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ABSTRACT OF THE THESIS 
 

 

Effect of Low-Dose, Repeated Exposure of Contaminants of Emerging Concern on Plant 
Development and Hormone Homeostasis 

by 

Michelle Laurine McGinnis 

 

Master of Science, Graduate Program in Environmental Sciences 
University of California, Riverside, December 2018 

Dr. Jay Gan, Chairperson 
 

 

Treated wastewater is increasingly being utilized to meet agriculture’s water 

needs, however, treated wastewater contains numerous trace organic contaminants 

including constituents of emerging concern (CECs), such as pharmaceuticals and 

personal care products (PPCPs). With exposure and uptake of these compounds, 

phytotoxicity and health of crop plants is of concern, but is not well understood at 

present. This study simulated irrigation with treated wastewater and evaluated the effect 

of low-dose, chronic exposure to a mixture of 10 CECs, including 4 antibiotics, 3 

analgesic anti-inflammatory drugs, 1 anti-epileptic, 1 beta-blocker, and 1 antimicrobial, 

on lettuce and cucumber plants, as well as the effect of the CEC mixture in conjunction 

with other abiotic stressors such as heat. The CEC mixture was added in nutrient media at 
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1-20X of their typical levels found in treated wastewater effluents. Relevant biological 

endpoints including germination, growth, phytohormone homeostasis, and CEC 

bioaccumulation into plant tissues were determined. Root length of lettuce seedlings 

significantly increased in a dose-dependent manner at the end of a 7 d germination study. 

However, a dose-dependent decrease in biomass was observed upon longer-term 

exposure (30 d) of cucumber seedlings to the CEC mixture, with the highest CEC 

treatment rate resulting in a relative percentage difference in average below-ground, 

above-ground, and total biomass of -51.2 ± 20.9, -26.3 ± 34.1, and -33.2 ± 41.7%, 

respectively. The response of selected phytohormones (auxins, jasmonic acid, and 

abscisic acid) were investigated to gain insight into the plant’s physiological response to 

CEC exposure, as well as in conjunction with heat stress, due to the involvement of these 

phytohormones in growth, nutrient allocation, transpiration, and defense. Levels of 

abscisic acid, a stress response hormone involved in stomatal closure, were found to be 

significantly elevated (p < 0.05) in the leaves with increasing exposure rates of CECs, 

but, decreased significantly (p < 0.05) in the roots at environmentally relevant CEC 

concentrations. Elevated abscisic acid in the leaves may cause stomatal closure, anti-

transpiration activity, and reduced leaf expansion leading to slowed plant growth and 

impaired ability to adapt to additional stressors, such as extreme temperatures or salinity. 

The dose-response of auxin, a phytohormone involved in cell elongation and 

meristematic tissue growth, was characterized by a hormesis effect. A significant 6-fold 

increase was observed in stem auxin concentrations at the low CEC treatment rate as 

compared to the control, followed by a gradual decrease to 2-fold the control at the 



vii 
 

highest CEC treatment rate. Leaf auxin concentrations also significantly increased at the 

low CEC concentrations to 16-fold, followed by a decrease at the highest CEC treatment 

rate.  

In nature, crops are simultaneously exposed to numerous biotic and abiotic 

stresses and therefore heat stress was chosen to investigate the interactive effects of 

simultaneous stresses on plants. Root auxin concentrations with heat, but no CEC 

exposure (59.8 ± 16.9 ng g-1, f.w.), were significantly (p < 0.05) elevated compared to 

root auxin concentrations from CEC exposure, demonstrating that different types of stress 

may have opposing effects on plant hormone homeostasis. Stem auxin concentrations 

were decreased significantly (p < 0.05) in the multi-stressed plants (65.3 ± 14.0 ng g-1, 

f.w.) as compared to those exposed only to the CEC mixture (132.6 ± 54.3 ng g-1, f.w.). 

In contrast, no significant differences in leaf abscisic or jasmonic acid contents due to 

heat stress was observed within the same CEC treatment.  

Evaluating the potential impacts of CEC mixtures in recycled wastewater, 

biosolids and animal wastes on growth and development of plants is important in 

ensuring food security and sustainability. The results of this study have implications for 

the beneficial reuse of treated wastewater, biosolids, and animal wastes in agriculture as 

they contribute to the promotion of safe reuse practices and improve agricultural 

sustainability. 
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1. BACKGROUND 

 California uses approximately 60% of the state’s freshwater sources for 

agricultural production (USGS, 2015). With changing climate conditions, a growing 

population, and increasing water scarcity, there is a great need to utilize recycled 

wastewater to augment agricultural irrigation. In the 2015 Estimated Use of Water in the 

U.S., total irrigation withdrawals in the U.S. from surface and groundwater rose by 2% 

from 2010 (Dieter et al., 2018). Surface water withdrawals decreased by 8% while 

ground water withdrawals increased by 16% from 2010 to 2015, demonstrating the 

urgency to identify alternative water sources, such as reclaimed wastewater. Ten states 

reported utilization of reclaimed wastewater as an irrigation source, although accounting 

for only about 1% of the total irrigation water use. However, reclaimed wastewater use 

rose from 472 Mgal d-1 in 2010 to 669 Mgal d-1 in 2015 (a 42% increase), demonstrating 

its future relevance and feasibility of adapting and using this water source to meet 

alleviate the pressure on our water demands.  

 Reclaimed wastewater is the treated product from a wastewater treatment plant 

(WWTP) where the treatment is specifically designed to meet standards for metals, 

solids, microbial pollutants, and biological oxygen demand. Consequently, most WWTPs 

are not efficient in the removal of other trace organic contaminants, such as many 

contaminants of emerging concern (CECs), including pharmaceuticals and personal care 

products (PPCPs) (Archer et al., 2017; Boyd et al., 2003; Kolpin et al., 2002). In a study 

that analyzed 247 targeted CECs across 25 WWTPs, 148 CECs were detected in the 

source water, and 121 detected at least once in the treated water with concentrations in 
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the ng-µg L-1 range (Furlong et al., 2017; Glassmeyer et al., 2017). The reuse of treated 

wastewater, as well as application of biosolids and animal manures (Christou et al., 2018; 

Holling et al., 2012; Jones et al., 2007; Wu et al., 2015), introduces numerous CECs and 

their metabolites into the agro-environment (Christou et al., 2016; Kositch et al., 2014), 

and some of the more persistent CECs may reach concentrations in the range of µg-g kg-1 

(Du and Liu, 2012). Wu et al. (2009) investigated the occurrence of 18 pharmaceuticals 

in the Lake Erie basin, an area that is highly impacted by agricultural runoff. They found 

caffeine, carbamazepine, and paraxanthine to be most frequently detected at maximum 

concentrations of 4.2, 2.8, and 1.8 µg L-1, respectively. Due to differences in sources 

(e.g., hospitals, residential, industrial) and treatment techniques, each WWTP produces a 

treated product that is unique in chemical composition and concentration. These mixtures 

are dynamic and ever-changing due to the introduction of new sources, chemicals, and 

seasonal variations (Daughton and Ternes, 1999).  

Pharmaceuticals are designed to induce a biological response at low levels, raising 

concerns for effects that may be unanticipated when non-target organisms are exposed to 

these trace contaminants in the environment (Burns et al., 2017). Acute toxicity data are 

available for some CECs, however, it may be argued that the acute effects are not of the 

greatest concern with regard to the irrigation of crops. In the agro-environment, chronic 

exposures are likely of greater interest because of the continual addition of CECs, at low 

levels, into the environment through repeated irrigation and biosolid applications. 

Information on chronic effects of chemical mixtures is particularly lacking, but such 

interest is important because it reflects the more realistic contamination scenarios in the 
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agro-food system. A combination of multiple CECs that act on specific modes may cause 

significant effects through additive or synergistic interactions (Daughton and Ternes, 

1999). For example, Kurelec (1992) added verapamil, an MXR inhibitor, and 2-

aminoanthracene, to river waters at 1 mg L-1, concentrations that were previously found 

to have no effect on fish individually in toxicity studies. However, when in combination, 

exposure to verapamil and 2-aminoanthracene made the fish attempt dramatic escapes, 

demonstrating the importance of chemical mixture effects. A CEC mixture of low 

concentrations (ng-µg L-1) can have subtle effects on behavior or cause alterations in 

gene expression that can manifest in significant physiological changes over extended 

periods of time. These causes of subtle behavioral or genetic modifications are extremely 

difficult to pinpoint because they may be overlooked as part of evolution or the result of 

other environmental factors (Daughton and Ternes, 1999). Irrigation with reclaimed 

wastewater and amendment of soil with biosolids or animal wastes represent typical 

chronic exposures to CEC mixtures. Therefore, the chronic effects of low-dose CEC 

mixtures are a significant concern for crops because of recurring exposures through 

irrigation with reclaimed wastewater and biosolid application, as well as the growth 

duration of food crops, which can range from months to years (for perennials such as fruit 

trees). 

Environmental risk assessments (ERA) for chemical mixtures is typically conducted 

in one of two ways. One approach involves testing the effects of the mixture as a whole 

using in vivo or in vitro systems. This provides a measure of ecotoxicity without 

knowledge of the composition. The second method involves using ecotoxicological data 
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from individual chemicals and combining that information with analytical concentration 

data and other information regarding their modes of action and synergistic effects 

(Kienzler et al., 2016). However, this component-based approach is more data and labor 

intensive, requiring the screening of, for example, wastewater effluent. Screening 

wastewater effluent and the receiving waters is not always effective because only targeted 

compounds are detected and potential effects on non-target organisms are not considered. 

