
ABSTRACT 

AIRJECTION® IRRIGATION POTENTIAL IN REGULATION OF 
OXIDATIVE STRESS IN TOMATOES GROWN IN A 

CLAY SOIL 

Reduced oxygen, compaction, and improper drainage can induce oxidative stress 

in tomatoes due to the lack of aeration in the rhizosphere. This condition can ultimately 

result in the reduction of yield and quality of tomatoes grown in clay soils. Thus, there is 

a need to assess the oxidative stress levels in tomatoes subjected to irrigation strategies 

that may enhance root zone aeration, such as Airjection® Irrigation in which ambient air 

is introduced into sub-surface drip irrigation (SDI) tape via a venturi injector. Related 

research suggests that the relative proportions of total Glutathione (GLU) and the reduced 

(GSH) and oxidized (GSSG) forms may serve as indicators of oxidative stress in 

vegetables such as tomatoes. Hence, the overall goal of the study was to characterize the 

levels of oxidative stress in the plants subjected to aerated and non-aerated irrigation 

systems by quantifying the relative amounts of GSH, GSSG, and GLU in tomato leaves 

and fruits. Findings from two years of samples showed that the total leaf GLU pool had a 

significant difference between the treatments. The total GLU levels in AirJection® (305 

ug/ml) were double the non-aerated plots (159 ug/ml). Additionally, the impact of 

AirJection® Irrigation on yield of reds and breakers in 2018-19 was prominent at a p < 

0.05; but marketable yield and quality parameters seemed to have less variation. In 

addition, for tomatoes subjected to Airjection irrigation there was a negative correlation 

between GLU and the reds, breakers, and shoot dry weight (s=-0.8, P≤ 0.1), while tissue 

nitrate showed a positive correlation with water only treatment (s=0.8, P≤ 0.1) but a 

negative relationship (s=-0.8, P≤ 0.1) for the Airjection treatment. While much work has 

been conducted on the positive impacts of Airjection® Irrigation on growth and yield 

characteristics of vegetables, the current study is the first to quantitatively measure the 

impact of Airjection on the level of oxidative stress in fresh market tomatoes grown in a 

clay soil in California. 
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INTRODUCTION 

In California, the total value of tomato production is ranked in seventh place for 

the combined fresh market and processing industry. The California Department of Food 

and Agriculture  (CDFA) reported that in 2019, the area cultivated was 273,700 acres, 

and the market value totaled 1.6 billion US dollars. This was approximately 95% of the 

overall revenue generated from tomato cultivation in the United States (US). The total 

production of tomatoes in 2019 was estimated to be around 239 million cwt, of which 

fresh market accounted for 14.2 million cwt, as well as 11.2 million tons for processing 

tomatoes. According to the current CDFA Agricultural Review, the crop productivity in 

2019 was 9 percent less than the yield recorded in 2018. Inevitable shifts in the 

environment involving various biotic and abiotic factors affected the tomato yield and 

quality, thus emphasizing a need to improve the quality of vegetables to reach consumer 

satisfaction. Research has shown that optimizing crop productivity in modern irrigation 

systems could be achieved through aeration of the water. This approach tends to have a 

positive influence on decreasing the oxidative stress induced by hypoxia, which is 

assumed to be a problem in subsurface drip systems installed in heavy clays. 

The concept of soil aeration in the cropping systems came into existence 

prominently, along with the advances in irrigation. Pre-plant operations such as plowing, 

the addition of soil amendments, and the use of mulch in the cropping systems are known 

to be effective in improving soil aeration. However, the constant progression of irrigation 

systems in order of flood, furrow, sprinkler, drip, and sub-surface drip, pressured the need 

to focus on the enhancement of aeration at the root zone level. Soil aeration facilitates the 

two-way movement of gases, such as carbon dioxide (C02) and oygen (O2), by promoting 

various biological, chemical, and physical reactions in plants. Interchange of C02 and O2, 

has direct control over the growth phase as they act as substrates and products in 



 2 2 

photosynthesis, respiration, and electron transport activities. Disruption in this 

mechanism causes prolonged hypoxic stress conditions, i.e., deficiency in the availability 

of O2. Consequently, this can lead to improper growth of roots, reduced photosynthesis, 

hormonal imbalances, and associated microbial respiration, which could alter the yield, 

quality, and soil microbial activity.  

Sufficient airflow is crucial to the root development and nutrient uptake in all 

types of soil textures. In coarse textures, larger pores provide excess ventilation at the 

cost of adequate water holding capacity creating frequent drought stress and nutrient 

leaching problems. Regular intervals of irrigation with aeration confirmed in overcoming 

the fluctuations in yield and nutrient use efficiency. Whereas in fine-textured soils such 

as clay, low air permeability and poor drainage system are observed due to higher 

porosity and water-retaining ability. Pores are often saturated with water leaving no room 

for air capacity, thereby resulting in the absence of adequate oxygen in the root zone. 

Reduced availability of oxygen, compaction, and improper drainage can induce hypoxic 

stress in clay soils (Bhattarai et al., 2005). When environmental stress is ensued either 

due to abiotic or biotic factors, Reactive Oxygen Species (ROS) are produced rapidly in 

the cells. Excessively generated free radicals than the usual amounts create an imbalance 

in the redox homeostasis, thereby leading to irreversible damage to proteins, lipids, and 

nucleic acids. This condition is often referred to as “Oxidative Stress” (Foyer & 

Shigeoka, 2010). Furthermore, because of the inability in redox signaling, the excess 

radicals produced in these metabolic cycles end up harming the plant. 

Extensively researched and widely adapted, Sub Surface Drip Irrigation (SDI) 

undoubtedly improves water use efficiency and productivity when compared to its 

previous methods by applying water directly to the root zone. However, from a 

physiological perspective, plants subjected to SDI can still suffer from the lack of 

aeration in the root zone resulting in hypoxia/anoxia. This is due to the smaller wetting 
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pattern, chimney effect near the drip emitter, less tillage activity, and restricted plant root 

development. This stimulates the temporal hypoxia resulting in the partial closure of 

stomata, which ultimately contributes to reduced transpiration, gaseous exchange, 

photosynthesis, and vegetative growth.  

To reduce these drawbacks in the SDI system, experiments have been conducted 

to optimize the ventilation by improving the air permeability in root zones using 

Airjection® Irrigation. In simpler words, it is the addition of air/oxygen into the water, 

also commonly referred to as the subsurface “Oxygation” or aerated irrigation. 

Incorporation of air components into the subsurface drip (SDI) system can be 

accomplished by using air pumps, micro bubblers, venturi injectors, and chemicals. 

Among all the methods, venturi injectors proved to be cost-effective and helped in 

reducing the “chimney effect,” which was a major disadvantage of the earlier methods 

(Torabi et al., 2013 & 2014). The integration of venturi injectors in the SDI system, now 

patented as Airjection® Irrigation (AI), is a modification SDI in which the ambient 

atmospheric air is injected into the water via a high-efficiency venturi. This type of 

aeration is commonly known as the method of mixing gas irrigation, which follows 

Bernoulli's law. The two-phase flow is referred to as the Air-water slurry, which is 

crucial in aerating the root zone to improve permeability, bulk density, and oxygen 

content (Bagatur, 2014).  

