ABSTRACT
BRECHT, SARAH ASHLEY. Comparative Analysis of Non-Targeted and Suspect-Screening
High Resolution Mass Spectrometry for Hydroponic Soybeans in Different Irrigation Sources.
(Under the direction of Dr. Elizabeth Guthrie Nichols).
Water scarcity increases the likelihood of using municipal wastewater to irrigate human
food crops worldwide and poses potential risks of regulated and non-regulated organic chemical
uptake to edible plant tissues. Previous studies have used targeted analytical approaches to
quantify chemicals of concern (COCs) in food crops, but only a few studies have used high
resolution mass spectrometry (HRMS) for non-targeted analysis (NTA) and suspect-screening
analyses (SSA) to analyze food crops irrigated with wastewater. To our knowledge, this is the
first study to compare COCs in a food crop using different irrigation sources. Soybeans (Glycine
max) were hydroponically grown with secondary-treated municipal wastewater effluent, surface
water, ground water, and Ionic Grow™ to compare the number of chemical features and types of
tentatively identified chemicals in soybean roots, shoots, and beans from each water source.
Each water source was analyzed by solid-phase extraction as well as using a composite
integrative passive sampler (CIPS) that was placed in the source water during the length of the
experiment. The NTA and SSA followed established methods of data processing using the
USEPA Distributed Structure-Searchable Toxicity database (DSSATox), the CompTox
Chemicals Dashboard and finally the ToxCast database. All irrigation water sources produced
soybeans with beans except the two groundwater sources. Wastewater, downstream surface
water, and Ionic Grow™ sources produced the most biomass and had the greatest water use.
Reference Ionic Grow™ and downstream surface water sources, not wastewater, had the greatest
number of chemical features and suspect-screening chemicals in soybeans. Wastewater and
downstream surface water had a higher number of ToxCast chemicals, although the number of

ToxCast chemicals was not significantly different across irrigation sources. The major chemical
classes in soybean roots, shoots, and beans were hormones/pharmaceuticals and personal care
products, industrial chemicals (plasticizers, flame retardants, dyes), and multiple classes. Beans
had high abundance of multiple class ToxCast chemicals for all irrigation sources, with
downstream surface water and Ionic Grow having the highest total abundance and number of
chemicals. Beans grown in wastewater had 15 ToxCast chemicals (same as downstream surface
water) but had a much lower total abundance. The COCs tentatively detected in CIPS were more
similar to beans rather than roots, shoots, or water sources. These findings highlight the ubiquity
of COCs in water sources and potential use of CIPS samplers to screen COC uptake to food
crops.
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BIOGRAPHY
I have always been fascinated in biology and chemistry, especially pertaining to the
environment while growing up in Newbury Park, California. After graduating high school, I
studied biology at Saint Mary’s College of California in Moraga, California. I enjoyed classes
such as California Flora, botany, environmental chemistry, biochemistry, microbiology, and
immunology. When not in class, I participated in Crew my first year and enjoyed exploring the
Bay Area, especially Muir Woods. During my last year at St. Mary’s, I research a non-invasive
way to test lead poisoning in the California Condor (Gymnogyps californianus) through their
feces. I utilized new instrumentation including x-ray fluoresce and Agilent’s Microwave
Plasma-Atomic Emission Spectrometer (MP-AES) to quantify lead and copper in the feces.
Because of that project I was introduced to the field of Ecotoxicology which lead me to NCSU’s
master in toxicology program. Under the guidance of Dr. Elizabeth Gunthrie Nichols, I have
been able to combine my passion for plants as well as interest in exposure toxicology to
investigate chemicals of concern in soybeans (Glycine max) irrigated with treated wastewater.
This project is more than a requirement for me as I understand the importance of supply of water
for agriculture as I remember many droughts in California growing up. Understanding what
chemicals are in human food crops, gives up better understand of the risks of water reuse for
agriculture, to which the US and other countries have utilized for many years.
In addition to the condor research, I had the opportunity to intern at the Department of
Energy Joint Genomic Institute (JGI) with the Berkeley Lawrence Nation Lab. At JGI, I worked
with a plant metabolomics group using NTA for root exudation chemicals to attract microbes.
The post doc scientist I worked under has offered me a PhD position at the University of Zurich
to which I plan on starting after my Masters. I plan on studying the interaction of root exudation
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and microbial colonization in hydroponics and soil systems for 10 plant species, including G.
max.
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CHAPTER 1: INTRODUCTION
Worldwide, decreased availability of fresh water is increasing the water reuse demand for
agriculture (USEPA 2012, Alcalde-Sanz and Gawlik 2017; NRC 2012, Hanjra et. al 2012), and
municipal wastewater is one of the major sources for agricultural irrigation (USEPA 2012).
Since 1988, 32 countries have permitted food crop irrigation with municipal wastewater, and
currently, 8 countries irrigate food crops with raw, untreated wastewater (FAO 2016). Irrigating
food crops with municipal wastewater is not without risks. Municipal wastewater can impact
soil quality by altering soil chemistry (Jaramillo and Restrepo 2017, Khalid et. al 2018),
microbiology (Zolti et al. 2019) and by introducing metals and organic chemicals of concern
(COC) for plant uptake (Halling-Sørensen et al. 1998, Biel-Maeso et al. 2018, Pullaguara et al
2018, Dodgen and Zheng 2016).
In the United States, treated municipal wastewater is used to irrigate agricultural crops for
direct and indirect human consumption (US EPA 2012). The U.S. Food and Drug
Administration regulates the quality of agricultural waters for food crops, particularly for
microbial pathogens (21CFR112). Regulations of wastewater irrigation for processed food crops
and nonfood crops are less stringent than food crops for direct human consumption (US EPA
2012). The United States Environmental Protection Agency (US EPA) provides guidelines for
managing chemicals and microbial quality for wastewater irrigation and water reuse, (US EPA
2012) although individual states permit irrigation water for food crops (NRC 1996). The current
U.S. regulatory framework does not address chemicals of concern (COCs) that represent organic
chemicals not yet regulated or pending regulation on the Contaminant Candidate List 4 (CCL4)
(USEPA 2019). The lack of toxicological information for chemicals of concern in wastewater
and uncertainty of their risks to consumption of wastewater-irrigated food crops were critical
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knowledge gaps acknowledged by government officials during the recent, severe drought in
California (California State Water Resource Control Boards, 2016).
Organic chemicals of concern include legacy pollutants such as polycyclic aromatic
hydrocarbons, pesticides, industrial solvents, ammunitions as well as emerging contaminants of
concern such as pharmaceuticals and personal care products, engineered nanomaterials, and
perfluorinated compounds (Pullagurala et al. 2019) are produced in high volumes which present
concern for human exposures. Recent studies have evaluated COCs in wastewater-irrigated food
crops and their distributions in plant tissues based on chemical characteristics as well as the
physiology of the plant (Bartrons et al 2005). Several studies reported greater COC
concentrations in plant roots than shoots than fruits (White et. al 2010, Dodgen et.al 2013, Miller
et. al. 2016, Christou et. al. 2019, Garvin 2015), which emphasized the importance of chemical
properties for translocation. The concentrations of COCs in plants using hydroponic systems are
generally higher than in plant-soil systems because soil organic matter can sorb COCs and
reduce COC bioavailability for plant uptake (Wu et al 2015).
The US EPA uses hydroponic studies to evaluate the uptake and distribution of
pesticides, pesticide residues, and organic COCs uptake in plants from various water sources
(USEPA, 2007; USEPA 2012; Magwaza et al. 2020). A recent review of hydroponic studies and
COC uptake found variable COC concentrations in edible tissues of leafy vegetables, such as
lettuce, spinach, and cabbage, and in fruits of cucumber, tomato, and pepper (Table 1). The
relative affinity of the COC for water and the plant was defined as the translocation factor (TF):
TF = CP/CW

(1)
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where CP is the concentration of COC in the plant (ng/g wet weight) and CW is the concentration
of COC in water (g/L). The acceptable daily intake (ADI) is a risk assessment calculation to
define the exposure of COCs in water, soil, and food that is ingested and is defined as:
ADI= LOEL/UF

(2)

where LOEL (ug/kg) is the lowest observed effect level and UF is the uncertain factors to protect
sensitive populations. Table 1 ADI values were calculated by Prosser and Sibley (2015) based
on LOEL and an uncertainty factor of 1000. The COC concentrations in leaves or fruits varied
between 0.2 to 181,000 ng/g with translocation factors of 0.00006 to 4.6, respectively (Table 1).
Two pharmaceuticals, carbamazepine and trimethoprim, had the highest translocation factors of
4.6 and 1.2, respectively, for pea leaves. COCs with moderate log Kow had greater translocation
factors to plant shoots which agrees with physiochemical models (Limmer and Burken, 2014). A
recent study that supports Limmer and Burken models (2014) determined 60 targeted chemicals
and 1300 chemicals for suspect screening in tomatoes irrigated with wastewater and identified 35
pharmaceutical chemicals in the wastewater, 17 chemicals in tomato leaves, and 8 chemicals in
the fruit (Martinez-Piernas et. al 2019).
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Table 1 Targeted Analysis of Chemicals of Concern (COC), grouped by chemical class, in crops grown hydroponically

Category, Chemical,
Use

Log Kow
Concentration
(XLogP3)**
(ng/L)

Translocation
ADI
Factor (conc.
(ug/kg/day)
plant/hydroponics)

Plants

Reference

Industrial/Surfactants

Bisphenol A

Nonylphenol

Perfluorinated alkyl
acids (PFAA)

