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Abstract: The use of biostimulants is becoming a useful tool for increasing crop productivity while
enhancing nutritional quality. However, new studies are necessary to confirm that the joint appli-
cation of different types of biostimulants, together with bioactive compounds, is effective and not
harmful to plants. This study examined the impact of applying the biostimulant Green Leaves,
comprising Macrocystis algae extract and containing a mixture of amino acids, corn steep liquor
extract, calcium, and the bioactive compound glycine betaine. The effect of applying two different
doses (3 and 5 mL L~') of this biostimulant was evaluated on lettuce plants, and growth and quality
parameters were analyzed along with photosynthetic efficiency, nutritional status, and nutrient
efficiency parameters. The application of Green Leaves improved plant weight (25%) and leaf area
and enhanced the photosynthetic rate, the accumulation of soluble sugars and proteins, and the
agronomic efficiency of all essential nutrients. The 3 mL L' dose improved the nutritional quality of
lettuce plants, improving the concentration of phenolic compounds and ascorbate and the antioxidant
capacity and reducing NO;~ accumulation. The 5 mL L~! dose improved the absorption of most
nutrients, especially N, which reduced the need for fertilizers, thus reducing costs and environmental
impact. In short, the Green Leaves product has been identified as a useful product for obtaining
higher yield and better quality.

Keywords: antioxidant compounds; biostimulant; glycine betaine; lettuce; nutrient use efficiency;
photosynthesis

1. Introduction

In contemporary agriculture, the use of products to enhance crop development and
mitigate the effects of environmental stresses has become widespread. Consequently,
biostimulants are increasingly employed to influence the physiological processes of plants,
thereby optimizing their performance [1-3]. The characteristics of biostimulants, their
bioactive components, the explanation of their action mechanisms, and their effects on
plants across morphological, biochemical, and metabolic dimensions are the foci of many
scientists, industrial companies, and farmers [4]. Plant biostimulants are defined as any
product that boosts plant development and nutritional status, without dependence on
their nutrient content, to improve the efficient use of nutrients, tolerance to abiotic stress,
and qualitative characteristics [5-7]. Biostimulants contribute to enhanced plant growth
by increasing photosynthesis, germination, the absorption and utilization of nutrients in
plants, and the concentration of growth hormones, as well as reducing senescence, which
increases plant quality, productivity, and post-harvest useful life [3,8,9].
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Within the diverse range of biostimulants available, those derived from amino acids
(AAs) and algae extracts are particularly prevalent. The beneficial impact of amino acid
application on plant growth is well documented, as these compounds contribute to the
synthesis of numerous non-protein nitrogenous substances (such as pigments, vitamins,
coenzymes, and nitrogen bases) [10]. Likewise, seaweed is recognized for its valuable
contribution to enhancing the growth of a wide array of crops, offering both direct and
indirect advantages [9]. The interest in seaweed extracts as biostimulants has surged due to
their rich biochemical composition, which includes a broad spectrum of bioactive elements
and signaling molecules like phytohormones, vitamins, Aas, polysaccharides, and micro
and macronutrients [11,12]. These types of biostimulants have positive effects on plants by
modifying the root architecture, improving the efficiency of nutrient use, especially nitrogen
(N), and inducing the assimilation of nitrates, therefore reducing their accumulation in the
leaves. Furthermore, they can promote resistance to unfavorable environmental conditions
by increasing tolerance to stresses through the induction of antioxidant and osmoprotective
compounds [10,13-15]. Various studies have verified the biostimulant effect in plants after
individual application of extracts based on AAs and algae, although research into the effect
of the joint application of these biostimulants is scarcer [9,16].

In addition, a series of bioactive materials or bioregulators are usually added to
biostimulant formulations to improve the beneficial effects of these products. Among the
most used compounds are phytohormones, antioxidant compounds such as ascorbate and
a-tocopherol, nitrogenous compounds such as proline, glycine betaine, and polyamines,
sugars and polyalcohols such as trehalose and mannitol, and macronutrients such as
calcium (Ca) [17]. However, most of the beneficial effects have primarily been noted in
plants experiencing stress, while plants cultivated under control conditions showed less
pronounced benefits, and in some cases, even adverse effects were reported, including
diminished growth. For instance, in Arabidopsis thaliana, and in several horticultural crops,
the application of compounds such as proline, ascorbate, melatonin, and tocopherol under
standard growth conditions resulted in decreased plant growth [18].

Currently, many studies on biostimulants are being conducted on lettuce [19-21], as it
is a key leafy vegetable in global diets and is rich in vitamins, minerals, and dietary fiber,
which significantly contribute to human nutrition and health [22]. Numerous studies have
demonstrated that the application of plant biostimulants to lettuce effectively enhances
fresh weight, leaf area, and, consequently, yields [19,20,23,24]. Furthermore, biostimulants
significantly improve lettuce quality by enhancing color and antioxidant content [21,23].
Additionally, they facilitate the efficient utilization of nutrients, allowing for the reduction
of fertilizers and promoting the uptake of macronutrients such as N, Ca, magnesium (Mg),
and phosphorus (P), as well as micronutrients like iron (Fe), thereby augmenting nutritional
quality [19,24,25].

In summary, conducting research is essential to verify that the combined use of bios-
timulants and bioactive compounds, while ensuring no phytotoxic effects on plants under
suitable conditions, has a positive impact on their growth and development. However,
there is no clear information. Moreover, there is still a lack of definitive information re-
garding the impact of these types of biostimulants on plant physiology and nutritional
efficiencies. Unlike previous research focused on biostimulants based on a single type of
extract or compound, this study explores the synergistic effects of a new product called
Green Leaves, a biostimulant comprising a blend of Macrocystis alga extract, amino acids,
steeped corn liquor extract, calcium, and the bioactive compound glycine betaine. There-
fore, the main objective of this study is to analyze the effect of Green Leaves on Lactuca
sativa L. cv. Maravilla de Verano plants grown under adequate growth conditions. The
effect of applying different doses of this biostimulant on lettuce plants was evaluated, and
growth and quality parameters were analyzed along with the study of basic physiological
processes of primary metabolism, such as photosynthetic efficiency, nutritional status, and
nutrient efficiency parameters.
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2. Results and Discussion
2.1. Growth Parameters

A fundamental attribute of a biostimulant, as highlighted by [26], is its non-toxicity to
plants alongside its capacity to enhance plant growth and yield. This research evaluates
factors such as the generation of fresh and dry biomass in the plant’s aerial sections and
leaf area, which were analyzed to assess the effect of the product Green Leaves on biomass
production. These metrics serve as reliable indicators of plant development across various
cultivation environments [1,16].

Foliar application of Green Leaves at two doses (3 and 5 mL L~!) produced positive
effects by increasing biomass production compared with the control plants, with no signifi-
cant differences between both treatments (Table 1 and Figure 1). Regarding the percentage
of increase in the production of fresh biomass of the shoot, the application of Green Leaves
increased growth compared with the control plants by 23% for the 3 mL L~! dose and
by 26% for the 5 mL L~! dose (Table 1); therefore, both doses presented similar effects.
However, considering dry weight, there were greater differences in percentage between
the doses applied, with the dose of 3 mL L~! being the one that gave rise to the most
biostimulant effect, with an increase of 46% compared with control plants, whereas the
application of 5 mL L~! produced a lower increase of 36% (Table 1). Regarding the values
of leaf area values, all treatments with the Green Leaves product significantly improved
this parameter, with no statistically significant differences between the two doses applied
(Table 1, Figure 1). Therefore, the application of Green Leaves, especially at a dose of
3 mL L~!, could produce a significant increase in the photosynthetic performance of plants
by increasing the available area for light capture.

Table 1. Effect of Green Leaves treatments on fresh and dry weights and the leaf area of lettuce plants.

Treatments Fresh Weight (g) Dry Weight (g) Leaf Area (cm?)

