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Article 
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Abstract: Current environmental conditions have prompted agri-food systems to explore new strategies for 
improving the production of crops in a sustainable manner. The use of omeprazole (OMP) and melatonin 
(MEL) have been proposed as innovative strategy for crop improvement when applied as biostimulants. 
However, although their role in the growth of several species has been studied, the results in photosynthetic 
efficiency parameters are still scarce. Therefore, the objective of the present study was to evaluate the effect of 
foliar application of OMP and MEL on biomass, yield, SPAD values, leaf chlorophyll fluorescence (Fv/Fm), 
photochemical quenching (qP), Non-photochemical quenching (NPQ), quantum yield of photosystem II 
(PhiPSII) and electron transport rate (ETR) in bean plants. Treatments were applied separately at doses of 1, 
10, and 100 µM, plus a control without application. The results obtained indicate that OMP and MEL were able 
to increase biomass, yield, SPAD values, as well as photochemical quenching, fluorescence, and PhiPSII 
coefficients. Finally, it is concluded that foliar application of OMP and MEL at a dose of 1 and 10 µM can 
increase photosynthetic efficiency and decrease photoinhibition, which is reflected in higher biomass 
accumulation and yield in green bean plants cv. Strike. 

Keywords: Phaseolus vulgaris L.; photochemical quenching; benzimidazole; photosystem II; CO2 
 

1. Introduction 

Currently, the global demand for food is increasing at the rate of the world population [1]. 
Because of this, technological innovations in agriculture are striving to increase yields of highly 
important crops in a sustainable manner [2]. Some of these innovations include genetic improvement, 
rethinking fertilization, and the use of new generation fertilizers as well as various biostimulants [3]. 
However, due to its great potential, the use of biostimulant products has gained great relevance as a 
tool for crop development improvement and efficient use of inputs. 

One of the most innovative strategies that has shown favorable results in the last decade in terms 
of growth, production and efficient use of nutrients is the use of low weight molecules as 
biostimulants, such as omeprazole (OMP) and melatonin (MEL) [4,5]. Omeprazole, 5-metoxi-2-[[(4-
metoxi3,5-dimetil-2-piridinil)metil]sulfinil]-1H-benzimidazole, is a substituted benzimidazole 
widely used as an anti-ulcer drug [6]. Melatonin (N-acetil-5-metoxitriptamine) is a multifunctional 
molecule with physiological effects in various organisms. In humans, it is related to the enhancement 
of the immune system, circadian rhythms, sleep, mood, body temperature and appetite [7]. 

The biological function of both molecules is well identified in humans. However, recent research 
has shown that micromolar doses of both OMP and MEL in plants improved yield, root structure, 
nitrogen use efficiency, tolerance to different types of stress, photosynthesis parameters and the 
expression of genes that regulate these mechanisms [8,9]. In the same way, it has been reported that 
one of the key mechanisms affecting the application of OMP and MEL to increase yield and biomass 
are related to carbon metabolism [10].  
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Carbon metabolism through the process of photosynthesis is a fundamental process for plants 
to carry out their routine and primary cellular activities during growth and development [11]. 
Furthermore, the study of chlorophyll fluorescence parameters, as a method of studying 
photosynthesis, is a valuable technique, which can serve as an indicator of the efficiency of the 
thylakoid membranes and the functional changes of the photosynthetic apparatus [12]. There is 
interaction between this process and key areas of plant function. Therefore, an improvement in 
photosynthesis would lead to an improvement in crop yields [13].  

Although the responses of OMP and MEL in major metabolic processes, such as growth and 
physiological responses under stress have been previously studied, information about the specific 
function of these molecules related to light harvesting and transformation processes, as well as the 
efficiency of the photosynthetic machinery is limited. Therefore, the present research aims to evaluate 
the effect of foliar application of OMP and MEL on biomass, yield, SPAD values, leaf chlorophyll 
fluorescence (Fv/Fm), photochemical quenching (qP), photosystem II quantum yield (PhiPSII) and 
electron transport rate (ETR) in green bean plants cv. Strike.  