Many investigations have indicated that soil aeration had a positive influence on 

bulk density, stomatal conductance, permeability, and soil microbial respiration (Li et al., 

2016). Regulation of oxidative stress caused by hypoxic conditions is believed to be 

achieved by targeting the metabolism of antioxidants, namely Glutathione (GLU). To 

understand the clear shift inside the plant system when subjected to Airjection® 

Irrigation, there is a necessity to quantitatively measure the GLU in leaves and fruits of 

tomatoes. On the initiation of stress, there is enough evidence in the literature regarding 
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the fluctuations in total glutathione pool and the ratio of reduced-oxidized glutathione 

content. Findings from studies performed with the colorimetric assays for Glutathione 

analysis suggested that Airjection® Irrigation influences the stress by adjusting the levels 

of Glutathione peroxidase and reductase. Results showed that the ratio of reduced (GSH)/ 

oxidized (GSSG) forms of GLU in tomato leaf tissue was considerably less in plants 

subjected to aerated water than those of `non-aerated irrigation (Ichapurapu et al., 2014).  

The current study was an attempt to further examine the effects of Airjection® 

Irrigation (AI) in balancing the oxidative stress with Glutathione (GLU) metabolism, 

GSH, GSSG, and total GLU pools were quantified in leaf and fruit tissues of tomatoes in 

both aerated and non-aerated treatments using a Fluorometric assay kit. In addition to 

assessing the impact of AI on yield, quality, and nitrate content of tomatoes, the 

correlations among these parameters and the forms GLU were also examined. 

 

 



   

LITERATURE REVIEW 

Tomato Production in California 

Tomato (Solanum lycopersicum L) belongs to the family Solanaceae, which is a 

vegetable crop known to be cultivated in the soil at greenhouse, fields, and without the 

soil medium in hydro/aeroponic cultures (Peralta et al., 2008). As a vegetable, tomatoes 

are used for fresh table consumption and processed foods like ketchup and salsa 

worldwide. Tomato fruits are abundant reservoirs of vitamin C, antioxidants 

(Glutathione), and mineral compounds that are beneficial for human consumption. The 

United States of America (USA) ranks third behind China and India tomato production 

(FAOSTAT, 2018).  The 2018-2019 California Deparment of Food and Agriculture 

(CDFA) vegetable summary report indicated that tomatoes accounted for $1.2 billion of 

the total value of California’s fresh and processing vegetables , with fresh market 

tomatoes showing a 12% in increase in production over the previous year (CDFA, 2019). 

The state contined to account for 41.6%  of  the fresh market and 95% of the processing 

tomatoes produced in the United States (U.S.)  California’s fresh market tomato 

production is mainly in the state's central valley, i.e., San Joaquin Valley (SJV) and the 

Sacramento Valley (Le Strange et al., 2000; Hartz et al., 2008; CDFA 2019). Although 

tomatoes are adaptable to various soils, a good drainage system is considered ideal for 

optimum growth and yield. The crop is sensitive to poor oxygen supply and excess water 

in the root zone. Moreover, several biotic and abiotic factors such as salinity, pest 

incidence, poor drainage, light, oxygen, and temperature could pose a threat to fruit 

productivity. Furthermore, all of these factors could induce oxidative stress when reached 

to a certain level resulting in favoring the anaerobic shift affecting the microbial 

populations. Inefficient nutrient and water uptake would reduce crop growth and fruit 

quality, such as blossom end rot, which is a fruit deformity characterized by calcium 
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deficiency. Hence, tomato growers are constantly exploring innovative fertigation 

techniques that are economically feasible and environmentally sound to optimize nutrient 

and water use efficiency.  

Importance of Aeration in Clay Soils 

Almost all higher living order organisms in the ecosystem undeniably require 

oxygen for their survival, growth, and development. The absence of oxygen (O2) in plants 

hinders the basic processes like photosynthesis, respiration, and several dependent 

reactions linked to the growth cycle. Aerating the soil helps in replenishing the levels of 

O2 utilized by the plant for various metabolic activities. In that context, soil aeration is a 

broader term to represent the gaseous exchange cycle of C02 and O2 between soil, 

atmosphere, and microbes in the rhizosphere and is a key factor in assessing soil fertility 

and oxygen diffusivity. The degree of soil aeration is influenced by soil properties like 

texture, aggregate size & stability, permeability, porosity, and other factors including 

climate, temperature, pH, and crop type. Optimal gaseous transfer and adequate plant 

growth are always an interactive outcome of soil properties, aeration, and water 

management. In addition, plants and microorganisms use gases that diffuse into the soil 

for different metabolic processes such as photosynthesis, respiration, and electron 

transport systems.  

Many textbooks, such as those written by Hillel (2007), Brady & Weil (2008), 

Parker (2009), and Gregory & Nortcliff (2013), have provided comprehensives reviews 

on the impact of soil texture on soil physical, chemical, and biological properties. For 

example, when compared to coarse-textured sandy soils, finer texture clay soils result in 

lower water permeability and poor drainage, thereby greatly influencing the gas diffusion 

and nutrient availability. Additionally, conditions such as soil compaction and crusting in 

the clay soils can be a major problem as these factors impede root growth and restrict 
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airflow within the soil pores. When the gaseous exchange of CO2 and O2 is interrupted in 

the soil, a reduction in root and plant growth is observed. This is largely due to the 

negative effects on the physiological activities that are dependent on the gaseous 

movement. The deficiency of O2 in the rhizosphere ultimately restrains plant growth, 

conversion of nutrients into forms taken up by plants, and respiration in soil microbes 

(De Gannes et al., 2012 & 2014).  

Management practices such as tillage, organic matter, soil amendments, 

chemicals, and mulching help adjust the soil structure by improving airflow. For 

example, cultivation in wet clay soil can result in up to a six times reduction in oxygen 

diffusivity rate, accompanied by an increase in the bulk density when compared to the 

dry soil. Moreover, wetting and drying cycles play an important role in regenerating clay 

soil structure (Brady & Weil, 2008). These effects are not the only issues in flooded 

irrigation systems, but also in well-maintained sprinkler and drip irrigation systems. 

Overall, micro-irrigating crops using sprinklers and drip tape can improve water and 

nutrient efficiency without compromising crop yield and productivity. Therefore, it is 

crucial to recognize the extra need to provide air/oxygen in the micro irrigation systems.  

Subsurface drip irrigation (SDI) has been shown to reduce evaporation, surface 

runoff, and percolation losses in soils to enhance overall crop productivity (Ayars et al., 

2015). Better control of weeds, disease, and pathogens is ensured due to the placement of 

the tape at a certain depth. Uniformity and distribution of water are effective in SDI when 

compared to drip irrigation (DI). Soil compaction and crusting are greatly reduced 

because of the improved distribution uniformity of the water. Furthermore, the 

application efficiency is not affected by factors such as winds and freezing temperatures. 