The data gap regarding toxicological effects from pharmaceuticals, cosmetics, and other 

CECs on terrestrial organisms also presents a roadblock to using the second approach for 

assessing effects of CEC mixtures. Tang et al. (2014) analyzed 299 organic compounds 

in recycled water, all with concentrations below the Australian Guidelines for Water 

Recycling, suggesting an absence of health risk. However, cell-based bioassays designed 

to mimic these detected concentrations of the targeted compounds showed that the known 

chemicals explained only 3% of the observed cytotoxicity and less than 1% of the 

oxidative stress response as compared to the environmental recycled water sample. This 

implies that a large proportion of the elicited toxicity was due to unknown/un-targeted 

stressors, emphasizing the limits of the component approach due to lack of information 

on bio-active metabolites, non-targeted contaminants, and synergistic effects.  

CECs are ubiquitous in agroecosystems in some regions due to their continual 

addition through irrigation, and application of biosolids or animal wastes (Kinney et al., 

2006; Prosser and Sibley, 2015). However, relatively little is known about how the 

complex and dynamic mixtures of CECs would affect plant growth and fitness. Chronic 

toxicity data for mixtures of low-dose CECs is largely lacking for food crops in the 
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literature. In this study, we simulated irrigation with reclaimed wastewater and evaluated 

the effect that low-dose, repeated exposure to a mixture of CECs had on young cucumber 

plants by measuring relevant biological endpoints including germination, growth, and 

hormone homeostasis. We also assessed bioaccumulation of CECs into cucumber tissues 

over a range of concentrations of the same mixture to examine the connection between 

the observed effects and uptake of CECs by the plant.  
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2. EFFECT OF LOW-DOSE, REPEATED EXPOSURE OF CONTAMINANTS 

OF EMERGING CONCERN ON CUCUMBER PLANT BIOLOGICAL 

ENDPOINTS AND HORMONE HOMEOSTASIS 

 

2.1 Introduction 

2.1.1. CECs effect on biological endpoints 

CECs, including pharmaceuticals, have been shown to have adverse effects in aquatic 

non-target organisms (Kidd et al., 2007). Although several studies have documented the 

uptake of pharmaceuticals and CECs into plant systems (Wu et al., 2014; Wu et al., 

2015), ecotoxicological assessment, such as phytotoxicity, from this exposure is less 

prevalent. Phytotoxicity and health of the plant due to CEC exposure among agricultural 

crops that come into contact with CECs may affect their productivity and is therefore a 

food security and sustainability concern. 

Ecotoxicological studies have shown that exposure to CECs can cause deleterious 

effects to non-target organisms, including plants (Batchelder, 1982; Hillis et al., 2011; 

Sun et al., 2018). For example, pinto beans (Phaseolus vulgaris) were adversely affected 

when grown in manure contaminated with chlortetracycline and oxytetracycline as 

reflected in reduced weight, nodulation, and uptake of nutrients (Batchelder, 1982). 

However, when the same experimental set-up was performed with corn, no effect was 

observed indicating that the type and extent of effect that CECs have on plants differs 

between plant species and chemicals, likely due to different modes of action or 

mechanisms of mitigating stress.  
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At present, it is extremely challenging to assess the ecotoxicity of chemical mixtures 

because there is no standardized method to capture all the mechanisms of action that a 

mixture of CECs may act upon. Research on phytotoxicological effects due to CEC 

exposure is still in its infancy, as evident from the use of a variety of biological 

endpoints, such as biomass, germination, oxidative stress, chlorophyll content, and 

arbitrary measurement methods. The USEPA has developed three OCSPP test guidelines 

for terrestrial plants under Title 40 of the Code of Federal Regulations (CFR) to test 

individual pollutants submitted to the EPA under the Toxic Substances Control Act 

(TSCA). However, these tests were designed to assess toxicity and lethal effects of 

individual xenobiotics, such as herbicides and pesticides. These tests use multiple plant 

species (four monocots, six dicots, one root crop) and expose plants to different 

concentrations of the test substance in hydroponic or soil media. The USEPA Seedling 

Emergence and Seedling Growth Test (OCSPP 850.4100) measures endpoints such as 

germination (embryogenesis, cell elongation, and organ emergence), root elongation, and 

the root to shoot ratio as a function of biomass. Early Seedling Growth Toxicity Test 

(OCSPP 850.4230), exposes plants through a hydroponic medium for 14 days to the test 

chemical/substance and parameters such as survival, length and weight of whole plants, 

shoot length, shoot dry weight, root length and root dry weight, and observed 

phytotoxicity. The Vegetative Vigor Test (OCSPP 850.4150) evaluates the effect of a 21-

d exposure of a test substance on growth by measuring survival, plant height, and plant 

biomass, in addition to qualitative phytotoxic effects, such as chlorosis, necrosis, 

pigmentation, leaf curling, and wilting,  
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The above protocols are typically used to assess the acute effects and environmental 

risks of individual chemicals, generally considering a single source. Some studies have 

adapted these protocols to assess the environmental risk of CECs on plant biological 

endpoints (Migliore et al., 2010; Schmidt and Redshaw, 2015). Germination rates and 

specific root length has been a commonly used measure of phytotoxicity. For example, 

tetracycline and sulfonamide antibiotics had a negative effect on rice (Oryza sativa), 

cucumber (Cucumis sativus), and sweet oat (Cichaorium endivia) seed germination with 

sweet oat being most sensitive to sulfamethoxazole at an EC10 of 0.1 mg L-1 and 

cucumber seeds being less sensitive to all antibiotics (Liu et al., 2009). Lettuce was found 

to be the most sensitive test plant species for germination studies involving gemfibrozil, 

atorvastatin, and tamoxifen, with 50% inhibition of germination at concentrations of 25, 

56, and 37 µg L-1, respectively (D’Abrosca et al., 2008). Xie et al. (2010) observed a 

hormetic response where low concentrations (0.0625-0.5 mg L-1) of chlortetracycline 

stimulated wheat (Triticum aestivum) germination, cell division and growth, whereas 

higher concentrations (50-300 mg L-1) significantly decreased bud length, germination, 

and root length.  

Root elongation has been shown to correlate with environmental change, metal 

induced stress, and nutrient availability (Cheng et al., 2005; Ostonen et al., 2007) 

reflecting the economic functions of the root system (Schmidt and Redshaw, 2015). This 

endpoint has been frequently applied in agronomy and forestry and is known to be 

reasonably constant within a species (Van Noordwijk and Brouwer, 1991). Increased 

specific root length is indicative of greater ability for root proliferation, allowing for 
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greater absorption and nutrients. Schmidt and Redshaw (2015) observed the effects of 

environmentally relevant concentrations of NSAIDS on germination (embryogenesis, cell 

elongation, and organ emergence) and primary root length on radish and lettuce plants. 

They found a significant increase in R. sativus root length when exposed to tolfenamic 

acid (10 µg L-1) and a significant enhancement of L. sativa primary root development in 

comparison when exposed to ibuprofen (10 µg L-1). In contrast, D’Abrosca et al. (2008) 

observed inhibition of L. sativa root elongation in the presence of lipid regulators, 

anticancer, estrogen, and vasodilator drugs. These opposing effects demonstrate that 

phytotoxicological response is specific to the environmental conditions, test compounds, 

and test species and shows that an observed effect on a single endpoint is not sufficient or 

reflective of total effect on a specific tissue/organism. Nevertheless, the above studies 

have also established the sensitivity of root-based endpoints and their usefulness in 

studying the effects of CEC exposure in higher plants. 

Measurement of biomass reflects the cumulative effect of metabolic activities in 

plants. For crop growers specifically, a reduction in biomass can mean a reduction in 

yields and profits. Exposure to CECs has been shown to cause alterations in biomass 

through both hydroponic and soil exposures (Batchelder, 1982; Boxall et al., 2006; 

Jjemba, 2002, Li et al., 2011). Lettuce and carrot growth decreased when cultivated in 

soils containing phenylbutazone, oxytetracycline, and enrofloxacin (Boxall et al., 2006), 

which was in agreement with previous findings on the growth of lettuce exposed to 

enrofloxacin in a hydroponic medium (Migliore et al., 2003). Li et al. (2011) found that 

oxytetracycline exposure (10 µmol L-1) significantly decreased the total length (24.17% 
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difference from the control) and volume of wheat roots when grown in hydroponic 

solution. They also noted that oxytetracycline had a greater impact on root biomass than 

shoot biomass, with root and shoot biomasses decreasing by 73.2% and 51.1%, 

respectively, when the plant was cultivated in a solution containing oxytetracycline at 80 

µmol L-1 (Li et al., 2011).  

The root to shoot ratio as a function of biomass provides a measure of photosynthetic 

investment in plant tissues. Schmidt and Redshaw (2015) observed a significant decrease 

(p < 0.05) in the root to shoot ratio of R. sativus when exposed to diclofenac (10 µg L-1). 

A lower root to shoot ratio, meaning more biomass in aerial tissues, indicates either 

greater investment in photosynthetic tissues due to interferences with photosynthetic 

mechanisms therefore requiring increased photosynthetic tissues to overcome the gap in 

energy requirements, or, inhibition of root function causing a decrease in nutrient uptake 

and growth of aerial tissues (Schmidt and Redshaw, 2015). Interestingly, they noted that 

this effect was not evident in the germination study, indicating that length of exposure 

and/or the stage of development may be important in the effects observed. A greater 

length of exposure would enable the plant to uptake, translocate, and accumulate 

significantly more chemicals to reach the threshold to elicit a physiological response. 