2. Materials and Methods 

2.1. Crop management 

The experiment was carried out at the Food and Development Research Center, A.C. Delicias 
unit (CIAD), located in Cd. Delicias, Chihuahua, Mexico, during the months of September and 
October 2022. The experiment was established under shade netting at a mean temperature of 20.2 ± 
7.8°C. Seeds of green bean (Phaseolus vulgaris L.) cv. Strike were grown in 13.4 L plastic pots (two 
plants per pot) in a substrate mixture composed of vermiculite and perlite in a 2:1 ratio. During 
development, plants were irrigated with a standard nutrient solution composed of 6 mM NH4NO3, 
1.6 mM K2HPO4, 0.3 mM K2SO4, 4 mM CaCl2, 1.4 mM MgSO4, 5 µM Fe-EDDHA, 2 µM MnSO4, 0.25 
µM CuSO4, 0.5 µM H3BO3 and 0.3 µM Na2MoO4, at 6.0 ± 0.1 pH. A 500 mL nutrient solution was 
applied every third day and once the flowering stage (38 days after sowing (DAS)) was initiated, 1 L 
was applied. The treatments used were applied by foliar application every week from 15 DAS to 43 
DAS. 

2.2. Experimental design and description of treatments  

A completely randomized design (CRD) was used with 7 treatments; the foliar application of 
omeprazole and melatonin at 3 doses each (1, 10 and 100 µM) and a control without application (Table 
1). Each treatment had a total of 6 replicates (pots) with two plants each.  

Table 1. Description of treatments applied. 

Applied molecule 
Dose 
(µM) 

Dose of commercial 
compound applied (mg/L) 

Code 

Control 0 0 CONTROL 
Omeprazole 1 4.1 OMP 1 
Melatonin 1 14.7 MEL 1 

Omeprazole 10 41.7 OMP 10 
Melatonin 10 147.8 MEL 10 

Omeprazole 100 417 OMP 100 
Melatonin 100 1478.3 MEL 100 

For the preparation of the treatments, commercial tablets were used, taking into account the 
molarity of both compounds for the calculation of the concentrations (Table 2). The tablets were 
macerated in a mortar until a fine powder was obtained. The amount required for the concentration 
was weighed (Table 1) and the powder was dissolved in distilled water through a magnetic stirring 
plate at 700 rpm for 30 min (VWR® 7x7 CER, Henry Troemmer, LLC, New Jersey, United States). 
Once dissolved, the solution was made up to a volume of 1 L, sealed and sonicated through an 
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aquasonic cleaner for 1 h (VWR® 150D, VWR International, Pennsylvania, United States). Once the 
treatments were prepared, they were applied via foliar application. 

Table 2. Description of chemical compounds used for treatments preparation. 

Compound Brand name Manufacturing laboratory 
Molarity 

(g/M) 

Concentration of 
brand name 
compound 

Omeprazole Omeprazol® 
Av. Dr. Roberto Michel #2920, Col. 

Parque Industrial el Álamo C.P. 44490, 
Guadalajara, Jalisco, México. 

345.4 8.28% 

Melatonin Revenox® 

Productos Farmacéuticos Collins S.A. 
de C.V. 

Av. López Mateos #1938, Agua Blanca 
Industrial, C.P. 45235, Zapopan, Jalisco, 

México. 

232.278 1.60% 

2.3. Plant sampling 

Once the plants reached physiological maturity, at 53 DAS, they were harvested for sampling 
and separated in organs. The harvested material was washed and dried in a drying oven (Shel Lab 
Forced Air Laboratory Oven SMO14-108 2, Baltimore, USA) at 70 °C for 48 h. Finally, dry weight was 
recorded. 

2.4. Plant analysis 

Total biomass was evaluated considering all the organs of the plant. An analytical balance (AND 
HR-120, San Jose, California, USA) was used to quantify the weight. Biomass was expressed as grams 
of dry weight per plant (g · plant-1 DW). 

2.4.1. Yield 

The total fresh weight of pods per plant was quantified and expressed as grams of fresh weight 
per plant (g · plant-1 FW). 

2.4.2. SPAD values 

The quantification of the SPAD (Soil-Plant Analysis Development) values was obtained through 
a Minolta SPAD 502 chlorophyll reader (Konica Minolta Sensing, Inc., Osaka, Japan. The reading was 
achieved by projecting light through a leaf. Measurement was made on rib-free parts at 32 DAS. The 
results were expressed as SPAD units [37]. 