However, the drawbacks include an inconsistent range of the wetting pattern, as it too 

small in coarse-textured soils and could result in poor root growth (Yuan et al., 2016). 

Evaluating the irrigation events' reliability is very difficult, which can lead to under/over-
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irrigation affecting the soil aeration. Formation of undesirable wet spots and, as a result, 

the chimney effect is predominantly observed in this type of irrigation (Torabi et al., 2013 

& 2014). If the salinity problem exists in the field, it might be more above the dripline 

because of water's upward movement. Over the last two decades, different air/oxygen 

injection methods have been developed in an effort to optimize the aeration status in SDI. 

However, there still exists a need to quantify the overall efficacy of these systems when 

implemented in different combinations of crops and soil textures.   

Methods of Aeration in Irrigation Systems 

Since the 1940s, it has been acknowledged that aeration of the root zone solution 

can be beneficial during both the vegetative and reproductive growth stages of crops like 

tomatoes (Durell, 1941). However, it was only commercially proven to be successful 

within the past two decades due to advancements in SDI technology. Artificial injection 

of air, oxygen, hydrogen peroxide, and chemicals into irrigation is now done using air 

pumps, microbubble generating systems, and venturi injectors (Goorahoo et al., 2000 & 

2001; Bhattarai et al., 2005 & 2006). These systems are commonly referred to as aerated 

irrigation. Practical methods include ventilation after irrigation, simultaneous air water 

movement, the mixture of gases, the use of chemicals like hydrogen peroxide, and 

substrate aeration. Ventilation after irrigation is done both in the field and hydroponic 

systems. Pure oxygen and air can be injected into the root zone using an air compressor 

and air pump in the field and hydroponic systems, respectively. Generally, this method of 

aeration is more beneficial in hydroponically grown crops than field-scale production. 

The use of hydrogen peroxide in the irrigation water has also yielded good results in 

terms of crop productivity.  

In the next method, irrigation water and air are applied simultaneously by 

utilizing a micro bubbler system. The major disadvantage is that the airflow is vertical 
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instead of horizontal due to the pressure differences, a phenomenon named as chimney 

effect (Goorahoo et al., 2001). The mixture of gases in buried drip systems is achieved by 

injecting the required amount of air through a venturi pipe part. It follows Bernoulli’s law 

to form an air-water slurry, which is uniformly transported to the root zone in the soil. 

Chimney effect tends to be less in this technique, thus benefitting the plants from 

relieving the hypoxic stress. This also helped in improving the heavy textured soils with 

salinity problems. This is a cost-effective and well-researched option at the field level. 

Airjection® Irrigation 

A combination of SDI and air components into the irrigation system via a Mazzei™ 

venturi has been patented in the United States Airjection® Irrigation (Goorahoo et al., 

2001). The technology is based on the physics of Bernoulli’s principle (Figures 1 & 2). 

Figure 1. Model of Airjection® irrigation technology installed to the subsurface drip 

irrigation system at field level. 

Figure 2: Venturi Pipe Part (VPP) showing the direction of water flow and suction. 
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First, there is a uniform velocity and the pressure in the water flow at the inlet of 

the venturi, which tends to increase when it passes through a throat/constriction with at 

least a half-sized radius of the pipe. Subsequently, a pressure difference is created from 

the inlet to the outlet end. The vacuum is created in the throat when the outlet end 

pressure drops below the atmospheric pressure. This process triggers the air being sucked 

from the atmosphere into the pipe on the outlet end (Adhikari & Goorahoo, 2004). 

Therefore, an air-water slurry is formed and supplied to the plants and the installed drip 

tape. Mazzei Inc. has developed efficient venturi-based injectors depending on the field 

size, to ensure that the air bubbles are uniform and fine. Subsurface Drip irrigation along 

with high-efficiency venturi to inject the air is now patented as Airjection® Irrigation 

technology (Figures 1 & 2) in the United States (Goorahoo et al., 2001) and as 

“Oxygation” in Australia (Bhattarai et al, 2003).  

The Venturi Pipe Part (VPP) (Figure 2) injector is a very simple and cost-

effective tool to install in the SDI system. Repair, replacement, and maintenance does not 

entail intense technical information or the personnel and is quite convenient to use on a 

large-scale field area. Two types of venturi manifolds are available based on the number 

of vents present: “Single air vent type” and “Double air vent type.”  In this study a 

“Single air venturi,” in which the throat diameter is strictly half the size of an inlet pipe 

diameter (Bagatur, 2014), was used. This ensured that the optimum amount of air-water 

slurry was maintained between 12-14% (air in water), thereby avoiding the chimney 

effect commonly experienced in methods where air and water are moved simultaneously.  

Benefits of Airjection® Irrigation  

Airjection® Irrigation, which introduces ambient air in the water, also enhances 

the availability of oxygenated water in the soil profile as the air-water slurry has 

Dissolved Oxygen (DO), which is beneficial for root growth and soil microbial 
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populations (Wolf, 199). An adequate amount of oxygen supports the root respiration, 

thus improving the water uptake and nutrient absorption efficiency. It tends to positively 

influence soil properties like air permeability and bulk density in heavy clays. 

Examination of the plant shoot portion revealed an increase in stomatal conductivity and 

photosynthesis rate (Bhattarai et al., 2006; and, Goorahoo et al., 2007a & b). Studies 

conducted on several vegetable crops like tomatoes and bell peppers showed an increase 

in yield by almost 30% compared to the control, while the fruit cracking is reduced in 

melons (Bhattarai et al., 2010a & b; Goorahoo et al., 2006, 2007a & b). Comparative 

improved crop yields and water use efficiencies associated with aerated irrigation have 

been documented whether the technology is called Airjection Irrigation (Goorahoo et al., 

2000, 2001, 2002, 2006, 2007a & b, and 2008) or Oxygation (Bhattarai et al., 2003, 2004, 

2005, 2006, 2008, and 2010a & b). While some of these studies have also addressed the 

impact of aerated irrigation on soil bulk density and associated microbial rhizosphere 

populations, there is still a need to quantify the effect of the technology on the alleviation 

of oxidative stress in plants grown in heavy clay soils. 

