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ABSTRACT
[bookmark: _Hlk63798938][bookmark: _GoBack]Water stress is one of the most important factors limiting plant growth and development. The use of biostimulants is becoming increasingly important to mitigate the effects of several stresses such as water deficit. The objective of this study is to assess the effects of the biostimulant Codasil® composed mainly of oligo/polypeptides, amino acids (AAs), Si, and K on lettuce growth, physiology, and water stress tolerance. For this aim, lettuce plants were grown under water deficit (75% of field capacity) and with the application of Codasil®. Parameters related to growth, oxidative stress, photosynthesis, pigment concentration, and proline metabolism were analyzed. The results showed that the biostimulant considerably enhanced plant growth under water stress conditions. Likewise, Codasil® reduced lipid peroxidation and H2O2 levels and protected photosynthesis performance. Besides, plants supplied with the biostimulant accumulated more Si and presented a lower Pro accumulation and a lower Pro metabolism induction. Altogether, this study confirms the usefulness of Codasil® as a biostimulant to mitigate the effects of water deficit.
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1. INTRODUCTION
One of the main abiotic factors that threaten agricultural productivity is the progressive expansion of the water deficit in different areas of the world. Thus, water stress is one of the most important factors limiting plant growth and development (Pour-Aboughadareh et al., 2019). Crops suffer water stress when there is a limitation in the water supply to the roots or when the transpiration rate is very high, thereby the most frequent drought events are in arid or semi-arid areas (Nemeskéri and Helyes, 2019). The intensity and the duration of droughts are expected to increase with climate change because of the higher global temperatures (Kørup et al., 2018). Water deficit negatively affects plant growth and production, altering morphological, biochemical, and molecular features (Balestrini et al., 2018). A state of continued water stress results in an interruption of reproductive development, leading to premature senescence of leaves, wilting, desiccation, and death (Pour-Aboughadareh et al., 2019). 

The damage caused by water stress is mainly due to two causes: the accumulation of reactive oxygen species (ROS) and the alteration of plant water relations. ROS have harmful effects such as DNA damage, oxidation of amino acids (AAs) and proteins, and lipid peroxidation. In the latter process, lipids are broken, which affects their function on the membrane, causing loss of fluidity, and inactivation of membrane enzymes (Ahanger et al., 2017). Malondialdehyde (MDA) is a byproduct of lipid peroxidation, so low MDA levels have been associated with increased tolerance to water stress in many plant species (Nxele et al., 2017). Therefore, the degree of tolerance to water stress depends on the ability of plants to counteract these stress processes (Ji et al., 2018). 

[bookmark: _Hlk42597634]Plants develop defense mechanisms against drought altering morphological, physiological, biochemical, and metabolic processes that help them to survive in an environment with low water availability. One of the most important processes of drought tolerance in plants is the maintenance of water status and the reduction of tissue water loss. In the short-term, water deficiency cause partial or total closure of the stomata that reduce water loss by transpiration (Nemeskéri and Helyes, 2019; Wang et al., 2019). However, this process also reduces the amount of CO2 available for photosynthesis, resulting in an imbalance between electron generation and utilization. These photochemical changes along with the ROS accumulation impairs photosynthesis performance and result in the dissipation of excess energy in photosystem II (PSII) as fluorescence (Nxele et al., 2017; Zhang et al., 2019). Furthermore, the accumulation of compatible solutes (osmoprotectors or osmolytes) is one of the most frequent strategies to maintain osmotic adjustment and cell membrane structure, preventing cell dehydration under osmotic stress conditions caused by drought. Solutes that accumulate during osmotic adjustment include ions such as K+, Na+, and Cl-, or organic solutes that include nitrogen-containing compounds such as proline (Pro) and other AAs which help to retain water and maintain turgor pressure. Pro accumulation is a widely studied response of plants to many biotic and abiotic stresses (Signorelli and Monza, 2017). Pro stabilize the structure of proteins and cell membranes, promote the activity of enzymatic and non-enzymatic antioxidant systems, reducing toxicity from drought stress enhance water uptake and act as membrane stabilizer (Zhang et al., 2018; Dien et al., 2019).