2.4.3. Measurements of chlorophyll fluorescence parameters 

Chlorophyll fluorescence parameters (Table 3) were calculated at 32 DAS to evaluate the 
transfer, dissipation, and distribution of light in the photosystem of green bean plants grown under 
different biostimulant molecules, at different doses. Measurement of the variables was performed 
with a gas exchange system (Li-Cor 6400, Li-Cor, Inc., Lincoln, NE, USA) and an integrated 
fluorescence camera head (Li-Cor-6400, Li-Cor, Inc. Lincoln, NE, USA).  The PPFD (photosynthetic 
photon flux density) value was 200 µM photons m-2 s-1 and the CO2 concentration was 400 ± 2 µmol · 
µmol-1 for the reference cell. The vapor pressure deficit of the air vapor pressure in the sample 
chamber was less than 1.5 and the leaf block temperature was 25 °C.  
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Table 3. Description of chlorophyll fluorescence parameters. 

Variable Parameter Formula Description 

Fv/Fm 
Maximum quantum 

yield of PSll 

Fm െ  Fo
Fm

 

 

Maximum variable fluorescence in 
the state in which all non-

photochemical processes are at a 
minimum. That is, in the dark-

adapted state.  

Fv'/Fm' 
Maximum variable 

quantum yield of PSll 
Fm' െ  Fo'

Fm'
 

Maximum effective variable 
fluorescence of the open centers of 
PSII. That is, in any light-adapted 

state (actinic radiation). 

qP 
Photochemical 
quenching of 

chlorophyll fluorescence 

Fm' െ  Fs'
Fm' െ  Fo'

 

Estimation of the dissipation of light 
energy, transformed into chemical 
energy, which is used to carry out 

the reactions that drive 
photosynthesis. 

NPQ 
Non-photochemical 

quenching of 
chlorophyll fluorescence 

Fm െ  Fm'
Fm'

 

Estimation of the attenuation of 
light energy, dissipated as heat 

during adaptation to actinic 
radiation. Acts as a protective 

mechanism for photoinhibition 
under conditions of excess energy. 

PhiPSII Quantum yield of PSII 
Fm' െ  Fs

Fm'
 

Also represented as ΦPSII or φPSII 
(Derived from the greek letter "Phi"). 
Estimate of the ratio of energy used 
by the PSII centers for transport to 

the absorbed light. 

ETR Electron transport rate 

PhiPSII ×PPDF × f  × a 
 
 
 

Estimation of the actual electron 
transport rate of PSII. 

PPDF: Photosynthetic photon flux 
density.  

f: Factor of the energy partition 
between PSI and PSII, assuming it is 
equal between the two systems, 0.5. 
a: Common ratio of light absorption 

by photosynthetic tissue of C3 
plants, 0.84. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 August 2023                   doi:10.20944/preprints202306.2189.v2

https://doi.org/10.20944/preprints202306.2189.v2


 5 

 

Figure 1. Schematic of the different parameters of chlorophyll fluorescence measured in dark-adapted 
and light-adapted plants. 

2.5. Statistical analysis 

Once the measurements were taken, the data obtained for each variable were subjected to a 
Shapiro-Wilk test to check the normal distribution of the data. Additionally, a Bartlett's test was 
performed to comorbid the homogeneity of variances. Once these assumptions had been made, a 
one-way analysis of variance (ANOVA) was performed, with a test of separation of means using the 
LSD method. For all analyses, 6 replicates were used. In addition, a Pearson correlation test was 
performed between all variables, using the SAS 9.0 statistical package at a significance level (p < 0.05). 

3. Results and Discussion 

3.1. Total Biomass 

A key variable to determine the effectiveness of the treatments applied is the quantification of 
accumulated dry biomass [14]. In the present study, significant differences (p < 0.05) were found in 
total biomass accumulation by effect of OMP and MEL application at different doses (Figure 3). The 
treatment that was most favored was MEL 100 with a significant increase of 70% over the control, 
followed by MEL 1 with a significant increase of 55.4% over the control. However, although the 
increase in biomass accumulation was higher when the dose was increased from 1 to 100 µM 
melatonin, there was no significant difference between these treatments (9.3%), so the most efficient 
treatment was MEL 1 (Figure 3). The data obtained in the present work agree with those obtained by 
[15], who reported a 71.1% increase in total dry biomass of maize seedlings when a 100 µM dose of 
melatonin was applied to plants fertilized with an optimum dose of nitrogen. Other authors such as 
[16], indicated that maize seedlings treated with melatonin at 1 µM increased their dry biomass by 
50.6% under nitrogen-sufficient conditions at 28 days after planting compared to untreated plants. 

