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Abstract
Silicon (Si) is a mineral element that provides many benefits to plants and may also assist in tolerance to abiotic
stresses such as salinity. The aim of the study was to evaluate the use of Si as a possible attenuator of the
deleterious effects of salinity on growth and post-harvest of lettuce. A completely randomized design with four
replicates was performed in a 3 × 2 factorial, consisting of three salinity levels (1.65, 3.65, 7.65 dS m-1) and two
levels of silicon (0.0 and 2.0 mM). Salinity reduced all variables related to plant growth. For shoot fresh and dry
mass, it was observed that NaCl caused a reduction of 79.80 and 80%, respectively, in comparison to the control.
However, parameters related to post-harvest such as titratable acidity, soluble solids and vitamin C increased
with salinity. Although not effective in reducing saline stress on plant growth, Si provided improvements in the
variables related to lettuce post-harvest. Salinity significantly reduced plant growth in the presence and absence
of Si, but provided better post-harvest quality with Si.
Keywords: Lactuca sativa L., salt stress, silicate fertilization, NaCl, vitamin C
1. Introduction
Salinity is one of the abiotic stresses that most limits crop production (Munns & Tester, 2008). Currently, it is
estimated that about 20% of the cultivated soils and about 33% of the irrigated areas in the world face some
problem of salinization (Shahbaz & Ashraf, 2013; Shrivastava & Kumar, 2015). Except Antarctica, all other
continents present soils with salinity problems (Martinez-Beltran & Manzur, 2005).
These problems become even more evident in arid and semi-arid regions. In these environments, due to the high
evaporation and low precipitation and with the low leaching capacity of the soils, salts accumulate on the surface
in amounts that are harmful to the plants. In addition, water scarcity forces the use of saline waters from deep
wells in irrigation. These wells, in general, have high salt contents ranging from 0.1 to 5.0 dS m-1 (Costa et al.,
2004). Therefore, it is necessary to look for alternatives to produce under these conditions. In this sense, silicate
fertilization can be an important alternative to reduce saline stress and improve post-harvest quality of fruits and
vegetables.
Fertilization supplemented with silicon, has shown positive responses related to the gain in production and
post-harvest quality of some vegetables such as lettuce (Resende et al, 2007; Galati et al, 2015b), strawberry
(Figueiredo, 2010) tomato (Marodin et al., 2016). In conditions of salt stress, positive effects of this mineral have
already been verified in crops such as wheat, cashew, rice, corn, tomato, among others (Tuna et al., 2008; Miranda
et al., 2010; Kraska & Breitenbeck, 2010; Lima et al., 2011; Li et al., 2015).
Lettuce (Lactuca sativa L.) is a leafy vegetable considered as “moderately sensitive” to the effects of salinity,
and its production declines by approximately 13% by each unit of increase in salinity threshold, which is 1.3 dS
m-1 (Maas, 1986). For being the most consumed leafy vegetable in the world and present in the diet of the
Brazilian population, with an annual domestic production of around 1.7 million tonnes (ABCSEM, 2014),
studies with this hardwood are necessary to soften the effects of salinity in areas suffering from this problem.
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Studies with the use of Si in vegetables, such as lettuce, aiming at attenuating the negative effects of salinity, are
still incipient and not very informative. Thus, the aim of this study was to evaluate the potential of silicon in
reducing the effects of salinity on lettuce growth and post-harvest.
2. Material and Methods
2.1 Experimental Area
Experiment was carried out from October to November 2016, in protected environment conditions, in
Fortaleza-CE at 3°44′S, 38°33′W and average altitude of 14 m. The climate is type ‘As’, that is, tropical with dry
season (Alvares et al., 2013). The average annual rainfall is 1.448 mm, relative humidity of 78.8%, with a
minimum and maximum average temperature of 23.6 °C and 30.1 °C, respectively.
The protected environment used in this research was a screened nursery with a 30% shading material, ceiling
height of approximately 1.8 m, with length and width of approximately 8.0 m each. Maximum and minimum air
temperature and relative humidity values recorded in the nursery were 36.4 °C, 25.4 °C and 78.3%, 25%,
respectively, and average luminous intensity of 89.775 Lux.