The published studies investigating the effects of CECs on plant toxicity have shown 

that the biological endpoints discussed are inclusive of general plant health and 

productivity. Therefore, endpoints such as germination, specific root length, and biomass 

measurements were chosen in this study to evaluate the effects of repeated, low-dose 

exposure to a mixture of CECs in cucumber plants.  
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2.1.2. Plant response to stresses 

 Environmental risk assessments are used to collect information about how 

chemicals perturb biological systems in order to predict which chemicals are likely to 

cause adverse effects. Measurements of oxidative stress, chlorophyll content, lipid 

peroxidation, and metabolic enzymes are examples of adopted methods of measuring 

phytotoxicity in plants exposed to CECs (Li et al., 2011; Sun et al., 2018a).  

 When plants take up contaminants such as pharmaceuticals, they can be 

metabolized to aid in their inactivation or detoxification (Dudley et al., 2018; Huber et 

al., 2012; Wu et al., 2016). Exposure to xenobiotics may also result in the generation of 

reactive oxygen species (ROS) that can cause oxidative stress and damage to cells.  

Recent studies have used ROS measurements as a way of quantifying stress to cells and 

organisms (Christou et al., 2016; Liu et al., 2009; Sun et al., 2018a; Sun et al., 2018b). 

For example, alfalfa plants exposed to sulfamethoxazole and EE2 exhibited significantly 

higher concentrations of H2O2 and NO (oxidative species) in the roots than treatments 

with diclofenac or trimethoprim (Christou et al., 2016). Interestingly, plants exposed to 

the mixture of the four CECs showed the highest H2O2 content in leaves as compared to 

exposures to individual compounds. In addition, the mixed CEC treatment caused a 2-

fold increase in MDA content in the roots, indicating significant cell membrane damage 

(Christou et al., 2016). Sun et al. (2018a) investigated oxidative stress in cucumbers 

exposed to a mixture of 17 PPCPs and found changes in ROS levels at much lower 

concentrations than that of morphological effects, indicating the sensitivity of this 

measurement. Similar to Christou et al. (2016), ROS production was found to coincide 
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with an increase in membrane damage and lipid peroxidation in cucumber plants, 

suggesting the connection between ROS and its consequential damage to cell membranes 

(Sun et al., 2018a). The results that mixtures further enhanced oxidative stress and 

membrane damage suggest that studies using individual PPCPs might underestimate the 

impact of CECs on plant growth and points to the need to consider mixtures of low 

concentration CECs that are more reflective of treated wastewater effluents. 

Decreased concentrations of chlorophylls and carotenoids of lettuce seedlings 

cultivated in environmentally relevant concentrations of several pharmaceuticals were 

observed by D’Abrosca et al. (2008). The authors hypothesized that the pharmaceuticals 

interfered with photosynthetic processes. The inhibition of photosynthesis correlated with 

reductions in fatty acids, sugars, and phenols, compounds important for taste (as a 

consumed crop) and defense from pests. Increasing concentrations of oxytetracycline (0-

80 µmol L-1) caused decreases in chlorophyll a, chlorophyll b, and total chlorophyll in 

wheat, with statistically significant differences occurring as concentrations as low as 10 

µmol L-1 (Li et al., 2011). This observation corresponded to a decrease in photosynthetic 

rate, stomatal conductance and transpiration rates, indicating that oxytetracycline was 

toxic to higher plants. Sun et al. (2018a) also observed decreases in chlorophyll a and b 

when cucumber plants were exposed to a mixture of 17 PPCPs at 5 and 50 µg L-1 when 

grown in hydroponic solutions.  

 Measurements and endpoints that give insight to alterations in an organisms’ 

survivability, growth, behavior, and reproduction provide the ultimate assessment of 

ecological risk, including potential impacts to plants upon CEC exposure. Evaluations 
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such as oxidative damage, photosynthetic pigment content, and metabolic enzymes are 

valuable in that they indicate the onset of adverse effects and provide mechanistic 

understanding for the ecotoxicological effects of xenobiotics such as CECs.  

 

2.1.3.  Phytohormones 

A group of signaling molecules, known as phytohormones, regulate a variety of 

cellular processes within plants. These hormones play critical roles in plant 

acclimatization by mediating seed dormancy, nutrient allocation, defense, and flowering 

(Wani et al., 2016), thereby acting as indicators of a plants’ vitality, growth, behavior, 

and fecundity. Phytohormones, which include auxins, abscisic acid, and jasmonates, are 

produced at low concentrations and work as chemical messengers to communicate biotic 

and abiotic stressors (Wani et al., 2016). For example, when a plant experiences water 

stressed conditions, abscisic acid levels increase to trigger the closing of the stomata to 

conserve water (Carter et al., 2015). Several studies have explored plant hormone 

homeostasis in response to environmental stressors such as high-saline and water-stressed 

conditions to understand observed changes in growth, transpiration activity, and fruiting 

(Anderson et al., 2004; Ramegowda and Senthil-Kumar, 2015). Observations in 

phytohormone homeostasis could give insight into the cellular mechanisms and signaling 

that lead to more long-term, visual phytotoxic responses such as reduced biomass (Carter 

et al., 2015).  

Auxins (IAA) play a role in cell division and root elongation and have been shown to 

be involved in plant adaptation to stressful conditions by coordinating root and shoot 
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growth (Ahammed et al., 2016). Auxins are involved in the heat stress response by 

enhancing elongation of photosynthetic tissues away from heat-absorbing soil surface and 

elongating stems to capitalize on the cooling effect of moving air (Gray et al., 1998). 

Abscisic acid (ABA) is pivotal to several plant physiological and developmental 

processes including cell turgor, fruit and leaf abscission, and stomatal closure (Speirs et 

al., 2013). ABA is considered the “stress hormone” in plants owing to its adaptive 

response and role in stress tolerance. ABA is involved in expression of numerous stress-

responsive genes, transcriptionally regulating up to 10% of protein-encoding genes 

(Nemhauser et al., 2006). ABA plays a vital role in signaling water stressed conditions 

from the roots to the shoots to initiate stomatal closure resulting in water-saving, anti-

transpirational activity (Wani et al., 2016; Wilkinson et al., 2012). The defense response 

is also partially mediated by ABA, with ABA playing both negative and positive roles. 

For example, exogenous application of ABA on Arabidopsis plants increased its 

susceptibility to fungus, Fusarium oxysporum (causal agent of wilt), by suppressing the 

transcription of defense genes (Fujita et al., 2006). In contrast, ABA plays a more 

positive role in pre-invasive defense response against pathoPgens by initiating the closure 

of stomata, therefore increasing penetration resistance (Melotto et al., 2006). Several 

studies have considered ABA to gain a mechanistic understanding of how environmental 

stressors effect the physiological response to a plant (Carter et al., 2015; Ramegowda and 

Senthil-Kumar, 2015), and has also been a target of manipulation from a bioengineering 

standpoint to increase a plant’s tolerance to environmental stressors such as drought or 

disease (Ramegowda and Senthil-Kumar, 2015). 
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Jasmonic acids (JA) are multifunctional signaling compounds involved in senescence, 

tendril coiling, and reproductive processes such as flowering and fruiting (Ahammed et 

al., 2016; Creelman and Mullet, 1995; Fahad et al., 2015). JA levels differ amongst plant 

tissues and stage of development, with highest levels being found in flowers and 

reproductive tissues (Creelman and Mullet, 1995). JA is involved in response to 

environmental stressors such as salinity, drought, and low temperature (Seo et al., 2011), 

as well as plant response to pathogens by inducing genes that enhance production of 

compounds used in plant defense (Pauwels et al., 2009). In response to salinity stress, an 

increase in endogenous JA levels in the roots reportedly alleviated the deleterious effects 

of salinity stress (Wang et al., 2001). This observation was in agreement with Yoon et al. 

(2009) who observed that exogenous application of a jasmonic acid metabolite decreased 

the adverse effects of salinity stress in soybean seedlings. 

Since several studies have linked exposure of CECs to phytotoxicity and oxidative 

stress (Christou et al., 2016; Sun et al., 2018a), it may be hypothesized that 

phytohormone homeostasis is also influenced by CECs to mediate a plant’s stress 

response to such xenobiotics. Carter et al. (2015) observed a significant decrease in leaf 

ABA concentrations in response to verapamil and carbamazepine exposure in soil (0.005-

10 mg kg-1). IAA concentrations significantly increased in response to verapamil 

treatments, however, a hormesis effect was found in the carbamazepine treatments, where 

IAA concentrations were elevated from the controls at treatment concentrations from 0 to 

2 mg kg-1, followed by a rapid decrease at carbamazepine concentrations of 4-10 mg kg-1. 

This work was one of the first to link uptake of CECs such as pharmaceuticals to effects 
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on plant hormone homeostasis, which at high concentrations, resulted in reductions in 

biomass (Carter et al., 2015).  

Several studies have effectively utilized a phytohormone profile to explore a plant’s 

response to environmental stressors, such as salinity and drought. Since the 

phytohormones discussed above have active roles in multiple areas of the physiological 

response, it is believed that their response to chronic exposure of a mixture of CECs 

would help elucidate the stress response to CECs and mechanistically explain the visual 

phytotoxicity that is measured in endpoints such as root length, germination, and 

biomass. Therefore, recognizing how low-dose, repeated exposure to CEC mixtures 

would add greatly to our understanding of how beneficial reuses of treated wastewater, 

biosolids, and animal wastes may affect crop productivity and food security. 