According to the foliar application of omeprazole, the highest biomass accumulation was 
recorded in the OMP 100 treatment, with an increase of 32.4% with respect to the control (Figure 3). 
However, no significant differences were obtained between the different doses of this molecule and 
the control. Investigations such as the one conducted by [17] obtained significant increases of 14.3%, 
21.9% and 25.7% in dry weight in lettuce plants, after adding 10, 50 and 100 µM of omeprazole 
respectively. 

Models have previously been proposed to explain biomass distribution and relate it to carbon 
supply from leaf photosynthesis in the aerial part [18]. In addition, it has been indicated that the use 
of low weight molecules such as omeprazole and melatonin can intervene in growth processes, 
mainly in photosynthesis, through which the constituent sugars of biomass are obtained [19].  

Similarly, the interaction of membrane ATPases and OMP has been described as responsible for 
the increase in vegetative growth in treated plants. ATPases are regulators of the polar transport of 
auxin from the source organs (leaves) to the root and fruit. It is possible that this mechanism promotes 
an increase in the number and size of pods in green bean, ultimately resulting in an increase in yield 
[20]. 

Also, multiple studies have shown the protective role of MEL in the photosynthetic apparatus 
of plants of different species, especially under stress conditions [21,22]. One of the processes that is 
disrupted under stress conditions is photosynthesis. However, the application of MEL favors that 
this process is carried on continuously, through different mechanisms such as maintaining the 
integrity of chloroplasts, improving water uptake to boost energy transfer between PSI and PSII, and 
improving the nitrogen assimilation process, allowing NO3- reduction and subsequently the 
utilization of carbon skeletons from the glutamine-glutamate pathway coming from the 
photosynthesis process [10,23]. The result in the enhancement of all these mechanisms may be the 
possible cause of increased biomass accumulation in bean plants. 
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Figure 2. Effect of foliar application of omeprazole (OMP) and melatonin (MEL) at doses of 1, 10 and 
100 µM in green bean plants cv. Strike. 

 

Figure 3. Effect of foliar application of omeprazole (OMP) and melatonin (MEL) at doses of 1, 10 and 
100 µM on total biomass accumulation in green bean plants cv. Strike. Means with equal letters do 
not differ according to LSD test (p < 0.05). 

3.2. Yield 

Yield is linked to biomass production and the physiological state of the plants, which makes it 
an indicator of the functionality of the treatments applied [24]. The data obtained in this research 
work showed significant differences (p < 0.05) in yield by effect of the application of OMP and MEL 
at different doses (Figure 4). The treatment that obtained the highest pod production was MEL1, 
which increased by 222.7% with respect to the control, with no significant difference when increasing 
the dose 10 and 100 times (Figure 3). The dose of omeprazole that obtained the best result was OMP 
1, with a significant increase of 182% with respect to the control (Figure 4). In contrast to the 
application of melatonin, when the dose of omeprazole was increased by 10 and 100 times, the yield 
decreased, which could indicate that this molecule modifies the metabolism of the plant according to 
the dose, as it is related to the metabolism of endogenous hormones such as auxin. Increasing the 
concentration to 100 mM may induce an inhibitory response or an imbalance between vegetative 
growth promotion and fruit production, effect observed in linseed plants [25]. 
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Similarly, MEL has been linked to the regulation of endogenous growth promoters such as 
auxin. This regulation has described accelerated growth in the root zone. When root architecture is 
modified by MEL action, nutrient and water uptake is promoted [26]. Adequate mineral supply and 
proper water uptake ultimately leads to increased plant capacity to produce biomass and yield. As 
shown in Figure 2, plants with the highest biomass accumulation were able to produce the highest 
amount of yield (r= 0.6859 **). In addition, application at the lowest doses (1 µM) of both OMP and 
MEL were the most effective in increasing yield by 1.8 and 2.2 times respectively with respect to the 
control, with a 100-fold lower dose. 

 

Figure 4. Effect of foliar application of omeprazole (OMP) and melatonin (MEL) at doses of 1, 10 and 
100 µM on yield in green bean plants cv. Strike. Means with equal letters do not differ according to 
LSD test (p < 0.05). 

