
 POTENTIAL BENEFICIAL REUSE OF OILFIELD PRODUCED WATER  

FOR AGRICULTURAL IRRIGATION: EFFECTS ON 

 CROP HEALTH, UPTAKE, METABOLISM, 

AND BIOACCUMULATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

by 

Erin M. Sedlacko



ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by Erin M. Sedlacko, 2021 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 

Mines in partial fulfillment of the requirements for the degree of Doctor of Philosophy 

(Environmental Engineering Science). 

 

Golden, Colorado 
Date  ____________________________ 
 

 

 

 

 

Signed  ____________________________ 
Erin M. Sedlacko 

 
 
 

Signed  ____________________________ 
Dr. Christopher P. Higgins 

Thesis Advisor 
 

 
 
 

Golden, Colorado 
Date  ____________________________ 

 
 

Signed  ____________________________ 
Dr. Junko Munakata-Marr 

Professor and Head 
Department of Civil and Environmental Engineering 

  



iv 

ABSTRACT 

With increasing water scarcity, the potential reclamation of oilfield produced water (PW) 

for food crop irrigation provides a means to augment dwindling water resources in the 

agricultural sector. However, concerns related to crop health and chemical residues in food crops 

as a result of irrigation with unconventional water supplies have grown. Rather than consider PW 

as a waste product requiring disposal by deep-well injection, the overarching objective of this 

dissertation was to evaluate the possible beneficial reuse of PW for use in agriculture, 

specifically by investigating the effects on crop health and metabolism as well as the uptake of 

inorganic constituents in crops irrigated with PW from O&G operations. In Colorado, much of 

the O&G operation coincides with arid areas of agricultural operation, providing a unique 

opportunity to study the potential for beneficial reuse. The approach combined greenhouse 

experiments, using actual PW of varying water qualities, with mass spectrometry (MS)-based 

metabolomics and ionomics analysis using gas chromatography (GC-MS) and inductively 

coupled plasma (ICP-MS), respectively, to assess how different water qualities influence plant 

uptake and metabolism.  

First, the physiological and morphological response of wheat irrigated with dilutions of 

Denver-Julesburg (DJ)-Basin PW was assessed, providing a framework for PW use guidelines to 

minimize effects on crop health. Second, water treatment technologies targeted at removal of 

salinity and organic chemical content from PW were compared to identify the impacts of 

inorganic contaminants and nutrient uptake in both wheat and sunflower and their associated 

soils. Third, multivariate statistical tools coupled with non-targeted metabolomics were used to 

establish a molecular phenotype for PW-irrigated wheat and demonstrated that physiological 

changes observed were the result of biochemical changes reflective of adaptation and tolerance 

mechanisms to the unique stressor imposed by PW.  

The results of this dissertation are novel and important as this investigation is the first of its 

kind to examine uptake and metabolism in food crops and the impacts upon irrigated soils using 

authentic oilfield PW and experimental treatment technologies of that water. Any expansion of 

the limited practice of PW reuse in agriculture will also require careful consideration of the many 

data gaps surrounding PW variability, composition, characterization, toxicity, treatability, and 

feasibility. The results of this dissertation are intended to motivate further efforts to address these 

data gaps, potentially leading to the beneficial reuse of these wastewaters. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Problem statement and significance 

Global water demand has increased by 600% over the past 100 years and is expected to 

increase by 55% by 2050, with the majority of that demand in agricultural use (Wada et al., 

2016). This pressure is exacerbated by rapid development, population growth, and climate 

change, and this continuous pressure affects our water, energy, and food resources (NRC, 2012). 

The security of these resources is essential for our continued development and survival; and 

food, energy, water, and biodiversity have traditionally been studied and managed separately. 

Recently, the Food-Energy-Water (FEW) Nexus concept has been established as a useful way to 

increase our understanding of the interdependency of water, energy and food (Finley & Seiber, 

2014). If we aim to conserve these resources, smarter resource management will be required; 

conserve any one of those three resources in the nexus and it will thereby impact the others. Of 

course, the opposite is also true, and therein lies the difficulty of conservation. Another strategy 

is to address waste in any of those sectors. Projections for global needs in 2050 bring the 

problem into particular focus: 55% more freshwater, 70% more energy, and 60% more food 

(Alexandratos & Bruinsma, 2012; Chateau et al., 2012). As population increases, and drought 

conditions worsen in the western U.S. and other locations globally, more food will be needed to 

feed more people while using less water on less land. Thus, the aim of this research is to inform 

an issue that sits directly in the FEW nexus: the evaluation of the potential for beneficial reuse of 

wastewater from oil and gas development (energy) for food crop (food) irrigation (water). 

In the arid American west, increasing limitations on freshwater availability and reliability 

have pitted agricultural water supply interests against oil and gas (O&G) production, especially 

regarding the practice of hydraulic fracturing (HF), which requires over 22 million m3 of water 

annually in Colorado alone (Freyman, 2014). However, produced waters (PW) from O&G 

operations could potentially represent a new water source for many drought-stricken areas. 

Rather than consider oilfield produced water (PW) a waste, often requiring expensive disposal by 

deep-well injection, which also triggers induced seismicity concerns (Guglielmi et al., 2015), the 

overarching objective of this dissertation is to evaluate the possible beneficial reuse of PW for 
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use in agriculture, specifically by investigating the effects on crop health and the uptake and 

metabolism of chemicals in crops irrigated with PW. PW could potentially add a significant 

volume of “new water” to agricultural regions of the arid southwest. For example, California 

generates over 370 million m3 per year of PW, an amount equivalent to the domestic usage of 

~1.4 million people (Ganesh and Lelong, 2005). Beneficial use of this water could represent a 

“win-win” scenario for O&G operators searching for economical means by which to dispose of 

their wastewater and agricultural operators in need of a new water source for irrigation.  

Although most of the United States does not currently allow for crop irrigation using PW, 

a few states in the arid west have seen some success with the practice, and the Central Valley of 

California has been using PW to irrigate fields for over 25 years (Kondash et al., 2020). Even 

this limited use of PW in agriculture practiced in California has raised concerns among the 

public (Cart, 2015; Theodori et al., 2011), including a boycott of produce grown with “oil and 

gas wastewater.” A greater understanding of plant uptake and bioaccumulation as well as careful 

consideration of the complex composition of PW, including both geogenic and synthetic 

fractions with inorganic constituents and new and emerging organic compounds of concern, will 

be needed to address residue concerns in food crops. At the same time, it is equally important to 

examine whether or not the use of minimally treated PW for irrigation is feasible through 

examinations of crop responses to PW quality. Crop health, soil heath, and human health must all 

be addressed before meaningful beneficial reuse practices can be implemented.  

This research combines greenhouse experiments, using actual PW of varying water 

qualities and treatment technologies, with morphological and physiological studies utilizing mass 

spectrometry (MS)-based analysis using gas chromatography (GC-MS) and inductively coupled 

plasma (ICP-MS) to assess how different water qualities influence plant uptake and metabolism 

of PW in two prominent Colorado crops: wheat (Triticum aestivum), a monocot, and sunflower 

(Helianthus annuus), a dicot. Non-targeted metabolomics and ionomics approaches elucidate the 

effects of PW on plant uptake and metabolism at the molecular level and at the elemental level, 

respectively. The foundation of this work is built on a holistic evaluation of the crop response to 

irrigation with PW in an otherwise anthropocentric FEW nexus view. The work as a whole aims 

to inform future efforts to assess the implications of the adoption of the use of PW in agriculture 

as a means to help bridge the gap between supply and demand of our resources. 
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1.2 Objectives and hypotheses 

The overarching objective of this dissertation is to evaluate the possible beneficial reuse of 

PW for use in agriculture, specifically by investigating the effects on crop health and the uptake 

and metabolism of chemicals in crops irrigated with PW from O&G operations. This broad 

objective was pursued through tasks addressing the following focused objectives: (1) to evaluate 

the physiological and morphological response of wheat (Triticum aestivum) irrigated with 

Denver-Julesburg (DJ) Basin PW, (2) to assess the effects of PW treatment methods on metal, 

salt and micronutrient accumulation in wheat and sunflower (Helianthus annum) and their 

associated soils, and (3) to analyze the metabolomic response of wheat irrigated with PW using a 

non-targeted approach. Each objective was evaluated for its potential to inform the potential 

implementation of the beneficial reuse of PW in irrigation and is summarized below: 

Objective 1. Evaluating Physiological and Morphological Response of Wheat (Triticum 

aestivum L.) Irrigated with PW. It was hypothesized that effects of minimally treated PW will 

influence plant health, and because of the significant salinity component of PW, that salinity 

induced stress will be the primary response for wheat irrigated with PW from the DJ Basin 

diluted 90% and 50% with tap water. The outcome of this study was a publication (Chapter 2) 

describing physiological and morphological responses to the stress introduced by PW (Sedlacko 

et al., 2019). This chapter and publication assess whether minimally treated PW can be used to 

irrigate wheat with minimal yield reduction and whether salinity is the primary factor governing 

the response of wheat to PW.   

Objective 2. Assessing Effects of Produced Water Treatment Methods on Metal and Salt 

Accumulation in Wheat (Trictum aestivum) and Sunflower (Helianthus annuus) and Associated 

Soils. It was hypothesized that treatment technologies targeted at removal of salinity (i.e., total 

dissolved solids; TDS) and organic content (i.e., dissolved organic carbon; DOC) from PW to 

agricultural irrigation standards will decrease the impact of PW on two salt-tolerant food crops, 

sunflower and wheat. The outcome of this study was a publication (Chapter 3) describing the 

translocation and accumulation of metals, micronutrients, and salts in wheat and sunflower 

irrigated with treated and blended raw PW (Sedlacko et al., 2020). The most feasible PW 

treatment technologies were employed (Riley et al., 2016; Yoshino, 2017) and impacts were 

evaluated in pilot studies at the Mines Park Greenhouse. 



4 

Objective 3. Evaluating Metabolomic Response in Food Crops Irrigated with PW. It was 

hypothesized that by comparing primary metabolite levels in treated vs. control plants, we would 

be able to better understand physiological responses to abiotic stresses and stresses imposed by 

PW. In addition, given the limitations of current PW characterization techniques, a non-targeted 

metabolomics approach would capture unanticipated plant responses and provide an opportunity 

to examine the potential for accumulation and/or transformation of unknown or unexpected 

contaminants and/or metabolites. The outcome of this study was Chapter 4 (in the process of 

submission), which describes the primary metabolomic responses, as determined by GC-MS 

based metabolomics, to the combined stress introduced by PW, including the identification, 

translocation, and/or accumulation of metabolites. 

 

1.3 Dissertation organization 

This dissertation is a collection of three journal articles that are published, submitted, or in 

preparation. Chapter 1 (this chapter) outlines the research hypotheses and approaches for the 

material in the main body of the dissertation. The closing chapter (Chapter 5) summarizes the 

conclusions drawn from the dissertation work, and recommends directions for future efforts. The 

main body of the dissertation (Chapters 2 -4) describes the motivations, experimental approach, 

results, and conclusions from the three research efforts undertaken to address each of the three 

research objectives. Relevant supporting information for each of these chapters is provided in 

Appendices A - D. The following subsections contain a description of each of the chapters in the 

main body of the dissertation: 

 

1.3.1 Potential for beneficial reuse of oil-and-gas-derived produced water in agriculture: 

physiological and morphological responses in spring wheat (Triticum aestivum) 

Chapter 2, “Potential for beneficial reuse of oil-and-gas-derived produced water in 

agriculture: physiological and morphological responses in spring wheat (Triticum aestivum)” by 

Erin M. Sedlacko (primary researcher and author), Courtney E. Jahn (Professor at Colorado State 

University (CSU), provided insight on wheat physiology and root scanning technology), Adam 

L. Heuberger (Professor at CSU, provided insight on experimental design and greenhouse 

space), Nathan M. Sindt (Graduate student at CSU, provided insight on experimental design and 

sample collection), Hannah M. Miller (Postdoctoral researcher at CSU, provided assistance on 
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sample collection and storage), Thomas Borch (Professor at CSU, provided insight on 

experimental challenges and greenhouse space), Andrea C. Blaine (Professor at Mines, deceased, 

provided insight on experimental design and inception), Tzahi Y. Cath (Professor at Mines, 

provided insight on PW quality and sourcing), and Christopher P. Higgins (Professor at Mines, 

principal investigator and corresponding author), has been published in Environmental 

Toxicology and Chemistry (Sedlacko et al., 2019). This paper addresses Objective 1 and provides 

detailed analysis of morphological and physiological responses of wheat irrigated with dilutions 

of PW compared and salinity and tap controls. Supporting information for this chapter is 

provided in Appendix A. Environmental Toxicology and Chemistry automatically grants 

copyright approval to all students to repurpose published manuscripts in their dissertations. 

Approval for republication of the manuscript was confirmed from all co-authors. Copyright and 

co-author permissions are included in Appendix E.  

 

1.3.2 Effect of produced water treatment technologies on irrigation-induced metal and 

salt accumulation in wheat (Triticum aestivum) and sunflower (Helianthus annuus) 

Chapter 3, “Effect of produced water treatment technologies on irrigation-induced metal 

and salt accumulation in wheat (Triticum aestivum) and sunflower (Helianthus annuus)” by Erin 

M. Sedlacko (primary researcher and author), Jacqueline M. Chaparro (Postdoctoral researcher at 

CSU, provided insight and assistance with ICP-MS) Adam L. Heuberger (Professor at CSU, 

provided insight on ionomics datasets), Tzahi Y. Cath (Professor at Mines, provided insight on 

water treatment technologies), and Christopher P. Higgins (Professor at Mines, principal 

investigator and corresponding author), has been published in Science of the Total Environment 

(Sedlacko et al., 2020). This paper addresses Objective 2 and provides detailed analysis of 

selected PW treatment technologies on plant and soil health and includes elemental analysis to 

evaluate inorganic constituent uptake and bioaccumulation in sunflower and wheat. Supporting 

information for this chapter is provided in Appendix B. Science of the Total Environment 

automatically grants copyright approval to all students to repurpose published manuscripts in 

their dissertations. Approval for republication of the manuscript was confirmed from all co-

authors. Copyright and co-author permissions are included in Appendix E. 
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1.3.3 Metabolomics reveals response of wheat (Triticum aestivum) to irrigation with 

oilfield produced water 

Chapter 4, “Metabolomics reveals response of wheat (Triticum aestivum) to irrigation with 

oilfield produced water” by Erin M. Sedlacko (primary researcher and author), Adam L. 

Heuberger (Professor at CSU, provided insight on metabolomics datasets), Jacqueline M. 

Chaparro (Research scientist at CSU, provided insight on metabolomics datasets), Tzahi Y. Cath 

(Professor at Mines, provided insight on PW water quality and sourcing), and Christopher P. 

Higgins (Professor at Mines, principal investigator and corresponding author), is in the process 

of submission for publication. This paper addresses Objective 3 and provides a detailed analysis 

of the metabolomic responses of wheat irrigated with dilutions of PW compared and salinity and 

tap controls. Supporting information for this chapter is provided in Appendix C. Most journals 

automatically grant copyright approval to all students to re-purpose submitted manuscripts in 

their dissertations, providing that the dissertation is not published online prior to acceptance and 

publication of the manuscript. Approval for inclusion of the manuscript was confirmed from all 

co-authors and is included in Appendix E. 
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CHAPTER 2 

 

POTENTIAL FOR BENEFICIAL REUSE OF OIL-AND-GAS-DERIVED PRODUCED 

WATER IN AGRICULTURE: PHYSIOLOGICAL AND MORPHOLOGICAL 

RESPONSES IN SPRING WHEAT (TRITICUM AESTIVUM)  

 

Modified from a scientific article published in Environmental Toxicology and Chemistry1 

Erin M. Sedlacko2∆, Courtney E. Jahn3, Adam L. Heuberger3, Nathan M. Sindt3, Hannah M. 

Miller3, Thomas Borch3, Andrea C. Blaine2†, Tzahi Y. Cath2, and Christopher P. Higgins2*

 

2.1 Abstract 

Produced water (PW) from oil and gas operations is considered a potential resource for 

food crop irrigation due to increasing water scarcity in dryland agriculture. However, efforts to 

employ PW for agriculture have been met with limited success. Here, a greenhouse study was 

performed to evaluate the effects of PW on physiological and morphological traits of spring 

wheat (Triticum aestivum). Plants were irrigated with water treatments containing 10% and 50% 

PW, and compared to 50% NaCl and 100% tap water controls. Compared to controls, plants 

watered with PW10 and PW50 exhibited developmental arrest and reductions in aboveground 

and belowground biomass, photosynthetic efficiency, and reproductive growth. Decreases in 

grain yield ranged from 70 to 100% in plants irrigated with PW compared to the tap water 

control. Importantly, the PW10 and NaCl50 were comparable for morpho-physiological effects, 

even though NaCl50 contained five times the total dissolved solids, suggesting that constituents 

other than NaCl in PW are contributing to plant stress. These findings indicate that despite 

discharge and reuse requirements focused on total dissolved solids, salinity stress may not be the 

primary factor affecting crop health. This study provides a framework for PW use guidelines to 

minimize effects on crop morphology and physiology. 
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2.2 Introduction 

Water supplies in the United States (U.S.) are under increasing stress because of population 

and economic growth, industrialization, and the impacts of climate change (NRC, 2012). Recent 

droughts across much of the Western U.S. have exacerbated this situation. Concurrently, oil and 

gas (O&G) exploration and production have increased in the region. In Colorado alone, 62 

million m3 of wastewater is generated annually from deep formations during hydraulic fracturing 

and O&G extraction (Goodwin et al., 2013); this water is known as produced water (PW). 

Categorized as a waste product by the U.S. Environmental Protection Agency, PW can exceed 

the volume of O&G extracted by a factor of ten to twenty (Funston et al., 2002). Recent reports 

have estimated that 42% of water from surface and groundwater sources in the U.S. is used for 

agriculture, and most PW is generated in relatively rural, often agricultural areas (Dieter et al., 

2018). Rather than consider PW as waste, which is typically disposed by deep-well injection, 

PW from O&G operations could potentially serve as a new water source for semi-arid and 

drought-prone areas of agricultural production. 

The major constituents in PW are naturally occurring formation minerals, characterized as 

total dissolved solids (TDS). PW can also contain naturally occurring organic matter, radioactive 

materials such as radium and uranium, and heavy metals and metalloids (Oetjen et al., 2017; 

Rosenblum et al., 2017).  As a formation-derived waste stream, PW is specifically differentiated 

from flowback water, or the initial return of injected fluid, which is generally higher in the 

synthetic organic chemicals used during hydraulic fracturing or well stimulation (Wunsch, 

2013). The quality of PW is formation-specific and can vary widely (Fakhru’l-Razi et al., 2009). 

For example, TDS levels can range from 220 to 42,000 mg L-1 in a single basin (Kiparsky et al., 

2013), and from <2000 to <550,000 mg L-1 in different regions (Arthur et al., 2005; Akob et al., 

2016). Furthermore, the TDS of one well can change by orders of magnitude over time as 

formation water draw down occurs during production (Dahm et al., 2014; Rosenblum et al., 

2017).  

In order to reuse PW, it must be treated to reduce TDS levels. The simplest way TDS can 

be reduced is by blending PW with freshwater (Carrero-Parreño et al., 2017); however, even 

after treatment with state-of-the-art engineered water treatment systems (or simple dilution with 

freshwater), PW still contains organic chemicals, metals, and salts (FAO, 2006; Jaramillo and 

Restrepo, 2017; Shaffer et al., 2013). Current guidelines for agricultural reuse require TDS 
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concentrations to be below 500 mg L-1 (Doran et al., 1998; FAO, 2006; Ganesh et al., 2005). 

Although certain crops can tolerate TDS levels up to 2,000 mg L-1, water with salinity above the 

threshold for irrigation may cause long-term soil salinity and fertility problems after infiltration 

and subsequent evapotranspiration, long after the practice has ceased (Martel-Valles et al., 2016). 

This is particularly important for shallow soils in arid or semi-arid climates, where excess soil 

salinity could irreparably damage soil fertility (FAO, 2002). 

The Central Valley of California has been using PW to irrigate fields for over 20 years 

(Shonkoff et al., 2016). Like other states, it considers the waste and re-use of PW on a case-by-

case basis. California has allowed the use of PW with TDS levels <500 mg L-1 for agricultural 

irrigation in Kern County (Heberger and Donnelly, 2015; Pichtel and John, 2016). Even this 

limited use of PW in agriculture practiced in California has raised public concerns about 

chemicals accumulating in the crops (Cart, 2015; Theodori et al., 2011), including a boycott of 

produce grown with “oil and gas wastewater”, including well-known products like oranges, 

pistachios, raisins, wine, and pomegranate juice. 

In the context of the actual application of PW onto food crops, two primary questions often 

arise: (1) are there chemicals in the PW that could accumulate in the crops and lead to adverse 

effects in humans and animals? and (2) what is the impact of PW on plant health and 

development? The first question is the primary motivation behind the establishment of 

California’s Central Valley Water Quality Control Board (CalEPA, 2016), and may be the 

limiting factor for implementation from a social perspective (Mayer, 2017). The latter question is 

perhaps more immediately critical in that water quality measures such as TDS are often the 

limiting factor for implementing PW use in agriculture (Meng et al., 2016). Thus, while residue 

concerns will need to be addressed, it is equally important to examine whether it is even feasible 

to use minimally treated PW through examinations of crop responses to PW quality. 

Exposure to PW is likely to affect many key metabolic processes, including cell growth and 

glycolysis, photosynthesis, carbon and nitrogen assimilation, nutrient allocation, reproductive 

growth, and senescence (Fitter and Hay, 1989; Madhava Rao et al., 2006). Abiotic stresses such 

as drought, salinity, and temperature stress are known to impose an osmotic stress on plants, 

causing dehydration (Bortolheiro and Silva, 2017). During stress, membranes disorganize, 

proteins denature, and excess levels of reactive oxygen species are produced that result in 

oxidative damage (Genga et al., 2011; Fraire-Velázquez et al., 2011). Consequently, stress can 
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lead to an inhibition of photosynthesis, metabolic dysfunction, damage of cellular structures, 

reduced fertility, and premature senescence (Aroca, 2012). In a recent study in maize, 50% of all 

endogenous plant metabolites had a response to salinity (Jorge et al., 2016). Given that salinity is 

the major factor in PW composition, many plant-related processes will be affected by irrigation 

with such waters (Witzel and Mock, 2016). PW stress is expected to cause response symptoms 

similar to salinity, drought, as well as oxidative stress, and this stress will likely impact both the 

morphological and physiological factors that influence crop yields (Zandalinas et al, 2018). Such 

stress is likely to impact the physiological parameters well before morphological impacts are 

observed (Carter et al., 2015; Li et al., 2010). 

This study was designed to evaluate the potential impacts of the use of PW in agriculture 

and food production by investigating the physiological and morphological response of wheat 

plants irrigated with PW. Wheat (Triticum aestivum) is a major staple food crop with both 

nutritional and economic importance, and despite its high salinity tolerance, irrigation with saline 

water can still affect grain yield (Gooding and Davies, 1986; Zhu et al., 2016). Wheat can be 

used as a model to better understand how PW can affect plant physiology in a wide range of 

crops. With global climate change, drought and heat stress are increasingly constraining wheat 

production (Lamaoui et al., 2018), and in a drought-stressed future climate, wheat may be 

irrigated with greater frequency. 

Here, we evaluate the morpho-physiological response of greenhouse grown spring wheat 

(Triticum aestivum var. “USU-Apogee”) irrigated with 10% and 50% PW mixed with tap water. 

Responses were compared to a (salinity matched) 50% NaCl control and a 100% tap water (TW) 

control. We hypothesized that salinity-induced stress would be the primary response for wheat 

irrigated with PW. Using both above- and below-ground morphological factors and non-

destructive physiological parameter measurements relevant to plant growth and biomass 

accumulation, our study had two primary objectives: (1) to determine if diluted PW can be used 

to irrigate wheat with minimal yield reduction; and (2) to assess if salinity is the primary factor 

governing the response of wheat to PW.  
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2.3 Materials and Methods 

2.3.1 Water treatments 

Four water treatments were selected for use in the study: (1) municipal TW as a control; (2) 

PW diluted 1:9 (PW10) with TW; 3) 1:1 (PW50); and (4) a salinity control (NaCl50) to mimic 

the PW50 treatment (Figure A.1 and Table A.1). PW contains salts commonly found in seawater, 

with Na and Cl the most abundant ions (Neff 2011). The raw PW used in the study was sourced 

from a previously hydraulically fractured well pad in the Niobrara formation of the Denver-

Julesburg (DJ) basin of Colorado, USA. The well pad was chosen because its water quality was 

consistent over time (Table A1). Approximately 165 gallons of raw PW was used for this study, 

and PW was stored at 4 °C in 55-gallon drums for the duration of the experiment. Water was 

drawn from the storage drums once per week to minimize storage at room temperature, and stock 

solutions were prepared as follows to irrigate plants 3 times a week with 150 mL per treatment. 

The amount of water applied varied slightly throughout the experiment to either avoid 

overwatering or provide sufficient water during times of maximum growth. Miracle-Gro All-

Purpose Plant Food (The Scotts Company, Marysville, OH, USA) was added as a nutrient 

supplement throughout the experiment. For the TW and PW treatments, 9.9 L of either TW or 

raw PW was added to three respective 20 L carboys and 31.7 grams of nutrient solution was 

added to each. For the NaCl50 treatment, 168.3 grams of NaCl was also added. For PW10, 1.98L 

of PW and 31.7 grams of nutrient solution were mixed in a fourth carboy. PW stock solutions 

were then diluted at 50% and 90% with municipal TW and stored in the greenhouse in 20 L 

plastic carboys. Prior to hand watering, the water was stirred to minimize the effects of settling. 

Initial water characterization was performed using inductively-coupled plasma optical 

emission spectroscopy (ICP-OES; Optima 5300 DV, PerkinElmer, Fremont, CA) and ion 

chromatography (IC; ICS-900, Dionex, Sunnyvale, CA) for concentration of cations/metals and 

anions, respectively. Organic carbon (total (TOC) and dissolved (DOC)) and total nitrogen (TN) 

concentrations were measured using a carbon analyzer (Shimadzu TOC-L, Columbia, MD). 

Alkalinity measurements were conducted by digitally titrating 1.6 N sulfuric acid into 100 ml of 

raw, unfiltered samples until the sample reached a pH of 4.5. Standard Method 2540.32 was used 

to measure total suspended solids, fixed suspended solids, and volatile suspended solids. 

Samples were diluted with deionized water to account for chloride interference limits with 

specific analytical tests. Hach kits were used to measure several analytes (chemical oxygen 
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demand (COD), NH3, NO3, PO4, Fe) and turbidity was measured using a digital turbidimeter 

(2100N; HACH, Loveland, CO). During plant growth, water was tested every two weeks for 

dissolved oxygen (DO), pH, and electrical conductivity (EC) with an MW802 Standard Portable 

pH / Conductivity / TDS Combination Meter (Milwaukee Instruments, Rocky Mount, NC). Soil 

EC was measured with a Fieldscout Direct Soil EC Probe (Spectrum Technologies, Inc.). 

 

2.3.2 Plant materials and growth conditions 

Plastic pots (2.6 L) pots were filled with 1.0 kg of dry fritted clay soil amendment (Porous 

Ceramic Green’s Grade, Profile Products LLC, Buffalo Grove, IL, USA) and fitted with a 

geotechnical fabric liner to prevent soil loss and allow for water drainage. TW was used to flush 

impurities (salts and minerals) from the soil medium, and water-holding capacity was measured 

24 hours after leaching. The media was pre-treated with Osmocote™ 19-5-8 time release 

fertilizer with micronutrients. 

USU-Apogee, a full-dwarf hard red spring wheat (Triticum aestivum L.) developed for high 

yields in controlled environments, was used in this study (Bugbee et al., 1999). Five wheat seeds 

were directly sown in prepared pots and maintained with untreated water until the two-leaf stage 

(Feekes 1.2). Plants were thinned (three uniform plants per pot) and at this point were split into 

four water treatment groups. 

Controlled greenhouse studies were conducted in the Colorado State University 

Horticulture Center greenhouse. Standard greenhouse conditions (temperature, humidity, etc.) 

were maintained at optimal growing conditions, including 16:8 photoperiod with supplemental 

lighting (90-95 µmol photons m–2 s–1 overhead LED), ambient temperature of 20-24 °C, and 

50% relative humidity. To account for variability, the experiment was established using a 

randomized complete-block design to control for spatial and temperature variations within the 

greenhouse, with a minimum of ten replicates per treatment. In addition, a separate time trial 

study was established with eleven weekly time points during development; three replicates of 

each treatment were collected for each of the eleven time points. A third experiment with three 

replicates of each treatment group was established for root analysis. 

The four treatment groups were hand-dosed three days/week to 80-100% water holding 

capacity to maintain crop health well above drought stress conditions (70% water holding 

capacity). Hand-irrigated water volumes for wheat plants ranged from 150-300 mL, with the 
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typical dose being 200 mL at three days per week. Pesticides were used once per experiment at 

Feekes 3 (Mantra, NuFarm Americas Inc., Laverton, Australia). 

 

2.3.3 Morphological and physiological measurements 

Aboveground. Height, tiller number, grain number, and photosynthesis metrics were 

measured at the beginning (29 days after planting), middle (49 days after planting), and end (63 

days after planting) of the experimental exposure, and at maturity (day 63-80 depending on 

treatment group). Plant height was recorded from the soil surface to the tip of the most fully 

expanded leaf. Upon maturity, plants were cut at the soil surface and the number of tillers and 

fresh weight was recorded. The samples were then oven dried at 75 °C to a constant mass for dry 

weight. Harvest index was calculated as the ratio of the grain yield to the total biomass, and grain 

yield was calculated as the product of grain per spike and grain mass (Gooding and Davies 

1997). Development was tracked via Feekes scale observations (Figure A.2). Chlorophyll 

florescence measurements (SPAD), Linear Electron Flow (LEF), photosystem II quantum yield 

(Phi2), non-photochemical exciton quenching (PhiNPQ), and quantum yield of other unregulated 

(non-photochemical) losses (PhiNO), were recorded using non-destructive reflectance 

instrumentation, MultiSpeQ (PhotosynQ.org). MultispeQ data collected also includes light 

intensity and quality, temperature, humidity, time and location, light-driven proton translocation, 

and thylakoid proton motive force. 