2.2 Sowing and Cultivation Conditions
Seeds of ‘Lucy Brown’ were seeded in phenolic foam, with dimensions of 2 × 2 × 2 cm. One seedling per cell
was maintained, and received two irrigations daily during ten days. After this period, seedlings were transferred
to polyethylene trays containing 7 L of nutrient solution at 50% of ionic strength, for adaptation during seven
days (nursery phase). Subsequently, they were transplanted to hydroponic system with 5 L pots with nutrient
solution of Furlani et al. (1999) at 100% of ionic strength, where they were submitted to the different levels of
silicon (0.0 and 2.0 mM) and salinity, 1.65 (control); 3.65; 7 dS.m-1. Sodium silicate (Na2SiO3) was used as
silicon source and sodium chloride (NaCl) was used for induction of saline stress.
Water used in the preparation of nutrient solution was C2S1 (Table 1), obtained from the supply of Companhia
de Água e Esgoto do Ceará (Cagece), whose values of electrical conductivity were adjusted with a conductivity
meter with temperature correction.
Table 1. Chemical characteristics of water used in the preparation of the nutritive solution
pH
7.0

CE
-- dS m-1 -0.46

Ca2+
Mg2+
K+
Na+
ClHCO-3
-1
--------------------------------------------- mmolc L ---------------------------------------------0.40
2.30
0.80
1.10
3.20
1.40

Source: Soil and water laboratory of UFC.
The hydroponic system type used was “floating” (deep pool with static aeration system), installed on a wooden
counter (0.8 m high, 1.5 m wide and 3.0 m long). For the aeration of nutrient solution, air compressors Chang
9000, 220v were used. Due to evapotranspiration, daily water replacement was performed in all pots for the
initial volume (5 L), as well as pH adjustment of the nutrient solution with citric acid (C6H8O7) or sodium
hydroxide (NaOH) keeping it in a range of 5.5 to 6.5. Every five days, renewal of nutrient solution was
performed. Fourty days after sowing, plants were harvested and taken to the laboratory for growth and
post-harvest analyses.
2.3 Analysis of Plant Growth
Plants were harvested and separated into roots and shoot. Then, root and shoot length (RL and SL) were
determined with the aid of a graduated ruler (cm); root and shoot fresh mass (RFM and SFM) were measured
weighing roots and shoot parts (leaves + stems) in precision scale with four decimal places. Then, leaf area (LA)
was determined through a leaf area meter (LI-COR, Inc. Model LI-3000) with the results expressed in cm2 and the
number of leaves (NL) by counting the fully expanded leaves. Afterwards, the different parts of the plant were
dried in a forced air oven at 65 ºC until reaching constant mass, and then weighed to obtain root and shoot dry
mass (RDM and SDM), expressed in g.planta-1. Production reduction (PR) was also calculated by the following
formula:
(PR, %) = (PCT – PST)/(PCT) × 100

(1)

where, PCT = production of the control treatment (without salinity); PST = production of the salinity treatment
(Fageria, 1985, 1992). SDM was considered as production parameter.
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2.4 Post-harvest Quality Analysis of Leaves
Part of the plant material was taken to the laboratory, where they were macerated and then used to determine the
parameters described below:
(1) Titratable acidity (TA): determined in 1 g of macerated leaf, transferred to a 125 ml Erlenmeyer flask and
filling the volume to 50 ml with distilled water. Phenolphthalein indicator 1% was used and titration with 0.1N
NaOH solution was performed (Instituto Adolfo Lutz, 2005). Results were expressed in grams of citric acid per
100 g of leaf.
(2) Hydrogen ionic potential (pH): pH was determined from 1g of macerated and diluted leaf (1 g of leaf/30 ml
of distilled water) using a digital potentiometer with glass membrane (Instituto Adolfo Lutz, 2005).