3.3. SPAD values 

Measurement of pigment concentration through SPAD values can be a good indicator of leaf 
chlorophyll composition and photosynthetic process, as well as plant health status and proper plant 
functioning [27]. In the present study, significant differences (p < 0.05) were found in photosynthetic 
activity expressed through SPAD units by effect of OMP and MEL application at different doses 
(Figure 5). The most favored treatment and, therefore, with the highest photosynthetic activity was 
OMP 1, with a significant increase over the control of 9.3%, being even higher than the photosynthetic 
activity recorded when the foliar dose of OMP was increased to 10 and 100 µM, making it the most 
efficient dose. Regarding the application of melatonin, the treatment that showed the highest 
photosynthetic activity was MEL10, with a significant increase of 6.5% over the control, being 
significantly equal to the doses of 1 and 100 µM. 

The data obtained agree with those reported by [17], who found significant increases of 5.9% in 
basil cultivation under greenhouse conditions after the application of omeprazole at a dose of 10 µM. 
Similar results are reported by [28], who observed an increase in photosynthetic activity with 
exogenous addition of melatonin in maize seedlings. 

The role of omeprazole in promoting the photosynthetic process is mainly related to the 
enhancement of nitrate and potassium uptake, due to the regulation of ATPases, and to the protection 
of the photosynthetic apparatus and regulation that these nutrients provide to the transpiration 
process [8]. In addition, a protective role against harmful ions such as chlorine has been described, 
facilitating their compartmentalization in vacuoles and excluding them from active sites during 
photosynthesis. Thus, with adequate nitrate uptake, leaves avoid the senescence state, allowing 
chloroplasts to maintain integrity and photosynthetic activity to be favored [29]. 

As for the role of melatonin, it is believed that one of the mechanisms driving the photosynthetic 
process is ionic balance in the cytosol, especially in the vegetative growth stage, by increasing the 
uptake of potassium and calcium ions [30]. Also, according to [31], the presence of melatonin affects 
the expression of the genes responsible for photosynthetic pigment biosynthesis. More importantly, 
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it has been reported to down-regulate the production of chlorophyllase, the enzyme responsible for 
chlorophyll degradation [32]. Finally, mention that the improvement in photosynthetic activity of the 
treatments compared to the control is due to different protective mechanisms that OMP and MEL 
molecules trigger inside the plant and lead to an improvement in the efficiency in light utilization for 
transformation into energy. 

 

Figure 5. Effect of foliar application of omeprazole (OMP) and melatonin (MEL) at doses of 1, 10 and 
100 µM on SPAD values in green bean plants cv. Strike. Means with equal letters do not differ 
according to LSD test (p < 0.05). 

3.4. Chlorophyll Fluorescence Parameters 

3.4.1. Chlorophyll fluorescence 

Quantification of chlorophyll fluorescence is one of the most important parameters when 
considering photosynthetic efficiency. The energy absorbed by photosynthetic pigments is sent to the 
reaction centers of photosystems I (PSI) and II (PSII) for transformation and remission as fluorescence, 
photochemical energy for photosynthesis or dissipated as heat [33].  

In the present study, significant differences (p < 0.05) were found in chlorophyll fluorescence as 
a result of the application of OMP and MEL at different doses (Figure 7). All applied treatments 
showed increases with respect to the control, except for MEL 1. The treatment that expressed the 
highest fluorescence was MEL 10, with a significant increase over the control of 2.6%; however, it did 
not show a significant difference against MEL 100, whose increase was 2.5% over the control (Figure 
7).  

The omeprazole application that obtained the best fluorescence values was MEL 100, with a 
significant increase of 2.4% with respect to the control. However, the MEL 1 treatment obtained a 
similar increase of 2.2% control (Figure 7).  