Control 39.57 £1.46b 1.68 £ 0.13b 651.61 + 18.62Db

Green Leaves 3 mL L™! 48.50 + 2.14 a (+23%) 2.46 £ 0.08 a (+46%) 698.43 £14.73 a

Green Leaves 5 mL L~ 49.74 + 0.79 a (+26%) 2.29 + 0.07 a (+36%) 684.26 +29.07 a
% *% *%

p-value

% data indicate increase (+) or decrease (—) with respect to the values of control plants. All data values represent
means =+ standard error. The level of significance was represented as ** (p < 0.01). Values with different letters
indicate significant differences.
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Figure 1. Front and top views of lettuce plants subjected to different treatments at sampling time.
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Other experiments that used biostimulants derived from Macrocystis algae extracts
also found biomass increments in lettuce plants [27,28]. Furthermore, the addition of other
components to the Green Leaves product, such as corn steep liquor, macronutrients such as
Ca, and AAs such as glutamic acid and glycine, have been proven to have a positive effect
on plant growth [19,24,29,30]. However, regarding glycine betaine, it has been found that
its positive effects are predominantly observed in plants under stress conditions, while in
those grown in optimal environments, the benefits are less noticeable, with some instances
of adverse effects reported [18]. Our results confirm that the use of glycine betaine in the
Green Leaves product, when used in suitable growing conditions without any stress factors,
does not affect the biostimulant effect of this product at any of the doses used. Therefore,
its use is highly recommended.

2.2. Photosynthesis-Related Parameters

To connect plant growth enhancement and the triggering or boosting of various
fundamental physiological processes within plants, this research focuses on examining
photosynthesis performance through the analysis of photochemical activity through chloro-
phyll a (Chl a) fluorescence analysis and the efficiency of photosynthesis through gas
exchange parameters [31,32]. It was proved that Chl a fluorescence is indicative of the
plant’s photochemical status and the photosynthetic alterations caused by stress. Therefore,
any metabolic disruption leads to the emission of fluorescence by the plant as a means to
disperse surplus energy and mitigate stress-induced harm [32]. A key measure obtained
from Chl a fluorescence analysis is the quantum yield of primary photosynthesis (Fv/Fm),
which reliably reflects the photosynthetic efficiency of a plant. Typically, in plants that
are not exposed to severe stress, the Fv/Fm ratio remains around 0.85, reflecting healthy
photosynthetic activity [33]. In the present experiment, the Fv/Fm index for the treatments
with Green Leaves at all doses presented values around 0.87, similar to those of the control
plants, which indicates that the application of this product at the applied doses did not
cause photoinhibition (Table 2). Other indices of photochemical performance indicate
different aspects of photochemical activity, such as the proportion of active reaction centers
(RC/ABS), the efficiency of electron transport (¥,), and the global performance index
(PIags) [32]. In our study, no differences were observed between the differently applied
treatments for these parameters, indicating no effects on photochemical activity by Green
Leaves application (Table 2).

Table 2. Effect of Green Leaves treatments on chlorophyll a fluorescence parameters in lettuce plants.

Treatments Fv/Fm RC/ABS Plpgs Yo
Control 0.866 + 0.002 0.330 £ 0.004 2.133 £+ 0.053 0.501 £ 0.004
Green Leaves 3mL L1 0.867 £ 0.002 0.322 + 0.007 2.201 +£ 0.067 0.511 £ 0.004
Green Leaves 5mL L~1 0.868 + 0.002 0.321 + 0.002 2.213 £ 0.102 0.511 £ 0.008
p-value NS NS NS NS

Variable fluorescence/maximum fluorescence ratio (Fv/Fm), proportion of active reaction centers (RC/ABS),
performance index (PIags), and efficiency with which a trapped exciton moves an electron further than quinone A
into the electron transport chain (Yo0). Values are means =+ standard deviation. The levels of significance were
represented as non-significant (NS) (p > 0.05).

The concentrations of Chl g, b, and carotenoids, along with the information derived
from Chl a fluorescence analysis, reflect the plant photosynthetic activity and photochemical
performance [34]. The application of Green Leaves at both doses (3 and 5 mL L) did
not produce statistically significant changes in the foliar concentration of photosynthetic
pigments, presenting values similar to those of control plants (Table 3). Ultimately, these
data suggest that Green Leaves does not enhance the process of light absorption nor the
conversion of light energy into chemical energy, indicating a lack of beneficial impact in
these areas.
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Table 3. Effect of treatments on the concentration of photosynthetic pigments in lettuce plants.

Treatments

Chl a
(mg g_1 FW)

Chl b
(mg g_1 FW)

Carotenoids
(mg g_1 FW)

Control

Green Leaves 3 mL L1
Green Leaves 5mL L~}

p-value

216.51 £ 6.25

198.83 + 2.33

211.49 £1.28
NS

118.13 £ 1.68

115.54 + 2.34

120.36 + 1.67
NS

26.20 = 1.54

23.72 £ 0.58

23.92 £0.70
NS

Values are means =+ standard deviation. The levels of significance were represented as non-significant (NS)
(p > 0.05).

In the analysis of gas exchange parameters, other studies have shown that if the
application of algae-derived biostimulants is effective, it leads to an increase in net pho-
tosynthetic rate (A). However, the effect on transpiration is more variable, with varying
results depending on the experimental conditions [20,31,35]. In the present experiment,
both applied doses of Green Leaves increased A and intercellular CO; (C;) compared with
the minimum values presented in control plants (Table 4). Regarding the parameters related
to transpiration, we observed that Green Leaves applied at 3 and 5 mL L~ doses produced
a decrease in stomatal resistance (r) (Table 4), therefore favoring stomatal opening, which
could explain the higher transpiration rate (E) compared to control plants. However, this
greater transpiration produced by the application of Green Leaves did not represent a
significant decrease in water use efficiency (WUE), because these plants presented values
similar to those obtained in control plants (Table 4). Although more research must be
conducted, the results of photosynthetic efficiency suggest that the application of Green
Leaves could be a useful strategy in conditions of water and/or saline stress to improve the
adaptation of plants to these stress conditions, especially in leaf crops that are very sensitive
to these conditions because the use of Green Leaves improved A while maintaining constant
WUE values (Table 4).

Table 4. Effect of treatments on the parameters of photosynthetic efficiency and gas exchange in
lettuce plants.

A E Ci T
(umolm~—2s71) (mmol m~2s71) (umol mol—1) (scm™1)

713 £020b 1.90 £0.07b 261.69 +3.61b 8.98 £ 0.53 a
894 £0.16 a 2.69 £0.09 a 280.66 = 1.06 a 714+ 040c 3.34£0.11
9.08 +£0.14 a 2.51+£0.09 a 27546 £3.67 a 773 £029b 3.64 £0.12

*3% *% *3% %% NS

Treatments WUE

Control 3.77 £ 0.08
Green Leaves 3 mL L1
Green Leaves 5 mL L1

p-value

Net photosynthetic rate (A), intercellular CO; (C;) transpiration rate (E), stomatal resistance (r), water use efficiency
(WUE). Values are means + standard deviation. The level of significance was represented as non-significant (NS)
(p > 0.05), ** (p < 0.01), and *** (p < 0.001). Values with different letters indicate significant differences.

The enhancement of photosynthesis in plants activates carbon metabolism and pro-
duces carbohydrates vital for plant development. These substances are crucial because
they supply the energy and carbon frameworks necessary for the creation of biomolecules
for plant growth [36]. In general, the application of both doses of Green Leaves produced
a significant increase in the concentration of soluble sugars in the plants compared with
control plants (Figure 2a), which is related to the higher photosynthetic activity (Table 4)
and the enhanced production of biomass and leaf area (Table 1). Other studies in rice
and tomato plants also suggest that biostimulant application enhanced photosynthesis
performance, which in turn increased soluble sugar accumulation [37,38].
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Figure 2. Effect of Green Leaves treatments on the concentration of soluble sugars (a), soluble amino
acids (AAs) (b), and soluble proteins (c) in lettuce leaves. Columns represent the means, and error
bars represent standard error. Values with different letters indicate significant differences.

2.3. Soluble Amino Acids, and Protein Concentrations

Analyzing soluble AAs is crucial due to their pivotal roles in primary metabolism.
These roles include the synthesis of Chl, growth hormones, and proteins, as well as the
regulation of water relations and the sustenance of photosynthetic processes. Furthermore,
some of the essential AAs intervene in the induction of secondary metabolism, generat-
ing antioxidant and defense compounds such as phenols, alkaloids, etc. [39-41]. Foliar
application of the Green Leaves product at both doses (3 and 5 mL L~!) reduced the foliar
concentration of soluble AAs compared with the maximum values obtained in control
plants (Figure 2b). This result is not negative because an increase in the accumulation of
soluble AAs indicates increased proteolysis and stress in plants [42,43]. Although one of
the basic components of the Green Leaves product is a mixture of AAs, it is likely that
these AAs applied exogenously in the Green Leaves product are being used in primary
metabolism functions, which would explain the greater growth of lettuce plants (Table 1)
and the induction, for example, of photosynthetic efficiency (Table 4).