 

2.1.4.  Interactive effects of simultaneous stresses on plants 

In nature, crops are often simultaneously exposed to diverse biotic and abiotic 

stresses. Controlled laboratory and greenhouse experiments focusing on only single 

stresses are often not reflective of true environmental conditions due to combinational 

stresses that occur in the field (Wani et al., 2016).  

Extreme temperatures affect several biochemical processes and the stability of 

proteins, RNAs, membranes, and cytoskeletal structures (Dobrá et al., 2015). Heat stress 

disrupts cellular homeostasis, respiration, and photosynthesis leading to decreased plant 

growth and productivity (Ahammed et al., 2016; Kotak et al., 2007). However, plants 

have developed sophisticated mechanisms that allow plant cells to sense changes in 
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temperature and activate defense mechanisms to protect against damage imposed by heat 

stress, known as the heat stress response (HSR). 

Phytohormones, including ABA, JA, and IAA, have been reported to play pivotal 

roles in plant response to heat stress (de Wit and Frankhauser, 2014; Dobrá et al., 2015; 

Gray et al., 1998; Mittler et al., 2012). For example, exogenous application of ABA 

increased thermotolerance of Agrostis stolonifera (Larkindale et al., 2005) likely by 

controlling water movement via stomatal closure and inducing the expression of 

protective compounds and proteins to heat stress. Dobrá et al. (2015) observed a 

significant increase in ABA leaf content for 30 min exposure to heat stress (40 °C) after a 

30 min delay, followed by a significant decrease from the initial levels after being under 

heat stress for over 1 h. A decrease in leaf ABA content increases the transpiration rate 

and consequently decreases leaf temperature to alleviate heat stress. However, water 

deficits can occur upon prolonged enhanced transpiration rates, therefore forcing stomatal 

closure as to not impose water-stress to the plant (Macková et al., 2013). JA plays a 

positive regulatory role in basal thermotolerance (Ahammed et al., 2016) and has been 

shown to improve heat tolerance in wild-type Arabidopsis thaliana (Clarke et al., 2009). 

With a changing climate and projected increases in water scarcity, it is expected that 

irrigation with TWW will be adapted to meet the needs of agriculture. The effect of trace 

contaminants present in TWW can have negative (susceptibility) or positive (tolerance) 

impacts on a plant’s physiological response to other natural environmental stressors, such 

as heat. Extreme high temperatures are one of the most frequent abiotic stresses 

experienced by plants (Dobrá et al., 2015). With a rate of warming of 0.05 °C per decade 
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(1998-2012) (Stocker, 2014), the frequency and magnitude of temperature change will be 

a future environmental stressor that can affect crop productivity. Battisti and Naylor 

(2009) predicted that every 1 °C increase in seasonal temperature would cause 2.5-16% 

loss in direct crop yields. Therefore, heat was chosen as the combinational stressor in this 

study because arid and semi-arid environments (e.g., southern California) that are more 

prone to use TWW for irrigation are the same areas that typically experience extreme 

temperatures and excessive heat.  

 

2.2 MATERIALS AND METHODS 

2.2.1 Chemicals 

A total of 10 CECs were selected based on their detection frequency and 

concentrations in treated wastewater. These CECs included 4 antibiotics, 3 analgesic anti-

inflammatory drugs, 1 anti-epileptic, 1 beta-blocker, and 1 antimicrobial. Standards of 

naproxen, diclofenac, atenolol, trimethoprim, and tetracycline were purchased from 

Sigma Aldrich (St. Louis, MO). Sulfamethoxazole was obtained from MP Biomedicals 

(Solon, OH). Ibuprofen and triclosan were purchased from Alfa Aesar (Ward Hill, MA). 

Azithromycin was purchased from Tokyo Chemical Industry (Tokyo, Japan). Isotope 

labeled standards azithromycin-d5, diclofenac-d4, and trimethoprim-d9 were purchased 

from Toronto Research Chemicals (Toronto, Ontario, Canada). Triclosan-d3, atenolol-d7, 

sulfamethoxazole-d4, and carbamazepine-d10 were purchased from CDN Isotopes 

(Pointe-Claire, Quebec, Canada). Hormone standards indole-3-acetic acid and jasmonic 

acid were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA) and abscisic 
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acid was purchased from Chem-Impex International (Wood Dale, IL). Abscisic acid-d6 

was purchased from Toronto Research Chemicals and indole-3-acetic acid-d7 was 

purchased from Cambridge Isotope Laboratories. Stock solutions were prepared in 25% 

DMSO or HPLC grade methanol and stored at -20 °C before use. HPLC grade 

acetonitrile and methanol were used for extraction. Ultrapure water (18 MΩ) was obtained 

from a Milli-Q system (Millipore, Carrigtwohill, Cork, Ireland). Solvents for UPLC 

analysis including methanol and formic acid were Ultima grade (Fisher Scientific, Fair 

Lawn, NJ).  

2.2.2 CEC mixture treatments 

Ten CECs were selected based on their occurrence and recalcitrance to wastewater 

treatment. A “1X” concentration was used to approximate the median concentration of 

each CEC in treated wastewater effluents, as determined by literature analysis (Archer et 

al., 2017; Lishman et al., 2006; Miege et al., 2009). A dose response curve was generated 

by exposing seeds and plants to the CEC mixture at multiples of the 1X Median 

concentration (i.e., 2, 5, 10, 20-X). Selected chemical properties and concentrations of the 

10 CECs are found in Tables 1 and 2. Control treatments and solvent control treatments 

(0.02% DMSO) were used in parallel. 

2.2.3. Lettuce seed germination bioassay 

Seed germination and primary development were assessed using adapted 

procedures from USEPA Ecological Effects Test Guidelines for seedling emergence and 

seedling growth (OCSPP 850.4200). Lettuce (Lactuca sativa) seeds from Botanical 

Interests (Broomfield, Colorado;  
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Lot # 12955) were sterilized with 1% (v/v) NaClO for 20 min and thoroughly rinsed with 

DI water. Lettuce seeds (n=10 seeds per dish, 4 dishes per treatment) were placed in a 10-

cm petri dish containing Whatman filter paper with 5 mL of ¼-strength nutrient solution 

(Oasis® 16-4-17 hydroponic fertilizer 0.8 g L-1, pH 5.5-6) amended with the respective 

CECs at different rates. Controls, solvent controls (0.02% DMSO), and CEC treated 

seeds covered in the petri dishes and incubated at 22 °C. After 7 d incubation, germinated 

seeds were counted, dissected into root and shoot, documented for length, and pooled to 

record the wet weight of roots or shoots. In addition, stages of development, including 

primary root, hypocotyl elongation, and cotyledon emergence were monitored daily. 

Each treatment was carried out in triplicate with one petri dish being equal to one 

replicate. 

2.2.4. Cucumber low-dose, long-term bioassay 

Cucumber (Cucumis sativus) seeds from Fisher Scientific (Fair Lawn, NJ) were 

started in an organic soil mixture and then transferred to hydroponic solution (Oasis® 16-

4-17 hydroponic fertilizer 3.2 g L-1, pH 5.5-6) after the first true leaves appeared. 

Hydroponic solutions were spiked with CEC mixtures at different doses (1, 2, 5, 10, 20-

X). Controls, solvent controls (0.02% DMSO), and negative controls (CEC spiked 

nutrient solution with no plants) were set-up simultaneously. Plants were grown in a 

growth chamber (14 h / 22 °C day, 10 h/ 20 °C night cycle, relative humidity 50-60%). 

Hydroponic solutions (containing CECs at the respective levels) were renewed every 3-4 

d as needed. After 30 d cultivation, cucumber plants were dissected into roots and shoots 
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and the biomass was recorded. New leaves, old leaves, stems, and roots were sub-

sampled for analysis of bioaccumulation of CECs and measurement of hormones.  

2.2.5 Cucumber long-term multiple stress bioassay  

Cucumber plants were cultivated in the same manner as described above. On day 

26, plants were transferred to a greenhouse with full sunlight where the temperature 

ranged between 22-41 °C between day and night, with a relative humidity between 10-

57%. Plants were sampled midday 4 days later when temperature was about 32 °C for a 

minimum of 1 h, ensuring that the plant was under heat-stress. 

2.2.6. Plant hormone extraction and analysis 

After 30-d cultivation, cucumber plant tissues (0.02-0.05 g) were extracted and 

analyzed for various hormones. Plant tissues (roots, stems, leaves, flowers) were 

immediately frozen using liquid nitrogen upon sampling and then ground to a fine 

powder using a mortar and pestle. The samples were extracted with 2 mL of 80% 

methanol with 0.1% formic acid containing 50 ng of labeled standards as recovery 

surrogates. The extract was transferred to 2 mL microcentrifuge tubes and kept at -20 °C 

for 12 h, after which the sample extract was vortexed, and centrifuged at 10,000 g for 10 

min at 4 °C. The supernatant was filtered through a 0.22 µm polytetrafluoroethylene 

(PTFE) membrane (Millipore, Carrigtwohill, Cork, Ireland), transferred to a clean 2 mL 

microcentrifuge tube and evaporated to near dryness on ice under nitrogen. The samples 

were resuspended in 200 µL of 50% methanol and centrifuged at 10,000 g for 3 min. 

Supernatants were transferred to 300 µL inserts housed in 2 mL glass vials and stored at -

20 °C until analysis. 
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2.2.7. Extraction of CECs from plant and hydroponic samples 

Freeze dried plant tissue samples (roots, old leaves, new leaves, flowers) were 

extracted and analyzed following a previously published method (Wu et al., 2014). 