The range of fluorescence values for bean plants from non-stress plants is between 0.7 and 0.8 
[34]. As indicated by numerous authors, a decrease in fluorescence expressed as (Fv/Fm) is indicative 
of a decrease in PSII [35]. The results found in this study agree with those reported by [36], who found 
increases in fluorescence, as well as an increase in photosynthesis driven by the production of 
protective molecules such as catalase, peroxidase and superoxide dismutase in tomato plants treated 
with melatonin via foliar at 50 and 100 µM. Other authors have described that the increase in PSII 
efficiency related to the application of melatonin is due to a decrease in PSII electron flow [37]. This 
decrease in flux allows the captured energy to be used to drive energetic reactions for photosynthesis 
and less energy is dissipated by other pathways (Figure 6). 
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Figure 6. Diagram of the energy flow of photosystems I and II. The blue arrows indicate the energy 
outputs of PSII. Black arrows indicate energy inputs. Under conditions of low radiation or optimal 
light, most of the energy is transferred to the reaction center for photochemistry. Under conditions of 
excessive radiation, energy dissipation takes place by exchange with PSI, heat emission, fluorescence 
or in extreme cases, photoinhibition. 

Another mechanism described for the increase in photosynthesis efficiency caused by melatonin 
is protection against reactive oxygen species. When the energy stored in chlorophyll is not dissipated 
by any of the possible pathways (Figure 6), the excited state of chlorophyll (Chl *) can react with 
molecular oxygen to form singlet oxygen (O2*), which is highly reactive and can degrade cellular 
components [38]. Thanks to the high stability of the central ring of the molecule, and its two side 
chains, once a functional group interacts with ROS to stabilize them, melatonin retains its stability 
and its ability to scavenge free radicals [39]. 

 

Figure 7. Effect of foliar application of omeprazole (OMP) and melatonin (MEL) at doses of 1, 10 and 
100 µM on chlorophyll fluorescence (Fv/Fm) in green bean plants cv. Strike. Means with equal letters 
do not differ according to LSD test (p < 0.05). 

3.4.2. Photochemical and non-photochemical quenching 

Photochemical quenching (qP) refers to the set of processes of photosynthetic electron 
consumption in excited state through metabolic sinks, i.e., a different pathway from non-
photosynthetic quenching (NPQ) processes, which returns electrons in excited state to their normal 
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state through their remission by heat [40]. In the present research work, significant differences (p < 
0.05) were found in the photochemical quenching coefficient due to the effect of applying OMP and 
MEL at different doses (Figure 8). The treatment with the highest rate was MEL 10, with a significant 
increase of 54.8%, followed by the OMP 1 treatment, with an increase of 15.5% both with respect to 
the control (Figure 8). 

The trend observed in the decrease in yield as the dose of omeprazole increased (Figure 5), is 
repeated in this variable (r= 0.4821), so it is possible that the lower dose is the one that gives the plant 
the greatest capacity to transfer the "extra" energy to sinks, avoiding photoinhibition. The 
enhancement of photosynthetic quenching in omeprazole-treated plants has already been reported. 
Authors explain that there is a group of genes related to the integral maintenance of PSII and protein 
synthesis of the thylakoids that are overexpressed in the presence of omeprazole, as well as 
photosynthetic genes that protect against ROS, such as SlPSII and SlFTSH. One of the enzymes that 
are biosynthesized with the application of OMP is catalase, related to H2O2 scavenging [41]. 

Similarly, a higher qP value is observed in MEL 10 than in MEL 1, both increased with respect 
to the control, and their difference in yield is only 9%, indicating that the use of melatonin at low 
doses (between 1 to 10 µM), may confer the ability to protect the PSII reaction centers. Finally, indicate 
that both treatments at low doses obtained the highest operational efficiency by being able to achieve 
the highest electron transport rate (r= 0.9554) to possible acceptors, avoiding photoinhibition by 
excess energy [42]. 

 

Figure 8. Effect of foliar application of omeprazole (OMP) and melatonin (MEL) at doses of 1, 10 and 
100 µM on photochemical quenching (qP) in green bean plants cv. Strike. Means with equal letters do 
not differ according to LSD test (p < 0.05). 

Through the thermal dissipation contained in PSI and PSII, the plant avoids inactivation of the 
photosynthesis process or damage caused by excess energy. This thermal dissipation is known as 
non-photosynthetic quenching (NPQ) and its quantification can be an important index to measure 
the health of the photosynthetic system in plants [43]. Significant differences (p < 0.05) in the present 
work were found in the non-photochemical quenching coefficient due to the effect of applying OMP 
and MEL at different doses (Figure 9). The treatment with the lowest value was MEL 10, with a 
significant decrease of 7.4% with respect to the control. On the omeprazole side, the lowest index was 
obtained in the OMP 100 treatment, with a significant decrease with respect to the control of 5.6% 
(Figure 9). 