[bookmark: _Hlk41843550]Another way to improve drought tolerance is through the use of biostimulants (Balestrini et al., 2018; Bulgari et al., 2019). This approach considers the use of organic or inorganic molecules, and/or microorganisms applied externally to the plant in low concentrations, to stimulate plant growth and development, defense against pathogens, and stress tolerance (Dalal et al., 2019). Thus, biostimulants based on natural materials have received significant interest from researchers, farmers, and industrial companies as a useful and effective tool to improve crop productivity (D’Addabbo et al., 2019). Within inorganic compounds, silicon (Si) is considered a biostimulant because of its positive effect on the growth and development of many plant species, increasing their tolerance to biotic and abiotic stress (Daoud et al., 2018; Szulc et al., 2019). Although Si is not considered an essential element for higher plants, it is beneficial to them, especially when they are subjected to environmental stresses (Shi et al., 2016). Si enhances primary metabolism by increasing photosynthesis and nutrient uptake, and secondary metabolism by promoting the production of phenolic compounds and also favor antioxidant defense systems (Maghsoudi et al., 2016; Vega et al., 2019). Different mechanisms have been suggested for silicon-mediated water stress tolerance, including prevention of water loss through transpiration (Rafi et al., 2020), maintaining mineral balance, increasing water absorption by the roots, stimulating osmolyte accumulation, and increasing photosynthetic enzyme activity (Zhang et al., 2018). Likewise, the AAs usually applied in biostimulants are used by plants to grow in the biosynthesis of several nitrogenous compounds such as coenzymes, vitamins, pigments, and pyrimidine bases (Francesca et al., 2020). Companies are developing a variety of biostimulants to improve both the growth and the tolerance to stress, but the effects of these biostimulants should be experimentally tested. Therefore, the objective of this study is to assess the effects of the biostimulant Codasil® composed mainly of AAs, Si, and K on lettuce growth, physiology, and stress tolerance. 

2. MATERIAL AND METHODS
2.1. Plant material and growing conditions
Lettuce plants (Lactuca sativa cv. Isasa) were used as plant material. The seeds were germinated and grew for 45 days in a tray with cells. Afterward, the seedlings were transferred to a culture chamber under controlled conditions with relative humidity 60-80%, temperature 25ºC/15ºC (day/night), and 16h/8h of photoperiod with a PPFD (photosynthetic photon-flux density) of 350 µmol-2s-1 (measured with a sensor SB quantum 190, LI-COR Inc., Lincoln, NE, USA). Plants were grown in individual pots (15 cm upper diameter, 12 cm lower diameter, 19.5 cm high, and a volume of 4 L) filled with a 1:1 mixture of perlite:vermiculite. During the whole experiment the plants were supplied with a complete nutrient solution (pH 5.8) containing: 4 mM KNO3, 3 mM Ca(NO3)2, 2 mM MgSO4, 6 mM KH2PO4, 1 mM NaH2PO4, 2 µM MnCl2, 1 µM ZnSO4, 0.25 µM CuSO4, 0.1 µM Na2MoO4, 5 µM Fe-EDDHA, and 50 µM H3BO3.

2.2. Description of the treatments and experimental design
[bookmark: _Hlk67993126]The treatments consisted of control plants watered at 100% of field capacity (FC), plants subjected to water stress (watered at 75% of FC), and plants subjected to water stress and supplied with the biostimulant Codasil® (BS), (75% FC + BS). The biostimulant Codasil® provided by the company Sustainable Agro Solutions S.A., Almacelles, Spain (https://www.sas-agri.com/productos/codasil/) was composed of 26% (w/v) amorphous SiO2, 15% (w/v) K2O, and 5% (w/v) oligo/polypeptides and free AAs of which Pro was the most abundant. Codasil® was applied to the substrate 4 times with 7-day intervals at a concentration of 0.16 ml/L. The application of the different treatments began 40 days after germination and was maintained for 28 days. The experimental design consisted of a complete randomized block with six plants per treatment arranged in individual pots and with three replicates per treatment.

2.3. Plant sampling and analyzed parameters
The plant material of the shoot was sampled 28 days after the first treatment application. The plant material was rinsed and then dried on filter paper to obtain fresh weight (FW). From each treatment, half of the samples were frozen at -40ºC and were used for the biochemical analysis. The other half of the plant material, after drying in a forced-air oven, was used to determine the dry weight (DW), as well as the concentration of Si and the mineral elements in leaves.

2.4. Cell membrane stability
The stability of cell membranes was determined by performing the electrolyte loss test (Soloklui et al., 2012). For this purpose, 0.3 g of fresh plant material was weighed, cut into pieces, washed slightly with deionized water, placed in a test tube, added 30 mL of deionized water, and vortexed for 1 min. The initial conductivity (EC1) was measured using a conductivity meter (Cond 8; XS Instruments, Italy). The tubes were then kept in a water bath at 100°C for 20 min to extract the released electrolytes and allowed to cool to room temperature. Subsequently, the final conductivity (EC2) was measured. The percentage of electrolyte loss was calculated using the following formula (EC1/EC2) x 100.