3.3

5.9

2.1-7.6

519

0.01*

L. sativaa

Lu 2014

162

0.003*

L.
esculentumb

Lu 2014

767

0.015*

L. sativaa

Lu 2014

264

0.005*

L.
esculentumb

Lu 2014

97

0.097*

L.
esculentumb

Felizeter
2014

11

0.011*

B.
oleraceac

Felizeter
2014
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Table 1 (cont.)
2

0.002*

C. pepod

Felizeter
2014

1767

0.035*

V. locustae

GarciaValcarcel
2016

V. locusta

e

GarciaValcarcel
2016

e

GarciaValcarcel
2016

Pesticides
Clotrimazole

Fluconazole

5

0.4

70

0.00035*

Propiconazole

3.5

7022

0.035*

V. locusta

Diuron (herbicide)

2.7

20

0.004*

C. annuumf

Wu 2013

13

0.0026*

C. sativusg

Wu 2013

3.1

0.00062*

L. sativaa

Wu 2014

12

0.0024*

S. oleraceah

Wu 2013

Pharmaceuticals &
Personal Care
Products (PPCPs)
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Table 1 (cont.)
Fluoxetine HCl,
Serotonin Inhibitor

4

960

C. annuumf

Wu 2013

0.192*
150

0.03*

C. sativusg

Wu 2013

370

0.074*

L. sativaa

Wu 2014

S. oleraceah

Wu 2013

C. annuumf

Wu 2013

380
0.076*
3 N,N-diethyl-metatoluamide (DEET);

Acetaminophen
(analgesic)

Atenolol (general use)

2

0.5

0.2

333***

171

0.034*

21

0.0042*

C. sativusg

Tanoue
2012

22

0.0044*

L. sativaa

Wu 2013

2.7

0.00054*

S. oleraceah

Wu 2013

0.3

0.00006*

C. annuumf

Wu 2013

19

0.033

P. sativumi

Wu 2013

62

0.012*

C. annuumf

Wu 2013

48

0.001*

C. sativusg

Wu 2013

0.4***
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Table 1 (cont.)

Atorvastatin

Caffeine (stimulant)

Carbamazepine
(antiepileptic)

5

-0.1

2.5

3.3

0.0007*

L. sativaa

Wu 2013

17

0.0034*

S. oleraceah

Wu 2013

0.3

0.00006*

C. annuumf

Wu 2013

0.2

0.00004*

C. sativusg

2.5

0.0005*

L. sativaa

Wu 2013
Chuang
2018

6

0.0012*

9

1.2***

C. annuumf

Wu 2013

0.0018*

C. sativusg

Wu 2013

0.8

0.00016*

L. sativaa

Herkoltz
2010

181000

0.315*

L. sativaa

Wu 2013

58

0.012*

S. oleraceah

Goldstein
2018

600

0.12*

C. annuumf

Wu 2013

20

0.0654

B. rapac

Tanoue
2012

190

0.038*

C. sativusg

Wu 2013

19000

0.044*

C. sativusg

Tanoue
2012

2.9***
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Table 1 (cont.)
280

L. sativaa

0.056*

Wu 2013
i

3869

4.6

P. sativum

Wu 2013

31

0.0062*

S. oleraceah

Wu 2013

Cyclophosphamide
(antineoplastic)

0.6

431

0.25

P. sativumi

Wu 2013

Diazepam (antianxiety)

3

210

0.042*

C. annuumf

Wu 2013

290

0.058*

C. sativusg

Wu 2013

230

0.046*

L. sativaa

Wu 2013

0.7

0.00014*

S. oleraceah

Wu 2013

530

0.11*

C. annuumf

Wu 2013

220

0.044*

C. sativusg

Wu 2013

113

0.023*

L. sativaa

Wu 2013

98

0.02*

S. oleraceah

Wu 2013

1.4

0.00028*

C. annuumf

Wu 2013

Dilantin (antieileptic)

Gemfibrozil (anti
cholesterol)

2.5

3.8

1.4***

7.8***
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Table 1 (cont.)

1.5

0.0003*

L. sativaa

Wu 2013

0.2

0.00004*

S. oleraceah

Wu 2013

1.5

60

0.19

P. sativumi

Tanoue
2012

3.5

0.7

0.00014*

C. annuumf

Wu 2013

0.4

0.00008*

C. sativusg

Wu 2013

3.1

68

0.093

0.6***

P. sativumi

Tanoue
2012

Lamotrigine
(antiepileptic)

1.4

19000

0.041

0.3***

C. sativusg

Goldstein
2018

Meprobamate
(antianxiety)

0.7

260

0.052*

2.9***

C. annuumf

Wu 2013

70

0.014*

C. sativusg

Wu 2013

38

0.0076

L. sativaa

Wu 2013

9.1

0.00182*

S. oleraceah

Wu 2013

Gliclazide
(antidiabetes)
Ibuprofen (NSAID)

Ketoprofen (NSAID)

11.4***
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Table 1 (cont.)
Naproxen (NSAID)

Primidone
(antiepileptic)

3.3

0.9

91

***

C. annuumf

Wu 2013

C. sativusg

Wu 2013

0.5

0.0182
0.0001

0.3

0.00006*

L. sativaa

Wu 2013

0.4

0.00008*

S. oleraceah

Wu 2013

230

0.046*

C. annuumf

Wu 2013

64

0.0128*

C. sativusg

Wu 2013

64

0.0128*

7.1

0.7***

L. sativa

a

Wu 2013

B. rapac

Herkoltz
2010

P. sativumi

Tanoue
2012

C. annuumf

Wu 2013

0.0686

B. rapa

Herkoltz
2010

0.1

P. sativumi

Tanoue
2012

Salbutamol (asthma)

0.3

11

0.0384

Sulfadimethoxine
(antimicrobial)

1.6

13

0.014

Sulfamethoxazole
(antimicrobial)

0.9

0.7

0.00014*

20
106

0.2***

5.7***
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Table 1 (cont.)
1.4

0.00028*

S. oleraceah

Wu 2013

18000

<0.1

B. rapac

Chen 2017

38000

<0.1

I. aquaticaj

Chen 2017

P. sativumi

Tanoue
2012

B. rapac

Chen 2017

I. aquaticaj

Chen 2017

C. annuumf

Wu 2013

C. sativusg

Wu 2013

Sulfamonomethoxine
(antimicrobial)

0.8

425

0.58

Tetracycline
hydrochloride
(antimicrobial)

-1.37

160000

1.2

77000

0.2

22

0.0044

13

0.0026

Triclocarban
(antimicrobial)

Triclosan
(antimicrobial)

5.3

5

5.7***

83***

a

12

0.0024

L. sativa

3.1

0.00062

S. oleraceah

Wu 2013

1.9

0.00038

C. annuumf

Wu 2013

83***

Wu 2013
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Table 1 (cont.)

Trimethoprim
(antimicrobial)