Belowground. After plant harvest, roots were thoroughly washed of soil medium, placed in 

a clear shallow container with deionized water, and scanned on an EPSON Expression 11000XL 

flatbed scanner. Root length, diameter, fractal dimension, and root class were calculated using 

WinRHIZO TM 2013e (Regent Instruments Inc., Quebec City, Canada) image analysis software. 

 

2.3.4 Statistical analysis 

Statistical analyses were completed using OriginPro® 2018b (OriginPro, 

RRID:SCR_015636). Data are shown as means with standard errors. Statistical difference of 

means was established by analysis of variance (ANOVA) with a Tukey post-hoc and p threshold 

of 0.05 for all pairwise comparisons. Z scores were calculated for all traits using the mean and 

standard deviation of the TW control compared to each treatment. 
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2.4 Results 

In this study, high (PW50) and low (PW10) ratios of PW along with salinity (NaCl50) and 

TW controls were selected to characterize the morphological and physiological response in a 

salt-tolerant wheat crop. Initial characterization of the raw DJ-Basin PW identified total 

dissolved solid (TDS) levels at 17,500 mg L-1, approximately half the salinity typically found in 

seawater (TDS > 35,000). Analysis of the PW indicated that NaCl comprised approximately 98% 

of the TDS (Table A.1), and these data were used to justify the NaCl treatment at 17,500 mg L-1, 

which was then diluted 50% with TW for NaCl50. Water quality characterization for the raw 

PW, TW, and nutrient solution (NS) used to make the irrigation treatments, as well as the 

individual mixtures for each of the four experimental groups themselves (TW+NS, PW10+NS, 

PW50+NS, and NaCl50+NS) is summarized in Table 2.1 (dominant anions as measured by IC 

are included in Table A2). All treatments received equal amounts of nutrient solution.  

 

Table 2.1. Water Quality Parameters of Treatment Groups Including Summary Parameters and 
Specific Analytes. 
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2.4.1 PW increased salinity and metal composition of irrigation water quality 

The initial raw PW contained 17,500 mg L-1 TDS, 220 mg L-1 TOC, and 30.9 mg L-1 TN, 

and the pH and EC were 7.1 and >20 mS/cm, respectively (Table 2.1). By comparison, the TW 

control contained 30.5 mg L-1 TOC, 3.14 mg L-1 TN, and EC of 0.112 mS/cm. In addition to 

NaCl, the predominant anion/cation present, the raw PW also contained metals not present in the 

TW or in the nutrient solution, including boron, barium, calcium, potassium, lithium, 

magnesium, and strontium, the non-metal silica, and bromide. Elevated Na and Cl in the PW 

increased the salinity of the irrigation water. As expected, the EC, Na, and Cl of the 50% PW and 

50% salinity control were approximately equivalent, and the 10% PW showed trends 

approximately one-fifth that of the 50% PW and one-tenth that of the raw PW. It should be noted 

that our characterization of PW for this study is not comprehensive and is limited to elemental 

analysis. Indeed, questions remain as to the validity of the use of established analytical methods 

for measuring organic chemicals associated with hydraulic fracturing in PW (Oetjen et al., 2017), 

rendering the organic fraction largely uncharacterized by current methods. 

 

2.4.2 Irrigation with PW affected aboveground morphology and reduced grain yield in 

wheat 

Plant height and tiller number were measured at weekly intervals during vegetative and 

reproductive growth to characterize the aboveground response of wheat to irrigation with PW 

(Figure 2.1). Effects of PW on tiller number were observed after approximately 3 weeks of 

repeated exposure. On day 29, PW10 and PW50 had reduced tillers, whereas the NaCl50 control 

did not affect tillers until day 36 (ANOVA, Tukey post-hoc p < 0.05 compared to TW control). 

The largest differences among the PW50, PW10, and NaCl treatments were observed beginning 

at day 48, indicating that the duration of exposure to PW influences aboveground growth. This 

trend was consistent with the effects of PW on height, which was reduced at the day 48 time 

point and remained low through the end of the experiment. Interestingly, PW10 and NaCl50 had 

little effect on plant height, although PW10 plants had reduced height compared to NaCl50 at the 

end of the experiment at day 62 (ANOVA, Tukey post-hoc p < 0.05). Feekes scale tracking of 

development confirmed the pattern of stress response: NaCl50 affected development, but PW10 

and PW50 had more significant developmental effects over the course of the experiment (Figure 

A.2). PW50 plants exhibited visible signs of developmental delay after approximately 3 weeks of 
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exposure; they only produced a single tiller, immediately transitioned to a reproductive phase 

(booting), and then senesced 20 days earlier than other treatment groups. Upon harvest (Feekes 

11.4), TW control plants had more tillers, but the same number of spikes as NaCl50 and PW10 

plants (ANOVA, Tukey post-hoc p <0.05), further indicating the inhibition in growth processes 

imposed by the stress of the PW and NaCl50 treatments when compared to the TW control. 

 

Figure 2.1. Responses in vegetative aboveground morphology of T. aestivum irrigated with oil 
and gas derived produced water (PW) treatment over a 9-week growing period. Tiller number 
(A) and wheat height (B) are plotted over time for the four treatment groups: Tap Water (TW), 
10% PW (PW10), 50% Salt Water (NaCl50), and 50% PW (PW50). Data are shown as average 
± standard error of triplicate measurements collected during weekly sacrificial sampling with 
tracked data points. Open symbols denote results of a parallel (non-destructive) experiment with 
ten replicates per treatment per timepoint. SEMs are provided in Table A.3 and statistical 
analyses are provided in Table A.4.  

 

Yield was measured in mature wheat plants at Feekes 11.4; specifically, grain yield (Figure 

2.2), biological yield (biomass; Figure 2.3), and harvest index (the ratio of the grain yield to the 

biological yield; Figure A.3). Compared to TW control, all grain yield components were reduced 

with PW10 and PW50 treatments including number of tillers, spike length, number of grains per 

spike, grain weight, biological yield (aboveground mass), grain yield (grain mass/spike), and 
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harvest index (%) (ANOVA, Tukey post-hoc, p < 0.05); Spike length was reduced by 8 cm 

between the TW control and PW50 treatment. Moreover, much like the trend in aboveground 

development, yield parameters were more impacted by PW treatment than by NaCl50. Notably, 

for all yield parameters measured, all treatment groups were significantly different from the TW 

control (p > 0.05).  

 

Figure 2.2. Percent decrease in yield parameters for each treatment relative to tap water (TW) 
control treatment (n=10). An asterisk indicates parameters for which PW50 had no measurable 
yield. Data are shown as average ± standard error reflective of the variability around the 
measurement of the treatment groups. Non-normalized measurements and their associated error 
are provided in Table A3, with statistical analyses provided in Table A4. For each parameter, 
letters indicate statistical equivalence among pairwise comparisons (ANOVA, Tukey, p < 0.05). 
All treatment groups were statistically different from the TW control. 
 

For grain production, all treatment groups produced grain except for PW50: Figure 2.2 

illustrates the percent decrease in yield compared to the TW control. Three out of ten PW50 

treated plants produced spikes without grain, indicating that PW specifically affected aspects of 

reproductive growth (heading to maturity). Though the salinity control plants (NaCl50) also 

exhibited a decrease in grain yield compared to the TW control, this was only a 45% decrease, 

whereas the PW10 plants exhibited a 70% decrease in grain yield. This greater impact on grain 

yield (compared to the NaCl50) further suggests that salinity is not the primary driver of stress to 
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the PW-irrigated plants. In addition to reproductive and yield effects, the overall aboveground 

morphology was affected, primarily as stunted growth in the PW50 treatment (Figures 2.1 and 

2.3), with no grain production (Figure 2.2), although 30% of the PW50 plants produced spikes, 

indicating an attempt at reproductive growth. The response of PW10 plants most closely 

resembled that of NaCl50 in grain mass and number (Figure 2.2), but most closely resembled the 

TW controls in growth and appearance (Figures 2.1, A.2, and 2.3); PW10 plants produced spikes 

similar to TW but did not produce the grain representative of spike length. Even at the higher 

salinity level, NaCl50 plants produced more grain than PW-treated plants.  

 

Figure 2.3. Aboveground and belowground biomass at 6 weeks after planting; values are given 
as average dry weight of triplicate samples (± SEM). See Table A.4 for ANOVA results. 
Corresponding aboveground photos were taken throughout the experiment and root structure 
photos were taken by a WinRHiZO scanner. One representative photo of each treatment at 6 
weeks was selected.  
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2.4.3 Irrigation with PW affected belowground morphology in wheat 

Root morphology was investigated because the salt and TOC content of PW was predicted 

to induce a drought-like response. PW50 plants had reduced root mass compared to all other 

treatments (Figure 2.3). Both aboveground to belowground fresh weight ratios (Figure A.3) and 

z-score analysis revealed that a major impact of PW is belowground. At day 42, root growth was 

evaluated as area, length, diameter, and fractal dimension (Figure 2.4). Compared to the TW 

control, all treatments reduced root mass (Figure 2.3) and diameter (Figure 2.4); however, only 

the PW50 treatment reduced root length and area (Figure 2.4, ANOVA, Tukey post hoc p < 

0.05). Fractal dimension (FD) varied among all treatment groups and lowered in accordance with 

treatment severity: specifically, TW>PW10>NaCl50>PW50, with PW50 showing a 92% 

decrease in FD from the TW control. Unlike the findings in aboveground morphology, where 

PW10 and NaCl50 most closely resembled each other when compared to both the TW and the 

PW50, in the case of belowground morphology, the NaCl50 more closely resembled its dilution 

counterpart, PW50. At the lower PW composition, PW10 roots more closely corresponded to the 

TW control. 

 

Figure 2.4. Percent change in root growth parameters for each treatment relative to tap water 
control (TW; n=10). Data are shown as average ± standard error reflective of the variability 
around the measurement of the treatment groups. Non-normalized measurements and their 
associated error are provided in Table A.3, with statistical analyses provided in Table A.4. 
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2.4.4 Physiological response to PW included reduced relative chlorophyll content (SPAD), 

Linear Electron Flow (LEF), and photosynthetic efficiency (Phi2) 

Both relative chlorophyll and LEF (micromoles of electrons/second) were measured in the 

flag leaf of each treatment group (n=10) during growth (Figure 2.5). In response to PW, both 

relative chlorophyll and LEF were reduced (ANOVA, Tukey post hoc p < 0.05). Following 

trends similar to those previously discussed, PW50 was most reduced, followed by PW10 and 

NaCl50. At the midway point, LEF in PW50 had no measurable electron transport. By day 63, 

both parameters show significance for all one-way comparisons except NaCl50 vs. PW10, 

illustrating the similarity between the 50% salinity control and the low PW treatment and the 

effect of continued experimental exposure over time. 

 

Figure 2.5. Relative Chlorophyll (A) and Linear Electron Flow (B) reduction over time. Data 
shown are average ± SEM of n=10 per treatment at the beginning, middle, and end of 
experimental exposure. Statistical analyses provided in Table A.4. 
 

Photosynthetic efficiency in the flag leaf, as measured by the quantum yield of 

Photosystem II (Phi2), non-photochemical quenching (PhiNPQ), and the remainder of light 

energy that was absorbed but not directed towards photochemistry or NPQ (PhiNO, thus 

Phi2+PhiNPQ+PhiNO = 1) is provided in Figure 2.6. For these photosynthetic parameters, the 
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TW control remained consistent at the beginning, middle, and end of experimental exposure, and 

there was no variation in photosynthesis among sample groups at the earliest time point, day 29 

(ANOVA, Tukey post-hoc p < 0.05 for all comparisons). PW50 exhibited changes in 

photosynthetic parameters at day 49, and all three treatments (PWs and NaCl50) had modified 

photosynthetic responses by day 63 (Figure 2.6). In PW50, PW10, and NaCl50 plants, the major 

shift in photosynthetic parameters was defined by a large increase in PhiNPQ, appearing earliest 

and strongest in PW50 plants (day 49, 98%). At day 63, all PW and the NaCl50 control had 

increased PhiNPQ; however, the PW10 and NaCl50 plants were comparable (~50%), and the 

PW50 remained high compared to the TW control, indicating that NaCl50 and PW10 plants had 

reached their maximum for regulated NPQ at day 63 and the excess NPQ in PW50 is rather 

reflective of photoinhibition. All pairwise comparisons at the end of the experimental exposure 

were significant, except NaCl50 vs. PW10 (ANOVA, Tukey p < 0.05). Phi2 and PhiNPQ 

averages all increased over time for the TW control, while PhiNO steadily decreased over time. 

In the salinity controls, PhiNPQ values increased significantly over time, while Phi2 and PhiNO 

values decreased. 

 

Figure 2.6. Photosynthetic responses in T. aestivum expressed as Phi2 + PhiNPQ + PhiNO = 1, 
where Phi2: quantum yield of photosystem II (PSII) photochemistry; PhiNPQ: quantum yield of 
non-photochemical quenching; and PhiNO: quantum yield of other unregulated (non-
photochemical) losses. Data shown are average ± standard error (n=10) per treatment at 
beginning (two weeks after treatment), middle, and end of experimental exposure. Statistical 
analyses provided in Table A.4. 
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2.4.5 Overall physiological and morphological response to PW 

Both physiological and morphological response data presented here reveal that the impact 

of irrigation with PW treatments worsens over time (Figures 2.1, 2.5, 2.6, 2.7.B). Moreover, they 

reveal that the impact of PW is system-wide; multiple factors were negatively affected (Figure 

2.7, pages 24-25). Under PW stress, all 28 traits measured were significantly impacted by the 

PW50 treatment, and fourteen were significantly impacted by the PW10 treatment (ANOVA, 

Tukey post-hoc p < 0.05; Z-scores, α = 0.05). By comparison, only 11 were significantly 

impacted by the NaCl50 treatment when compared to the control. The data supports an additive 

response in PW50, which is >PW10>NaCl50 at day 49, and a lesser response at early time points 

(Figure 2.7.B). The results of PW irrigation stress were most prominent in the PW50 treatment, 

with complete developmental arrest after four weeks of experimental exposure (Figures 2.1-2.3, 

2.5-2.7). However, PW10 treatments also exhibited deleterious effects, and indeed were 

outperformed by the NaCl 50 treatment (Figures 2.1, 2.2, 2.5, 2.6). 

 
2.5 Discussion 

With increasing water scarcity, the reclamation of PW for food crop irrigation provides a 

potential means to augment dwindling water resources in the agricultural sector.  For the reuse of 

PW to indeed be a beneficial one for food crop irrigation, minimal treatment of the waste that 

also meets environmental standards must be combined with high-quality crop yield. Because the 

value of wheat is largely in its grain, grain yield is generally emphasized (Donald and Hamblin, 

1976). Grain yield depends on many factors that operate throughout plant development (Nia et 

al., 2012). Morpho-physiological parameters influencing grain yield presented here reveal that 

irrigation with minimally treated PW at blending ratios of 1:1 and 1:9 with TW is not sufficient 

to produce an economically viable crop. Although the PW10 treatment supported growth with 

only a 70% loss of yield, there was no significant difference in yield parameters between PW10 

and NaCl50, the salinity control treatment at TDS levels five times that of the lower PW 

treatment (PW10). Importantly, the PW50 treatment did not produce any measurable grain (i.e., 

100% yield loss). These findings indicate that despite discharge and reuse requirements focused 

on TDS, salinity stress may not be the primary factor affecting crop health. From the results 

presented here, one could conclude that wheat was more susceptible to the PW treatment than 
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Figure 2.7. Twenty-eight (28) wheat traits influenced by produced water (PW) irrigation. Z-
scores of each trait were calculated for each treatment group compared to the tap water (TW) 
control. Morphological (A) and Physiological (B) traits are sorted by influence, or deviation 
from the tap water control. Gray shade at ± 1.96 indicates z-score significance at α = 0.05. Actual 
values are provided in Table A.5. 
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to the higher concentration of salt solution, thus indicating that some other parameter of PW, for 

example metal content and/or organic chemical content, may be a greater stressor to the plant. 

Photosynthetic parameters are reduced by irrigation with PW. Photosynthesis is sensitive 

to both abiotic and biotic stresses (Maswada et al., 2018; Pandey, 2015) and is a major 

determinant of plant productivity, critical to crop health and yield (Huang and Zhao 2013). 

Estimates suggest that 70-90% or more of the grain yield is derived from photosynthates 

produced after anthesis (Watson et al., 2015; Janick, 2010). Further, since the flag leaf blade may 

contribute to as much as 50% of the photosynthates during grain filling (Sofield et al., 1977), 

flag leaf photosynthesis is an important factor to consider. In photochemistry and NPQ, the 

photons are absorbed (not re-emitted as fluorescence) but have different roles within the plant: 

useful active photosynthetic work (Phi2) or dissipation as heat (PhiNPQ). PhiNPQ measures 

energy loss via downregulation of photochemistry and is not just a measure of regulated 

dissipation but also photoinhibition. For a healthy plant, PhiNPQ values are low and Phi2 values 

are high. For the PW50 plants, less than 1% of incoming light energy was used in measured flag 

leaf photochemistry by day 49, with 98% directed as NPQ, indicating the breakdown of 

photosynthesis enzymes due to stress (Figure 2.6; Kramer, et al., 2004; Morales et al., 2018). 

Both relative chlorophyll content, often correlated with leaf nitrogen content and plant stress, and 

LEF, a measure of the efficiency of electron transport and a proximate value for photosynthesis, 

are reduced by PW treatment (Figure 2.5). 

By day 49, results indicate that many of the plants’ essential metabolisms have all but 

stopped for the PW50 treatment group (Figure 2.6); electron flow, photosynthesis, and 

reproductive growth have ceased. Consequently, the plants did not fully transition to 

reproductive metabolism, indicating an impact on grain filling mechanisms. This additive 

response suggests that the biochemistry of the plant may be changing over time to adapt to the 

unique stressor imposed by PW. A greater understanding of that biochemistry will allow a more 

effective PW irrigation implementation with treatment at different stages in a plant’s 

development. Notably, flag leaf photosynthesis in each of the other treatment groups is largely 

unaffected by day 49, indicating that the timing of the stress is also important to consider for 

implementation. The data presented here suggest that, early on, PW irrigation stress makes little 

difference, but reproductive development and grain filling are particularly critical processes for 

healthy yields. By augmenting early irrigation patterns with PW to a certain point in 
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development, and then switching to higher-quality irrigation water at critical time points, crop 

yield could likely be improved. 

Higher content of PW had an even more pronounced negative effect on root traits than on 

aboveground traits (Figures 2.3, 2.4, and 2.7.A). PW10 behaved more like NaCl50 above 

ground, but more like the TW control below ground, suggesting that the salt component affected 

below-ground traits more, or earlier. Often a plant’s first line of defense, many crops have a 

deep, wide-spreading and branched root system to protect them from stress (Wang et al., 2009), 

and while wheat falls between those two ends of the root spectrum, its tolerance to drought and 

salinity is related to differences in root development (Kadam et al., 2015; Ji et al., 2014; Peng et 

al., 2009). Fractal analysis of the branching patterns in root systems has been used to describe 

abiotic stress responses in a number of crops, including wheat (Mandelbrot, 1983, Manschadi et 

al., 2008).  Here, as a measure of the root architecture, fractal dimension most clearly separated 

the treatment groups from one another (Figure 2.4, Walk et al., 2004), and with the added benefit 

of describing root branching patterns independently of root size (Fitter and Stickland, 1992), 

makes for a dynamic metric for further study in a time trial setting. 

 

2.5.1 PW irrigation challenges wheat tolerance with a unique set of combined stressors 

Stress, whether from biotic or abiotic sources, can injure a plant, and the severity of that 

injury can be as minimal as a reduction in growth or as severe as premature death. PW treatment 

affected every measured morphological and physiological factor that influences development and 

grain yield (Figure 2.7). Physiological changes occurred within the plants before morphological 

changes were observed. The inhibition of photosynthesis, reduced fertility, and premature 

senescence observed in the PW50, and to a lesser degree, PW10 plants, are documented 

consequences of drought and salinity stress (Lamaoui et al., 2018; Sun, et al., 2015). This 

combined stress imposes a third, osmotic stress, on the plant (Blum, 2017). In addition to the 

stressors introduced by the salinity levels of the PW, the analysis of morphological and 

physiological parameters revealed differences in plant response among the PW and salinity 

treatment groups and indicate that these plants are also experiencing additional stress unique to 

the PW components not associated with salt content or TDS. Future research should seek to 

determine whether and to what degree the combined stress introduced by PW—a suspected 

combination of salinity, drought, and oxidative stress—also includes plant toxicity resulting from 
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either the metal composition, and/or the largely uncharacterized organic chemicals present in 

PW. 

The use of alternative water sources for crop irrigation is not new; however, concerns have 

increased related to possible chemical uptake into food crops and adverse impacts on plant and 

soil health because irrigation with unconventional water supplies has increased (Cart, 2015; 

Blaine et al., 2014, Dobrowolski et al., 2008; Fatta-Kassinos et al., 2011). In response to some of 

these concerns, many studies have identified the types of chemicals in reclaimed wastewater that 

are likely to accumulate in or adversely impact food crops (Blaine et al., 2014; Hyland et al., 

2015; Wu et al., 2014). However, the complexity of the PW matrix has hindered comprehensive 

identification of contaminants of concern. Although flowback water typically constitutes a very 

small portion of water returning from a well (Clark et al., 2009; Veil et al., 2004; Veil, 2012), 

concerns about the synthetic organic chemicals present in flowback water often overshadow 

knowledge about the water quality of the PW, which, on a volume basis, constitutes a much 

more significant water resource (Kondash et al., 2017). The general water quality of PW has 

been relatively well studied (Veil et al., 2004; Benko and Drewes, 2008) and is characterized by 

a high salt content derived from the formation with a presence of petroleum hydrocarbons and 

chemical additives for enhanced recovery (Stringfellow et al., 2014; McFarlane et al., 2002). 

Because salt accumulation is also related to the required sodium adsorption ratio (SAR), or 

Na:Ca ratio of fertile soils (Bauder et al., 2011), and given the relatively high Na content of PW, 

even PW that would meet soil salinity objectives may negatively impact crop fertility (Plumlee et 

al., 2014). 

Agricultural use of reclaimed water is an important way to meet high water demands in 

drought-stressed areas (Finley and Seiber, 2014; Dettinger et al., 2015); however, little data 

exists on the impacts of PW on food crops (Shariq, 2013; Pica et al., 2017). Case studies 

presented by areas in California that have been irrigating crops with PW provide a foundation for 

future work. Two such pilot-scale evaluations of PW are in the San Ardo field (Grossi, 2014) and 

the Placerita field (Doran, 1998) in California. These studies outlined levels of TDS, boron, 

TOC, and ammonia that should be met for agricultural or municipal reuse. Although boron at > 1 

mg L-1 can damage certain crops such as citrus, grasses are generally tolerant from 2 to 10 mg L-

1, within the experimental treatment range of PW10 (3.19 mg L-1) and NaCl50 (6.26 mg L-1, 

Table 2.1; FAO, 2016; Fipps, 2003). With 12 mg L-1 in PW50, the leaf burn observed in these 
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plants could be attributable to boron toxicity, but could also be indicative of excess Na and Cl as 

observed in the NaCl50 plants, or any number of additive metal toxicities. Further complicating 

matters for areas like the San Joaquin Valley is the combination of these exposures with saline 

soils (Wimmer et al., 2003). Water must meet the existing water quality goals for irrigation, but 

the current water quality goals do not adequately address additive organic and metal constituents. 

Burkhardt et al. (2015) conducted the only other study to date that has examined the effects 

of PW diluted with municipal TW; the authors concluded that chemically untreated and diluted 

PW can effectively be utilized for irrigation without negative impact to switchgrass or 

wormwood at the 25% PW ratio. However, this conclusion is based on salinity and sodicity 

concerns and does not address potentially hazardous chemicals that may be present in PW. 

Although our current study utilized a different grass species and PW from a different formation, 

our results suggest that neither 10% nor 50% PW solutions are suitable, without further PW 

treatment, for irrigation throughout the growing season, at least for this formation water and this 

cultivar.  

In a practical sense, both the complexity and formation variability of PW present the 

biggest hurdles to cost-effective water treatment processes that would render PW beneficial for 

reuse in irrigation. Therefore, evaluating ways to decrease treatment costs presents the best 

approach to close the cost gap, and the simplest, least expensive strategy is dilution. However, 

based on the current study, it is likely that pre-treatment will be necessary to irrigate crops with 

PW, and the cost of pre-treatment is often cited as a constraint for implementation (CDR 

Associates 2014; Xu et al., 2008). Despite this constraint, recent studies and screening tools 

reveal potential economic feasibility, at least for a few counties in Colorado (Dolan et al., 2018; 

Plumlee et al., 2014; Stewart and Takichi, 2005). Both physiological and morphological response 

data presented here reveal that the impact of irrigation with PW treatments worsens over time 

(Figures 2.1, 2.5, 2.6, 2.7.B). Moreover, they reveal that the impact of PW is system-wide; 

multiple factors were negatively affected (Figure 2.7). Under PW stress, all 28 traits measured 

were significantly impacted by the PW50 treatment, and fourteen were significantly impacted by 

the PW10 treatment (ANOVA, Tukey post-hoc p < 0.05; Z-scores, α = 0.05). By comparison, 

only 11 were significantly impacted by the NaCl50 treatment when compared to the control. The 

data supports an additive response in PW50, which is >PW10>NaCl50 at day 49, and a lesser 

response at early time points (Figure 2.7.B). The results of PW irrigation stress were most 
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prominent in the PW50 treatment, with complete developmental arrest after four weeks of 

experimental exposure (Figures 2.1-2.3, 2.5-2.7). However, PW10 treatments also exhibited 

deleterious effects, and indeed were outperformed by the NaCl50 treatment (Figures 2.1, 2.2, 2.5, 

2.6). 

 

2.6 Conclusion 

PW is currently used in agricultural irrigation, and its use is expected to increase with 

increasing water scarcity; therefore, it is important to assess the implications of the use of PW on 

plant morphology, physiology, and yield (Burgos et al., 2017; CDR Associates, 2014; Shaffer et 

al., 2013). Our study shows that PW irrigation induced stress is temporal, ubiquitous, and 

additive; and it is clear that differences in PW tolerance are related to drought and salinity 

tolerance, but are also significantly influenced by unique constituents in PW that affect its 

quality. It is well-known that highly saline waters (and/or soils) adversely impact plant health. 

This is evident in policies regarding reclaimed water use, yet, recent studies suggest even 

relatively low levels (i.e., µg/L) of certain metals and organic chemicals can have measurable 

physiological impacts on plants (Carter et al., 2015; LeFevre et al., 2016). Fortunately, rapid 

advancements in targeted and non-targeted metabolomics provide a means by which this can be 

assessed (Obata and Fernie, 2012; Sanchez et al., 2008; Turner et al., 2016). Much work has 

been done with metabolite profiling of the responses to heat, freezing, drought, and salt stresses 

(Dias et al., 2015; Tian et al., 2016; Wu, D. et al., 2013) and similar studies that evaluate effects 

of PW on plant metabolism are warranted.  
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CHAPTER 3 

 

EFFECT OF PRODUCED WATER TREATMENT TECHNOLOGIES ON IRRIGATION-

INDUCED METAL AND SALT ACCUMULATION IN WHEAT (TRITICUM 

AESTIVUM) AND SUNFLOWER (HELIANTHUS ANNUUS) 

 

Modified from a scientific article published in the journal Science of the Total Environment1 

Erin M. Sedlacko2,∆, Jacqueline M. Chaparro3, Adam L. Heuberger3, Tzahi Y. Cath2, Christopher 

P. Higgins1*

3.1 Abstract  

Produced water (PW), a wastewater resulting from hydraulic fracturing and oil and gas 

production, has been utilized in arid regions for irrigation purposes and potentially presents a 

new water source for crop irrigation in areas of increasing water scarcity. However, there is a 

potential for both synthetic and geogenic contaminants in these waters to accumulate in irrigated 

food crops. This study assessed how water treatment technologies targeted at removal of salinity 

(i.e., total dissolved solids) and organic chemical content (i.e., dissolved organic carbon) from 

PW to achieve agricultural irrigation standards altered the impact of inorganic contaminants and 

nutrient uptake on two salt-tolerant food crops, sunflower (Helianthus annuus) and wheat 

(Triticum aestivum). The impacts of the treatment technologies on inorganic contaminant 

loadings in the irrigated soils was also assessed. Treatment technologies to improve PW quality 

decreased the adverse impacts on plant health; however, plant health was more affected by 

dilutions of PW than by the treatment technologies employed. Phenotypically, plants irrigated 

with 90% dilution (low) treatment groups, regardless of treatment technology, were comparable 

to controls; however, plants watered with high proportions (50%) of raw or treated PW displayed 

stunted growth, with reduced height and leaf area, and sunflower seed saw 100% yield loss.  

________________ 
 

1 Reprinted with permission of Science of the Total Environment, 2020 
https://doi.org/10.1016/j.scitotenv.2020.140003 
2 Colorado School of Mines, Golden, CO, USA 
3 Colorado State University, Fort Collins, CO, USA 
∆ Primary researcher and author 
* Corresponding author: chiggins@mines.edu 
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Although phenotypically similar, plants of the low treatment groups exhibited changes in the 

ionome, illustrating the influence of PW on plant uptake, translocation, and accumulation of 

metals, salts, and micronutrients. In addition, bioavailability was impacted by the unique and 

complex PW matrix: bioconcentration factors traditionally used to evaluate risk may therefore 

over or underestimate accumulation. 