Besides soluble amino acids, evaluating the foliar levels of soluble proteins is crucial for
understanding changes in plant growth. Soluble proteins indicate the presence of cellular
enzymes critical for fundamental activities like nitrogen assimilation, photosynthesis, and
carbon metabolism [39,40]. In the present experiment, the application of both doses of Green
Leaves resulted in a significant increase in the concentration of soluble proteins (Figure 2c),
suggesting that the externally applied AAs in this product could be utilized efficiently
by the plants. This utilization likely accounts for the observed growth enhancement in
plants treated with Green Leaves (Table 1). The findings from other research align with our
observations, demonstrating that biostimulant applications in rice and bean crops lead to
an increase in soluble proteins and a decrease in certain AAs, such as proline [4,38].

2.4. Antioxidant Compounds and Capacity

Numerous compounds, such as phenolics and ascorbate, have antioxidant activity that,
in addition to increasing tolerance to stress, enhance the nutritional quality of crops [44].
Various studies have found that the application of biostimulants derived from algae can
increase the accumulation of these types of compounds and the global antioxidant capac-
ity [45-47]. The results of the present experiment suggest that it was mainly the application
of the 3 mL L~! dose of the Green Leaves product that produced a higher foliar concentra-
tion of total phenols and anthocyanins, followed by the application of Green Leaves at the
5 mL L1 dose, with an increase in their levels when both doses were applied compared
with the control plants. In the case of flavonoids, both doses of the biostimulant increased
their concentration equally in lettuce plants (Table 5). The other important antioxidant
compound analyzed was ascorbate, also known as vitamin C, which is key for antioxidant
protection to detoxify ROS and participate in the ascorbate—glutathione cycle. In addition,
humans are incapable of synthesizing it; therefore, their needs depend entirely on its con-
sumption through diet [48]. In this study, similar results to the total phenol concentration
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were observed for ascorbate concentration, with the plants supplied with the 3 mL L1
Green Leaves dose having higher ascorbate accumulations (Table 5).

Table 5. Effect of treatments on some nutritional quality parameters in lettuce plants.

Treatments Total Phenols Flavonoids Anthocyanins Ascorbate
(mg g~ 1 FW) (mg g~ 1 FW) (ug g1 FW) (ug g1 FW)

Control 0.33+0.01c 0.24 + 0.04b 2345 +1.52¢ 33.80 £4.07 ¢
Green Leaves 3 mL L1 047 £0.01a 042 £0.01a 7296 £342a 55.64 £4.41a
Green Leaves 5mL L~ ! 0.40 £0.01b 039+001a 64.71 £145b 45.02 +6.78Db

*3% *%4% *%4% %%

p-value

Values are means + standard deviation. The level of significance is represented as ** (p < 0.01) and *** (p < 0.001).
Values with different letters indicate significant differences.

To determine the antioxidant capacity as accurately as possible, an analysis of different
antioxidant tests was performed [49]. Our results suggest that the 3 mL L~! dose of Green
Leaves was the only effective treatment to induce a significant increase in the antioxidant
capacity of lettuce plants (Figure 3). The application of the 5 mL L~! dose, although
it produced increases in the concentrations of the antioxidant compounds previously
described (Table 5), did not lead to a significant increase in the antioxidant capacity defined
through the Ferric Reducing Antioxidant Power (FRAP) and Trolox Equivalent Antioxidant
Activity (TEAC) test compared with the control plants (Figure 3). In the plants supplied
with the 5 mL L~! dose, the observed increases in antioxidant compounds (Table 5) could
not be high enough to increase the antioxidant capacity of these plants. Additionally, a
saturation of response mechanisms or an interaction with other elements of the metabolic
pathway for the biosynthesis of these compounds could occur [50].
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Figure 3. Effect of treatments on antioxidant test values FRAP (a) and TEAC (b) in leaves of lettuce
plants. Columns represent the means, and error bars represent the standard error. Values with

1 T T
Control GL3mIL'GL5mIL™

different letters indicate significant differences.

2.5. NO3~ Concentration

In leafy vegetables such as lettuce, understanding leaf NO3 ~ levels is crucial because of
their potential health hazards. Once ingested, NO3 ™ can rapidly convert into nitrite and N-
nitroso compounds, which are harmful. These substances can lead to serious health issues,
including methemoglobinemia and an elevated risk of cancer [51]. Our results indicate
that Green Leaves application, especially at the 3 mL L~! dose, is the only treatment that
reduced the NO3~ concentration in lettuce leaves with no differences between the rest
of the treatments (control and 5 mL L~! Green Leaves) (Figure 4). These results are very
interesting from a nutritional point of view because they indicate that the use of Green
Leaves at a 3 mL L~! dose would mean an improvement in the nutritional quality of
these plants intended for human consumption. It is important to analyze the effect of
biostimulant application on NO3; ™~ accumulation in lettuce, as various results have been
found in other studies. Thus, in some experiments, the application of the biostimulant
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leads to greater NO3 ™~ accumulation, whereas in others, it reduces it, depending on the
type of biostimulant and the conditions of the experiment [21,23].

a
8 a —
—

|

NO; (mg g™' FW)
il

1 1 1
Control GL3mIL ' GL5mIL™

Figure 4. Effect of treatments on nitrate concentration in the leaves of lettuce plants. Columns
represent the means, and error bars represent the standard error. Values with different letters indicate
significant differences.

2.6. Concentration and Efficiency of the Use of Mineral Nutrients

Generally, the mineral content measured in this study falls within the expected ranges,
with no significant excesses or deficiencies that would impede the normal growth of
plants [52]. Regarding macronutrients, the application of the Green Leaves product only
significantly affected the foliar concentrations of N and Ca, with the maximum concen-
trations occurring with the application of the 5 mL L~! dose (Figure 5; Table S1). These
results are possibly due to the exogenous application of organic N compounds and the
element Ca that is produced when the highest dose of Green Leaves is used. These N and
Ca increments could contribute to the positive response of growth stimulation in plants
because N plays a pivotal role in the biochemistry of numerous compounds, whereas Ca
is critical for maintaining cell wall and membrane integrity and function. Furthermore,
Ca acts as a secondary messenger in hormonal and environmental response mechanisms.
The nutritional and physiological importance of N and Ca is fundamental for achieving
maximum yields in a wide variety of crops [53].

Considering micronutrients, the application of Green Leaves at both doses only signif-
icantly affects the foliar Fe concentration, with both treatments presenting concentrations
higher than those obtained in control plants (Figure 5, Table 52). As occurred in the case of
N and Ca, this increment in the foliar concentration of Fe may be due to the exogenous ap-
plication of this element with the Green Leaves product. The increase in Fe in lettuce leaves
due to the application of Green Leaves could contribute to improving the physiological
state of the plants because Fe plays a pivotal role as a component of the catalytic centers in
various hemoprotein redox enzymes, including cytochromes, peroxidases, and catalases. It
is also vital for photosynthesis and N assimilation [54].

Another aspect to consider is efficiency in the use of these mineral nutrients, in order
for good production to be obtained without excessive application of fertilizers that could
cause environmental pollution. Other studies proved that the application of biostimulants
can increase nutrient use efficiencies, reducing their contribution without compromising
production [55,56]. The parameters proposed by Dobermann [57] were used in this study
to define nutrient use efficiency (NUE) in plants. The European Union defined these
parameters in the biostimulant regulations listed in FprCEN/TS 17700-2 to certify these
products as improving this nutritional characteristic.
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Figure 5. Heat map showing the effect of Green Leaves treatments on the leaf concentration of
macronutrients and micronutrients in lettuce plants. Color scale refers to the logarithmic trans-
formation (log10) of measured values (higher values are shown in red, lower values in blue, and
intermediate values in white). For the interpretation of the color code, refer to Table S1.

