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ABSTRACT: Environmental stresses, such as salinity, are becoming censorious constraints to plant
production. This study investigated the ability of Trichoderma atroviride to alleviate salinity stress in lettuce
seedlings (lactuca sativa L.) in a controlled greenhouse. The study was conducted as a randomized complete
block design with three replications. Treatments included three saline solutions (0, 50 and 100 Mm NacCl), two
biostimulants (Trichoderma atroviride and a commercial plant-derived product) and a non-treated control.
Trichoderma strain was inoculated with lettuce seeds before sowing with respect to salt treatments. Results
showed that salt stress significantly affected agronomical performance. By contrast, seed coating with Trich-
oderma atroviride mitigated the drastic effects of salinity by improving plant growth and biomass accumulation,
leaf chlorophyll, relative water, soluble sugar, total phenolic content and the antioxidant capacity while
malondialdehyde content was considerably reduced. Biostimulants also increased membrane permeability by
decreasing the electrolyte leakage. Moreover, Trichoderma atroviride markedly improves the nutrient
partitioning, under stress, and alleviates ion toxicity by decreasing sodium (Na*) accumulation and maintaining
a favourable K*/Na* ratio. Overall, seed coating with Trichoderma strain may be considered as a sustainable
tool of production to increase lettuce productivity and may represent a potential approach to counteract
deleterious effects of NaCl stress.
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l. INTRODUCTION

Plants under everyday conditions are frequently exposed to various environmental stresses that
crucially affect their growth and development. Among abiotic stresses, salinity is the basic origin of crop loss,
detrimental to yield quality and biomass in foremost crop plants across the world. It has been reported that high
salt content affects about 20% of the total arable area [1]. Sodium accumulation induces ionic and osmotic stress
that leads to retarded growth in terms of fresh and dry weight, decreased pigment content and hampers uptake of
mineral elements [2]. Prolonged exposure to salinity is responsible for specific ion toxicity, hormonal and
nutritional imbalance and reduced water potential [3]. This results in secondary stress, i.e.; oxidative stress
caused by the overproduction of reactive oxygen species (ROS) [4].

Although plants have the capacity to generate various forms of antioxidants that can alleviate adverse
effects of abiotic stress, it is necessary to further investigate other exogenous applications, including the use of
plant biostimulants, which are gaining interest worldwide [5]; [6]. As defined by Du Jardin [7], biostimulants
correspond to ‘any substance or microorganism applied to plants with the aim to enhance nutrition efficiency,
abiotic stress tolerance and/or crop quality traits, regardless of its nutrient content’. The introduction of
beneficial microorganisms in crop production systems is known as a good sustainable strategy to ensure
competitive yields in many crops and improve the resource use efficiency [8]. Besides the classic mycorrhizal
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fungi, rhizobia, and plant growth-promoting rhizobacteria, endophytic fungi are also considered promising tools
to overcome the limitations of abiotic stress on crop growth and productivity [9], [10].

The fungal genus Trichoderma has been known as eco-friendly biocontrol agent to control plant
diseases over many years. In general, Trichoderma spp. is found in rhizosphere, especially very close to the
roots of plants. Some species may be present as parasites together with other fungi while some of those form
colonies on the plant roots [11].

Trichoderma sp. are endophytic plant symbionts widely used as biofertilizers for plant growth
stimulation and as biocontrol agents for plant diseases [12]; [13].

Root colonization of Trichoderma spp. induces numerous changes in physiological processes like
photosynthesis or further transcriptomic regulation under stress [14]. Many Trichoderma spp. strains are able to
enhance plant tolerance to biotic and abiotic stresses [15]; [16], through enhanced root growth, nutritional
uptake by better solubilization of micronutrients, and also throughout the production into the rhizosphere of
small peptides, volatiles and metabolites with hormone activities such as indole-3-acetic acid or auxin analogs
[17]; [18]. Trichoderma spp. can also enhance abiotic stress tolerance by balancing ROS detoxification and
modulating gene expression in related signal pathways [19]; [20].

Recent research showed that co-inoculation of Trichoderma atroviride combined with arbuscular
mycorrhizal fungi at transplanting increased plant growth of several vegetable crops under non-stress and
abiotic stress conditions [21]; [22]. The application of theses beneficial microorganisms is particularly tested, in
many studies report, in transplanting and with microbial consortium based on combination of compatible strains.
Nevertheless, to our knowledge, there are no reports of pre-inoculated legume seeds with Trichoderma
atroviride alone and under conditions of salinity.

Seed coating is an interesting technology to introduce beneficial microorganisms [23]; [24] and other
chemical compounds in the root zone of plants in an efficient and cost-effective way [25]. Seed coating ensures
that the beneficial microorganisms are readily accessible to the root at the critical “early germination” stage,
facilitating early, healthy and rapid development and improving nutrient uptake and tolerance to abiotic stresses
[26]; [27]; [15].

Lettuce (Lactuca sativa L.) has become a much-appreciated healthy food source, from the Astercaceae
family, which has garnered a crucial role in the human diet as it combines generally pleasing organoleptic
properties with a rich content of bioactive compounds (minerals, vitamins, phenolic acids, and flavonoids) [28].
On the other hand, lettuce plants, like most crop plants, are considered to be moderately salt sensitive [29], with
growth stunting starting at soil electrical conductivity (EC) around 2 dS-m™' and at irrigation water electrical
conductivity around to 0.9 dS.m™ [30]. It is one of the most important vegetable crops grown in the
Mediterranean area where saline water is frequently used for irrigation [31]. Therefore, there is a need for some
nature-friendly biocontrol agents that can help to alleviate adverse effects of salinity.

The present study was conducted at verifying the influence of seed coating with Trichoderma
atroviride on lettuce (Lactuca sativa L.) tolerance to salinity and at understanding physiological, compositional
and biochemical modifications mediated by biostimulant application under saline conditions.

1. MATERIAL AND METHODS

2.1 Plant material, growth conditions and treatments applied

The experiment was conducted in a greenhouse situated on the experimental station of the High
Institute of Agronomy of Chott Mariem, Tunisia, at 30/25°C (day/night) and 14 h photoperiod, with relative
humidity of 70 £ 10%. The soil used for this study was taken from the experimentation station of the higher
agronomic institute of Chott Mariem (Tunisia). The soil samples air-dried, crushed to pass through a 2-mm
sieve and mixed with peat (2:1 ratio). The physiochemical analysis of experimental soil was carried out before
sowing and main soil properties are given in Table 1.

Table 1: Some physical and chemical properties of the experimental soil.

