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Silicon extends the shelf life of
hydroponically grown lettuce

Ammar A. Albalasmeh*?, Algasem K. Almakhadmeh?, Ibrahim Makhadmeh?,
Osama Mohawesh® & Moaed Al Meselmani*

Lettuce (Lactuca sativa L.) is the most common leafy vegetable consumed by people around the world.
In this study, we explored the influence of varying silicon (Si) concentrations (25, 50, 75, and 100 mg
L™1) on hydroponically grown lettuce (Lactuca sativa L.) concerning growth, shelf life, and nutrient
composition. Key metrics included plant growth parameters, shelf-life extension under different
storage conditions, and physiological responses. Silicon supplementation at 75 mg L™! significantly
boosted total fresh weight by 17.7% over the control. Storage at 4 °C showed marked shelf-life
improvement, with Si concentrations of 25, 50, 75, and 100 mg L™ enhancing storage longevity by
40%, 40%, 60%, and 80%, respectively. Phosphorus content increased with higher Si, while other
nutrients remained unaffected. These results indicate that Si application can enhance post-harvest
quality and extend marketability under optimal conditions.

Keywords Chlorophyll, Gas exchange, Hydroponic floating system, Lactuca sativa L., Shelf life

Lettuce (Lactuca sativa) is one of the most widely consumed leafy vegetables worldwide. Water comprises 94-
95% of the lettuce!. However, maintaining its freshness, long shelf-life, and nutritional value poses significant
challenges, particularly during post-harvest handling and storage’. Hydroponic cultivation has gained a
reputation recently due to its potential for higher yields, resource efficiency, and controlled environment benefits>.
Despite these advantages, hydroponically grown lettuce often faces issues related to shelf-life and post-harvest
deterioration, limiting its marketability and consumer appeal*. One promising solution to address this challenge
is the application of silicon, a beneficial element known for its role in enhancing plant resistance to various
stresses, including biotic and abiotic factors>®. Epstein” referred to Si as being “quasi-essential” or “semi-essential”.
Recently, it has been argued that the deposition as silica (SiO,, via biosilicification) within the extracellular
matrix (particularly within the root endodermal and shoot tissues) acts simply as a protective agent against the
numerous environmental stressors plants encounter®. Moreover, Samuels et al.® indicate that Si amendments
have increased the physical strength of the epidermis tissues of both shoots and roots. Silicon is absorbed by
plant roots primarily in the form of monosilicic acid (Si(OH),), the soluble and bioavailable form of silicon in
hydroponic and soil systems!®. Uptake is mediated by both passive diffusion and active transport mechanisms.
Two key transporters, Lsil (an influx transporter located in root epidermal and cortical cells) and Lsi2 (an efflux
transporter in endodermal cells), facilitate the directional movement of silicon into the stele!!. Once inside the
xylem, silicon is translocated to the shoots through the transpiration stream, where it accumulates mainly in the
epidermis and cell walls®. In these tissues, it polymerizes as amorphous silica (SiO,-nH,0), forming phytoliths
or cuticle-silica double layers that enhance structural integrity, reduce transpirational water loss, and provide
abiotic and biotic stress resistance!®!!,

The improvement in postharvest quality with Si may be related to the formation of a cuticle-silica double
layer which reduces water loss during the storage period'?. While previous studies have demonstrated the
beneficial effects of silicon on the postharvest physiology of leafy vegetables such as spinach and basil, relatively
few have examined its impact on hydroponically grown lettuce, particularly under floating basin systems
using root-applied silicon dioxide (Si0,)'*!%. Most existing research has focused on foliar application or
highly soluble silicon sources, whereas the effectiveness of less soluble forms applied directly to the root zone
remains underexplored. Moreover, there is limited information on the postharvest behavior of commercial
lettuce cultivars such as Patagonia RZ in response to silicon supplementation. Therefore, this study aimed to
evaluate the influence of root-zone SiO, application on the yield, mineral content, and postharvest shelf-life of
hydroponically grown lettuce Lactuca sativa L. (Patagonia RZ) in a floating hydroponic system.
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Materials and methods

Experiment setup

This study was conducted within the greenhouse facilities of the Agricultural Research Station at the Faculty
of Agriculture Jordan University of Science and Technology (32° 28 01.2” N, 35° 58" 31.5” E) between April
4th and May 9th. Twenty experimental concrete basins (120 * 120 * 20 cm) were built inside the greenhouse
covered with a thick plastic mulch (400 pm), as shown in Fig. 1. Oxygen rulers (40 cm Length) were installed in
each experimental unit and connected by spaghetti net tubes to an oxygen pump that works automatically for
ten minutes every hour. The planting density was 20.8 plants/m?. Thirty lettuce seedlings of Lactuca sativa L.
(variety: Patagonia RZ) were transplanted into each experimental unit.

The experiment involved five distinct treatments: (T1) standard nutrient solution (control), (T2) standard
nutrient solution supplemented with 25 mg L™! Si, (T3) standard nutrient solution supplemented with 50 mg
L7! Si, (T4) standard nutrient solution supplemented with 75 mg L! Si, (T5) standard nutrient solution
supplemented with 100 mg L™! Si. Each treatment was replicated four times, following a Complete Randomized
Design (CRD) experimental layout. These concentrations were chosen based on a review of relevant literature
where similar ranges have been found effective!>16.

