis machinery under salt stress

Salinity disrupts plant cell function in multiple ways. In glycophyte
plants such as tomatoes, it causes ionic stress through the accumulation
of Na™ and ClI, induces osmotic stress, leads to nutrient imbalance, and
triggers oxidative stress (Zhu, 2002). In fact, the relatively tolerant to-
mato varieties are characterized by significant Na* compartmentaliza-
tion, selective uptake and redistribution of K, (especially in young
leaves), and high antioxidant enzyme activity (Yang et al., 2020). Be-
sides, high concentrations of Na' disrupt osmotic balance and cause
physiological drought, which prevents plants from absorbing water
(Rodriguez-Rosales et al., 2008). Our results showed that tomatoes
grown under TM conditions had more negative water potential than
those grown in intercropping systems. This suggests that tomatoes were
less osmotically stressed during intercropping, suggesting that inter-
cropping may have a mitigating effect on water stress. In fact, planting
A. macrostachyum can reduce soil salinity, thus alleviating the harsh
conditions for tomato cultivation. In contrast, intercropping
A. macrostachyum, leads to a decrease in water potential, resulting in
better absorption of water and ions, including Na* and CI" ions (data not
shown). In addition, halophytes have been shown to tolerate Na™
toxicity mainly through their compartmentalization at the vascular level
(Flowers and Colmer, 2008; Koyro et al., 2011). Therefore, osmotic
stress can explain the main cause of plant growth inhibition under severe
salt stress (Rodriguez-Rosales et al., 2008).

Photosynthetic parameters and chlorophyll content are generally
considered as indicators of plant stress (Qaseem et al., 2019). Under
intercropped conditions, chlorophyll content of tomato leaves was
higher than that of monoculture, especially in young leaves, which was
associated with a reduced leaf transpiration rate, which corrected the
CO2 influx. These findings suggest enhanced recovery of gas exchange
parameters, particularly net assimilation and internal CO9 concentra-
tion, toward levels observed under non-stress conditions, thereby pre-
serving photosynthetic function.

Rocha and Morales (1997) showed that an increase in iWUE (A/gs)
was associatedwith a decrease in stomatal conductance, while in our
study, the increase in stomatal conductance of intercropped tomato
leaves was similar to the net assimilation of CO,, which explains why
iWUE remained constant between TM and TH. However, the increase in
WUE (A/E) was associated with an increase in A under TH, while
transpiration remained constant. Jurado et al. (2024) found that tomato
intercropping with halophytes triggers protective mechanisms that
safeguard photosynthesis under salt stress, specifically by stabilizing the
dissipation of excess light energy and boosting the efficiency of photo-
system II (Y(PSII)).
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4.3. Intercropping system decreased stress hormones and increased plant
growth regulating hormones in tomato compared to monoculture under salt
stress

Plant hormones regulate various aspects of plant growth and devel-
opment, including pathogen defense and stress tolerance (Fahad et al.,
2015; Cho et al., 2015; Castro-Camba et al., 2022). This study found that
the stress-to-growth hormone ratio was reduced by 34.2 % in inter-
cropped tomatoes, indicating lower salt stress compared to mono-
culture. This is in agreement with previous results showing that Na™
content in soil and tomato leaves was reduced when halophytes were
intercropped with tomato (Albaho and Green, 2000; Zuccarini et al.,
2008, Simpson et al., 2018). In addition, similar results have been ob-
tained with Medicago species grown with Atriplex (Kurdali, 2010).

Beyond their effects on important plant physiological mechanisms,
GAg also play a major role in regulating stress tolerance (Yang et al.,
2014; Shabala et al., 2016; Yu et al., 2020). Several studies have ana-
lysed their interactions with stress hormones such as ABA to understand
plant response strategies to environmental constraints (Achard et al.,
2006; Colebrook et al., 2014; Castro-Camba et al., 2022). The nature of
the interaction between GA and stress hormones is quite complex,
although it is mainly antagonistic. Other plant growth-promoting plant
hormones, such as cytokinins and auxins, can improve plant salt toler-
ance (Wang et al., 2009, 2011; Verma et al., 2016). In this work, GA in
tomato under intercropping conditions increased significantly by
59.8 % compared with monoculture, suggesting that TH plants are less
affected by salinity. In fact, several studies have shown that salt expo-
sure leads to a decrease in endogenous GA in A. thaliana seedlings
(Achard et al., 2006; Magome et al., 2008; Colebrook et al., 2014).