2.5. Determination of oxidative indicators (MDA, H2O2, and O2-)
MDA was determined according to Fu and Huang (2001) method. The absorbance of the extracts was measured at 532 nm and the value for non-specific absorbance at 600 nm was subtracted from the reading obtained at 532 nm. The MDA concentration was calculated using the MDA molar extinction coefficient of 155 mM-1cm-1. H2O2 concentration was colorimetrically measured as described by Junglee et al. (2014) using KI. The O2- concentration was measured colorimetrically according to Barrameda-Medina et al. (2014).

2.6. Antioxidant capacity: FRAP and TEAC tests
The assay was performed using FRAP reagent and absorbance was measured at 593 mm. (Benzie and Strain, 1996). The TEAC (Trolox Equivalent Antioxidant Activity) test was performed using a modified version of the method by Cai et al. (2004) based on the reaction with 2,2'-azinobis-(3-ethylbenzothiazolin-6-sulfonic acid) (ABTS) and measuring absorbance ay 734 nm.

2.7. Chlorophyll (Chl) concentration 
The concentration of photosynthetic pigments was analyzed by Wellburn (1994) method with slight modifications. 0.1 g of plant material was homogenized in 1 ml of methanol. Subsequently, it was centrifuged for 5 min at 5000 g. Absorbance was measured at 3 different wavelengths: 666 nm, 653 nm, and 470 nm, and the following calculations were made based on the following equations:
- Chlorophyll a (Chl a) = 15.65 x A666nm - 7.34 x A653nm
- Chlorophyll b (Chl b) = 27.05 x A653nm - 11.21 x A666nm
- Carotenes = (1000 x A470nm - 2.86 x Chl a - 129.2 X Chl b) / 221

2.8. Flavonoids and total phenols concentration
The extraction of phenols and flavonoids was performed as described by Rivero et al. (2001). The total flavonoid concentration was determined by the colorimetric method described by Kim et al. (2003). The total flavonoid concentration was calculated using a routine curve and expressed as μg routine g-1 FW. Total phenols concentration was quantified at an absorbance of 725 nm using the Folin-Ciocalteau reagent. 

2.9. Anthocyanins concentration
The anthocyanin concentration was determined according to the differential pH method described by (Giusti and Wrolstad, 2001).  Two buffer systems were used: potassium chloride, pH 1.0 (0.025 M), and sodium acetate, pH 4.5 (0.4 M). The plant material was made to react with the two buffers separately. The solutions were left to stand at room temperature for 20 minutes. Finally, the absorption of both solutions was measured at 640 and 710 nm. The anthocyanin concentration was obtained by subtracting the absorbance values as follows: [(A640 - A710) pH1,0] - [(A640 - A710) pH4,5] and considering a cyanidine-3-glucoside molar extinction coefficient of 26900 and a molecular weight of 449.2. The results were expressed as mg cyanidine-3-glucoside per 100 g FW.

2.10. Analysis of Chl a fluorescence
The plants were adapted to 30 minutes of darkness before taking the measurements using a special leaf clip that was placed on each of the leaves. The kinetics of Chl a fluorescence was determined using the Handy PEA Chlorophyll Fluorimeter (Hansatech Ltd., King's Lynn, Norfolk, UK). Chl a fluorescence was induced by red light (650 nm) with a light intensity of 3000 µmol photons m-2s-1. The fluorescence was analyzed by the JIP test. Measurements were made on fully developed leaves at the mean plant position of six plants per treatment. The following parameters obtained from the JIP test were used to study energy fluxes and photosynthetic activity: Fv/Fm and PIABS (Strasser et al., 2004).