Soil characteristics Value
Textural class sandy loam
pH 7.72

EC (dS m™) 2.12

CEC (cmol kg?) 8.13
Organic matter (%) 1.25
Available nutrient (mg kg™ soil)

N 168

P 33

K 111

The treatments studied were three levels of salinity, (0 mM NaCl, 50 mM NaCl, or 100 mM NaCl) in
combination with three biostimulant applications (control, microbial inoculum, or commercial plant-derived
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protein hydrolysate (“Trainer”, Italpollina S.p.A., Rivoli Veronese, Italy)). The treatments were arranged into a
3 x 3 factorial in a completely randomized design with three replications, giving a total of 9 treatment
combinations and 27 experimental units. Hogland nutrient solution was used across the pots as a base nutrient
source. Five-week-old seedlings were transplanted in 20 cm diameter plastic pots (seven pots/treatment). The
saline treatment commenced at 14 days after transplantation using different concentrations of NaCl solutions
through irrigation that included 0, 50 and 100 mM of NaCl. The corresponding electrical conductivity (EC)
levels for the irrigation water were 0.02, 4.25 and 10.8 Ds m™. Salt was dissolved in tap water having an initial
electrical conductivity of 0.05 dS m™. The control treatment was watered by distilled water (pH 6.2; EC = 0.02
dS m™). Application of Nacl was carried out gradually at a rate of 25 mM additional Nacl per day so as to
prevent salt-shock. The 50 mM Nacl and 100 mM Nacl concentrations were thus reached after 2 and 4 days
respectively and were held constant until the end of the test. The volume of the saline solution was 200 mL/plant
and delivered every 3 days.

Trichoderma atroviride MUCL 45632 strain was kindly provided by “Department of Agriculture and
Forest Sciences, University of Tuscia, Viterbo, Italy”. Seeds of lettuce (lactuca sativa L) variety “Lattuga
Attrazione” were surface sterilized with 70% ethanol for 2 min, followed by 5% sodium hypochlorite for 10
min. Thereafter, coating product was applied after dissolution of 1 g powder of Trichoderma atroviride in 1 ml
distilled water at a rate of 1.5 g Kg ™ of lettuce seeds. The commercial plant-derived PH “Trainer” (Coveron
Italpollina, S.p.A., Verona, ltaly) was used in the current study as a positive control. The protein hydrolysate
“Trainer” contained 35.5% of organic matter, 5% of total nitrogen, and 27% of amino acids and soluble peptides
and obtained through an advanced enzymatic hydrolysis of proteins from legume seeds (Colla et al. 2014). This
biostimulant was applied as a soil drench at weekly intervals using a volume of 100 ml/pot with a solution
containing 2.5 ml I"" of plant-derived protein hydrolysate. Application was initiated 5 days after transplanting
until harvesting.
All combinations of treatments are listed in Table 2.

Table 2. Experimental treatments applied to lettuce seedlings.

T1 Control: plants irrigated by the basic nutrient solution.

T2 Plants irrigated with the basic nutrient solution with 50 mM NaCl,

T3 Plants irrigated with the basic nutrient solution with100 mM NaCl

T4  Plants treated with the protein hydrolysate “Trainer” and irrigated by the basic nutrient solution.

T5  Plants treated with the protein hydrolysate “Trainer” and irrigated by the basic nutrient solution with 50 mM NaCl,
T6  Plants treated with the protein hydrolysate “Trainer” and irrigated by the basic nutrient solution with 100 mM NaCl.
T7 Plants from seeds coated with Trichoderma atrovidae and irrigated by the basic nutrient solution.

T8 Plants from seeds coated with Trichoderma atrovidae and irrigated by the basic nutrient solution with 50 mM NaCl
T9 Plants from seeds coated with Trichoderma atrovidae and irrigated by the basic nutrient solution with 100 mM NacCl.

2.2 Growth measurement

Vegetative growth was assessed through the leaves number per plant, the dry matter rate and the leaf
area. Lettuce plants were harvested when the first treatment reached the commercial maturity stage, after 38
days of transplantation. Number of leaves was counted, and leaf area (Cm?) was determined by using a digital
leaf meter (L1-3000 Portable Area meter). Plants were then placed in an ovenrun at 70°C up to constant weight.
These dried plants were weighed to record the plant dry mass.

2.3 Physiological Measurements
All physiological measurements were conducted five weeks after transplanting.

2.3.1 Photosynthetic pigments

The pigments extracted from 100 mg of leaf fragments with 80% acetone in the darkness condition.
The homogenate was centrifuged at 3000 x g for 5 min and the supernatant was collected. The absorbance of the
extract was read at 665.2 and 652.4 nm for chlorophylls and 470 nm for total carotenoids. All determinations
were carried out in triplicate. Pigment levels were calculated according to Lichtenthaler [32] and expressed on
the basis of tissue Fresh Weight (FW).

2.3.2 Relative water content

Relative water content (RWC) was determined as described by Galmes et al. [33]. The uppermost fully
expanded leaf of the main stem was weighed (fresh weight, FW) and then turgid leaf weight (TW) was obtained
after submerging samples in distilled water for 24 h. The samples were then directly dried at 70 °C for 72 h and
weighed (DW). All determinations were carried out in triplicate. The relative water content (RWC) was
calculated from the following equations:
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RWC (%) = [(FW — DW)/(TW — DW)] X 100
Where:
FW = Leaves fresh weight,
DW= Leaves dry weight,
TW = Leaves fresh weight after 24 h incubation in distilled water when their cells achieved maximum
turgor.

2.3.3 Proline content

Proline content was calculated according to the method of Bates, Waldren, and Teare [34]. Dry leaf
samples (0.1 g) were extracted in 3% (w/v) sulfosalicylic acid solution. After centrifugation at 12,000 rpm for
10 min, 2 ml of supernatant was homogenized with 2 ml of glacial acetic acid and ninhydrin reagent. The
mixture was then incubated at 100° C in water bath for 1 h. After cooling of the tubes in ice, the homogenate
was extracted with 4 ml of toluene and the upper phase was read spectrophotometrically at 520 nm. L-proline
was used for standard curve construction. Analyses were carried out in triplicate.

2.3.4 Electrolyte Leakage

Electrolyte leakage was used to evaluate membrane permeability according to Kaya, Higgs, and Sakar
[35]. Lettuce leaf samples of two plants per replicate were taken and cut into 1 cm segments. The samples were
then rinsed three times to remove surface contamination and eventually floated in flasks containing 10 mL of
distilled water and incubated at room temperature (25°C) on a shaker (100 rpm) for 24 h. The initial electrical
conductivity of the solution (EC1) was recorded after incubation. The same samples were then placed in an
autoclave at 120°C for 20 min and a second reading electrical conductivity (EC2) was taken after cooling the
solution at room temperature. The electrolyte leakage (percentage of membrane damage) was calculated as
EC1/ECZ and expressed as percentage. Measurements were performed on 4 replicates per treatment.

2.4 Biochemical analyses
2.4.1 Determination of soluble sugars

The soluble sugars were estimated using the colorimetric method described by Dubois et al. [36]. For
each sample, 100 mg of dried leaf material was homogenized with 3 mL of 80% ethanol (v/v) and then mixed
with concentrated sulfuric acid and 5% phenol. The mixture was kept for 1 h and then the absorbance at 490 nm
was determined with a spectrophotometer. Glucose was used as standard. Contents of soluble sugars were
expressed as mg g™ FW. Analyses were carried out in triplicate.

2.4.2 Determination of total phenolic contents

Sample extracts were obtained following Mau et al. [37] with slight modifications. To prepare the
extracts, 2.5 g of dry leaf powder was extracted with 25 mL of methanol (60%) solvent. Each mixture was then
magnetically stirred for 30 min and the extracts were then kept at 4°C for 24h in darkness. The mixtures were
then filtered through a Whatman No. 4 filter paper and evaporated to dryness under vacuum. The extracts thus
obtained were stored at 4°C for further use.