Plants were fertilized using a nutrient solution with the following chemical composition of macronutrient (4
Ca(NO3)2) 0.2 NH,NO,, 1 KH,PO,, 1.5 MgSO,.7H,0, 1 K,SO,, and 5 KNO, mmol L), and micronutrient (40
Fe, 7 Mn, 7 Zn, 40 B, 1 Cu, and 1 Mo umol L) at EC 1.8 mS.cm™, pH adjusted to 6.0. The silicon element was
sourced from Ultra 45 fertilizer from Manaseer Group (Jordan), which contains 44% SiO,, the Ultra 45 fertilizer
contains finely ground fertilizer with a maximum particle size of 45 um. Although the intrinsic solubility
of crystalline SiO, is low, the small particle size enhances surface area and dissolution rates, facilitating the
formation of monosilicic acid (Si(OH),), the plant-available form of silicon. Moreover, the nutrient solution pH
was maintained between 5.5 and 6.5 to enhance the stability and uptake of monosilicic acid. The nutrient solution
was prepared once at the beginning of the experiment and was not replaced throughout the experimental period
because the initial volume was sufficiently large relative to plant uptake, and visual monitoring indicated no
significant reduction in solution level or signs of nutrient deficiency (e.g., chlorosis, stunted growth). Although
no formal ion concentration analysis was performed during the trial, the relatively short growth cycle of lettuce
and the moderate plant density minimized the risk of critical nutrient depletion. Silicon (Si) in the form of SiO,
was added only once during the initial preparation of the nutrient solution at the designated concentrations. No
additional Si was supplemented during the course of the experiment.

e =

1.2 m

Fig. 1. The Schematic diagram for experimental concrete basins.
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Field measurements
Microclimate measurements
Photosynthetically Active Radiation (PAR) was measured using a Sun System PAR Meter (HGC748205,
Hawthorne Hydroponics LLC, China) inside the greenhouse. The device was installed at the same height as the
lettuce plant in the center of the greenhouse and launched for a 30-min recording period. The readings were
taken during the experiment at 6:00 AM and 6:00 PM, and the average PAR was 647.1 umol/m?/s. The relative
humidity (RH) and air temperature were measured using the HOBO MX2301A Temp/RH Data Logger (Onset
Computer Corporation, Bourne, MA, USA). Three data loggers were positioned at the beginning, center and
the end of the greenhouse and set to a 10 min logging interval. The daily changes in the key climatic variables
(air temperature, RH) are depicted in Fig. 2. Notably, no rainfall was recorded throughout the research period.
The diurnal fluctuations in temperature and relative humidity (RH) were recorded during the experiment
(Fig. 2), the values of temperature consistently remained within the optimal ranges for lettuce growth, specifically
between 15 and 25 °C. However, relative humidity (RH) occasionally dropped below optimal levels, with some
daytime values falling below 40%. Such short-term fluctuations are common in passively ventilated greenhouse
systems and were buffered by nighttime RH recovery. Lettuce plants are generally more sensitive to prolonged low
RH rather than brief daily dips, and in this study, no symptoms of water stress, leaf wilting, or reduced biomass
were observed. Moreover, since all treatments were exposed to the same environmental conditions, any minor
RH-induced stress would have equally affected all groups, preserving the validity of treatment comparisons.
Therefore, while RH fluctuations are acknowledged, they likely did not compromise the physiological integrity
of the plants or the interpretation of silicon-related postharvest responses.

Nutrient solution measurements

Managing the EC value is crucial to ensure the plant receives the nutrients in the best possible conditions!”. During
the experiment, the electrical conductivity (EC) and pH changed due to lettuce plants’ absorption of elements
from the nutrient solution. Therefore, all experimental units’ pH and EC of the nutrient solution were measured
daily. The pH was measured using a portable pH meter (Walk lab Ti 9000, Trans Instruments, Singapore) and the
pH was maintained between 5.5 and 6.5 using dilute nitric acid (HNO,) or potassium hydroxide (KOH). The EC
was measured using a portable electrical conductivity device (DDB-11A, Baoshishan, China).

Plant growth parameters

The following plant growth parameters were measured after crop harvest: plant height (PH), head circumference
(HC), leaves number (LN), total fresh weight (TFW), shoot fresh weight (SFW), root fresh weight (RFW), root
length (RL), stem diameter (SD), stem length (SL), shoot dry weight (SDW), and root dry weight (RDW) for
lettuce plant. Using a balance, TFW, SFW, and RFW were measured immediately after harvest. SDW and RDW

were measured after drying in the oven at 65 “C until they reached the constant weight'®°. PH, HC, SD, SL, and
RL were measured using a meter. LN was measured by observation and counting.
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Fig. 2. Microclimatic weather data including air temperature (°C), relative humidity RH (%).
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Physiological plant parameters

Shelf life and chlorophyll content

The shelf life of the lettuce was measured at room temperature and 4 °C after packing in perforated plastic bags.
Immediately after harvesting, the chlorophyll content of fully expanded lettuce leaves was measured daily using
a portable chlorophyll meter (SPAD-502; Konica Minolta Sensing, Osaka, Japan) without damaging the leaves
until the acceptable limit was reached?. The chlorophyll content of lettuce leaves was determined on the 24th,
28th, 32nd, 36th, and 40th days after planting. Chlorophyll content was also measured daily after harvest to
estimate the shelf life of lettuce at room temperature and a 4°C.

Sugar determination

The total soluble sugar content in lettuce leaves was determined using a digital portable Brix meter (BX-1,
Trans Instruments, Japan), which measures the soluble solids content (SSC) and provides an indirect estimate
of sugar concentration, expressed in degrees Brix (°Bx). To prepare the sample, fresh leaf tissue from each
replicate was harvested and homogenized using a mortar and pestle. The homogenate was then transferred to
a clean centrifuge tube and filtered through the Whatman No. 42 filter paper to remove particulate matter and
obtain a clear extract. Care was taken to ensure that no air bubbles or residues remained in the extract to avoid
measurement errors. Then, A few drops of the filtrate were carefully placed on the lens of the Brix meter, and the
reading was recorded.