Briefly, approximately 0.2 g of plant tissue was added to 50-mL polypropylene centrifuge 

tubes and spiked with deuterated standards of the CECs as recovery surrogates. Methyl 

tert-butyl ether (MTBE) (20 mL) was added to each sample, vortexed for 30 s, and placed 

in an ultrasonic water bath (50/60 Hz, Fisher) for 20 min. The samples were centrifuged 

at 3000 rpm for 20 minutes and the supernatant decanted into a 40 mL glass vial. 

Samples were re-extracted with methanol (20 mL) following the above procedure and 

their resulting supernatants combined. The extracts were evaporated under a steady flow 

of nitrogen until near dryness, resuspended in 1 mL of methanol, and diluted with DI 

water to a volume of 20 mL. Clean-up was performed by loading the sample on 150-mg 

Oasis© HLB cartridges (Waters, Milford, MA) pre-conditioned with 7 mL methanol and 

14 mL DI water. After loading, the cartridge was dried on a vacuum manifold and eluted 

with 20 mL methanol under gravity. Eluates were dried under nitrogen and reconstituted 

in 1.5 mL of methanol-water (1:1, v/v). Samples were filtered through 0.22 µm 

polytetrafluoroethylene (PTFE) filters into 2 mL glass vials and stored at -20 °C until 

instrumental analysis. Freshly prepared nutrient solution containing CECs at different 

levels were extracted to determine the initial concentrations of CECs in the medium. 

Additional spiked nutrient solutions were exposed to the plant growth conditions for 3 d 

without plants and others with plants to determine the dissipation of CECs between 

nutrient solution renewal. The nutrient solution volume was recorded and loaded on to 
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pre-conditioned 150 mg Oasis HLB cartridges and prepared as described above. Samples 

were stored in 2 mL glass vials at -20 °C until instrumental analysis.  

2.2.8. Instrumental analysis 

Hormone and CECs in sample extracts were quantified on a Waters ACQUITY 

ultra-performance liquid chromatography (UPLC) combined with a Waters Micromass 

Triple Quadrupole (TQD) mass spectrometer equipped with electrospray ionization (ESI-

MS/MS) interface (Waters, Milford, MA.) Separation was achieved on an ACQUITY 

UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 µm particle size, Waters) at 40 °C 

using a 5 µL injection volume. Hormones and CECs analyzed in the ESI+ mode were 

separated using mobile phase A (100% water with 0.1% formic acid and mobile phase B 

(methanol with 0.1% formic acid). Separation of CECs in the ESI- mode was carried out 

using mobile phase A (100% water) and mobile phase B (100% methanol). For hormone 

separation, the following mobile phase gradient was used with respect to mobile phase A: 

0-0.5 min, 95%; 0.5-1 min, 60%; 1-2 min, 10%; 2-4 min, 95%; 4-5 min, 95%. For CECs, 

the following mobile phase program was used with respect to mobile phase A: 0-0.5 min, 

95%, 0.5-3 min, 10%; 3-6.5 min, 95%; 6.5-7 min, 95%. The flow rate was 0.3 mL min-1. 

The TQD parameters were as follows: source temperature, 120 °C; desolvation 

temperature, 350 °C; capillary voltage, 3.0 kV; cone voltage, 20 V; desolvation gas flow, 

600 L hr-1; cone gas flow, 50 L hr-1. Quantitative analysis was performed in the multiple 

reaction monitoring mode (MRM). Details on monitored ions and their respective 

collision energies can be found in Table 3. All data were processed using MassLynx 4.1 

software (Waters, Milford, MA). 
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2.2.9. Data analysis and quality control 

All plant and hydroponic treatments were set-up in triplicate. Controls, solvent 

controls, and negative controls were included with each sample extraction. A methanol-

water (1:1, v/v) blank was run between treatments during analysis on the UPLC-MS/MS 

to assess and eliminate contamination. Labeled surrogate standards were used in all 

sample extraction and analysis to estimate analyte recovery and account for matrix effects 

during instrumental analysis. Surrogate recoveries can be found in Table 4. Calibration 

curves (ranging from 1 to 50 ng mL-1) were used for quantification with r2 values of at 

least 0.98 for all analytes. Limits of detection (LOD) and limits of quantitation (LOQ) 

can be found in Table 5 and were defined as the concentration at which a signal to noise 

ratio of 3 and 10 was achieved, respectively. Statistical analysis of data including means, 

standard deviations, t-tests, and ANOVA with post hoc Scheffe’s test were performed 

using SPSS Statistics (version 24.0; IBM SPSS Statistics, Chicago, IL). Data are 

represented as mean ± standard deviation. 

 

2.3. RESULTS AND DISCUSSION 

2.3.1. Effects of CEC mixture exposure on lettuce germination and development 

To assess the effect on germination, lettuce seeds were exposed to the mixture of 

ten CECs at concentrations 1X of that in treated wastewater up to 20X. DMSO was used 

as a carrier solvent to solubilize the CECs. To ensure that the observed effects were 

attributed to the presence of CECs, two types of controls (water, and 0.02% (v/v) DMSO) 

were included. No significant differences between controls and solvent controls were 
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observed. Germination, root length, and biomass were used as biological endpoints for 

the germination bioassay. No significant differences were observed in germination rate 

across all treatments.  

At the end of the 7 d incubation, root growth of lettuce seedlings was found to 

increase with increasing rates of the CEC mixture with significant differences observed at 

the 2X, 10X, and 20X concentration (Figure 1a, p < 0.05). Compared to the control, root 

length was found to increase by 16 ± 3, 24 ± 6, and 32 ± 8 % at the 2X, 10X, and 20X 

CEC concentration levels, respectively. This was in contrast with studies that showed 

negative root length effects when plants were exposed to other CECs such as 

tetracyclines and sulfonamides (Batchelder, 1982; Liu et al., 2009). However, in those 

studies, high concentrations of a single CEC were generally considered. For example, Liu 

et al. (2009) observed inhibition of root growth in oats, rice, and cucumbers when the 

seedlings were exposed to oxytetracycline concentrations at 5-10 mg L-1. Chemical 

mixtures may involve more complex interactions, where various chemicals may have 

different but related targets that can have an additive or nonadditive effect (Carpenter et 

al., 2002). This may be the reason for the observed stimulatory effect by the CEC 

mixtures at environmentally relevant concentrations in this study. It could also be the 

result of a biphasic response where a favorable biological response at low dose and 

inhibition at high dose is observed, a phenomenon known as hormesis (Novak et al., 

2011). Primary root length after 7 d germination is indicative of the plant’s ability to 

establish itself and obtain nutrients during this critical period of development. The 

stimulatory effect on root length observed in response to the low-dose exposure of a 
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mixture of CECs in this study suggested that a low-dose mixture may help the plant 

establish itself better and increase its ability to obtain water and nutrients during the 

beginning stages of growth. However, it must be noted that only a small set of CECs 

were considered in this study, and a similar response may not necessarily occur for other 

CECs or for these CECs with a different species. 

Roots, stems, and leaves each maintains their own dynamic balance in biomass that 

is indicative of the relative above-ground resources (CO2 and light) and below-ground 

resources (water and nutrients). The root to shoot biomass ratio provides insight into the 

overall health of the plant. A change in this ratio from the control suggests a change in 

the overall health of a plant. A lower root to shoot ratio suggests greater investment in 

above-ground tissues possibly due to interference with photosynthetic mechanisms or 

interference in root functioning, resulting in reduced nutrient uptake and therefore growth 

(Rogers et al., 1995). A greater root to shoot ratio is typically influenced by below-

ground conditions, suggesting reduced water and nutrient availability. Although no 

significant differences in root to shoot ratio with respect to biomass during the 7 d study, 

a positive correlation between CEC treatment levels and root to shoot ratio was observed 

(Figure 1b), suggesting a possible interference with nutrient or water uptake by the roots. 

This was in agreement with Carter et al. (2015), who found that carbamazepine and 

verapamil exposure caused changes in sodium and calcium ion flow regulation in 

zucchini plants, demonstrating the influence of CECs on nutrient transport.  
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2.3.2. Uptake and translocation of CECs in cucumber plants 

Since toxicity can only be elicited when a chemical has reached its target site, we 

monitored bioaccumulation of the target CECs into various cucumber tissues. The 

starting concentrations and their dissipation in the nutrient solution after 3 d with and 

without plants are found in Table 6. The 20X CEC treatment was used because the higher 

concentrations facilitated qualitative evaluation of CEC bioaccumulation and 

translocation. Among the various cucumber tissues, only one flower sample per treatment 

was collected due to the limited growth duration and plant tissue. Samples of flowers had 

to be pooled from replicates for each treatment, and therefore some standard deviations 

could not be calculated for the CEC concentrations in flower samples. 