0.9

1

0.0002

C. sativusg

Wu 2013

130

0.026

C. annuumf

Wu 2013

11

0.0022

B. rapac

Herkoltz
2010

61

0.0122

C. sativusg

Wu 2013

13

0.0026

L. sativaa

Wu 2013

1620

1.4

P. sativumi

Tanoue
2012

11.8

0.0024

S. oleraceah

Wu 2013

*Log Kow Pubchem; **Translocation factor calculated from concentration in solution and plant tissue (see
equation 1); ***ADI calculated in Prosser and Sibley 2015; a Lettuce, b Tomato, c Cabbage, d Zucchini, e
Lamb lettuce, f Anaheim chili pepper, g Cucumber, h Spinach, I Pea, j Water Spinach
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The chemicals found in the tomato fruits were 4-acetylaminoantipyrine, caffeine, carbamazepine,
carbamazepine 10-11 epoxide, hydrochlorothiazide, mepivacaine, tramadol, and venlafaxine,
which have moderate log Kow (0-3) and low concentrations (0.1 to 0.7 ng/g wet weight). This
study provides support for the decreasing concentration of chemicals as the chemicals
translocated from roots to shoots to beans with chemicals with a low log Kow values
accumulating more than those with higher logKow values. Although leafy vegetables had higher
concentrations of pharmaceuticals in plant tissues (Table 1), overall bioconcentration factors
were low and below acceptable daily intake concentrations for these drugs (Prosser and Sibley
2015).
As evident in Table 1, recent studies of COC uptake by food crops utilizes targeted
analytical approaches for specific chemical analytes of interest. Advances in high-resolution
mass spectrometry (HRMS) and data processing have expanded detection of COCs to qualitative
evaluations of identifiable chemicals using databases and mass spectral features of unknown
chemicals not identifiable by current databases (Krauss et al 2010, Schymanski et al 2015,
McEachran et al 2018). Non-targeted HRMS has been used to evaluate organic COCs in various
water sources including surface waters (Sjerps et al. 2016, Soulier et al 2016, Moschet et al.
2017); groundwaters (Stryner et. al 2015, Sjerps et al. 2016, Kiefer 2019); and municipal
wastewaters (Wode et. al 2015, McEachran et al. 2017, Gago-Ferrero et al. 2018, Brack et al
2019, Hedgespeth et al 2019, Lesser et al 2018, Martinez-Cortijo et al 2018). Fewer studies have
used non-targeted HRMS for COC evaluation in plants (Hayward and Wong 2009, MartinezPiernas et. al 2019, Hedgespeth and Nichols 2019).
Non-targeted HRMS chemical profiles generate a plethora of chemical features and mass
spectra that are further processed through intensive workflows, or suspect-screening analysis
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(SSA), to match chemicals features to known chemicals with varying degrees of certainty
(Rochat et al 2014, Phillips 2018). Oftentimes, chemical features cannot be identified with
certainty and remain as “unknowns,” representing chemicals that are degradates of regulated and
non-regulated COCs, biogenic chemicals, or proprietary anthropogenic chemicals not available
in current chemical databases (Hernandez et al 2005, Krauss et al 2010, Schymanski et al 2015,
Fu et al 2017, McEachran et al 2018). Suspect-screening analyses may provide several, tentative
chemical assignments to the provided mass spectra of a chemical feature (McEachran et al. 2017,
Rager et al. 2016, Brack et. al 2019). Additional data processing with ToxCast can refine
tentative-assignments based on sample type (Kavlock et. al 2012, Sobus et al 2019).
Recent studies have used suspect screening analyses (SSA) to tentatively identify
antibiotics, veterinary drug residues, and plasticizers in honey (Von Eyken et al 2020, 2019,
2019), chemicals in cereal (Phillips 2018), and pesticides and veterinary drugs in eggs (Hou et al
2020). Non-targeted analyses of food crops irrigated with municipal wastewater are limited, and
to our knowledge, no studies have compared non-targeted and suspect-screening HRMS results
of a particular food crop across different irrigation sources such as municipal wastewater, surface
waters, and groundwater.
This study used soybean, Glycine max L., as a model food crop in hydroponic studies of
different irrigation water sources that included secondary-treated wastewater, surface waters,
ground waters, and a reference deionized water/Ionic Grow™ solution common to hydroponic
plant systems. Soybeans were grown to seed in this study to be able to compare NTA features
and tentative-identified chemicals in roots, shoots and beans across different irrigation sources.
We hypothesized that soybeans grown in municipal wastewater would contain a greater number
of chemical features and identifiable COCs in plant tissues than soybeans grown hydroponically
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in the other water sources. We expected that plants with better growth and biomass to have a
greater number of chemical features in plant tissues due to increased water uptake.
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CHAPTER 2: METHODS
2.1 Irrigation sources
Wastewater, groundwater, and surface waters were collected from established monitoring
locations in the subwatershed of the City of Jacksonville’s Land Treatment Site (LTS), a 2,139hectare forest land treatment system in coastal North Carolina, U.S.A. The average 30-year
annual rainfall is 1,379 mm at the LTS site (Gibson et al., 2020). Land application occurs over
30 km2 of the watershed and uses 28 spray fields to irrigate wastewater volumes of 1,244 to
1,590 mm per year over 890 ha of a mixed hardwood/pine forest. Additional details about the
site and monitoring locations onsite and offsite have been previously described (McEachran et.
al. 2016, Birch et. al 2016, Hedgespeth et al. 2019). In July 2019, 4-L and 1-L water samples
were collected from the LTS site for wastewater, surface water, and groundwater as well as
reference upstream surface water and groundwater from an adjacent property. Groundwater and
surface water samples were collected using USGS field methods (2004) as described in
Hedgespeth et. al 2019. All water samples were collected in pre-cleaned amber bottles that were
triple-rinsed with deionized water and baked for 24 hours at 60ºC, and rinsed again with
methanol using a modified protocol from USGS National Field Manual for the Collection of
Water-Quality Data (USGS, 2004). All water samples were transported on ice. One-liter water
bottles were extracted within 24 hours by solid phase extraction. The remaining 4-L bottles were
stored at 4 ºC for use in hydroponic studies.

2.2 Soybean germination, hydroponic growth, and harvesting
Soybean seeds, Glycine max, were purchased from Johnny’s Selected Seeds (Fairfield,
Maine; johnnyseeds.com) and germinated at 30ºC for four days prior to start of the hydroponic
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study. Healthy seedlings were randomized for six different irrigation water sources consisting of
five water sources from the LTS subwatershed plus tap water mixed with Ionic Grow™ using
local tap water in Raleigh, N.C. Healthy germinated soybean seeds were placed in pre-cleaned
and methanol-rinsed 250 mL amber wide mouth jars that were filled with one of the six irrigation
sources. The jars were covered with aluminum foil and crimped around the plant stem to prevent
photodegradation of chemicals in the water. There were three replicates per irrigation source for
a total of 18 hydroponic jars. There were two separate hydroponic studies. One study grew
soybean plants for two weeks as recommended by US EPA 2012, 712-C-002. A second study
grew soybean plants for eight weeks until plants produced bean pods and plant leaves began to
yellow. The amount of irrigation source water used was recorded while plants grew. At the time
of harvest, plants were removed and separated into roots, shoots, and pods and weighed as
separate entities for wet biomass. Plant tissues were placed on clean aluminum foil and frozen at
4ºC. Frozen plant tissues were freeze dried and then ground prior to solvent extraction for HRMS
analyses.

2.3 Composite Integrative Passive Sampler (CIPS) construction and hydroponic study.
The CIPS (Statera Environmental, Inc. Raleigh, NC USA) are described elsewhere
(Archambault et al 2018, Wang et al. (in prep and submitted) and were placed in 250 mL amber
wide mouth jars that were filled with each irrigation source water with three replicates per source
for a total of 18 CIPS samplers. The CIPS were incubated at the same time as hydroponic
soybeans. Each CIPS amber jar was covered in aluminum foil to avoid photodegradation of
chemicals in the water. The CIPS were removed after two weeks, wrapped in clean aluminum
foil, and frozen at 4ºC until extraction for HRMS analysis.
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2.4 Solid-phase extraction for water samples
The water samples collected from field were allowed to settle in the refrigerator (4°C)
overnight and then filtered through 0.6µm 150-mm diameter glass microfiber filter (Whatman).
Each sample was spiked with isotopically labeled surrogate recovery standards (Table S1). The
filtered water sample was extracted by solid phase extraction (SPE) using Oasis HLB cartridges
(6cc 200mg). The SPE cartridges were conditioned sequentially with 5 mL methanol, acetone,
and 50% acetone/dichloromethane, acetone, methanol and 3x5mL deionized water. The water
samples were loaded into SPE cartridges with a Visiprep™ Large Volume Sampler Assemble
(MilliporeSigma, St Louis MO). Analytes were eluted with 3 x 5mL 50%
acetone/dichloromethane and collected in a centrifuge tube with screw cap and Teflon septa. The
water residue in the extract was removed by adding 100mg moisturizing absorbing polymer
drying agent (Thermo Dionex ASE Prep MAP Thermo Fisher Scientific, Waltham MA) into the
extract and shaking on a rotary shaker for 20 min at 120 rpm. The drying agent in the extract
was removed by centrifuge at 2500 rpm for 10 min and then filtered through a 0.45µm PTFE
syringe filter (Whatman). The dried extract was evaporated on a TurboVap evaporator (Biotage,
Charlotte, NC) to 1 mL and aliquots for GC/MS and HPLC/MS analyses.

2.5 Extraction of plant tissue and CIPS
Plant tissues (roots, shoots and beans) were freeze dried and grinded for solvent
extraction. A given amount of ground plant tissue was extracted by shaking with
dichloromethane/acetone (50:50) for two hours with MAP and then filtered through 0.45µm
PTFE syringe filters. The CIPS were first rinsed with deionized water and then extracted with
the same solvent mixtures by shaking. All samples were processed through gel permeation
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chromatography (GPC) clean up using an Envirogel GPC column (19 x 300 mm, Waters,
Millford, MA) and methylene chloride at a flow rate of 3 mL min-1. After GPC, plant samples
with heavy chlorophyll were further cleaned up by passing through a Florisil SPE Cartridge (6cc
1g) and then eluted with dichloromethane prior to HRMS analysis.

2.6 Instrumentation- Gas Chromatography High Resolution Mass Spectrometer
Non-target analysis (NTA) was conducted on an Agilent 7200 QTOF GC/MS coupled
with an Agilent 7890A GC system using the following GC conditions: columns: Agilent DB17ms, 30 m × 0.25 mm, 0.25 µm df, carrier gas: helium, column flow: 1.0 mL/min, injection
volume: 2 µL cold splitless, inlet liner: 4 mm ID, oven temperature: hold at 65 °C for 0.5 min,
ramped 10 °C/min to 300 °C, hold at 320 °C for 4 min, transfer line: 280 °C. The MS conditions
were as follows: electron ionization (EI) mode, 300 °C source temperature, 150 °C quadrupole
temp, 40 to 700 m/z mass range, and spectral acquisition rate of 5 Hz, collecting both in centroid
and profile modes.

2.7 Data processing and statistical analysis
The data were processed by SureMass deconvolution using the Unknowns Analysis tool
in Agilent MassHunter Quantitative Analysis software (version B.10), followed by tentative
compound identification by comparison to the NIST 17 mass spectral library. The number of
chemicals detected were used as chemical features for non-targeted analysis. Chemicals that had
a match score of 90 and higher were termed “tentatively identified” for suspect screening
analysis (SSA). These SSA chemicals were compared to the EPA ToxCast Phase III chemical
database and termed as “ToxCast” chemical screening subset
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(https://comptox.epa.gov/dashboard/chemical_lists/toxcast_phaseIII). R studio (version
1.2.1335, R Core Team. 2018) was used for statistical analyses of biomass and HRMS data. All
biomass data were first analyzed for normality using Shapiro-Wilk test then analyzed using
ANOVA and a post hoc Tukey test if data were normally distributed and a Kruskal Wallis and
post hoc Dunnett test if data were not normally distributed. Significance is reported at p < 0.05.