Total phenols determination

A 0.5 g of dry lettuce tissue was extracted using 100 mL methanol (HPLC grade), filtered through Whatman
No. 42 filter paper, and shaken for 6 h at 125 rpm. The final volume was brought to 100 mL of methanol, then
stored in the refrigerator at 4 ‘C. The Folin-Ciocalteu colorimetric technique was used to measure extracts’ total
phenolic compound (TPC) concentration?!.

Briefly, gallic acid concentrations of 10, 20, 50, 100, 200, 400, and 600 mg L~! were examined. To prepare the
samples, 0.15 mL of the sample was transformed into a vial, and then 1.2 mL of 10% Folin-Ciocalteu reagent (FC)
was added, followed by 2.4 mL of 10% Na,CO, solution. The reaction must take place in complete darkness for one
hour. Then, the absorbance at wavelength 760 nm was measured using a UV SpectroScan 50 spectrophotometer
(Biotech Engineering Management, UK). The estimation of TPC was done in four replications, and the readings
were computed using a calibration curve for gallic acid. Gallic acid equivalents (mg GAE/100 g on dry weight)
were used to measure the total phenolic compound.

Antioxidant activity determination
The antioxidant activity was assessed by determining the scavenging stable DPPH free radicals. The stable
2,2-Diphenyl-picrylhydrazyl (DPPH) radical (Sigma, Steinheim, Germany) was utilized to measure the
antioxidant activity of various extracts, according to Matthius?2. Briefly, 0.1 mL of methanol extracts were mixed
with 0.2 mL of the DPPH solution in methanol (approximately 50 mg/100 mL). The combination was diluted to
a final volume of 4.0 mL, after carefully combining the ingredients, the mixture was left to stand in a dark area
for 45 min. Afterward, a UV SpectroScan 50 spectrophotometer (Biotech Engineering Management, UK) was
used to detect the absorbance at 517 nm wavelength.

The following formula was used to express the tested samples’ radical scavenging activity as a percentage of
the free radicals that were inhibited %23

absorbance of control — absorbance of sample) % 100

. (
Inhibit =
nhibition (%) absorbanceo f control

Plant nutrient content analysis

Plant samples preparation for analysis

Dry ashing was done at an ignition temperature of 550 °C to determine the concentration of elements. Briefly,
the dry ash was done through the following steps: 0.5 g of dried lettuce was carefully weighed into porcelain
crucibles, which were then placed in a cool mufile furnace. The temperature was gradually increased until
reaching 550 °C, at which point ashing continued for an additional 5 h. After this, the muffle furnace was turned
off, and after cooling, the porcelain crucibles were gently removed. The cooled ash was then mixed with a plastic
rod after dissolving it in 5 mL increments of 2 N HCL. After 20 min, distilled water was added to dilute the
mixture to 50 mL, and the resulting liquid was filtered through the Whatman No. 42 filter paper?*.

Determination of total plant N content

The total nitrogen content was determined in dry weight using the Kjeldahl method as described by Bremne
25, which included the three main operations of the Kjeldahl method: digestion, distillation, and titration. The
Kjeldatherm nitrogen apparatus (UDK 149 Automatic Kjeldahl Nitrogen Protein Analyzer, Italy) was used.

Determination of phosphorus content

The phosphorous content of lettuce was determined following the Vanadate Molybdate yellow color method?®
after preparing dry ash samples using a spectrophotometer (PhotoLab 7600 UV-VIS, WTW GmbH, Germany).
The absorbance was measured using a spectrophotometer set to 410 nm wavelength.

Determination of potassium and calcium content
After the plant extract solutions were prepared, the Flame Photometer (BWB XP 5 Channel Flame Photometer,
UK) was calibrated, and it was used to measure the K at 767 nm wavelength“, and the Caat 622 nm wavelength”.
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Determination of magnesium content

To calculate the magnesium content in the lettuce extract, the calcium and magnesium content was first
calculated using the titration method with 0.01 N EDTA?%. After that, the magnesium content was calculated by
the difference between the calcium and magnesium content together and the calcium content that was previously
measured.

Determination of silicon content

The silicon content of lettuce was analyzed using the previously prepared plant extract?®. The silicon content
(S8i0,) was determined using a Silicon Test-kits (WTW Spectroquant test kits, WTW GmbH, Germany), and the
concentrations were determined photometrically using a spectrophotometer (PhotoLab 7600 UV-VIS, WTW
GmbH, Germany).

Briefly, a standard stock solution was prepared from silicon tetrachloride SiCl 4 (Sigma, Steinheim, Germany),
and a series of standard solutions were prepared with concentrations of 20, 40, 60, 80, and 100 mg L1 After
that, 5.0 mL of the extract samples were taken and placed in a test tube, 3 drops of Reagents (Si-1) (Sulfuric
acid) were added and mixed, the samples were left for 3 min, then three drops of Reagent (Si-2) and 0.50 mL
of Reagent (Si-3) (Methelaminophenol sulfate) were added in a test tube and mixed, the samples were left for
10 min. The samples were filled into the cell and measured by the spectrophotometer. The wavelength that was
used to measure silicon was 665 nm. The silicon content of the plant was calculated using the following equation:

mgSt (fromthecurve) x 100ml x 50ml (extract)
aliquotvolume (ml) x gofplantsample (ovendried) x 1000

Stinplant (mg.gil) =

Data statistical analysis

All data were subjected to one-way analysis of variance (ANOVA) using the statistical analysis software program
R. When significant treatment effects were detected (p <0.05), mean comparisons were performed using Tukey’s
Honest Significant Difference (HSD) test. Letters illustrated in the tables and figures indicate significant statistical
differences between the means of treatments at probability level p<0.05.