Hypoxia-induced Oxidation Stress 

Hypoxia-induced oxidation, which is also referred to as Oxygen deprivation, 

stress is induced by a lack of aeration in the root zone and categorized as temporal 

hypoxia and anoxia. Under hypoxia stress, unusual production of Reactive Oxygen 

Species (ROS) in all the plant cells is followed by an imbalance in the scavenging these 

free radicals (Fukao & Bailey-Serres, 2004). This process results in an irreversible 

impairment of proteins, lipids, and nucleic acids, generally stated as oxidative stress 

(Foyer & Shigeoka, 2010). Reactive oxygen species (ROS) are the byproducts formed in 

the photosystem-I (PS-I), photosystem-II (PS-II) of photosynthesis, electron transport 

chain in mitochondrial respiration, and in peroxisomes. ROS production is inevitable in 
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the physiological mechanisms and therefore plays an important role as signaling 

molecules that are critical for cell division and proliferation (Fukao & Bailey-Serres, 

2004). Furthermore, the excessive ROS production could create an imbalance in the 

scavenging process, ultimately damaging the cells due to their presence in the electron 

transport chain of respiration and in the Peroxisomes. The most common free radicals 

generated as ROS in the plant systems are Hydrogen peroxide (H2O2), Superoxide radical 

(O2
-), hydroxyl groups (OH-), and Singlet oxygen(1O2). The scarce supply of oxygen 

during oxidative phosphorylation leads to decreased cell energy as it acts as a donor for 

ADP, FADH2, and NADH (Mühlenbock et al., 2007).  

Fluctuations in ROS levels invigorate the production of antioxidants and other 

defense molecules that assist in achieving the redox homeostasis. Effects of hypoxia 

stress depend on the crop species, specific cultivars, and their physiological properties as 

the number of antioxidants present in the system. ROS production is regulated by 

complex antioxidant systems that involve both non-enzymatic low molecular mass 

(ascorbic acid, Glutathione, tocopherols) and enzymes such as SOD, peroxidases, and 

catalases. Among these, the ascorbic acid-glutathione cycle plays a major role in 

operating the redox reactions to maintain cellular homeostasis.  

Impact of Oxygen Stress in Vegetable Crops 

Oxygen stress is a putative effect of interaction between soil and plant conditions 

such as soil type, texture, crop variety, and growth stage. Excess water near the root 

system without proper oxygen supply during critical growth stages depletes the amount 

of diffusible oxygen, thus affecting the root and microbial respiration (Grene, 2002). 

Stomatal conductance can also be decreased considerably, leading to limited uptake and 

movement of nutrient ions like Calcium, which mainly moves through the plant's 

transpiration stream. Stress-induced calcium deficiency in tomatoes, often termed as 
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Blossom End Rot (BER), drastically declines the marketable fruit quality. At the cellular 

level, excessive reactive oxygen species (ROS) inhibit chlorophyll synthesis, eventually 

dropping the leaves' net photosynthetic rate. Their accumulation tends to reduce the 

mitochondrial membrane potential (MMP) and stimulate membrane disruption in the cell 

walls(Ahmad et al., 2008), thereby causing higher lipid peroxidation activity, which is 

linked strongly with higher production of ethylene. A slower aeration rate at the time of 

harvest is correlated with achieving a late climacteric respiratory peak in mature green 

tomatoes as oxygen is necessary for the proper synthesis and ethylene action in fruits. 

Low oxygen levels in tomato, potato, and pear could switch to anaerobic situations 

producing ethanol and acetaldehyde, delaying the ripening process (Essah et al., 2009), 

which can eventually result in the growers having to increase the number of fruit picks 

and vegetable harvest events that escalate labor costs. Furthermore, an inconsistent shelf-

life period is not a desirable consumer-driven trait in fresh market crops like tomatoes.  

Glutathione as an Indicator/Marker 

The antioxidant system is a complex web of enzymes and non-enzymes like 

glutathione reductase (GR), ascorbate peroxidase (APX), superoxide dismutase (SOD), 

catalase, and Glutathione, ascorbic acid, carotenoids, and tocopherols. But the water-

soluble, glutathione-ascorbic acid is widely studied to understand its role in the ROS 

scavenging system (Foyer & Noctor, 2005). Glutathione is a non-enzymatic thiol and low 

molecular tripeptide (Figure 3), omnipresent in all cells. It is a potent antioxidant 

consisting of cysteine, glycine, and glutamine and is readily convertible to two states, 

reduced (GSH) and oxidized (GSSG).  

The Glutathione peroxidase (GSSG) gives rise to Glutathione (GSH) in the 

presence of an enzyme, namely Glutathione Reductase (GSH) using NADPH as an 



 14 14 

energy source (Noctor et al., 2011). These reactions mainly occur due to the Thiol- 

disulfide interactions in the cells concerning redox potential changes (Figure 4). 

 

           

Figure 3: Chemical structure of Glutathione 

 

 
Figure 4: Glutathione redox reaction cycle with enzymes Glutathione Peroxidases and 

Glutathione Reductase. 

Reduced GSH is the dominant form in plants and is mainly found in the cytosol, 

mitochondria, and endoplasmic reticulum. The thiol group in GSH provides a great 

degree of stability and helps in detoxification, antioxidant defense, xenobiotics, cell cycle 

regulation, and apoptosis, maintaining redox balance. GSH biosynthesis in plants would 

always require ATP. During stress, an ascorbic acid-glutathione cycle becomes 

functional, which assists in interconvertible oxidization of GSH to GSSG and further 

reduces GSSG to GSH (Noctor et al., 2011). Glutathione in leaves is typically available 

in the reduced form (GSH), whereas, in fruits, the amount of total glutathione pool and 

the oxidized form is predominant due to the oxidative nature of the ripening reaction. 

Over time, acclimation reactions occur, which results in the available ratio of GSH: 
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GSSG undergoing an oxidative shift with an increase in the enzyme Glutathione 

Peroxidase (GPX). Ultimately,  a draining of the whole Antioxidant system (AOS) 

creates an imbalance in the redox reactions, leading to aging and cell apoptosis. 

Role of GSH: GSSG Ratio in the Assessment of Stress 

When stress is induced in the plants, there is a general model derived to 

understand the response of antioxidants and metabolites, which is explained in the three 

phases shown in Figure 5. First, in the stress initiation phase, redox reactions begin to 

occur in the GSH: GSSG pool to suppress the ROS produced, and the ratio does not 

change much. Then in the acclimation phase, a decrease in the levels of GSH: GSSG 

ratio favors an increased shift in reduction reactions, and the Glutathione Reductase (GR) 

enzyme is noted to be higher, thereby resulting in the increased production of GSH, 

which helps in detoxification and signaling other molecules. When the acclimation 

reactions persist, the available ratio of GSH: GSSG leans on an oxidative shift, increasing 

the enzyme Glutathione Peroxidase (GPX). The third phase is the degradation/stress 

progression stage, in which changes in the Antioxidant system (AOS) ultimately lead to 

aging and cell apoptosis. 

Figure 5. General scheme of plant stress response modified by Larcher, 2003. 

The above model implies that a lower ratio of GSH: GSSG can activate more GR 

and GSH, which seems to be a positive influence in combating stress. The higher ratio of 
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GSH: GSSG triggers the peroxidase (GPX) to oxidize the GSH, by which the whole AOS 

gets exhausted and dies prematurely. In leaf tissue of a healthy plant, the amount of GSH 

is predominant over the other forms indicating that the shift is more towards reduction 

(Corpas et al., 2018). Hence, a lower ratio of GSH: GSSG in the leaves would be 

indicative of a plant experiencing relatively less oxidative stress than a stressed plant with 

a higher GSH: GSSG ratio in the leaves. Alternatively, in fruit tissue such as tomatoes, 

which are climacteric fruits, Corpas et al. (2018) observed an oxidative shift in the pink 

and breaker stages as the tomatoes ripened. Hence it can be hypothesized that Glutathione 

(GLU) and the ratio of GSH: GSSG levels can be a suitable marker to indicate oxidative 

stress in our study.  