Although an increase in NPQ has been reported as a protective mechanism against 
photoinhibition, it may also indicate a loss of energy that can be used for photosynthesis, leading to 
a decrease in growth and production [44]. As demonstrated above, the increase in photochemical 
quenching (qP) caused by the application of omeprazole and melatonin may induce an improvement 
in the conversion of energy used for photosynthesis, but in turn, a decrease in the NPQ index because 
the protection mechanism against excess light is not as necessary in plants with high photosynthetic 
efficiency. The increase in NPQ, found in control treatment may be due to the fact that plants without 
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OMP and MEL-driven production of antioxidant molecules, require the activation of alternative 
mechanisms such as the induction of the xanthophyll cycle and carotenoid biosynthesis [45]. 
However, these mechanisms, being energy-dependent, may have an energetic cost to the plant, which 
will ultimately lead to a reduction in growth and yield [46]. 

 

Figure 9. Effect of foliar application of omeprazole (OMP) and melatonin (MEL) at doses of 1, 10 and 
100 µM on non-photochemical quenching (NPQ) in green bean plants cv. Strike. Means with equal 
letters do not differ according to LSD test (p < 0.05). 

3.4.3. Electron transport quantum yield of PSII and electron transport rate 

To complement the photochemical quenching results, an important indicator can be quantified: 
the electron transport quantum yield of PSII (PhiPSII) [47–49]. This measurement allows an 
estimation of the overall process of photosynthesis, as it quantifies the linear transport of electrons 
and thus allows estimating the photosynthetic capacity of the plant, as well as a bio-indicator of 
growth and development [50]. 

In the present study, significant differences (p < 0.05) were found in the coefficients of PhiPSII 
and ETR by the effect of OMP and MEL application at different doses (Table 4). With respect to 
PhiPSII, the highest yield was recorded in the MEL 10 treatment, with a significant increase of 71.4% 
over the control, followed by the OMP 1 treatment, with a significant increase of 52.8% over the 
control (Table 4). These are similar to those obtained by [51] who reported a greater increase in 
PhiPSII in tomato seedlings to which exogenous melatonin was foliar applied compared to solution 
application and the control. It is possible that the increased electron transport quantum yield of PSII 
is related to a higher amount of open PSII centers, which maintain their activity due to the protective 
role of melatonin as a redox regulator and promoter of D1 protein synthesis, the central subunit of 
PSII [52]. 

Table 4. Effect of foliar application of omeprazole (OMP) and melatonin (MEL) at doses of 1, 10 and 
100 µM on quantum yield of PSII (PhiPSII) and electron transport rate (ETR) in green bean plants cv. 
Strike. Means with equal letters do not differ according to LSD test (p < 0.05). 

Treatment PhiPSII ETR (µmol e–  · m–2 · s–1) 
CONTROL 0.1492±0.030 b 76.42±15.7 b 

OMP 1 0.2278±0.013 a 116.21±6.46 a 
OMP 10 0.2070±0.005 a 105.47±2.66 a 
OMP 100 0.2212±0.013 a 112.85±6.37 a 

   
CONTROL 0.1492±0.030 d 76.42±15.7 d 

MEL 1 0.1873±0.017 c 95.58±8.85 c 
MEL 10 0.2555±0.018 a 130.34±9.54 a 
MEL 100 0.2177±0.014 b 110.80±7.18 b 
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Authors such as [53], have reported an increase in electron transport rate caused by higher 
photochemical quenching. The results of the present experiment showed the treatment with higher 
qP (Figure 6) as the most favored treatment in terms of PhiPSII (Table 4). Similarly, the treatment 
with lower qP and higher NPQ, recorded the lowest PhiPSII.  

The improvement in electron transport and PSII quantum yield could indicate a positive effect 
of melatonin and omeprazole on the reaction centers. In addition, these molecules could enhance 
quinone activation in PSII and PSI, which is primarily responsible for electron uptake and transfer 
between photosystems [54].  