 

3.2 Introduction 

Increases in water scarcity put pressure on dryland agriculture and are accompanied by 

decreases in food crop yield (Bhaduri et al., 2015; Echchelh et al., 2018). When coupled with 

increasing population and water demand, food security concerns emerge. In response to these 

concerns, some western U.S. states such as Colorado, Wyoming, Montana, and California, are 

considering produced water (PW) associated with oil and gas (O&G) production as an alternative 

water source (Burkhardt et al., 2015;  Dolan 2018; Meng et al., 2016; Stewart and Takichi, 

2005). Largely because PW has been historically viewed as a waste byproduct to the O&G 

industry, most current policies are aimed at PW disposal rather than beneficial use. As a 

consequence, most PW is injected into deep underground disposal wells (Clark and Veil, 2012). 

However, disposal costs and seismic activity concerns point towards the need for a more 

sustainable use (Guglielmi et al., 2015). With increasing water scarcity, the reclamation of PW 

for irrigation presents a potential means to provide water resiliency in the agricultural sector. 

Kern County in California, for example, has been reusing its PW for irrigation for over 20 years 

(Kiparsky and Hein, 2013; Waldron, 2005). Food products irrigated with this water have been 

widely available and publicly consumed for decades (Robles, 2016), although the practice has 

been met in recent years with public backlash and boycotts (Cart, 2015), as newer concerns 

regarding potential contaminant uptake by plants have emerged. 

Treatment of PW is generally required for surface discharge or irrigation (Shaffer et al., 

2013). PW, as opposed to flowback water, is largely characterized by the formation water, which 

typically contains high concentrations of total dissolved solids (TDS), organic matter (i.e., 

dissolved organic carbon; DOC), metals, hydrocarbons, and other volatile compounds; in 

addition, some formations can contain naturally occurring radioactive materials (Ferrer and 

Thurman, 2015). Flowback water is characterized more by the injection fluid used during 

hydraulic fracturing and contains higher levels of synthetic organic compounds used as chemical 
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additives (Haluszczak et al., 2013). PW chemistry is widely variable and changes over time as 

the initial flowback mixes with the formation water, resulting in a complex mixture of geogenic 

and synthetic compounds (Nell and Helbling, 2019). The largely uncharacterized and complex 

chemical composition of PW makes treating PW to agricultural standards difficult. 

In general, untreated PW is considered too saline for irrigation. The salinity and TDS 

concentration of PW brought to the surface typically increase over the lifetime of the well, while 

its DOC concentration decreases (Rosenblum et al., 2017b). In some formations, PW can have 

levels of TDS 5-10 times higher than that of seawater (Pichtel, 2016). Salinity has long been 

considered the main concern for agricultural water quality as it poses several problems for 

agricultural use, including susceptibility of crops to salinity stress and soil salinization (Munns, 

2002; Tanji, 2002). As with the reuse of other unconventional water sources, it is important to 

understand both the amount of salts added and the ratios in which they are present when adding 

PW to irrigation water and agricultural soil. A common metric used in this regard is the sodium 

adsorption ratio (SAR), which represents the ratio of soluble Na to soluble Mg and Ca (Ayers 

and Westcot, 1985; USDA et al., 2017). Water with high SAR can be used for irrigation if 

enough water is applied to wash the salts down below the root zone of the crops (Ayers and 

Westcot, 1985). Specifically for PW, parameters such as the SAR are important criteria for 

ensuring that the water quality is sufficiently high enough to not damage crops or impact the 

permeability of the soil (Burkhardt et al., 2015; Guerra et al., 2011). Although studies on 

irrigation with PW are limited, one study showed that with increased concentration of PW, the 

soil soluble Na increased, whereas soil soluble Mg and Ca decreased (Burkhardt et al., 2015). 

One way to reduce salinity is simple dilution of PW with freshwater; however, recent 

studies indicate that dilutions of PW, even up to 90%, can still lead to significant yield losses in 

wheat (Sedlacko et al., 2019). In this study, wheat plants irrigated with salt (NaCl)-spiked water 

having TDS levels 5-fold higher than the diluted PW outperformed the diluted PW irrigated 

plants on a variety of plant health metrics. These results support the notion that despite reuse 

requirements focused on TDS, other constituents in PW may affect plant health. PW contains 

potentially toxic organic and inorganic chemicals that can affect plant and soil health, as well as 

human health via entry into the food chain (Peralta-Videa et al., 2009). Metals naturally 

occurring in the O&G formation can be taken up by plants by the same mechanisms through 

which they collect the water, carbon dioxide, and macro- and micronutrients necessary for their 
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survival (Pilon-Smits, 2005). Several metals such as Fe, Cu, Mn, and Ni are essential elements 

for plant metabolism, and metal hyperaccumulation is found in over 500 plant species (Sarma, 

2011). Concerns have arisen about such accumulation potentially resulting in inadvertent human 

exposure to contaminants such as heavy metals (Mench et. al 2009; Peralta-Videa et al., 2009). 

Furthermore, because salts are known to mobilize heavy metals, the high salt content of PW is 

likely to exacerbate this process (Oetjen et al., 2018; Schuler and Relyea, 2018). 

Previous studies have shown the impact on the physiology of crops irrigated with non-

treated (i.e., diluted) PW (Burkhardt et al., 2015; Pica et al., 2017; Sedlacko et al., 2019), and 

many others have focused on treatment technologies for PW (Coday and Cath, 2014; Xu et al., 

2008). The objective of this study was to assess how treatment technologies targeted at removal 

of salinity (i.e., TDS) and organic content (i.e., DOC) from PW to agricultural irrigation 

standards might alter the impact of PW on two salt-tolerant food crops: sunflower (Helianthus 

annuus) and wheat (Triticum aestivum). A similar study focused on physiological and 

morphological changes in response to irrigation with PW was published separately (Sedlacko et 

al, 2019). The present study expands the scope of this work to include the ionomic response. 

The overarching hypothesis was that treatment technologies expected to improve PW 

quality will decrease the adverse impacts on plant health, and will influence plant uptake, 

translocation, and accumulation of metals, salts, and micronutrients. To maintain environmental 

relevance, controlled greenhouse experiments employing field-relevant cultivars used actual PW 

sourced from a hydraulically fractured well in the Niobrara formation of the Denver-Julesburg 

(DJ) basin. Two major irrigation waters were tested: diluted raw PW to reduce TDS 

concentration, and diluted PW following treatment by biologically active filtration followed by 

ultrafiltration (BAF-UF), which is able to remove both turbidity and hydrophobic organic 

chemicals. As an established method for desalination, electrodialysis (ED) was selected to 

further treat the BAF-UF-treated PW to remove salts while also treating residual organic 

constituents present in the BAF-UF effluent (Xu et al., 2013). In this way, a secondary objective 

was to examine the potential of using undiluted ED-treated PW for irrigation. Water quality, soil 

quality, and plant tissues (leaves and grain) were analyzed for elemental composition primarily 

using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and Mass 

Spectroscopy (MS), and the distribution of elemental profiles (the ionome) in various plant 

structural compartments was evaluated. Morphological observations of plant growth, soil 
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condition assessment (pH, SAR, electrical conductivity (EC), soluble salts, and micronutrients), 

and physiological investigation through characterization of uptake patterns via ICP-MS were 

used to evaluate the translocation and accumulation of metals, salts, and micronutrients. Finally, 

data collected were used to calculate bioconcentration factors upon plant maturity to assess how 

PW influences the bioavailability of metals, salts, and nutrients. 

 

3.3 Materials and methods 

3.3.1 Water treatment selection 

The six experimental treatment solutions of irrigation water selected for use in the study 

were composed of four main types of waters: 

I. TW: Municipally treated tap water (City of Golden, CO, USA) used as control and 

dilution waters 

II. PW: Raw PW from a mature, hydraulically fractured oil well in the Niobrara formation 

III. TPW: PW as above, but treated with BAF-UF to reduce organic matter and particulates 

IV. ED: TPW as above, but further treated with ED to reduce salinity while retaining 

organic constituents (i.e., hydrocarbons) in the pre-treated water. 

 

Raw PWs (II) and conventionally treated PWs (III) were then diluted 9:1 (i.e., 10%) and 

1:1 (i.e., 50%) with tap water (I) for experimental irrigation solutions, while ED treated water 

(IV) was used directly (undiluted). All water treatment methods were performed at the Advanced 

Water Technology Center (AQWATEC) at the Colorado School of Mines (Mines). Details on 

the water treatment technologies can be found elsewhere (Riley et al. 2016, Yoshino 2017).  

The six resultant experimental treatment groups were as follows:  

1) TW- control of 100% tap water 

2) RH – 50% raw PW (high raw) 

3) RL – 10% raw PW (low raw)  

4) TH – 50% TPW (high treated) 

5) TL – 10% TPW (low treated) 

6) ED – 100% ED treated water 
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All raw and treated waters were stored in a temperature-controlled cold room in 20 L glass 

bottles for the duration of the experiment. Water was acquired from these bottles every 2 weeks 

to minimize storage at room temperature. Dilutions were then made and solutions were placed in 

the greenhouse in 20 L glass bottles. Prior to hand watering, the water was stirred to minimize 

the effects of settling. 

  

3.3.2 Water quality analysis 

EC, pH, and dissolved oxygen (DO) concentration of the six water sources were measured 

bi-weekly in the greenhouse using handheld probes to ensure consistent water quality (Thermo 

Fisher Scientific Inc., Waltham, MA). Alkalinity as CaCO3 was measured by titrating with 

sulfuric acid to a pH endpoint of 4.6 following Hach Method 8203. Samples were filtered 

through 0.45 μm polyethersulfone membrane filters (VWR International, Radnor, PA) and 

analyzed for anions using ion chromatography (IC; ICS-900, Dionex, Sunnyvale, CA). The 

samples were separated using a Dionex Ion Pac AS14A-5 μm, 3 × 150 mm column using an 

eluent of 8.0 mM sodium carbonate and 1.0 mM sodium bicarbonate at a flow rate of 0.5 

mL/min. The filtered samples were also analyzed for chemical oxygen demand (COD) and 

ammonia (NH3-N) concentrations using Hach TNTplus kits and a Hach DR 6000 

spectrophotometer. The filtered samples were then acidified with 100 μL nitric acid and analyzed 

for cations using ICP-OES (Optima 5300 DV, Perkin Elmer, Fremont, CA), and DOC using a 

carbon analyzer (Shimadzu TOC-L, Columbia, MD). Unfiltered samples were also analyzed for 

total organic carbon (TOC) and total nitrogen (TN) using the same carbon analyzer. SAR was 

calculated using (Ayers and Westcot, 1985): 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁𝑁𝑁+�(𝐶𝐶𝑁𝑁+2 +𝑀𝑀𝑀𝑀+2)
2

 

where Na, Ca, and Mg are in units of meq/L. 

 

 

 

 

(3.1) 
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3.3.3 Greenhouse study 

Controlled greenhouse studies were conducted at Mines in a greenhouse under standard 

greenhouse conditions, including 16:8-hour photoperiod with full spectrum supplemental 

lighting, and ambient temperatures ranging from 16 °C to 22 °C. Two salt-tolerant edible food 

crops commonly grown in Colorado were used: 1) sunflower (Helianthus annuus var. Glenn), a 

dicot; and 2) wheat (Triticum aestivum var. Royal Hybrid 1121), a monocot. Seeds were 

obtained from Johnny's Selected Seeds of Maine and were sown at a density of five wheat seeds 

and three sunflower seeds per respective 2.6 L pot filled with 1 kg dry weight (d.w.) of soil 

(Timberline, CO) and pre-treated with 9-10 grams Osmocote™ 19-5-8 time release fertilizer 

with micronutrients. Characteristics of the initial soil mix and manufacturer’s analysis are 

included in the SI (Table B.1). Seedlings were maintained with untreated tap water until the two-

leaf stage and then thinned to three wheat plants or one sunflower plant per container at the two-

leaf stage and were selected for uniformity. Five pot replicates were grown for each crop to 

maturity. Pots were arranged in a randomized complete block design to account for spatial 

variations in light and temperature that can occur in a greenhouse. Irrigation schemes began after 

thinning. Each plant was watered approximately every three days. Each pot containing 

sunflowers received approximately 300 mL of each treatment group, and each wheat pot 

received approximately 200 mL of each treatment group, as determined by water holding 

capacity. Physiological data from the plants were recorded weekly. Relative growth rate (RGR) 

for height was determined for every two consecutive measurements (Hoffmann and Poorter, 

2002). Photos of plants at harvest are included in the SI (Photo B.1). Grain yield was calculated 

as the dry weight quotient of grain mass/total aboveground (Gooding and Davies, 1998). 

Sunflower seed yield was modified for head mass since no usable seeds were produced by 

treated sunflowers.  

 

3.3.4 Scanning electron microscopy 

To conduct scanning electron microscopy (SEM), plant leaves from each replicate pot were 

cut at maturity and air dried. The samples were then mounted with adhesive tape on aluminum 

SEM tabs (Ted Pella, Inc., Redding, CA). Imaging was performed using a Zeiss EVO LS15 SEM 

with a LaB6 crystal and equipped with a Bruker silicon drift detector for energy dispersive X-ray 

analysis (EDX) with a peak resolution of 125 eV and a resolution of 100 nm. SEM analyses were 
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performed on the upper middle section of the underside of each leaf to prevent errant analysis of 

backsplash from the water treatment application. 

 

3.3.5 Soil quality analysis 

Composite soil samples were collected from the pots after harvesting the crops, air-dried at 

room temperature, ground with pestle and mortar, and passed through 100 mesh (φ = 0.149 mm) 

nylon sieve. Soil samples (200 mg) from each treatment group were analyzed for basic soil 

parameters including: pH; cation exchange capacity (CEC); SAR; Nitrate and Olsen P content; 

EC; concentrations of Na, Ca, Mg, and B; and saturation of K, Na, Ca, and Mg at a commercial 

laboratory (Agvise, ND). Elemental concentrations in the soil were also measured using ICP-

OES using a modified EPA Method 3052 approach: a 100 mg aliquot of soil was placed in a 

clean polytetrafluoroethylene (PTFE) tube, along with 9 mL of nitric acid and 3 mL of 

hydrochloric acid, and digested in a CEM MARS6 microwave digestion system. 

 

3.3.6 Plant tissue extraction and analysis via ICP-MS 

Plant tissues (sunflower leaf, wheat leaf and grain) intended for extraction and analysis for 

metals (EPA Method SW 486-3015A with ICP-MS) were harvested at maturity and freeze-dried. 

The sunflowers did not produce enough edible seed for elemental analysis. For each sample, a 

total of 100 mg of homogenized plant tissue powder was added to a 13 x 100 mm borosilicate 

glass test tube, followed by 70% nitric acid (BDH Aristar® Plus) and internal standard solution 

(10 mg/L each of Ir, Rh, and 6Li). Samples were gently mixed, covered with plastic wrap, and 

digested overnight at room temperature. Samples were then heated in a sand bath to 120 °C for 3 

hours, cooled to room temperature, and then 750 µL of hydrogen peroxide (J.T. Baker, 30% 

Ultrex® II Ultrapure reagent) was added to each sample. The solution was heated in a sand bath 

at 120 °C for an additional hour. The digestate was transferred to 15 mL centrifuge tube and 

diluted to a volume of 15 mL using ultrapure water. Samples were diluted to a final solution of 

3% nitric acid and internal standard of 20 µg/L of Ir, 20 µg/L Rh and 500 µg/L 6Li. 

Concentrations of 62 elements (Table B.2) were measured using an NexION 350D mass 

spectrometer (PerkinElmer, Branford, CT) connected to a PFA-ST (Elemental Scientific, Omaha, 

Nebraska) nebulizer and a peltier controlled (PC3x, Elemental Scientific) quartz cyclonic spray 

chamber (Elemental Scientific) set at 2 °C. A daily performance check was also performed to 
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ensure that the instrument was operating properly and obtained a CeO:Ce ratio of less than 0.025 

and a Ce++:Ce ratio of less than 0.030. Elements were analyzed as previously with some 

modifications (Wolf and Adams, 2015). A calibration curve was prepared by serial dilution of 

commercially available standards, multi-element ICP-MS stock solutions, and custom blended 

matrix stock solutions. These were matrix matched to the samples. To correct for instrument 

drift, a quality control (QC) solution (pooled sample prepared by mixing 1 mL of each digested 

individual sample) was analyzed after every 9 samples. Data were processed using Microsoft® 

Excel. Final concentrations were reported as μg/kg of freeze-dried plant tissue. Due to saturation 

of the detector, reliable K data could not be obtained through ICP-MS. Measured calculations 

below the limit of quantification (LOQ) were assigned to the LOQ/2 (Becker et al., 2003). Any 

elements below the LOQ for the dataset were censored and not reported (Helsel, 2012). For all 

elements reported, less than 10% of data was censored, except for Li where 23% of the data was 

censored as wheat grain data (Li present <LOQ in grain tissue). 

 

3.3.7 Metrics for plant uptake 

Chemical uptake by plants is generally expressed as a ratio of the chemical concentration in 

the plant compartment of interest (e.g., shoots, roots, fruit) to that in the exposure medium (soil, 

soil pore water, hydroponic solution) measured at the time the samples are collected (Cataldo 

and Wildung, 1978; Collins and Finnegan, 2010). These ratios are generally referred to as 

bioconcentration factors (BCFs) or bioaccumulation factors, but have also been named for the 

specific plant tissue sampled such as root concentration factor (Blaine et al., 2014; Briggs et al., 

1982) and stem concentration factor (Doucette et al., 2018; Trapp, 2004). Because the primary 

focus of this work is irrigation with PW, bioaccumulation factors defined as the concentration in 

the plant tissue (mg/kg) over the concentration in the water (mg/L) have been selected for 

discussion rather than the more common bioaccumulation factor over soil concentration found in 

phytoremediation and risk assessment applications (Nouri et al., 2009; Oti and Otu, 2015). 

 

3.3.8 Statistical analysis 

Statistical analyses were completed using OriginPro® 2018b (OriginPro, 

RRID:SCR_015636) and SIMCA v15.0.2 (Sartorius Stedim Biotech, Umea, Sweden). Data were 

calculated as means with relative standard deviation (RSD). Statistical difference of means was 
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established by analysis of variance (ANOVA) with a Tukey post-hoc and p threshold of 0.05 for 

all pairwise comparisons. Elements were initially evaluated by comparing concentrations within 

each plant component and among treatment groups, compared to the appropriate control. The 

ICP-MS data sets from plant tissue were analyzed by principal component analysis (PCA) in the 

SIMCA software package using unit variance scaling to determine elemental composition 

changes associated with exposure to PW treatments. The data set was further analyzed to 

determine elements that differed between each plant compartment and its treatment control.  

 

3.4 Results and discussion 

3.4.1 Water quality 

There are two primary types of inorganic constituents commonly found in PW that can 

have deleterious effects on plant health: salts and metals (Isayenkov and Maathuis, 2019; Nikalje 

and Suprasanna, 2018; Oetjen et al., 2018). The general water quality of the six treatment groups 

is summarized in Table 3.1. Raw water quality data (undiluted) can be found in Sedlacko et al. 

(2019). As is typical for the variability within PWs in the region, the initial RPW contained 

~18,500 mg L–1 TDS, approximately half the salinity of seawater, and measured pH and EC of 

7.1 and >20 mS cm–1, respectively; and on average, NaCl was found to comprise 96% of the total 

TDS (Sedlacko et al., 2019). At the 50% dilution (RH), values were roughly halved, and at the 

90% dilution, general water quality was within the FAO limits for irrigation (Table 3.1) based on 

the maximum concentrations for salinity and specific ion toxicity concerns recommended by the 

FAO guidelines (Ayers and Westcot, 1985). With respect to water quality and treatment, the 

expected trends were evident in the RH, RL, TH, and TL groups. RH had the highest levels of 

inorganic constituents. As the water was diluted, the overall composition became closer to the 

tap water, as can be seen in the EC, pH, and elemental composition (Table 3.1). However, the 

ED-treated water did not follow this trend. The major ions in PW are Na and Cl ions, which were 

efficiently removed by ED (a reduction of 97% and 98%, respectively, Table 3.1). However, ED 

treatment is not designed to remove uncharged particles, and thus, a buildup of B was observed; 

B is uncharged in its elemental state and accumulated in the ED diluent (Sirivedhin et al., 2004). 

Although B is essential for plant growth, it can be toxic to plants at higher concentrations 

(Roessner et al., 2006). Despite the classification of both sunflower and wheat as semi-tolerant to  
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Table 3.1. Water Quality of 6 Treatment Groups (C, ED, RH, RL, TH, and TL) compared to 
FAO Values for Irrigation. 

Treatment 

Group 

Control (C) Electro-

Dialysis 

(ED) 

Raw High 

(RH) 

Raw Low 

(RL) 

Treated 

High (TH) 

Treated Low 

(TL) 

FAO Guidelines 

General Water Quality 

pH 7.28 7.47 6.80 6.76 7.10 7.17 6.5-8.4 

EC (mS/cm) 0.293 0.601 14.0 ǂ 2.80 14.0 ǂ 2.81 3 

SAR 0.850 28.8 ǂ 31.6 ǂ 14.1 45.2 ǂ 11.64 0-3 if EC is 0.2-0.7 

3-6 if EC is 0.3-1.2 

6-12 if EC is 0.5-1.9 

12-20 if EC is 1.3-2.9 

20-40 if EC is 2.9-1.3 

TDS (mg/L) 147 301 9250 ǂ 1851 7000 ǂ 1405 2000 

IC Ions (mg/L) 

Cl 4 125 ǂ 4,096 ǂ 819 ǂ 3,011 ǂ 602 ǂ 10 

Br < 0.10 0.55 49.0 9.80 27.0 5.40 NA 

NO3
– 1.62 0.20  14.2 2.84 < 0.10 < 0.10 5 

SO4
2– 77.8 0.71  15.4 3.09 25.5 5.10 NA 

ICP Metals (mg/L) 

As 0.005 < 0.004 0.005 0.005 0.001 0.001 0.1 

Ba 0.030 0.005 4.44 2.59 0.889 0.519 NA 

Cd 0.0002 < 0.0001 < 0.0001 0.0005 < 0.00001 0.0001 0.01 

Cr 0.0005 0.0007 0.0011 0.0005 0.0002 0.0001 0.1 

Cu 0.00592 0.0696 0.0448 0.0581 0.00895 0.0116 0.2 

Mn 0.00111 0.00522 0.296 ǂ 0.0278 0.0592 0.00555 0.2 

Ni 0.003 0.028 0.011 0.137 0.002 0.027 0.2 

Zn 0.009 0.026 0.083 0.076 0.016 0.015 2.0 

ICP Other (mg/L) 

Al 0.023 < 0.020 0.064 0.043 0.013 0.009 5.0 

B < 0.02 19.8 ǂ 14.4 ǂ 8.53 ǂ 2.89  1.71 3.0 

Co < 0.0002 0.001 < 0.0002 0.007 < 0.00005 0.001 0.05 

Mo 0.003 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.01 

Se < 0.01 0.013 < 0.0100 < 0.01 < 0.001 < 0.001 0.02 

Ca 28.8 0.461 171 138 34.1 27.6 400 

Fe 0.001 0.001 0.530 0.003 0.106 0.001 5.0 

K 0.97 0.43 29.2 ǂ 59.4 ǂ 5.84 ǂ 11.9 ǂ 2 

Li 0.015 0.292 3.71 ǂ 4.49 ǂ 0.742 0.899 2.5 

Mg 6.75 0.125 20.9 24.0 4.19 4.81 60 

Na 19.5 85.5 2380 ǂ 478 ǂ 1779 ǂ 356 ǂ 450 

P 0.033 0.042 0.091 0.092 0.018 0.019 2.0 

S 27.7 0.487 8.88 20.3 1.78 4.06 NA 

ǂ  Indicates the sample was above FAO limits  

Note: elements and/or ions that were BDL for all treatments were not included in this table. 
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B (USDA, 2010), the buildup of B at 20 mg/L in the ED diluent was likely detrimental to plant 

growth. B is also poorly removed by other desalination processes such as reverse osmosis and 

nanofiltration (Kim et al., 2009), and it is expensive to treat once it enters the soil (Ayers et al. 

1995, Ramila et al. 2016). 

The characterization of PW for this study was limited to elemental analysis and did not 

include a characterization of organic compounds. Indeed, the organic fraction of PW is still 

largely uncharacterized by current analytical methods (Oetjen et al., 2017a) and although studies 

continue to identify new contaminants in PW (Ferrer and Thurman, 2015; Lester et al., 2015; 

McAdams et al., 2019), future work is needed to address residue concerns in food crops. 

However, current FAO guidelines for irrigation water focus on inorganic constituents, and 

exceedances of at least one of these FAO values were evident for all treatments except TL. Both 

treated and raw PW at 50% dilution (RH, TH) failed to meet guidelines with EC, SAR, TDS, B, 

Cl, K, Li and Na; RH also exceeded limits for NO3– and Mn. Even at 90% dilution, the RL 

water exceeded standards for Li and Na, further illustrating the problem of salinity in PW reuse 

for irrigation. Higher SAR values for treated versus raw groups indicate that while the BAF-UF 

treatment employed was somewhat effective in removal of salts, it decreased the divalent ions 

(Mg and Ca) much more than Na. Although no FAO limits for heavy metals were exceeded in 

any of the treatments, PWs from other formations (and even other wells from the same 

formation) are known to exceed these values (Alley et al., 2011; Azetsu-Scott et al., 2007; Dahm 

et al., 2011; Yost et al., 2016). The ability of salts to mobilize metals also suggests that despite 

trace levels of these metals in the water, the salinity of these waters may result in uptake of 

heavy metals into plants at levels above WHO/FAO values for consumption (Oetjen et al., 2018; 

Page and Feller, 2015; Schuler and Relyea, 2018). 

 

3.4.2 Soil quality 

There is a potential for PW to contribute constituents to the soil, which can accumulate 

over time. Salinity, sodicity, alkalinity, and specific ion toxicity have been identified as the main 

barriers of PW reuse for agriculture (Harvey and Brown, 2005). The accumulation of salt has 

rendered large areas of irrigated land all over the world unproductive, and in some areas, there is 

also an accumulation of exchangeable Na, which replaces Ca and Mg, leading to decreased 

permeability, poor drainage, and damage to soil structure (Munns, 2002; Tanji, 2002). A 
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common measure of soil health is the SAR, which is used as an indication of general soil quality 

(USDA et al., 2017). Soil quality and elemental content were measured at the end of 

experimental exposures (Table 3.2, page 54; Table B.3). Soil with a SAR above 13 is classified 

as sodic, and much like water quality, soils of both treated and raw treatments at 50% dilution 

(RH and TH) were well above recommended levels of SAR (Ayers and Westcot, 1985). As with 

water quality, soil health appears more dependent on the dilution factor than the treatment-

technology, with the low groups (RL and TL) resulting in similar quality, and the high groups 

(RH and TH) resulting in similar quality. Results from the ED treatment group were similar to 

the control group. Elemental composition also follows earlier trends of RH and TH>RL and TL 

with an accumulation of B in the ED treated soils. The US Environmental Protection Agency 

(EPA) and NY Department of Environmental Conservation (Conservation, 2006; FAO, 2003) 

have guidelines for determining the safety of various land uses based on total soil metal 

concentrations: all of the values reported are below the limits for unrestricted use, which includes 

agricultural use (Conservation, 2006; FAO, 2003; Wuana and Okieimen, 2011). Results 

presented herein simulate only one growing season and prolonged irrigation is likely to lead to 

greater accumulation in soils. 

 

3.4.3 Plant health 

The effect of exposure to treated PW (Figure 3.1) indicates that plant health is more 

affected by the dilution than by the BAF-UF treatment. No differences were observed between 

90% dilution treatment groups (RL/TL) in growth for either wheat or sunflower. However, plants 

watered with high proportions (50%) of raw or BAF-UF treated PW (RH/TH) displayed stunted 

growth, with reduced height and leaf area (Figure 3.1. A-C, page 56). Earlier growth stages of 

the high groups (RH and TH) appeared to have rapid growth before they began to fail (Figure 

3.1. A, B and Figure B.1). Salt tolerance mechanisms include processes that encourage fast 

growth despite the osmotic stress of the salt outside the roots (Munns et al., 2006). The 

accumulation of biomass during this period is thought to be reflective of the accumulation of 

inorganic ions (and organic solutes) during osmotic adaptation (Mane et al., 2011). Even at the 

earliest measured timepoint, however, height RGR of the high groups (RH/TH) is approximately 

half that compared to the other treatment groups for both species (Figure B.1). 

 



53 

Table 3.2. Soil quality of six treatment groups (C, ED, RH, RL, TH, and TL) following plant 
harvest. Values for soil in sunflower and wheat pots were combined and averaged because 
there was no significant difference in soil values between plant species. 