Concentrations of CECs in plant tissues increased with increasing concentrations in 

the hydroponic solution (Figure 2). All CECs except triclosan were detected in the roots 

(Figure 3). The absence of triclosan in the root samples could be due to its relatively high 

quantification limit of triclosan (LOQ = 20 µg L-1), active metabolism (Macherius et al., 

2012; Macherius et al., 2014), or suppressed uptake of triclosan in the presence of other 

CECs. The bioconcentration factor (BCF) was calculated by dividing the concentration in 

the respected plant tissue after 30 d of cultivation by the initial concentration present in 

the hydroponic solution: 

𝐵𝐶𝐹	(𝐿	𝑘𝑔)*) = -./01/23425./	5/	674/2	258891	(/:	:;<)
-./01/23425./	5/	=>?3.6./50	8.7925./	(/:	@A;<)

 (Eq. 1) 

The translocation factor (TF) of CECs in cucumber tissues was calculated as the 

concentration in above ground tissue divided by that in the root tissue: 
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 𝑇𝐹 = -./01/23425./	5/	4C.D1	:3.9/?	258891	(/:	:;<)
-./01/23425./	5/	3..2	528891	(/:	:;<)

 (Eq. 2) 

In general, BCF values in root tissues were greater than those of above-ground tissues, 

except for tetracycline and sulfamethoxazole. In this study, tetracycline had the lowest 

BCF in the root tissues (0.2 ± 5.2), however, tetracycline BCF’s in above ground tissues 

ranged from 3.5 to 5.6 (Figure 3), demonstrating its high translocation potential (TF = 

0.39-0.58, Figure 4). Carbamazepine had the highest BCF in all cucumber tissues with 

BCFnew leaves of 53.9 ± 19.1 and BCFroots 344.8 ± 94.7. The BCFroots for carbamazepine 

was much greater than that found in previous studies (Herkholtz et al., 2010; Wu et al., 

2013), and this difference could be due to different test species used, stage of plant 

development, and experimental setup. In contrast, TF values of carbamazepine from this 

study (0.6, 0.6, and 1.5 for new leaves, flowers, and old leaves, respectively) were in 

close agreement with carbamazepine TF values in Wu et al. (2013). Sulfamethoxazole 

had similar bioconcentrations in the roots (7.12 ± 2.04) as above-ground tissues (3.97-

8.88). Carbamazepine and sulfamethoxazole had the highest TF values in old leaves of 

1.5 and 1.3, respectively. Translocation from roots to above-ground tissues was not 

detected for naproxen and ibuprofen, likely due to poor translocation or active plant 

metabolism (Figure 4). The active translocation of some CECs (e.g., sulfamethoxazole, 

carbamazepine, tetracycline, azithromycin, and trimethoprim) to flowers may present an 

interesting route of exposure of these contaminants to other non-target organisms such as 

pollinators.  

 Previous studies have used the pH-adjusted octanol-water partition coefficient, 

log Dow, to address the influence of molecular dissociation on plant uptake (Tanoue et al., 
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2012; Wu et al., 2013). Speciation of a compound was considered by calculating the 

fraction of neutral molecule (fn) in the growth medium at pH 5.5, using the following 

equation (Trapp, 2009): 

𝑓/ =
*

*F*GH(IJ;IKL)
 (Eq. 3) 

where 𝑖 is 1 for acids and -1 for bases. Log Dow was then calculated using the following 

equation: 

𝑙𝑜𝑔	𝐷.Q = 𝑙𝑜𝑔	𝐾.Q + 𝑙𝑜𝑔	𝑓/  (Eq. 4) 

Log Dow was considered an indicator of potential root uptake, where chemicals with a 

higher log Dow may easily sorb to roots (Tanoue et al., 2012; Wu et al., 2013), therefore 

increasing the potential for uptake of CECs by the plant. We plotted the log BCFroots 

against log Dow and found a poor correlation between the two variables (r = 0.42), 

suggesting that other factors other than hydrophobicity also affected plant uptake of 

CECs (Figure 5). This was in contrast to Wu et al. (2013) who found an adequate 

correlation between log Dow and BCF values of 20 CECs for four different vegetables. It 

is likely that CECs act on different biochemical processes. For example, carbamazepine 

regulates sodium ion flow across membranes, so it is possible that effects from one 

compound could affect the uptake of another (Carter et al., 2015). Christou et al. (2016) 

observed that a mixture of 4 CECs (diclofenac, trimethoprim, sulfamethoxazole, and 17α-

ethinylestradiol) displayed different uptake and translocation patterns when exposed in a 
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mixture as compared to treatments with individual compounds, demonstrating the impact 

of mixture effects on plant uptake.  

2.3.3. Effects of CEC mixtures on cucumber after long-term exposure 

Above-ground and below-ground biomass were measured for cucumber plants at 

the end of a longer-term (30 d) exposure to the same CEC mixture in hydroponic solution 

at incremental levels. Biomass measurements are useful in measuring stress response, as 

deviations in growth from the control are indicative of the overall sum of response of the 

plant (Carter et al., 2015). Although there were no significant differences in the biomass 

among the different CEC levels, there appears to be a dose dependent response when 

change in biomass, expressed as the percentage difference relative to the control, was 

considered (Figure 6). At the 20X treatment, the relative percentage differences in the 

average below ground, above ground, and total biomass from the control were -51.2 ± 

20.9, -26.3 ± 34.1, and -33.2 ± 41.7%, respectively (Figure 6d). The greatest reduction in 

plant biomass occurred in the roots, and this finding was similar to Carter et al. (2015) 

who also observed a ~30% reduction in the below ground plant tissues of zucchini from 

the control when the plant was exposed to 10 mg kg-1 carbamazepine in soil. The 

observed reduction in above-ground biomass and total biomass along the dose-response 

curve (no change in root to shoot ratio) suggested that there was not simply further 

investment in photosynthetic or aerial tissues due to interferences in photosynthetic 

mechanisms, but rather that multiple aspects of the plant were affected without ways to 

mitigate the stress (Schmidt and Redshaw, 2015). It was also possible that the roots could 

not support an increase in aerial tissues, the common stress mitigation mechanism, 
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because the roots were also under stress and were unable to take up the necessary 

nutrients to promote growth. 

2.3.4. Alterations in plant hormone homeostasis after CEC exposure 

A hormone profile was analyzed to further understand the dose-response effect of 

chronic exposure to a mixture of CECs on cucumber plants (Figure 7). In this study, we 

focused on three phytohormones; auxin (indole-3-acetic acid, IAA), jasmonic acid (JA), 

and abscisic acid (ABA) because of their critical roles in regulation of a plant’s 

development and stress-response. 

The auxin profile was characterized by a hormesis effect along the dose-response 

curve when the leaves and stems were considered (Figure 7a). The solvent control did 

appear to have some stimulatory effect on auxin concentrations in the stems (71.72 ng g-1, 

f.w.), but the change was not statistically significant (p > 0.05). A 6-fold increase was 

observed in the stem auxin concentrations at the 1X CEC treatment level (132.58 ng g-1, 

f.w.) as compared to the control (21.62 ng g-1, f.w.). The trend, however, was followed by 

a gradual decrease to 2-fold the control at the 10X CEC treatment rate (44.55 ng g-1, 

f.w.). The leaf auxin concentrations significantly increased at the 1X and 10X CEC 

treatment rates to 16 and 11-fold, respectively, which was followed by a decrease at the 

20X CEC treatment rate. A similar pattern in leaf auxin content was also observed by 

Carter et al. (2015) along a dose-response treatment of carbamazepine for zucchinis 

grown in soil. A similar pattern, however, was not visible for the auxin content in the 

roots or fruits at the end of 30 d cultivation in this study. Auxin is known to be involved 

in cell elongation and division of meristematic tissues. The observed increase of auxin in 
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the stems and leaves at CEC levels as low as the 1X treatment rate suggested that the 

stems and leaves were being signaled to grow in order to gain increased light exposure 

because of interferences with photosynthetic mechanisms, and/or decrease heat stress by 

allowing for more air flow.   

Jasmonates are phytohormones that are involved in flower development, fruiting, 

reproduction, and plant defense. No clear trends or significant differences were observed 

in JA levels in any of the plant tissues along the dose-response curve (Figure 7b). This 

could be due to the time of sampling, as the plant was still in an early stage of 

development (approximately 50 d from seed), when flowering and fruiting was not the 

primary focus of the plant. Instead, at this point in development, increasing 

photosynthetic tissues was likely of the upmost importance.  

ABA is a signaling hormone that communicates water stress to the plant. ABA 

levels were significantly elevated in the leaves with exposure to increasing levels of 

CECs and significantly decreased in the roots at environmentally relevant concentrations 

of the CEC mixture (Figure 7c, p < 0.05). ABA in the roots dropped from 56.5 ± 17.3 ng 

g-1 in the controls to 8.23= ± 9.5, 5.6 ± 2.2, and 11.8 ± 13.7 ng g-1 at the 1X, 10X, and 

20X CEC treatment rates. Low ABA levels in the roots could indicate over-saturation by 

water at the root tips. In this study, we observed an approximate 20% decrease in root 

ABA levels when the plant was exposed to the CEC mixture at the 1X level as compared 

to the control, demonstrating that even exposure to CECs at low levels could significantly 

affect the homeostasis of this hormone. The decrease in the ABA levels coincided with 

visual symptoms of the roots, where the roots appeared to be over-saturated and less rigid 
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structurally, which also resulted in a ‘shedding’ of some small roots into the hydroponic 

medium. In the leaves, ABA was found to increase significantly at the 1X, 10X, and 20X 

CEC treatment levels (78.3 ± 11.6, 138.3 ± 37.6, and 165.39 ± 96.45 ng g-1, respectively, 

(p < 0.05) from the control 42.6 ± 12.8 ng g-1 (Figure 7c). Elevated ABA levels can cause 

stomatal closure, thereby reducing transpiration in a plant’s efforts to conserve water 

(Ahammed et al., 2016). The increase of ABA in the leaves and its resulting effect on 

anti-transpiration and therefore decreased pulling force of nutrients to aerial tissues could 

be the reason for the reduction in above-ground biomass observed in this study. Anti-

transpiration activity may also impose an impediment on plant growth by limiting gas 

exchange and impairing the plant’s ability to adapt to additional stressors such as extreme 

temperatures (Munemasa et al., 2015). With stomatal closure, the plant’s ability to 

mitigate heat stress by transpiring is also impacted, threatening its survival. 