The total phenolic content of the lettuce leaf extracts was determined using Folin-Ciocalteu reagent,
according to Falleh et al. [38]. Absorbance was determined against a blank at 760 nm using UV-visible
spectroscopy. The content of total phenolic compound in each extract was expressed as mg of gallic acid
equivalents per g fresh weight (mg GAE g FW) from a calibration curve with gallic acid. All determinations
were carried out in triplicate. Gallic acid was used as the reference standard for plotting the calibration curve.

2.4.3 Antioxidant activity estimation by DPPH assay

The DPPH (1,1-diphenyl-2-picrylhydrazyl) activity was estimated by Sanchez-Moreno, et al. [39]
method. To 50 uL of shoot extract, 1.95 mL of DPPH methanolic solution (0.025 g L—1) was added, then
vortexed and placed in darkness at room temperature for 30 min. The percentage of radical scavenging activity
was determined as follows: ([(Abs control — Abs sample) / Abs control] x100) at 515 nm; Abs control is the
absorption of the control reaction; Abs sample is the absorption of the reaction prepared by substituting the
sample under the same operating conditions.

2.4.4 Measurement of lipid peroxidation

Lipid peroxidation was estimated by determining the malondialdehyde (MDA) content in the leaves.
For MDA extraction, fresh leaves samples (0.5 g) were homogenized with 0.1% trichloroacetic acid (TCA). The
homogenate was then centrifuged at 15,000g for 10 min. An aliquot (1 mL) of the supernatant was mixed to 4
mL of 20% TCA prepared in 0.5% thiobarbituric acid (TBA) and incubated at 90 C for 30 min in a shaking
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water bath. The reaction was stopped in ice bath. The samples were then centrifuged at 10,000 g for 5 min, and
the absorbance of the supernatant was measured at 532 and 600 nm [40]. The MDA content was calculated by
using an extinction coefficient of MDA (155 mM cm™) and expressed as pmol g™ FW.

2.4.5 Determination of mineral elements

The concentrations of Na*, Ca*" and ¥* were determined in plant material (roots and shoots) ground
finely in a mill grinder, after drying at 65 °C for 5 days. The samples were digested in a microwave oven,
reaching 200 °C in 20 min, and held at this temperature for 2 h. Digestion of 0.1 g DW plant material was
performed with 5 mL 65 % HNO3, 17 mL H,O dist. and 3 mL 30 % (v/v) H,O,. For determining the sodium,
potassium and calcium ion content of the xylem sap, 0.1 ml of xylem sap was diluted with distilled water to a
final volume of 10 mL. The concentrations of Na*, Ca?* and K* were determined by inductively coupled plasma
spectrometry (ICP-MS; Varian 820-MS, ICP Mass Spectrometer) [41].

2.5 Statistical analysis

Data were subjected to an analysis of variance (ANOVA), and means and standard errors were
calculated. All parameters were subjected to a one-way-analysis (P<0.001) and compared using Tukey’s test at
5% of probability. The statistical analyses were performed using Statistical Package for the Social Sciences
software (SPSS; version 20). Data presented are means * standard errors (SEs) of three replicates. Principal
component analysis (PCA) was performed using XLSTAT 2021, and the first two components (PC1 and PC2)
explaining the maximum variance in the datasets were used to make biplots

1. RESULTS
3.1 Growth and Biomass Yield

The results showed that lettuce growth parameters significantly declined with the increase in NaCl
concentrations, as shown in Table 3; we found a significantly negative effect of salt level on agronomic
parameters in the lettuce seedlings, which started to appear significantly from 50 mM NaCl. The highest
reductions were observed in shoot fresh weight (~42%) and leaf area (~ 71%) relative to the control plants.
Shoot fresh weight was reduced by salinity more than shoot dry weight, indicating fresh mass was more
sensitive to salinity stress than shoot dry mass. Number of leaves/plants was slightly reduced from 0 mM NacCl
to 50 mM NaCl (~ 21 leaves/plant) and was significantly affected by higher NaCl concentration (17
leaves/plant).

Results showed that the application of the biostimulant “Trainer” tested in this work increased
significantly the growth parameters of lettuce plants compared to control. However, seedling treated with
Trichoderma atrovidae has shown substantial increase in plant growth. Number of leaves and leaf area
increased significantly in Trichoderma Treated lettuce plants subjected to 0, 50 and 100 mM NaCl treatments as
compared to those plants that were not treated with Trichoderma atrovidae.

Table 3: Effect of biostimulants application on growth parameters of lettuce plants grown under two saline
levels at 38 days after transplantation.

Treatments No. of Leaf Area per Shoot Fresh Shoot Dry Root Fresh Root Dry
leaves/plant plant (cm?) Weight (g Weight (g Weight (g Weight (g
plant™) plant™) plant™) plant™)

Biostimulant Salinity (S)
(B)

0 mMol Nacl 2213030 276,96 +4.46° 142.93 +5.82° 1243 +0.04° 12.1+0.43 2.13+0.23°

Standard 50 mMol Nacl ~ 21.530.25°  214.99 +4.69° 8853+579° 9.83+046™ 873037  1.46+0.05°
So,'tl;]t'o? 100mMol Nacl ~ 16.76 +1.36"  80.06 +4.60° 81.66+2.08° 8.7+0.08° 7.26+0.2° 1.13£0.11°
withou

biostimulant

0 mMol Nacl 23.9+0.30° 28341 +392° 1282+596° 8.93+0.29™  10.86+0.25® 1.6+0.1™
Trainer 50 mMol Nacl ~ 22.18 +0.33%  232.82 +2.49°  94.33+7.58° 10.6+1.52®®  033+0.64* 0.16+02°
100mMol Nacl ~ 18.64 +0.18°  82.76 +2.47° 90.6 +1.96° 9.83+0.03* 89+0.72% 14+01°

0 mMol Nacl 25.1 +0.26° 284.39 +4.00°  132.2+4.3* 11.06 +0.24® 12.3+0.2° 2.03+0.05%
Trichoderma

atroviride 50 mMol Nacl ~ 23.4+0.30™  236.70 +5.23°  93.36+4.3° 9+0.69" 936+1.17™  1.26+0.25°
100mMol Nacl ~ 19.63 +0.19°  91.28 +6.85¢ 92+6° 92+0.11™ 9.2+1.74™ 1.33+0.35°¢
Significance
3 o o oy o o o
B *x *k Ns ns ns ns
SXB ns * ** ** ns *
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Values are mean =+ standard errors of replicates. Different letters within each column indicate significant differences according to Duncan’s
multiple-range test (P = 0.05). Significance levels are represented by P > 0.05, ns, not significant, * significant at P < 0.05, ** significant at
P<0.01.

3.2 Chlorophyll and carotenoids content

Irrespective of the biostimulant treatment, the concentration of total chlorophyll, chlorophyll a and
chlorophyll b in the lettuce were reduced with the rising salinity levels (Table 4). The results showed that the
content of total chlorophyll and chlorophyll a at 100 mM NaCl level significantly reduced by 9% and 25% as
compared to the control, respectively. Chlorophyll b exhibited similar trends to chlorophyll a with the lowest
content at the highest NaCl concentration (0.12 mg g ™). Results showed the same pattern for total carotenoids
content which were significantly decreased with the salt stress (Table 4). Total carotenoids showed values of
0.14 mg g™ FW in controls and 0.01 mg g™ FW in leaves of lettuce plants at 100 mM NaCl. The highest values
of total chlorophyll content were observed in “Trainer” treated plants, followed by Trichoderma treatment,
whereas the lowest values were recorded in the untreated lettuce plants. “Trainer” induced an increment of
chlorophylls, confirmed by statistical analyses in leaves treated with the biostimulant at all tested salinity levels
(0, 50 and 100 Mm NaCl). In fact, Trichoderma treatment caused a slightly increment of the considered
pigments, however the effect was not statistically relevant compared to controls. Coating seeds with
Trichoderma gives significant results only at high salinity levels, while at medium salinity the effect is not so
remarkable. Furthermore, the content of carotenoids was positively affected by the biostimulants application
compared to the control treatment. “Trainer” treatment induced a significant increase in carotenoids than
controls, and the increment promoted by Trichoderma treatment was statistically significant at 100 Mm NaCl
level.