   

STATEMENT OF THE PROBLEM  

Earlier research conducted on Airjection® Irrigation confirmed that it positively 

influences an increase in biomass, root growth, photosynthesis rate, stomatal 

conductance, and soil respiration. Based on these positive impacts, the researchers have 

hypothesized that plants subjected to Airjection® Irrigation undergo less abiotic stress 

than plants irrigated with non-aerated water. However, to date, no studies have been 

conducted to quantitatively measure the level of oxidative stress in plants, such as fresh 

market tomatoes grown in clay soil, to better understand whether the Airjection® 

Irrigation is effective in reducing abiotic stress. It is also critical to assess any correlation 

between oxidative stress indicators, such as GLU, GSH, and GSSG, with the yield and 

growth quality parameters commonly measured for fresh market tomatoes. 

Overall Goal 

This study is part of ongoing research aimed at optimizing nitrogen, and water use 

efficiency (NUE & WUE) in vegetable cropping systems in California by understanding 

the impact of Airjection® Irrigation implemented in vegetables grown various soil 

textures. In this phase of the research, the specific goal was to investigate the potential of 

Airjection® Irrigation to regulate oxidative stress in fresh market tomatoes grown on a 

clay soil typical of the central SJV. 

 



   

OBJECTIVES  

Based on the problem statement and specific goal outlined earlier, the objectives 

of this study were as follows: 

1) Assess the impact of Airjection® Irrigation on the yield and quality of fresh 

market tomatoes grown in a heavy clay soil; 

 

2) Compare the total Glutathione (GLU) content in leaves and fruits for tomatoes 

subjected to Airjection® and water only irrigation; 

 

3) Evaluate the use of GLU and GSH: GSSG ratios as indicators of potential 

oxidative stress for tomatoes subjected to aerated (A) and water-only (W) 

irrigation systems; and, 

 

4) Determine the degree of correlation between glutathione measurements and the 

yield and quality parameters for tomatoes subjected to Airjection® and water only 

irrigation.  

 

 



   

MATERIALS & METHODS 

Site location, Soils, and Crop Cultivar 

The site was located at Firebaugh, CA (36.8589° N, 120.4550° W), with soil 

texture classified as Panoche clay associated with salinity problems. This was a 2-year 

study (2018 & 2019) conducted on a commercial fresh market tomato farm with cultivar 

SVR 2942. The grower conducted transplantation, irrigation, fertilization, and all other 

agronomic operations in accordance with the practices typical of the Firebaugh area. 

Experimental Design 

The experimental design used was a Completely Randomized Design (CRD, 

Figure 6) to randomly assign two different irrigation treatments that were Airjection® (A) 

and non-aerated water only (W) Irrigation in the field. Twenty-four (24) beds were 

arranged in which each treatment comprised of four (4) beds and was replicated thrice. 

This experiment was conducted over 2 years in 2018 and 2019.  

Figure 6. Experimental design-Completely Randomized Design (CRD) 
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Airjection® Irrigation System 

For this study,  a Model “A-3” venturi injector, which was determined based on 

the length of beds, the inlet pressure of the water, and flow rate of the drip tape, was 

provided by Mazzei Inc. (2020). This model ensured that there was an injection of 14% 

of air into the water stream uniformly throughout the field (Mazzei Inc., 2020). To make 

it cost-effective, single valve venturi injectors were installed at the beginning (head) of 

the buried SDI lines to facilitate the air injection in selected aerated plots. The control 

plots that received non-aerated water only were fixed with needle valves adjusted to an 

outlet pressure range of 7-8 psi. This was done to ensure that both the air injection (A) 

and water only (W) treatments were receiving equal amounts of water during the crop 

season and that volume of water was not a confounding factor in the experiment.  

Each year before transplanting the crop, the drip lines were flushed to remove any 

dirt and unwanted materials and to maintain the pressure gradient throughout the season. 

In both years, air injected beds were monitored regularly with a pressure gauge to check 

the range of upstream and downstream pressure at the venturi injector outlets. This was 

done to confirm that a minimum of 14% air/water mix volume ratio was provided 

according to the manufacturer’s specifications (Mazzei Inc., 2020). The same was done 

in the water only (W) beds to assure that both treatments were receiving an equal amount 

of water. The airflow pressure was also noted regularly to observe any undesirable 

fluctuations in the pressure levels. Detected variations were corrected by cleaning the 

outlet valves and adjusting the main manifold solenoid valve accordingly. 

Oxygen Measurement Using Apogee Sensors 

Oxygen sensors (SO 110) with diffusion head AO-001, by Apogee® Instruments 

(2018), comprising of a galvanic cell with a standardized electronics suitable for soil and 

other porous media were used to detect relative soil oxygen (O2) concentrations in the 

beds receiving the aerated (A) and non-aerated (W) irrigation. A total of six, three in each 
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of the control (W) and the air-treated (A) plots were installed at a depth of 15 cm to 

measure the soil's oxygen level. The sensors were calibrated, and over the season, a 

millivolt data logger was used to collect the data. Because of technical difficulties and 

physical damage to the sensors due to fieldwork during 2018, reliable data were only 

recorded during the 2019 cropping season. The obtained millivolt readings were then 

calculated in the O2 spreadsheet calculator provided on the Apogee® Instruments (2018)  

website. These readings were then converted to normalized values to be able to compare 

the relative soil oxygen content values at various soil moisture contents measured with 

electromagnetic based moisture sensors. 

Yield and Quality Data 

Ten locations in which five beds (head, middle, tail) of each in water only (W) 

and air-treated (A) treatments were randomly designated to collect data in the field. Plant 

biomass and fruits were collected at the head, middle and tail regions of each sampling 

bed. All reds, breakers, greens, and non-marketable were separated according to the 

USDA tomato ripeness criteria. Tomatoes with Blossom end rot (BER) were also 

recorded. For assessing the quality of the tomatoes, the Brix content, which is an 

indicator of total soluble solids (TSS), was determined using a refractometer for 

randomly chosen red tomatoes at each of the sampling locations  

Plant Tissue Sampling and Analysis 

Plant tissue sampling was done by random collection of (25-30) petioles samples 

in a labeled paper bag at each assigned plot. The samples are oven-dried at 60-65° C in a 

forced-air oven for two days. The dried petiole samples were finely ground using a mill 

and are then stored in clean plastic bags. Nitrate-nitrogen content is determined by 

analyzing the tissue samples following the standardized procedure described for crops 

grown in the San Joaquin Valley. The plant tissue samples were analyzed for the NO3- N 
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concentration using the SEAL AQ2 automated discrete analyzer (SEAL Analytical, Inc. 

accessible at https://www.seal-analytical.com/) for NO3-N in accordance with the 

approved United State Environmental Protection Agency (USEPA) methods.  