Considering the recovery efficiency of the applied nutrient (RE) parameter, which
indicates the absorption efficiency of the different nutrients contained in a fertilizer, we
generally found that the application of Green Leaves produced an increase in the RE of
most nutrients, except for the elements S, Mo, and Mn, as well as Cu, only for 3 mL L1
dose. Indeed, the positive effect of Green Leaves on RE depends on the applied dose of
the product. Thus, the use of the 3 mL L1 dose increased the absorption of nutrients K,
Zn, and B, whereas the application of the 5 mL L~! dose had a greater effect on N, Ca,
Mg, Fe, Cu, and Mn (Figure 6; Tables S3 and S4). Regarding the IE and AE parameters,
the application of Green Leaves at both doses produced positive values for all nutrients
compared with the control plants, which indicates that the application of this product
benefits the utilization of all essential nutrients for the generation of biomass in lettuce
plants. The maximum values in most nutrients were obtained when Green Leaves was
applied at the 3 mL L~! dose (Figure 6; Tables S3 and S4). These results are very interesting
because the application of the Green Leaves product improved the RE of most nutrients,
especially N, which could allow for the cultivation of crops in areas with a deficiency
of these nutrients, in addition to allowing for a decrease in the use of fertilizer without
reducing crop yields. This reduction, in turn, could reduce costs and environmental impact.
Therefore, the Green Leaves product could be a useful tool to reduce the use of fertilizers,
especially the more expensive nitrogenous ones with greater environmental impact, which
is in line with the European Union’s plants to be established in the near future [58].
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Figure 6. Heat map showing the effect of Green Leaves treatments on the apparent recovery efficiency
of the applied nutrient (RE), internal utilization efficiency of the nutrients (IE), and agronomic
efficiency of the nutrients applied (AE) in lettuce plants. Color scale refers to the normalized data of
measured values (higher values compared to control plants are shown in red, lower values compared
to control plants are shown in blue, and similar values to control plants are show in white). For the
interpretation of the color code, refer to Tables S3 and S4.

3. Materials and Methods
3.1. Plant Material and Growing Conditions

Lettuce plants (Lactuca sativa cv. Maravilla de Verano) were used in the experiment
as plant material. The seeds were germinated and cultivated for 45 days in trays divided
into cells (3cm x 3 cm x 10 cm) at Saliplant SL (Carchuna, Granada, Spain). Subsequently,
the seedlings were relocated to a controlled environment chamber. The plants grew under
specific conditions: a relative humidity of 60-80%, a temperature cycle of 25 °C during the
day and 15 °C at night, and a light regimen of 16h of light followed by 8h of darkness. The
light intensity (350 pmol m~2s~!) was provided by fluorescent tubes and was measured
using an SB quantum 190 sensor (LI—COR Inc., Lincoln, NE, USA).

Each plant was individually transplanted into separate pots (13 x 10 x 12.5 cm)
with a total volume of 2 1. The growing substrate used was a combination of perlite and
vermiculite. The plants were watered with a Hogland-type nutrient solution, slightly
modified to suit lettuce needs. This solution contained 4 mM KNOj3, 2 mM Ca(NO3),,
2 mM MgSOy, 1 mM KHpPOy, 1 mM NaH,POy, 2 uM MnCly, 125 pM Fe-EDDHA, 50 uM
H3BO3, 1 uM ZnS0Oy, 0.25 uM CuSQOy, and 0.1 uM NayMoOy. The solution was adjusted to
a pH of 5.8, and each plant received approximately 50 mL daily, ensuring that the volume
of drainage did not exceed 10% of the total.
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3.2. Treatments Description and Experimental Design

The product used in this experiment was Green Leaves, generated by the company
Atlantica Agricola SL, which, in addition to being formed by an extract of Macrocystis algae
(brown algae), contains a mixture of AAs, such as glutamate and glycine, corn steep liquor
extract, the macronutrient Ca, and the bioactive compound glycine betaine.

In this experiment, the effect of foliar application of the Green Leaves product at two
different doses (3 mL L~! and 5 mL L~!) was analyzed. A group of control plants was
established to which the Green Leaves product was not applied. Treatment administration
commenced 7 days after transplantation into the growth chamber. Following Atlantica
Agricola SL's R&D team guidelines, the test product was applied twice, maintaining a
seven-day interval between the two applications. This study used a completely randomized
block design, featuring three replicates for each treatment. These replications included
trays holding eight plants each, which were individually potted and randomly allocated
within the growth chamber for treatment application.

3.3. Vegetable Sampling

Shoot samples were collected 7 days after the final treatment application. Immediately
upon collection, all plants from each treatment group were prepared for further analysis.
This involved rinsing the plant material with distilled water and then drying it on filter
paper and weighing it to measure the fresh weight (FW). Subsequently, one half of the plant
material was frozen at —40 °C for the assessment of photosynthetic pigment concentration,
concentrations of AAs, proteins, soluble sugars, FRAP and TEAC antioxidant tests, concen-
tration of flavonoids, anthocyanins, total phenols, ascorbate, and nitrates. The remaining
half of the plant material was desiccated using a freeze-drying process to determine the
dry weight (DW) and analyze the concentration of mineral nutrients.

3.4. Plant Material Analysis
3.4.1. Leaf Area

Leaf area per plant was analyzed using a LI-COR optical reader, model LI-3000A.

3.4.2. Chlorophyll (Chl) a Fluorescence

Before conducting measurements, the leaves underwent a 30 min acclimatization
period in complete darkness. This was achieved by attaching a specialized leaf clip to each
leaf. The dynamics of chlorophyll (Chl) a fluorescence were evaluated using a Handy PEA
Chl Fluorimeter (Hansatech Ltd., King’s Lynn, Norfolk, UK). This process involved the ini-
tiation of OJIP fluorescence phases through the exposure of the leaves to red light at 650 nm
and an intensity of 3000 pmol photons m~2s~!. Analysis of the OJIP fluorescence phases
was performed employing the JIP test methodology, as outlined by Strasser et al. [32].
Measurements targeted fully mature leaves located at the median section of the plant,
focusing on evaluating energy transfer and photosynthetic efficiency via parameters de-
rived from the JIP test: initial fluorescence (Fo), maximum fluorescence (Fm), variable
fluorescence (Fv = Fm — Fo), maximum quantum product of primary photochemistry
(Fv/Fm), performance index (PIsps), proportion of active reaction centers (RC) (RC/ABS),
and the efficiency with which a trapped exciton moves an electron further than quinone A
into the electron transport chain (1) [32].

3.4.3. Gas Exchange Parameters

Data collection was performed using a LICOR 6800 Portable Photosynthesis System In-
frared Gas Analyzer (IRGA, LICOR Inc., Nebraska, USA). Leaves from the middle section of
plants were analyzed in measurement chambers provided by the system, set to conditions
that mirrored this ideal for growth. The device was preheated for 30 min and calibrated
before the measurements began. The experimental setup included a photosynthetically
active radiation (PAR) of 500 pmol m? s~1, a CO, concentration of 400 pmol mol~!, a
leaf temperature maintained at 30 °C, and a relative humidity of 60%. The system simul-
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taneously captured the net photosynthetic rate (A), transpiration rate (E), and stomatal
resistance (r), storing these data for subsequent analysis using the “Photosyn Assistant”
software (Version 3). The instantaneous water use efficiency (WUE) was determined by the
ratio of A to E.

3.4.4. Concentration of Photosynthetic Pigments

The Wellburn [59] method with slight modifications was used. Pigments were ex-
tracted with methanol, centrifuged for 5 min at 5000 x g, and the absorbance was ultimately
measured at 666, 653, and 470 nm. The following formulas were made based on the
following equations:

e Chla=15.65 x A666 nm — 7.34 x A653 nm;
Chl b =27.05 x A653nm — 11.21 x A666 nm;
e  Carotenoids = (1000 x A470 nm — 2.86 x Chla — 129.2 x Chl b)/221.

3.4.5. Determination of Amino Acids, Proteins, and Soluble Sugars

For the analysis of AAs and soluble proteins, the methodology described in Navarro-
Leon et al. [60] was followed. Soluble AAs analysis was based on the reaction with
ninhydrin and reading absorbance at 570 nm, and soluble protein analysis was based on the
reaction with Coomassie blue and absorbance registered at 595 nm. For the concentration
of soluble sugars, the method of Irigoyen et al. [61] was followed based on the reaction
with anthrone and reading the absorbance at 650 nm.