2.8 Quality control
Germination rates of soybean seeds were greater than 70% as per USEPA (2012).
Quality control procedures were previously described by Hedgespeth et. al. 2019. Field blank
was composed of HPLC grade water and method blanks were composed deionized water; both
blanks underwent the whole analytical process. Field blank and method blank features were
subtracted from samples prior to data filtering. All samples, minus blanks, were spike with
isotopically labeled surrogate recovery standards before being extracted (Table S-1).
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CHAPTER 3: RESULTS
3.1 Soybean biomass and irrigation sources.
There were no significant differences between root, shoot, bean, and total biomass for
Ionic Grow™, municipal wastewater, and surface water downstream of the municipal land
treatment site (Figure 1, ANOVA, p<0.05). Mean root biomass was significantly lower for
onsite groundwater versus municipal wastewater or surface water downstream (Figure 1;
ANOVA, p<0.05).

a ab ab a

ab ab ab a

b a

b a

a ab b ab b ab
a

b

ab

ab

Figure 1: Box plot analysis of wet biomass for hydroponic soybeans, n=3, grown in different
irrigation sources. Only Ionic Grow™/Tap water yielded significantly greater root,
shoot, and bean biomass. Different letters indicate significance between irrigation
sources (ANOVA, p<0.05).

Mean shoot biomass was significantly lower for both groundwater sources relative to the other
irrigation sources. Bean biomass was significantly lower for the upstream surface water source
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versus Ionic Grow™, municipal wastewater, and surface water downstream. Soybeans grown in
groundwater sources did not flower and did not produce beans for statistically comparison. Total
plant biomass, which includes soybean roots, shoots, beans, and bean pods, was significantly
lower for onsite groundwater versus all other irrigation sources.
Water use also indicates productivity, and mean water use was not significantly different
between soybeans grown in Ionic Grow™, wastewater, and surface waters (Table S-2). Biomass
and water use data suggest that wastewater and surface waters contained sufficient nutrients to
support soybean growth even though nutrient concentrations in Ionic Grow™ were often 10-fold
greater than municipal wastewater (Table S-3). The greater availability of nitrogen, phosphorus,
and potassium in Ionic Grow™ favored more shoot and bean biomass (Figure 1) but not root and
total biomass when compared to municipal wastewater and surface waters (Figure 1).

3.2 Total NTA features, SSA chemical numbers, and ToxCast chemical numbers for irrigation
sources.
All irrigation sources were analyzed within 24 hours of collection prior to initiating
hydroponic studies. Table 2 shows total chemical features for non-target analyses (NTA),
tentatively-identified chemicals (SSA), and ToxCast chemicals for each irrigation source after
collection. ToxCast chemicals are environmentally relevant chemicals assessed by highthroughput in-vitro toxicity screening (Richards et al 2016). The number of total NTA features
was greatest for onsite groundwater from the land treatment site followed by surface water
downstream of the land treatment site. Ionic Grow™ had more NTA features than municipal
wastewater. Upstream surface water and offsite groundwater had the lowest number of NTA
features, SSA, and ToxCast chemicals.
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Table 2. Total chemical features determined for non-target, suspect-screening, and ToxCast
chemicals by irrigation source prior to hydroponic studies.

Irrigation Source
Tap water/Ionic Grow™ reference
Upstream surface water reference
Off-site groundwater reference
Municipal wastewater
Land-treatment on-site groundwater
Downstream surface water

Non-Target
Analysis
4748
4354
4133
4544
5426
5047

SuspectScreening
Analysisa
28
18
18
27
29
23

ToxCast
Chemicalsb
7
6
5
10
11
12

a

Suspect screening analysis (SSA) chemicals with a match score of 90% and greater
ToxCast chemicals are SSA chemicals matched to EPA ToxCast Phase III chemical screening subset
(https://comptox.epa.gov/dashboard/chemical_lists/toxcast_phaseIII)
b

The total number of SSA chemicals were similar for all other irrigation sources, but municipal
wastewater, onsite groundwater, and downstream surface water had more ToxCast chemicals
than Ionic Grow™. More ToxCast chemicals in wastewater, on-site groundwater, and
downstream surface waters could result in greater ToxCast chemicals detected in soybean roots,
shoots, and beans than the reference irrigation sources.
Figure 2 shows the box plot distributions of total NTA features and total SSA and
ToxCast chemicals in plant tissues and CIPS by irrigation source. For reference irrigation
sources, off-site groundwater had significantly lower total NTA features in soybean roots than all
other water sources (Kruskal Wallis, p<0.05) which agrees with lower NTA chemicals
determined after water source collection (Table 2).

23

Figure 2: Box plot analysis of Total chemical features, tentatively identified chemicals, and ToxCast chemicals for hydroponic
soybeans, n=3, and CIPS grown in different irrigation sources. Different letters indicate significance between irrigation
sources (ANOVA or Kruskal Wallis, p<0.05).
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Ionic Grow™ had significantly more total NTA features in root tissues than off-site groundwater
and upstream surface waters (Figure 2) which also reflects NTA chemicals determined after
water source collection (Table 2). Total NTA features in soybean shoots were significantly
higher in wastewater and downstream surface water compared to other irrigation sources (Figure
2). There were no significant differences between total NTA features in CIPS for any irrigation
sources, but there were significantly more NTA features in beans for Ionic Grow™, wastewater,
and downstream surface water than upstream surface water. Total NTA features in beans
(Figure 2) were significantly greater for irrigation sources with more NTA features (Table 2).
Total tentatively-identified chemicals (SSA) or ToxCast chemicals in roots, shoots, and
bean were not significantly different between irrigation sources (Figure 2; Kruskal-Wallis,
p<0.05) even though wastewater, on-site groundwater, and downstream surface waters had
greater numbers of SSA and ToxCast chemicals (Table 2). There were also no significant
differences between total SSA and ToxCast chemicals in CIPS versus plant tissues for all
irrigation sources. ToxCast chemicals in all plant tissues were not significantly different across
irrigation sources (Figure 2; Kruskal-Wallis, p>0.05). Although total NTA features and total
SSA chemicals differed by source (Table 2), total NTA features and, particularly ToxCast
chemicals, were not significantly different between CIPS for different irrigation sources. NTA
features in root, shoot, bean, and total biomass were significantly differ across irrigation sources
as well as SSA chemicals in total biomass (Figure 2).

3.3 Tentatively-identified chemicals (SSA) in plant tissues and CIPS.
The number of SSA chemicals and their relative abundance by chemical class was much
greater in soybean tissues and CIPS than irrigation sources (Figure 3). As a qualitative metric
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and surrogate for concentration, total abundance of SSA chemicals in plant tissues were three to
four times greater than SSA abundance in respective water sources. Interestingly, wastewater
sources yielded fewer SSA chemicals or total SSA abundance in soybean tissues than other
irrigation sources.
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Figure 3: Mean total abundance, total number of chemicals, and number of chemicals per
chemical class for 90% confidence SSA of irrigation sources, soybean tissues (beans,
shoot, and root), and passive samplers (CIPS).
For roots, Ionic Grow™ and on-site groundwater had more SSA chemicals and greater
total abundance. SSA chemicals in roots were consistently in four major chemical classes of
multiple uses, industrial-plasticizers-fire retardants-surfactants-drugs, cosmetics-personal care
products-disinfectants-tobacco, and hormones that comprised most of the abundance and total
chemical numbers. SSA chemicals in soybean shoots were consistent across irrigation sources
for seven categories that included natural products/toxins, food additives/preservatives, and
amino acids/fatty acids/oils/vitamins (Figure 3). shoot and beans grown in downstream surface
water had more SSA chemicals in greater abundance than all other sources. Two categories,
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amino acids-fatty acids-essential oils-vitamins and food additives-preservatives, were more
apparent in shoot tissues than roots, beans, or CIPS. The number and abundance of SSA
chemicals in beans were greatest for both Ionic Grow™ and downstream surface water sources
while wastewater and upstream surface water had fewer SSA chemicals and total abundance in
beans. Chemical class categories for beans were consistent with chemical classes in irrigation
sources, but the number and abundance of SSA chemicals were two to three times greater in
beans than water sources. All plant tissues, except beans grown in municipal wastewater, had
unknown chemicals that were not detected in the irrigation sources alone.
Chemicals classified as ‘unknown’ by the NIST database were not detected in CIPS, and
the number of SSA chemicals and chemical classes differed between irrigation sources and CIPS
(Figure 3). Total SSA abundance in CIPS was also greater than irrigation sources due in part to
the detection of more SSA chemicals such as insect repellants, hormones-pharmaceuticals-drugs,
cosmetics-personal care products, and amino acids-fatty acids-essential oils-vitamins. The total
abundance of chemicals found in CIPS was similar to total abundance of roots and shoots from
most irrigation sources. For Ionic Grow™ and downstream surface waters, SSA abundance in
beans was much greater than SSA abundance in CIPS. SSA abundance and chemical classes in
CIPS were more similar to SSA abundance and chemical classes for roots, shoots, and beans
grown in wastewater.