Results and discussion

Plant growth parameters

Table 1 presents the impacts of silicon addition at different concentrations in the lettuce nutrient solution.
Introducing silicon into the lettuce nutrient solution resulted in a boost in the total fresh weight (TFW).
The highest TFW (638.34 g) was achieved with a silicon concentration of 75 mg L7}, surpassing the control
treatment (542.09 g) (Table 1). Significant increase in TFW and SFW were observed when silicon was added
at concentrations of 75 and 100 mg L1, as compared to both the control treatment and treatments with silicon
concentrations of 25 and 50 mg L1, While there was a slight increase in SDW, RFW, and RDW, these increments
were deemed insignificant in comparison to the control (Table 1).

These results could be explained by the ability of silicon to enhance plant vigor and strengthen cell walls,
leading to increased water uptake and turgor pressure, which ultimately contributes to higher fresh weight
without a corresponding increase in dry weight'®>>%°. Moreover, Alayafi'* reported that Si can be deposited
in plant leaves which will reduce the transpiration rate and water loss through the cuticle due to its improved
thickness. Conversely, Frasetya et al.!” concluded that the application of silicon does not result in a significant
alteration in fresh weight growth compared to the control. This variance could be due to the disparity in silicon
sources. Frasetya et al.'” used rice husk silica, whereas this study used silicon dioxide as a source of silicon.

Table 2 presents the effect of silicon addition at different concentrations in the lettuce nutrient solution on
plant height, root length, head circumference, stem diameter, stem length, and leaves number. The results showed
no significant differences between all treatments received silicon supplementation compared to the control.

These results could be explained by the fact that the lettuce height is affected by the received sunlight due to
the weather conditions changes during the experimental period. Frasetya et al.!” indicated that the average plant
height of lettuce plants that receive full sunlight is 28.97 cm. Low light levels will affect plant height by reducing
vegetative development. The use of rice husk silica extract on lettuce plant height did not have a significant
effect>*2

Total fresh weight | Shoot fresh weight | Shoot dry weight | Root fresh weight | Root dry weight
Silicon concentrations | (g) (g) (g) (g) (g)
Control (0 mg L 542.1+45.5b 451.7 £45.4b 33.8+1.5 60.4+3.1 5.1£0.8
25 mg L! 534.2+36.1b 445.0+£21.3b 33.6+1.1 59.2+25 32105
50 mg L 521.7 +58.6b 432.5+33.5b 314%1.0 59.2+2.8 4.6+1.4
75 mg L! 638.3+46.3a 546.7+45.2a 349+2.6 61.7+1.2 56+1.3
100 mg L 633.2+47.3a 536.9+41.7a 354+14 66.3+0.8 6.7t1.7

Table 1. Effect of silicon concentrations on the total fresh weight, shoot fresh weight, shoot dry weight, root
fresh weight, and root dry weight of the lettuce in raft hydroponic system. Values are means + standard error.
Means followed by different letters are significantly different at p <0.05 according to the LSD test. Treatments
with no letters are not significantly different.
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Plant height | Root length | Head circumference | Stem diameter | Stem length
Silicon concentrations | (cm) (cm) (cm) (cm) (cm) Leaves number
Control (0 mg L 24.6+0.7 25.1+3.0 422+1.7 24+0.0 12.6+0.7 31+1.6
25mg L! 23.9+0.8 21.6+1.9 41.7+1.6 2.2+0.1 13.0+£0.9 30+0.8
50 mg L! 234+1.6 23.8+£3.3 41.2+2.1 2.2+0.1 11.9+04 31+1.8
75 mg Lt 25.1+0.6 27.1+4.4 44.6+0.6 2.3+0.1 13.2+0.6 33+1.0
100 mg L! 25.7+0.4 26.4+4.0 439+1.8 2.4+0.1 13.2+04 34+0.8

Table 2. Effect of silicon concentrations on the plant height, root length, head circumference, stem diameter,
stem length, and leaves number of the lettuce in a raft hydroponic system. Values are means + standard error.
Means followed by different letters are significantly different at p <0.05 according to the LSD test. Treatments
with no letters are not significantly different.

Amount of sugar | Total phenols | Antioxidants activity
Silicon concentrations | (BRIX units) (mg/100 g) (Inhibition %)
Control (0 mg LY 5.1+0.1 567.4+49.0 19.6+£2.5
25mg L! 55+0.7 632.6+£83.9 18.6+4.3
50 mg L! 5.3+0.4 680.5+£99.8 19.7+£2.3
75 mg L 5.0£0.2 732.4+3.8 20.7+1.8
100 mg L! 6.1+£0.4 845.5+60.0 24.6+2.6

Table 3. Effect of silicon concentrations on the amount of sugar, total phenols, and antioxidant activity of
the lettuce in raft hydroponic system. Values are means + standard error. Means followed by different letters
are significantly different at p <0.05 according to the LSD test. Treatments with no letters are not significantly
different.

This is consistent with what was mentioned in previous studies, that there were no significant differences
when adding silicon to the number of lettuce leaves compared to not adding silicon?. The difference could be
explained as in cases of biotic or abiotic stress, the element silicon can help plant growth and affect the number
of leaves. In this study, there was no biotic or abiotic stress, and therefore the number of lettuce leaves was not
affected by the addition of silicon.