Studies have shown that the involvement of stress-related plant
hormones in plant responses to salinity is crucial and varies depending
on the stress intensity, plant genus and species, and developmental stage
(Ku et al., 2018; Yang et al., 2019; Yu et al., 2019, 2020). In this work,
the ratio of stress hormones (ABA, JA, and SA) to growth hormones (GA,
auxin, and cytokinin) was lower under TH conditions, suggesting that
tomatoes were less stressed. Yu et al. (2020) stated that plant adaptation
to salt stress depends on dynamic hormone regulation, both stress and
growth hormones crucially mediate the response to salt stress, and the
complex interaction of various hormones promotes plant growth adap-
tation to salt conditions (Yang et al., 2019; Yu et al., 2019, 2020). Salt
response in tomato is associated with activation of crucial genes
responsible for biosynthesis and metabolism of stress hormones, espe-
cially ABA, which is an important factor in the salt tolerance mechanism
of plants (Yang et al., 2014). ABA induces the expression of genes
encoding ion transporters, thereby improving the selective uptake of
ions such as K and facilitating the transfer of Na* from the cytoplasm to
the vacuole or removal from the plant to maintain a normal K*/Na™
ratio (Zhao et al., 2009, Uertas et al., 2012, Yarra et al., 2012). ABA is
also essential for reducing stomatal conductance and inducing the
expression of genes responsible for the synthesis of various osmolytes
such as proline (Antoni et al., 2011). The present work showed that
under the intercropping system, stress hormones were reduced, espe-
cially SA (data not shown), suggesting that tomato plants were less
stressed when intercropped with A. macrostachyum on salt-affected soil.
In fact, the ABA/GA ratio decreased by 16.9 % in tomatoes intercropped
with halophyte species, while ABA levels remained higher in the leaves
(data not shown) to further support tomato tolerance to salinity.

4.4. Intercropping system increased phenylpropanoid biosynthesis,
phenylalanine metabolism and maintained antioxidant properties in
tomato under salt stress

The metabolic pathways analysis using the Mummichog algorithm
showed that, under our experimental conditions, the intercropping
conditions mainly led to a stimulation of the “Phenylpropanoid
biosynthesis” and “Phenylalanine metabolism”, whereas the abundance
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Fig. 7. The main changes of tomato cultivated in monoculture (TM) or in intercropping system (TH) in salt-affected soil.

of metabolites related to “Butanoate metabolism”, “Alanine, aspartate
and glutamate metabolism” and “Monoterpenoid biosynthesis”
decreased in TH plants compared to TM. Many secondary metabolites
that play key roles in plant growth, development and stress responses to
environmental stresses are produced through the phenylpropanoid
biosynthetic ~ pathway  (Robe et al, 2021). Moreover,
phenylpropanoid-related compounds have been implicated in the
elimination of reactive oxygen species under salt stress in tomato plants
(Jia et al., 2022). Phe metabolism also confers salt tolerance to tomatoes
through targeted regulation of metabolites and antioxidants (Almas
et al., 2021). These authors showed that exogenous application of Met
and/or Phe improved salt tolerance in tomato. The same work suggests
that foliar application of Met and/or Phe alleviated the harmful effects
of salinity on growth and yield of tomato plants by enhancing plasma
membrane stability, increasing osmoticum content, and antioxidant
enzyme activity (Almas et al., 2021). Furthermore, metabolome changes
in tomato plants intercropped with A. macrostachyum under greenhouse
conditions were recently proposed to be associated with adaptive
mechanisms against moderate oxidative stress (Jurado-Manogil et al.,
2023).

The intercropping condition lead to a downregulation of the “Buta-
noate metabolism”. The non-protein amino acid, gamma-aminobutyric
acid (GABA) regulates plant growth and accumulates in plant tissues
in response to biotic and abiotic stresses (Ramesh et al., 2015). The
butanoate metabolism, among other reactions, includes L-glutamate
degradation into the signal molecule GABA followed by subsequent re-
actions to produce further products. Although the role of GABA in
mitigating abiotic stresses has been largely described, a holistic assess-
ment of the involvement of GABA-related metabolic pathways in salt
tolerance has not been addressed (Dabravolski and Isayenkov, 2023).
Therefore, the downregulation of the “Butanoate metabolism” observed
in TH plants could be related to changes in other metabolic pathways
leading to the adaptive mechanisms of tomato plants. In this sense,
alternative pathways for GABA biosynthesis from polyamines have been
reported, GABA metabolism also being related to TCA cycle
(Dabravolski and Isayenkov, 2023); citrate cycle was also affected in TH
plants. Likewise, intercropping leads to the downregulation of metabo-
lites related to “alanine, aspartate and glutamate metabolism”. Thus,
recent work based on integrated analyses (metabolomics and tran-
scriptomics) found that alanine, aspartate and glutamate metabolism in
tomato plants may respond negatively to salt stress (Liu et al., 2024).