2.11. Photosynthetic gas exchange parameters
Gas exchange measurements were recorded using a LICOR 6800 Portable Photosynthesis System infrared gas analyzer (IRGA: LICOR Inc. Nebraska, USA). The intermediate leaves were placed in the measuring cuvettes under optimal growth conditions. Before use, the instrument was warming for 30 minutes and calibrated. The measurements used standard optimal cell conditions at 500 μmol m2 s-1 of photosynthetically active radiation (PAR), 400 μmol mol-¹ CO2 concentration, leaf temperature at 30 °C, and 60% relative humidity. The net photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs), and intercellular CO2 (Ci) were recorded simultaneously. The data were stored in the LICOR device and analyzed by the "Photosyn Assistant" software. The instantaneous water use efficiency (WUE) was calculated by dividing the A by E.
2.12. Determination of AAs concentration
The method of Bieleski and Turner (1966) was used with some modifications for AAs extraction. 0.1 g of fresh leaves were homogenized in 1 ml of MCW (methanol: chloroform: water, 12:5:1). 50 μl of L-2 aminobutyric acid was added as an internal standard. The mixture was centrifuged at 2,300 × g for 10 min. The resulting supernatant was added to 700 μl of Milli-Q water and 1.2 ml of chloroform and incubated 24 h at 4 °C. Then, the aqueous phase was obtained, which was lyophilized and the resulting extract was diluted with 0.1 M HCl. Instrumental analysis of soluble AAs was carried out using the precolumn AccQ Tag Ultra Derivatization Kit (Waters, Milford, MA, USA). LC fluorescence analysis was performed on the Waters Acquity® UPLC System equipped with the Acquity fluorescence detector. UPLC separation was performed on the AccQ Tag Ultra column (2.1 x 100 mm, 1.7 μm) from Waters. The flow rate was 0.7 mL min-1, and the column temperature was kept at 55ºC. The injection volume was 1 µL, and the detection was set at a 266-nm excitation wavelength and a 473-nm emission wavelength. The solvent system consisted of two eluents: 1:20 Dilution of AccQ Tag Ultra eluent A concentrate and AccQ Tag Ultra eluent B.

2.13. Pro metabolism enzyme activities
The extraction of D-1-pyrroline-5-carboxylate synthetase (P5CS) was carried out according to (Sumithra et al., 2006). P5CS activity was measured as described in (Charest and Ton Phan, 1990). The activity was measured as the rate of consumption of NADPH, monitored as a decreased in absorbance at 340 nm. For ornithine-d-aminotransferase (OAT) and proline dehydrogenase extraction, leaves were homogenized in 100 mM potassium phosphate buffer (pH 7.8). The homogenate was ﬁltered and centrifuged at 12,000g for 20 min (4°C). OAT was assayed according to Charest and Ton Phan (1990) measuring the decrease in absorbance of NADH at 340 nm. Proline dehydrogenase (PDH) activity was assayed as a reduction of NAD+ at 340 nm (Charest and Ton Phan, 1990). The protein concentration of the extracts was determined according to the method of (Bradford, 1976), using bovine serum albumin as standard.


2.14. Si and K concentrations determination
Si and K were measured by ICP-OES. For this, 0.2 g of dried leaves were ground and mineralized with 30% HNO3 and H2O2 at 300ºC (Krom, 1980). 

2.15. Statistical analysis
All analyses were repeated in triplicate and results were evaluated statistically using an analysis of variance, simple ANOVA with a 95% confidence interval. Differences between treatment means were compared using the Fisher test for the least significant differences (LSD) at a 95% probability level. Significance levels were expressed as * P < 0.05; ** P < 0.01; *** P < 0.001; NS not significant.

3. RESULTS
3.1. Plant biomass
Lettuce plants subjected to 75% FC presented a significant reduction in plant biomass. However, the Codasil® application improved significantly the growth of the plants under stress conditions although it did not reach the growth of the control plants growth (Fig. 1A). Likewise, 75% FC plants showed the lowest dry weight (DW) whereas the Codasil® application increased significantly the shoot DW (Fig. 1B). 




[image: ]
[bookmark: OLE_LINK2]Figure 1. Photography showing the effects of FC75% watering and Codasil® application on lettuce plants (A) and the effects of these treatments on shoot DW (B). Error bars represent the standard deviation of the mean. Bars with different letters indicate significant differences (p<0.05).

3.2. Stress indicators
An increase in electrolyte leakage (EL) and MDA values were observed in plants subjected to 75% FC. On the other hand, in 75% FC + Codasil® plants the EL was lower than in control plants and MDA concentration presented intermediate values of the other two treatments (Fig. 2A and 2B). Regarding ROS levels, all 75% FC plants showed higher O2.- concentrations compared to control plants. Likewise, 75% FC plants showed higher H2O2 levels although the application of Codasil® reduced its concentration to values below those of the control plants (Fig. 2C and 2D).
[image: ]
Figure 2. Effect of 75% FC watering and Codasil® application on stress-related parameters of lettuce plants. Error bars represent the standard deviation of the mean. Bars with different letters indicate significant differences (p<0.05).
The water restriction conditions induced in lettuce plants a significant increase of FRAP and TEAC antioxidant tests values. However, plants supplied with Codasil® reached the highest values in comparison to the other treatments (Fig. 3).