Physiological parameters of lettuce

Amount of sugar

The amount of sugar in lettuce was measured using the BRIX device, which represents the amount of sugar in the
liquid. The addition of silicon to the nutrient solution of lettuce plants was not significant. However, it showed a
slight increase in the sugar content inside the leaves of the lettuce plant. This increase began at a concentration of
25 mg L™ of silicon, where the sugar content was recorded 5.5 BRIX units. The maximum value of liquid sugar
content was recorded at a silicon concentration of 100 mg L™! (6.1 BRIX units), and the minimum value of liquid
sugar content was recorded when the control treatment (5.1 BRIX units). These differences in the amount of
liquid sugar in lettuce were not significant when compared with the control (Table 3).

Total phenols

Increasing the concentration of silicon in the lettuce nutrient solution at a concentration of 25 mg L™! led to
an increase in the total content of phenols as recorded (632.6 mg/100 g) compared to the control treatment,
which was recorded as (567.4 mg/100 g), the increase began to appear gradually at a concentration of 50 mg L™}
(680.5 mg/100 g) and 75 mg L~ (732.4 mg/100 g) until it reached the highest concentration of silicon 100 mg
L', which recorded the highest value of the total content of phenols (845.5 mg/100 g). These changes in all
treatments were not statistically significant differences compared to the control treatment (Table 3).

These changes in the total phenols content could be explained by D’Imperio et al.>* who mentioned in their
research that silicon’s defense systems generally involve the accumulation of lignin and phenolic compounds.
Hogendorp** has reported that the formation of phenols and lignin is a result of silicon catalyzing an active
defensive response process known as “systemic acquired resistance” (SAR). Silicon enhances protection against
abiotic stress and increases phenols and production™®.

Antioxidants activity
The inhibition of antioxidants was slightly increased by adding silicon to the lettuce nutrient solution at a
concentration of 25 mg L™! (18.6%) compared to the control treatment (19.6%), but the inhibition of antioxidants
gradually increases at concentrations of 50 mg L™! (19.7%) and 75 mg L™! (20.7%) until it reached the highest
silicon concentration of 100 mg L™!, which was recorded (24.6%). These minor changes in all treatments were
not statistically significant differences compared to the control (Table 3).

These changes in antioxidant activity can be explained by Khanum et al.*> who mentioned in their research
that silicon can help plants’ defense system by minimizing oxidative stress damage (An imbalance in the system
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of oxidants and antioxidants towards the production of more oxidants) and changing the way antioxidant
enzymes work.

Chlorophyll content

The effect of adding silicon at different concentrations on the chlorophyll content in lettuce leaves during the
experiment is illustrated in Fig. 3. The chlorophyll content in lettuce leaves was measured on days 24, 28, 32,
36, and 40 days after planting (DAP) by a SPAD device. On the 24th day after planting (DAP), the highest
chlorophyll content was in the silicon concentration treatment of 50 mg L™! (51.8), and the lowest value was
when the silicon concentration was 75 mg L™! (46.3). These differences were not significant when compared to
the control treatment (47.6). Likewise, also on the 28th DAP, the highest content of chlorophyll was in the silicon
concentration treatment of 50 mg L™! (57.5), and the lowest value when the silicon concentration was 75 mg L™!
(49), these differences were not significant when compared to the control treatment (54.3).

On the 32nd DAP, the highest content of chlorophyll was in the treatment of silicon concentration of 100 mg
L1 (52.6), and the lowest value when the treatment of silicon concentration of 25 mg L™! (44.9), these differences
were not significant when compared to the control treatment (45). Likewise, on the 36th DAP, the highest
content of chlorophyll was in the silicon concentration treatment of 100 mg L™! (55.5), and the lowest value
when the silicon concentration of 25 mg L™! (46.6), these differences were not significant when compared to
the control treatment (51.3). As for the 40th DAP, the greatest content of chlorophyll in the treatment of silicon
concentration was 25 and 75 mg L ™! (52.2), and the lowest value in the control treatment (49.2), these differences
were not significant. Based on the above, the addition of silicon to the lettuce nutrient solution did not affect the
chlorophyll content in lettuce leaves during the growing days (Fig. 3).

Chlorophyll is a key component of the photosynthetic system, which is in charge of collecting, dispersing,
and converting light. Under stress conditions, it is typical to notice a significant drop in chlorophyll levels®.
Under extreme stress, silicon treatment decreased gas exchange and total chlorophyll, indicating a reduction in
the impact of stress on these parameters. As a consequence, adding Si to lettuce had a positive impact on salinity-
related conditions”’. Based on the above, the results of this research can be explained by the fact that silicon did
not affect the chlorophyll content in lettuce leaves because there were no abiotic stresses among the treatments.

Shelf life
The SPAD index values were used to assess how the edible tissues’ quality changed while being stored at 4 C
and room temperature after harvest. The decrease in the values of the SPAD index indicates a degradation of
chlorophyll content, which indirectly indicates the loss of the green color®. The marketable SPAD index for
lettuce leaves indicates the minimum acceptable green color change that can be perceived by consumers™.

The degradation of chlorophyll content that drastically reduces storage life occurs post-harvest and is mostly
caused by physiological and/or biochemical processes caused after harvest®. The type and cultivar affect lettuce’s
quality and shelf life®.