The molar ratio between a and b type chlorophylls increased gradually with salt concentration. The
ratio of the two photosynthetic pigment in the leaves exposed to 50 mM and 100 mM NaCl were significantly
increased with the salt stress in untreated plants. Moreover, Biostimulants tested in the study caused a
pronounced increase at 50 and 100 mM NaCl conditions when compared to the non-treated control.

Table 4: Effects of biostimulants application on chlorophyll a, chlorophyll b, total chlorophyll, carotenoid (mg
g ' FW) and Chlorophyll a /b ratio of lettuce plants grown under two saline levels at five weeks after
transplantation.

Treatments Toatl chlorophyll Chlorophyll a Chlorophyll b Chlorophyll a Carotenoids
content (mg g ) content(mg g~ content(mg g~ /b ratio content(mg g~
1 1 1
) ) )
Biostimulant (B) Salinity (S)
0 mMol Nacl 1.34+0.25% 0.91+0.01° 0.37+0.09" 2.45+0.12% 0.14+0.01®
Standard solution 50 mMol Nacl ~ 1.28+0.14™ 0.87+0.06™ 0.25+0.06° 3.51+0.09% 0.12+0.02
without 100mMol Nacl ~ 1.22+0.17° 0.80£0.01° 0.12+0.03° 6.55+0.06° 0.02+0.01°
biostimulant
0 mMol Nacl 1.43+0.21° 1.00+0.02° 0.46+0.06° 2.17+0.13° 0.23+0.06°
Trainer 50 mMol Nacl ~ 1.36+0.18% 0.95+0.05% 0.330.02" 2.86+0.1%% 0.20+0.01%
100mMol Nacl ~ 1.35+0.21% 0.93+0.02%® 0.25+0.01° 3.78+0.09° 0.14+0.03*
0 mMol Nacl 1.34+0.21% 0.91+0.05" 0.37+0.02° 2.46+0.16% 0.14+0.07®
;rr'gclor‘l’ggma 50 mMol Nacl ~ 1.27+0.14% 0.88+0.01% 0.2420.07° 3.73+0.17° 0.11+0.02"
100mMol Nacl ~ 1.33+0.02%° 0.94+0.03% 0.19+0.01° 5.07+0.16" 0.12+0.01™
Significance
S *k Kk *%k *% *%
B *k *k *%k *% *%
SXB ns *x ns *x ns

Values are mean * standard errors of replicates. Different letters within each column indicate significant differences according to Duncan’s
multiple-range test (P = 0.05). Significance levels are represented by P > 0.05, ns, not significant, * significant at P < 0.05, ** significant at
P <0.01. S: Salinity, B: Biostimulant application.

3.3 Proline content

Analysis revealed that free proline level of the leaves was significantly increased by both salt regimes
in all treatments (Figure 1). In untreated plants it is possible to observe that the increasing levels of salinity
caused a raise in proline level of the leaves. The proline content was increased significantly by 43.4% in 100
mM NaCl-treated plants comparison to controls. The highest proline content was determined in the plant treated
by Trichoderma atrovidae and exposed t0100 mM NaCl, where free proline concentration increased
significantly by 56.84% in comparison to untreated plants.
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Standard solution without biostimulant ‘;‘_Ii?kva:
Standard solution + Trainer B:ns
B X S:ns

16 u Standard solution + Trichoderma atroviride
14
12

a
ab ab
L vl
bc
10 -
8 cd ¢ ¢
T T
6
4
2
0
0 50 100

Concentration of NaCl (mM)

Figure 1: Effects of biostimulants application on leaf proline content of lettuce plants grown under two saline
levels. Each value is the mean of the three replicates, and error bars represent +SD. Different letters indicate
significant differences according to Duncan’s test (P = 0.05). ns, not significant, * significant at P <0.05, **

significant at P <0.01. S: Salinity, B: Biostimulant application.

Proline content pmol g'FW

3.4 Soluble sugar content

Figure 2 show the interaction effect of salinity and Biostimulants on the soluble sugar content. There
was a significant increase in the content of soluble sugars as a result of an increase in NaCl concentration. The
lowest content was found in the plants subjected to 0 mM NaCl (~ 8 mg.g™* FW). However, the content
increased significantly by 98.97% and 101.93% at 50 and 100 mM NaCl compared to the control plants
respectively. Biostimulants application significantly enhanced the soluble sugar content at different salinity
levels with the highest under “Trainer” application at 200 mM NaCl.
Anova:
5
Standard solution + Trainer B

Standard solution without biostimulant

u Standard solution + Trichoderma atroviride B X S-**

a

20

b T
aT b b
C C
T e
15
10 4 d
| I
0
0 50 100

Concentration of NaCl (mM)

s

Soluble sugar content mg g-!
FW

Figure 2: Effects of biostimulants application on soluble sugar content of lettuce plants grown under two saline
levels. Each value is the mean of the three replicates, and error bars represent £SD. Different letters indicate
significant differences according to Duncan’s test (P = 0.05). ns, not significant, * significant at P < 0.05, **

significant at P <0.01. S: Salinity, B: Biostimulant application.
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3.5 Relative water content

Relative water content (RWC) of lettuce plants significantly decreased with increase induction of salt
stress from 0-100 mM. (Figure 3). However, in treated plants, the adverse effects of salinity were alleviated,
showing a substantial increase in the RWC of plants over untreated plants. “Trainer” and Trichoderma
treatments maintained higher water content than uninoculated control ones regardless of salt level. The highest
relative water content (84.49%) was found with non-stressed plants treated by Trichoderma atrovidae, and the
lowest relative water content (60 %) was found in untreated plants at 100 mM salt treatment.
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Figure 3: Effects of biostimulants application on relative water content of lettuce plants grown under two saline
levels. Each value is the mean of the three replicates, and error bars represent £SD. Different letters indicate
significant differences according to Duncan’s test (P = 0.05). ns, not significant, * significant at P <0.05, **

significant at P <0.01. S: Salinity, B: Biostimulant application.

3.6 Electrolyte Leakage

The magnitude of membrane damage was assessed indirectly by conductometric measurements of
solute leakage from cells. Our results showed that electrolyte leakage amounts were considerably enhanced by
increasing salinity levels as compared to the control lettuce plants (figure 4).

In salt-stressed plants without biostimulants application, the leakage of the electrolyte was 46.3%
higher than the control treatment under 100 mM NaCl, and this increase was partially reduced by the “Trainer”
and Trichoderma treatments, with a significant interaction between the studied factors (P < 0.01).
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Figure 4: Effects of biostimulants application Electrolyte leakage (%) of lettuce plants grown under two saline
levels. Each value is the mean of the three replicates, and error bars represent £SD. Different letters indicate
significant differences according to Duncan’s test (P = 0.05). ns, not significant, * significant at P <0.05, **

significant at P <0.01. S: Salinity, B: Biostimulant application.