When quinones (QA) are in the oxidized state, PSII reaction centers are open and drained (Fo), 
ready to initiate light harvesting, which would enhance both electron reception and electron 
transport of photosystems (Figure 8) [55]. Finally, the role of melatonin in the antioxidant protection 
of the photosynthetic apparatus has been highlighted. Possibly, the reduction of ROS stress was 
reduced in the treatments to which MEL was applied. Photoinhibition and blockage of electron 
transport was lower in the applied treatments, thus improving the capacity of photosynthetic 
pigments to transform energy used for photosynthesis [56]. 

Table 5. Pearson correlation analysis for 8 green bean cv. Strike variables. 

  TB YD SPAD Fv/Fm qP NPQ PhiPSII ETR 
TB 1 0.6859 ** 0.1671 0.2420 0.2971 -0.1399 0.3173 * 0.3140 * 
YD 0.6859 ** 1 0.3345 * 0.1961 0.4821 * -0.0118 0.4684 * 0.4618 * 

SPAD 0.1671 0.3345 * 1 0.2640 0.3908 * -0.0615 0.4302 * 0.4259 * 
Fv/Fm 0.2420 0.1961 0.2640 1 0.7812 ** -0.1638 0.7721 ** 0.7688 ** 

qP 0.2971 0.4821 * 0.3908 * 0.7812 ** 1 -0.1396 0.9572 ** 0.9554 ** 
NPQ -0.1399 -0.0118 -0.0615 -0.1638 -0.1396 1 -0.1435 -0.1435 

PhiPSII 0.3173 * 0.4684 * 0.4302 * 0.7721 ** 0.9572 ** -0.1435 1 0.9997 ** 
ETR 0.3140 * 0.4618 * 0.4259 * 0.7688 ** 0.9554 ** -0.1435 0.9997 ** 1 

**. The correlation is significant (p ˂ 0.01, bilateral) *. The correlation is significant (p ˂ 0.05, bilateral). 
Abbreviations: TB= Total biomass, YD= Yield, SPAD= SPAD values, Fv/Fm= Fluorescence, qP= Photochemical 
quenching of chlorophyll fluorescence, NPQ= Non-photochemical quenching, PhiPSII= Quantum yield of PSII, 
ETR= Electron transport rate. 

 

Figure 9. Summary of key mechanisms affected by foliar application of omeprazole (OMP) and 
melatonin (MEL) in green bean plants cv. Strike. 
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In general, the application at the lower doses stimulated growth, expressed in a higher biomass 
recorded in treatments MEL 1 and OMP 1 (Figure 2). Similarly, greater leaf greenness expressed in 
SPAD units was found in the OMP 1 treatment (Figure 4). The treatments that benefited the most in 
photosynthetic efficiency parameters were generally MEL 10 and OMP 1 (Figure 5, figure 6, figure 7, 
table 4). Finally, this resulted in higher fruit yield in treatments MEL 1 and OMP 1. As indicated by 
numerous authors, bioactive agents such as salicylic acid, brassinosteroids, calcium ion, polyamine, 
abscisic acid, and now melatonin and omeprazole, achieve remarkable effects on plant metabolism 
after a millimolar dose [57]. 

4. Conclusions 

Foliar application of omeprazole and melatonin, both at 1 µM doses, were the treatments that 
most benefited biomass accumulation and yield in plants of green bean cv. Strike. When the dose of 
these molecules was increased to 10 and 100 µM, improvements were obtained with respect to the 
control, but not with respect to the lower doses. The treatment at a dose of 1µM omeprazole (OMP 1) 
was the treatment that increased SPAD units and obtained the best results in terms of photosynthesis 
fluorescence and photochemical quenching. On the other hand, the treatment at a dose of 10 µM 
(MEL 10) of melatonin obtained the highest PhiPSII coefficient. These results could indicate that the 
use of both omeprazole and melatonin at doses of 1 µM applied via foliar in green bean plants can 
increase photosynthetic efficiency and decrease photoinhibition, which is reflected in higher biomass 
accumulation and yield. Also, these results demonstrate the ability of low weight molecules such as 
omeprazole and melatonin to improve important metabolic processes in crops, and their potential to 
be incorporated into agricultural biostimulant products for sustainable production. Finally, it should 
be noted that further studies on the use of low weight molecules in agriculture are required to 
elucidate the mechanisms of action at the physiological, biochemical and molecular levels that are 
involved in the processes of photosynthesis, nitrogen assimilation, carbon metabolism and crop 
growth. 
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