Shelf life at room temperature

Figure 4 shows the degradation of chlorophyll content with time after the harvest period in lettuce at room
temperature, expressed in SPAD index values. During the first three days after harvest (DAH), lettuce’s
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Fig. 3. The effect of silicon concentrations on chlorophyll content in lettuce with days after planting (DAP),
expressed in SPAD index values.
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chlorophyll content degradation rate was steady and slow. The chlorophyll content degradation rates were (10.5,
13.7, 16.6, 22.6, and 13.9%) in silicon concentration treatments (0, 25 50 75, and 100 mg L™!), respectively. On
the fourth DAH, the chlorophyll content degradation rate doubled to reach (27.8, 33.5, 30.4, 45.4, and 33.7%)
in the silicon concentration parameters (0, 25 50 75, and 100 mg LY, respectively. On the seventh DAH, the
rate of degradation in the chlorophyll content increased more and more clearly until the rates of degradation
reached (75, 74.5, 73.1, 74.5, and 76.9%) in the silicon concentration treatments (0, 25 50 75, and 100 mg L,
respectively. On the ninth DAH, the chlorophyll content in lettuce reached the lowest values, as the degradation
rates reached (94.9, 95.7, 95, 97.5, and 97.7%) in silicon treatments (0, 25 50 75, and 100 mg L), respectively.
The chlorophyll content measurements were stopped after the ninth DAH for lettuce plants stored at room
temperature because the reading of the SPAD device reached 1 SPAD unit. The values of the degradation rate are
equivalent to the values of the SPAD index.

There was no effect of adding silicon fertilizer to the nutrient solution of lettuce plants on the shelf life of
lettuce plants at room temperature after harvest. The shelf life of lettuce plants at room temperature was 9 days
in all silicon treatments compared with the control treatment. This is consistent with what Frasetya et al., (2021)
showed in their study, where they observed that the shelf life of the lettuce plants at room temperature was
unaffected by silicon fertilization.

Shelf life at 4 °C

The rate of deterioration in the chlorophyll content in the lettuce was evaluated when storing it at a temperature of
4 'C by measuring the values of the SPAD Index as an indicator of the shelflife. Figure 5 shows the deterioration
of the chlorophyll content in the days after harvesting (DAH) with the storage at 4 'C, expressing the values of
the SPAD index.

The decrease in the values of the SPAD index (chlorophyll content) began gradually with time in all
treatments. During the first five days after harvesting (DAH), the rates of degradation in chlorophyll content
were 15.8,19.6, 13.0, 8.3, and 8.4% in silicon concentration treatments 0, 25, 50, 75, and 100 mg L respectively.
On the tenth DAH, the percentage of degradation in chlorophyll content increased to reach 40, 32.1, 26.8, 19.8,
and 8.4% in silicon concentration treatments 0, 25, 50, 75, and 100 mg L, respectively. ‘We notice a signiﬁcant
increase in the rate of degradation of chlorophyll content in the control treatment compared to other treatments,
which indicates that there was a possible effect of adding silicon fertilizer to the nutrient solution of lettuce on
the shelf life.

On the 15th DAH, the degradation in the chlorophyll content was 72.7, 54.6, 45.6, 53, and 30% in silicon
concentration transactions 0, 25, 50, 75, and 100 mg L™}, respectively. On the 20th DAH, the degradation rate
increased to 81.2, 64.0, 72.6, 59.8, and 45.7% in silicon concentration transactions 0, 25, 50, 75, and 100 mg L,
respectively.

Figure 6 shows pictures of lettuce samples in silicon concentration treatments 0, 25, 50, 75, and 100 mg L™ at
19 DAH in measuring the shelf life of lettuce at a temperature of 4 °C. The difference in the rate of degradation
of chlorophyll content between the treatments was also clear visually, we note the difference in the rate of loss
of green color between the treatments. The higher the silicon concentration, the slower the rate of chlorophyll
degradation and the slower the green color loss.

On the 25th DAH, the degradation in the chlorophyll content was 95.5, 79.1, 80.3, 73.8, and 64% in silicon
concentration treatments 0, 25, 50, 75, and 100 mg L™}, indicating the end of the shelf life (because the reading
of the SPAD device reached 1 SPAD unit) of lettuce in the control treatment (25 days) while the shelf life of the
other treatments remains continuous. On the 30th DAH, the percentage of degradation in chlorophyll content
was 87.4, 89.1, 83.6, and 71.5% in the silicon concentration parameters 25, 50, 75, and 100 mg L™, respectively.

Chlorophyll degradation at room temperature
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Fig. 4. The effect of silicon concentrations on the degradation of chlorophyll content in days in lettuce at room
temperature expressed in SPAD index values.
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Chlorophyll degradation at 4 °C
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Fig. 5. The effect of silicon concentrations on the deterioration of chlorophyll content in lettuce with DAH at
4 °C, expressed in SPAD index values.

Fig. 6. lettuce samples in silicon concentration treatments 0, 25, 50, 75, and 100 mg L~'at 19 DAH in
measuring the shelf life of lettuce at a temperature of 4 °C.

On the 35th DAH, the percentage of degradation in chlorophyll content was 99.5, 98.9, 92.9, and 84.5%
in the silicon concentration treatments 25, 50, 75, and 100 mg L respectively, which indicates the end of
the shelf life of lettuce in the silicon concentration treatment of 25 and 50 mg L™! (because the reading of the
SPAD device reached 1 SPAD unit), which was 35 days. On the 40th DAH, the percentage of degradation in
chlorophyll content was 98.8, and 90.6% in the silicon concentration treatments 75, and 100 mg L respectively,
which indicates the end of the shelflife (because the reading of the SPAD device reached 1 SPAD unit) of lettuce
in the treatment of silicon concentration 75 mg L™}, which was 40 days. On the 45th DAH, the percentage of
degradation in the chlorophyll content in the silicon concentration treatment was 100 mg L™! 98.9%, which
indicates that the shelf life (because the reading of the SPAD device reached 1 SPAD unit) of lettuce in this
treatment has ended (45 days). The values of the degradation rate are equivalent to the values of the SPAD index.