3.4.6. Antioxidant Capacity: FRAP and TEAC Tests

The FRAP test was based on the reaction with 2,4,6-tripyryldyl-2-triazine (TPTZ)
and 20 mM FeCl; and a final recording of absorbance at 593 nm [62]. The TEAC test
was performed according to Cai et al. [63] based on the reaction with 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and the final recording of absorbance at
734 nm.

3.4.7. Determination of Total Phenol, Flavonoid, and Anthocyanin Concentrations

The quantification of total phenols in the plant samples was performed using a method
adapted from Rivero et al. [64], involving the extraction of plant material with a solu-
tion of methanol, chloroform, and NaCl. The quantification was completed using the
Folin—Ciocalteu reaction, with absorbance readings taken at 725 nm to determine phenolic
content. For total flavonoid content, the procedure outlined by Kim et al. [65], with certain
modifications, was employed. This involved the same extraction method as used for phe-
nols, with the resulting extract treated with NaNO, and AICl3, and absorbance measured
at 415 nm to assess flavonoid concentration.

The measurement of anthocyanin levels was conducted through the differential pH
method as described by Giusti et al. [66]. This process involved extracting the plant material
with acidified methanol, followed by centrifugation. The supernatant was then mixed
with potassium chloride, and its absorbance was determined using a spectrophotometer at
460 nm. Secondly, the supernatant was mixed with sodium acetate and measured at an
absorbance of 710 nm. To obtain the concentration of anthocyanins in the different varieties
of cauliflower, the following formula was applied:

[((A460 — A710) x 449.2 x 0.2 x 1000)/26,900]

3.4.8. Determination of Ascorbate Concentration

For ascorbate quantification, the method of Law et al. [67] was followed. This method
is based on the reduction of Fe** to Fe?* by ascorbate in an acidic solution. The leaf sample
was subjected to extraction with metaphosphoric acid and subsequently centrifuged. The
resulting extract was then reacted with a mixture of N-ethylmaleimide, trifluoroacetic acid,
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orthophosphoric acid, bipyridyl, and iron chloride. Finally, the absorbance of the resulting
colored compound was measured at 525 nm by spectrophotometry.

3.4.9. Determination of Nitrates

Quantification of soluble NO3 ™ levels was achieved through an aqueous extraction
process, adhering to the protocol established by Cataldo et al. [68]. The aqueous extract
was mixed with 10% salicylic acid diluted in H»SO4 and with 2N NaOH. Subsequently, the
mixture was stirred, resulting in a color change. Finally, the absorbance of the samples was
measured at 410 nm by spectrophotometry.

3.4.10. Mineral Nutrient Concentrations

The analysis of nutrient concentrations, specifically P, K, Ca, Mg, S, Fe, Cu, Mn, Zn, Mo,
and B in leaf samples, was conducted using inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES). Following the Wolf [69] methodology, the samples underwent
a mineralization process, where 0.2 g of dried leaf and root material was digested in a
mixture of 30% nitric acid (HNO3) and hydrogen peroxide (H,O;) at 300 °C to prepare the
samples for ionic element analysis. For total nitrogen (N) content determination, a similar
quantity of dried samples was finely ground and mineralized using 98% sulfuric acid
(H2S04) and 30% H,O; at 300 °C. The resultant solution was analyzed for N concentration
using colorimetric techniques based on the Berthelot reaction, as outlined by Krom [70].

3.4.11. Nutrient Use Efficiency Parameters

To calculate the efficiency in the use of nutrients (N), the formulas defined by Dober-
mann [57] were used, which are the basis of the European regulation of Biostimulants
FprCEN/TS 17700-2, as indicated here:

RE = Apparent recovery efficiency of applied N: RE = ([N]treated plant — [Nlcontrol
plant)/[N]Applied) =mgN;

IE = Internal utilization efficiency of the nutrient (N): IE = Biomass/[Norgan or complete plant]
= g2 dry matter/mg N leaf;

AE = Agronomic efficiency of N applied: AE = (Biomasstreatment—Biomasscontrol)/
[N]applied = g dry matter/mg N applied.

3.5. Statistical Analysis

The collected data underwent statistical examination using variance analysis and one
way ANOVA, all within a 95% confidence interval. To discern any significant differences
among the treatment averages, Fisher’s Least Significant Difference (LSD) test was em-
ployed at a 95% confidence level. Significance was denoted as follows: * p < 0.05; ** p < 0.01;
*** p < 0.001; NS not significant. Statgraphics Centurion 16.1.03 software was used to
perform statistical analysis.

4. Conclusions

The application of Green Leaves, in two tested concentrations, significantly enhanced
the growth of lettuce plants. It boosted the photosynthetic rate, accumulation of soluble
sugars and proteins, and the agronomic efficiency of all essential nutrients. Notably,
the 3 mL L™! concentration enriched the nutritional quality of lettuce by increasing the
concentration of antioxidant compounds, enhancing antioxidant capacity, and reducing
nitrate (NO3 ~) accumulation. On the other hand, the 5 mL L~! concentration proved
to be more effective in enhancing the uptake of most nutrients, particularly N, which
could decrease the necessity for fertilizers, thereby not only preserving crop yields but also
reducing costs and environmental impacts. Overall, the Green Leaves product has been
identified as a beneficial tool for achieving higher yields and improved quality, while also
diminishing the need for fertilizer applications. Future studies should explore the specific
physiological mechanisms activated by the biostimulant in greater detail, and also assess
its effectiveness in improving plant tolerance to abiotic stress.
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of treatments on micronutrient efficiency parameters in lettuce plants.

Author Contributions: Conceptualization, EN.-L. and LN.-M.; methodology, S.A.-C., MJ.I-R., C.G.-H.
and M.R.-A; validation, E.N.-L. and LN.-M.; data curation, 5.A.-C. and M.].L.-R; writing—original draft
preparation, S.A.-C.; writing—review and editing, E.N.-L. and I.N.-M. All authors have read and
agreed to the published version of the manuscript.

Funding: Funding for open access charge: Universidad de Granada/CBUA.

Data Availability Statement: The datasets generated and analyzed during this current study are
available from the corresponding author upon reasonable request.

Conflicts of Interest: Ivan Navarro-Morillo certifies that he is employed by Atlantica Agricola S.L.
and hereby declares that he provided the biostimulant used in this experiment, as well as participated
in writing and editing this manuscript. The remaining authors declare no conflicts of interest. The
biostimulant is not a commercial product at the time of publication of this article.

References

1.  Brown, P; Saa, S. Biostimulants in Agriculture. Front. Plant Sci. 2015, 6, 671. [CrossRef] [PubMed]

2. du]Jardin, P. Plant Biostimulants: Definition, Concept, Main Categories and Regulation. Sci. Hortic. 2015, 196, 3—-14. [CrossRef]

3.  Zulfigar, F; Casadesus, A.; Brockman, H.; Munné-Bosch, S. An Overview of Plant-Based Natural Biostimulants for Sustainable
Horticulture with a Particular Focus on Moringa Leaf Extracts. Plant Sci. 2020, 295, 110194. [CrossRef] [PubMed]

4.  Kocira, S.; Szparaga, A.; Findura, P; Treder, K. Modification of Yield and Fiber Fractions Biosynthesis in Phaseolus vulgaris L. by
Treatment with Biostimulants Containing Amino Acids and Seaweed Extract. Agronomy 2020, 10, 1338. [CrossRef]

5. Carmody, N.; Goiii, O.; Langowski, L.; O’Connell, S. Ascophyllum Nodosum Extract Biostimulant Processing and Its Impact on
Enhancing Heat Stress Tolerance during Tomato Fruit Set. Front. Plant Sci. 2020, 11, 539106. [CrossRef]

6. Caradonia, F; Ronga, D.; Flore, A.; Barbieri, R.; Moulin, L.; Terzi, V.; Francia, E. Biostimulants and Cherry Rootstock Increased
Tomato Fruit Yield and Quality in Sustainable Farming Systems. Ital. ]. Agron. 2020, 15, 121-131. [CrossRef]

7. Poberezny, ].; Szczepanek, M.; Wszelaczynska, E.; Prus, P. The Quality of Carrot after Field Biostimulant Application and after
Storage. Sustainability 2020, 12, 1386. [CrossRef]

8. Franzoni, G.; Cocetta, G.; Prinsi, B.; Ferrante, A.; Espen, L. Biostimulants on Crops: Their Impact under Abiotic Stress Conditions.
Horticulturae 2022, 8, 189. [CrossRef]