Treatment 

Group 

Control 

(C) 

Electro-Dialysis 

(ED) 

Raw High 

(RH) 

Raw Low 

(RL) 

Treated High 

(TH) 

Treated Low 

(TL) 

 

General Soil Quality  

pH 6.05 6.20 6.95 6.20 6.55 6.20  

EC (mS/cm) 11.3 8.88 25.8 14.0 35.9 14.5  

CEC* 

(meq/100g) 

20.9 21.4 41.2 22.4 33.1 22.2  

SAR 2.14 

 

3.20 49.2 12.8 

 

74.3 13.3  

*Cation Exchange Capacity  

Ions (mg/L)  

B 1.65 22.7 15.6 4.52 9.41 3.02  

Ca 1262 880 753 1110 587 1093  

Mg 507 350 223 433 381 471  

Na 369 462 5860 1850 9840 2285  

NO3
- 425 347 298 405 335 338  

Heavy metals (mg/L)  

As 39.7 40.7 < 39.6 < 39.6 < 39.6 47.5  

Ba 146 145 177 131 184 150  

Cu 46.9 59.2 < 28.5 < 28.5 < 28.5 70.0  

Cr 7.82 8.80 < 3.49 < 3.49 < 3.49 7.60  

Mn 260 259 240 211 265 274  

Zn 56.9 58.9 48.0 42.0 55.3 55.0  

Nickel (Ni) and Selenium (Se) are not included in this table, as they are BDL for all treatment groups in soil  

Other Metals (mg/L)  

Al 9,990 10,600 9,080 9,490 11,000 8,150  

Mo 7.12 11.2 < 6.00  < 6.00 < 6.00 9.80  

Sr 145 141 184 113 184 124  

Ti 359 422 312 384 453 353  

Nutrients & Salts (mg/L)  

Ca 5,740 5,700 5,500 4,790 6,580 5,100  

Fe 13,900 14,900 13,300 12,600 14,900 13,200  

K 3310 3,340 1,990 2,460 2,390 2,580  

Li 26.9 31.1 < 24.5  25.5 < 24.5 < 24.5  

Mg 2,630 2,570 2,290 2,250 2,570 2,200  

Na 294 319 2,080 551 3,140 847  

P 984 963 746 737 995 950  

S 1,110 961 785 949 1,120 948  

 

Furthermore, the total harvested biomass (Table B.4) of the plants grown in the high 

treatment groups, whether BAF-UF treated (TH) or not (RH), decreased for wheat (78% and 

80% d.w. for TH and RH, respectively) and sunflower (70±1% d.w. for TH and RH) compared 

to the tap water control. The low treatments for wheat (ED, TL, and RL) all resulted in a 

decrease in biomass within 35±2%, with ED < TL < RL. However, sunflower biomass decreased 

by 35-58%, with RL < TL < ED, even for the low treatment groups, thereby indicating the higher 

sensitivity of sunflower to irrigation with PW, and its opposite preference for RL when 
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compared to the wheat preference for ED. These results indicate that from a total biomass 

perspective, the wheat tolerated PW irrigation better than sunflower despite the sunflower’s 

higher salt tolerance (FAO, 2002; Tanji, 2002). This trend was apparent in sunflower seed 

development, as RH, TH, and ED treatments produced no measurable seed (i.e. 100% yield loss). 

Seed data would be required if a comprehensive risk analysis of the use of PW for sunflower 

irrigation is needed. Compared to TW controls, both sunflower head and wheat grain yields were 

reduced for all treatments: 20-50% in sunflower head for ED, RH, and TH and 20-60% in wheat 

grain (Figure B.2). Not surprisingly, the aboveground moisture content (MC) for sunflowers, as 

an indication of plant water content, decreased for all treatments when compared to control 

(Figure B.3). MC for wheat at harvest was indistinguishable within 2% wet-dry weight as all 

plants were harvested at last grain maturity. 

Leaf physiology was further influenced by the formation of salt crystals on the underside of 

wheat leaves of the high treatment groups (RH/TH). SEM imaging confirmed salt crystals 

primarily composed of Na and Cl formed on the underside of leaves (Figure 3.1 D-G). Although 

recent research has identified various adaptive responses to salinity stress at molecular, 

metabolic, and physiological levels, specific mechanisms of salinity tolerance are still poorly 

understood (Gupta and Huang, 2014). Salt glands are known to exist in halophytes (Kumari et 

al., 2015), but no such glands are specified in wheat. Regardless, exclusion and avoidance are 

mechanisms of resistance for salt tolerant plants, and excretion is a type of exclusion (Acosta-

Motos et al., 2017; Munns, 2002). For salt tolerant monocots without salt glands, like wheat, 

tolerance mechanisms involve the control of Na and Cl through root selectively, xylem loading, 

and removal of salt from the xylem in the upper part of the roots, the stems, or leaf sheaths 

(Munns et al., 2006). Furthermore, studies with durum wheat (Triticum turgidum L. ssp. Durum) 

identified two major gene loci controlling leaf-blade Na accumulation (Munns, 2002) and found 

the relationship between salinity tolerance and leaf Na concentration depends in part on the 

ability of the leaf sheath to extract and sequester Na (Munns et al., 2006). The salt crystals 

observed provided surprising evidence of the impact of PW on plant health. 

Because the dominant difference between the high and low groups in terms of water quality 

is TDS, it appears that salinity stress may have been the driver of the osmotic stress resulting in 

damage to plant health (Heidari and Jamshid, 2010). However, recent studies compared PW to 
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Figure 3.1. Exposure to Produced Water resulted in adverse effects in plant growth. A) Wheat height, B) Sunflower height and C) leaf 
area, D) Spectra associated with E) Wheat leaf SEM images of underside of wheat leaf at 300x with salt crystal and surrounding 
stomata on RH, F) TH at 1000x, and G) tap control at 1000x. Asterisks in panel C indicate statistical difference from the control 
(ANOVA, Tukey p≤0.05). Standard error measurements and statistical analyses are summarized in Tables B.2 and B.5, respectively. 
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NaCl controls of matching TDS in wheat and found that NaCl controls resulted in 50% greater 

yield than PW treated plants of the same salinity (Sedlacko et al., 2019). In addition, the NaCl 

control outperformed PW treatments at 5 times less salinity than the NaCl control for certain 

morphological and physiological measurements, further demonstrating that salinity may not be 

the key factor stressing these plants (Miller et al., 2019; Sedlacko et al., 2019; Wani et al., 2018). 

Rather, these plants are experiencing a unique, combined stress as a result of exposure to PW. 

Recent osmotic stress studies have shifted focus to investigate total ion effects (Kumari et al., 

2015; Wani et al., 2018; Wu et al., 2013) and the USDA salinity laboratory in California has also 

shifted its attention away from particular effects of specific ions and towards the total osmotic 

effects of all the ions, pointing out that there is no evidence of a critical concentration for a 

particular ion that produces a decrease in growth (Grieve et al., 2012; Kramer and Boyer, 1995). 

 

3.4.3 Plant uptake and water treatment trends 

Plant uptake of any specific element or compound depends greatly on a number of 

variables, including, but not limited to, plant species, water quality, soil quality, physiochemical 

properties of the element or compound, and plant physiology (Carter et al., 2015; Collins and 

Finnegan, 2010; Verkleij et al., 2009). Further, physiological processes affect more than one 

element at a time and interactions among potentially toxic compounds or their derivatives during 

uptake and metabolism is poorly understood (Fitter and Hay, 2002). This is especially true 

regarding input matrices as complex as PW, where much of the chemical composition is still 

uncharacterized and/or unknown (Fakhru’l-Razi et al., 2009; Oetjen et al., 2017b; Sun et al., 

2019). Therefore, it is important to remember that even in controlled experimental environments, 

any conclusions regarding contaminant uptake for one species should not be extended to other 

plants. However, an ionomics approach allows the measurement of as many elements contained 

in the plant tissue as possible, and can provide insight into the translocation and accumulation of 

metals, salts, and micronutrients through the characterization of uptake patterns (Baxter, 2009). 

Because some metals are also plant nutrients, the discussion that follows is divided between 

these two; with heavy metals defined as the eight toxic heavy metals (As, Ba, Cd, Cr, Pb, Hg, Se, 

and Ag) non-essential to plant growth and regulated under the Resource Recovery and 

Conservation Act (RCRA). In contrast, the seventeen nutrients considered essential for plant 

growth are N, P, K, Ca, Mg, S, Cl, Fe, Mn, Zn, Cu, B, Mo, Ni, O, H, and C (Ernst, 2006). 
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Because both essential and nonessential heavy metals can produce toxic effects in plants and in 

the environment at certain levels, instances where these levels are exceeded are discussed 

separately. 

ICP-MS analysis detected 56 elements in tissue samples of wheat and sunflower. Of these, 

38 (62%) were found to be significantly different among treatment groups (ANOVA p ≤ 0.05) 

and included both metals and micro/macro nutrients. For the experimental data set as a whole, 

PCA of the ionomics data resulted in 10 components that explained approximately 100% of the 

variation. As expected, PCA revealed that metal and nutrient levels were most influenced by 

plant species (wheat vs. sunflower), followed by plant compartment (leaf vs. grain) and 

biological variation (pot-to-pot differences), with the impact of the PW treatments explaining 

only 13% of the variation overall (Figure B.4.A). For wheat grain vs. leaf (Figure B.4.B.), the 

general trend was that more metals are taken up into the leaf than into the grain (with the 

exception of Zn, P, and Cu), suggesting that plant transport of metals includes sequestration in 

the leaf tissue, rather than additional long-distance transport to grain (Page and Feller, 2015). 

Because of the variability among plant compartment and species, the analysis of treatment 

impact is focused here on one plant compartment, wheat grain. The bi-plot presented in Figure 

3.2 (page 60) illustrates that for wheat grain, approximately 71% of the variation in elemental 

composition can be explained by the five treatments groups, with the separation of the high 

treatment groups (RH, TH) accounting for 64% of that influence (Figure 3.2.A). In this way, 

PCA analysis revealed that plants irrigated with 50% dilutions (regardless of treatment 

technologies) were most similar in elemental profile and indicates that BAF-UF treatment did 

not significantly influence metals uptake in wheat, despite the lower salinity and metal 

composition of these treated waters. For all elements for which there was a significant difference 

in grain tissue (except Ba, Table B.5), the RL treatment was equivalent to the control (ANOVA, 

Tukey p ≤ 0.05). Investigation of the associated loadings plot (Figure 3.2.B) reveals that both 

high proportion PW groups (RH/TH) were most separated from the rest by the presence of 

nutrients/salts Na, Li, Mg, Ca, and heavy metals Se and Cr (Figure 3.2.B and C). The elevated 

EC and SAR of these high proportion waters (as compared to the rest) helps to explain the 

increase of these elements in wheat grain tissue as concentrations were well above those 

recommended for irrigation waters (Table 3.1). However, Ca, Se, and Cr were elevated in the 

grain of the high groups but well below irrigation guidelines in the water. Plant stress 
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physiology, along with competition and complexation among PW constituents, are likely 

responsible for this increase in the stressed high groups. Although comprehensive analysis of 

these mechanisms is beyond the scope of this study, Ca retention is known to increase in plants 

under stress (Reddy et al., 2011). Because Ca facilitates plant tissue resistance to stress, plants 

have adapted a mechanism to take up excess Ca and store it (Kader and Lindberg, 2010). 

Increased Se may be influenced by the elevated sulfates in PW, as Se and S share the same plant 

transporters (Gupta and Gupta, 2017), and Cr is known both to precipitate out of PW and be 

taken up into plants (Azetsu-Scott et al., 2007). While Cr is essential for plant growth at trace 

levels, it can adversely affect plant metabolism when present in waters above 1-5 mg L–1  

(Peralta-Videa et al., 2009). The levels in the irrigation waters reach only 0.001 mg L–1 (highest 

in RH, Table 3.1), well below these levels, but the highest Cr concentration in the grain samples 

was 1.85 mg/kg (in TH, Table B.2), which drove changes in the PCA (Figure 3.2). 

The PCA loadings plots for wheat leaf and sunflower leaf (Figure B.5) illustrate greater 

separation among the five treatment groups, but follow the same primary trend: 50% dilutions 

(regardless of treatment) were most similar in elemental profile, followed by the 90% dilutions 

(regardless of treatment), and ED treatment was most similar to the tap water control. Within the 

leaf tissue of both species, the low treatments (RL/TL) were separated by the presence of 

elevated Cd when compared to the plants subjected to the higher PW treatments. The high 

groups, whether BAF-UF treated or not, were separated out the most from the other treatment 

groups. Loadings show that separation was due to the presence of Se, Na, and Li accumulation in 

the leaves. The low treatments clustered together (again with BAF-UF making little difference) 

and the controls were most like the plants irrigated with ED water. Separations here were marked 

by a higher presence of Cd, As, and S in these low treatment groups. 

Based on these results and plant health data (Figure 3.1), it is apparent that 50% dilutions 

(whether BAF-UF treated or not) negatively impacted plant growth, and for this reason this 

approach would likely not be employed in practical applications. Thus, further analysis was 

therefore focused on the 90% dilutions and ED treatment. If the high groups are removed from 

multivariate analysis, treatment impact becomes more evident (Figure 3.3, page 63). For both 

wheat grain and sunflower leaf, the ED treatment was most clearly separated from the other 

treatments by the multivariate analysis, treatment impact becomes more evident (Figure 3.3). For  
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Figure 3.2. Effect of five PW treatment technologies on elemental composition of wheat grain tissue. Treatment trends are shown as 
(A) PCA scores correlation scaled between -1 to 1 and (B) associated loadings bi-plots. Ellipses denote 0.5, 0.75, and 1.0 correlation 
values. Elements driving separation of treatment groups are illustrated as (C) log10 concentration (mg/kg) scale -2 to 4 in wheat grain. 
Asterisks indicate statistical difference from the control (ANOVA, Tukey p≤0.05). Standard error measurements and statistical 
analyses, including treatment-treatment pairwise comparisons, are summarized in Tables B.2 and B.5, respectively.
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both wheat grain and sunflower leaf, the ED treatment was most clearly separated from the other 

treatments by the elevated presence of B. For wheat leaf, there was much overlap in elemental 

profile among the treatment groups; however, the control group was separated from the others by 

the elevated presence of Cd. This follows the same trend in wheat leaf when all five treatments 

groups are considered (Figure B.5.A) where the low treatments were separated by the elevated 

presence of Cd when compared to the plants subjected to the higher PW treatments. For all 

affected elements in wheat grain, there was no difference in accumulation between RL and 

control (Tukey, p ≤ 0.05). 

The loadings plot indicates that RL is distinct from the TL profile due to the increased 

presence of Na, Ca, Se, and As in wheat grain (Figure 3.A), indicating that BAF-UF treatment 

decreased the accumulation of these elements and/or at the same time, the increased TDS of raw 

water may have mobilized metals Se and As in wheat grain. In sunflower leaf, the treatment 

groups were more clearly separated than in wheat leaf and follow the same trends (Figure 3.3.C). 

The most apparent separation was that of the ED group with elevated B (and to a lesser degree, P 

and Cu). Based on these results, undiluted ED diluent is likely not feasible for irrigation due to 

elevated B concentration; to achieve levels of B within acceptable FAO limits for irrigation, ED 

diluent would require a 15-fold dilution. Furthermore, these results indicate that as far as 

inorganic uptake is concerned, BAF-UF treatment results in plant tissue elemental profiles 

similar to the non-treated group. 

 

3.4.4 Elemental composition 

Of the 56 elements analyzed in plant tissue, levels of only 5 elements (Se, Ni, Na, B, and 

Sr) were found to be significantly different across all plant compartments and all treatments 

(ANOVA, p ≤ 0.05), and grain tissue was found to contain the highest number of significantly 

different elements. With the exception of Ca, Mo, and Tn, the variation of significant toxic 

metal, salt, and nutrient accumulation in mature plants/compartments are visualized as box plots 

(Figure 3.4, page 64) with log2 fold change compared to the control. Again, the BAF-UF 

treatment did not have a significant effect on the elemental composition when compared to the 

untreated water at the same dilution. Three key trends were evident: 1) heavy metals from PW 

did not appear to significantly accumulate in plant leaf tissue; 2) PW tended to decrease metal 

accumulation in leaf tissue; and 3) grain composition was more affected by PW than leaf 
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composition. However, it should be noted that actual concentrations (mg/kg) of these metals 

were lower in wheat grain than in wheat leaf (Table B.2). Rather, the difference in concentration 

(when compared to the tap water control) was greater in wheat grain (Figure 3.4). Of course, the 

actual concentrations of these metals in the grains is a concern for food safety. Although the 

FDA monitors the levels of toxic metals, like As, Pb, and Cd, in certain foods, they have only 

recently considered efforts to potentially set limits for the amount of metals allowed in food 

products (U.S. Food and Drug Administration, 2018). The WHO CODEX does set limits, and 

those for wheat include 0.2 mg/kg for Cd and 0.2 mg/kg for Pb (WHO CODEX), and the 

Australian limit for As in food is generally adopted at 1 mg/kg. None of the wheat treatment 

groups analyzed were above these levels (Table B.2). 

For all elements shown, with the exception of Li, there was translocation to the grain 

(Figure 3.4). However, results indicate that irrigation with these waters did not result in heavy 

metal accumulation in wheat grain above current FAO/WHO/FDA standards (and no Pb was 

detected in the samples). In certain phytoremediation applications, salinity is used as a method to 

increase bioavailability of heavy metals (Acosta et al., 2011; Liang et al., 2017; Nikalje and 

Suprasanna, 2018); therefore, it stands to reason that that high salinity water would increase 

heavy metal uptake in plants. Surprisingly, however, this does not appear to be the case with PW, 

despite its high salinity content. Perhaps most surprising is the case of Cd, which is known both 

for its ability to complex readily with chloride ions and to accumulate readily in wheat 

(Khoshgoftarmanesh et al., 2006; Norvell et al., 2000). Indeed, Cd hyperaccumulation in wheat 

is a problem faced by wheat growers worldwide (Rizwan et al. 2016); however, PW appears to 

suppress the accumulation of Cd in wheat (Figure 3.4.A). Cd is taken up into plants by the same 

transporters involved in the uptake of Ca, Fe, Mg, Cu and Zn (Sarwar et al., 2010) but the 

distribution of these metals in the plant compartments studied here is variable, suggesting an 

influence of salinity (or other components unique to PW) on the translocation processes. Other 

studies have shown the ability of these chemically similar metals to reduce Cd uptake and 

accumulation in plant tissue (Ismael et al., 2019), and a recent study with Arabidopsis that 

looked at the influence of NaCl on the uptake of Cd, Pb, and Zn, showed that Zn concentration in 

plant tissue increased with increasing salinity (León-Romero et al., 2017). Similarly, Zn 

concentration in wheat grain (Figure B.6) increased with increasing salinity of PW and may be  
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Figure 3.3. Effect of three (low) PW treatment technologies (RL-dilution, TL-BAF/UF + 
dilution, ED-BAF/UF+ED without dilution) on elemental composition of A) wheat grain B) 
wheat leaf and C) sunflower leaf. PCA with high groups removed from analysis and loading 
scores are correlation scaled between -1 to 1. Ellipses denote 0.5, 0.75, and 1.0 correlation 
values. 
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Figure 3.4. Effect of PW on A) metal, B) nutrient, and C) salt accumulation in sunflower leaf, 
wheat leaf, and wheat grain, displayed as log2 fold change compared to tap control. Standard 
error measurements and statistical analyses, including treatment-treatment pairwise comparisons, 
are summarized in Tables B.2 and B.5, respectively. 
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competing for transporter sites with Cd (Khoshgoftarmanesh et al., 2006). Se (Figure 3.4.A) is 

also known to compete with Cd for transporter sites (Atarodi et al., 2018); and Sr (Figure 

3.4.B),with the observed opposite uptake pattern as Cd (Figure B.7) is known to influence Cd 

uptake indirectly with the exchange of S (Herren and Feller, 1997). The complexities of inter-

relationships among these metals and nutrients and salts is beyond the scope of this research, 

though interest in the field is gaining interest (Farooq et al., 2019; Hossain et al., 2017; 

Isayenkov and Maathuis, 2019). 

Unlike the heavy metals, the elements Li and Na did accumulate in the leaves and on a 

much higher scale (up to log2 fold 15), and were the most abundant elemental components 

(Figure 3.4.C). As a whole, plant nutrients also appeared to increase in plant tissue as a result of 

PW irrigation (Figure 3.4.B). Salinity is known to inhibit the uptake of plant macro (e.g., K, Ca, 

Mg, and S) and micro (e.g., Cu, Fe, Mn, Zn, and B) nutrients, leading to nutrient deficiencies 

(Munns and Tester, 2008), but each of these nutrients was increased in wheat irrigated with PW 

when compared to the control water. With salinity and PW stress, osmotic adjustment is ongoing 

due to reduced water availability and ion homeostasis, and it may be that during periods of 

increased flux, more nutrients are selectively taken up by the stressed plant (Acosta-Motos et al., 

2017). While beneficial for plant growth at certain concentrations, at higher quantities certain 

nutrients can be toxic and the elevated B in leaves of the ED treatment of both species was 

evident (Figure 3.4.B). However, B accumulation did not appear to show as much of a difference 

in the wheat grain when compared to the wheat leaf (Figure 3.4.B). 

Interestingly, PW irrigation appeared to increase the elemental nutritional value of grain 

(Figure 3.5.A). Wheat accounts for over 20% of the world’s food source, and as a staple, it is 

rivaled only by rice and corn in terms of overall calorific consumption (Shiferaw et al. 2013). In 

addition, much of the leaf and stem is exploited either as straw or as food forage (Gooding and 

Davies, 1998). A serving of wheat provides almost 30% of the recommended daily intake of Fe 

and Zn and around 40% of Mg and P (Gooding and Davies, 1998). Although PW treatments 

appeared to decrease the nutritional value of the leaves (Figure 3.5.B), each of the treatments 

with PW increased the mineral nutritional value of the edible grain (Figure 3.5.A). An important 

source of dietary Zn and Fe, wheat grain grown with BAF-UF treated PW showed an increase of 

Zn and Fe content by 7 and 9%, respectively. Although BAF-UF treatment did not have a 

substantial effect on the uptake of metals, it did increase the Zn and Fe concentration in grain 
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compared to the other treatments and control plants (Figure 3.5.A-C). RL at the same dilution 

showed an increase in Mg and P by 14 and 18%, respectively (Figure 3.5.A). Ca content of the 

grain also increased by 28%. However, the accompanying decrease in nutritional value in leaf 

tissue (Figure 3.5.B) should be considered when assessing the nutritional value of wheat as 

animal feed. 

Other studies have shown that metal mobilization and accumulation in plant tissue is more 

influenced by the specific plant than by the metal species (León-Romero et al., 2017; Sari and 

Din, 2012), making predictions and explanations of metal behavior in PW irrigation and 

translocation to food crops difficult. However, given the shared transport and chemical similarity 

of Cd and Zn, and the decreased content of Cd in wheat leaf (Figure 3.4.A) and increased content 

of Zn in wheat grain (Figure 3.5.A), it stands to reason that PW provides a unique component 

facilitating the competition of these two elements in wheat. 

 

 

Figure 3.5. Effect of the five PW treatments on nutritional value of plant compartments as % 
change in mg/kg relative to tap water control. A) Wheat grain B) Wheat leaf C) Sunflower leaf. 
Standard error measurements and statistical analyses, including treatment-treatment pairwise 
comparisons, are summarized in Tables B.2 and B.5, respectively. 
 

3.4.5 Bioavailability 

Given the varying levels of problematic metals in PWs from different basins, the adoption 

of a regulatory approach whereby numeric limits on specific constituents are identified is 

certainly possible. However, such an approach would likely need to be predicated on the 
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assumption that if the level of a problematic metal in the PW is known, the levels of those metals 

in the irrigated crops could be predicted. Bioaccumulation factors, which can be used to asses 

bioavailability and the transfer of metals from PW to plant, may thus be an important metric to 

evaluate. Although bioavailability is greatly influenced by soil properties, like pH and organic 

carbon content (Nouri et al., 2009), the soil medium has been removed from the bioavailability 

factors presented herein, as the interest lies in the application of PW for food crop irrigation. As 

such, bioavailability discussed here is the bioconcentration of a potential toxicant in the edible 

plant tissue (wheat grain) from the PW treatments as compared to the control bioconcentration 

(Figure 3.6.A). The bioavailability of heavy metals was markedly affected by PW treatment in 

wheat grain when compared to the control water. Cu and Ni bioavailability decreased 41-90% 

and 83-96%, respectively, when compared to the control. Alternatively, As, Cd, and Cr 

bioavailability increased approximately twice that for ED and RL, and four times that for TL. 

For heavy metals, BCFs for As and Cr were highest in the TL group (an increase of 355% and 

411% respectively), suggesting that BAF-UF treatment increased the bioavailability of these 

metals in wheat grain compared to the untreated PW. As expected, ED treatment increased the 

bioavailability of B (188% compared to control). In general, PW both increases (Ca, Na, Mg, As, 

Cr) or decreases (Cu, Ni, Mn, Fe, P, S, Zn) the bioavailability of metals, salts, and nutrients in 

wheat grain (Table B.6). Therefore, unless the BCFs employed in any regulatory approach 

 

 

 
Figure 3.6. Relative percent change in bioconcentration factors of metals and Boron for PW 
treatments compared to control. A) Wheat grain B) Wheat leaf C) Sunflower leaf. Standard error 
measurements and statistical analyses, including treatment-treatment pairwise comparisons, are 
summarized in Tables B.2 and B.5, respectively. 
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account for the impact of the PW itself, BCFs traditionally used to evaluate risk may over or 

underestimate accumulation for some metals. 

In addition, because there is so much variability in BCFs depending on differences among 

plant species or aboveground tissue, BCFs for wheat leaf and sunflower leaf are also presented 

for comparative purposes. Bioavailability of Cu and Ni decreased in all PW treated plant tissue 

collected when compared to the control, and B and Cd bioavailability generally decreased in leaf 

tissue for both wheat and sunflower. However, B bioavailability increased in wheat grain as a 

result of PW irrigation when compared to the tap water control. In recent years, the variability 

within plant bioaccumulation data has come under scrutiny and efforts are underway to improve 

technical guidance and allow better prediction models for use in exposure assessments (Doucette 

et al., 2018). When the variability associated with the complex and largely-uncharacterized PW 

matrix is coupled with differences in bioaccumulation processes between species and plant 

tissues, meaningful BCFs for use in evaluating the uptake of contaminants into food crops from 

irrigation with PW may become elusive. Future implementation of this on-going practice of PW 

reuse in agriculture should consider these data gaps and sources of variability in the assessment 

of its feasibility. 

 
3.5 Conclusion 

The balance between water conservation and energy generation is a difficult one to 

maintain. Oil and gas companies look to dispose of PW in safe, economical ways, while farmers 

seek plentiful sources to maintain their fields. The solution seems simple—treat the PW and 

deliver it to farmers for irrigation to ensure a reliable source of food. Although California has 

seen success with the practice for decades, many data gaps surrounding PW variability, 

composition, characterization, toxicity, and treatability need to be addressed before meaningful 

progress can be made towards the broader implementation of this solution. From the results, it is 

clear that under the ED and the lower dilution PW treatments selected, wheat and sunflower 

plants were able to complete their lifecycles. The same could not be said of the selected high 

treatment groups (whether BAF-UF treated or not). However, the accumulation of B in both 

plant tissue and soil likely renders the undiluted ED an unacceptable solution. Moreover, PW 

influenced the distribution and translocation of metals, salts, and micronutrients in unexpected 

ways. While these results show promise for understanding how the ionome is altered by 
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irrigation with these waters, more work is needed to understand the uptake and potential 

metabolism of potential toxicants (including organic chemicals) into food crops. In managing 

this potential resource in the future, it is important not to rely on previously established BCFs for 

metals and or/salts because the bioavailability is impacted by the unique and complex PW 

matrix. Although no trace metals were identified above regulatory limits in this study, future 

studies should also investigate the mobilization trends in heavy metals from PW that could over 

time become concentrated in soil used for agriculture. Of course, risk assessments for human 

consumption need to consider daily intake and cumulative exposures and such assessments are 

not included in the scope of this study. However, it is expected that future research and risk 

assessment will also focus on the cumulative effects of these metals and exposure minimization. 

The results from this study may also inform nutritional guidelines as both population density and 

water scarcity increase. 
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CHAPTER 4 

 

METABOLOMICS REVEALS RESPONSE OF WHEAT (TRITICUM AESTIVUM) TO 

IRRIGATION WITH OILFIELD PRODUCED WATER  

 

In preparation for submission 

Erin M. Sedlacko1,∆, Adam L. Heuberger2, Jaqueline M. Chaparro2, Tzahi Y. Cath1, Christopher 

Higgins1 

 

4.1 Abstract 

The potential reuse of oilfield produced water (PW) for irrigation has received increased 

attention in drought-stricken regions, although the resultant impacts on crops remain largely 

unexplored beyond physiological responses for crops such as wheat. However, metabolomics 

evaluations are increasingly able to discern specific mechanisms of impact on crop health from 

environmental stressors. Herein, the primary metabolic responses of wheat irrigated with PW and 

matching salinity controls are investigated. Gas chromatography mass spectrometry (GC-MS) 

based non-targeted metabolomics combined with multivariate analysis revealed that PW 

irrigation altered the primary metabolic profiles of both wheat leaf and grain. Over 600 

metabolites were detected that varied between controls (salinity control as well as tap water) and 

PW irrigated plants. While some of these changed metabolites are related to salinity stress, over 

half were found to be unique to PW. The primary metabolites exhibiting changes in abundance in 

leaf and grain tissues were amines/amino acids, organic acids, and saccharides. Metabolite 

pathway analysis revealed that amino acid metabolism, sugar metabolism, and nitrogen 

remobilization are all impacted by PW irrigation. These data, when combined with prior 

physiological studies, support a multi-faceted, physio-metabolic response of wheat to the unique 

stressor imposed by irrigation with PW. 
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4.2 Introduction 

In arid and semiarid lands on the front lines of global food security concerns, pressures on 

agriculture are exacerbated by drought and water scarcity (Nabhan et al., 2020). In response, 

alternative and/or reclaimed water sources are being evaluated as potentially attractive means to 

address these concerns (Hamilton et al., 2007). However, in addition to drought, excessive 

salinity is perhaps the most important abiotic stress affecting plant growth and nutrition in these 

regions (Nam et al., 2017). Oilfield produced water (PW), a waste water generated from 

hydraulic fracturing, has seen some success with agricultural irrigation in the arid U.S. (Nabhan 

et al., 2020). Indeed, California’s Kern County has been successfully utilizing low-saline PW for 

over 25 years, and recent studies support that the quality of the PW irrigation water is 

comparable to local groundwater (Kondash et al., 2020). However, PW quality in general is 

highly variable, and even with this low-saline PW blended with fresh water, salt and boron 

toxicity concerns endure (Fakhru’l-Razi et al., 2009; Kondash et al., 2020). After the water itself, 

salinity in the form of Total Dissolved Solids (TDS) is the primary component of PW (Veil et al., 

2004), although organic contaminants, metals, and radioactive elements are also often present 

(Rosenblum et al., 2017). Perhaps not surprisingly, the use of this alternative water source has 

been met with concern (Horner et al., 2011), and previous studies have shown effects on crop 

health and disease resistance (Miller et al., 2019; Sedlacko et al., 2019; 2020; Shariq, 2013).  