(3) Vitamin C: determined by titration with Tilman solution (DFI-2,6 dichlorophenol-indophenol 0.02%) until
light pink color, using 1 g of macerated leaves and transferred to a 100 mL volumetric flask with oxalic acid
0.5%, according to the methodology proposed by Strohecker and Henning (1967). Results were expressed as mg
ascorbic acid per 100 g of leaf.
(4) Soluble solids (SS): determined by digital refractometer with automatic temperature correction, from the
maceration in mortar of 1.0 g of leaf with 1.0 mL of distilled water, homogenized, filtered and the results
expressed in (%).
(5) SS/TA ratio: determined by the quotient between soluble solids and titratable acidity.
2.5 Statistical Analysis
Treatments were composed of three levels of salinity with NaCl, testing the electrical conductivity of the nutrient
solution of 1.65 (control); 3.65; 7.65 dS m-1 and two doses of sodium silicate (0.0 and 2.0 mM Na2SiO3), with
four replicates of two plants each, completely randomized design, in a 3 × 2 factorial arrangement. Results were
submitted to analysis of variance (Snedecor’s F test, p ≤ 0.05) and comparison of the means by the Scott-Knott
test (p ≤ 0.05).
3. Results
3.1 Analysis of Plant Growth
There was a significant effect (p < 0.05) of salinity (sodium chloride-NaCl), silicon (sodium silicate-Na2SiO3)
and interaction for root length (RL), root and shoot fresh mass and root and shoot dry mass (RFM, SFM, RDM,
SDM) and leaf area (LA). For shoot length (SL) and number of leaves (NL), there was no interaction effect of
the evaluated factors.
Salinity reduced all variables related to plant growth (Figure 1). For SL, when comparing the highest stress level
with the control, this reduction was in the order of 49.1% in plant growth (Figure 1a). The use of silicon (Si) also
resulted in lower shoot growth. For shoot fresh and dry mass, this reduction was of 79.80 and 80%, respectively,
in comparison to the control (Figures 1c and 1e). RL, RFM, RD were all reduced with the increase in NaCl
levels, with a more pronounced effect at the highest stress level (Figures 1b, 1d and 1f). Based on these results, it
was verified that silicate fertilization was not effective in mitigating the deleterious effects of salinity on lettuce
growth.
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Figure 1. Shoot (SL, a) and root lengtth (RL, b), shooot fresh mass (SFM, c) and root fresh masss (RFM, d), sh
hoot
dry maass (SDM, e) and
a root dry maass (RDM, f) oof lettuce plantts under salt sttress with and without silicon
n.
Means foollowed by diffferent lowercaase letters among each level oof NaCl and N
Na2SiO3 and uppper case between
NaCl and Na2SiO3 levels
l
showed differences am
mong themselvves by the Scottt-Knott test (pp ≤ 0.05). Barss
reepresent the staandard error off the mean
The produuction reductioon (PR), consiidering shoot dry mass in rrelation to thee control treatm
ment was 57%
% for
moderate sstress (3.65 dS
S m-1) and 80%
% for severe sstress (7.65 dS
S m-1). For LA
A and NL, therre was reductio
on in
leaf expannsion and leaf emission withh salinity increease, being 811.4% and 27.44%, respectiveely (Figures 2a
a and
2b).
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Figure 22. Leaf area (L
LA, a) and num
mber of leaves (NL, b) of letttuce plants undder salt stress w
with and witho
out
silicon. M
Means followeed by differentt lowercase lettters among eacch level of NaCl and Na2SiO
O3 and upper ca
ase
between N
NaCl and Na2SiO
S 3 levels shoowed differences among them
mselves by the Scott-Knott teest (p ≤ 0.05). Bars
reepresent the staandard error off the mean
3.2 Post-harvest Qualityy Analysis of Leeaves
For variabbles related to post-harvest quality, there was a significcant interactioon among the studied factorrs for
vitamin C,, soluble solidds (SS) and SS
S/TA ratio. Reggarding titratabble acidity (TA
A), there was difference betw
ween
NaCl and N
Na2SiO3 and for
f pH, there w
was no statisticcal difference. Silicon increaased TA by 18..8% and salinity by
21% whenn compared to control (Figurre 3a). For vitamin C, this inncrease was 344% with the uuse of silicon in the
absence off stress and 39%
% for salinity (Figure 3b) annd SS was 22%
% with silicon ((Figure 3d).