3.4 ToxCast chemicals in plant tissues and CIPS.
The number of environmentally significant chemicals from the ToxCast database, their
assigned chemical class, relative abundances, and total numbers per irrigation source are shown
in Figure 4. As observed for SSA chemicals, the abundance and number of ToxCast chemicals
were greater in plant tissues and CIPS than actual irrigation sources.
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Figure 4: Mean total abundance, total number of chemicals, and number of ToxCast chemicals
per chemical class of irrigation sources, soybean tissues (beans, shoot, and root), and
passive samplers (CIPS).
Ionic Grow™ and downstream surface water had greater ToxCast abundance and chemical
numbers in specific plant tissues as observed for SSA abundance and numbers. CIPS also had
greater ToxCast abundance and numbers (Figures 2 & 3). For plant tissues and CIPS,
wastewater did not have the greater abundance or number of ToxCast chemicals.
CIPS detected a greater number of ToxCast chemicals and more chemical classes than
observed in irrigation sources and plant tissues. Total ToxCast chemicals in CIPS were two to
three times greater in number than observed for irrigation sources and plant tissues except for
soybean shoots in wastewater and downstream surface waters. The dominant chemical class for
all plant tissues and CIPS was multiple class followed by industrial-plasticizers-fire retardantssurfactant-dyes and hormones-pharmaceuticals-recreational drugs. Insect repellent was only
present as a ToxCast class in CIPS. Plant tissues had a larger abundance of hormones,
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pharmaceuticals, and recreational drugs compared to the CIPS, particularly for Ionic Grow™ and
downstream surface waters.

3.5 Comparison of SSA and ToxCast chemicals in plant tissues versus CIPS
Scatterplots of chemical abundance and log Kow for SSA and ToxCast chemicals from
water, roots, shoots, beans, and CIPS were evaluated to understand similar or dissimilar
distributions of SSA and ToxCast chemicals in plant tissue versus the CIP passive sampler
relative to log Kow values (Figure 5).

SS

ToxCast

SS

ToxCast

Figure 5: Scatterplot comparing log Kow and Abundance of all SSA chemicals and
environmentally significant chemicals for Water, Shoot, Root, Bean, and passive
samplers (CIPS)
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The SSA and ToxCast chemicals detected by CIPS had a lower range of log Kow values than SSA
and ToxCast chemicals detected in soybean tissues and water. For SSA chemicals at high
abundances, irrigation sources and beans had chemicals with log Kow values of three and higher
while CIPS had SSA chemicals with log Kow of 3 and lower. However, for chemicals at low
abundances, water, CIPS and beans had chemicals with a wide ranges of log Kow values. SSA
and ToxCast chemicals found in shoots and roots had wide ranges of log Kow values at low and
high abundances. The abundance and log Kow of SSA and ToxCast chemicals found in irrigation
sources were similar to SSA and ToxCast chemicals found in roots and shoots but not CIPS.
Table 3 lists ToxCast chemicals unique to irrigation sources, beans, or CIPS. CIPS had
the greatest number of unique chemicals and chemical classes not detected in irrigation sources
or beans. Chemicals detected in only CIPS were more diverse and had large log Kow ranges (1.3
to 8) relative to irrigation sources with moderate log Kow ranges (0.8 to 4.9), and beans with low
log Kow range ( -0.6 to 1.2). Table 4 lists ToxCast chemicals unique to irrigation sources, beans,
and CIPS. Again, CIPS had the greatest number of unique chemicals and chemical classes
relative to reference irrigation sources and beans, but log Kow ranges were greater for reference
irrigation sources and beans than CIPS. There were not many ToxCast chemicals found in
irrigation sources, beans, and CIPS (Figure 6). CIPS and irrigation sources had more common
chemicals (n=7) than water and beans (n=4) or beans and CIPS (n=2).
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Figure 6: Venn Diagram of ToxCast chemicals in Water, Beans, and CIPS.
Only two chemicals, 1,3-benzenediol, monobenzoate and hexadecane, were found in irrigation
sources, CIPS, and beans. These chemicals are classified as multiple classes by ToxCast and
have log Kow values of 3.2 and 8.3, respectively. The four chemicals in water and beans were
composed of one hormone chemical, one multiple, one cosmetic, and one industrial. Two
chemicals of the multiple class were found in beans and CIPS. The chemical classes of the seven
chemicals that were detected in water and CIPS were two multi-use, one industrial, two insect
repellents, one cosmetic, and one pesticide. Chemicals detected in water for each chemical class
had lower log Kow values compared to beans with higher log Kow values and CIPS in the middle
(Table 5).
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Table 3. ToxCast chemicals found only in wastewater irrigation sources, CIP, or beans.
Irrigation
Log
Matrix
Source
Chemical Name
Kowa Class
Water
Wastewater Benzyl butyl phthalate
4.9
Multiple
Wastewater Benzene, 1-chloro-3-methyl3.3
Hormones, Pharmaceuticals, Recreational Drugs
Hormones, Pharmaceuticals, Recreational
Wastewater Carbamazepine
2.5
Drugs……………………………
Wastewater Triethyl phosphate
0.8
Industrial, Plasticizers, Fire Retardants, Surfact, Dyes
Downstream
SW
Benzene, 1-chloro-4-methyl3.3
Hormones, Pharmaceuticals, Recreational Drugs
Downstream
SW
Benzene, 1-chloro-3-methyl3.3
Hormones, Pharmaceuticals, Recreational Drugs
Downstream
SW
Benzene, 1,2-dimethyl-3-nitro2.8
Pesticide Synergists/Additives
Downstream 7-Benzofuranol, 2,3-dihydroSW
2,2-dimethyl2.1
Pesticide Synergists/Additives
Downstream
SW
Tri(2-chloroethyl) phosphate
1.3
Hormones, Pharmaceuticals, Recreational Drugs
On Site GW Benzene, 1-chloro-3-methyl3.3
Hormones, Pharmaceuticals, Recreational Drugs
On Site GW Octanoic acid
3.0
Amino Acids, Fatty Acids, Essential Oils, Vitamins
CIPS
Wastewater Ethyl Oleate
8.0
Multiple
9,12,15-Octadecatrienoic acid,
Wastewater (Z,Z,Z)5.9
Dyes
Wastewater 2,6-Diisopropylnaphthalene
5.8
Pesticide Synergists/Additives
Wastewater Naphthalene, 1,2,3,4-tetrahydro3.5
Hormones, Pharmaceuticals, Recreational Drugs
Wastewater Naphthalene
3.3
Multiple
Wastewater Phenol, 2-methyl2.0
Multiple
Wastewater Hexanoic acid
1.9
Amino Acids, Fatty Acids, Essential Oils, Vitamins
Wastewater Vanillin
1.2
Food Additive/Preservatives
Downstream
SW
Ethyl Oleate
8.0
Multiple
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Table 3
(cont.)

Beans

Downstream
SW
Downstream
SW
Downstream
SW
Downstream
SW
Downstream
SW
Downstream
SW
Downstream
SW
Downstream
SW
Downstream
SW
Downstream
SW
Downstream
SW
On Site GW
On Site GW
On Site GW
Wastewater
Downstream
SW
Downstream
SW

Phenol, 2,4-bis(1-methyl-1phenylethyl)-

7.2

Industrial, Plasticizers, Fire Retardants, Surfact, Dyes

Retene

6.5

Natural Products & Toxins (Plants, Fungi)

Benzene, 1,3-diethyl-

3.9

Hormones, Pharmaceuticals, Recreational Drugs

Naphthalene, 1,2,3,4-tetrahydro-

3.5

Hormones, Pharmaceuticals, Recreational Drugs

Naphthalene

3.3

Multiple

Indole

2.1

Multiple

Phenol, 2-methyl-

2.0

Multiple

p-Cresol

1.9

Musks, Fragrances

Phenol

1.5

Multiple

Benzeneacetic acid

1.4

Multiple

Phenol, 2-methoxyNaphthalene, 1,2,3,4-tetrahydroPhenol, 2-methylVanillin
Phenol, 2,6-dimethoxy-

1.3
3.5
2.0
1.2
1.1

Multiple
Hormones, Pharmaceuticals, Recreational Drugs
Multiple
Food Additive/Preservatives
Multiple

Phenol, 2,6-dimethoxy-

1.1

Multiple, Cosmetics, Personal Care Products

Cyanogen bromide

1.1

Tobacco
33

Table 3
(cont.)
Downstream
SW
Dimethyl Sulfoxide
a
Log Kow values from Pubchem as XlogP values;
https://pubchem.ncbi.nlm.nih.gov/

-0.6

Multiple

Table 4. ToxCast chemicals found only in reference irrigation sources, CIP, or beans.
Irrigation
Matrix
Source
Chemical Name
Log Kowa Chemical Class
Tap
water/Ionic
Water
Grow™ (Ref) Tridecane
6.6
Multiple
Tap
water/Ionic
Grow™ (Ref) 2,4-Di-tert-butylphenol
4.9
Industrial, Plasticizers, Fire Retardants, Surfact, Dyes
Tap
water/Ionic
Grow™ (Ref) Benzene, 1-chloro-3-methyl3.3
Hormones, Pharmaceuticals, Recreational Drugs
Upstream
Phenol, 2,2'-methylenebis[6SW(Ref)
(1,1-dimethylethyl)-4-ethyl8.1
Industrial, Plasticizers, Fire Retardants, Surfacts, Dyes
Off Site GW
(Ref)
Palmitoleic acid
7.3
Multiple
Off Site GW
(Ref)
Benzene, 1-chloro-3-methyl3.3
Hormones, Pharmaceuticals, Recreational Drugs
Tap
water/Ionic
Naphthalene, 1,2,3,4CIP
Grow™ (Ref) tetrahydro3.5
Hormones, Pharmaceuticals, Recreational Drugs
Tap
water/Ionic
Grow™ (Ref) Diethylene glycol dibenzoate
3.4
Industrial, Plasticizers, Fire Retardants, Surfact, Dyes
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Table 4
(cont.)
Tap
water/Ionic
Grow™ (Ref)
Tap
water/Ionic
Grow™ (Ref)
Tap
water/Ionic
Grow™ (Ref)
Tap
water/Ionic
Grow™ (Ref)
Upstream
SW(Ref)
Upstream
SW(Ref)
Upstream
SW(Ref)
Upstream
SW(Ref)
Upstream
SW(Ref)
Upstream
SW(Ref)
Upstream
SW(Ref)
Upstream
SW(Ref)
Off Site GW
(Ref)