Sample Collection and Storage 

Leaves and fruits were collected at the time of harvest from the selected plots 

from both treatments. The samples were then immediately preserved in an icebox to 

avoid any unwanted enzyme reactions due to the relatively higher temperatures in the 

field compared to cooler temperatures in the laboratory. After transporting them to the 

laboratory, tissue samples were stored at -20°C until the day of analysis. 

Sample Analysis and Data Collection 

Leaf and fruit samples were collected from control plots labeled as LW, FW, and 

those from the treated plots as LA, FA. Tissue extractions and the assays were conducted 

according to the protocol provided with the Bio Vision Glutathione Fluorometric Assay 

kit (K264-100). A total of 24 samples (12 A and 12 W) each year were analyzed for the 

total Glutathione (GLU) and reduced GSH. 

Fluorometric Assay  

A bio-vision fluorometric assay kit was used to extract and analyze the GLU 

content from the samples. The assay consisted of two steps as follows (Bio vison k264, 

Appendix A):  

Step 1: Extraction of the sample from tissues of fruits was done by 

homogenization with the buffer, treating it with Perchloric acid (6N), and centrifuging at 

13000 G. This step was conducted under 4℃ to avoid the oxidase enzyme activity.  

Step 2:  The analysis was done by neutralizing the extracted sample using 

Potassium Hydroxide (6N) followed by centrifugation at 13000G. The collected 



 23 23 

supernatant aliquots were treated with the reagents provided in the kit to estimate the 

amount of the total (Glu), oxidized (GSSG), reduced (GSH) contents. Ortho-paraldehyde 

assay (OPA) was then added to the samples to activate the fluorescence before 

transferring them to a 96 well plate. A fluorescent plate reader was used to read the 

emitted fluorescence from the samples at Ex/Em = 340/460 nm in relative fluorescence 

units. These units were calibrated using a standard curve and were converted to µg/ml, as 

presented in Appendix A). 

The above techniques were tedious and time-consuming, and extreme care was 

taken to mitigate the impact of the following potential problems during the assay: 

i. Samples were not properly homogenized with the buffer; 

ii. Standardizing the temperature while running the assay; 

iii. Time was a major factor when detecting the reduced and oxidized ratios; 

iv. Contamination while collecting clear supernatant after centrifugation;  

v. Standardizing the temperature while running the assay; 

vi. Time was a major factor when detecting the GSH and GSSG ratios; and, 

vii. Contamination while collecting clear supernatant after centrifugation. 

 

In addition, the following troubleshooting steps were practiced routinely: 

a. Repeat the homogenization step with the buffer twice or thrice; 

b. Samples were stored at -20℃, extracted at 4℃, and analyzed at room 

temperature (20℃) in the laboratory. 

c. Strictly following the reaction time given in the K264 data sheet to avoid 

redox reactions; 

d. Carefully avoiding contact with and uptake of the pellets while pipetting;  

e. Preheating the assay as advised before putting the OPA probe; 
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f. Ensuring that dilutions were done precisely in order to generate a reliable 

and accurate standard calibration graph; 

g. Changing the 96 well plates for every three assays; and, 

h. Avoid the bubbles by gently pipetting into the side end of the wall.  

Statistical Analysis 

Data obtained during each year was analyzed using one-tailed t-Tests, descriptive 

statistics, and Analysis of variance (ANOVA) single factor to interpret any differences in 

the parameters as a function of the W and A treatments. All statistical data analyses were 

performed in Microsoft (MS) Excel with means separations determined at probability of 

0.05 and 0.1 levels of significance. In addition, analysis of selected yield and glutathione 

data were conducted for Pearson’s and Spearman's rank correlations with SPSS software.  



   

RESULTS & DISCUSSION 

Relative Soil Oxygen Levels 

Soil moisture (%) levels did not significantly differ between the Airjection® and 

water only treatments. However, for the normalized oxygen levels,  Airjection®  (A) 

treatments generally showed relatively higher concentrations , even in the saturated 

conditions, compared to the control (W) treatments (Figure 7). These results confirm the 

efficacy of the venturi system installed as part of the Airjection® manifold calibrated to 

deliver 11- 14% air with the irrigation water.  

Figure 7. Volumetric soil moisture (%) and soil oxygen levels in Airjection® and water 

only treatments 

Tomato Yield & Quality 

Fruit harvest was conducted in accordance with the grower’s practice of hand 

picking the tomatoes scheduled at 117 days after transplant (DAT) in 2018 and around 

110 DAT in 2019. Marketable yield data for fresh market tomatoes were the combination 

of reds, breakers, greens obtained in the head, middle, and tail locations of each treatment 

subplot. The total yield included the blossom end rots and non-marketable in addition to 

the marketable yield. In 2018, the yields of reds (P≤ 0.04) and breakers (P≤ 0.08) were 
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significantly affected by the irrigation treatments (Tables 1 and 2; Appendix B). 

Airjection® treated plants produced 15.5 % greater reds and 53% more breakers than the 

tomatoes receiving the water only. A similar trend was observed in the following year, 

2019, where the Airjection® treated tomatoes showed a significant difference in yields of 

reds (P≤ 0.038) and breakers (P≤ 0.01) as in (Tables 3 and 4; Appendix C). The aerated 

treatment had yielded 18.7% reds and 38.3% breakers higher than that of the control. 

Table 1. Mean ± S.E. for yields from three plants (kg/3 plants) for reds, breakers, green, 

and marketable tomatoes in 2018 . 

**, means are significant at a p-value of 0.05, level of significance in student t-test. 

*, means are significant at a p-value of 0.10, level of significance in student t-test. 

Table 2. Mean ± S.E. for yields from three plants (kg/3 plants) Brix, shoot, root weight, 

and petiole nitrate data of tomatoes in 2018. 

 
**, means are significant at a p-value of 0.05, level of significance in student t-test. 

*, means are significant at a p-value of 0.10, level of significance in student t-test. 

Other yield quality parameters, including weight of green tomatoes, total yield, 

blossom end rot, and Brix content, did not show any statistical difference in both the 

years (Tables 2, 3, and 4; Appendix B and Appendix C). These findings were consistent 

with those of the results published by Goorahoo et al. (2004, and 2008), who found that 

air-treated plants generated more reds and breakers at 93 days after transplant. 

Furthermore, these outcomes are reported to be indicative of plants attaining earlier 
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harvest maturity. This is beneficial for commercially grown fresh tomato markets as 

farmers can harvest mature greens, breakers, and reds according to the USDA ripening 

grade criteria and coordinate their labor force accordingly.  

Table 3. Mean ± S.E. for yields from three plants (kg/3 plants) for reds, breakers, greens, 

and marketable tomatoes in 2019.  

**, means are significant at a p-value of 0.05, level of significance in student t-test. 

*, means are significant at a p-value of 0.10, level of significance in student t-test. 