9. Ma, Y,; Freitas, H.; Dias, M.C. Strategies and Prospects for Biostimulants to Alleviate Abiotic Stress in Plants. Front. Plant Sci.
2022, 13, 1024243. [CrossRef]

10. Francesca, S.; Arena, C.; Hay Mele, B.; Schettini, C.; Ambrosino, P.,; Barone, A.; Rigano, M.M. The Use of a Plant-Based Biostimulant
Improves Plant Performances and Fruit Quality in Tomato Plants Grown at Elevated Temperatures. Agronomy 2020, 10, 363.
[CrossRef]

11. El Khattabi, O.; El Hasnaoui, S.; Toura, M.; Henkrar, F,; Collin, B.; Levard, C.; Colin, E; Merghoub, N.; Smouni, A.; Fahr, M.
Seaweed Extracts as Promising Biostimulants for Enhancing Lead Tolerance and Accumulation in Tomato (Solanum lycopersicum).
J. Appl. Phycol. 2023, 35, 459-469. [CrossRef]

12.  Mosa, W.FA,; Sas-Paszt, L.; Gluszek, S.; Gornik, K.; Anjum, M.A,; Saleh, A.A.; Abada, H.S.; Awad, R.M. Effect of Some
Biostimulants on the Vegetative Growth, Yield, Fruit Quality Attributes and Nutritional Status of Apple. Horticulturae 2022, 9, 32.
[CrossRef]

13. Caruso, G.; El-Nakhel, C.; Rouphael, Y.; Comite, E.; Lombardi, N.; Cuciniello, A.; Woo, S.L. Diplotaxis tenuifolia (L.) DC. Yield and
Quality as Influenced by Cropping Season, Protein Hydrolysates, and Trichoderma Applications. Plants 2020, 9, 697. [CrossRef]

14.  Lucini, L.; Miras-Moreno, B.; Rouphael, Y.; Cardarelli, M.; Colla, G. Combining Molecular Weight Fractionation and Metabolomics
to Elucidate the Bioactivity of Vegetal Protein Hydrolysates in Tomato Plants. Front. Plant Sci. 2020, 11, 527218. [CrossRef]

15.  Ziaei, M.; Pazoki, A. Foliar-Applied Seaweed Extract Improves Yield of Common Bean (Phaseolus vulgaris L.) Cultivars Through
Changes in Biochemical and Fatty Acid Profile Under Irrigation Regimes. J. Soil Sci. Plant Nutr. 2022, 22, 2969-2979. [CrossRef]

16. Rakkammal, K.; Maharajan, T,; Ceasar, S.A.; Ramesh, M. Biostimulants and Their Role in Improving Plant Growth under Drought
and Salinity. Cereal Res. Commun. 2023, 51, 61-74. [CrossRef]

17.  Zulfiqar, F.; Ashraf, M. Bioregulators: Unlocking Their Potential Role in Regulation of the Plant Oxidative Defense System. Plant
Mol. Biol. 2021, 105, 11-41. [CrossRef]

18. Rodrigues de Queiroz, A.; Hines, C.; Brown, J.; Sahay, S.; Vijayan, J.; Stone, ].M.; Bickford, N.; Wuellner, M.; Glowacka, K.; Buan,

N.R;; et al. The Effects of Exogenously Applied Antioxidants on Plant Growth and Resilience. Phytochem. Rev. 2023, 22, 407-447.
[CrossRef]


https://www.mdpi.com/article/10.3390/plants13070917/s1
https://www.mdpi.com/article/10.3390/plants13070917/s1
https://doi.org/10.3389/fpls.2015.00671
https://www.ncbi.nlm.nih.gov/pubmed/26379695
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.1016/j.plantsci.2019.110194
https://www.ncbi.nlm.nih.gov/pubmed/32534612
https://doi.org/10.3390/agronomy10091338
https://doi.org/10.3389/fpls.2020.00807
https://doi.org/10.4081/ija.2020.1553
https://doi.org/10.3390/su12041386
https://doi.org/10.3390/horticulturae8030189
https://doi.org/10.3389/fpls.2022.1024243
https://doi.org/10.3390/agronomy10030363
https://doi.org/10.1007/s10811-022-02849-1
https://doi.org/10.3390/horticulturae9010032
https://doi.org/10.3390/plants9060697
https://doi.org/10.3389/fpls.2020.00976
https://doi.org/10.1007/s42729-022-00860-6
https://doi.org/10.1007/s42976-022-00299-6
https://doi.org/10.1007/s11103-020-01077-w
https://doi.org/10.1007/s11101-023-09862-3

Plants 2024, 13,917 15 0f 17

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Navarro-Leén, E.; Lopez-Moreno, FJ.; Borda, E.; Marin, C.; Sierras, N.; Blasco, B.; Ruiz, ].M. Effect of l-amino Acid-based
Biostimulants on Nitrogen Use Efficiency (NUE) in Lettuce Plants. J. Sci. Food Agric. 2022, 102, 7098-7106. [CrossRef] [PubMed]
Carillo, P.; De Micco, V.; Ciriello, M.; Formisano, L.; El-Nakhel, C.; Giordano, M.; Colla, G.; Rouphael, Y. Morpho-Anatomical,
Physiological, and Mineral Composition Responses Induced by a Vegetal-Based Biostimulant at Three Rates of Foliar Application
in Greenhouse Lettuce. Plants 2022, 11, 2030. [CrossRef] [PubMed]

Ottaiano, L.; Di Mola, I.; Cozzolino, E.; EI-Nakhel, C.; Rouphael, Y.; Mori, M. Biostimulant Application under Different Nitrogen
Fertilization Levels: Assessment of Yield, Leaf Quality, and Nitrogen Metabolism of Tunnel-Grown Lettuce. Agronomy 2021,
11,1613. [CrossRef]

Kim, M.].; Moon, Y.; Tou, J.C.; Mou, B.; Waterland, N.L. Nutritional Value, Bioactive Compounds and Health Benefits of Lettuce
(Lactuca sativa L.). ]. Food Compos. Anal. 2016, 49, 19-34. [CrossRef]

Di Mola, I.; Cozzolino, E.; Ottaiano, L.; Giordano, M.; Rouphael, Y.; Colla, G.; Mori, M. Effect of Vegetal- and Seaweed Extract-
Based Biostimulants on Agronomical and Leaf Quality Traits of Plastic Tunnel-Grown Baby Lettuce under Four Regimes of
Nitrogen Fertilization. Agronomy 2019, 9, 571. [CrossRef]

Noroozlo, Y.A.; Souri, M.K.; Delshad, M. Stimulation Effects of Foliar Applied Glycine and Glutamine Amino Acids on Lettuce
Growth. Open Agric. 2019, 4, 164-172. [CrossRef]

Yaseen, A.A.; Takacs-Hajos, M. The Effect of Plant Biostimulants on the Macronutrient Content and Ion Ratio of Several Lettuce
(Lactuca sativa L.) Cultivars Grown in a Plastic House. S. Afr. J. Bot. 2022, 147, 223-230. [CrossRef]

du Jardin, P. The Science of Plant Biostimulants—A Bibliographic Analysis, Ad Hoc Study Report. European Commission: 2012.
Available online: https:/ /orbi.uliege.be/bitstream /2268/169257/1/ (accessed on 19 March 2024).