Naphthalene

3.3

Multiple

Phenol, 2-methyl-

2.0

Multiple

p-Cresol

1.9

Musks, Fragrances

Mequinol
Naphthalene, 1,2,3,4tetrahydro-

1.3

Multiple

3.5

Diethylene glycol dibenzoate

3.4

Hormones, Pharmaceuticals, Recreational Drugs
Industrial, Plasticizers, Fire Retardants, Surfactants,
Dyes

Naphthalene

3.3

Multiple

Benzaldehyde, 4-ethyl-

2.4

Cosmetics, Personal Care Products, Disinf, Tobacco

Phenol, 2-methyl-

2.0

Multiple

p-Cresol

1.9

Musks, Fragrances

Phenol

1.5

Multiple

Mequinol

1.3

Multiple

Diethylene glycol dibenzoate

3.4

Industrial, Plasticizers, Fire Retardants, Surfact, Dyes
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Table 4
(cont.)

Bean

Off Site GW
(Ref)
Off Site GW
(Ref)
Off Site GW
(Ref)
Off Site GW
(Ref)
Off Site GW
(Ref)
Off Site GW
(Ref)
Off Site GW
(Ref)
Off Site GW
(Ref)
Tap
water/Ionic
Grow™ (Ref)
Tap
water/Ionic
Grow™ (Ref)
Tap
water/Ionic
Grow™ (Ref)
Tap
water/Ionic
Grow™ (Ref)
Tap
water/Ionic
Grow™ (Ref)

Naphthalene

3.3

Multiple

Benzaldehyde, 4-ethyl-

2.4

Cosmetics, Personal Care Products, Disinf, Tobacco

Indole

2.1

Multiple

Phenol, 2-methyl-

2.o

Multiple

p-Cresol

1.9

Musks, Fragrances

Benzeneacetic acid

1.4

Multiple

Mequinol

1.3

Multiple

Phenol, 2,6-dimethoxy-

1.1

Multiple

Hexadecanoic acid, methyl
ester

7.9

Hormones, Pharmaceuticals, Recreational Drugs

9,12-Octadecadienoic acid
(Z,Z)-, methyl ester

6.9

Multiple

9,12,15-Octadecatrienoic
acid, methyl ester, (Z,Z,Z)-

6.2

Multiple

2,4-Di-tert-butylphenol

4.9

Industrial, Plasticizers, Fire Retardants, Surfact, Dyes

Naphthalene, 2,6-dimethyl-

4.3

Multiple
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Table 3
(cont.)
Tap
1,2-Benzenedicarboxylic
water/Ionic
acid, bis(2-methylpropyl)
Grow™ (Ref) ester
4.1
Multiple
Tap
water/Ionic
Phenol, 4-(1-methyl-1Grow™ (Ref) phenylethyl)3.7
Industrial, Plasticizers, Fire Retardants, Surfact, Dyes
Tap
water/Ionic
Grow™ (Ref) Benzofuran
2.7
Multiple
Tap
water/Ionic
Grow™ (Ref) 1-Propanone, 1-phenyl2.2
Food Additive/Preservatives
Upstream
SW(Ref)
2,4-Di-tert-butylphenol
4.9
Industrial, Plasticizers, Fire Retardants, Surfact, Dyes
Upstream
SW(Ref)
Benzofuran
2.7
Multiple
Upstream
SW(Ref)
Benzyl alcohol
1.1
Hormones, Pharmaceuticals, Recreational Drugs
a
Log Kow values from Pubchem as XlogP values; https://pubchem.ncbi.nlm.nih.gov/
Table 5 ToxCast chemicals detected in Water, CIPS, and/or Beans by chemical class
Chemical name
Chemical Class
Amino Acids, Fatty Acids, Essential Oils,
Octanoic acid
Vitamins
Amino Acids, Fatty Acids, Essential Oils,
Hexanoic acid
Vitamins
Cosmetics, Personal Care Products,
Benzaldehyde, 4-ethylDisinfectants, Tobacco
Cosmetics, Personal Care Products,
2(3H)-Benzothiazolone
Disinfectants, Tobacco

Log Kowa

Water

3

x

1.9

CIP

Bean

x

2.4

x

1.8

x

x
x
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Table 5 (cont.)
Cyanogen bromide
1-Propanone, 1-phenylBenzothiazole
Vanillin
Hexadecanoic acid, methyl ester
Triphenyl phosphate
Benzene, 1,3-diethylNaphthalene, 1,2,3,4-tetrahydroBenzene, 1-chloro-4-methylBenzene, 1-chloro-3-methylCarbamazepine
Tri(2-chloroethyl) phosphate
Benzyl alcohol
Phenol, 2,2'-methylenebis[6-(1,1dimethylethyl)-4-ethylPhenol, 2,4-bis(1-methyl-1-phenylethyl)9,12,15-Octadecatrienoic acid, (Z,Z,Z)2,4-Di-tert-butylphenol
Phenol, 4-(1-methyl-1-phenylethyl)Diethylene glycol dibenzoate
Triethyl phosphate
Carbofuran
Diethyltoluamide
Hexadecane

Cosmetics, Personal Care Products,
Disinfectants, Tobacco
Food Additive/Preservatives
Food Additive/Preservatives
Food Additive/Preservatives
Hormones, Pharmaceuticals, Recreational Drugs
Hormones, Pharmaceuticals, Recreational Drugs
Hormones, Pharmaceuticals, Recreational Drugs
Hormones, Pharmaceuticals, Recreational Drugs
Hormones, Pharmaceuticals, Recreational Drugs
Hormones, Pharmaceuticals, Recreational Drugs
Hormones, Pharmaceuticals, Recreational Drugs
Hormones, Pharmaceuticals, Recreational Drugs
Hormones, Pharmaceuticals, Recreational Drugs
Industrial, Plasticizers, Fire Retardants,
Surfactants, Dyes
Industrial, Plasticizers, Fire Retardants,
Surfactants, Dyes
Industrial, Plasticizers, Fire Retardants,
Surfactants, Dyes
Industrial, Plasticizers, Fire Retardants,
Surfactants, Dyes
Industrial, Plasticizers, Fire Retardants,
Surfactants, Dyes
Industrial, Plasticizers, Fire Retardants,
Surfactants, Dyes
Industrial, Plasticizers, Fire Retardants,
Surfactants, Dyes
Insect Repellants
Insect Repellants
Multiple

1.1
2.2
2
1.2
7.9
4.6
3.9
3.5
3.3
3.3
2.5
1.3
1.1
8.1

x
x
x
x
x
x

x
x
x
x
x
x
x
x
x

7.2

x

5.9
4.9

x
x

x

3.7

x

3.4

x

x

0.8
2.3
2
8.3

x
x
x
x

x
x
x

x
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Table 5 (cont.)
Ethyl Oleate
n-Heptadecanol-1
1-Hexadecanol
Palmitoleic acid
9,12-Octadecadienoic acid (Z,Z)-, methyl
ester
Tridecane
9,12,15-Octadecatrienoic acid, methyl
ester, (Z,Z,Z)Benzyl butyl phthalate
Dibutyl phthalate
Naphthalene, 2,6-dimethyl1,2-Benzenedicarboxylic acid, bis(2methylpropyl) ester
Benzophenone
Naphthalene
1,3-Benzenediol, monobenzoate
Benzofuran
Diethyl Phthalate
Indole
Phenol, 2-methylPhenol
Benzeneacetic acid
Mequinol
Phenol, 2-methoxyPhenol, 2,6-dimethoxyDimethyl Sulfoxide
p-Cresol
Retene
2,6-Diisopropylnaphthalene

Multiple
Multiple
Multiple
Multiple

8
7.8
7.3
7.3

Multiple
Multiple

6.9
6.6

Multiple
Multiple
Multiple
Multiple

6.2
4.9
4.7
4.3

Multiple
Multiple
Multiple
Multiple
Multiple
Multiple
Multiple
Multiple
Multiple
Multiple
Multiple
Multiple
Multiple
Multiple
Musks, Fragrances
Natural Products & Toxins (Plants, Fungi)
Pesticide Synergists/Additives

4.1
3.4
3.3
3.2
2.7
2.5
2.1
2
1.5
1.4
1.3
1.3
1.1
-0.6
1.9
6.5
5.8

x
x
x
x

x

x
x
x
x
x

x
x

x

x
x
x

x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
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Table 5 (cont.)
Benzene, 1,2-dimethyl-3-nitro7-Benzofuranol, 2,3-dihydro-2,2dimethyla

Pesticide Synergists/Additives

2.8

x

Pesticide Synergists/Additives

2.1

x

x

25

23

Total
Log Kow values from Pubchem as XlogP values; https://pubchem.ncbi.nlm.nih.g