[image: ]
Figure 3. Effect of 75% FC watering and Codasil® application on FRAP (A) and TEAC (B) tests in lettuce plants. Error bars represent the standard deviation of the mean. Bars with different letters indicate significant differences (p<0.05).

3.3. Pigments concentration and phenolic compounds
The concentration of total Chls, Chl a/b ratio, carotenoids, flavonoids, and anthocyanins decreased in plants subjected to water stress conditions compared to control plants, although Codasil® application caused a significant increase in the leaf concentration of these pigments. Indeed, FC75% + Codasil® plants showed higher carotenoids and flavonoids concentration in comparison to control plants. On the other hand, water stress increased total phenol levels in lettuce plants and this effect was higher in FC75% + Codasil® plants (Table 1). 




Table 1. Effect of 75% FC watering and Codasil® application on pigments concentration of lettuce plants.
	 
	Control
	FC75%
	FC75% + Codasil®
	p-valor
	LSD0.05

	Total Chls (mg g-1 FW)
	0.23 ± 0.01a
	0.17 ± 0.01b
	0.23 ± 0.01a
	***
	0.01

	Chl a/b ratio
	1.77 ± 0.06a
	1.28 ± 0.05b
	1.81 ± 0.05a
	***
	0.07

	Carotenoids (mg g-1 FW)
	0.104 ± 0.001a
	0.070 ± 0.001c
	0.101 ± 0.001b
	***
	0.002

	Flavonoids (mg g-1 FW)
	3.51 ± 0.09b
	2.70 ± 0.27c
	4.14 ± 0.13a
	***
	0.36

	Anthocyanins (mg g-1 FW)
	0.35 ± 0.04a
	0.26 ± 0.01b
	0.31 ± 0.04a
	*
	0.05

	Total phenols (mg g-1 FW) 
	1.45 ± 0.27c
	1.94 ± 0.02b
	3.21 ± 0.15a
	***
	0.36



Values are means ± standard error (n=9) and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). Values with different letters indicate significant differences. The levels of significance were represented by p<0.05 (*) and p<0.001 (***).

3.4. Photosynthetic parameters
Plants subjected to water stress without the application of Codasil® presented the minimum Fv/Fm and PIABS values, however, Codasil® plants showed similar Fv/Fm values than control plants and PIABS values were intermediate between the two other treatments. Furthermore, water stress caused a reduction in A, E, gs, Ci parameters in comparison to control conditions. However, the application of Codasil® to water-stressed plants increased the values of these parameters to values similar to those of control plants. On the other hand, 75% FC plants showed the highest WUE values compared to the other two treatments (Table 2).


[bookmark: OLE_LINK1]Table 2. Effect of 75% FC watering and Codasil® application on photosynthetic parameters of lettuce plants.
	 
	Control
	FC75%
	FC75% + Codasil®
	p-valor
	LSD0.05

	Fv/Fm
	0.846 ± 0.007a
	0.833 ± 0.002b
	0.850 ± 0.007a
	*
	0.011

	PIABS
	5.07 ± 0.55a 
	2.50 ± 0.58c
	3.69 ± 0.29b
	**
	0.98

	A (µmol m⁻² s⁻¹)
	5.97 ± 0.61a
	2.90 ± 0.57b
	5.03 ± 0.80a
	**
	1.34

	E (mmol m⁻² s⁻¹)
	1.20 ± 0.12a
	0.37 ± 0.10b
	0.98 ± 0.21a
	**
	0.30

	gs (mol m⁻² s⁻¹)
	71.98 ± 7.87a
	21.53 ± 5.86b
	57.93 ± 12.29a
	**
	18.14

	Ci (µmol mol⁻¹)
	336.44 ± 12.78a
	265.67 ± 22.47b
	329.15 ± 15.74a
	**
	34.91

	WUE (μmol mmol-1)
	4.99 ± 0.15b
	7.91 ± 0.80a
	5.16 ± 0.28b
	***
	0.99



Values are means ± standard error (n=9) and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). Values with different letters indicate significant differences. The levels of significance were represented by p>0.05: p<0.05 (*), p<0.01 (**) and p<0.001 (***).

3.5. AAs concentration
Plants subjected to water deficit registered similar total AAs concentration in comparison to control plants. However, Codasil® application significantly increased the values of all analyzed AAs except for Pro that showed lower concentration than in FC75% plants and Met that did not show differences. In addition, FC75% plants presented lower His, Glu, and Met concentrations and higher Gly, Asp, Ala, Pro, Val, Ile, and Leu concentrations compared to control plants (Table 3).