3.7 Total phenolic content

Significant increase in total phenol content was observed towards all salt treatments as compared
to control treatment (Figure 5a). Treatment with “Trainer” and Trichoderma at all concentration enhances
significantly the total phenolic content in lettuce plants cultivated under different growth conditions (0, 50 and
100 mM of NaCl). The highest levels of total phenolic were detected in plants treated “Trainer” (35.02 mg GAE
g™ under 100 mM of NaCl).

3.8 Antioxidant activity (DPPH assay)

There was a significant increase in the antioxidant capacity as a result of an increase in NaCl
concentration (Figure 5b). The lowest capacity was found in the plants subjected to 0 mM NaCl (67.5%). The
highest antioxidant activities compared to the untreated control were recorded in lettuce treated with “Trainer”
and Trichoderma biostimulant plants, respectively. In “Trainer” treated plants, the antioxidant capacity of
lettuce plants evaluated by DPPH radical scavenging assay was increased by 3.87%, and 7.27% at 50 and 100
mM NaCl compared to the control (Figure 5b).

3.9 Lipid Peroxidation (MDA)

Salinity induced oxidative damages to the plant was determined by estimating the malondialdehyde
(Figure 5¢). The amount of malondialdehyde (MDA) content increased between 18.35 and 61.61 % at different
concentrations of NaCl. However, “Trainer” and Trichoderma significantly decreased the MDA content in
treated plants. The highest reduction in MDA content of 23.76 % was observed at 100 mM NaCl by “Trainer”
application.
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Figure 5: Effects of biostimulants application on total phenol content (a), antioxidant activity (b) and MDA
content (c) of lettuce plants grown under two saline levels. Each value is the mean of the three replicates, and
error bars represent £SD. Different letters indicate significant differences according to Duncan’s test (P = 0.05).
ns, not significant, * significant at P <0.05, ** significant at P < 0.01. S: Salinity, B: Biostimulant application.

3.10 Mineral Composition

The mineral content was determined in leaves at harvest. Mineral concentrations are reported in the
Table 5. Since the work was focused on salinity exposure, the values of sodium (Na) and calcium (Ca) have
been discussed in relation to biostimulant applications. All lettuce plants growth in saline conditions showed an
increase in Na* concentration. The highest amount of Na* was found in plants untreated by biostimulants at 100
mm NaCl. Across salinity, Na* concentration averaged 1.73 mmol/g DW in untreated lettuce plants. Calcium
ion content (Ca®*) was reduced as a result of salt stress. Similary, Table 5 shows also the reduction of potassium
content (K" in shoots as a result of salt stress. The K*/Na" ratio was much (p < 0.05) higher in leaves of control
plants than those of salt-stressed plants.

Generally, Biostimulants significantly reduced the leaf concentration of Na® and increased the
concentrations of Ca?* and K* in lettuce leaves. The lowering effect of the biostimulant Trichoderma atrovidae
in the Na" leaf accumulation was evident in plants grown under 100 Mm NaCl. However, there was little
difference in the leave concentration of K* between the treated and the untreated plants.

The K'/Na" ratio of the leaf was the same with or without biostimulants application in salt-stressed
plants.
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Table 5: Effects of biostimulants application on Na*, Ca?*, K*, K*/Na" ratio in leaves of of lettuce plants grown
under two saline levels at five weeks after transplantation.

Treatments Na* (mmol g™ K*(mmol g* DW) Ca®*(mmol g* K*/Na*
DW DW
Biostimulant (B) Salinity (S)
0 mMol Nacl 0.05+0.01" 2.91+0.02° 0.22+0.02" 56.82+0.02°
Standard solution 50 mMol Nacl 1.12+0.08° 2.12+0.01° 0.16+0.01° 1.89+0.01°
without biostimulant 1 55mpo] Nacl 1.73+0.22° 1.76+0.11° 0.130.01' 1.02+0.11°
0 mMol Nacl 0.09+0.01f 2.92+0.04° 0.24+0.01° 31.82+0.04°
Trainer 50 mMol Nacl 0.9620.01% 2.5320.04° 0.2120.02 2.6240.04°
100mMol Nacl 1.52+0.02° 1.96+0.02% 0.19+0.01% 1.29+0.02°
0 mMol Nacl 0.07+0.02f 2.80+0.5? 0.24+0.01° 38.360.5"
;{;g\*}ﬂ‘l’j{;ma 50 mMol Nacl 0.87+0.08° 2.61+0.04% 0.18+0.01¢ 3.01+0.04°
100mMol Nacl 1.02+0.01% 2.01+0.01% 0.16+0.01° 1.97+0.01°
Significance
3 o > ox *
B s "k s s
SXB * ns ns ns

Values are mean = standard errors of replicates. Different letters within each column indicate significant differences according to Duncan’s
multiple-range test (P = 0.05). Significance levels are represented by P > 0.05, ns, not significant, * significant at P < 0.05, ** significant at
P<0.01.

3.11 Principal component analysis

Principal component analysis was conducted on the entire experimental data set, representing average
mean values of various parameters in “Trainer” and Trichoderma atrovidae treated plants under control and two
conditions of NaCl stress, and the loading plot and scores are reported in Figure 6. PCA analysis explained, by
two factors, 97.99% of the cumulative variance. The first factor explained 65.81 % and the second factor
explains 14.38% (Figure 6). The abscissa axis is mainly a salinity gradient, where the variables located to the
left of the axis are more affected by salinity than those located to the right (T1, T2, and T3).

PCA plots separated the treatment groups into three main groups. The first group was formed by
growth attributes, contents of chlorophyll b, relative water, K* and Ca®* level. These traits showed increasing
trend in plants treated biostimulants (Trichoderma and “Trainer”) at OmM NaCl as compared with these of
untreated plants. The second one included photosynthetic pigments, such as total chlorophyll, chlorophyll a, and
carotenoid content. These parameters were mainly altered by NaCl concentrations in control plants compared
with control non-stressed plants, and partial restoration was maintained in “Trainer” treated plants. The third
group represents Na®, electrolyte leakage, MDA, proline, soluble sugars and phenolic levels, which showed
concentration-dependent increase in lettuce plants in response to salt stress as compared with that of control,
while biostimulants treated plants showed resilience at both 50 and 100 mM NaCl when compared with
untreated stressed plants.

Interestingly, the non-stressed (0 NaCl) lettuce plants treated with Trichoderma atrovidae produced
lettuce with higher premium quality (higher growth traits and lower Sodium content).
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Figure 6: Principal Component Analysis (PCA 1 and PCA 2) of agronomical, physiological, biochemical traits
measured in lettuce plants cultivated under three NaCl levels (0, 50 and 100 mM NacCl), and biostimulants
application (control, Trichoderma atrovidae, Trainer).