Wheat is one of the most important food crops in the world, providing 20% of human 

calories world-wide (Calderini et al., 2021), and its production is expected to increase in the 

coming years (FAO, 2021). As such, many studies have focused on ways to improve wheat 

performance in semi-arid and arid environments (Abdelrahman et al., 2020; Huang & Zhao, 

2013; Lamaoui et al., 2018). Environmental stressors, such as drought and salinity, affect many 

components of plant morphology and physiology such as chlorophyll content, photosynthetic 

parameters, biomass, and yield (Zhao et al., 2020). Our previous study in wheat irrigated with 

PW showed effects on photosynthesis, fertility, premature senescence, 70%-100% loss of grain 

yield, and an unexpected distribution of metals, salts, and micronutrients in plant tissue 

(Sedlacko et al., 2019; 2020).  

Based on the physiological response, we expected that plant metabolism would also be 

affected by PW irrigation and would elucidate mechanisms behind that physiological response. 

Plant metabolomics presents a useful tool for evaluating the extent of physiological impacts of 
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using PW in food crop irrigation. By providing a snapshot of the metabolites within a plant at a 

particular time, impacts on plant health can be observed at the molecular level, which is helpful 

when investigating plant responses to abiotic stresses such as drought, flood, temperature, light, 

or salt (Genga et al., 2011). In this way, an MS-based metabolomic approach can help 

“fingerprint” stress responses (Jorge et al. 2012; Shulaev et al., 2008). Although there have been 

many studies of the response mechanism of wheat to salt stress and/or drought stress, many of 

these investigations have been restricted to a single pathway or limited to biomarker analysis 

meant to improve tolerance (Sallam et al., 2019). In contrast, the specific metabolic responses of 

plants to PW irrigation remain largely unexplored. This data gap is significant, as there are 

currently insufficient data concerning plant health and potentially chronic ecotoxicological 

impacts with the reuse of PW for food crop irrigation (Kondash et al., 2020). In addition, 

knowing the molecular phenotypes in the plant can help determine which components in PW are 

important to reduce. 

Here, in light of the current regulatory focus of water reuse on salinity concerns, we 

evaluated the mechanisms by which PW stress differs from salt stress in wheat. Building from 

our parallel study that investigated physiological and morphological responses to PW (Sedlacko 

et al., 2019), the present study compared the levels of primary endogenous metabolites in PW-

irrigated wheat plants vs. salinity and tap water control plants. These data were used to evaluate 

wheat’s physiological responses to abiotic stresses and specifically, the unique stress imposed by 

PW irrigation. The primary objective of the present study was to determine the effects of PW on 

primary plant metabolism. Metabolic profile changes in wheat plants irrigated with PW were 

analyzed using GC-MS coupled with multivariate statistics to determine biochemical responses 

reflective of phenotype differences among tap control, salinity control, and high and low 

dilutions of PW-treated wheat crops. Both leaf and grain tissue were evaluated through non-

targeted GC-MS metabolomics to identify metabolites and to demonstrate the differential 

changes (accumulation/reduction) in metabolites in response to the unique stress imposed by 

PW. 
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4.3 Materials and methods 

4.3.1 Water treatments and plant materials 

Water treatments were performed as  described in the companion study (Sedlacko et al. 

2019). Briefly, four water treatments were selected for use: (1) tap water (TW) control; (2) PW 

diluted 1:9 (PW10) with TW; (3) 1:1 (PW50); and (4) a salinity control (SW50) to mimic the 

PW50 treatment. The raw PW was sourced from a hydraulically fractured well pad in the 

Niobrara formation of the Denver-Julesburg (DJ) basin of Colorado, USA; water characterization 

via IC, ICP-OES, and general water chemistry can be found in Sedlacko et al. (2019), 

summarized in Table C.1. 

Wheat (T. aestivum, L. USU‐Apogee) seed was obtained from Utah State University and 

grown under the controlled greenhouse conditions and irrigation scheme as detailed in Sedlacko 

et al. (2019). Briefly, plants were arranged using a randomized complete‐block design to control 

for spatial and temperature variations within the greenhouse, with a minimum of 10 replicates 

per treatment (4) for metabolomics analysis. In addition, a separate time trial study was 

established with 11 weekly time points during development. Weekly morphological and 

physiological measurements as detailed in Sedlacko et al. (2019) were recorded. Upon maturity, 

plant samples were excised and separated into flag leaf, stem, and grain compartments and 

immediately flash-frozen in liquid nitrogen before being stored at -80°C. 

 

4.3.2 Metabolite extraction and detection 

Primary metabolites were extracted from lyophilized leaf and grain tissue samples in six 

replicates for each of the four experimental groups (control, salinity, and the two PW-stressed 

groups) and were analyzed by GC-MS. Approximately 100 mg of grain tissue and 30 mg of leaf 

tissue, as lyophilized homogenates, were weighed into pre-chilled 2-mL glass vials and were 

extracted by a biphasic extraction method adapted from Matyash et al. (2008). Briefly, samples 

were added with 1.4 mL of 6:3:1 MTBE:MeOH:H2O and shaken at 4°C for 3.5 hours. The 

samples were shaken for an additional hour at 4°C with hand vortexing of samples at 20-minute 

intervals and were then sonicated cold for 30 minutes and shaken again at 4°C. The samples 

were briefly centrifuged at 2500 rpm before adding 350 µL of cold water to the solution, and 

then shaken for another 20 minutes at 4°C. Aqueous and organic layers were separated by 

centrifuge for 15 minutes at 3500 rpm. Once separated, 0.4 mL of the non-polar fraction was 



83 

transferred to a new 2 mL clear glass autosampler vial for later characterization via liquid 

chromatography mass spectrometry. For GC-MS, 300 µL was taken from the lower, aqueous 

layer and transferred to a new 2 mL clear glass autosampler vial. 500 µL of 2:2:1 

acetonitrile/methanol/water was added to the original vial and shaken at 4°C for 10 minutes. The 

samples were then centrifuged for 10 minutes at 3500 rpm and 800 µL of the supernatant was 

transferred to the aqueous (polar) vial. The solution was dried down under nitrogen and 

resuspended in 300 µL of 2:2:1 acetonitrile/methanol/water. The samples were briefly vortexed 

and incubated for 1 hour at -80°C and then incubated for an hour at -20°C. Finally, samples were 

centrifuged at 3500 rpm for 15 minutes at 4°C and the cold incubation steps were repeated. 

Precipitate was observed and 200 µL of supernatant was transferred to a new 2mL clear glass 

autosampler vial for GC-MS analysis. 

Derivatization and GC-MS. 20 μL aliquots of the aqueous extracts were dried under 

nitrogen and then re-suspended in 50 μL of pyridine containing 25 mg/mL of methoxyamine 

hydrochloride, incubated at 60°C for 45 min, vortexed for 30 seconds, sonicated for 10 min, and 

incubated for an additional 45 min at 60°C. Next, 50 μL of N-methyl-N-

trimethylsilyltrifluoroacetamide with 1% trimethylchlorosilane (MSTFA + 1% TMCS, Thermo 

Scientific) was added, and samples were again vortexed and incubated. Metabolites were 

detected using a Trace 1310 GC coupled to a Thermo ISQ mass spectrometer. Samples (1 µL) 

were injected at a 10:1 split ratio to a 30 m TG-5MS column (Thermo Scientific, 0.25 mm i.d., 

0.25 μm film thickness) with a 1.2 mL/min helium gas flow rate. The oven was started at 80°C 

for 30 s, followed by a ramp of 15°C/min to 330°C, and an 8 min hold. Masses between 50-650 

m/z were scanned at 5 scans/sec under electron impact ionization. Transfer line and ion source 

were held at 300°C and 260°C, respectively. Quality control samples were generated by pooling 

1 µL of each sample and injecting after every 6 samples. 

 

4.3.3 Metabolite data processing and annotation 

Data processing was performed as described in Yao, et al. (2019). Briefly, GC-MS files 

were converted to .mzML format and were processed by XCMS (Smith et al., 2006) in R 

(version 3.6.3; R Core Team, 2015) for feature detection and alignment. Features were 

normalized to total extracted ion signal and GC-MS data was deconvoluted into spectral clusters 

using RAMClust (Broeckling et al., 2014). Metabolites were identified by matching mass spectra 
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and retention indices and/or experimental or predicted retention times within RAMSearch 

software following deconvultion using RAMClust (Broeckling et al., 2014) and databases used 

for annotations included NIST (http://nist.gov), Golm Metabolome Database (http://gmd.mpimp-

golm.mpg), Lipid Maps (https://www.lipidmaps.org), and Human Metabolome Database 

(https://hmdb.ca). Confidence in metabolite annotations is based on guidelines of the 

Metabolomics Standards Initiative (Sumner et al., 2007). Because chromatography can 

sometimes separate metabolite isomers, observed as identical mass spectra at different retention 

times, such compounds are indicated as numbers following the metabolite name (e.g. “glucose 

01”, “glucose 02”). However, when duplicate signals were observed, the signal with the highest 

mean relative abundance and most complete derivatization was selected as representative of the 

metabolite. 

 

4.3.4 Statistical analysis and pathway analysis 

For each plant compartment (grain and leaf), metabolite abundance was compared using one-

way ANOVA for treatment with a Benjamini-Hochberg false discovery rate adjustment and p 

threshold of 0.05 in R (p.adjust). Principal Components Analysis (PCA) and Orthogonal Partial 

Least Squares Analysis (OPLS) were conducted on mean-centered and unit variance scaled data 

with SIMCA software v. 15 (Sartorius Stedim Biotech, Umea, Sweden). Variable Importance in 

Projection (VIP) scores, calculated as the weighted sum of the squares of the OPLS-DA analysis, 

indicates the importance of a variable to the model. Z scores were calculated using a mean 

metabolite abundance compared to the population mean and standard deviation across all 

samples. Heat mapping was performed in R v3.1.3 using the heatmap.2 function in the R 

package ggplots, and hierarchical clustering was performed using the hclust function. Fold 

change (FC) of each metabolite was calculated as the log2fold change of highest average mean 

metabolite peak area per treatment divided by the mean tap water control value. Significantly 

different metabolites were determined based on the combination of a statistically significant 

threshold of a VIP > 1.0, a Student’s t-test p < 0.05 and FC > 1 or < -1. Pathway analysis was 

performed with MetaboAnalyst 5.0 (https://www.MetaboAnalyst.ca/docs/Publications.xhtml) 

and KEGG using the model rice species Oryza sativa pathway map. Rice is a model organism 

for metabolomic and genetic analyses because it has a simplified metabolism and the smallest 
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genome of the grasses, providing a common denominator by which to analyze other cereal crops, 

such as wheat (Hall et al., 2008).  

 

4.4 Results 

4.4.1 Diversity in detection and metabolite profiling 

Non-targeted GC-MS metabolomics was performed on 24 flag leaf and 18 grain samples 

representing 6 replicates of each tissue type per treatment: TW, SW, PW10, and PW50. Because 

the PW50 treated plants did not produce enough grain for analysis, PW50 grain was omitted. 

Unsupervised multivariate analysis (PCA) was performed on the raw data and results are shown 

in Figure 4.1.A (page 87). For the primary metabolites measured by GC-MS in leaf tissue, the 

PCA (Figure 4.1.A top panel) clearly separated the samples into two distinct groups, with TW 

and SW comprising one group and PW10 and PW50 the other: Principal Component 1 (PC1) 

described more than half of the variability. Overall, some metabolites were influenced by 

salinity, but many more appear to be influenced by PW treatment. PC2 captured 18% of the 

variability and separated SW from TW as well as PW10 from PW50. The PW10 group has the 

most biological variation among replicates. Taken together, the water treatments account for at 

least 70% of the separation among leaf samples, indicating a strong influence of PW on primary 

plant metabolism. In contrast, the first two PCs from the grain tissue PCA (Figure. 4.1.A bottom 

panel) represent less variability than in leaf and did not as clearly separate the different 

treatments. However, the highest PW group (PW50) was not included in this grain dataset. 

Statistical analysis of the overall primary metabolome profiling suggests that the 

biochemical profiles of the PW treated groups are distinct from that of tap and saltwater. GC-MS 

provided diversity in detection of the metabolites comprising these biochemical profiles. A total 

of 673 compounds were detected among the samples and 183 were identified to a confidence of 

MSI 2, with mass and retention time matched to a database. Of the 183 annotated metabolites, 11 

were lipids/lipid-like molecules, 66 were amines/amino acids, 42 were saccharides, 6 were 

alkaloids, 28 were organic acids, 12 were purines, 4 were inorganic acids, and 14 were other 

classifications. Approximately 80% of the GC-amenable compounds detected were unclassified 

and/or non-annotated (Figure. 4.1.B). 
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Figure 4.1. Diversity in detection and metabolite profiling of wheat response to PW irrigation, as determined by GC-MS. A. 
Metabolite variation among treatment groups (TW=tap water, SW50=salt water match to PW50, PW10=10% produced water, 
PW50=50% produced water) at maturity. Principal component analysis (PCA) scores plots for the 673 detected compounds. Top panel 
is PC1 vs. PC2 for leaf tissue and bottom panel is the same for grain tissue. Colored circles represent metabolite profiles for n=6 
replicates of each treatment group. No grain was produced in PW50 treated plants. B. Ontology overview of leaf and grain samples 
analyzed by GC-MS. Colors denote annotated metabolites according to chemical classification at the superclass level.
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When compared to the tap water control, the metabolomes of the SW and PW treated 

plants were largely distinguishable in both leaf and grain tissue. Further evaluation was focused 

on metabolites that were significantly changed (P < 0.05) in the plants irrigated with treated 

waters (SW50, PW10, PW50). When compared to the tap water control, a total of 605 leaf 

metabolites (Figure 4.2.A, Page 89) were significantly different in PW50, with 487 in PW10, and 

274 in SW50. For grain, 584 metabolites were significantly changed in PW10 (as compared to 

tap water), with only 168 changed in SW50. The proportion of significant unclassified 

metabolites was more than twice (>3x in grain) as high in the PW treated plants than in the SW 

treated plants. Notably, there is an abundance of unclassified compounds; and while these true 

unclassified features were found as a result of our non-targeted metabolomics approach, they are 

also potential metabolic transformation products of organic compounds from PW or 

unmetabolized organic PW-derived compounds taken up by the plant. Future work is 

investigating this category of unclassified compound.  

The distribution of significantly changed annotated metabolites among tissue type and 

treatment is summarized by superclass in Figure 4.2.B. The PW50 leaf tissue contained the 

largest number of altered metabolites, followed by PW10 leaf and PW10 grain. In concurrence 

with PCA, the grain tissue metabolic profile was less affected by PW than the leaf tissue 

metabolic profile. The changed metabolites were mainly amino acids and saccharides, followed 

by organic acids, and to a lesser extent lipids and purines (Figure 4.2, C.2).  

 

4.4.2 Leaf and grain primary metabolome changes are both induced by salinity stress and 

unique to PW 

The effects of PW irrigation were further evaluated with a fold variation analysis (Figure 

4.3, page 90) and show that fewer metabolic differences in both number and magnitude of 

biochemical compounds were observed between SW50 and TW, compared with differences 

between PW10 and TW in both leaf (Figure 4.3.A) and grain tissue (Figure 4.3.B). As PW50 

plants failed to produce useful grain and would therefore likely not be a feasible application, the 

focus at the metabolite level is here directed at PW10, the produced water treatment at 5 times 

less salinity than the SW50 control. Further justification for this approach is found in the PCA, 

where the similarities among the PW10 and PW50 metabolic profiles were strong enough to 
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as  

Figure 4.2. Significant metabolite distribution by tissue and treatment when compared to tap water control. Bar charts representing (A) 
the total number of compounds and (B) the annotated metabolites that differ among mature tissues and treatment type. Color is used to 
indicate a designated chemical class for each metabolite. Only metabolites that were significantly different (Student t-test P-value < 
0.05) between treatment type and tap water control are included. 
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Figure 4.3. Variation in wheat leaf (A. top row) and grain (B. bottom row) metabolomes exposed 
to salinity (left column) and produced water (right column) irrigation. Volcano plots represent 
the log2fold change in abundance compared to tap control on the x-axis and significance  
(-log10p-value) on the y axis of all metabolites (colored circles) detected by GC-MS. Thresholds 
of >2 fold change and log10p-value between 1 and -1 are represented by dashed lines. Venn 
diagrams describe shared and unique metabolites both increasing and decreasing with SW and 
PW10 treatments.
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distinguish them from the SW50 and TW controls. With this metabolite-specific analysis, several 

metabolite profiles, such the decrease in the amino acid asparagine and the increase in the sugar 

alcohol myo-inositol were similar between SW50 and PW10 when compared to TW, suggesting 

that PW irrigation stress response resembles a salt stress response. However, the general trend in 

both amino acids and saccharides is more exacerbated in the PW10 treated plants (Figure 4.3.A 

right panel and Figure. C.2). Further, the PW metabolome has many unique metabolites, such as 

tetradecanoic acid and allantoin, that are not significantly different in the SW50 –tap water 

comparison (Figure 4.3). 

The overlap in significant PW10 and SW50 metabolites is visualized in Venn diagrams 

showing the number of metabolites common to both treatments (Figure 4.3 middle column). In 

wheat leaf, 31 metabolites co-varied with PW10 and SW50 (26 decreasing and 5 increasing). 

Shared decreased metabolites include alanine, asparagine, lactic acid, caffeic acid, urea, 

imidazolidine-4-carboxylic acid, citric acid, glycerol-3-phosphate, and aspartic acid. Shared 

increased metabolites include myo-inositol. In wheat grain, 10 were shared (6 decreased and 4 

increased) including a decrease in citric acid, maleic acid, and alanine and accumulation of 

inositol, galactonic acid, and gluonic acid. Only 2 annotated metabolites were unique to SW50: 

putrescene increased and tryptophan decreased. The major trend shown among all samples was 

an increase in saccharides and a decrease in amino acids, a trend enhanced 10-fold in the PW 

treated plants (which are 5 times less saline than SW50 and exhibit 5 fold change in PW10 vs. 

SW50). 

 

4.4.3 OPLS-DA reveals metabolites unique to PW irrigation 

To further study the unique metabolites associated with PW, OPLS-DA was performed 

(Figure 4.4) by combining  tap and salinity metabolomes as the control group, and combining 

both PWs as the stressed group. Modeling and predictive power results were good for both leaf 

and grain tissue and support the model was not overfit (R2 > .90, Q2 >.70). This indicates that 

although metabolomes between salinity and tap are divergent, when compared to PW-treated 

plant metabolomes, they are largely similar. OPLS-DA also identified the most predictive or 

discriminative features that drove the separation between PW treated plants and the controls. 

Supervised OPLS-DA analysis of the controls and PW stress groups showed that both salinity 
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Figure 4.4. Orthogonal projection to latent structures analysis (OPLS-DA) model of PWs 
compared to controls (both SW and TW). OPLS was conducted on the 24 wheat leaf samples (A) 
and 18 grain samples (B) for 673 metabolites detected by GC-MS. Data is plotted as a biplot for 
correlation-scaled OPLS scores (circles representing samples and colored by treatment) and 
loadings (representing metabolites as triangles colored by chemical class, with light grey 
hexagons for unclassified metabolites). 

A. 

B. 
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and tap control groups could be completely separated from PW stress groups, and 98 metabolites 

were identified as relevant to the predictive Component 1 based on VIP scores > 1 and driving 

this separation in leaf tissue, with 307 significant VIPs in grain tissue (Table C.2). This OPLS-

DA analysis indicates ~15% of the primary metabolome is affected by PW that is independent of 

general metabolic responses to salt stress (98/673 metabolites). This is even more impactful in 

grain metabolism with 46% (307/673) metabolites being affected uniquely by PW. The most 

changed annotated metabolites were mainly amino acids, organic acids, and saccharides (Figure 

4.5, C.2). To focus on the metabolites that may be considered unique biomarkers to PW 

irrigation (Figure 4.5), OPLS correlation-scaled loadings thresholds were restricted to values 

>0.75 and in between +0.25 and -0.25 to determine if a metabolite was associated with the PWs 

(i.e. increased in PW) or the controls (i.e. decreased in PWs). Among PW-significant amino 

acids in leaf tissue, all 10 decreased with PW irrigation; however, ethanolamine (an amine) 

increased with PW. The opposite pattern was observed with saccharides, as all but one (glycerol-

3-phosphate) of the 12 increased in leaf tissue. Two organic acids appear on opposite sides of the 

biplot: dehydroascorbic acid increased and glycerophosphoglycerol decreased with PW 

irrigation. Tetradecanoic acid (a fatty acid), and indole 3 acetonitrile (a purine) increased 

significantly in PW leaves (2 log2fold).   

 

4.4.5 Metabolic Pathway and KEGG Enrichment Analysis 

Because the PW10 treatment presents the most feasible irrigation application, a more 

detailed analysis of the relevant metabolic pathways affected by PW was performed on the 

PW10 dataset using a web-based tool that combines results from pathway enrichment and 

topology analysis (MetaboAnalyst). Of 183 of annotated metabolites, 121 could be matched to 

the database for pathway analysis. Pathway impact analysis (Figure 4.6) on this subset of data 

showed that 14 pathways were significantly perturbed under the low PW treatment (FDR < 0.05; 

pathway impact values ≥ 0.2; Table C.4). The four pathways most impacted by PW in leaf were: 

1) glycine, serine, and threonine metabolism; 2) alanine, aspartate, and glutamate metabolism; 3)  

glyoxylate and dicarboxylate metabolism; and 4) linoleic acid metabolism. In wheat grain, 

although less perturbed than leaf, the same top three pathways appear, but arginine and proline 

biosynthesis was more highly impacted than linoleic acid metabolism. 
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Figure 4.5. Top twenty-nine (29) leaf and grain metabolites uniquely influenced by produced 
water (PW) irrigation based on OPLS correlation-scaled loadings thresholds of values > 0.75 and 
in between +0.25 and -0.25 (Figure 4.4). Colors are  representative of treatment groups and 
metabolites are grouped by saccharides, amino acids, organic acids, and others with the log2fold 
change of the concentration of each metabolite calculated for each treatment group compared to 
the tap water (TW) control. Metabolites within each biochemical category are sorted by 
influence, or deviation from the tap water control, and the fold change in concentration for one 
representative metabolite from each group is visualized in box plots in the right column.  
  



95 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. A. Significantly changed biological pathways under PW10 stress for metabolites in 
wheat leaf (left panel) and wheat grain (right panel) compared to the tap control based on p-
values and pathway impact values derived from pathway topology analysis on MetaboAnalyst. 
Dot size represents the number of significant metabolites per pathway detected in the samples 
and depth of color (yellow to red) indicates degree of impact, with red being the most impacted. 
B. For the top four pathways, the pathway detail is depicted in the call-out with color depth again 
representing the metabolites most impacted by the PW. A detail of the comparative abundance of 
high impact metabolites is depicted in the smaller box plot within the pathway. Colors in the box 
plot are representative of treatment group. Numerically labeled pathways: 1) glycine, serine, and 
threonine metabolism, 2) linoleic acid metabolism, 3) alanine, aspartate, and glutamate 
metabolism, 4) glyoxylate and carboxylate metabolism, and 5) isoquinoline alkaloid 
biosynthesis.  
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4.5 Discussion 

The present study demonstrates that PW irrigation alters primary metabolic pathways in 

wheat crop, and it does so in a novel way, both similar to and divergent from that of salinity 

stress. Much like plant responses to environmental stresses, exposure to PW affects many key 

metabolic processes, like cell growth and glycolysis, photosynthesis, carbon and nitrogen 

assimilation, redox metabolism, nutrient allocation, reproductive growth, and senescence (Figure 

4.6, Table C.5). One metabolite typically influences the operation of many pathways, so many 

pathways are expected to be impacted. For example, drought, salinity, and temperature stress are 

known to impose an osmotic stress on the plant, essentially dehydrating it (Genga et al., 2011). 

Consequences may include inhibition of photosynthesis, metabolic dysfunction, damage of 

cellular structures, reduced fertility, and premature senescence, such conditions as those 

previously observed in the PW treated wheat plants (Sedlacko et al., 2019). An overview of the 

metabolic profile related to PW irrigation shows that saccharide and amino acid metabolism are 

two major metabolic pathways altered by the effects of PW (Figures 4.1-4.6, Figures C.2.A-C). 

These pathways are essential to both primary and secondary metabolism in plants and are linked 

to carbon and nitrogen cycling. Carbon is converted into glucose and other sugars in the leaves 

and is transported to other plant compartments, like grain, for plant growth (Chaves et al., 2009). 

Under stress conditions, that transport is known to be perturbed (Lemoine et al., 2013). The 

tricarboxylic acid (TCA) cycle links carbon and nitrogen metabolisms; simply put, a healthy 

carbon supply is essential for nitrogen assimilation (Naliwajski and Skłodowska, 2018). To 

maintain a balanced N:C ratio, plants have developed numerous biochemical processes to 

continually adjust, processes that are further tested by adjustments to environmental stress 

conditions (Coruzzi and Zhou, 2001), and these processes are impacted in PW-irrigated plants. 

 

4.5.1 Wheat metabolome changes induced by salinity stress 

Under salinity stress, plants are known to adapt by rearranging metabolic pathways 

(Kaplan, 2004). The response is complex and involves multiple pathways, but shown to regularly 

involve changes in amino acid, organic acid, and sugar metabolism (Sanchez et al., 2008). 

Salinity stress can be seen as an exceedingly severe threat because it imposes both osmotic stress 



98 

(or water stress) and ionic stress (or toxicity stress) on a plant. Studies have indicated that the 

primary damage to plants is associated with osmotic stress (Acosta-Motos et al., 2017). 

Interestingly, several studies have induced osmotic stress with polyethylene glycols (PEGs), and 

since PW is known to contain PEGs, the response is likely to be exacerbated (Ji et al., 2014; 

Thurman et al., 2017). Upon exposure to osmotic stress as a result of high salinity, plants 

accumulate compatible solutes called osmolytes which help to reestablish ion homeostasis in 

plant cells (Ji et al. 2014). These osmoprotectants cover a diverse range of chemical classes 

including amino acids (e.g. asparagine, proline, serine) and soluble sugars (e.g. sucrose, 

trehalose, and myo-inositol) (Fraire-Velazquez and Emmanuel, 2013). Many osmolytes (like 

amino acids) contain nitrogen, making nitrogen metabolism an important pathway under salinity 

(and other abiotic) stress conditions. When data were analyzed using only tap control and 

salinity-stressed samples (Figure C.3) 47 variables of importance in prediction (VIP) were 

identified as salinity-responsive metabolites. Of the 47 VIP metabolites, almost all were amino 

acids. However, much of a plant’s metabolomic response to salinity is species-specific (Sanchez 

et al., 2008). Metabolomic studies on stress in bread wheat (Triticum aesetivim) are limited, and 

those of salinity stress even more so (Saia et al., 2019). In a recent study, Borelli et al. (2018) 

investigated salinity tolerance in 5 genotypes of durum (i.e., pasta) wheat, (Triticum turgidum 

ssp. durum), and found a general decrease in organic acids and a genotypically different response 

in regards to amino acid accumulation. Tetraploid durum wheat and hexaploid spring wheat are 

far more different from each other than genotypes within durum wheat. Many differences in the 

specific metabolomic responses of these two types of wheat are expected to be due to this lack of 

the D genome (Saia et al., 2019). Much like in durum however, our spring wheat saw a decrease 

in citric and malic organic acids (Figure 4.3, C.2) in response to salinity. 

This decrease in citric acid is among the shared metabolites that co-vary between SW and 

PW treated plants (Figure 4.3) suggesting a similar impact on the citric acid (TCA) cycle. 

Oxidative stress is known to impede the TCA cycle and thereby essential cellular respiration. 

Indeed, the TCA-cycle-derived amino acids, aspartic acid and alanine, are also among the shared 

metabolites decreasing with both SW and PW. A similar response was observed in spring wheat 

exposed to drought stress (Michaletti et al., 2018) and in sugar beet response to salinity stress 

(Liu et al., 2020). Other shared decreased metabolites included the amino acid, asparagine, which 

is largely studied for its involvement in nitrogen transport and stress response (Lea et al., 2007). 
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Although often cited as increasing in plants under stress conditions (Gavaghan et al., 2011; 

Muscolo et al., 2015), the transport and dynamics of asparagine in bread wheat is still not 

understood (Oddy et al., 2020). Contrary to its reputation as an osmolyte for accumulation as a 

stress response, asparagine decreased in both the SW control and the PW groups, albeit more 

extremely in PW. Regardless of the direction of change, asparagine is an essential nitrogen 

transporter during regular un-stressed plant development (Lea et al., 2007). The significant 

decrease in PW, and to a lesser extent, SW, here indicates that nitrogen remobilization was 

hindered in these plants. However, a decrease in asparagine may be beneficial, as it is somewhat 

of an undesirable quality of wheat grain regarding food safety because of its role as a precursor 

to acrylamide when heated (i.e. baked) (Oddy et al., 2020). 

Although shared increased metabolites were fewer between SW50 and PW10 than those 

that decreased (relative to tap water), of note is the accumulation of myo-inositol in both wheat 

leaf and grain (Figure 4.3, Figure 4.5). Myo-inositol is both a sugar osmolyte and a stress 

messenger known to accumulate as a stress response (Taji et al., 2006). When describing 

metabolites shared with the salinity response, it is important to consider that with PW10 (a 

treatment with 5 times less “salinity” than SW50), the response is more intense (larger deviations 

in fold change). The fraction of PW that is not salinity appears to be exacerbating the salt stress 

response. 

 

4.5.2 Wheat metabolome changes unique to produced water stress 

Based on non-targeted metabolic profiling, a combination of univariate and multi-variate 

analysis, and OPLS-DA modeling, PW affected primary metabolism in wheat in two general 

ways: 1) an exacerbated salinity response and 2) a unique response unlike that of salinity. The 

overlap in changed metabolic expression between PW10 and SW50 treatment was not 

insignificant (4% - 28% depending on direction and tissue type (Figure 4.3 middle column), but 

there were few metabolite profiles that SW50 alone impacted that PW10 did not also impact. 