19
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CHAPTER 4: DISCUSSION
4.1 Non-targeted and suspect-screening analyses of municipal wastewater
Several studies have evaluated municipal wastewater used for agricultural irrigation using
targeted (Kibuye et al 2019, McEachran 2016, 2017, 2018, de Santiago-Martin et al. 2020) and
non-targeted HRMS analyses (Hedgespeth et al., 2019). In these studies, wastewater had greater
concentrations of targeted chemicals and more chemical features than nearby surface waters and
ground water sources. Kibuye et al (2019) McEachran et al (2016, 2017), and de SantiagoMartin et al (2020) targeted pharmaceuticals and personal care products in the wastewater as
well as in groundwater and surface water and found chemical concentrations below acceptable
daily intake (ADI). All studies found higher concentrations in wastewater compared to other
sources, including a ten-fold increase in concentrations of chemicals in wastewater compared to
surface and ground water (McEachran et al 2016). There were on average four times more
chemical features in wastewater (approximately 400 chemical features) compared to surface
water and two times more than ground water (Hedgespeth et al 2019). Tentatively identified
chemicals found in wastewater, surface water and ground waters were classified as industrial
chemicals (surfactants, plasticizers, fire retardants), pharmaceuticals and personal care products,
and pesticides.
In this study, a Toxicological Prioritization Index (ToxPi) was calculated for tentatively
identified chemicals for the potential health and environmental risks based off their frequency,
abundance, and toxicity (Marvel et al 2018). ToxPi and ToxCast chemical databases are based
on human health toxicity data and therefore are important to identify in edible plant tissues.
Wastewater had a higher number of chemicals with a ToxPi score of 3 compared to other water
sources, indicating that the chemicals in wastewater have greater potential risk to human and
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ecological health (Hedgespeth et al 2019). In contrast, our study found more chemical features
in ground water and surface water relative to wastewater. However, the chemical classes of
tentatively identified chemicals were similar to those described in Hedgespeth et al (2019).
4.2 Wastewater as a nutrient source for human food crops
Agricultural producers have used wastewater to irrigate crops for centuries (Zhang and
Shen 2019) due to its availability and effectiveness as a fertilizer (Barton 2005). Wastewater
irrigation has increased with rising water scarcity and increased agricultural demand for water
and fertilizers (Jaramillo and Restrepo 2017). Farmers in low income countries utilize
wastewater as an inexpensive alternative to inorganic fertilizer (FAO, 2016, Quadir et al 2007).
Globally, municipal wastewater is used for a broad range of human food crops (NRC 1996) such
as olive trees (Hassena et al 2018) and rice (Maramatsu et al. 2014). In the United States,
wastewater irrigation is used on artichokes, broccoli, cauliflower, celery, lettuce, strawberries
and wine grapes (US EPA 2012). Due to the increase use across many crop species, the need to
understand the health risks from the chemicals and biological pathogens in wastewater as well as
the interaction of these pathogens with the environment is critical (Jaramilo and Restrepo 2017).
Wastewater increases the growth of crops due to higher nutrient levels, but it also adds chemicals
and microbes to crops(?). For instance, wine grapes irrigated with tertiary are shown to have
increase growth as well as uptake trace metals (Petousi et al 2019). However, surface water has
been found to have higher concentrations of microbes due to its exposure to the environment
(Rodrigues et al 2020). Therefore, all potential irrigation sources should be investigated for the
resulting exposure of humans to chemicals in food crops.
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4.3 Wastewater as a source of chemicals of concern to human food crops
Chemicals commonly detected in human food crops irrigated with municipal wastewater
include legacy and emerging COCs. Industrial chemicals including as phthalates, solvents,
phenols, polycyclic aromatic hydrocarbons (PAH), and chlorinated hydrocarbons were the main
focus of targeted analysis of wastewater in the 1970s onward (Feiler 1976). Since the early
2000s, there has been an effort to include non-regulated, emerging COCs such as
pharmaceuticals and personal care product chemicals (PPCPs). Research on PPCPs as
contaminants has increased recently due to their documented presence in water sources and plant
tissues (Pullagurala et al 2019). This shift is also driven by the concern over the potential risk
PPCPs pose to human and ecological health and by our improved ability to measure these
chemicals in the environment (Daughton et al. 1999).
Pesticide residues have been extensively evaluated in human food crops including wheat
(Amelin et al. 2016, Garcia-Valcarcel 2016) and the chemical uptake of COCs is dependent on
physio-chemical characteristics of the chemical (Pullagurala et al 2019) and plant physiology
(Bartrons et al 2017); therefore it is complicated to predict translocation. Recent computational
models of COC uptake by plants from irrigation sources provide insights for likely COC
translocation (Compagni et al 2020, Gonzalez Garcia 2019, Limmer and Burken 2014, Bagheri
2014). The models identified physiochemical properties of translocated chemicals to have a log
Kow 1-4 and molecular mass range between 350 Da to 500 Da. The COCs that we found in
soybean roots and shoots grown in wastewater generally follow the models provided by Limmer
and Burken (2014); however, the beans had more chemicals with log Kow values above four.
This suggests that the lipid and protein composition of beans impact which chemicals are stored
in the beans (Medic et al. 2014). In our study, chemicals detected in soybean roots and shoots
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had log Kow values in agreement with these models, but log Kow values for the dominant
chemicals in beans, which have a high lipid content, were greater than 4. The ToxCast
chemicals with high log Kow values found in beans irrigated with wastewater included 1,2benzenedicarboxylic acid, bis(2-methylpropyl) ester ( log Kow 4.1, Multiple), triphenyl phosphate
(logKow 4.6; hormone), 2,6-diisopropylnaphthalene (logKow 5.8, pesticide), 9,12,15octadecatrienoic acid, methyl ester, (Z,Z,Z)- (log Kow 6.2, multiple), and 9,12-octadecadienoic
acid (Z,Z)-, methyl ester (logKow 6.9; multiple). The deviation of these chemicals found in the
bean from the models could be due to the models’ basis on soil conditions and focus on
industrial chemicals. The adsorption of dissolved chemicals to soil particles decreases the
bioavailability of chemicals to plants grown in soil. The current study utilized hydroponic
systems, in which almost all chemicals in the water source are bioavailable for uptake. Since the
physio-chemical properties of chemicals within chemical classes and across chemical class vary
greatly; the current study which lookedat all chemical classes which could be useful for a new
computational model of plant uptake in hydroponic systems.
In the literature, pharmaceuticals and personal care products have been found as the
dominant class of chemicals translocated in plant tissue (Pullagurala et al 2019); however, more
pharmaceuticals were detected than personal care products in the shoots and beans of soybeans
grown in the current study hydroponically in municipal wastewater. There were more chemicals
detected in the roots for both pharmaceuticals and personal care products than in the shoots
indicating that these chemicals are trapped in the roots and are unable to pass through the lipid
bilayers of the casparian strip to be translocated into the shoots (Miller et al 2016). Industrial
products and multiple class chemicals were more abundant and greater in number in roots,
shoots, and beans than pharmaceuticals or personal care products for municipal wastewater. In
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terms of another dominant chemical class detected in soybeans ( industrial chemicals), previous
studies have found industrial chemicals such as perfluoroalkyl substances (PFAS), do translocate
into food crops, specifically lettuce (Blaine et al 2014, Felizeter et al 2014) and strawberries
(Blaine et al 2014), with shorter chained PFAS in shoots and fruits. Although many industrial
chemicals were identified in soybean plants, no PFAS chemicals were detected in the water,
CIPS, or soybean tissues when compared to the US EPA PFAS Cross-agency research list.
Even though these chemicals are found in the crops, the main human health risk from
irrigating human food crops with municipal wastewater is the potential ingestion of metals or
biological pathogens rather than organic chemicals of concern (Dickin et al 2016). While
farmers are more at risk of biological pathogen exposure from contact with wastewater on the
surface of the crop, consumers are more at risk of chemical exposure when contaminated food is
ingested (Qadir et al, 2007). Prosser and Sibley (2015) evaluated pharmaceutical and personal
care product accumulation in edible plant tissue for carrots, cucumber, lettuce, radish, and
cabbage. The concentration of chemicals in plant tissues were less than the acceptable daily
intake (ADI) and therefore a de minimis risk for consumer (Prosser and Sibley 2015). Such
evaluations can be made when human health data and chemical identity are well understood.

4.4 Alternative Irrigation Sources and Implications for COC uptake to human food crops.
Prior targeted and nontargeted analysis and suspect screening research has established the
ubiquity of organic contaminants in traditional irrigation sources such as surface waters and
groundwaters. U.S. surface waters and ground waters were found to contain diverse regulated
and low concentrations of non-regulated COCs in pristine (Koplin et al 2002) and receiving
waters for municipal wastewater (Barnes et al 2008) (de Santiago-Martin et al 2020, Daughton
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et. al 1999). Non-targeted analysis and suspect screening analysis have been used to compare
chemical features and tentative identities of chemicals present in alternative irrigation sources
such as ground water (Stryner et. al 2015, Sjerps et al. 2016, Kiefer 2019) and surface water
(Sjerps et al. 2016, Soulier et al 2016, Moschet et al. 2017). The current study found higher
number of chemical features, tentatively identified chemicals, and ToxCast chemicals in ground
water samples compared to wastewater and surface water. This is not consistent within the
literature as many studies have shown that more organic contaminants are detected in surface
waters than groundwaters (Focaszio et. al 2008, Doughtery et al., 2010, Sjerps et al 2016). In a
comparison of ground and surface waters, NTA chemical features were around 700 in
groundwater and surface waters and suspect screening using HRMS detected 66 chemical
suspects in ground water and 86 chemical suspects in surface water (Sjreps et al 2016). The SSA
chemicals found in the current study includes 29 in ground water, 23 in surface water, and 59 in
CIPS irrigated with On Site GW. The current study detected more chemical features in the
ground and surface water compared to Sjreps et al (2016) as well as the number of SSA
chemicals in of SW was greater than GW, where Sjeps et al (2016) found the opposite trend.
Although organic contaminants were detected in all irrigation sources, soybeans grown in
wastewater, which lower numbers of tentatively-identified chemicals and had less total
abundance than surface or groundwater. This failed to support our hypothesis that soybeans
grown in wastewater would have more chemicals identified than in alternative source. Soybeans
grown in ground water had the highest number of chemical features, tentatively-identified
chemicals, and ToxCast chemicals. It is important to note that soybean plants did not fruit when
grown in groundwater with a high abundance of chemicals in the roots which could provide
evidence that these chemicals are trapped in the roots. There were high abundance of chemicals
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in the shoot and beans from soybeans grown in surface water compared to ground water and
wastewater. Based on the results of this study, wastewater is a good source for irrigation and has
similar risk in terms of COC accumulation.