T1: Control: plants irrigated by the basic nutrient solution, T2: Plants irrigated with the basic nutrient solution with 50 mM NaCl, T3: Plants
irrigated with the basic nutrient solution with100 mM NaCl, T4: Plants from seeds coated with Trichoderma atrovidae and irrigated by the
basic nutrient solution, T5: Plants from seeds coated with Trichoderma atrovidae and irrigated by the basic nutrient solution with 50 mM
NaCl, T6: Plants from seeds coated with Trichoderma atrovidae and irrigated by the basic nutrient solution with 100 mM NaCl, T7: Plants
treated with the protein hydrolysate “Trainer” and irrigated by the basic nutrient solution, T8: Plants treated with the protein hydrolysate
“Trainer” and irrigated by the basic nutrient solution with 50 mM NaCl, T9: Plants treated with the protein hydrolysate “Trainer” and
irrigated by the basic nutrient solution with 100 mM NaCl. RWC: Relative Water Content, RFW: Root Fresh weight, SFW: Shoot Fresh
Weight, SDW: Shoot Dry Weight, RDW: Root Dry Weight, N Leaves: Number of leaves per plant, EL: electrolyte leakage, MDA:

malondialdehyde.

V. DISCUSSION

Salt stress can lead to different physiological and biochemical modifications, resulting in many changes
in both the structure and function of cells [42]. Plant responses to salinity differ greatly among species and to a
lesser extent among varieties [43]. Their sensitivity is higher during seedling and reproductive stage [26]. Plant
growth is one of the most important agricultural indices of salt stress tolerance as indicated by many studies
[43].

Most crop plants, including lettuce, are glycophytes, which cannot survive under salt concentrations
greater than 100-200 mM, and lack the specialized mechanisms and structures present in euhalophytes for
surviving in extreme salt concentrations. Regardless of inability or ability of glycophytes and halophytes to
survive under high salt conditions, neither can tolerate high salt concentrations in their cytoplasm [44].

Based on our observations at the end of the 4-week growth period, it appears that lettuce mainly
exhibits osmotic stress response, resulting in reduced growth and leaf area. The negative effect of salt stress can
be commonly observed on growth reduction of several plants, including lettuce [45]; [46]; [47]; [48]. Qin et al.
[49].also found a significant reduction in lettuce fresh weight, grown under higher saline concentrations than
controls. The decrease in morphological traits under higher NaCl concentrations is probably due to disrupted
mineral supplies, and the high presence of sodium and chloride ions [50]. The overall reduction in growth
characteristics might be due to changes in photosynthesis, which can be attributed to suppression of mesophyill
conductance and stomata closure [51].

Effects of salinity on plant growth and yield have been also attributed to simultaneous reduction in leaf
area and root growth, affecting photosynthesis and water and mineral uptake [52]. Also, previous studies
showed that lettuce leaf water content decreased in response to salinity [53]; [54]; [55]. Lower leaf water
content results in stomatal closure and loss of cell turgor pressure and expansion, leading to reduced
photosynthetic rate and leaf area.

In our experiment, biostimulant treatment increased significantly the growth parameters of lettuce
plants compared to control. Results suggested that, the application of “Trainer” and Trichoderma to the lettuce
plants mitigates salt-related consequences in plants, which results in considerable increases in growth and
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biomass production. It was observed that salinity caused a substantial reduction in growth and biomass of those
plants without ‘trainer’ and Trichoderma treatment.

Trichoderma is an endophytic symbiont, as its inoculation has antagonistic properties and therefore
enhances the systemic tolerance to salt stress in plants [56]. The increase in growth and biomass production with
a Trichoderma application may be due to its ability to produce phytohormones like cytokine and gibberellins,
which could be beneficial for biological enhancements of crop fertility and may not only promote the plant
growth but also increase some degree of tolerance in a saline environment [57]; [58]; [59]; [60].

Trichoderma spp. were suggested as a plant growth promoting fungi due to their ability to produce
siderophores and phosphates-solubilizing enzymes [61]. This can be realized through several mechanism
involved like mycoparasitism, antibiosis, degradation of toxins, inactivation of pathogenic enzymatic pathways,
resistance to pathogens, enhanced nutrient uptake leading to overall development ([61]; [62]; [63].

The biostimulant “Trainer” tested in this work increased significantly the growth parameters of lettuce
plants compared to control. The enhancement in the growth of lettuce plants, after treatments, could be
attributed to an increased nutrient uptake, as reported by Turkmen et al. [64] who used humic acids in
combination with Calcium to treat tomato seedlings.

Lucini et al. [31]observed that applications of plant derived protein hydrolysate mitigated the
deleterious effects of salt stress on lettuce cv. Regina di Maggio. These results were consistent with a previous
study of Ertani et al. [65], who observed that a protein hydrolysate biostimulant derived from alfalfa increased
maize plant biomass, even under salinity. The effect of biostimulants can be direct on the salt sensitivity but also
indirect, increasing plant biomass and fastening the growing cycle. The application of “Trainer” significantly
increased the development rate, indicating a clear biostimulant effect.

Photosynthetic performance is a key aspect of how plants adapt to their growth conditions. Most
stresses, including salinity stress, affect photosynthetic activity [45]. Similarly, lower chlorophyll content under
higher salinities was also observed in lettuce [66]. Broadly, the negative trend of chlorophyll content under
increasing NaCl concentration level was probably due to the increase in chlorophyllase activity which in turn
induced the inhibition of chlorophyll biosynthesis, and other associated adverse effects on membrane stability,
due to the salt in the growing media [67]; [68].

Salinity affects photosynthetic activity, both as a result of toxicity from Na* ion accumulation in the
leaves over time, and also as a response mechanism by the plant to deal with high salt stress. The excess of
energy absorbed from the leaf must be dissipated to avoid leaf photodamages. The plant needs to optimally
regulate the light energy absorbed, so as to limit the photooxidative damage resulting from reduced
photosynthesis, and maintain plant growth. Excess light energy that the plants absorb, if unquenched by
photoprotective mechanisms or photochemistry, can lead to formation of the excited state of chlorophyll (triplet
chlorophyll) in the photosystems, which can react with molecular oxygen to produce highly damaging reactive
oxygen species (ROS). Thus, to maintain photosynthesis and growth and avoid cellular damage, plants use
short-term and long-term acclimation to changes in their environment. This includes minimizing the light
absorbed and diverting the energy from photosynthesis to photoprotective mechanisms ([44]; [69]; [70].

Carotenoids are important pigments that can also act as antioxidants protecting plasma membrane
lipids from oxidative stress generated in plants exposed to salinity [71]. The data from the present study also
corroborate with other data reported for other species, such as rice specimens (Oriza sativa L.) subjected to
salinity also showing increases in carotenoid content [72].

One of the beneficial responses of plant biostimulants application is an increase in chlorophyllous
pigments such as chlorophyll a, b and total, as well as carotenoids. This was the case in the current research
study, since the application of “Trainer” and Trichoderma incurred a significant increase in carotenoids,
chlorophyll a and b and consequently the total chlorophyll compared to untreated lettuce plants.

Results suggested that, in our experimental conditions, a general positive effect deriving from the
application of biostimulant was observable on photosynthesis. Consistent results, regarding the effect of
biostimulants on parameters of photosynthetic activity, were found, among others, in rocket treated with
biostimulants of vegetable origin [73], in strawberry after seaweed extract application (Spinelli et al., 2010) and
in maize treated with fulvic acid under drought [74].

Our results are in agreement with the finding of several authors [57]; [58]; [65]; [75], who
demonstrated that application of Trichoderma was able to restore the chlorophyll content to acceptable levels
under saline conditions in comparison to untreated plants.