Table 4. Mean ± S.E. for yields from three plants (kg/3 plants) Brix, shoot, root weight, 

and petiole nitrate data of tomatoes in 2019. 

In 2018, the shoot biomass data did not show any significant difference between 

the plants grown with the aerated and non-aerated irrigation (Table 2). However, there 

was a considerable difference (P<0.0005) in mean root biomass, with the air-treated 

plants having 26% greater root weight than the water only irrigated plants (Table 2). 

These findings concur with earlier work with bell peppers conducted by Goorahoo et al., 

(2001) in which it was demonstrated that Airjection resulted in increased root growth 

both vertically and radially. In contrast, in 2019 there was no substantial difference in 
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shoot and root biomass between the plant subjected to the two irrigation systems (Table 

4). The incidence of blossom end rots and non-marketable tomatoes in 2018 and 2019 

were negligible for both the water only and Airjection plants. Based on the data collected 

over the two years of the experiment, the marketable yields from three plants for the fresh 

market round tomatoes cultivar SVR-2942 averaged 22.32±1.27 kg, which is consistent 

with values for a high yielding variety adaptable to the Panoche clay soil (Appendix B 

and Appendix C). 

Glutathione Forms in Tomato Leaves and Fruits 

Glutathione data were obtained through a linear regression fitting curve, including 

all the absorbances generated against the known glutathione standards (0, 0.4, 0.8, 1.2, 

1.6, 2.0 ug/well). As shown in Appendix D, all the glutathione standards combined to 

form a single linear curve with equation y=1281x + 69.159, at R² = 0.9961, which was 

the used to determine different forms of Glutathione. This approach was adopted to 

optimize the high variability and to account for the values in the undetectable range. 

Oxidized Glutathione (GSSG) was acquired by subtracting the reduced GSH values from 

that of the total GLU pool, and the GSH: GSSG ratio was calculated according to the 

safety datasheet (Table 5 & Appendix E). 

Table 5. Mean ± S.E. for Leaf tissue GSH, Total GLU, GSSG, GSH: GSSG ratio from 

three plants (kg/3 plants) of tomatoes in 2018 & 2019. 

Means in a row followed by the different letters are significantly different at the 5% level of probability.  
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Figure 8. Average total glutathione pool and GSSG content in tomato leaves subjected to 

water only and Airjection® Irrigation 

Figure 9. Average GSH: GSSG ratio in tomato leaves subjected to water only and 

Airjection® Irrigation 

 

Leaf reduced GSH content in the “water only” control (W) (m=4.09, SE= 0.55) 

and aerated (A) (m=2.89, SE= 0.89) plots did not show any significant difference 

(P=0.15) in the tomato leaves (Table 5). The total glutathione (GLU) pool, which is the 

combined reduced (GSH) and oxidized (GSSG) glutathione forms, in the leaves was 

notably higher in the Airjection® (m= 305.4, SE= 63.37) by 31% than the levels in water 

only plants (m= 159.65, SE= 44) at P=0.05, at one-tailed t-test) (Figure 8). The levels of 

oxidized GSSG in the Airjection treated beds (m=305.40, SE= 63.37) were also 
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significantly higher (P=0.05, at one-tailed t-test) by 30% than the levels of GSSG in 

leaves receiving water only (m= 155.65, SE= 43.52) (Table 5, and Figure 8).  Leaf GSH: 

GSSG ratios shown in Table 5 and Figure 9 suggest that these ratios did not change much 

when the water only tomatoes (m=0.03, SD=0.02) were subjected to Airjection® (m= 

0.07, SD= 0.02).  

In terms of the increased GLU levels due to Airjection Irrigation, the above 

results are consistent with the preliminary findings by Ichapurapu et al., (2014) in 

determining forms of glutathione in tomatoes using a colorimetric assay. However, in 

contrast to the work by Ichapurapu et al., (2014) in which Airjection triggered an increase 

in GSH in leaves, there was no significant difference in GSH levels in the leaves of the 

water only and Airjection irrigated plants in the current study. It is also noteworthy that in 

a study without Airjection Irrigation, conducted by Corpas et al. (2018), the amount of 

GSH was predominant over the other forms of GLU in the leaf tissue of a healthy plant. 

Nonetheless, the increased levels of GLU in leaves collected from the Airjection treated 

plots in the current study would suggest a potential for increased tolerance of tomato 

plants to oxidative stress based on glutathione metabolism pathway by Larcher (2003) 

presented earlier (Figure 5).  In the current study, due to budgetary and time constraints, 

the leaf samples analyzed were those collected at the time of harvest. Ideally, plant 

tissues should have been analyzed at least three times during the growing season (early, 

mid-season and at harvest) in effort to observe the trends in GLU, GSH and GSSG as was 

done for tomato fruits by Jimenez et al. (2002).  

Fruit GSH content in control (m=30.72, SE= 6.07) and aerated (m=33.70, SE= 

5.63) plots did not show any significant difference (P>0.15) in the tomato tissues (Table 

6 and Appendix F). The average amount of GSSG (m=495.79, SE= 79.32) and total GLU 

(m= 526.51, SE= 80.74) in samples receiving water only did not differ statistically from 

the levels of GSSG(m=495.79, SE= 79.32 and total GLU (m=576.99, SE= 83.02) in 
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aeration treatment (Figure 10). A similar trend was observed for the GSH: GSSG ratio 

where there was no change in fruits collected at water only (m= 0.16, SE= 0.06) versus 

air (m= 0.14, SE= 0.03) (Figure 11 & Appendix F). 

The findings from the currents study were in contrast to that obtained for red 

tomatoes in the work by Jiminez et al., (2002) in which there was a significant (P<0.05) 

increase in GSH levels at the red and over-ripe stages. However, in both studies the 

glutathione pools in the tomato fruits were highly oxidized.  For the samples analyzed by 

Jiminez et al. (2002), the GSH redox state ([GSH]/([GSH]+[GSSG]) was very low (<0.2) 

in the small green stage, but this ratio increased until the turning stage. In the current 

study, the GSH redox state calculated from the data presented in Table 6 was 0.06 for the 

red tomatoes collected from the aerated and non-aerated plots. As mentioned earlier for 

the leaf samples, it would have been worthwhile to follow the GLU forms in the tomatoes 

at various ripening stages of the tomatoes. In spite the sampling limitations, the current 

work represents a significant step in an effort to quantitatively measure the impact of 

Airjection level on the regulation of oxidative stress in tomatoes grown on a heavy clay 

soil.        