Figure 3. Titratable aciddity (TA, a), viitamin C (Vit C
C, b), hydrogennation potentiaal (pH, c) and soluble solids (SS,
d) of lettucce under salt sttress with and without silicoon. Means folloowed by differrent lowercase letters among each
level oof NaCl and Na
N 2SiO3 and uppper case betw
ween NaCl and Na2SiO3 levells showed diffeerences among
g
themselves byy the Scott-Knnott test (p ≤ 0..05). Bars reprresent the standdard error of thhe mean
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SS/AT ratiio that expressses a proportioon between orgganic acid conntent and sugarrs, that is, a reelationship betw
ween
flavor andd aroma, in lettuce leaves, w
was not affecteed by salinity. However, in tthe highest sallinity level, sillicate
fertilizatioon provided a lower mean value for this rellation (Figure 44).

Figuree 4. Ration betw
ween soluble ssolids and titraatable acidity (SS/AT) of lettuuce under salt stress with and
without siilicon. Means followed
f
by diifferent lowerccase letters amoong each levell of NaCl and N
Na2SiO3 and upper
u
case betw
ween NaCl and Na2SiO3 levells showed diffeerences amongg themselves bby the Scott-Knnott test (p ≤ 0.05).
Barss represent the standard errorr of the mean
4. Discusssion
4.1 Analyssis of Plant Groowth
Salinity reeduced the maain componentts of lettuce grrowth as shoott fresh and dryy mass (Figurres 1c and 1e), leaf
area (Figurre 2a), etc. In salt
s of stress conditions, the excess dissolvved salts in thee external soluttion of root red
duces
the osmotiic potential off the solution as well as thee water. Thereefore, water pootential of thee solution beco
omes
smaller thaan in the root region;
r
thus, thhe plant has diifficulty absorbbing water andd begins to suff
ffer from the efffects
of water sttress caused byy water deficit (Munns & Tester, 2008; Taiiz et al., 2017)..
The first reesponse of thee plant to saline stress is generally the reduuction of grow
wth rate, as it w
was observed in
n this
study, in w
which the increase of salinitty caused a redduction in all plant growth pparameters (Fiigure 1). In stu
udies
with lettucce cultivated with
w saline wastewater underr hydroponic cconditions, it w
was also obserrved a reductio
on in
parameterss such as NL, LA and shoott fresh and dryy mass, evidenncing that lettuuce is sensitivee to the increa
ase of
salinity (D
Dias et al., 20111; Paulus et al.., 2012).
The effectt of the reduction on LA andd NL with saliinity occurs beecause the plaant absorbs lesss water. Thus, less
water enteers the cell, deccreasing the pootential of turggescence in thee plasma membbrane. Subsequuently, the cell wall
extensibiliity coefficient is reduced andd the limiting pressure is inccreased, resultting in lower lleaf expansion and,
consequenntly, lower leaff area (Figure 2a) and lower growth rate (Taiz et al., 2017). Under ssalt stress, whiich is
usually asssociated with osmotic stresss, plant reducces the expansion and leaf area to decreease the surfac
ce of
transpiratioon. With a sm
maller photossynthetic area,, the total phhotosynthesis oof plant tendss to decrease and,
consequenntly, causes less accumulationn of biomass. T
Thus, the grow
wth of the plannt is lower.
Besides thhe osmotic effe
fect caused by salt stress, there is also a ttoxic effect, w
where high conncentrations off ions
such as N
Na and Cl in cytosol can cauuse toxicity too the cells. Thhere is also a nutritional im
mbalance due to
o the
excess of these ions annd, as a resultt, a deregulation of ionic homeostasis in plants cultivaated under sallinity
conditionss is usually obsserved, resultinng in reduced growth and biomass (Liang et al., 2015; L
Liu et al., 2015; Xie
et al., 20155).