Massa et al. [76] suggested that biostimulants could stimulate the crop performance by keeping open
stomata, maintaining photosynthesis, source-sink relations and thus protecting from possible
photoinhibition/photooxidation effects.

The highest pigments values observed after the application of plant biostimulants in particular
“Trainer” application may be attributed to several putative mechanisms like the following: (i) better
translocation of soluble sugars via the phloem, (ii) increases in the biogenesis of chloroplast and uptake of
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bivalent cations principally Mg?* and Fe®*, that are required for chlorophyll biosynthesis as well as (iii) limited
chlorophyll degradation, and thus, delayed senescence [77]; [78] ; [79].

A molecular indicator related to the photosynthetic light-harvesting function is the ratio between the
two types of chlorophyll. Because the different metabolic processes implied in the synthesis and in the
degradation of these pigment molecules may be specifically influenced by external stress factors and by the
acclimation processes in photosynthesis, modifications of the molar ratio between chlorophyll a and b may
indicate the degree of sensitivity of the light-harvesting complexes to adverse environmental conditions. The
absolute amount of both chlorophyll a and chlorophyll b decreases upon salt stress, but because chlorophyll b
content diminishes more than chlorophyll a content probably because of a smaller peripheral light-harvesting
antenna, the chlorophyll a / chlorophyll b ratio increases moderately.

These results also corroborate previous studies indicating that NaCl stress has more effects on
chlorophyll b than chlorophyll a [80]. This implies in an increase in the chlorophyll a/ chlorophyll b ratio, since
the first step of chlorophyll b degradation results in its conversion into chlorophyll a [81] and therefore, a
decrease in total chlorophyll content [82].

Proline is one of the most critical compounds in plants affected by salinity, and its concentration has
been correlated with plant salt tolerance by significantly reducing plant Na* and CI™ [83]; [84]. The presence of
100 mM NaCl in the growth medium caused a significant increase in the free proline content in all treated
lettuce plants. This result was consistent with the previous results by Bartha et al. [85] and Shin et al. [86], who
also found a significant increase in the proline content in all investigated NaCl concentrations in lettuce.

Increment of free proline concentration in plant cells subjected to osmaotic stress is well documented in
the literature, consequently different levels of proline content can indicate the degree of environmental stress
that affects water balance of plants. The increase in proline content with the increase in NaCl concentration was
probably due to the higher inhibitory rate of proline dehydrogenase and proline oxidase [87]. The higher proline
content of leaves can be related to a higher capacity to accumulate Na* ions in the shoot, as osmotic adjustment
is achieved by proline accumulation in the cytosol and by sodium sequestration in the vacuole [88]; [89]. Proline
might detoxify plants by scavenging Reactive oxygen species or prevent them from damaging cellular structures
[90]. In our study, we observed that the increasing levels of salinity caused a raise in proline concentration in
control plants. Proline can play an important role in the osmotic adjustment and may participate to the
scavenging of reactive oxygen species. the highest concentration was found in leaves treated with Trichoderma.
These results support the hypothesized positive role of biostimulants in protecting plants from saline exposure.
Further investigation should be performed to better understand the role of this biostimulant in the proline
metabolism.

Regarding the data acquired in our experiment, it can be highlighted that the Relative water content
decreased in lettuce plants under NaCl stress but increased due to the application of “Trainer” and trichoderma.
The maintenance of a substantial amount of relative water content in leaves is a main strategy for maintaining
optimal growth of plants under salinity [91]. It was reported that Trichoderma harzianum provides better ability
to regulate additional intracellular water relations due to biomass accumulation resulting from the uptake of
more water under salt stress ([92]; [8]).

Salinity stress damages the cell membrane due to increased electrolyte leakage [93]. Our data showed
that electrolyte leakage content significantly increased with increasing NaCl concentrations, and these data are
completely similar to the previous research on lettuce plants [35]; [94]. Many studies have shown that the
increasing NaCl content results in increasing electrolyte leakage content in rice, cucumber, pepper and tomato
plants [95]; [96]; [97]; [98].

The preliminary site of ion specifc salinity damage is plasma membrane [99]. Therefore, electrolyte
leakage content can be considered as one of the most important indexes for plants resistance [100]. In this study,
electrolyte leakage was enhanced with increasing NaCl levels, which indicates more cell membrane damage at
higher salinity levels. However, “Trainer” and Trichoderma treatments reduced electrolyte leakage, which likely
resulted in less membrane damage.

Tuna et al.[93] who reported that silicon application decreased the electrolyte leakage in salt-stressed
wheat and tomato, respectively, from that in non-Silicon treated salt stressed plants. In addition, plant-growth-
promoting rhizobacteria (PGPR) inoculation reduced cell membrane damage in salt-stressed cucumber [101]
(Kang et al. 2014) and maize [102], from that in the uninoculated control.

Sugars and organic acids are other organic solutes accumulated in plants under salt stress [103]: [104].
In our study, salinity induced a significant increase in sugar leaves contents. High sugar concentrations in
cytoplasm could exert a feedback inhibition on CO, assimilation [105]. Shortage of CO, fixation accompanied
by depressed photosystem activity and electron transport rate resulted in accelerated production of reactive
oxygen species (ROS) suggesting movement of electrons to oxygen molecules rather than being used for carbon
assimilation [106]. The role of amino acids and sugars in preventing photosystem inhibition had also been
associated with their action in alleviation or preventing oxidative stress[107]. Soluble sugars might also
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scavenge ROS in chloroplasts and vacuoles [108]. Osmolytes could either detoxify ROS indirectly. In fact, it
has been demonstrated that proline and sugars mediated this role by supporting the redox cycling by the
replenishment of NADPp supply. Sugars are also essential to the synthesis of numerous non enzymatic
antioxidant compounds especially ascorbate, carotenoids and glutathione [109].

Soluble sugars can directly or indirectly modulate the expression of genes involved in metabolic
processes, storage functions, and defence [110]. Furthermore, according to Stoop and Pharr [111], the sugars
levels rise due to the fall in carbon demand, maintaining the basal metabolism under adverse environmental
conditions [112]. Soluble sugars are moreover believed to accumulate in cells and plant tissues due to salinity
stress and plays a major role in maintaining a low osmotic cell sap potential [45]; [113].

Regarding the data acquired in our experiment, it can be highlighted that total phenolic content was
remarkably increased as a result of increasing the level of salinity. Polyphenols represent a large family of plant
secondary metabolites. The synthesis of these compounds is induced in response to biotic and abiotic stimuli
and may act as antioxidants to protect the plant against oxidative stress [114]. Increase in total phenolic content
by application of biostimulant in lettuce plants can be explained by enzyme activation.

Garrido et al. [66] also reported higher total phenolic content with an increase in NaCl concentration in
multi-leaf lettuce, while Chisari et al. [115] and Kim et al. [116] observed a decrease in total phenolic content
with an increase in NaCl concentration in romaine lettuce. These results suggest that the NaCl concentration
affects phenolic content differently depending on the genotype and plant species.

Numerous studies indicate that the oxidative damage generated during the salinity stress is due to the
imbalance in production of free radicals and the alteration in antioxidant activity. To avoid this damage caused
by oxidative stress, plants have developed many antioxidant systems. For the most precise determination of the
antioxidant capacity, different antioxidant tests were evaluated. In the present work, we used the DPPH assay.