Julia, I.; Oscar, M.; Analia, L.; Zocolo Guilherme, J.; Virginia, L. Biofertilization with Macrocystis Pyrifera Algae Extracts Combined
with PGPR-Enhanced Growth in Lactuca sativa Seedlings. J. Appl. Phycol. 2020, 32, 4361-4371. [CrossRef]

Kapoore, R.V,; Wood, E.E.; Llewellyn, C.A. Algae Biostimulants: A Critical Look at Microalgal Biostimulants for Sustainable
Agricultural Practices. Biotechnol. Adv. 2021, 49, 107754. [CrossRef] [PubMed]

Navarro-Morillo, I.; Navarro-Perez, V.; Perez-Millan, R.; Navarro-Leén, E.; Blasco, B.; Cdmara-Zapata, ].M.; Garcia-Sanchez, F.
Effects of Root and Foliar Application of Corn Steep Liquor on Pepper Plants: A Physiological, Nutritional, and Morphological
Study. Horticulturae 2023, 9, 221. [CrossRef]

Santos, M.; Maia, C.; Meireles, I.; Pereira, S.; Egea-Cortines, M.; Sousa, ].R.; Raimundo, E.; Matos, M.; Gongalves, B. Effects of
Calcium- and Seaweed-Based Biostimulants on Sweet Cherry Profitability and Quality. Biol. Life Sci. Forum 2024, 27,45. [CrossRef]
Martinez-Alonso, A.; Garcia-Ibafiez, P,; Barzana, G.; Carvajal, M. Leaf Gas Exchange and Growth Responses of Tomato Plants
to External Flavonoids Application as Biostimulators under Normal and Salt-Stressed Conditions. Agronomy 2022, 12, 3230.
[CrossRef]

Strasser, R.; Srivastava, A.; Tsimilli-Michael, M. The Fluorescence Transient as a Tool to Characterize and Screen Photosynthetic
Samples. In Probing Photosynthesis: Mechanism, Regulation and Adaptation; Yunus, M., Pathre, U., Mohanty, P., Eds.; Taylor &
Francis: London, UK, 2000; pp. 443-480.

Abdeshahian, M.; Nabipour, M.; Meskarbashee, M. Chlorophyll Fluorescence as Criterion for the Diagnosis Salt Stress in Wheat
(Triticum aestivum) Plants. Int. J. Chem. Biol. Eng. 2010, 4, 184-186.

Li, G; Wan, S.; Zhou, J.; Yang, Z.; Qin, P. Leaf Chlorophyll Fluorescence, Hyperspectral Reflectance, Pigments Content,
Malondialdehyde and Proline Accumulation Responses of Castor Bean (Ricinus communis L.) Seedlings to Salt Stress Levels. Ind.
Crops Prod. 2010, 31, 13-19. [CrossRef]

Lefi, E.; Badri, M.; Ben Hamed, S.; Talbi, S.; Mnafgui, W.; Ludidi, N.; Chaieb, M. Influence of Brown Seaweed (Ecklonia maxima)
Extract on the Morpho-Physiological Parameters of Melon, Cucumber, and Tomato Plants. Agronomy 2023, 13, 2745. [CrossRef]

Cho, M.-H.; Park, H.L.; Hahn, T.-R. Engineering Leaf Carbon Metabolism to Improve Plant Productivity. Plant Biotechnol. Rep.
2015, 9, 1-10. [CrossRef]

Liava, V,; Chaski, C.; Afiibarro-Ortega, M.; Pereira, A.; Pinela, J.; Barros, L.; Petropoulos, S.A. The Effect of Biostimulants on Fruit
Quality of Processing Tomato Grown under Deficit Irrigation. Horticulturae 2023, 9, 1184. [CrossRef]

Hao, J,; Tan, ].; Zhang, Y.; Gu, X.; Zhu, G.; Wang, S.; Li, ]. Sewage Sludge-Derived Nutrients and Biostimulants Stimulate Rice
Leaf Photosynthesis and Root Metabolism to Enhance Carbohydrate, Nitrogen and Antioxidants Accumulation. Chemosphere
2024, 352, 141335. [CrossRef]

Igbal, A.; Qiang, D.; Alamzeb, M.; Xiangru, W.; Huiping, G.; Hengheng, Z.; Nianchang, P; Xiling, Z.; Meizhen, S. Untangling
the Molecular Mechanisms and Functions of Nitrate to Improve Nitrogen Use Efficiency. J. Sci. Food Agric. 2020, 100, 904-914.
[CrossRef]

The, S.V,; Snyder, R.; Tegeder, M. Targeting Nitrogen Metabolism and Transport Processes to Improve Plant Nitrogen Use
Efficiency. Front. Plant Sci. 2021, 11, 628366. [CrossRef] [PubMed]

Trovato, M.; Funck, D.; Forlani, G.; Okumoto, S.; Amir, R. Editorial: Amino Acids in Plants: Regulation and Functions in
Development and Stress Defense. Front. Plant Sci. 2021, 12, 772810. [CrossRef]

Zivanovi¢, B.; Mili¢ Komié, S.; Tosti, T.; Vidovié, M.; Prokié¢, L.; Veljovi¢ Jovanovi¢, S. Leaf Soluble Sugars and Free Amino Acids
as Important Components of Abscisic Acid—Mediated Drought Response in Tomato. Plants 2020, 9, 1147. [CrossRef] [PubMed]
Kidri¢, M.; Kos, J.; Saboti¢, ]. Proteases and Their Endogenous Inhibitors in the Plant Response to Abiotic Stress. Bot. Serb. 2014,
38, 139-158.


https://doi.org/10.1002/jsfa.12071
https://www.ncbi.nlm.nih.gov/pubmed/35778944
https://doi.org/10.3390/plants11152030
https://www.ncbi.nlm.nih.gov/pubmed/35956509
https://doi.org/10.3390/agronomy11081613
https://doi.org/10.1016/j.jfca.2016.03.004
https://doi.org/10.3390/agronomy9100571
https://doi.org/10.1515/opag-2019-0016
https://doi.org/10.1016/j.sajb.2022.01.001
https://orbi.uliege.be/bitstream/2268/169257/1/
https://doi.org/10.1007/s10811-020-02202-4
https://doi.org/10.1016/j.biotechadv.2021.107754
https://www.ncbi.nlm.nih.gov/pubmed/33892124
https://doi.org/10.3390/horticulturae9020221
https://doi.org/10.3390/IECAG2023-15876
https://doi.org/10.3390/agronomy12123230
https://doi.org/10.1016/j.indcrop.2009.07.015
https://doi.org/10.3390/agronomy13112745
https://doi.org/10.1007/s11816-014-0339-y
https://doi.org/10.3390/horticulturae9111184
https://doi.org/10.1016/j.chemosphere.2024.141335
https://doi.org/10.1002/jsfa.10085
https://doi.org/10.3389/fpls.2020.628366
https://www.ncbi.nlm.nih.gov/pubmed/33732269
https://doi.org/10.3389/fpls.2021.772810
https://doi.org/10.3390/plants9091147
https://www.ncbi.nlm.nih.gov/pubmed/32899651

Plants 2024, 13,917 16 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Ahmad, A ; Blasco, B.; Martos, V. Combating Salinity Through Natural Plant Extracts Based Biostimulants: A Review. Front. Plant
Sci. 2022, 13, 862034. [CrossRef]

Gharib, FA E.L.; Osama, K.; El Sattar, A.M.A.; Ahmed, E.Z. Impact of Chlorella vulgaris, Nannochloropsis salina, and Arthrospira
platensis as Bio-Stimulants on Common Bean Plant Growth, Yield and Antioxidant Capacity. Sci. Rep. 2024, 14, 1398. [CrossRef]
Ashour, M.; Hassan, S.M.; Elshobary, M.E.; Ammar, G.A.G.; Gaber, A.; Alsanie, W.F.; Mansour, A.T.; El-Shenody, R. Impact of
Commercial Seaweed Liquid Extract (TAM®) Biostimulant and Its Bioactive Molecules on Growth and Antioxidant Activities of
Hot Pepper (Capsicum annuum). Plants 2021, 10, 1045. [CrossRef]

Osuna-Ruiz, I.; Ledezma, A.K.D.; Martinez-Montaio, E.; Salazar-Leyva, ].A.; Tirado, V.A.R.; Garcia, I.B. Enhancement of In-Vitro
Antioxidant Properties and Growth of Amaranth Seed Sprouts Treated with Seaweed Extracts. J. Appl. Phycol. 2023, 35, 471-481.
[CrossRef]

Fenech, M.; Amaya, I.; Valpuesta, V.; Botella, M.A. Vitamin C Content in Fruits: Biosynthesis and Regulation. Front. Plant Sci.
2019, 9, 413553. [CrossRef] [PubMed]

Becker, E.M.; Nissen, L.R.; Skibsted, L.H. Antioxidant Evaluation Protocols: Food Quality or Health Effects. Eur. Food Res. Technol.
2004, 219, 561-571. [CrossRef]

Rouphael, Y.; Colla, G. Editorial: Biostimulants in Agriculture. Front. Plant Sci. 2020, 11, 511937. [CrossRef] [PubMed]

Hakeem, K.R.; Sabir, M.; Ozturk, M.; Akhtar, M.S.; Ibrahim, FH. Nitrate and Nitrogen Oxides: Sources, Health Effects and
Their Remediation. In Reviews of Environmental Contamination and Toxicology; Springer: Cham, Switzerland, 2016; pp. 183-217,
ISBN 978-3-319-51243-3.