Ethanol extracts were prepared from dried tomato leaves and used to
evaluate the influence of intercropping on the levels of phenolics (TPC),
flavonoids (TFC), and condensed tannins (TCT) key bioindicators of
plant stress responses as well as the oxidative status in tomato leaves,
inferred from their in vitro antioxidant properties. Ethanol is an effective
solvent often resulting in the extraction of relevant levels of plant sec-
ondary metabolites, which are integral to the plant’s antioxidant de-
fenses (Stalikas, 2007). The TPC and TFC values observed for both TM
and TH fall within the range reported by Vallverdi-Queralt et al. (2013),
who noted that the phenolic content in tomatoes varies greatly widely
depending on the cultivar and environmental factors. The lack of sig-
nificant differences between TM and TH suggests that intercropping
with A. macrostachyum does not affect the synthesis of phenolic and
flavonoid compounds, which are essential for plant defense against
stress and for human health due to their antioxidant properties (Stewart
et al., 2000). However, the decrease in TTC observed in TH samples
compared to TM suggests that there may be a trade-off in the production
of secondary metabolites when tomatoes are intercropped with halo-
phytes. This can be explained by resource allocation theory, which
suggests that plants may prioritize certain pathways depending on the
biotic and abiotic interactions they are exposed to (Bazzaz et al., 1987).
The lack of significant effects of intercropping on TPC and TFC, despite
changes in TTC, may be related to a specific adaptive response of to-
matoes to altered microclimate and soil conditions induced by to the
presence of A. macrostachyum, which may have different effects on
biosynthetic pathways (Isah, 2019).

4.5. Intercropping system increased tomato yield in salt-affected soil
compared to monoculture

In our study, Tomato yields were higher in intercropping tomatoes
with A. macrostachyum than in monoculture, which may be due to
reduced soil salinization and reduced accumulation of toxic Na™ and CI
ions in the tomato leaves. The increase in tomato yield under the
intercropping system may be attributed to increased nutrient accumu-
lation in tomatoes, suggesting that intercropping promotes more effi-
cient absorption and utilization of nutrients. Our findings are consistent
with previous studies that have shown a positive correlation between
increased yield and reduced N* and CI" accumulation in plants, sup-
porting the idea that effective nutrient management can improve crop
performance (Zuccarini, 2008; Simpson et al., 2018). In some cases, the
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increase in yield was associated with an increase in tomato size and
weight rather than an increase in total yield (Zuccarini, 2008; Karakas
et al., 2021). In this work, no significant differences were found in the
quality of tomatoes, with acidity and Brix values remaining constant
throughout the trials. In fact, our field results indicate that salinity af-
fects the color of tomatoes, and we identified color difference between
monoculture and intercropped tomatoes with the naked eye (data not
shown). Fig. 7 summarizes the main changes in tomatoes grown in
monoculture (TM) or intercropping (TH) systems in salt-affected soils.

5. Conclusion

In conclusion, this work shows that intercropping tomatoes with salt-
tolerant halophytes A. macrostachyum improves the performance of to-
matoes on moderately saline soils. Intercropping notably reduced soil
salinity and the accumulation of Na™ and Cl in tomato leaves, while
concurrently increasing tomato yield. These outcomes underscore the
value of halophytes in remediating salt-affected soils. Furthermore, our
findings indicate that intercropping contributes to the tolerance and
improved mineral nutrition of tomatoes under saline conditions, which
is corroborated by the maintained levels of total phenolic and flavonoid
contents (TPC and TFC) in tomato leaves, like those in monoculture. This
approach signifies a practical and eco-friendly strategy that could
enhance food security in salt-impacted regions globally by providing an
economical method to boost yields and crop quality without negatively
affecting the environment.
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