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Chemicals of Emerging Concern in
Treated Wastewater Impact Microbial
Growth

Nathan K. McLain and Emma W. Gachomo*

Department of Microbiology and Plant Pathology, University of California, Riverside, Riverside, CA, United States

Agriculture production in California is negatively impacted by soilborne fungi, such as
Verticillium dahliae, and limited water availability for irrigation. Some regions have adapted
the use of recycling wastewater, i.e., reclaimed water, to supplement the potable water
supply. Wastewater purification is not fully efficient at removing all contaminants and
small amounts of pharmaceutical products, known as chemicals of emerging concern
(CECs), remain. Acetaminophen, trimethoprim, sulfamethoxazole and gemfibrozil are
some of the most common CECs found in treated wastewater and were therefore
used in this study. These CECs were evaluated for their potential to interact with
microorganisms directly, or for their ability to alter the development of Verticillium wilt
disease in eggplants. The microorganisms Verticillium dahliae, Fusarium oxysporum f. sp.
lycopersici, Piriformospora indica, Phytopthora capsici, and Bradyrhizobium japonicum
were used for in vitro growth assays in the presence of CECs. CECs induced varying
responses in strains of the same fungi by promoting growth of one strain while inhibiting
growth of the other. CECs influenced spore germination of V. dahliae and F. oxysporum.
Greenhouse experiments in which Solanum melongena (eggplants) were inoculated with
V. dahliae and irrigated with CECs were used to evaluate the impacts of these chemicals
on disease development. Overall our results found that most of the organisms we tested
were sensitive to the CECs. P, capsici was found to be the most sensitive microorganism,
while B. japonicum growth was unaffected by the CECs at the concentrations used. The
greenhouse assays results indicated that plant disease severity may be influenced by
given CECs at certain stages of plant growth. Overall the results of this study indicate
that the concentrations of CECs found in reclaimed water are occurring at biologically
relevant concentrations.

Keywords: pharmaceuticals, reclaimed water, irrigation, soilborne, microorganisms

INTRODUCTION

Extended periods of drought and the presence of soilborne plant pathogens jeopardize
Californias agricultural production, which contributes a significant portion to the
United States food supply. Recent drought conditions and continued population growth in
Southern California have place great demands on the region’s limited potable water supply
(AghaKouchak et al., 2015; Howitt et al, 2015). This valuable resource is consumed by
the population directly or indirectly through irrigation of crops and landscape vegetation.
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Since potable water is in such high demand, California has taken
steps to conserve this limited resource. Recycling wastewater has
been successfully employed to protect the supply of potable water
to satiate the growing demands for clean water (Parsons et al.,
2010; Schulte, 2011; Cooley and Phurisamban, 2016; Warsinger
et al., 2018). Normally wastewater is treated to a limited capacity
and allowed to exit the potable water supply and re-enter the
natural water cycle. Alternatively, wastewater can be treated
to a far greater extent, and used to supplement potable water
supplies as reclaimed water (Figure S1; Warsinger et al., 2018).
Reclaimed water can be used to recharge potable water supplies
directly by injecting it into ground water reservoirs, or allowing
it to mix with potable water aquifers (Warsinger et al., 2018).
Reclaimed water can also be used to irrigate crops or landscape
vegetation, thereby preserving potable water supplies for direct
human consumption (Warsinger et al., 2018).

Chemicals of emerging concern (CECs) such as
pharmaceuticals, personal care products, detergents,
nanoparticles, etc. continue to be introduced in the environment,
and have potential to impact human and aquatic life that would
otherwise not be exposed to them (Kinney et al., 2006; Gros et al.,
2010; EPA, 2019) Unfortunately, even after extensive treatment,
CECs remain in the treated water (Kinney et al., 2006; Gros et al.,
2010). The past consensus with these chemicals is that they do
not pose much danger for human and environmental health
since they occur in such low concentrations, and in the case of
pharmaceuticals, well below therapeutic doses used for humans
(Boxall et al., 2006; Wu et al., 2013; Zimmermann and Curtis,
2017). However, this notion has been eroded by the observations
that sub-therapeutic concentrations of certain pharmaceuticals
can impact microbial, plant, and insect life (Wang and Gunsch,
2011; Pennington et al., 2017, 2018). Additionally, some CECs
have been observed to accumulate in soils upon repeated
irrigation with reclaimed water containing the compounds (Wu
et al.,, 2015). Therefore, the concentrations of CECs found in
reclaimed water can be at biologically relevant concentrations
or can be raised to that level with repeated irrigation or in the
presence of chemicals that can increase their potency.