Conversely, a number of metabolic shifts as a result of PW10 were not evident from SW50 

irrigation: this category accounted for 50% -87% of the significantly changed metabolites. 

Approximately two-thirds (Figure 4.3) of the GC-MS features in PW could not be classified 

above an MSI 3, but they are clearly significantly driving the differences among treatment 

groups (Figures 4.3-4.4). Some of these features are likely transformation products of unique 
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constituents in PW, and future work will focus on characterizing these compounds. Indeed, two 

of the overexpressed PW-specific annotated metabolites can be linked to known components of 

PW: tetradecanoic acid and ethanolamine(Danforth et al., 2020; Oetjen et al., 2017; Orem et al., 

2017; Shariq et al., 2021). While both of these metabolites can be endogenous, they increased 

substantially in the PW-treated plants (3 fold change compared to both tap and salinity controls), 

suggesting the potential of an exogenous source. Elevated levels of tetradecanoic acid in plant 

tissue can also be indictive of a destruction to lipid metabolism under stress (Li et al., 2016). 

Interestingly, lipids generally increased with the PW-treated plants (Figures 4.2, 4.3, and 4.4). 

Glycerolipids are particularly interesting as these nitrogen-containing compounds are known to 

both increase and decrease when stress is placed on a plant cell, as the plant responds by trying 

to change its membrane composition (He and Ding, 2020). 

Many plant responses to stress include a shift in primary nitrogen metabolism (Coruzzi and 

Zhou, 2001; Liu et al., 2020; Michaletti et al., 2018) and other stress-related compounds were 

also found to accumulate in PW-stressed leaves. Indole-3-acetonitrile increased 2 log2fold and is 

involved in the production of indole acetic acid (IAA), an auxin well-known as an indicator of 

oxidative stress defense (Yemelyanov et al., 2020). It has also recently been found to enhance 

wheat tolerance to salinity stress (Zhang et al., 2019). Allantoin, a nitrogen-containing stress-

related purine metabolite is known to increase in a number of plant species under drought stress 

conditions (Irani and Todd, 2016) and in Arabidopsis seedlings following exposure to salt 

(Takagi et al., 2016). In a recent study, Casartelli et al. found that allantoin is a key target 

metabolite for improving nitrogen homeostasis under stress in bread wheat. While on one hand, 

it was seen to increase under drought stress, on the other, it decreased in response to N 

deficiency (Casartelli et al., 2019). In addition to nitrogen cycling, allantoin also activates the 

production of jasmonate, a well-known plant stress hormone that slows down growth and 

redirects metabolism towards producing defense molecules and repairing damage (Takagi, 

Ishiga, Watanabe, Konishi, Egusa, et al., 2016). 

Surprisingly, unlike the increases among amino acids typically found in plant tissues under 

salt stress (Sanchez et al., 2008), amino acids markedly decreased under PW stress (Figures 4.3, 

4.5, C.2). Here, the PW treated plants exhibited a decrease in most amino acids (24 total, Figures 

4.3, 4.4, C.2), whereas the SW treated plants only saw a decrease in 4. Although rice (Oryza) 

does not accumulate amino acids as much as other species, and amino acids are therefore not 
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found to be as important a biomarker for stress in monocots/cereal crops than in model plants 

like A. thaliana and other dicots, the finding is puzzling. Similarly to the PW wheat, decreases in 

amino acids have been observed in fescue under heat stress and in sunflower and soybean under 

biotic stress (Dulermo et al., 2009, Robison et al. 2018). It is telling of the fluidity of plant 

adaptation that most amino acids decrease more in the less-stressed OPW10 group than in the 

essentially dying OPW50 group (Figure 4.5, Figure C.2). 

One of the reasons amino acids typically increase in plants under stress is because a 

decrease in photosynthesis rates leads to an insufficient carbohydrate supply, and plants can then 

turn to amino acids as alternative substrates for respiration (Nunes-Nesi et al., 2013; Silva et al., 

2019). Here, an opposite but related response appeared, with a significant increase in saccharides 

accumulation (26 in PW and 5 in SW, increasing up to a 5 fold change). This surplus of 

carbohydrates and a depletion of amino acids suggests a major shift in carbon and nitrogen 

metabolism that is unique to PW irrigation and independent of SW stress (Figure C.2). Glucose 

expression, for instance, responded similarly in both PW10 and PW50 and accumulated more 

relative to the control (4 fold change) compared to SW50 (0.4 fold change). Kestose, raffinose, 

tagatose, and fructose all followed the same pattern. There was a decrease in photosynthesis rate 

(Sedlacko et al., 2019), but an accumulation of sugars. This pattern suggests a triggering of 

tolerance mechanisms, as tolerant species are known to have higher soluble sugar accumulation 

(kestose-6 is the one increase in the volcano plot)(Feng et al., 2020). Fructan biosynthesis 

(sucrose = kestose + glucose), accumulation, and remobilization to grains under salinity stress 

decreases the dependency of a tolerant wheat cultivar on active photosynthesis and can protect it 

from severe yield loss under salt stress (Sharbatkhari et al., 2016). Here, it seems that salt stress 

tolerance response was exacerbated.  

Unfortunately, the sugar accumulation in leaf did not appear to translocate to the grain. The 

one saccharide displaying the opposite pattern of increase seen with all other saccharides in PW 

treated plants is glycerol-3-phosphate, an important component of carbohydrate and lipid 

metabolic processes (Chanda et al., 2008, Figures 4.5, C.2). Because it is produced during 

glycolysis, its dramatic decrease (4 fold change) implies that glycolysis was perturbed in PW-

irrigated plants. If glycolysis is hindered, adenosine 5'-triphosphate (ATP) production is hindered 

and the plant has limited energy currency (Chaves et al., 2009). These accumulated sugars are 

not then able to translocate to the grain and grain filling is perturbed ( -0.4 fold change, dot plot), 
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resulting in a 70%-100% yield loss (Sedlacko et al., 2019). As all samples analyzed were from 

mature plant tissue, the metabolic adaptations and physiological plasticity of the plant’s response 

to PW stress may not have been fully captured. However, as the wheat grain represents the 

culmination of the plant’s metabolic life, it is important to consider. The harvested PW10 grains 

may simply have lost the battle despite adaptation and tolerance mechanisms, resulting in amino 

acid deficiency, further illustrated by 70% decrease in grain yield (Sedlacko et al., 2019). 

 

4.5.3 PW10-impacted pathways and putative mechanisms 

As found in our previous study (Sedlacko et al., 2019), wheat exhibited physiological 

responses to PW that included reduced photosynthesis and grain yield and premature senescence, 

and it was hypothesized that these responses co-occurred with metabolic changes. Several 

metabolites associated with oxidative and osmotic stress as well as nitrogen, carbon, and lipid 

metabolism pathways were identified as potential metabolic effects/biomarkers of OPW stress, 

further affirming the OPLS-DA data discussed in the previous section. While PW stress 

significantly impacted most metabolic pathways (Figure 4.6.A and Table C.4.1), the top four 

center around the shifts in carbon, nitrogen, and lipid metabolism previously identified through 

multivariate analyses. Because PW10 is the most feasible treatment of those tested for irrigation 

in practice, pathway analysis was focused on this lower PW treatment in leaf and grain tissue.  

Based on this analysis, the predominant pathway of impact in PW wheat leaf was glycine, 

serine, and threonine metabolism with eight metabolites significantly changed by PW irrigation: 

serine; glycerate; glycine; aspartate; threonine; allothreonine; and tryptophan (Figure 4.6.B.1). 

Threonine metabolites have a significant role in chemical defenses against abiotic stresses and 

are involved in plant growth and development, cell division, and the regulation of 

phytohormones (Muthuramalingam et al., 2018). The SOS (Salt Overly Sensitive) pathway (a 

signal transduction pathway based on serine/threonine) is a clear indication of a salinity stress 

response (Zhu, 2002). In general, these amino acids vary dynamically based on changing 

environmental factors, and the physiological and developmental stage of the plant. The glycine, 

serine, and threonine metabolism pathway  triggers defense mechanisms of plants under stress 

conditions, such as those elicited by PW irrigation, and affects many plant processes, including 

glyoxylate metabolism, glycolysis, glycerolipid metabolism, and proline metabolism among 

others (KEGG). 
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The linoleic acid metabolism pathway was also significantly changed, with half of the 

pathway metabolites impacted by PW (Figure 4.6.B.2). This is not surprising given that stress 

acclimating plants respond to abiotic and biotic stress by remodeling membrane fluidity and by 

releasing a-linolenic (18:3) from membrane lipids (He and Ding, 2020). The modification of 

membrane fluidity (Upchurch, 2008) is further evidence that rearrangement of lipid membranes 

might be an important strategy for maintaining homeostasis and membrane integrity under PW 

stress. Unsaturated fatty acids, such as linoleic, are being increasingly recognized as one of the 

general defense systems against various biotic and abiotic stresses (He and Ding, 2020). 

The alanine, aspartate, and glutamate metabolism pathway was influenced by the changes 

in seven metabolites (aspartate; asparagine; alanine; 2-oxoglutarate; glutamine; glutamate; and 4-

aminobutanoate; Figure 4.6.B.3). Glutamate is a central intermediate of nitrogen metabolism and 

provides aa substrate for the synthesis of the amino acids arginine, proline and glutamine, 

chlorophyll, and glutathione (Naliwajski and Skłodowska, 2018). Salt stress is known to increase 

the activity of the enzymes involved in glutamate metabolism; however, in the PW treated plants, 

glutamate levels were reduced (Se Tercé-Laforgue et al., 2015; Figures 4.5 and 4.6). Nitrogen, of 

course, is required in large quantities for plant development, and N-deficiency causes significant 

yield loss in developing grains and chlorosis in older leaves (Martinelli et al., 2007). Glutamate 

plays an important role in nitrogen cycling, and a decline in glutamate is reflective of the 

maintenance of the photosynthetic efficiency under salt stress (Kumari et al., 2018).  

PW10 treatment altered nine metabolites of the glyoxylate and dicarboxylate metabolism 

pathway (cis-aconitate; citrate; glycerate; glyoxylate; serine; glycine; glutamate; glutamine; and 

2-oxoglutarate, Figure 4.6.B.4). This pathway is essential for many fundamental plant processes 

such as photorespiration, TCA cycle function, carbon fixation and nitrogen metabolism (KEGG). 

Within this pathway, much like in the alanine, aspartate, and glutamate metabolism pathway, a 

reduction in glutamate perturbs essential metabolism. The next most impacted pathway in leaf is 

the isoquinoline alkaloid biosynthesis pathway, responsible for both carbon and nitrogen 

metabolism. Although the four most influential pathways are discussed here, they represent only 

a fraction (one-fourth) of the pathways significantly affected by PW stress in wheat leaf.  

The same top four pathways were impacted in the PW grain, with one notable change. 

Linoleic acid metabolism was not significantly different in grain, but another emerged in 

importance: the arginine and proline metabolism pathway, primarily responsible for amino acid 
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metabolism (Figure 4.6.A right panel). Six metabolites of this pathway (arginine; putrescine; 

proline; glutamate; ornithine; and 4-aminobutanoate) were significantly altered by PW irrigation 

(Figure 4.6.B.5). Because this pathway produces proline and arginine, both of which are known 

to accumulate during osmotic stress in plants, the hinderance of this pathway may indicate an 

impaired stress response (Carillo et al., 2008; Winter et al., 2015). The precursor for proline 

production is glutamate, and its decline here is again reflective of a detrimental impact on amino 

acid metabolism and nitrogen mobilization in PW irrigated wheat. The effect is especially 

damaging for grain, as its amino acid and protein quality is diminished, which decreases its 

nutritional value. All four of the important metabolic pathways in grain are related to amino acid 

metabolism, suggesting that amino acid metabolism plays a major role in the effects of PW on 

grain. Unfortunately for these plants, the decrease in amino acids appears to have more of an 

effect than the increase in soluble sugars. By making those sugars for grain filling and 

reproduction, it seems these stressed plants, rather than trying to keep themselves alive, are more 

focused on supporting the next generation to improve that generation’s chances of survival.  

 

4.6 Conclusion 

Our study demonstrated that carbon, nitrogen, and lipid metabolism were significantly and 

uniquely altered in wheat plants under PW stress. Statistical analysis of the metabolomics 

profiling suggests that the overall biochemical profile of PW stressed plants is distinct from that 

of salinity stress. Fewer metabolic differences in both number and magnitude of biochemical 

compounds were observed between SW and TW compared to differences between PW and either 

SW or TW. These findings, taken together with our previous investigations (Sedlacko et al., 

2019; Sedlacko et al., 2020) provide a more comprehensive understanding of biochemical and 

physiological changes induced by irrigation with this alternative water source. Taken together, 

these data support that physiological resistance of wheat to PW stress is facilitated by adaptation 

and variation. The metabolic response appears much more fluid than previous studies of stress 

response indicate. This fluidity can be seen both in the expression of opposite patterns than those 

described in literature and within the variation among certain metabolites within the same 

treatment group, especially the PW10 plants. Plant stress defense mechanisms that apply to the 

metabolite changes seen in PW include salinity, heat, drought, and oxidative, ionic, and osmotic 

stress, and yet PW-induced stress is not precisely described by any of these. While the PW50 
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plants had essentially given up the battle with this unique combination of stressors, the PW10 

plants were still employing unique tolerance mechanisms to survive. Future work to evaluate the 

temporal evolution of these tolerance mechanisms through time trial experiments is warranted to 

better understand plant response to this unique stressor. 
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CHAPTER 5 

 

CONCLUSION 

 

5.1 Research synopsis 

As water constraints increase, the vulnerability of the FEW nexus is expected to increase. 

Attention towards potential alternative water sources, such as PW, for agricultural irrigation will 

continue to grow. The research presented herein seeks to inform such inquiry so that increased 

PW use will be guided by knowledge. In Colorado, much of the O&G operation coincides with 

arid areas of agricultural operation, providing a unique opportunity to study the potential for 

beneficial reuse. This dissertation is the culmination of research efforts investigating the 

potential beneficial reuse of PW in the irrigation of food crops. Prior to the work described 

herein, the effect of this practice on both plant and soil health was poorly understood. This work 

significantly improved our understanding of plant morphology, physiology, metabolism, and 

bioaccumulation in response to this unique plant stressor. In addition, the results garnered from 

utilizing actual PW in this research can be used to inform future treatment options and policy 

regarding this practice.  

The objectives of this research were (1) to evaluate the physiological and morphological 

response of wheat (Triticum aestivum) irrigated with DJ-Basin PW, (2) to assess the effects of 

PW treatment methods on metal, salt and micronutrient accumulation in wheat and sunflower 

(Helianthus annuus) and their associated soils, and (3) to analyze the metabolomic response of 

wheat irrigated with PW using a non-targeted approach. Overall, the goals of Chapter 2 were to 

gain a better understanding of plant health, physiology, and morphology while Chapter 4 goals 

sought to assess the primary metabolic response behind those mechanisms, especially as 

compared to salinity stress induced by salinity control waters with matching TDS. Chapter 3 

focused on PW treatment technologies for irrigation and the resulting accumulation of metals, 

salts, and micronutrients in plant tissue and soil. The findings of each of these chapters and the 

broader significance of these findings are summarized in the following sections. Finally, this 

dissertation concludes with a discussion of recommendations for future work.  
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5.1.1 Potential for beneficial reuse of oil-and-gas-derived produced water in agriculture: 

physiological and morphological responses in spring wheat (Triticum aestivum)  

This study provides a framework for PW use guidelines to minimize effects on crop 

morphology and physiology. It is well-known that highly saline waters (and/or soils) adversely 

impact plant health. This is evident in policies regarding reclaimed water use, and indeed, PW 

irrigation resulted in decreases in grain yield that ranged from 70 to 100% when compared to the 

tap water control. Importantly, however, the PW10 (raw PW diluted 90% with freshwater) and 

NaCl50 (salinity control matching the TDS of 50% raw PW) treated wheat were comparable for 

morpho-physiological effects, even though NaCl50 water contained five times the TDS (as 

NaCl) as PW10, suggesting that constituents other than salinity in PW contribute to plant stress. 

These findings indicate that despite discharge and reuse requirements focused on TDS, salinity 

stress may not be the primary factor affecting crop health, and therefore, TDS may not be the 

best proxy of crop health for beneficial reuse considerations. From the results presented here, one 

could conclude that wheat was more susceptible to the PW treatment than to the higher 

concentration of salt solution, thus indicating that some other parameter of PW, for example 

metal content and/or organic chemical content, may be a greater stressor to the plant. This work 

also demonstrates that PW irrigation-induced stress is temporal, ubiquitous, and additive. All 28 

physiological traits measured were impacted by PW, including an inhibition of photosynthesis, 

reduced fertility, and premature senescence. The results also indicate that differences in PW 

tolerance are related to drought and salinity tolerance, but are also significantly influenced by 

unique constituents in PW that affect its quality. Future research should seek to determine 

whether and to what degree the combined stress introduced by PW—a suspected combination of 

salinity, drought, and oxidative stress—also includes plant toxicity resulting from either the 

metal composition, and/or the largely uncharacterized organic chemicals present in PW. 

 

5.1.2 Effect of produced water treatment technologies on irrigation-induced metal and 

salt accumulation in wheat (Triticum aestivum) and sunflower (Helianthus annuus) 

This work demonstrates how water treatment technologies targeted at removal of salinity 

(i.e. TDS) and organic chemical content (i.e. DOC) from PW to achieve agricultural irrigation 

standards altered the impact of inorganic contaminants and nutrient uptake. The impacts of the 
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treatment technologies on inorganic contaminant loadings in the irrigated soils over one growing 

season was also assessed. Treatments to improve PW quality (including electrodialysis, 

biologically active filtration coupled with ultra filtration, and dilutions with freshwater) 

decreased the adverse impacts on plant health, as expected. Importantly, however, plant health 

was more affected by dilution than by the treatment technologies employed. Plants irrigated with 

90% dilution (whether PW10 as in Chapters 2, 3, and 4 or treated PW at the same dilution), 

regardless of treatment technology, were comparable to controls; however, plants watered with 

high proportions (50%) of raw or treated PW displayed stunted growth, with reduced height and 

leaf area, and up to 100% seed yield loss. With high-throughput ICP-MS, this work also shows 

that despite phenotypic similarity to controls, plants of the low treatment groups (10% raw PW 

and 10% treated PW) exhibited significant changes in the ionome, illustrating the influence of 

PW on plant uptake, translocation, and accumulation of metals, salts, and micronutrients, even at 

low concentrations. In addition, this study illustrates that the bioavailability of metals was 

impacted by the unique and complex PW matrix in unexpected ways. Therefore, it is important 

to consider that bioconcentration factors traditionally used to evaluate risk may therefore over- or 

under-estimate metal accumulation in plants irrigated with PW. Although no trace metals were 

identified above regulatory limits in this work, future studies should also investigate the 

mobilization trends in heavy metals from PW that could, over time, become concentrated in soil 

used for agriculture. Of course, risk assessments for human consumption need to consider daily 

intake and cumulative exposures and such assessments are not included in the scope of this 

study. However, it is expected that future research and risk assessment will also focus on the 

cumulative effects of these metals and exposure minimization. The results from this study may 

also inform nutritional guidelines as both population density and water scarcity increase. 

 

5.1.3 Metabolomics reveals response of wheat (Triticum aestivum) to irrigation with 

oilfield produced water  

Using a high-throughput non-targeted metabolomics approach, this work demonstrates 

that physiological and morphological changes observed and described in Chapter 3 are the 

results of biochemical changes in the plant reflective of adaptation and tolerance mechanisms. 

Primary metabolism (i.e., amino acid, saccharide, organic acid, phenolic, nucleotide, and lipid) 

was significantly and uniquely altered in wheat plants under PW stress. Statistical analysis of the 
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metabolomic profiling suggests that the overall biochemical profile of PW stressed plants is 

distinct from that of salinity stress. Fewer metabolic differences in both number and magnitude 

of primary biochemical compounds were observed between salt water control (SW50) and tap 

water control (TW) compared to differences between PW experimental treatments (PW10 and 

PW50) and either SW or TW. These findings, taken together with the results of Chapters 2 and 3, 

provide a more comprehensive understanding of biochemical and physiological changes induced 

by irrigation with this alternative water source. Taken together, these data support that 

physiological resistance of wheat to PW stress is facilitated by adaptation and variation. Plant 

stress defense mechanisms that apply to the metabolite changes seen in PW include salinity, heat, 

drought, and oxidative, ionic, and osmotic stress, and yet PW-induced stress is not precisely 

described by any of these. While the higher PW treatment (PW50) plants had essentially lost the 

battle with this unique combination of stressors, the PW10 plants were still employing unique 

tolerance mechanisms to survive. Future work to evaluate the temporal evolution of these 

tolerance mechanisms through time trial experiments is warranted to better understand plant 

response to this unique stressor.  

 

5.2 Overall Significance and Broader Impacts 

The research presented in this dissertation is expected to fill gaps in the body of 

knowledge concerning the potential for beneficial reuse of PW in the irrigation of agricultural 

crops. As summarized above, the results of this work have the potential to impact both the policy 

and practice of the agricultural use of reclaimed water. Although there may be individual cases 

where the practice has been beneficial to both agriculture and oil and gas industries, such as in 

the Calewo Water District of California, that success depends on a number of factors, such as 

initial water quality, crop choice, and soil characteristics. The geochemical variation of 

subsurface fluids within one well can result in a myriad of different PW water qualities that can 

require individualized treatment and application strategies. From this one well in Colorado, we 

have gained knowledge about how difficult it can be to effectively manage any proposed 

irrigation scheme: water treatment, mitigation, timed application, augmentation with other 

alternative water sources, and crop and soil modifications must all be carefully considered. This 

research is not specifically intended to provide data for regulatory development; it is, however, 

intended to justify the need for additional research and monitoring of PW applications. This 
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dissertation also illustrates the utility of high-throughput ionomics and metabolomics coupled 

with various statistical methods for environmental characterization. Environmental applications 

of metabolomics are still being developed, and there is much to be learned from data mining the 

spectra generated by these water sources and plant tissue, including data collected via non-

targeted metabolomics in this work that may also inform the types of organic chemicals that can 

be taken up and metabolically altered by plants. As is, however, these data have the potential to 

inform the long-term sustainability and safety of the U.S. agricultural industry. 

The results of this dissertation are novel and important as this investigation is the first of its 

kind to examine uptake and metabolism in food crops and impacts upon irrigated soils using 

authentic oilfield PW and experimental treatment technologies of that water. Work presented has 

already been used to inform additional studies on plant immunity responses and soil microbiome 

(Miller et al., 2019, 2020). Higher irrigation water quality than that utilized throughout these 

research efforts (achieved by dilution with fresh water, ED, BAF-UF, and combinations thereof) 

is required to meaningfully reuse PW to irrigate arid croplands and contribute to food security. 

Incomplete characterization of the complex PW matrix makes effective treatment technologies 

for reuse in irrigation difficult to achieve. However, even without complete characterization, the 

non-targeted metabolomics methods employed in this study could be utilized in the search for 

better treatment technologies. Knowing the molecular phenotypes of these wheat plants can help 

determine which components in PW are the primary drivers of adverse impacts to crops. The 

studies can easily be repeated with different water treatments, and, if the resulting metabolite 

profile is less changed from the baseline molecular phenotype established, than the new 

experimental treatment has been more effective in removing those unique uncharacterized PW 

components. However, improved analytical methods for the uncharacterized organic fraction 

both in PW itself and within food crops will be essential for any future health risk assessment. 

 

5.3 Future Directions  

As discussed within each chapter, many data gaps surrounding PW variability, 

composition, characterization, toxicity, and treatability need to be addressed before meaningful 

progress can be made towards the broader implementation of this solution. Due to the variability 

in the quality of PWs across the U.S. and indeed, within one well, the results of these research 

efforts cannot universally be applied. However, rather than trying to characterize all these 
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different waters and treat each of them accordingly, it may be prudent to utilize non-target 

metabolomics on the crops and water treatments of choice to determine the common 

denominator in treatment and crop health. For example, the data presented in Chapter 4 could be 

used as a baseline for the molecular phenotype of wheat, and when coupled with experimental 

PW treatment trains as employed as in Chapter 3, changes in the metabolite profile can be used 

to evaluate treatment efficacy in terms of molecular response. Additionally, targeted and non-

targeted metabolomics workflows can be used to help characterize PW-derived metabolites and 

elucidate the unknown organic portion of PW that is taken up by plants.   

This research indicates that the unknown fraction in PW is critical to understanding the 

potential reuse of this water source and implementing appropriate treatment techniques. 

Although this unknown fraction is complex, the disclosure of additives used in oil production 

activities that generate the PW for reuse could greatly accelerate this understanding for treatment 

and agricultural reuse and speed the development of analytical techniques to identify the largely 

uncharacterized and unknown component of PW. Although this disclosure primarily applies to 

the flowback period where more HF additives are present (Oetjen et al., 2018), the chemistry of 

later stage PW can also be better understood when we have a clearer picture of this initial water 

characterization. In addition to the response of the plant metabolome presented in Chapter 4, a 

non-targeted metabolomics approach was employed in conjunction with these research efforts to 

help identify these undefined components, and UPLC-QTOF-MS data collected are currently 

being analyzed as detailed below; however, other strategies to characterize this unknown fraction 

of PW are also warranted.  

 

5.3.1 Suspect Exogenous Organic Contaminants and Plant Uptake 

The unintended uptake and accumulation of organic chemicals in crop plants irrigated 

with PW is an important and continuing concern and legislation has been introduced (Clean 

Water Action, 2018) to prohibit new projects that use O&G wastewater to irrigate food crops 

until the practice has been proven safe. To do this, however, one must be able to evaluate the 

possible risks associated with using PW on crops; and to evaluate those risks, one must first 

characterize the water. However, despite the many studies working to characterize produced and 

flowback waters (Lester et al., 2015; Oetjen et al., 2018; Rosenblum, 2017; Thurman et al., 
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2017), many compounds are still unknown and the creation of transformation products from 

synthetic additives is still poorly understood.  

A recent study initiated by California’s Central Valley Regional Water Quality Control 

Board identified 173 chemicals in PW, 38% of which were classified as “trade secret.” Of the 

remaining chemicals, 46 were identified as potential chemicals of concern, in need of further 

investigation (Shonkoff et al., 2016). It should be noted that these chemicals were identified not 

in the food itself, or in the water itself, but rather, compiled from disclosure lists registered with 

the state. Given the limitations of current PW characterization techniques, a nontargeted 

metabolomics approach could provide an opportunity to examine the potential for accumulation 

of contaminants and/or metabolites resulting from PW use, for example, by prioritizing unknown 

features that appear in the PW datasets generated by UPLC-QTOF-MS during the experiments 

conducted as a part of Chapter 4 research efforts. This ongoing analysis essentially consists of 

three main components: (1) generating a suspect list of chemical constituents in PW that have a 

high potential for transfer from irrigation water into food crops, (2) UPLC-QTOF-MS analysis of 

raw PW samples and plant tissue samples, and (3) identification of features that either co-occur 

in raw PW samples and plant tissue samples, or are unique to only PW treated plant samples and 

have mass shifts indicative of the adducts produced/lost during transformation/metabolism of 

potential PW contaminants. The identified features are then compared against comprehensive 

libraries, databases, and suspect lists of organic constituents and their metabolites/transformation 

products. 

Experimental evidence regarding the biotransformation capabilities of plants have shown 

that plants have the ability to degrade a wide range of compounds ranging from the highly polar 

(e.g, the herbicide glyphosate) to very hydropobic chemicals, such as DDT and 

hexachlorobenzene (Doucette et al., 2018). Plant biotransformation parallels liver 

biotransformation and is conceptually divided into three phases (Sandermann 1992). Phase I 

generally consists of oxidative transformations, Phase II, conjugation reactions and Phase III,  

compartmentalization in the plant vacuoles or cell walls (Sandermann, 1992; Doucette et al., 

2018). However, more recent studies suggest that endophytes (bacteria or fungi that live 

symbiotically within plants) are also partially responsible for the degradation of organic 

contaminants taken up by plants (Ryan et al., 2008; Taghavi et al., 2005). Plant metabolism of 

exogenous organic compounds is complex and understudied, but based on knowledge to date it is 
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a safe assumption that metabolites of many compounds are likely to be present in plant tissue 

even if the parent compound itself is not taken up. For example, although benzene (and other 

BTEX compounds) is likely too volatile to make its way to an edible plant compartment, 

metabolites of benzene are likely to be present in the plant. Unfortunately, few measured rates of 

transformations are available for plants making it difficult to quantitatively incorporate 

metabolism into plant fate models. Moreover, as most biotransformation processes mediated by 

plants and/or their microbiota render organic chemicals more hydrophilic, understanding the 

mechanisms controlling the distribution of hydrophilic chemicals will significantly aid our 

understanding of how plants process and distribute potentially persistent and toxic plant 

metabolites. 

Future work comparing metabolite profiles in treated vs. control plants and the molecular 

features in PW samples can capture unknown features that co-occur and co-vary between the 

water and plant samples. In this way, metabolomics workflows utilized in this dissertation work, 

and, indeed, the data collected in this dissertation can lead to the identification of unique 

unknown exogenous compounds in plant tissue from PW irrigation. Due to the complexities of 

both plant metabolism and PW, it unlikely that specific features in PW will directly match 

features in the plant tissue. Rather, these unique features will be metabolites of features in the 

PW. However, because analytical methods for characterization of features in PW are insufficient 

to date (Oetjen et al., 2019), while we can select features of interest that are ionizable by positive 

or negative electron spray ionization (ESI) (i.e. not neutral) with UPLC-QTOF-MS, we cannot 

identify what those features are. We can, however, develop a list of features in the water 

samples, and/or we can develop a list of features that are in PW in general from literature and 

databases.   