Table 3. Effect of 75% FC watering and Codasil® application on AAs profile of lettuce plants
	 
	Control
	FC75%
	FC75% + Codasil®
	p-valor
	LSD0.05

	Total AAs
	16.07 ± 0.96b 
	14.69 ± 0.88b
	60.95 ± 3.66a
	***
	4.48

	His
	4.90 ± 0.29b 
	3.24 ± 0.19c
	21.80 ± 1.31a
	***
	1.56

	Arg
	4.77 ± 0.29b
	4.02 ± 0.24b 
	25.05 ± 1.50a 
	***
	1.79

	Glu
	1.90 ± 0.11b
	1.46 ± 0.09c
	2.10 ± 0.07a
	***
	0.19

	Gly
	1.32 ± 0.08c
	2.00 ± 0.12b
	2.32 ± 0.14a
	***
	0.23

	Ser
	0.75 ± 0.04b
	0.72 ± 0.04b
	2.00 ± 0.12a
	***
	0.16

	Asp
	0.66 ± 0.04c
	0.87 ± 0.05b
	1.30 ± 0.08a
	***
	0.12

	Met
	0.58 ± 0.03a
	0.23 ± 0.01b
	0.23 ± 0.01b
	***
	0.05

	Ala
	0.42 ± 0.03c
	0.51 ± 0.03b
	1.16 ± 0.07a
	***
	0.09

	Thr
	0.39 ± 0.02b
	0.46 ± 0.03b
	1.91 ± 0.11a
	***
	0.14

	Pro
	0.21 ± 0.01c
	0.67 ± 0.04a
	0.37 ± 0.02b
	***
	0.05

	Val
	0.09 ± 0.01c
	0.20 ± 0.01b
	1.04 ± 0.06a
	***
	0.07

	Ile
	0.05 ± 0.01c
	0.16 ± 0.01b
	1.28 ± 0.08a
	***
	0.09

	Leu
	0.03 ± 0.01c
	0.10 ± 0.01b
	0.51 ± 0.03a
	***
	0.04

	Phe
	0.02 ± 0.01c
	0.05 ± 0.01b
	0.16 ± 0.01a
	***
	0.02



The unit for AAs concentration is µmol g-1 FW. Values are means ± standard error (n=9) and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). Values with different letters indicate significant differences. The levels of significance were represented by p<0.001 (***).

3.6. Pro metabolism enzyme activities
Water stress enhanced the activity of P5CS and OAT enzymes, whereas it reduced PDH activity. However, plants supplied with Codasil® presented similar P5CS and OAT activities compared with control plants. Besides, FC75% + Codasil® plants registered a similar PDH activity than FC75% plants (Fig. 4).
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Figure 4. Effect of 75% FC watering and Codasil® application on P5CS (A), OAT (B), and PDH (C) activities in lettuce plants. Error bars represent the standard deviation of the mean. Bars with different letters indicate significant differences (p<0.05).

3.7. Si and K concentrations
The plants supplied with Codasil® were the only plants that showed significant levels of Si in leaves and water stress increased the leaf K concentration, being this increment lower in plant supplied with Codasil® (Table 4).

Table 4. Effect of 75% FC watering and Codasil® application on mineral elements concentration of lettuce plants
	 
	Control
	FC75%
	FC75% + Codasil®
	p-valor
	LSD0.05

	Si (mg g-1 DW)
	nd
	nd
	0.37 ± 0.01
	
	

	K (mg g-1 DW)
	45.80 ± 0.92c
	65.74 ± 1.31a
	54.24 ± 2.42b
	***
	3.35



Values are means ± standard error (n=9) and differences between means were compared by Fisher’s least-significance test (LSD; P=0.05). Values with different letters indicate significant differences. The level of significance were represented by p<0.001 (***).

4. DISCUSSION
Water stress is one of the main abiotic factors limiting plant growth and productivity worldwide, especially in arid and semi-arid areas (Eneji et al., 2008). The reduction of growth and biomass production under water deficit has been well characterized in several types of plants and is one of the most used indicators to define the degree of sensitivity to this type of abiotic stress (Sánchez-Rodríguez et al., 2010). Alternatively, biostimulants are considered innovative agronomic tools (Bulgari et al., 2019). Biostimulants based on natural materials are an effective tool to improve crop biomass (Daoud et al., 2018; D’Addabbo et al., 2019). In the present experiment, the reduction of water supply caused a reduction of roughly 50% of dry biomass. However, the application of the biostimulant Codasil® limited this reduction to 30% of dry weight. Hence, the Codasil® application is effective to reduce biomass loss caused by drought so it could be applied in areas with water scarcity to contribute to maintaining crop yields. 