Epstein, E.; Bloom, A.J. Mineral Nutrition of Plants; Principles and Perspective; Sinauer Associates, Inc. Publishers: Sunderland,
MA, USA, 2005.

de Bang, T.C.; Husted, S.; Laursen, K.H.; Persson, D.P,; Schjoerring, J.K. The Molecular-Physiological Functions of Mineral
Macronutrients and Their Consequences for Deficiency Symptoms in Plants. New Phytol. 2021, 229, 2446-2469. [CrossRef]
[PubMed]

Hénsch, R.; Mendel, R.R. Physiological Functions of Mineral Micronutrients (Cu, Zn, Mn, Fe, Ni, Mo, B, Cl). Curr. Opin. Plant Biol.
2009, 12, 259-266. [CrossRef] [PubMed]

Hirel, B.; Le Gouis, J.; Ney, B.; Gallais, A. The Challenge of Improving Nitrogen Use Efficiency in Crop Plants: Towards a More
Central Role for Genetic Variability and Quantitative Genetics within Integrated Approaches. J. Exp. Bot. 2007, 58, 2369-2387.
[CrossRef]

Dimkpa, C.O.; Fugice, J.; Singh, U.; Lewis, T.D. Development of Fertilizers for Enhanced Nitrogen Use Efficiency—Trends and
Perspectives. Sci. Total Environ. 2020, 731, 139113. [CrossRef] [PubMed]

Dobermann, A. Nutrient Use Efficiency—Measurement and Management. In Fertilizer Best Management Practices: General Principles,
Strategy for Their Adoption and Voluntary Initiatives Versus Regulations; International Fertilizer Industry Association: Paris, France,
2007; pp- 1-28.

Schulte-Uebbing, L.; de Vries, W. Reconciling Food Production and Environmental Boundaries for Nitrogen in the European
Union. Sci. Total Environ. 2021, 786, 147427. [CrossRef]

Wellburn, A.R. The Spectral Determination of Chlorophylls a and b, as Well as Total Carotenoids, Using Various Solvents with
Spectrophotometers of Different Resolution. J. Plant Physiol. 1994, 144, 307-313. [CrossRef]

Navarro-Leon, E.; Barrameda-Medina, Y.; Lentini, M.; Esposito, S.; Ruiz, ].M.; Blasco, B. Comparative Study of Zn Deficiency in
L. Sativa and B. Oleracea Plants: NH;* Assimilation and Nitrogen Derived Protective Compounds. Plant Sci. 2016, 248, 8-16.
[CrossRef] [PubMed]

Irigoyen, J.J.; Einerich, D.W.; Sanchez-Diaz, M. Water Stress Induced Changes in Concentrations of Proline and Total Soluble
Sugars in Nodulated Alfalfa (Medicago sativa) Plants. Physiol. Plant 1992, 84, 55-60. [CrossRef]

Benzie, LEF,; Strain, J.J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of “Antioxidant Power”: The FRAP Assay.
Anal. Biochem. 1996, 239, 70-76. [CrossRef] [PubMed]

Cai, Y;; Luo, Q.; Sun, M.; Corke, H. Antioxidant Activity and Phenolic Compounds of 112 Traditional Chinese Medicinal Plants
Associated with Anticancer. Life Sci. 2004, 74, 2157-2184. [CrossRef] [PubMed]

Rivero, R.M.; Ruiz, ] M.; Garcia, P.C.; Lopez-Lefebre, L.R.; Sdnchez, E.; Romero, L. Resistance to Cold and Heat Stress: Accumula-
tion of Phenolic Compounds in Tomato and Watermelon Plants. Plant Sci. 2001, 160, 315-321. [CrossRef]

Kim, D.-O.; Jeong, S.W.; Lee, C.Y. Antioxidant Capacity of Phenolic Phytochemicals from Various Cultivars of Plums. Food Chem.
2003, 81, 321-326. [CrossRef]

Giusti, M.M.; Wrolstad, R.E. Characterization and Measurement of Anthocyanins by UV-Visible Spectroscopy. Curr. Prot. Food
Anal. Chem. 2001, F1.2. [CrossRef]

Law, M.Y,; Charles, S.A.; Halliwell, B. Glutathione and Ascorbic Acid in Spinach (Spinacia oleracea) Chloroplasts. The Effect of
Hydrogen Peroxide and of Paraquat. Biochem. J. 1983, 210, 899-903. [CrossRef] [PubMed]

Cataldo, D.A.; Maroon, M.; Schrader, L.E.; Youngs, V.L. Rapid Colorimetric Determination of Nitrate in Plant Tissue by Nitration
of Salicylic Acid. Commun. Soil Sci. Plant Anal. 1975, 6, 71-80. [CrossRef]


https://doi.org/10.3389/fpls.2022.862034
https://doi.org/10.1038/s41598-023-50040-4
https://doi.org/10.3390/plants10061045
https://doi.org/10.1007/s10811-022-02872-2
https://doi.org/10.3389/fpls.2018.02006
https://www.ncbi.nlm.nih.gov/pubmed/30733729
https://doi.org/10.1007/s00217-004-1012-4
https://doi.org/10.3389/fpls.2020.00040
https://www.ncbi.nlm.nih.gov/pubmed/32117379
https://doi.org/10.1111/nph.17074
https://www.ncbi.nlm.nih.gov/pubmed/33175410
https://doi.org/10.1016/j.pbi.2009.05.006
https://www.ncbi.nlm.nih.gov/pubmed/19524482
https://doi.org/10.1093/jxb/erm097
https://doi.org/10.1016/j.scitotenv.2020.139113
https://www.ncbi.nlm.nih.gov/pubmed/32438083
https://doi.org/10.1016/j.scitotenv.2021.147427
https://doi.org/10.1016/S0176-1617(11)81192-2
https://doi.org/10.1016/j.plantsci.2016.04.002
https://www.ncbi.nlm.nih.gov/pubmed/27181942
https://doi.org/10.1111/j.1399-3054.1992.tb08764.x
https://doi.org/10.1006/abio.1996.0292
https://www.ncbi.nlm.nih.gov/pubmed/8660627
https://doi.org/10.1016/j.lfs.2003.09.047
https://www.ncbi.nlm.nih.gov/pubmed/14969719
https://doi.org/10.1016/S0168-9452(00)00395-2
https://doi.org/10.1016/S0308-8146(02)00423-5
https://doi.org/10.1002/0471142913.faf0102s00
https://doi.org/10.1042/bj2100899
https://www.ncbi.nlm.nih.gov/pubmed/6307273
https://doi.org/10.1080/00103627509366547

Plants 2024, 13,917 17 of 17

69. Wolf, B. A Comprehensive System of Leaf Analyses and Its Use for Diagnosing Crop Nutrient Status. Commun. Soil Sci. Plant
Anal. 1982, 13, 1035-1059. [CrossRef]

70. Krom, M.D. Spectrophotometric Determination of Ammonia: A Study of a Modified Berthelot Reaction Using Salicylate and
Dichloroisocyanurate. Analyst 1980, 105, 305-316. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/00103628209367332
https://doi.org/10.1039/an9800500305

	Introduction 
	Results and Discussion 
	Growth Parameters 
	Photosynthesis-Related Parameters 
	Soluble Amino Acids, and Protein Concentrations 
	Antioxidant Compounds and Capacity 
	NO3- Concentration 
	Concentration and Efficiency of the Use of Mineral Nutrients 

	Materials and Methods 
	Plant Material and Growing Conditions 
	Treatments Description and Experimental Design 
	Vegetable Sampling 
	Plant Material Analysis 
	Leaf Area 
	Chlorophyll (Chl) a Fluorescence 
	Gas Exchange Parameters 
	Concentration of Photosynthetic Pigments 
	Determination of Amino Acids, Proteins, and Soluble Sugars 
	Antioxidant Capacity: FRAP and TEAC Tests 
	Determination of Total Phenol, Flavonoid, and Anthocyanin Concentrations 
	Determination of Ascorbate Concentration 
	Determination of Nitrates 
	Mineral Nutrient Concentrations 
	Nutrient Use Efficiency Parameters 

	Statistical Analysis 

	Conclusions 
	References