These compounds can then be run through suspected metabolic pathways maps (e.g., 

certain compounds are more likely to be oxidized or de-alkylated or glycosylated) and 

transformation product software (Eawag-pps enviPath, https://envipath.org/) which will result in 

the compilation of a list of masses of interest based upon the mass shift expected for that 

compound e.g. (addition of glucose molecule or oxygen atom, or loss of methyl or ethyl group). 

Known biotransformation reactions can then be used to link potential parent compounds and the 

unknown feature of interest (likely a transformation product). For example, one known 

transformation pathway is hydroxylation, which would result in the addition of O, producing a 
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mass shift of +16 (Schollee et al., 2015). In plants, hydrocarbons are likely to be hydroxylated by 

Cytocrome P450 enzymes (Ortiz, 2010). Simplistically then, unknown features of interest in the 

PW plants with a mass of a hydrocarbon +16 could be linked to that hydrocarbon. MS/MS 

fragmentation can then be used to match the pairs much like in Chapter 4 (Broeckling et al., 

2014; Heuberger et al., 2014). However, this example only addresses the first transformation 

step; multiple transformation steps may occur, creating additional features that would also need 

to be considered. Of course, there are likely many transformation intermediates that will need to 

be considered as well. 

 

5.3.2 Pressure Chamber Studies and TSCF 

There is also a continuing need to accurately predict accumulation of these largely 

uncharacterized organic chemicals in the edible portion of food crops. Pressure chamber studies 

focused on compounds of interest identified through metabolomics investigations can directly 

measure the transfer of chemicals from roots to the xylem sap and can complement the 

greenhouse studies conducted herein that examine the transfer and distribution of chemicals in 

throughout the plants. These complementary experimental approaches may generate data that 

allows us to better predict the relationship between chemical structure and plant uptake and 

distribution. The potential transformation of these chemicals and the distribution of the resulting 

compounds within the plant tissues can also be investigated. 

Transpiration Stream Concentration Factors (TSCFs) are similar to Bioconcentration 

Factors (BCFs) described in Chapter 3 experiments, but describe the ratio of a chemical’s 

concentration in the xylem to that in the water that the plant is using for transpiration (Briggs et 

al., 1982; Dettenmaier et al., 2009). Xylem sap concentrations can be directly measured by 

placing the roots of a de-topped plant (above ground tissue removed just above lowest leaves) in 

a pressurized chamber containing a solution of a known concentration of the chemical of interest. 

The xylem is forced through the roots as the chamber is pressurized and it is collected and 

analyzed as it exits the cut stem. TSCF values are directly used to predict the passive uptake of 

chemicals by plants as a function of transpiration and source water concentrations (Doucette et 

al., 2003; Garvin et al., 2015). 

The pressure chamber technique would allow elucidation of the uptake and 

bioaccumulation of targeted contaminants of concern in a relatively quick manner, as plants do 
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not need to be grown to maturity and the added complexity presented by tissue extraction is 

eliminated. This mechanistic information may help predict the behavior of these chemicals in 

crops and guide agricultural practices concerning the safe production of edible crops. Moreover, 

the potential for identification of unknown contaminants in a high-throughput manner could 

contribute to a greater understanding of environmental toxicology. 

 

5.4 References 

Briggs, G. G.; Bromilow, R. H.; Evans, A. A., Relationships between lipophilicity and root 
uptake and translocation of non-ionized chemicals by barley. Pesticide Science 1982, 13, 
(5), 495-504. 

Broeckling, C. D., Afsar, F. A., Neumann, S., Ben-Hur, A., & Prenni, J. E. (2014). RAMClust: A 
novel feature clustering method enables spectral-matching-based annotation for 
metabolomics data. Analytical Chemistry, 86(14), 6812–6817. 
https://doi.org/10.1021/ac501530d  

Broeckling, Corey D., et al. “Assigning Precursor–product Ion Relationships in Indiscriminant 
MS/MS Data from Non-Targeted Metabolite Profiling Studies.” Metabolomics, vol. 9, no. 
1, Springer US, Feb. 2013, pp. 33–43, doi:10.1007/s11306-012-0426-4. 

Clean Water Action California, 2018. “Bill Seeks To Prohibit New Irrigation Of Crops With Oil 
Wastewater Until Proven Safe” February 19, 2018. Available online: 
https://yubanet.com/california/bill-seeks-to-prohibit-new-irrigation-of-crops-with-oil-
wastewater-until-proven-safe/ 

Dettenmaier, E. M.; Doucette, W. J.; Bugbee, B., Chemical Hydrophobicity and Uptake by Plant 
Roots. Environmental Science and Technology 2009, 43, (2), 324-329. 

Doucette, W. J. (2003). Quantitative structure-activity relationships for predicting soil-sediment 
sorption coefficients for organic chemicals. In Environmental Toxicology and Chemistry 
(Vol. 22, Issue 8, pp. 1771–1788). https://doi.org/10.1897/01-362 

Doucette, W. J., Shunthirasingham, C., Dettenmaier, E. M., Zaleski, R. T., Fantke, P., & Arnot, 
J. A. (2018). A review of measured bioaccumulation data on terrestrial plants for organic 
chemicals: Metrics, variability, and the need for standardized measurement protocols. 
Environmental Toxicology and Chemistry, 37(1), 21–33. https://doi.org/10.1002/etc.3992 

Garvin, N., Doucette, W. J., & White, J. C. (2015). Investigating differences in the root to shoot 
transfer and xylem sap solubility of organic compounds between zucchini, squash and 
soybean using a pressure chamber method. Chemosphere, 130, 98–102. 
https://doi.org/10.1016/j.chemosphere.2014.11.075 

Heuberger, A. L., Broeckling, C. D., Kirkpatrick, K. R., & Prenni, J. E. (2014). Application of 
nontargeted metabolite profiling to discover novel markers of quality traits in an advanced 
population of malting barley. Plant Biotechnology Journal, 12(2), 147–160. 
https://doi.org/10.1111/pbi.12122 



123 
 

Lester, Y., Ferrer, I., Thurman, E. M., Sitterley, K. A., Korak, J. A., Aiken, G., & Linden, K. G. 
(2015). Characterization of hydraulic fracturing flowback water in Colorado: Implications 
for water treatment. Science of The Total Environment, 512, 637–644. 
https://doi.org/10.1016/j.scitotenv.2015.01.043 

Miller, H., Dias, K., Hare, H., Borton, M. A., Blotevogel, J., Danforth, C., Wrighton, K. C., 
Ippolito, J. A., & Borch, T. (2020). Reusing oil and gas produced water for agricultural 
irrigation: Effects on soil health and the soil microbiome. Science of the Total Environment, 
722, 137888. https://doi.org/10.1016/j.scitotenv.2020.137888 

Miller, H., Trivedi, P., Qiu, Y., Sedlacko, E. M. E. M., Higgins, C. P. C. P., & Borch, T. (2019). 
Food Crop Irrigation with Oilfield-Produced Water Suppresses Plant Immune Response 
[Rapid-communication]. Environmental Science and Technology Letters, 6(11), 656–661. 
https://doi.org/10.1021/acs.estlett.9b00539 

Oetjen, K., Chan, K. E., Gulmark, K., Christensen, J. H., Blotevogel, J., Borch, T., Spear, J. R., 
Cath, T. Y., & Higgins, C. P. (2018). Temporal characterization and statistical analysis of 
flowback and produced waters and their potential for reuse. Science of the Total 

Environment, 619–620, 654–664. https://doi.org/10.1016/j.scitotenv.2017.11.078 

Ortiz De Montellano, P. R. (2010). Hydrocarbon hydroxylation by cytochrome P450 enzymes. 
Chemical Reviews, 110(2), 932–948. https://doi.org/10.1021/cr9002193 

Pflugmacher, S. and Heinrich Sandermann Cytochrome P450 Monooxygenases for Fatty Acids 
and Xenobiotics in Marine Macroalgae Plant Physiology May 1998, 117 (1) 123-128; DOI: 
10.1104/pp.117.1.123 

Rosenblum, J., Thurman, E. M., Ferrer, I., Aiken, G., & Linden, K. G. (2017). Organic Chemical 
Characterization and Mass Balance of a Hydraulically Fractured Well: From Fracturing 
Fluid to Produced Water over 405 Days. Environmental Science and Technology, 51(23), 
14006–14015. https://doi.org/10.1021/acs.est.7b03362 

Ryan, R. P., Germaine, K., Franks, A., Ryan, D. J., & Dowling, D. N. (2008). Bacterial 
endophytes: Recent developments and applications. FEMS Microbiology Letters, 278(1), 1–
9. https://doi.org/10.1111/j.1574-6968.2007.00918.x 

Sandermann, H. (1992). Plant metabolism of xenobiotics. Trends in Biochemical Sciences, 17(2),  
82–84. https://doi.org/10.1016/0968-0004(92)90507-6  
 

Shonkoff, S.B.C, Stringfellow, W.T., and Doman, J.K. (September 2016). Hazard Assessment of  
Chemical Additives Used in Oil Fields that Reuse Produced Water for Agricultural  
Irrigation, Livestock Watering, and Groundwater Recharge in The San Joaquin Valley of  
California: Preliminary Results. Technical Report. PSE Healthy Energy, Inc. Oakland, CA. 
 

Taghavi, S., Barac, T., Greenberg, B., Borremans, B., Vangronsveld, J., & Van Der Lelie, D. 
(2005). Horizontal gene transfer to endogenous endophytic bacteria from poplar improves 
phytoremediation of toluene. Applied and Environmental Microbiology, 71(12), 8500–8505. 
https://doi.org/10.1128/AEM.71.12.8500-8505.2005 

 



124 
 

Thurman, E. M., Ferrer, I., Rosenblum, J., Linden, K., & Ryan, J. N. (2017). Identification of 
polypropylene glycols and polyethylene glycol carboxylates in flowback and produced 
water from hydraulic fracturing. Journal of Hazardous Materials, 323, 11–17. 
https://doi.org/10.1016/j.jhazmat.2016.02.041 

  
 
 
 

 

 



125 
 

APPENDIX A 

SUPPORTING INFROMATION FOR:  

CHAPTER 2 

 

POTENTIAL FOR BENEFICIAL REUSE OF OIL-AND-GAS-DERIVED PRODUCED 

WATER IN AGRICULTURE: PHYSIOLOGICAL AND MORPHOLOGICAL          

RESPONSES IN SPRING WHEAT (TRITICUM AESTIVUM) 

 

 

 

 

 

 

 

 

 
Figure A.1. Ionic Composition Summary of the Produced Water used in the study. Ion 
concentration was measured with ICP. Values can be found in Table A.1. Only the four highest 
concentrations were used, as all other concentrations were below 1%. 
  



126 
 

 

 

Figure A.2. Feekes scale of experimental wheat development plotted over time for the four 
treatment groups: Tap Water (TW), 10% PW (PW10), 50% Salt Water (NaCl50), and 50% PW 
(PW50). Data are shown as average ± standard error of twelve replicates per treatment per 
timepoint.  Seeds were sown on day 1 and emerged on day 5.  Seedlings were initially watered 
with TW and developed at the same rate until they were thinned to 3 plants/pot at day 10.  On 
day 11, experimental exposure began and a lag in development for both PW10 and PW50 plants 
was observed by day 24.  While PW10 recovered from the initial lag, the trend in developmental 
delay continued for PW50, which also exhibited early senescence, followed by PW10 and 
NaCl50, respectively. 
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Figure A.3. Comparison of aboveground mass divided by belowground mass (A) and Harvest 
Index (B) among the four experimental treatment groups, where Harvest Index is given by the 
product of the mass of a single head and number of grains per head, divided by the aboveground 
biomass. All masses were of dried (45°C oven) harvest material (n=12) at the end of 
experimental exposure. Original data and SEM are provided in Table A.3.  
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Table A.1. Produced Water Composition Averages spanning data collected monthly 
from 8/16 to 10/17. SEMs in Table A3.  

Well Water Composition  Averages  Well Water Composition 

 

Averages 

 

ATP (RLU) 59564  B (ppm) 16.41 

pH 6.66  Ba (ppm) 10.00 

Conductivity (mS) 28.05  Be (ppm) 337.21 

TOC (mg/L) 220.02  Ca (ppm) 364.70 

DOC (mg/L) 368.711  Cd (ppm) 0.02 

TN (mg/L) 30.862  Co (ppm) 0.02 

COD 2098.667  Cr (ppm) BDL 

sCOD (mg/L) 1680.083  Cu (ppm) 35.06 

NH3 27.492  Fe (ppm) 21.12 

Alkalinity 200  K (ppm) 37.20 

Guar (mg/L) 24.26  Li (ppm) 9.79 

Guar (ppt) 0.20215  Mg (ppm) 39.52 

NaCl (mass balance, 20x) 

(mg/L) 

12970  

Mn (ppm) 0.80 

NaCl (g/L) 12.970  Na (ppm) 5996.31 

TDS (sum anions/cations) 

(g/L) 

13.579  

Ni (ppm) 0.04 

TDS (oven) mg/L 17750  P (ppm) 6227.93 

TSS (mg/L) N/A  Pb (ppm) 0.15 

VSS (mg/L) No Data  S (ppm) 30.28 

% NaCl in TDS 0.7430  Se (ppm) 6.70 

Final COD (mg/L) N/A  Si (ppm) 32.82 

Final NH3 (mg/L) N/A  Sr (ppm) 44.54 

Flouride (ppm) 9.73  Tl (ppm) 0.12 

Chloride (ppm) 10591.14  V (ppm) BDL 

NO2 (ppm) 21.64  Zn (ppm) 0.14 

Bromide (ppm) 134.74  Sn (ppm) BDL 

NO3 (ppm) 26.52  Mo (ppm) BDL 

PO4 (ppm) BDL  Sb (ppm) 0.51 

SO4 (ppm) 45.45  Ti (ppm) BDL 

Ag (ppm) 1.10  Sum Cations (mg/L) 5223.79 

Al (ppm) 1.06  Sum Anions (mg/L) 8358.97 

As (ppm) 12.53  
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Table A.2 Ion Chromatography for Components of Irrigation Solutions. 
 

Anions-mg/L 

  RPW 1/2/18 TW Nutrient Solution   

F- < 0.10 0.62 < 0.10   

Cl- 16,600 4.1 135   

NO2
- 21 < 0.10 < 0.10   

Br- 170 < 0.10 < 0.10   

NO3
- 60 < 0.10 33   

PO4
3- < 0.50 < 0.50 216   

SO4
2- 95 13 105   

     

 
 
 
 
Note: Tables A.3 through A.5 are included in APPENDIX D. Electronic files. 
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APPENDIX B 

SUPPORTING INFROMATION FOR:  

CHAPTER 3 

 

EFFECT OF PRODUCED WATER TREATMENT TECHNOLOGIES ON IRRIGATION-

INDUCED METAL AND SALT ACCUMULATION IN WHEAT (TRITICUM           

AESTIVUM) AND SUNFLOWER (HELIANTHUS ANNUUS)  
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Photo B.1. Sunflower and Wheat Treatment Groups. Representative sunflower and wheat replicate plants for the six treatment groups: 
Control (C), Electrodialysis (ED), Treated Low (TL), Treated High (TH), Raw Low (RL), Raw High (RH).
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Figure B.1. PCA and loading bi-plots of A) all samples (wheat grain, wheat leaf, sunflower leaf) 
and B) wheat leaf and wheat grain. Ellipses denote 0.5, 0.75, and 1.0 correlation values. 
Elemental profile is most influenced by plant species (wheat vs sunflower), followed by plant 
compartment (leaf vs grain). For wheat grain vs leaf, the general trend is that more metals are 
taken up into the leaf than the grain (with the exception of Zn, P, and Cu). 
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Figure B.2. PCA and loading bi-plots of all treatment groups for A) wheat leaf and B) sunflower 
leaf follow the same primary trend: RH and TH 50% dilutions (regardless of treatment) are most 
similar in elemental profile, followed by the RL and TL 90% dilutions (regardless of treatment), 
and ED treatment is most similar to tap. Low treatments (RL/TL) are separated by the presence 
of elevated Cd when compared to the plants subjected to the higher PW treatments  
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Figure B.3. Elemental Composition Box Plots for Remaining Elements in Sunflower leaf 
(yellow), Wheat Leaf (green), and Wheat Grain (red) treated with RL, TL, and ED as mean log2 
fold change compared to control. 
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Figure B.4. Cd and Sr opposing accumulation patterns in wheat grain. 
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Table B.1.A  Initial Soil Quality.  

 

Table B.1.B. Osmacoat Label 

 
 

Sample ID Original Soil W/Osmocote 

General Soil Quality 

pH 7.6 

CEC 

(meq/100g) 36.2 

Ions (mg/L) 

NO3- 210 

PO4- 262 

SO4-2 60+ 

Nutrients & Salts (mg/L) 

K 2519 

Ca 4238 

Mg 755 

Na 510 

 

 



137 

 

Table B.6. BCF Percent Change 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Grain BCF Percent Change (Compared to TW BCF) 

Cat. Element ED RL TL RH TH 

D
ri

v
e

rs
 

As ↑ ↑ ↑ ↑ ↑ 

B ↑ ↑ ↓ ↑ ↑ 

Cr ↓ ↑ ↑ ↑ ↑ 

Cu ↓ ↓ ↓ ↓ ↑ 

Ni ↓ ↓ ↓ ↑ ↑ 

Pb - - - - - 

N
u

tr
ie

n
ts

 

Fe ↓ ↓ ↓ ↓ ↓ 

Mn ↓ ↓ ↓ ↓ ↓ 

P ↓ ↓ ↑ ↓ ↑ 

S ↓ ↓ ↓ ↓ ↓ 

Zn ↓ ↓ ↓ ↓ ↓ 

S
a

lt
s 

Ca ↑ ↓ ↑ ↓ ↑ 

Li ↓ ↓ ↓ ↑ ↑ 

Mg ↑ ↓ ↑ ↓ ↑ 

Na ↑ ↑ ↓ ↑ ↑ 

       
Wheat Leaf BCF Percent Change (Compared to TW) 

Cat. Element ED RL TL RH TH 

D
ri

v
e

rs
 

As ↑ ↓ ↑ ↓ ↑ 

B ↑ ↑ ↓ ↑ ↑ 

Cr ↓ ↓ ↑ ↓ ↑ 

Cu ↓ ↓ ↓ ↓ ↓ 

Ni ↓ ↓ ↓ ↓ ↑ 

Pb ↑ ↑ ↓ ↑ ↑ 

N
u

tr
ie

n
ts

 

Fe ↓ ↓ ↓ ↓ ↓ 

Mn ↓ ↓ ↓ ↓ ↓ 

P ↓ ↓ ↑ ↓ ↑ 

S ↑ ↓ ↑ ↑ ↑ 

Zn ↓ ↓ ↓ ↓ ↓ 

S
a

lt
s 

Ca ↑ ↓ ↓ ↓ ↓ 

Li ↑ ↑ ↑ ↑ ↑ 

Mg ↑ ↓ ↓ ↓ ↓ 

Na ↓ ↓ ↓ ↓ ↓ 
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Table B.6. continued  BCF Percent Change 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Note: Tables B.2 through B.5 are included in APPENDIX D. Electronic Files. 
  

 

Sunflower Leaf BCF Percent Change (Compared to TW) 

Cat. Element ED RL TL RH TH 

H
e

a
v

y
 M

e
ta

ls
 

As ↓ ↓ ↑ ↓ ↑ 

B ↑ ↑ ↑ ↑ ↑ 

Cr ↓ ↑ ↑ ↓ ↑ 

Cu ↓ ↓ ↓ ↓ ↑ 

Ni ↓ ↓ ↓ ↓ ↓ 

Pb ↓ ↓ ↑ ↑ ↑ 

N
u

tr
ie

n
ts

 

Fe ↓ ↓ ↓ ↓ ↓ 

Mn ↓ ↓ ↓ ↓ ↓ 

P ↑ ↓ ↑ ↓ ↑ 

S ↑ ↓ ↑ ↓ ↑ 

Zn ↓ ↓ ↓ ↓ ↓ 

S
a

lt
s 

Ca ↑ ↓ ↓ ↓ ↓ 

Li ↑ ↑ ↑ ↑ ↑ 

Mg ↑ ↓ ↑ ↓ ↓ 

Na ↑ ↓ ↑ ↓ ↓ 
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APPENDIX C 

SUPPORTING INFROMATION FOR:  

CHAPTER 5 

 

METABOLOMICS REVEALS RESPONSE OF WHEAT (TRITICUM AESTIVUM) TO 

IRRIGATION WITH OILFIELD PRODUCED WATER 

 

 

 

 

 

 

 

 

Table C.1. Treatment group water chemistry summary (see Sedlacko et al., 2019 for more). 

 
Parameter TW SW50 PW50 PW10 

pH 6.24 5.99 6.51 5.81 

Electrical Conductivity (mS/cm) 1.2 16 18 2.4 

Total Organic Carbon (mg L-1) 95 150 190 200 

Total Nitrogen (mg L-1) 312 385 377 259 

B (mg L-1) < 0.02 6.26 12.4 3.19 

Ca (mg L-1) 7.6 6.4 196 39.1 

Mg (mg L-1) 1.13 0.76 21.7 4.61 

Na (mg L-1) 12.1 1850 2550 527 
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Figure C.1. PW50 vs TW volcano plot (A) and Venn Diagrams of significantly changed 
metabolites with all three treatments (SW, OPW10, and OPW50) compared to TW (B). 
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Table C.2. Metabolites significantly increasing and decreasing by treatment and tissue. Arrows 
indicate both direction and significance. 

 
Metabolite Mature Flag Leaf Mature Grain 

 
SW PW10 SW PW10 

2-Imidazolidone-4-carboxylic acid ↓ ↓ 
 

↓ 

2-oxo-nonadecanoic acid 01 
 

↑ 
  

linoleic acid ↓ ↓ 
  

sugar 
 

↑ ↓ 
 

Aconitic Acid ↓ ↓ 
  

adenine 
 

↑ 
  

Adeonsine 01 
   

↓ 

Alanine 01 
   

↓ 

Alanine 02 
  

↓ ↓ 

beta-alanine ↓ ↓ 
  

Allantoin 01 
 

↓ 
  

Allantoin 02 
 

↓ ↑ 
 

Allantoin 03 
 

↓ ↑ 
 

Arginine 
 

↓ 
  

Asparagine 01 
 

↓ 
 

↓ 

Asparagine 02 
 

↓ 
 

↓ 

Asparagine 03 
 

↓ 
 

↓ 

Asparagine 04 
 

↓ 
 

↓ 

Aspartate 01 
 

↓ 
 

↓ 

Aspartate 02 
 

↓ 
 

↓ 

Aspartate 03 ↓ ↓ 
 

↓ 

2,5 dihdroxybezoate 
 

↓ ↑ 
 

Boric acid 
 

↓ 
  

2-hydroxybutanoic acid 
 

↑ 
 

↓ 
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Table C.2 Continued 

Metabolite Mature Flag Leaf Mature Grain 

 
SW PW10 SW PW10 

butanoic acid 
  

↓ 
 

cis-y,y/c:cis) ↓ ↓ 
  

citrate ↓ ↓ ↓ ↓ 

Citrinin 
 

↑ 
  

Creatinine 
 

↓ ↑ 
 

Dehydroascorbate 
 

↑ 
  

Ethanolamine 
 

↑ 
  

Fructose 01 
 

↑ 
  

Fructose 02 
 

↑ 
  

Galactonic-acid-1,4 lactone 
  

↑ ↑ 

1-O-methyl-beta-D-galactopyranoside 
 

↑ 
  

galacturonic acid 
 

↑ 
  

glucopyranose 
  

↑ 
 

glucose 01 
 

↑ 
  

glucose 02 
 

↑ 
  

glutamate 
   

↓ 

glutamine 01 
   

↓ 

glutamine 02 
   

↓ 

glutamine 03 
   

↓ 

glycerol-3-phosphate 01 ↓ ↓ 
  

glycerol-3-phosphate 02 
 

↓ ↑ 
 

glycerophosphoglycerol  
 

↓ 
  

guanine 
   

↓ 

guanosine 
   

↓ 

2-oxogulonic acid 01 ↓ 
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Table C.2 Continued 

Metabolite Mature Flag Leaf Mature Grain 

 
SW PW10 SW PW10 

homoserine-lactone 
   

↓ 

indole-3-acetonitrile 
 

↑ 
  

myo-inositol 01 ↑ ↑ ↑ ↑ 

myo-inositol 02 ↑ ↑ ↑ 
 

isoleucine 01 
 

↓ 
  

ketose 01 
 

↑ 
  

6-ketose ↑ 
   

phenyllactic acid ↓ ↓ 
  

leucine 01 
 

↓ 
  

leucine 02 
 

↓ 
  

lysine  
 

↓ 
  

maleic acid 
  

↓ ↓ 

malic acid 01 ↓ 
   

malic acid 02 ↓ 
  

↓ 

methionine 
  

↓ 
 

NA197007 ↑ 
 

↑ 
 

NA269016 
 

↑ ↑ ↑ 

ornithine 01 
 

↓ 
  

ornithine 02 
 

↓ 
  

ornithine 03 
 

↓ 
  

methylphosphate 
 

↓ 
  

phytol 
 

↓ 
  

pentose 01 
 

↑ 
  

quinic acid 01 
 

↓ 
 

↓ 

proline 02 
   

↓ 



144 

Table C.2 Continued 

Metabolite Mature Flag Leaf Mature Grain 

 
SW PW10 SW PW10 

putrescine ↑ 
   

pyroglutamate 
   

↓ 

quinic acid 02 
   

↓ 

raffinose 
 

↑ 
  

rhamnose 
 

↑ 
  

serine 02 
   

↓ 

serine 03 
   

↑ 

N-acetylserine 
   

↓ 

3-dehydroshikimate 
   

↓ 

asparagine-like 01 ↓ ↓ 
 

↓ 

trans-snapic acid 
 

↓ 
  

tagatose 01 
 

↑ 
  

FA(14:0) 
 

↑ 
  

3-hydroxymyristic acid ↓ ↓ ↑ 
 

allo-threonine 
 

↓ 
  

trehalose 02 
 

↑ 
  

tryptophan ↓ 
 

↑ 
 

tyrosine 
 

↓ ↑ 
 

FA(11:0) ↓ ↓ 
 

↓ 

urea ↓ ↓ ↓ 
 

uric acid 
   

↓ 

uridine 
   

↓ 

valine 02 
   

↓ 

xylose 
 

↑ 
  

xyulose 
 

↑ 
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Figure C.2. Heatmaps of the changes in raw metabolite abundance related to PW treatments. 
The blue color represents the trend of decrease and red represents a rising trend. Treatment is 
indicated by column and referenced in sample number at the bottom of the figure. 
Figure C.2.A.1 Heatmap: Amines/Amino Acids in Leaf Tissue  
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Figure C.2.A.2 Heatmap: Amines/Amino Acids in Grain Tissue 
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Figure C.2.B.1 Heatmap: Inorganic Acids in Leaf Tissue 
 
 
 

 
Figure C.2.B.2 Heatmap: Inorganic Acids in Grain Tissue 
  



148 

 
Figure C.2.C.1 Heatmap: Lipids in Leaf Tissue 
 
 
 

 
Figure C.2.C.2. Heatmap: Lipids in Grain Tissue 
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Figure C.2.D.1. Heatmap: Organic Acids in Leaf Tissue 
  



150 

 

Figure C.2.D.2. Heatmap: Organic Acids in Grain Tissue 
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Figure C.2.E.1. Heatmap: Purines in Leaf Tissue 
 

 

 

Figure C.2.E.2. Heatmap: Purines in Grain Tissue 
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Figure C.2.F.1. Heatmap: Pyrimidines in Leaf Tissue 
 
 

 

Figure C.2.F.2. Heatmap: Pyrimidines in Grain Tissue 
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Figure C.2.G.1. Heatmap: Saccharides in Leaf Tissue 
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Figure C.2.G.2. Heatmap: Saccharides in Grain Tissue 
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Table C.3. VIP scores 

PW Leaf (10% and 50%)  
 PW Grain (10% only)  

Variable ID  VIP score  Variable ID   VIP score 

C157 1.41494  Asparagine.3TMS.1 1.60653 

C166 1.41077  C053 1.59066 

C477 1.38951  Asparagine.3TMS.2 1.58433 

C341 1.37841  C240 1.57775 

C545 1.34198  C448 1.57184 

C264 1.34069  C594 1.56402 

C426 1.33904  C307 1.56306 

C203 1.33544  Asparagine.2TMS. 1.54406 

C670 1.32801  C593 1.52963 

C180 1.31872  C122 1.52915 

C231 1.31756  Asparagine.4TMS.BP2 1.52539 

C125 1.30812  C603 1.51977 

C325 1.30704  C272 1.51672 

C362 1.3018  Aspartic.acid.3TMS. 1.5056 

C188 1.30009 

 2.Imidazolidone.4.carboxy-

lic.acid 1.50549 

1.2.3.Propanetriol 

1.4.hydroxy.3.methoxy-

phenyl 1.28743 

 

Asparagine.Derivate.1 1.50281 

Methionine.sulfoxide 1.28672  Asparagine.4TMS.BP1.2 1.50164 

C544 1.28414  C243 1.49829 

C439 1.2797  C254 1.49091 

C288 1.27556  C396 1.4825 

C227 1.272  C554 1.48198 

C461 1.26034  Asparagine.Derivate.2 1.48182 

Hydrogen.sulfide 1.25313  C298 1.48119 

C307 1.2487  NA 1.47618 

Glutamine.DL 01 1.24659  C310 1.47254 

C165 1.24489  Uridine. 1.46983 

Glutamine.DL.02 1.24486  pentose_1 1.46864 

C546 1.24227  C512 1.45236 

C471 1.24033  C568 1.44805 

C193 1.2375  Asparagine.H2O. 1.43738 

C582 1.23629  C342 1.43236 

Pyroglutamic.acid 1.23492  C273 1.42949 

NA.2 1.23162  C253 1.42929 

C668 1.23139  Alanine.beta 1.42863 

C343 1.23107  C159 1.42755 

C262 1.22366  C301 1.42554 

C310 1.22325  Aspartic.acid.2TMS.2 1.42253 

C470 1.22308  C024 1.42158 
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Table C.3. Continued 