2.3.5. Phytohormone response to multiple stressors (CEC and heat stress) 

Following cultivation in CEC-containing nutrient solution, a subset of cucumber 

plants was exposed for 4 d to heat stress at temperatures up to 41 °C in a greenhouse, and 

the plants were then sampled for hormone analysis. JA content was not significantly 

altered with the additional heat stress in the roots and stems (Figure 8a). Although, a 

significant effect on the JA content in the leaves was not observed following any of the 

lower level CEC treatments, JA content in the 20X treatment (417.0 ± 94.2 ng g-1, f.w.) 

was significantly increased from JA content in plants exposed to heat without CEC 

exposure (166.9 ± 27.2 ng g-1, f.w.) (Figure 8a, p < 0.05). A consistent trend across CEC 

treatments was a decrease in the JA content in the leaves in response to heat stress. 
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Jasmonates are important signaling molecules in plant defense, and therefore a decrease 

in JA content in leaves in response to heat stress across all CEC treatments has 

implications for plant survival when exposed to disease, wounding, or pathogens (Wani 

et al., 2016). Although heat-stress exposed plants did not have statistically significant 

changes in JA content, this decreased trend in the JA content in leaves exposed to 

excessive heat conflicts with a study where heat shock (50 °C for 30 min) was found to 

result in an upregulation of JA pathway genes and its consequentially enhanced 

production in agarwood cells (Xu et al., 2016). This could be due to the type of heat 

exposure (chronic vs. acute), the range of temperature exposure, or the difference at the 

cellular level (cell culture vs whole plant).  

Auxin concentrations (59.8 ± 16.9 ng g-1, f.w.) in the roots of the control treatments 

with heat stress were significantly elevated (p < 0.05) as compared to the 1X and 20X 

CEC treatments (21.6 ± 17.2 ng g-1, f.w.) (Figure 8b). This finding showed how different 

types of stress may have opposing effects on plant hormone levels. In the stems, heat 

stress resulted in a significant decrease in auxin concentrations in plants in the 1X CEC 

treatment (65.3 ± 14.0 ng g-1, f.w.) as compared to the 1X CEC treatment without heat 

stress (132.6 ± 54.3 ng g-1, f.w.), however the 1X CEC treatment with the added heat 

stress was not statistically different from the control or the 20X CEC treatment. The role 

of auxins in cell division and elongation has recently been associated with being an 

adaptive growth response to high temperature tolerance as seedlings elongate to elevate 

photosynthetic and meristematic tissues away from the heat-absorbing soil, thereby 

allowing increased air circulation and cooling effects (Gray et al., 1998). Leaf auxin 
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concentrations were not affected by heat stress (Figure 8b). Between the control and 20X 

CEC treatments, heat stressed plants displayed only slightly elevated auxin contents from 

their respective CEC treatments without the additional heat exposure.  

ABA is integral to how plants mitigate heat stress. Elevated temperatures cause an 

increase in transpiration as the plant’s mechanism to decrease leaf temperature 

(Ahammed et al., 2016). However, prolonged transpiration and dry soil conditions may 

alter a plant’s strategy to mitigate heat stress due to the need to conserve water. 

Considering that we saw an increase in ABA content with increased CEC concentrations, 

we speculated that the cucumber plant’s ability to adapt and mitigate heat stress would be 

further impaired due to exposure to CECs. The ABA content in cucumber tissues 

followed the same general trend under heat stress conditions as it did under non-heat 

stressed conditions (Figure 8c). No differences in root ABA content due to heat stress 

were observed within the treatments, however the 1X (20.0 ± 2.2 ng g-1, f.w.) and 20X 

(17.8 ± 13.7 ng g-1, f.w.) CEC treatment with heat stress were significantly decreased 

from the control with heat stress (p < 0.05) (64.1 ± 13.3 ng g-1, f.w.) (Figure 8c). 

Similarly, significant differences in leaf ABA content due to heat stress were not 

observed within the same CEC treatment, but did show a consistent elevated trend across 

the range of CEC treatment levels when the plant was also subjected to heat stress. It 

must be noted that only a 4 d heat stress with somewhat moderate, but realistic, 

temperature regimes was examined in this study. If this observed trend were to continue, 

it could have a significant effect over the long-term health and development of the plant. 

It is possible that prolonged exposure to heat stress and the resulting increase in abscisic 
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acid content and anti-transpiration activity could ultimately affect biomass production 

and water use efficiency.  

3. CONCLUSIONS AND FUTURE RESEARCH NEEDS 

A challenge of promoting the use of recycled wastewater for agricultural irrigation 

and biosolids/animal wastes as soil amendments involves ensuring the productivity of 

crops grown using these practices. As treated wastewater and biosolids/animal wastes 

contain numerous CECs such as pharmaceuticals, it is important to understand whether or 

not plants’ functions, including their tolerance to additional environmental stressors such 

as heat, pathogens, and salinity are compromised due to exposure to CECs. In this study, 

we utilized several endpoints, including germination, root length, biomass, and hormone 

homeostasis, to assess the response of vegetable plants to repeated exposure to CEC 

mixtures under hydroponic conditions. Significant changes in hormone homeostasis 

resulted from repeated exposure to the CEC mixture, often at environmentally relevant 

CEC concentrations. Because phytohormones such as abscisic acid, jasmonic acid, and 

auxin have effects on transpiration, stress-response, and cell division and elongation of 

meristematic tissue, changes in in their levels due to exposure to the CECs likely 

underlined the observed reductions in below and above-ground biomass, especially at the 

higher CEC levels. The analysis of phytohormones provided insights into long-term 

physiological consequences due to stress of CECs, such as biomass, flowering, and 

fruiting. While all treated wastewater and biosolids/animal wastes have their own unique 

mixtures of CECs with variable ranges of concentrations, the analysis of phytohormones 
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may be a useful screening tool as they are sensitive indicators of potential physiological 

response that is crucial for plant development, growth, and productivity. 

 While our study revealed potential perturbations to plant hormone homeostasis 

and physiological performance by low levels of CECs in mixture, our findings are limited 

in the sense that a hydroponic system was used, and that the response was not followed 

through the plant’s entire life cycle. Future research should use soil as the growth media, 

as processes in the rhizosphere such as sorption and microbial degradation affect the 

availability of plant uptake of CECs. Additionally, 10 compounds likely represent only a 

very small fraction of chemical constituents in treated wastewater and biosolids/animal 

wastes, and future studies under field conditions using actual treated wastewater for 

irrigation or biosolids/animal wastes for soil amendment should be carried out to derive 

more pertinent information. Such knowledge is useful for promoting safe reuse of the 

valuable and yet under-utilized resources such as treated wastewater and biosolids/animal 

wastes, contributing to agricultural and environmental sustainability. 
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Table 1. Physico-chemical properties and classification of CECs used in this study.  

 

a 

Malchi et al., 2014. b Kinney et al., 2008. c Wu et al., 2012. d Leston et al., 2016. e Pailler et al., 2009. f 

McFarland et al., 1997. 

 

 

 

 

Therapeutic 
class 

Compound Structure CAS 
Numbe
r 

Formula Molecular 
weight  
(g mol-1) 

Log 
KOW 

pKa Sourc
e 

Analgesic 
anti-
inflammatory 

Diclofenac 

 

15307-
86-5 

C14H11Cl2

NO2 
296.14 4.51 4.15 c 

Analgesic 
anti-
inflammatory 

Ibuprofen 

 

15687-
27-1 

C13H19O2 206.29 3.97 4.91 c 

Analgesic 
anti-
inflammatory 

Naproxen 

 

22204-
53-1 

C14H14O3 230.27 3.18 4.15 c 

Antibiotic Azithromycin 

 

83905-
01-5 

C38H72N2
O12 

749.00 4.02 8.74
, 
9.45 

f 

Antibiotic Sulfamethoxazole 

 

723-46-
6 

C10H11N3

O3S 
253.28 0.89 1.8, 

5.6 
a 

Antibiotic Tetracycline 

 

60-54-8 C22H24N2

O8 
444.44 -1.3 3.3, 

7.8, 
9.6 

d, e 

Antibiotic Trimethoprim 

 

738-70-
5 

C14H18N4

O3 
290.32 0.91 7.12 b, c 

Anti-epileptic Carbamazepine 

 

298046
-4 

C15H12N2

O 
236.27 2.45 2.3 a 

Betablocker Atenolol 

 

29122-
68-7 

C14H22N2

O3 
266.34 0.16 9.6 c 

Antimicrobial Triclosan 

 

3380-
34-5 

C12H7Cl3
O2 

288.37 4.76 7.9 c 
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Table 2. Experimental concentrations of the CECs in the mixture. The 1X Median 
represents the median concentration of CEC present in treated wastewater effluents as 
determined from the literature.  