4.5 CIPS as surrogate indicators for COC uptake in soybean
With recent improvements in passive sampler technology, passive samplers have been
shown to detect a similar number of chemicals compared to water, plants, and aquatic organisms
(Booji et. al 2016). Before passive samplers such as POICS and CIPS were used, indicator
species were used to extrapolate exposures to COCs (Vrana et al 2005). Plants tissues are an
ideal natural passive sampler because they are sessile and therefore detect point source
contamination. Bird tissues are another natural passive sampler that have been used for
examining exposures to pesticides as birds tend to live agricultural areas (Bartrons 2017). An
NTA study compared chemical features in ground water to passive samplers (POCIS). Suspect
screening identified 65 chemicals in passive samplers (POCIS) and 35 chemicals in water. On
site ground water had the greater number of chemicals (n=5426) compared to downstream
surface waters (n=5047). Passive samplers such as POCIS have been found to detect more
chemicals at lower concentration compared to grab samples (Dougherty et al 2010). Passive
samplers have been found to strongly correlate with the chemical concentrations found in aquatic
organisms within the water source (Booji et al. 2016, Vrana et al 2005). One passive sampler
has the capability to measure exposures for many organisms without detrimental effects (i.e.
tissue sample post-mortem) and is cheaper than measuring COC for each organism (Booji et al
2016).
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The passive samplers in the current study, CIPS, detected more chemicals than the grab
samples of surface waters, ground waters, and wastewater effluents, which is in agreeance with
Doughterty et al. (2010) and Soulier et al. (2016). CIPS have been used to compare PAH
concentration in surface waters, sediments, and unionid mussels and have provided a reliable
prediction of PAH in mussels (Archambault et al 2018). In the current study, CIPS and beans
had similar total abundance of SSA chemicals when irrigated with municipal wastewater, but a
greater number of chemicals and chemical classes were detected in CIPS than soybean tissues.
The fact that CIPS detected more SSA chemicals at lower abundances gives insight to the
sensitivity of CIPS and to the selectivity of plants for chemical detection. CIPS represented the
plant chemical uptake by detecting unknown chemicals that were not found in the water, which
could be plant metabolites from detoxification (Klampfl 2019). Since CIPS detected more
chemicals in the water than grab samples, and passive samplers have been found to positively
correlate with biota (Booji et al 2016), CIPS may be useful as a surrogate for human exposures to
crops such as soybeans grown in wastewater, or other irrigation sources.
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CHAPTER 5: CONCLUSION
The goal of this study was to compare non-targeted analysis (NTA) and suspectscreening (SSA) high resolution mass spectrometry (HRMS) results for soybeans grown
hydroponically in different irrigation sources such as municipal wastewater, surface waters, and
groundwater. This goal was the focus due to the lack of studies that looked at NTA of plant
tissues, especially food crops grown in municipal treated wastewater. The municipal wastewater
had fewer chemical features and chemicals tentatively identified than groundwater and surface
water found on site. The number of ToxCast chemicals detected were not significantly different
across the various water sources. Soybeans had significantly more NTA chemical features for
total biomass when grown in wastewater, downstream surface water and reference Ionic Grow™
and significantly more SSA chemicals in higher abundance in reference Ionic Grow™ and
downstream surface water; however, soybeans did not grow to fruit in ground water sources.
The high abundance of ToxCast chemicals detected in beans had higher log Kow values
compared to water and passive samplers (CIPS).
CIPS best represented the chemical uptake of soybean fruits compare to the roots or
shoots of the plant. The number of chemical features, SSA chemicals, or ToxCast chemicals did
not significantly differ across the different irrigation sources for CIPS. Even though the
chemicals found in beans had higher total abundance for SSA and ToxCast chemicals, CIPS
detected more chemical classes. Both CIPS and beans had higher abundance of chemicals when
irrigated with downstream surface water than wastewater. CIPS detected more chemicals than
the water sources but less than roots, shoots or beans. Since the passive samplers detect more
chemicals than water, passive samplers should be used more often to model the exposome in
water and more importantly food crops.
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Future research for this subject could include a complementary anlaysis using Liquid
Chromatography High Resolution Mass Spectrometry (LC- HRMS) that would likely identify
additional chemicals and a quantitative targeted analysis of many of the ToxCast chemicals
found in the bean of the plant. With the concentrations generated from this targeted analysis, the
acceptable daily intake (ADI) can be calculated and the risk for human consumption could be
determined. In addition to the ToxCast chemicals, targeted analysis of the tentatively identified
chemicals can be done since the chemicals that are not found in the ToxCast chemical screening
subset do not have known toxicity testing associated with them. The concentrations of each
chemical from the soybean could be included into a PBPK model to identify where potential
toxicity will occur and at what concentrations. Hydroponic studies had found higher
concentrations of COCs in plant tissues compared to soil conditions and therefore an NTA soil
study of soybeans irrigated with wastewater as well as surface water and ground water could
complement this current study. In agriculture today, wastewater is often accompanied by the
application of biosolids thus, a study looking at NTA of COC in soybeans grown in biosolids
and/or the combination of wastewater and biosolids would give a more realistic potential
exposure of chemicals in crops. Lastly, the soybeans grown in wastewater could be fed to
another organism to determine bioaccumulation potential and toxicity or lack of effect.
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Table S-1 Isotopically labeled surrogate recovery standards for water, CIPS, and plant samples
Solvent
Chemical
Methanol
13C3 caffeineb
Methanol
DEET dimethyl-d6b
Methanol
diphenhydramine-d3b
Methanol
13C6-carbamazepineb
Methanol
ethynylestradiol (20,21-13C2)b
Methanol
BPA (ring-13C12)b
Methanol
PFOS-13C8b
Methanol
PFOA-13C8b
Methanol
atrazine (ring-13C3)b
Methanol
fipronil sulfone-13C4, 15N2b
Methanol
fipronil 13C4, 15N2b
Acetonitrile
Naphthalene-d8ab
Acetonitrile
Acenaphthene-d10ab
Acetonitrile
Chrysene-d12 ab
Acetonitrile
Perylene-d12 ab
Acetonitrile
Benzophenone-d5 ab
Acetonitrile
1-Nitronaphthalene-d7 ab
Acetonitrile
6-Nitrochrysene-d11 ab
Acetonitrile
1, 4-Naphthoquinone-d6 ab
a
Standard present in water samples
b
Standard present in CIPS and plant samples
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1. Raw Spectra
SureMass program under
Unknown Analysis tool in Agilent
MassHunter
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via m/z source

Remove duplicated by
name
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Chemical
features

NIST17 Library
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Chemicals
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Figure S-1 Data filtering workflow for detection of chemical features (NTA) and tentativeidentified chemicals (SSA and ToxCast)

Table S-2. Mean values (+ one standard deviation) for total water use by soybean plants (n=3)
for each irrigation source. Letters denote significant differences between mean values.
Irrigation Source
Tap water/Ionic Grow (Ref)
Upstream SW (Ref)
Off Site GW (Ref)
Wastewater
On Site GW
Downstream SW

Mean water use (mL)
608 ± 289 A
323 ± 10.8 AB
177 ± 15.7 B
451 ± 108 AB
103 ± 20.5 B
373 ± 96.1 AB
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Table S-3. Mean concentrations (+ one stand deviation) of select parameters from Jacksonville
municipal wastewater and estimated application rates to the irrigated hectares compared to
recommended fertilization rates from literature.
Mean
Ionic Grow
wastewater
b
concentrations
concentrationsa
(mg/L)
(mg/L)
Ammonia
8.9 (5.0)
22.5
Boron
0.6 (0.3)
Calcium
29 (4.8)
Chloride
56 (14)
Magnesium
1.1 (1.7)
Manganese
0.02 (0.01)
Nitrate
2.9 (3.3)
127.5
Nitrite
3.8 (6.0)
Nitrogen
13 (5.8)
150
Organic Carbon
14 (3.7)
Phosphorus
3.0 (0.6)
21.5
Potassium
13 (1.8)
202
Selenium
411 (5.66)
Sodium
85 (12)
Sulfate
44 (5.1)
a

mean values of wastewater effluent for irrigation from monthly reports 2019.
calculated ppm solutions from standard use of Ionic Grow at 5 mL per liter.

b

Google drive link for data files:
https://drive.google.com/open?id=13mQ78Q02eEReaSINI6Tl27dKLROLp4E7

61