PW Leaf (10% and 50%)  
 PW Grain (10% only)  

Variable ID  VIP score  Variable ID   VIP score 

C557 1.21938  Aspartic.acid.2TMS.1 1.41839 

C086 1.21833  Pyroglutamic.acid.2TMS. 1.4182 

C423 1.21697  Asparagine.4TMS.BP1.1 1.41812 

Arabinose.1MEOX.4TMS.MP 1.21582  Valine.2TMS. 1.41778 

C436 1.21338  Guanosine.5TMS. 1.41582 

C623 1.21253  C267 1.41229 

C357 1.20016  Unknown.bth.pae.036 1.41094 

C319 1.20002  C149 1.40952 

C306 1.19827  Glutamine.DL.3TMS.2 1.40581 

Pyridine.2.hydroxy.1TMS. 1.19568  Serine.N.acetyl.2TMS. 1.40366 

C334 1.19558  Raffinose.11TMS. 1.40355 

C076 1.19555  C086 1.4035 

C258 1.19542  C412 1.40192 

C567 1.19395  Glutamine.DL.3TMS.1 1.39367 

C257 1.19391  Valine.1TMS. 1.3885 

Tetradecanoic.acid.1TMS. 1.19321  NA.18 1.38797 

C034 1.19244  C424 1.38346 

C517 1.19232  C315 1.38055 

C024 1.19189  C405 1.37837 

C151 1.19095  Kestose.1.11TMS. 1.37399 

pentose_2 1.18955  Xylulose.1MEOX.4TMS.MP 1.36739 

C046 1.18703  NA.2 1.36672 

C213 1.18619  C350 1.36515 

C303 1.18618  C101 1.36046 

C043 1.1853  Guanine.3TMS. 1.36001 

C158 1.18504  C354 1.35678 

Indole.3.acetonitrile.1TMS. 1.18304  C046 1.35437 

C315 1.18287  C648 1.35432 

C069 1.18257  C262 1.34832 

C322 1.18114  C018 1.34797 

C094 1.18097  C278 1.34208 

Dehydroascorbic.acid.2 

MEOX.BP 1.18058 

 

C147 1.34029 

Fructose.1MEOX.5TMS.BP.1 1.18046  C549 1.33941 

C300 1.18045  Adenosine.alpha.4TMS.M1 1.3394 

NA.3 1.17984  C170 1.33855 

a.sugar_1 1.17971  C439 1.33434 

C304 1.17894  C269 1.33127 

Tagatose.1MEOX.5TMS.BP.1 1.17827  C343 1.32653 

C243 1.17729  C176 1.32489 
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 Table C.3. Continued 

C350 1.17571  C345 1.31988 

C173 1.1745  possible.pentose_2 1.31976 

C386 1.17229  Arginine.NH3.3TMS. 1.31758 

C494 1.17174  NA.21 1.31524 

C498 1.1715  C584 1.3151 

C051 1.17145  Allantoin.4TMS. 1.30813 

Galactopyranoside.1.O.meth

yl.beta.4TMS. 1.17067 

 

Glutamic.acid.2TMS. 1.30701 

NA.5 1.17026  C455 1.30332 

Gulonic.acid.2.oxo.1MEOX.5T

MS.BP.3 1.17024 

 

NA.15 1.29675 

C588 1.16969  Isoleucine.2TMS. 1.29628 

C378 1.16811  Histidine.3TMS. 1.29581 

C064 1.16754 

 Dehydroascorbic.acid.2MEOX

.BP 1.29122 

C134 1.16523  C374 1.2904 

C606 1.1646  C306 1.2857 

C144 1.16436  NA.22 1.28455 

C403 1.16425  C499 1.28386 

C535 1.16343  C623 1.28227 

C435 1.16218  C606 1.28179 

C551 1.16192  C220 1.28035 

C247 1.16186  Methionine.sulfoxide.3TMS. 1.2803 

C225 1.16079  C094 1.27886 

C010 1.15994  C378 1.27777 

C030 1.15984  C081 1.27663 

C385 1.15936  Fructose.1MEOX.5TMS.BP.1 1.27551 

C234 1.15893  C184 1.27436 

C499 1.15857  Proline.2TMS. 1.27415 

C183 1.15852  C256 1.27384 

Fructose.1MEOX.5TMS.BP.2 1.15836  C033 1.27358 

C080 1.15823  NA.9 1.27318 

C101 1.15818  C353 1.27302 

C276 1.15785  Serine.3TMS. 1.27218 

C191 1.15711  Ornithine.LIKE 1.27117 

Glucose.1MEOX.5TMS.BP 1.15706  C542 1.27085 

C211 1.15673  C359 1.26997 

Inositol.myo.6TMS.1 1.15655  C294 1.26954 

C103 1.1564  C165 1.26943 

C633 1.1564  Asparagine.CO2.4TMS. 1.26819 

C667 1.15586  C022 1.26483 

C655 1.15558 

 1.2.3.Propanetriol.1.4.hydrox

y.3.methoxyphenyl.4TMS. 1.26403 
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 Table C.3. Continued 

C269 1.15493  C110 1.26392 

C066 1.15461  Shikimic.acid.4TMS. 1.26107 

Glucose.1MEOX.5TMS.MP 1.15417  C409 1.2607 

Tagatose.1MEOX.5TMS.BP.2 1.15289 

 Glutaric.acid.2.oxo.1MEOX.2

TMS.MP 1.25913 

NA.18 1.15155  C330 1.25827 

C279 1.15126  C408 1.25811 

Unknown.bth.pae.001.1 1.15044  C238 1.25797 

C548 1.14972  Ornithine.4TMS.1 1.25783 

NA.4 1.1494  C096 1.25619 

Asparagine.4TMS.BP1.1 1.1486  C014 1.25446 

C280 1.14752  C319 1.25395 

C521 1.14717  C419 1.25332 

C072 1.14701  C239 1.25291 

Isoleucine.1TMS. 1.14686  C318 1.251 

C159 1.14671  C407 1.24755 

C137 1.14666  C560 1.24671 

C321 1.14616  NA.3 1.24233 

C405 1.14608 

 NA114002.classified.unknow

n. 1.2421 

Unknown.bth.pae.036 1.14582 

 Androst.5.en.17.one.3beta.h

ydroxy.1TMS. 1.24203 

C142 1.14569  C334 1.24114 

C175 1.14544  C360 1.2406 

C135 1.1452  C664 1.24056 

C478 1.1452  Leucine.2TMS. 1.2392 

C594 1.14508  NA.17 1.23665 

C377 1.14489  Malic.acid.3TMS.2 1.23618 

C443 1.14474 

 Trehalose.alpha.alpha.D.8TM

S.1 1.23589 

C130 1.14413  C624 1.23397 

C384 1.14337  C066 1.23303 

C603 1.14315  C620 1.2317 

C666 1.14247  Serine.2TMS. 1.23054 

Phenylalanine.2TMS. 1.14226  Threonine.allo.3TMS. 1.23038 

C248 1.14206  C174 1.2301 

Glutamic.acid.2TMS. 1.14144  C260 1.22915 

C174 1.14088  C420 1.22823 

Unknown.bth.pae.011 1.13985  Aconitic.acid.cis.3TMS. 1.22725 

C271 1.13915  Quinic.acid.derivative 1.22542 

C110 1.13915  Threonine.3TMS. 1.22534 

C376 1.13904  C295 1.22438 

C084 1.13891  C069 1.22437 
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C424 1.13851  C365 1.22428 

NA.14 1.13848  C242 1.22396 

C009 1.13838  C080 1.22007 

C217 1.13829  Inositol.myo.6TMS.1 1.21945 

Methionine.2TMS. 1.13776  Guanosine.2.deoxy.4TMS. 1.218 

C565 1.13743  C287 1.21798 

Leucine.1TMS. 1.13723  C344 1.21768 

C536 1.13709  Citric.acid.4TMS. 1.21719 

Quinic.acid.derivative 1.13695  C126 1.21716 

C493 1.13651  C515 1.21601 

C242 1.13548  C121 1.21532 

C267 1.1341  C224 1.2149 

C353 1.13405  C376 1.21425 

C029 1.13304  a.sugar_2 1.21391 

C455 1.13236  C452 1.2137 

C550 1.13221  C379 1.21331 

C642 1.13125  C652 1.21297 

C660 1.13109  C527 1.21015 

Threonine.allo.3TMS. 1.13104  C134 1.20995 

C457 1.13095  C059 1.20833 

C345 1.13095  C673 1.20819 

C402 1.12922  C280 1.20807 

C335 1.12877  C502 1.20787 

C363 1.12824  C105 1.20743 

Leucine.2TMS. 1.12805  C039 1.20462 

C671 1.12776  C332 1.20318 

C344 1.12745  C417 1.20189 

C584 1.12671  Glycerol.3.phosphate.4TMS 1.20181 

C275 1.12579  C482 1.20163 

C564 1.12545  C459 1.20047 

Adenosine.alpha.4TMS. 1.12536  Malic.acid.3TMS.1 1.19833 

C085 1.12288  Alanine.3TMS. 1.19821 

C448 1.12223  C413 1.19689 

C298 1.12143  NA.1 1.19615 

C214 1.12116  C517 1.19611 

C475 1.12105  C212 1.196 

Threonine.3TMS. 1.11873  C209 1.19369 

NA.15 1.1185  Glutamine.H2O.2TMS.MP 1.19367 

Arabinonic.acid.5TMS. 1.11809  C304 1.19204 

NA.17 1.11731  C230 1.19113 

C210 1.11691  NA.10 1.18876 

C497 1.11647  C185 1.18704 

C393 1.11582  Glycine.3TMS. 1.1829 
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Table C.3. Continued 

Asparagine.3TMS.2 1.11437  C118 1.17946 

C640 1.11374  C662 1.17815 

C176 1.11352  C670 1.17678 

C652 1.11225  C545 1.17459 

C413 1.11212  C248 1.17412 

C149 1.11196  C104 1.17245 

C581 1.11068  C168 1.17177 

C036 1.1102 

 Galactopyranoside.1.O.meth

yl.beta.4TMS. 1.17007 

Putrescine.4TMS. 1.11012  Proline.CO2.2TMS. 1.16983 

C123 1.10859  C484 1.16954 

Adenosine.alpha.4TMS.MP.3 1.1079  Alanine.2TMS. 1.16898 

Androst.5.en.17.one.3beta.h

ydroxy.1TMS. 1.10695 

 

C120 1.16749 

Histamine.1.methyl.2TMS. 1.10694  Butanoic.acid.2.hydroxy.2 1.16709 

C331 1.10577  C108 1.16485 

C220 1.10529  C043 1.16446 

Arginine.NH3.3TMS. 1.1042  C142 1.1634 

Benzene.1.2.4.triol.3TMS. 1.10397  Adenosine.alpha.4TMS.MP.3 1.16112 

Serine.4TMS. 1.10336  C546 1.1591 

Carbodiimide.2TMS. 1.10328  C604 1.15832 

C187 1.10178  C341 1.15797 

Lysine.4TMS. 1.10136  C519 1.15735 

C305 1.10113  Adenine.2TMS. 1.15713 

C438 1.10044  C457 1.15162 

C354 1.09984  C141 1.15067 

NA.10 1.09936  C305 1.1454 

C053 1.09931  C103 1.1428 

Phenylalanine.1TMS. 1.09813  NA269016 1.1407 

C019 1.0974  Creatinine.3TMS. 1.1405 

NA.8 1.09723  C551 1.13994 

Isoleucine.2TMS. 1.09689  C166 1.13743 

C294 1.09568  C288 1.13553 

Diethylenglycol.2TMS. 1.09552  C372 1.13522 

C609 1.0955  C296 1.13387 

Quinic.acid.5TMS.1 1.09539  Quinic.acid.5TMS.2 1.13292 

C141 1.09473  C668 1.13281 

NA.12 1.09388  C369 1.13259 

C240 1.09369  Tagatose.1MEOX.5TMS.BP.1 1.13108 

Asparagine.3TMS.1 1.09297  Unknown.bth.pae.001.1 1.12771 

NA.20 1.09281  C158 1.12688 

C444 1.09279  C609 1.12621 
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Table C.3. Continued 

C648 1.0902  C300 1.12314 

Trehalose.alpha.alpha.D.8TM

S.1 1.08863 

 

Unknown.sst.cgl.062 1.12271 

NA.11 1.08837  C157 1.12211 

C412 1.08826  C473 1.12084 

C228 1.08738  C471 1.12044 

Inositol.myo.6TMS.2 1.08714  NA.16 1.11979 

Ornithine.4TMS.1 1.08641  Uric.acid.4TMS. 1.11894 

C218 1.08629  Indole.3.acetonitrile.1TMS. 1.11867 

C374 1.0862  Allantoin.5TMS.2 1.11716 

C434 1.08505  Phosphoric.acid.3TMS.1 1.10672 

C383 1.08469  C501 1.10489 

Quinic.acid.5TMS.2 1.08236  Lysine.4TMS. 1.1048 

C278 1.08201  C162 1.10291 

C643 1.07967  C169 1.1027 

C224 1.0794 

 Glycerophosphoglycerol.5TM

S. 1.09987 

C358 1.07915 

 Adenosine.5.methylthio.3TM

S. 1.09982 

C302 1.07864  C672 1.09916 

a.sugar_2 1.0783  C625 1.09916 

Glyoxylic.acid.1MEOX.1TMS. 1.07771  C544 1.09869 

Valine.1TMS. 1.07651  C193 1.09827 

Lyxonic.acid.5TMS.1 1.07525  C152 1.09324 

C409 1.075  C426 1.09316 

C272 1.07472  Quinic.acid.5TMS.1 1.09268 

C273 1.07449  Glycerol.3.phosphate.4TMS.1 1.08949 

C018 1.07353  Unknown.bth.pae.001.2 1.08928 

NA269016 1.07338  C276 1.08881 

Boric.acid.3TMS 1.07291  C180 1.08595 

Trehalose.alpha.alpha.D.8TM

S.2 1.07206 

 

Allantoin.5TMS.1 1.08193 

C199 1.07168  Glutamine.4TMS. 1.08149 

C289 1.07104  Lactic.acid.2TMS. 1.08115 

C202 1.07052  C503 1.08066 

Glycerol.3TMS. 1.06964  C125 1.0784 

C281 1.0675  Benzoic.acid.2.5.dihydroxy 1.07175 

Galacturonic.acid.1MEOX. 1.06694  C135 1.07143 

Glycerophosphoglycerol.5TM

S. 1.0669 

 

C669 1.07115 

Hexopyranose 1.06622  Unknown.sst.cgl.010a 1.06822 
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Guanosine.5TMS. 1.06611  C592 1.06806 

C379 1.06558 

 Galacturonic.acid.1MEOX.5T

MS.BP 1.06658 

C059 1.0651  C130 1.06637 

NA.16 1.0641  C133 1.06354 

C265 1.06343  Tyrosine.3TMS. 1.06047 

Rhamnose.1MEOX.4TMS.BP 1.06324  C084 1.06023 

Proline.CO2.2TMS. 1.06314  C335 1.05965 

Tyrosine.3TMS. 1.06308  C464 1.05892 

C115 1.063  C123 1.05205 

Shikimic.acid.4TMS. 1.06288  C155 1.05058 

Ornithine.4TMS.2 1.06189  C231 1.04649 

Asparagine.H2O.2TMS. 1.06145  Tryptophan.3TMS. 1.04597 

C408 1.06037  C325 1.04185 

Allantoin.5TMS.2 1.0587  C470 1.04064 

C219 1.05774 

 Shikimic.acid.3.dehydro.1ME

OX.3TMS.MP 1.03986 

C200 1.05671  C521 1.03921 

C577 1.05669  C474 1.03354 

C496 1.05657  C228 1.03179 

Phytol.1TMS.BP 1.05643  Phosphoric.acid.3TMS.2 1.02836 

C170 1.05463  C363 1.02728 

Undecanoic.acid.1TMS. 1.05452  C308 1.02608 

Allantoin.4TMS. 1.05439  C613 1.02572 

C459 1.05333  C279 1.02259 

Valine.2TMS. 1.0533  NA.19 1.02143 

Serine.N.acetyl.2TMS. 1.05306  C495 1.02123 

Aspartic.acid.2TMS.1 1.05233  C188 1.01699 

C154 1.05224  C062 1.01661 

C442 1.05135  Phenylalanine.1TMS. 1.01661 

C290 1.05022  C203 1.01612 

C256 1.05015  Sinapic.acid.cis.2TMS. 1.01268 

Glucose.2.amino.2.deoxy.1M

EOX.5TMS.MP 1.04976 

 

Maleic.acid.2TMS. 1.01195 

C526 1.04885  NA.14 1.01072 

Adenosine.5.methylthio.3TM

S. 1.04884 

 

C362 1.00828 

Lactic.acid.3.phenyl.2TMS. 1.04829  C571 1.00675 

Unknown.bth.pae.001.2 1.04675  C660 1.00673 

NA.9 1.04638  C145 1.00364 

C308 1.04589  C383 1.00186 

C282 1.04587  C264 1.00052 

C463 1.04554  
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C351 1.0446 

C562 1.04373 

C153 1.04267 

C122 1.04201 

C033 1.04092 

Aspartic.acid.3TMS. 1.04091 

C663 1.04009 

C108 1.03803 

NA.22 1.03799 

Glycerol.3.phosphate.4TMS 1.03781 

Asparagine.4TMS.BP2 1.0365 

C472 1.03643 

Raffinose.11TMS. 1.03518 

C401 1.03452 

C657 1.03429 

Aspartic.acid.2TMS.2 1.03348 

C662 1.0334 

C164 1.03198 

Xylose.1MEOX.4TMS.BP 1.03156 

NA.19 1.0315 

Xylulose.1MEOX.4TMS.MP 1.03126 

C624 1.03117 

C515 1.03101 

C495 1.02993 

C089 1.02987 

Histidine.3TMS. 1.02946 

C185 1.02928 

C514 1.0271 

C399 1.02621 

C133 1.02614 

C592 1.02561 

Ethanolamine.3TMS. 1.02549 

C661 1.02352 

C336 1.0217 

C070 1.02096 

Unknown.sst.cgl.040 1.01976 

C579 1.01875 

C504 1.01873 

Kestose.1.11TMS. 1.01819 

C452 1.01705 

C566 1.01583 

C039 1.01551 

pentose_2 1.01471 
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Figure C.3 OPLS-DA for SW50 and TW 
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Table C.4. PW10 Pathway Impact Scores and FDRs 

Table C.4.1 Leaf Tissue 

Pathway Total 

Cmpd 

Hits Raw p FDR Impact 

Linoleic acid metabolism 4 2 9.05E-05 0.000172 1 

Alanine, aspartate and glutamate 

metabolism 

22 7 8.84E-06 2.75E-05 0.84532 

Glyoxylate and dicarboxylate 

metabolism 

29 10 4.11E-06 1.52E-05 0.59088 

Glycine, serine and threonine 

metabolism 

33 8 1.02E-08 3.00E-07 0.53598 

Arginine and proline metabolism 28 6 3.76E-05 8.88E-05 0.47944 

Sulfur metabolism 15 3 0.001211 0.001624 0.43646 

Phenylalanine metabolism 12 1 0.202 0.21669 0.42308 

Isoquinoline alkaloid 

biosynthesis 

6 1 9.39E-07 6.16E-06 0.41176 

Glycerophospholipid metabolism 37 8 0.000272 0.000434 0.3552 

Arginine biosynthesis 18 7 9.67E-05 0.000178 0.34079 

Glycerolipid metabolism 21 6 0.000497 0.000734 0.27201 

beta-Alanine metabolism 18 2 1.50E-06 7.39E-06 0.25397 

Citrate cycle (TCA cycle) 20 3 0.000269 0.000434 0.22375 

Tryptophan metabolism 23 2 3.07E-06 1.21E-05 0.17241 

Cysteine and methionine 

metabolism 

46 5 5.80E-06 1.90E-05 0.1697 

Phenylalanine, tyrosine and 

tryptophan biosynthesis 

22 5 9.89E-06 2.92E-05 0.16967 

Tyrosine metabolism 18 1 9.39E-07 6.16E-06 0.16757 

Pentose and glucuronate 

interconversions 

17 3 4.05E-05 9.15E-05 0.16667 
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Pathway Total 

Cmpd 

Hits Raw p FDR Impact 

Glutathione metabolism 27 6 2.65E-07 3.12E-06 0.13888 

Butanoate metabolism 17 4 0.027214 0.030877 0.13636 

Galactose metabolism 27 5 6.23E-10 3.68E-08 0.11896 

Aminoacyl-tRNA biosynthesis 46 19 1.22E-06 7.17E-06 0.11111 

Inositol phosphate metabolism 28 1 0.000557 0.000782 0.10251 

Starch and sucrose metabolism 22 2 1.25E-05 3.51E-05 0.09857 

Pantothenate and CoA 

biosynthesis 

23 2 0.000327 0.000505 0.08423 

Pyruvate metabolism 22 2 4.78E-05 9.73E-05 0.075 

Phenylpropanoid biosynthesis 35 5 4.69E-06 1.63E-05 0.05022 

Histidine metabolism 17 1 0.000212 0.000357 0.04264 

Phosphatidylinositol signaling 

system 

26 1 0.000557 0.000782 0.03285 

Pyrimidine metabolism 38 4 0.000334 0.000505 0.02773 

Purine metabolism 63 10 1.39E-07 2.74E-06 0.0232 

Glycosylphosphatidylinositol 

(GPI)-anchor biosynthesis 

13 1 0.021446 0.02481 0.00476 

Glycolysis / Gluconeogenesis 26 3 6.63E-05 0.00013 0.00189 

Carotenoid biosynthesis 42 1 0.006083 0.007802 0.00035 

Cyanoamino acid metabolism 26 4 2.20E-07 3.12E-06 0 

Ascorbate and aldarate 

metabolism 

18 2 4.38E-07 4.31E-06 0 

Ubiquinone and other terpenoid-

quinone biosynthesis 

35 1 9.39E-07 6.16E-06 0 

Biosynthesis of unsaturated fatty 

acids 

22 1 1.46E-06 7.39E-06 0 
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Valine, leucine and isoleucine 

biosynthesis 

22 4 2.50E-06 1.14E-05 0 

Zeatin biosynthesis 21 1 2.81E-06 1.18E-05 0 

Amino sugar and nucleotide 

sugar metabolism 

50 3 1.53E-05 3.92E-05 0 

Valine, leucine and isoleucine 

degradation 

37 3 1.53E-05 3.92E-05 0 

Nicotinate and nicotinamide 

metabolism 

13 2 3.34E-05 8.20E-05 0 

Carbon fixation in 

photosynthetic organisms 

21 2 4.19E-05 9.15E-05 0 

Monobactam biosynthesis 8 1 4.57E-05 9.64E-05 0 

Lysine biosynthesis 9 2 0.000202 0.000352 0 

Propanoate metabolism 20 1 0.000203 0.000352 0 

Porphyrin and chlorophyll 

metabolism 

47 1 0.000912 0.001251 0 

Nitrogen metabolism 12 2 0.001388 0.001819 0 

Lysine degradation 18 1 0.007059 0.008862 0 

Arachidonic acid metabolism 12 1 0.009964 0.011998 0 

alpha-Linolenic acid metabolism 27 1 0.009964 0.011998 0 

Selenocompound metabolism 13 1 0.011909 0.014052 0 

Sphingolipid metabolism 17 1 0.087797 0.097736 0 

Tropane, piperidine and pyridine 

alkaloid biosynthesis 

8 1 0.202 0.21669 0 

Pentose phosphate pathway 19 1 0.24101 0.25393 0 

Thiamine metabolism 22 1 0.46641 0.48278 0 

Steroid biosynthesis 40 1 0.61787 0.62852 0 

Brassinosteroid biosynthesis 20 1 0.96863 0.96863 0 
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Table C.4.2. Grain Tissue 

Pathway Total 

Cmpd 

Hits Raw p FDR Impact 

Linoleic acid metabolism 4 1 1.46E-06 6.36E-06 1 

Alanine, aspartate and glutamate 

metabolism 

22 7 8.84E-06 2.70E-05 0.84532 

Glyoxylate and dicarboxylate 

metabolism 

29 9 5.30E-05 0.0001 0.59088 

Glycine, serine and threonine 

metabolism 

33 8 1.02E-08 3.00E-07 0.53598 

Arginine and proline metabolism 28 6 3.76E-05 8.62E-05 0.47944 

Phenylalanine metabolism 12 1 0.202 0.21784 0.42308 

Isoquinoline alkaloid biosynthesis 6 1 9.39E-07 5.74E-06 0.41176 

Sulfur metabolism 15 2 0.095455 0.10714 0.37569 

Arginine biosynthesis 18 7 9.67E-05 0.000177 0.34079 

beta-Alanine metabolism 18 2 1.50E-06 6.36E-06 0.25397 

Citrate cycle (TCA cycle) 20 3 0.000269 0.000435 0.22375 

Glycerolipid metabolism 21 3 0.00338 0.004225 0.1804 

Tryptophan metabolism 23 2 3.07E-06 1.05E-05 0.17241 

Cysteine and methionine 

metabolism 

46 5 5.80E-06 1.88E-05 0.1697 

Phenylalanine, tyrosine and 

tryptophan biosynthesis 

22 5 9.89E-06 2.86E-05 0.16967 

Tyrosine metabolism 18 1 9.39E-07 5.74E-06 0.16757 

Pentose and glucuronate 

interconversions 

17 3 4.04E-05 8.86E-05 0.16667 

Glutathione metabolism 27 6 2.65E-07 2.91E-06 0.13888 

Butanoate metabolism 17 4 0.027214 0.031846 0.13636 

Galactose metabolism 27 5 1.09E-08 3.00E-07 0.11896 
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Table C.4.2 Continued 

Aminoacyl-tRNA biosynthesis 46 19 1.22E-06 6.36E-06 0.11111 

Inositol phosphate metabolism 28 1 0.000557 0.000785 0.10251 

Starch and sucrose metabolism 22 2 1.25E-05 3.44E-05 0.09857 

Glycerophospholipid metabolism 37 3 0.002159 0.002761 0.09771 

Pantothenate and CoA 

biosynthesis 

23 2 0.000327 0.000496 0.08423 

Histidine metabolism 17 1 0.000212 0.000353 0.04264 

Phenylpropanoid biosynthesis 35 4 5.08E-05 9.97E-05 0.03391 

Phosphatidylinositol signaling 

system 

26 1 0.000557 0.000785 0.03285 

Pyrimidine metabolism 38 4 0.000334 0.000496 0.02773 

Purine metabolism 63 10 1.39E-07 2.55E-06 0.0232 

Glycolysis / Gluconeogenesis 26 2 0.000671 0.000922 0.00038 

Cyanoamino acid metabolism 26 4 2.20E-07 2.91E-06 0 

Ascorbate and aldarate 

metabolism 

18 2 4.38E-07 4.01E-06 0 

Ubiquinone and other terpenoid-

quinone biosynthesis 

35 1 9.39E-07 5.74E-06 0 

Biosynthesis of unsaturated fatty 

acids 

22 1 1.46E-06 6.36E-06 0 

Valine, leucine and isoleucine 

biosynthesis 

22 4 2.50E-06 9.84E-06 0 

Zeatin biosynthesis 21 1 2.81E-06 1.03E-05 0 

Amino sugar and nucleotide 

sugar metabolism 

50 3 1.53E-05 3.82E-05 0 

Valine, leucine and isoleucine 

degradation 

37 3 1.53E-05 3.82E-05 0 
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Table C.4.2 Continued 

Nicotinate and nicotinamide 

metabolism 

13 2 3.34E-05 7.98E-05 0 

Carbon fixation in photosynthetic 

organisms 

21 2 4.19E-05 8.86E-05 0 

Monobactam biosynthesis 8 1 4.57E-05 9.32E-05 0 

Lysine biosynthesis 9 2 0.000202 0.000348 0 

Propanoate metabolism 20 1 0.000203 0.000348 0 

Pyruvate metabolism 22 1 0.00031 0.000487 0 

Porphyrin and chlorophyll 

metabolism 

47 1 0.000912 0.001223 0 

Nitrogen metabolism 12 2 0.001388 0.001817 0 

Lysine degradation 18 1 0.007059 0.008628 0 

Selenocompound metabolism 13 1 0.011909 0.014239 0 

Sphingolipid metabolism 17 1 0.087797 0.1006 0 

Tropane, piperidine and pyridine 

alkaloid biosynthesis 

8 1 0.202 0.21784 0 

Pentose phosphate pathway 19 1 0.24102 0.25492 0 

Thiamine metabolism 22 1 0.46641 0.48401 0 

Steroid biosynthesis 40 1 0.61787 0.62931 0 

Brassinosteroid biosynthesis 20 1 0.9686 0.9686 0 
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Potential for Beneficial Reuse of Oil and Gas–Derived 

Produced Water in Agriculture: Physiological and 

Morphological Responses in Spring Wheat (Triticum aestivum)  

https://setac.onlinelibrary.wiley.com/doi/epdf/10.1002/etc.4449 

 

Publication of Chapter 2 of 

this dissertation 

Effect of produced water treatment technologies on irrigation-

induced metal and salt accumulation in wheat (Triticum 

aestivum) and sunflower (Helianthus annuus) 

https://setac.onlinelibrary.wiley.com/doi/epdf/10.1002/etc.4449 

Publication of Chapter 3 of 

this dissertation 

  

Chapter 2_SI_xlsx,  

 

 

Chapter 3_SI_xlsx, 

 

 

 

Supplementary Tables, 

Statistics, and Data  for 

Chapter 2 

Supplementary Tables, 

Statistics, and Data  for 

Chapter 3 

 

  



172 

APPENDIX E 
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Publisher (see Figure E1) 
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Figure E.1. Wiley permission to use full article in Chapter 2 of dissertation 
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Figure E.2.Coauthor permissions for Chapter 2 of the dissertation 
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Figure E3. Elsevier permission to use full article in Chapter 3 
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Figure E4. Coauthor permission for Chapter 3 of the dissertation 
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