The antioxidant activity, expressed by the ability to neutralize DPPH radical, showed significant values
at 50 and 100 mM NaCl. This could be directly linked to the increase in phenolic contents, which corroborate
with findings showing that accumulation of phenolic acids could be considered an adaptative strategy for
overcoming oxidative damage [117]; [118].

The “Trainer” and Trichoderma biostimulants applied to lettuce resulted in higher antioxidant capacity
and bioactive content depending on the salinity levels compared to untreated control treatment. Our findings on
the effect of plant biostimulants on nutritional and functional quality of the product were in line with previous
research on biostimulants (protein hydrolysate and plant extract) conducted by Caruso et al. [119], in which
foliar application increases the antioxidants contents of perennial wall rocket compared to the non-treated
control. Similarly, Vasantharaja et al. [120] demonstrated that the application of seaweed extract-based
biostimulant boosted the antioxidant activity and the bioactive content (phenols and vitamin C) of cowpea. A
mechanistic explanation of the beneficial effect of plant biostimulants, on the biosynthesis of antioxidant
molecules could be due to: i) the activity stimulation of key enzymes involved in antioxidant homeostasis in
cells, and ii) the higher macro- and micro-nutrient assimilation of biostimulant-treated plants which could
contribute to the synthesis of amino acids, phenylalanine and tyrosine [121]; [122].

The oxidative stress induced by salinity can lead to an excess of ROS production resulting in lipid
peroxidation [123], Therefore, the level of malondialdehyde (MDA), a decomposition product of
polyunsaturated fatty acids produced during peroxidation of membrane lipids, is often used as an indicator of
oxidative damage [124]. The present study indicated a gradual increase of lettuce MDA content under salt
stress. This increase was significant at 100 mM, suggesting that severe stress-induced lipid peroxidation resulted
in deterioration of the membrane integrity.

However, no significant change of the MDA content at moderate stress (50 mM NaCl) was observed.
Our results corroborate with findings showing that an unchanged lipid peroxidation level seems to be a
characteristic of tolerant plants coping with moderate salt concentration [125].

In order to minimize the oxidative damage caused by ROS generated under salt stress, the plants
exhibit both enzymatic and nonenzymatic antioxidant defense systems [126]. “Trainer” and Trichoderma
applications resulted in decreased MDA content in treated plants. Thus, tested biostimulants could alleviate lipid
peroxidation caused by salt stress in lettuce plants.

In this study, salt-induced toxicity (Na®) disturbs the uptake of essential mineral nutrients such as K*
and Ca?*. Na" increased significantly due to salt stress. This excessive Na* uptake may have led to an imbalance
in cellular Na* and K" contents. Under salinity, the nutritional imbalance of plants can be mainly ascribed to
several mechanisms including osmotic effects of salts and also to the competition between Na* and K* uptake in
roots leading to extreme ratio of Na"/K" [127]; [128]; [129]. As a result, lettuce plant become more sensitive to
specific ion injury as well as to mineral deficiencies resulting in stunted growth and productivity loss.
Hyperaccumulation of Na* also reduces the influx of Ca?" ions through the plasma membrane, and increases
efflux of Ca®* from plant cells [130]. The reduction of K* and Ca?* content in shoots, can be explained by the
pronounced decrease of the hydraulic and stomatal conductance in lettuce plants exposed to salt stress.
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Reduction of potassium content in shoots as a result of salt stress is most probably due to the
competition of Na* for the same cation transporters. K* is involved in different cellular functions, such as
activation of enzymatic reactions, charge balancing, and osmoregulation [131]. Therefore, the control of K*
homeostasis is fundamental in salinity tolerance.

However, the role of Ca*" in antioxidant enzyme signal transduction was reported by Agarwal et al.
[132] who reported that Ca®* acts as a second messenger and causes a transient increase in H,O,, which in turn
induces antioxidant enzyme activity leading to a decrease in ROS on long- time basis.

Na+/K+ ratio in tissues is additionally an important indicator of plant salinity tolerance as a lower
Sodium/Potassium ratio in cytosol is indispensable for normal metabolic functions of the cell [133].

A lower K+/Na+ ratio was noted across plant partitions under salinity than in control plants. As salt
stress results in ion imbalance, the need for exclusion of extra Na* and CI" is necessary for plant survival. The
relative decrease in K*/Na"* due to salinity stress has been previously reported [134]; [135].

Therefore, two main strategies of salt stress tolerance can be considered, i.e. salt exclusion and salt
sequestration, the latter one is generally used by lettuce plants. This is why the marketable biomass gets a slight
salty taste. In the first phase of the salt stress, the rapidly accumulating sodium (Na*) is an osmolite with low
energy cost in the leaf vacuoles for the cell turgor adjustment, and ultimately of tissue growth under the
hyperosmotic stress condition imposed by salinity [4]; [136]. Then, salt stress disturbs the uptake of essential
mineral nutrients such as Ca®* and K" as Na* competitively inhibits Ca®* and K" transport through membranes
[137].

The biostimulant treatment seem to improve this adaptive mechanism with a reduced Na* cellular
influx and consequent enhanced K* accumulation in leaves of lettuce treated plants under salt stress.

A presumed mechanism involved in the stimulation of crop performance after co-inoculation with
beneficial microorganisms might be the improvement of mineral nutrient availability and plant uptake. Nutrient
uptake is a main factor for the maintenance of homeostasis and plant development under edaphic adversities
[20]. In the present study, both biostimulant treatments reduced Sodium uptake of plants and increased the
Potassium uptake, compared to untreated plants under salt stress, thus increasing K*/Na® ratio. The capacity to
maintain a high K*/Na* ratio in the shoot tissue constitutes an important salt tolerance indicator [138]. The
greatest Potassium accumulation, and the reduced Sodium concentration in the microbial treated lettuce, may
have helped the plants toward maintaining the osmotic potential in their cells and also preventing accumulation
of cellular Na* to a toxic concentration.

Our results are consistent with several previous studies [57]; [139]; [140]; [58]; [75] which showed an
improvement in the uptake of some macro and microelements under salinity conditions, when plants were
inoculated with arbuscular mycorrhizal fungi or Trichoderma spp.

V. CONCLUSION

Salt stress has been found to impose deleterious effects on lettuce plants especially at higher levels of
NaCl. However, coating seeds with Trichoderma atroviride was found to mitigate the detrimental effects of
NaCl salinity on lettuce growth. Improved nutritional (higher K* and lower Na* concentration in leaf tissue) and
leaf water status, may have assisted the plants to translocated minerals and alleviated the impacts of salinity on
lettuce plants. Trichoderma inoculated plants restored the pigment and relative water contents. The increase in
proline content was found to be very useful in providing tolerance to these plants under NaCl stress.
Trichoderma atroviride not only enhanced some physiological parameters but also increased antioxidant
capacity and bioactive compound. The plants inoculated with Trichoderma atroviride hold potential to induce
relative salt tolerance and improve plant growth of lettuce plants under salt stress. Although further research is
required to validate and fully understand of its mode of action, Trichoderma atroviride has promise as a
candidate strain as a biological abiotic stress control agent. It is surely critical to generate effective bio-control
strategies by enlightening the influence of such alternative strains which is perfectly safe either for rhizosphere
microflora or for human being to give sustainable approaches to agriculture.
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