Scientific Reports|  (2025) 15:33302 | https://doi.org/10.1038/s41598-025-08489-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The above results can be summarized through Table 4, which represents the shelf life of lettuce in days, which
was stored at 4 C, as follows.

The control group (0 mg L™! Si) maintained acceptable postharvest quality for 25 days, while increasing Si
concentrations extended this to 35 days (25 and 50 mg L™1), 40 days (75 mg L™!), and up to 45 days at 100 mg
LL. These values correspond to shelf-life increases of 40%, 60%, and 80%, respectively (Table 4) compared to
the control as reference.

The observed shelf-life and visual quality enhancement of Si-treated lettuce can be attributed to several
physiological mechanisms. Silicon, absorbed as monosilicic acid, is translocated to the shoots where it polymerizes
beneath the cuticle, forming a cuticle-silica double layer. This structure reduces cuticular water loss by lowering
permeability and reinforcing the epidermal barrier®*!. Furthermore, silicon has been reported to delay leaf
senescence by modulating cytokinin biosynthesis, suppressing senescence-associated genes and maintaining
chlorophyll content*2. These combined effects contribute to improved water retention and prolonged shelf-life in
lettuce. The beneficial effects of silicon observed in this study may be partially attributed to its role in reinforcing
plant biochemical defenses. Silicon is known to stimulate lignin biosynthesis, which enhances cell wall rigidity
and reduces tissue permeability — properties that are particularly important for maintaining postharvest quality
in leafy vegetables®!.

In conclusion, adding silicon fertilizer at a concentration of 25, 50, 75, and 100 mg L™! can increase the shelf
life of lettuce by 40, 40, 60, and 80%, respectively, compared to the control treatment. Thus, since the refrigerator
temperature was 4 °C and the relative humidity (RH) was more than 95% generally, these conditions helped to
increase the shelf life of lettuce when storing it at a temperature of 4 “C. These results are consistent with the
results obtained by Gottardi et al.*® who found that including Si as part of the nutrient solution can slow down
chlorophyll breakdown, extending the shelf life of these edible tissues.

Marketable SPAD index of lettuce at 4 C

Regardless of treatments, the SPAD index values gradually reduced throughout, indicating that the leaves are
becoming less green, resulting in a drop in the amount of chlorophyll*®. The shelf life of lettuce at 4 “C was
evaluated based on changes in the SPAD index value due to the significance of lettuce color on its overall sensory
acceptability*. The acceptable limit (marketable SPAD index) was determined by the SPAD index value linked
with the smallest color shift that consumers might be able to detect™.

The marketable limit for the SPAD value was 24 SPAD index values of leaf lettuce, based on the minimum
acceptable limit change in green color potentially perceivable by the consumers. We note that the shelf life
of the marketable index of SPAD for lettuce in the control treatment was approximately 12 DAH, and at a
concentration of 25, 50, 75, and 100 mg L7 of silicon, it was 15, 16, 18, and 22 DAH, respectively (Fig. 5). This
means that when the silicon concentrations in the treatments were 25, 50, 75, and 100 mg L1, the shelf life of
the lettuce marketable index of SPAD increased by 25, 33.3, 50, and 83.3%, respectively compared to the control.
This can also be seen in Fig. 6, which represents lettuce samples in silicon concentration treatments 0, 25, 50, 75,
and 100 mg L~! at 19 DAH in measuring the shelf life of lettuce at a temperature of 4 C.

Plant nutrients content

The effect of adding different concentrations of silicon on lettuce leaf nutrients is depicted in Table 5. The addition
of silicon fertilizer to the lettuce nutrient solution did not affect the total nitrogen content. The maximum value
of nitrogen (3.74%) was recorded in the silicon concentration treatment of 75 mg L™, while the minimum
value of 3.57% was recorded in the silicon concentration of 100 mg L~!. These differences were not significant
compared to the control 3.70% (Table 5). This is consistent with Olle*® that the nitrogen content was not affected
by the addition of silicon to the lettuce nutrient solution.

When silicon fertilizer was added to the lettuce nutrient solution at a concentration of 100 mg L, the
phosphorus content of the lettuce (5.92 mg/g) significantly increased compared to the control treatment
(4.76 mg/g), but the phosphorus content of the other silicon treatments was unaffected. The percentage increase
in the phosphorus content at a concentration of 100 mg L~! was 24.37% compared to the control (Table 5). This
is consistent with Olle research?® where phosphorus content in iceberg lettuce transplants was 25% greater in
the Si variation than in the control. This could be explained by the competing of Si with P for binding sites on
root surfaces, maintaining P in soluble forms rather than precipitating with cation?>*”#¢, Although competition
between silicate and phosphate ions for root uptake sites has been reported, particularly in soil systems, such
antagonism is less pronounced in hydroponic conditions where P remains highly available. In fact, silicon can
improve P uptake by competing with cations like Ca?* and Fe**, which otherwise precipitate phosphate into
insoluble forms*”*°. Additionally, Si has been shown to enhance the release of organic acids such as malate

Silicon concentrations | Shelflife in days | Percentage increase in shelf life
Control (0 mg L) 25