Table 6. Mean ± S.E. for Fruit tissue GSH, Total GLU, GSSG, and GSH: GSSG ratio 

from three plants (kg/3 plants) of tomatoes in 2018 & 2019. 
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Figure 10. Average total glutathione pool and GSSG content in tomato fruits subjected to 

water only and Airjection® Irrigation 

 

Figure 11. Average GSH: GSSG ratio in tomato leaves subjected to water only and 

Airjection® Irrigation 
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Pearson and Spearman’s Rank Correlations with Yield, 
Quality, and Glutathione Data 

Pearson correlation statistics were performed to interpret the leaf and fruit 

glutathione relationship dynamics concerning yield and quality parameters. A summary 

of the Pearson correlations is provided in Tables 7, 8, 9, and 10. More fruit GSSG 

(r=0.907, P≤ 0.05) and total GLU (r=0.923, P≤ 0.04) promote green tomatoes in water-

only treated leaves. The leaf GLU (r=-0.982, P≤ 0.01) and GLU (r=-0.983, P≤ 0.01) in 

aerated plots displayed a negative relationship with greens' production. These correlations 

indicate that the increase in total GLU values indirectly limited the green yield 

production in Airjection ® treatment. Interestingly, the fruit GSSG(r=-0.907, P≤ 0.05)  

and GLU (r=-0.921, P≤ 0.04) contents showed a negative correlation with red and 

breaker yields suggesting that reduction in oxidized and total pools could potentially 

improve the red and breaker yield. The Brix content in Airjection® maintained a positive 

correlation with reduced (GSH) (r=0.931, P≤ 0.03).  

Spearman's rank correlations were analyzed to compensate for high variability in 

the datasets that may due to any extreme values and to assess any monotonic 

relationships, i.e., either an increase or decrease between the yield, quality, and 

glutathione data. A summary of the Spearman correlations is provided in Tables 11 and 

12. The water only plots for leaf total GLU exhibited a negative relationship for red and 

breaker yields (s=-0.8, P≤ 0.1), whereas,the Airjection plots showed a similar trend the 

green yields (s=-0.8, P≤ 0.1). Airjection treatment maintained an increase in shoot dry 

weight ((s=1.00, P≤ 0.01), while there is no correlation between the total leaf GLU and 

water only treatment. When treated with Airjection, fruit total GLU retained a negative 

association with reds, breakers, and shoot dry weight (s=-0.8, P≤ 0.1). Tissue nitrate 

showed a positive correlation with water only treatment (s=0.8, P≤ 0.1) compared to 

Airjection treatment, which displayed a negative relationship (s=-0.8, P≤ 0.1). 
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Table 7. Pearson correlation coefficients (r) between the water only treated leaf GSH, 

total GLU, GSSG, and GSH: GSSG ratio and their respective marketable yield with reds, 

breakers, greens, total yield, and tissue nitrate 

*Correlation is significant at P ≤ 0.05, ** Correlation is significant at P ≤ 0.01, and ***Correlation is 

significant at P ≤ 0.1 
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Table 8. Pearson correlation coefficients (r) between the air treated leaf GSH, total GLU, 

GSSG, and GSH: GSSG ratio and their respective marketable yield with reds, breakers, 

greens, total yield, and tissue nitrate 

 
*Correlation is significant at P ≤ 0.05, ** Correlation is significant at P ≤ 0.01 
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Table 9. The correlation coefficient (r) between the water only treated fruit GSH, total 

GLU, GSSG, and GSH: GSSG ratio and their respective marketable yield with reds, 

breakers, greens, total yield, and Brix 

*Correlation is significant at P ≤ 0.05, ** Correlation is significant at P ≤ 0.01 
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Table 10. The correlation coefficient (r) between the air treated fruit GSH, total GLU, 

GSSG, and GSH: GSSG ratio and their respective marketable yield with reds, breakers, 

greens, total yield, and Brix 

 
*Correlation is significant at P ≤ 0.05, ** Correlation is significant at P ≤ 0.01 
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Table 11. Spearman rank correlation coefficient (s) between the air treated vs. water only 

leaf GSH, total GLU, GSSG, and GSH: GSSG ratio and their respective marketable yield 

with reds, breakers, greens, total yield, Brix, tissue, nitrate, shoot weight, root weight, and 

root: total plant ratio 

 *Correlation is significant at P ≤ 0.05, ** Correlation is significant at P ≤ 0.01 
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Table 12. Spearman rank correlation coefficient (s) between the air treated vs. water only 

fruit GSH, total GLU, GSSG, and GSH: GSSG ratio and their respective marketable yield 

with reds, breakers, greens, total yield, Brix, tissue nitrate, shoot weight, root weight, and 

root: total plant ratio 

*Correlation is significant at P ≤ 0.05, ** Correlation is significant at P ≤ 0.01



   

CONCLUSIONS 

The overall yield of reds (P≤ 0.04) and breakers (P≤ 0.08), in both the years, were 

significantly affected by the irrigation treatments. Aerated plants produced 15.5 % greater 

reds and 53% more breakers than the one’s receiving the water only in 2018. Similarly, 

the Airjection® study showed a significant difference in yields of reds (P≤ 0.038) and 

breakers (P≤ 0.01) in 2019. The Airjection treatment yielded 18.7% reds and 38.3% 

breakers higher than the non aerated plots. 

The glutathione GLU pool, which is the combined total of reduced and oxidized 

glutathione forms, was also observed to be notably higher in the Airjection® (m= 305.4, 

SE= 63.37) by 31% than the levels in control (m= 159.65, SE= 44) at P=0.05, at one-

tailed t-test). Both Pearson and Spearman’s rank correlations were conducted due to the 

high variance in the data and check whether the relationship is linear or monotonic, i.e., 

either an increase or decrease between the yield, quality, and glutathione data. 

In Pearson correlations, the water-only treated leaves total GLU (r=0.923, P≤ 

0.04) promotes green tomatoes, whereas the leaf total GLU (r=-0.983, P≤ 0.01) in aerated 

plots displayed a negative relationship with greens' production. Thus, indicating that the 

GLU values increased gradually improved the red and breaker yields in airjection treated 

plots. Interestingly, the fruit GLU (r=-0.921, P≤ 0.04) contents in airjection treatment 

showed a negative correlation with red and breaker yields suggesting that reduction in 

total pools could improve the red and breaker yield.  

The Spearman’s correlation tests followed a similar trend as the Pearson’s 

correlation regarding the leaf total GLU in both the treatments. But the aerated plots 

showed an increase in shoot dry weight ((s=1.00, P≤ 0.01) compared to water only 

treatment. The fruit total GLU reduced the reds, breakers, shoot dry weight, and tissue 

nitrate (s=-0.8, P≤ 0.1), in disparity to the function of leaf total GLU content. Tissue 
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nitrate showed a positive correlation with water only treatment (s=0.8, P≤ 0.1) compared 

to Airjection treatment, which displayed a negative relationship (s=-0.8, P≤ 0.1). 

While much work has been conducted on the positive impacts of Airjection® 

Irrigation on growth and yield chatacteristics of vegetables, the current study is the fist to 

quantitatively measure the impact of Airjecton on the level of oxidative stress in fresh 

market tomatoes grown in a clay soil in California. 
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T-tests for Leaf GSH, GSSG, GLU, AND GSH: GSSG ratio 
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Descriptive statistics for fruit GSH, GSSG, GLU, AND GSH: GSSG ratio 

 

Fruit GSH, GSSG, GLU, AND GSH: GSSG ratio 

 