Several studies reported the beneficial effects of Si application to crops. A significant increment in yield was observed in plants supplied with this element (Daoud et al., 2018). Si is a principal component of Codasil® and that was reflected in a higher accumulation of this element in lettuce leaves. Hence, Si could contribute to enhancing water homeostasis to protect plants against drought stress and could be the main factor that explains the maintain of biomass in lettuce plants subjected to water deficit. Indeed, this positive effect of Si on water balance was observed also in other studies and also observed a better hydraulic conductance  (Chen et al., 2016, 2018; Cao et al., 2017; Rafi et al., 2020). Another of the main components of Codasil® is K. A clear correlation between K nutritional status and plant drought tolerances has been proved. Indeed, K is involved in osmotic regulation, aquaporin function, and cell turgor maintenance. In addition, K regulates the hydraulic conductance of xylem under water-stress conditions increasing water uptake and transport (Hasanuzzaman et al., 2018). In the present study, despite the extra supply of K to the lettuce plants, we did not observe great accumulation in the leaves. The lettuce plant may not stimulate K accumulation in the leaves since its protective function might be provided by other Codasil® components in leaves.   However, the extra supplied K to the substrate could play a role in maintaining water homeostasis in lettuce roots and therefore, easing water transport to the shoot. 

Under adverse conditions, such as water stress, maintaining cell membrane integrity and low levels of ROS generation is crucial to plant survival (Sánchez-Rodríguez et al., 2010; de la Torre-González et al., 2017). In this sense, it was shown that the application of Si, K, or Pro decreased the loss of electrolytes in plants stressed by water deficit which indicates the possible protective role of these elements against membrane damage. In addition, they activate antioxidant defenses that contribute to eliminate ROS in plants (Shen et al., 2010; Rejeb et al., 2014; Ahanger et al., 2017; Zhang et al., 2018)(Zhang et al., 2018). According to our results, the Codasil® application was effective to prevent membrane damages, since EL and MDA levels were remarkably lower in plants supplied with the biostimulant. Regarding ROS, although Codasil® was unable to reduce O2.- levels it did significantly reduced H2O2 levels, which indicated lower oxidative stress in Codasil®-supplied plants. The lower H2O2 levels could be related to the considerably higher antioxidant capacity of plants supplied with the biostimulant according to antioxidant tests results. Therefore, the results of oxidative stress indicators show that Codasil® was effective to reduce oxidative stress and thereby increase the tolerance of lettuce plants to drought.

In the present study, we analyzed the concentration of compounds such as anthocyanins, flavonoids, and carotenoids. These compounds besides playing a role as accessory light-collecting pigments possess great antioxidant capacities (Chen, 2015). Thus, the higher antioxidant capacity observed in plants supplied with Codasil® could be related to the higher concentration of these compounds in comparison to 75% FC plants. Besides, it highlights the greater concentration of total phenols in plants supplied with the biostimulant. The Si supplied by Codasil® could enhance phenols synthesis and accumulation as suggested by Vega et al. (2019) study. Furthermore, pigments and phenolic compounds have powerful antioxidant properties and help to protect against drought stress (Rezayian et al., 2018). Besides, the higher concentration of these pigments makes the application of Codasil® interesting as a means of increasing the nutritional quality of lettuce plants for human consumption (Chen, 2015).

To test the possible positive effect of Codasil® under water-stressed conditions on the photosynthetic process in plants, we studied different parameters that define photosynthetic activity such as the concentration of photosynthetic pigments, Chl a fluorescence, and leaf exchange measurements. Generally, environmental stress causes significant inhibition of photosynthesis (Ashraf and Harris, 2013). However, several studies observed that Si application enhanced CO2 assimilation, Chl levels, and Fv/Fm ratio in water-stressed plants (Lobato et al., 2009; Chen et al., 2011). In the present study, all the analyzed parameters showed a clear reduction in photosynthesis performance caused by water deficit. Although, normal values were restored by the Codasil® application, which confirms its positive effect on the photosynthesis of plants under water stress. This improvement in photosynthesis performance could explain the maintenance of growth in plants supplied with the biostimulant.