25mgL7! 35 40%

50 mg L! 35 40%

75mgL! 40 60%

100 mg L 45 80%

Table 4. Effect of silicon concentration on the shelf life of lettuce in days and percentage increase at 4 °C.
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Phosphorus | Potassium | Calcium | Magnesium | Silicon
Silicon concentrations | % Total nitrogen | (mg/g) (mg/g) (mg/g) | (mg/g) (mg/g)
Control (0 mg L) 3.7+0.1 4.8+0.2a 437+34 |28+05 |18.7+0.7 0.0£0.0c
25mgL7! 3.7+0.1 4.3+0.3a 439+3.0 2.6+£0.5 | 17.9£0.9 17.7+0.3b
50 mg L! 3.7+0.1 4.4+0.1a 48.96+1.8 |3.7+0.2 |17.5+0.7 17.9+0.7b
75mgL7! 3.7+0.1 4.6+0.1a 47.39+22 |3.8+0.1 |17.1+0.5 19.0+0.2b
100 mg L™! 3.6+0.1 5.9+0.5b 46.29+0.8 |3.5+0.3 |13.3+04 22.7+0.6a

Table 5. The effect of adding different concentrations of silicon on lettuce leaf nutrients. Values are
means * standard error. Means followed by different letters are significantly different at p <0.05 according to
the LSD test. Treatments with no letters are not significantly different.

and citrate from roots, which help solubilize phosphate in the rhizosphere®®. These synergistic effects likely
contributed to the elevated phosphorus concentrations measured in Si-treated lettuce plants.

The addition of silicon fertilizer to the nutrient solution of lettuce did not affect the potassium content. The
maximum value of potassium content (48.96 mg/g) was recorded in the treatment of silicon concentration 50 mg
L}, while the minimum value (43.71 mg/g) was recorded in the control (Table 5). However, these differences
were not significant compared to the control. Similarly, the potassium content in lettuce leaves dry matter was
not affected by silicon treatment*>.

The addition of silicon fertilizer to the lettuce nutrient solution had no impact on the amounts of calcium
and magnesium in the leaves (Table 5). Similarly, the magnesium content in lettuce was not statistically different
when silicon was added to the nutrient solution’. Conversely, on plants treated with Si, the amounts of calcium
and magnesium in the dry matter of the lettuce leaves were higher*!. The lack of a statistically significant effect
of silicon on K, Ca, and Mg uptake contrasts with some earlier studies that reported Si-enhanced mineral
accumulation in leafy greens. In our experiment, slight increases in K and Ca concentrations were observed
under higher Si treatments (Table 5), but these did not reach statistical significance. There are two possible
reasons for this difference. First, the form of silicon used may influence plant response: previous studies often
applied monosilicic acid, a highly soluble form, whereas our study used silicon dioxide (SiO,). Second, the
method of application could play a role. While prior research frequently involved foliar spraying, our approach
involved adding Si to the root-zone nutrient solution, which may affect uptake kinetics and translocation.
In contrast to these nutrients, phosphorus availability is more sensitive to ionic interactions and solubility
dynamics. Silicon has been shown to enhance P uptake by promoting organic acid exudation and reducing
P precipitation in solution*®. These factors likely contributed to the observed increase in P content without
corresponding significant changes in K, Ca, or Mg.

The addition of silicon fertilizer to the lettuce nutrient solution led to the accumulation of silicon within the
lettuce leaves. The silicon concentration in the control treatment was zero because the silicon element was not
added to the nutrient solution, nevertheless, when the treatments had silicon concentrations of 25, 50, 75, and
100 mg L™! in the nutrient solutions, the silicon content in the leaves was 17.70, 17.87, 19.00, and 22.71 mg/g,
respectively (Table 5). The differences in silicon content in lettuce leaves were significant in all treatments 25, 50,
75, and 100 mg L~! compared with the control. There were no significant differences in silicon content in lettuce
leaves at treatments 25, 50, and 75 mg L™'. There were significant differences in the silicon content in lettuce
leaves between the treatments of 25, 50, and 75 mg L~! when compared with the silicon concentration treatment
of 100 mg L.

This indicates that silicon absorption inside plant tissues increased as silicon concentration increased in
the lettuce plants’ nutrition solution. These increases in silicon content in plant tissues improved the growth
of lettuce plants with the addition of silicon to the nutrient solution, and this explains the increase in the
previously mentioned growth parameters, such as LN, TFW, SFW, SDW, and SL. The maximum value of silicon
absorption and accumulation inside the lettuce leaf tissues was in the silicon concentration treatment of 100 mg
L' (22.71 mg/g). This is consistent with what Kleiber et al.>® mentioned in their study that the treatment with
the most concentration of Si nutrition demonstrated the highest Si absorption. The amount of silicon absorbed
relies on its concentration in the root zone®'. This could be explained by the direct root-solution contact and
maintaining optimal pH, which preserves Si bioavailability*®.

Silicon in the lettuce crop had an impact on some nutrients’ uptake and distribution while not affecting
others®2. This is also consistent with the current research; the silicon treatment improved some nutrient
absorption (phosphorus) while not affecting other nutrient absorption (nitrogen, potassium, calcium, and
magnesium).

Conclusion

This study demonstrates that adding silicon at specific concentrations, particularly 75 mg L1, enhances lettuce’s
total fresh weight and significantly extends its shelf life when stored at 4 °C. While other growth parameters were
unchanged, Si notably improved phosphorus absorption. These findings recommend applying silicon in nutrient
solutions to optimize growth and post-harvest preservation in hydroponic lettuce cultivation. Future research
should investigate silicon’s broader role in stress resistance and nutrient dynamics to further support sustainable
hydroponic agriculture.
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