 Experimental concentrations in µg L-1 (ppb) 
Compound 1X 

Median 
2X 

Median 
5X 

Median 
10X 

Median 
20X 

Median 
Diclofenac 0.5 1 2.5 5 10 
Ibuprofen 1 2 5 10 20 
Naproxen 2 4 10 20 40 
Azithromycin 0.1 0.2 0.5 1 2 
Sulfamethoxazole 0.1 0.2 0.5 1 2 
Tetracycline 0.2 0.4 1 2 4 
Trimethoprim 0.1 0.2 0.5 1 2 
Carbamazepine 0.5 1 2.5 5 10 
Atenolol 0.15 0.3 0.75 1.5 3 
Triclosan 0.1 0.2 0.5 1 2 
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Table 3. MS parameters for targeted compounds and surrogate standards.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound MRM (m/z) 
Quantification 

CV/CE Qualification CV/CE 

ESI+     
Sulfamethoxazole 254 > 92 34/28 254 > 156 34/14 
Sulfamethoxazole-
d4 

258 > 96 32/26 258 > 160 32/16 

Atenolol 267 > 145 40/26 267 > 72 40/22 
Atenolol-d7 274 > 79 42/20 274 > 145 42/24 
Trimethoprim 291 > 230 50/22    
Trimethoprim-d9 300 > 234 50/22    
Carbamazepine 237 > 194 30/18 237 > 179 36/32 
Carbamazepine-d10 247 > 204 38/30 247 > 187 40/32 
Tetracycline 445 > 154 28/26 445 > 410 32/18 
Azithromycin 750 > 83 50/56 750 > 592 38/20 
Naproxen 231 > 170 24/24 231 > 115 24/52 
Naproxen-d3 234 > 173 22/24 234 > 144 22/40 
Ibuprofen 207 > 119 20/24 207 > 57 20/24 
Indole-3-acetic acid 176 > 130 26/28 176 > 103 26/32 
Indole-3-acetic 
acid-d7 183 > 109 26/32 183 > 137 26/28 
Jasmonic acid 211 > 133 24/14 211 > 151 24/12 
     
ESI-     
Ibuprofen 205 > 161 18/8    
Ibuprofen-d3 208 > 164 18/8    
Triclosan 287 > 35 22/8    
Triclosan-d3 290 > 35 25/10    
Diclofenac 294 > 250 22/20 294 > 214 22/20 
Diclofenac-d4 298 > 254 25/10    
Abscisic acid 263 > 153 24/14 263 > 204 24/18 
Abscisic acid-d6 269 > 159 26/12 269 > 210 26/18 
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Table 4. Deuterated surrogate standard recoveries. 

 

Compound Recovery % (mean ± SD) 
Atenolol-d7 55.5 ± 26.8 

Azithromycin-d5 48.3 ± 10.1 
Carbamazepine-d10 82.4 ± 35.8 
Sulfamethoxazole-d4 13.6 ± 4.8 

Trimethoprim-d9 60.1 ± 39.2 
Naproxen-d3 61.6 ± 17.1 
Diclofenac-d4 75.5 ± 28.4 
Ibuprofen-d3 85.2 ± 13.7 
Triclosan-d3 78.7 ± 17.4 

Abscisic acid-d6 84.2 ± 10.6 
Indole-3-acetic acid-d7 90.8 ± 21.3 
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Table 5. Limits of detection (LOD) and limits of quantification (LOQ) of targeted 
compounds. 

 

Compound LOQ (S/N = 10, ppb) LOD (S/N =3, ppb) 
Sulfamethoxazole 1 0.1 
Sulfamethoxazole-d4 1 0.1 
Atenolol 1 0.5 
Atenolol-d7 1 0.5 
Trimethoprim 1 0.1 
Trimethoprim-d9 1 0.1 
Carbamazepine 1 0.1 
Carbamazepine-d10 1 0.1 
Tetracycline 5 1 
Azithromycin 1 0.5 
Naproxen 1 0.1 
Naproxen-d3 1 0.1 
Indole-3-acetic acid 1 0.5 
Indole-3-acetic acid-d7 1 0.5 
Ibuprofen 10 5 
Ibuprofen-d3 10 5 
Triclosan 20 10 
Triclosan-d3 20 10 
Diclofenac 1 0.5 
Diclofenac-d4 1 0.5 
Abscisic acid 5 2 
Abscisic acid-d6 5 2 
Jasmonic acid 10 5 
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Table 6. Measured concentrations of selected CECs in hydroponic solutions. 

Compound 

1X 10X 20X 

Initial 3 d 3 d + 
plants 

Initial 3 d 3 d + 
plants 

Initial 3 d 3 d + 
plants 

Atenolol 
1.02 ± 
0.02 

0.43 ± 
0.00 

0.30 ± 
0.01 

2.34 ± 
0.16 

1.86 ± 
0.01 

2.30 ± 
0.12 

4.45 ± 
0.05 

3.68 ± 
0.23 

2.98 ± 
1.63 

Carbamazepine 
0.52 ± 
0.03 

0.74 ± 
0.03 

0.37 ± 
0.04 

3.88 ± 
0.05 

3.49 ± 
0.24 

3.46 ± 
0.08 

7.35 ± 
0.12 

7.10 ± 
0.21 

5.06 ± 
2.74 

Ibuprofen 
0.74 ± 
1.02 

0.22 ± 
0.31 

0.16 ± 
0.21 

11.52 
± 1.30 

2.98 ± 
0.09 

3.34 ± 
0.70 

24.73 
± 2.50 

8.01 ± 
0.00 

8.99 ± 
1.22 

Diclofenac 
0.39 ± 
0.51 

0.43 ± 
0.09 

0.30 ± 
0.06 

5.97 ± 
0.22 

1.81 ± 
0.43 

1.26 ± 
0.20 

9.47 ± 
4.38 

3.79 ± 
0.38 

2.70 ± 
0.62 

Azithromycin 
0.14 ± 
0.02 

0.16 ± 
0.01 

0.06 ± 
0.01 

0.67 ± 
0.09 

0.63 ± 
0.37 

0.87 ± 
0.02 

1.63 ± 
1.29 

1.49 ± 
0.05 

1.05 ± 
1.11 

Naproxen 
2.37 ± 
0.19 

2.28 ± 
0.01 

0.95 ± 
0.05 

17.36 
± 0.31 

13.03 
± 0.93 

9.17 ± 
0.46 

36.71 
± 1.72 

22.54 
± 0.59 

29.95 ± 
10.14 

Sulfamethoxazole 
0.45 ± 
0.08 

0.12 ± 
0.00 

0.07 ± 
0.00 

0.88 ± 
0.02 

0.93 ± 
0.13 

0.62 ± 
0.00 

1.73 ± 
0.16 

1.65 ± 
0.04 

1.10 ± 
0.40 

Trimethoprim 
0.04 ± 
0.03 ND ND 

0.83 ± 
0.01 

0.31 ± 
0.08 

0.36 ± 
0.01 

1.84 ± 
0.03 

0.64 ± 
0.01 

0.49 ± 
0.34 

Tetracycline 
0.07 ± 
0.00 

0.07 ± 
0.00 

0.04 ± 
0.00 

0.32 ± 
0.07 

0.13 ± 
0.01 

0.10 ± 
0.00 

0.83 ± 
0.27 

0.51 ± 
0.05 

0.20 ± 
0.06 

Triclosan 
0.09 ± 
0.04 

0.08 ± 
0.02 

0.04 ± 
0.01 

1.03 ± 
0.12 

0.91 ± 
0.19 

0.79 ± 
0.09 

2.14 ± 
0.14 

1.72 ± 
0.21 

1.26 ± 
0.24 
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Figure 1. Root length (A) and root to shoot biomass ratio (B) of lettuce seedlings in a 7 d 
germination study. The boxplot represents the median (line), mean (x), 25th and 75th 
percentiles (box), 10th and 90th percentiles (whiskers), and outliers as dots. Treatments 
marked with an asterisk have means that are significantly different from the control (p < 
0.05). CT control; SC solvent control (0.02% DMSO).  
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Figure 2. Concentrations of CECs at different treatment levels in (A) roots, (B) young 
leaves, (C) old leaves, and (D) flower tissues of cucumbers. 
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Figure 3. Bioconcentration factor (BCF) of targeted CECs in cucumber tissues. Data 
represents the mean at the 20X CEC amendment level of three samples for each tissue. 
Bars represent the mean ± standard deviation (n=3).  
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Figure 4. Translocation factor of targeted CECs in cucumber tissues at the 20X CEC 
amendment level. Bars represent the mean ± the standard deviation. 
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Figure 5. Correlation between log BCFroot and log Kow for PPCPs measured in cucumber 
plant tissues at the 20X PPCP amendment level. Bars represent the mean ± the standard 
deviation.   
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Figure 6. Biomass measurements after 30-d exposure to a CEC mixture at different rates. 
The boxplot represents the median (line), mean (square), 25th and 75th percentiles (box), 
and 10th and 90th percentiles (whiskers) for (a) above ground biomass, (b) below ground 
biomass, and (c) total biomass. Percentage differences in biomass between treatments and 
the control are shown in (d) where bars represent the mean ± standard error (n=3). CT, 
control; SC solvent control (0.02% DMSO).  
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Figure 7. Levels of (A) jasmonic acid, (B) auxin, and (C) abscisic acid in cucumber 
tissues after a 30 d exposure to the CEC mixture at different treatment rates. Bars 
represent the mean ± standard deviation. Asterisks (*) indicate a significant difference (p 
< 0.05) from the control. CT, control treatment. 
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Figure 8. Levels of (A) jasmonic acid, (B) indole-3-acetic acid, and (C) abscisic acid in 
cucumber tissues after a 30-day exposure to CEC mixture at incremental CEC levels. 
Etched bars represent the treatment with additional heat exposure. Bars represent the 
mean ± standard deviation. Bars without a common letter indicate a statistically 
significant difference (p < 0.05) as determined by one-way ANOVA with Scheffe’s post 
hoc test. CT, control treatment. 
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