By the yieeld reduction (YR), using S
SDM, it can be stated that tthe cultivar was moderatelyy susceptible to
o the
effects of m
moderate salt stress (3.65 dS
S m -1) and sussceptible to sevvere stress (7.665 dS m-1). Acccording to Fa
ageria
(1985), w
when a cultivarr is under sallinity conditioons, there is a reduction inn yield of 40 to 60%, which is
consideredd moderately susceptible.
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4.2 Post-harvest Quality Analysis of Leaves
Salinity increased TA, vitamin C and SS, showing that post-harvest quality of lettuce is influenced by this factor.
In other studies, for vitamin C, it was also verified increase of this component as a function of salinity,
confirming the significant influence of NaCl on this variable (Freire et al., 2009). When lettuce was cultivated in
nutritive solution and in conventional cultivation in the soil, an increase of vitamin C was verified in the nutrient
solution, showing that it has a higher content in more saline environments (Oshe et al., 2001). Working with
lettuce under salt stress, Sarmento et al. (2014) also found an increase in vitamin C and SS content at the highest
level of stress.
Salinity produces a secondary stress called oxidative stress, where the production of excess reactive oxygen
species (ROS) occurs, and if the plant does not invest in mechanisms of elimination of these ROS, they can
cause damage to the cells. Among the defense mechanisms of the plant against these ROS, there are the
enzymatic and non-enzymatic antioxidants, where vitamin C (ascorbic acid) is part of the non-enzymatic and
acts both in plants and in animals fighting these ROS. The increase in vitamin C verified in this research and
confirmed in other studies with lettuce under salt stress, may be related to the fact that, under these conditions,
there is an increase in ROS production, and there is an increase in the levels of vitamin C in plants’ tissues as a
defense response to combat oxidative stress. There may also be a dilution effect, that is, the osmotic stress
caused by salinity reduces water absorption by the plant with a higher concentration of SS (Beckles, 2012).
Vitamin C was also increased with the presence of silicon. This element is cited in the literature as a beneficial
nutrient for crops due to its effects on improving tolerance to abiotic stresses, such as salinity, increasing the
activity of antioxidant enzyme system and combating free radicals produced which are excessively produced in
stress situations.
Soluble solids increased in response to stress. This is a parameter that represents all soluble compounds in the
plant, with total sugars representing approximately 80%. The increase in SS content can be explained by the fact
that salinity reduces the cellular turgor, thus concentrating the amount of salts in the vegetal tissues, and with this,
increases the soluble solids under these conditions. The increase in SS content can be explained by the fact that
salinity reduces the cell turgor, concentrating the amount of salts in vegetal tissues, increasing soluble solids
under these conditions (Beckles, 2012). This effect of SS increase in salinity conditions in irrigation water has
already been observed in lettuce cultivars (Freire et al., 2009).
Titratable acidity (TA) was also another parameter that increased as a function of salt and silicon stress. This
behavior was also observed by Silva et al. (2013), who verified an increase in TA contents with the use of Si in
strawberry. SS/AT ratio, which expresses a ratio between organic acids and sugars, was also increased with
increasing NaCl and Si in the nutrient solution. The increase in this parameter is an interesting response to the
post-harvest quality of the crop, since it is related to flavor, and the higher the proportion of sugars over the acids,
the more palatable will be the lettuce leaves.
Si provided benefits in some parameters related to post-harvest of lettuce, such as AT, SS and vitamin C, when
compared to the control. However, the mechanisms of how Si acts to increase these variables, such as vitamin C,
have not been elucidated yet. Another point to be highlighted is that Si did not reduce the deleterious effects of
salinity on lettuce growth.
5. Conclusion
(1) Salinity reduced plant growth, but improved post-harvest quality of the crop.
(2) Silicon was not effective in mitigating the deleterious effects of salinity on lettuce growth, but provided better
results for post-harvest quality parameters.
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