Given that CECs accumulate in plants (Wu et al., 2015),
they may impact plant physiology, potentially altering a
plants ability to interact with microorganisms (pathogenic or
beneficial). Exacerbation of already prevalent soilborne fungi
(or plant pathogens), and consequently plant diseases, found
in agricultural soils is one potential outcome of chemical
interference from the CECs that can impact plants, and/or
the microbial community that is associated with plants. CECs
may interact with soil microbes directly by stimulating or
inhibiting their growth, thus impacting their ability to colonize or
infect a host. CECs may alter microbial population equilibrium
by promoting some, while inhibiting others and can thereby
increase pathogen populations by reducing their competitors or
antagonist in the soil (Mulligan et al., 1982; De Vries-Hospers
et al., 1991; Azevedo et al., 2015).

Verticillium dahliae, the causative agent of Verticillium
wilt, is a soilborne pathogen that may benefit from the
anthropogenic inputs of CECs from reclaimed water. V. dahliae
has a wide host range for many crops that are important

to Californias agriculture industry including bell peppers,
eggplants, strawberries, tomatoes, and watermelon (Pegg, 1984;
Aguiar et al., 1998; Bhat and Subbarao, 1999; Klosterman et al.,
2009). California leads the nation in the production of the above
mentioned crops (California Department of Food Agriculture,
2018) and major reductions in their yields could have devastating
consequences to food supply and income. Plant diseases already
reduce California’s agriculture output and increase cost of
production, and they may be exacerbated by anthropogenic input
of CECs into agriculture soils.

Acetaminophen (APAP), trimethoprim (TMP),
sulfamethoxazole (SMX), and gemfibrozil (GEM) are synthetic
pharmaceutical products that are commonly found in recycled
wastewater. APAP is an antipyretic pain killer that has been
observed to have antimicrobial properties at concentrations
above therapeutic use (Zimmermann and Curtis, 2017), and
observed to have growth promoting effects on microorganism
at therapeutic concentrations (Carvalho et al., 2010). TMP and
SMX are antibiotics that are commonly taken in combination,
but exhibit antimicrobial effects independently (Reeves and
Wilkinson, 1979; Hida et al., 2005; Tunali et al., 2012). GEM
is a medication used to treat high blood pressure, but has
been observed to increase the antimicrobial potency of some
pharmaceuticals (Rudin et al., 1992; Bulatova and Darwish, 2008)
and to have direct impacts on plant growth (D’Abrosca et al,,
2008; Pino et al.,, 2016). These four CECs are found consistently
in wastewater treatment plant effluent such as reclaimed water,
and in soils irrigated with recycled water in the ng/L and pg/L
range (Kinney et al., 2006; Batt et al., 2007; Erickson et al., 2014;
Wu et al, 2015).

Extended periods of drought conditions are common in
arid regions such as Southern California, which makes water
conservation efforts such as reclaimed water use a necessity
(Brown et al., 2013). Despite the presence of chemicals remaining
in the treated wastewater, reclaimed water has done much to
alleviate water demands and California plans to increase its
use (California State Water Resources Control Board, 2010).
Therefore, it is critical for us to understand the direct impacts
CECs have on plants and their associated soil microbiome to
prevent elevation of plant losses from microorganisms. In our
study we subject plants and microorganisms to concentrations
similar to those found in treated wastewater effluent, or
reclaimed water. A number of previous studies have found direct
phytotoxic effects of various CECs, however these studies used
concentrations that are higher than those found in typically
treated wastewater effluent (D’Abrosca et al., 2008; Liu et al,,
2009a; Pino et al., 2016; Madikizela et al., 2018). Some studies
found phytotoxic effects to developing plants, but did not grow
the plants in soil (D’Abrosca et al., 2008; Pino et al., 2016),
which can impact plants uptake of chemicals through the roots
(Pan and Chu, 2017). Use of higher concentrations of CECs
and not growing the plants in soil means that the plants are
exposed to unusually high concentrations of the compounds.
This under states the potential severity of microbial community
disturbances and phototoxic effects of in situ CEC concentrations
found in recycled water. Therefore, the direct impacts of CECs on
eggplants grown in soil were tested using concentrations within
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TABLE 1 | Concentrations of CECs used for all assays in this study.

CEC High concentration (H) Low concentration (L)
Acetaminophen (APAP) 10 pg/L 5 pg/l
Trimethoprim (TMP) 2.5 g/l 1 g/l
Sulfamethoxazole (SMX) 2 po/L 1 po/L
Gemfibrozil (GEM) 10 pg/L 2 pg/L

No CEC control (No CECs) Oug/L

the range of CECs detected in recycled water or wastewater
treatment plant effluent. The impacts of CECs on the growth of
microorganisms—fungi, oomycetes, and bacteria that are known
to be beneficial or deleterious to plants were also tested using
CECs concentrations that are relative to in situ concentrations.
We hypothesized that the CECs will not impact microbial
growth, since we are using relatively low concentrations of CECs
that are well below therapeutic doses. We also hypothesized
that CECs would not have any impact on disease development
in eggplants inoculated with the plant pathogen Verticillium
dahliae. Therefore, objective of this study was to determine the
impact of CECs on microbial growth and disease development
in eggplants.