At the beginning of drought stress, there is a decrease in leaf water loss through a significant reduction in transpiration rate by decreasing stomatal conductance and increasing stomatal resistance because of stomata closure. Under water-stressed conditions, a higher transpiration rate logically implies a reduction in WUE, which is usually very harmful, especially under extreme drought conditions (Nemeskéri and Helyes, 2019; Wang et al., 2019). In the present study, Codasil® application restored the transpiration levels to those of control plants. However, water-stressed plants showed a clear stomata closure, to avoid water loss. These results led to a higher WUE index although in this case did not lead to better drought tolerance, probably because of the reduction of A. Therefore, Codasil® application probably improves the water status of lettuce plants and allow greater stomata opening, and in turn, a greater photosynthesis rate under water-stressed conditions. Similar results were observed by studies that indicate that Si application under water-stressed conditions could maintain stomata open and regulate  hydraulic conductivity (Cao et al., 2017; Chen et al., 2018). Thus, the Si present provided by Codasil® could enhance water fluxes allowing a higher stomata overture and thereby higher CO2 assimilation. 

The higher AAs levels observed in plants supplied with Codasil® could be directly derived from those applied directly to the plant, or they could also be de-novo synthesized. In this last case, Codasil® could have a stimulating effect on AAs synthesis. The use of biostimulants that contain AAs and protein hydrolysates was proved to be effective against water stress (Hammad and Ali, 2014; Colla et al., 2017; Kaluzewicz et al., 2018; Haghighi et al., 2020). Hence, the higher AAs levels in plants supplied with Codasil® could contribute to the enhancement of water deficit tolerance. Specifically, the lower His and Glu levels in FC75% plants suggest an impairment in N assimilation as these two AAs are indicators of this process (Galili et al., 2016). Furthermore,  FC75% plants showed the highest Pro levels, which indicate higher stress in these plants because Pro is a reliable stress marker in plants (Signorelli and Monza, 2017). On the other hand, plants supplied with Codasil® showed higher His and Glu and lower Pro concentrations suggesting a better adaptation to water stress. Despite Pro is one of the main Codasil® constituents, it was not observed a higher accumulation of this AA in the treated plants. In these plants, Pro could be used to synthesize other AAs that could favor tolerance to water stress. For instance, Glu is used to produce intermediates that act as a buffer of the cellular redox state, His that promotes root growth, and Arg that is used to produce crucial drought-tolerance compounds such as polyamines (Batista-Silva et al., 2019). In addition, the peptides present in Codasil ® could have a positive effect since some studies observed an enhancement of C and N metabolism and better regulation of plant hormones in plants supplied with protein hydrolysates (Colla et al., 2017; Haghighi et al., 2020).

Regarding Pro, this AA is synthesized mainly through the glutamate pathway in which the P5CS fulfills a limiting step. In addition, Pro also can be produced from ornithine in a process driven by the OAT enzyme (Per et al., 2017). Several studies confirmed that Pro synthesis is upregulated in water-stressed plants that show higher P5CS and OAT activities (Jaarsma et al., 2013; Kaur and Asthir, 2015). In the present study, Pro accumulation and stress levels of lettuce plants were well correlated with P5CS and OAT. Plants subjected to water deficit showed higher activities of these enzymes and higher Pro levels, whereas these parameters were reduced in plants supplied with Codasil®. Likewise, the higher H2O2 levels in FC75% plants could enhance P5CS activity as suggested by Verslues and Sharma (2010). On the other hand, Pro accumulation also depends on its catabolism that is catalyzed by the PDH enzyme. PDH activity is repressed under stress to ease Pro accumulation and this activity is enhanced during stress relief (De la Torre-González et al., 2018). Thus, in the present study control plants showed the highest PDH activity, whereas it decreased in water-stressed plants to allow a higher Pro accumulation. Besides, the higher Pro concentration in FC75% + Codasil® plants compared to control plants could be because of the lower catabolism by PDH in these plants.

In addition to the positive effect on plant physiology and stress tolerance, Codasil® could be useful for the biofortification of plants for human consumption. Thus, one of its main components, Si, has been successfully used in biofortification experiments. Si is an essential element and is effective for the biofortification of leafy vegetables (D’Imperio et al., 2016). The beneficial effects of Si are the strengthening of bones and the immune system and neural and connective tissues (Farooq and Dietz, 2015). Besides, the higher concentrations of AAs such as His, Ile, Phe, Thr, and Val found in Codasil®-supplied lettuces, indicate a higher quality of these plants for human consumption since these AAs are essential in the diet (Hou and Wu, 2018).  
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