MATERIALS AND METHODS

In total 4 CEC’s -acetaminophen (APAP), trimethoprim
(TMP), sulfamethoxazole (SMX), and gemfibrozil (GEM)—were
evaluated to determine their impacts on the microbial growth
and development of Verticillium wilt in eggplants. Each CEC
was tested at a high concentration (H) and a low concentration
(L) as specified in Table 1 below. The concentrations used mimic
the range of concentrations of the respective CECs that have
been found in the final effluent of wastewater treatment plants or
in soils irrigated with reclaimed water (Vanderford and Snyder,
2006; Batt et al., 2007; Stackelberg et al., 2007; Dia-Cruz and
Barcelo, 2008; Fram and Belitz, 2011). These compounds at
the concentrations listed in Table 1 were used in all assays
described below.

Media Preparation

Czapek-dox, buffered 10% V-8, potato dextrose agar (PDA),
and Luria Bertani (LB) broth were used to cultivate the
different microorganisms. Czapek-Dox agar was prepared as the
“originally proposed” version described in Thom (1930) and
Smith (1941). Briefly, 30.0 g of sucrose, 3.0 g of sodium nitrate,
1.0 g of dipotassium phosphate, 0.5 g of magnesium sulfate, 0.5 g
of potassium chloride, and 0.01g of ferrous sulfate per 1L of
sterile ddH,O were used. The buffered 10% V-8 agar was made
by adding 10% volume of V8 juice and 0.2 % (W/V) of calcium
carbonate to sterile ddH,O. The V8 calcium carbonate solution
was clarified by centrifuging it at 3,000x g for 10 min, and the
supernatant was added to the required amount of ddH,O to
make a final concentration of 10% V8. To make solid media
for petri dishes, 10% agar (W/V) was added. LB broth and
PDA were prepared based on the manufacturer’s instructions.

PDA amended with 0.833 M of bromocresol purple sodium salt
(BCP) for a growth assay described below (Masachis et al., 2016).

Cultivation of Organisms

The impacts of CECs on the growth of several microorganisms
were tested. Organisms covering a wide range of classifications
and common plant pathogens in regions where reclaimed water
is used were also included in the study. Two Verticillium dahliae
strains (0048 and 0049), two Fusarium oxysporum lycopersici
strains (CS-3 and CS-5), Phytophthora capsici, Piriformospora
indica, and Bradyrhizobium japonicum IRAT FA3 were tested.
Two strains of Verticillium and Fusarium were used to assess the
impacts of CECs on closely related organisms. V. dahliae strains
were cultured on Czapek-Dox plates with 1% agar, F. oxysporum
and P. indica were cultured on PDA and B. japonicum was
cultured in LB broth. During growth rate assays, each organism
was grown on their respective culturing media. The media was
amended with the required volume of a given CEC working stock
solution to reach the concentrations indicated in Table 1, after
the base media was autoclaved and cooled, but before solidifying.
An additional treatment containing no CECs was used as a
control for each organism. Two strains of V. dahliae and F.
oxysporum were tested to find out the response of closely related
organism to the same CECs.

Verification of Organism Identity

DNA from V. dahliae and F. oxysporum f. sp. lycopersici strains
were extracted using the DNeasy Plant Mini Kit (Qiagen)
following the manufactures protocol. Extracted DNA was used
in PCR assays to confirm the identity of the fungal isolates used
in this study. V. dahliae isolates were confirmed following the
procedure and commonly used primers described in Inderbitzin
et al. (2013). Briefly, each PCR reactions consisted of 12.5 pL of
2x Dream taq green master mix (Thermo Scientific), 1 pL of
forward and reverse primer, 1 LL of extracted DNA (i.e., DNA
template), and 9.5 WL of nuclease free water. All primers used
in this assay were purchased from Integrated DNA Technologies.
PCR reactions were carried out in a thermocycler with an initial
denaturation step for 2 min (min) at 94°C. This was followed
by 35 cycles of denaturation 94°C for 10s (s), Annealing for
205, and elongation for 1 min at 72°C. Then, a final elongation
step for 7min at 72°C was used (Figure S2). Identification
of F. oxysporum f. sp. lycopersici was confirmed in a similar
fashion using a PCR approach described in Hirano and Arie
(2006). The same PCR reaction mixture described above for
identifying V. dahliae. To conduct the PCR, the mixtures went
through 50 cycles of denaturation at 94°C for 1 min, Annealing
at 62°C for 1 min, and elongation at 72 °C for 2min. The F.
oxysporum sample was screen using the Unif/r, Sp13f/r, Sp23f/r,
and the sprlf/r primer sets described in Hirano and Arie (2006)
to positively identify the F. oxysporum strains used in this
study (Figure S2).

Growth Rate Assays

Every fungal and oomycete growth assay had 5 replicates for
each treatment, while bacterial growth assays had 3 replicates.
For fungal organisms, a 5 mm diameter plug taken from the edge
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uninoculated eggplants (right).

FIGURE 1| (A) Fusarium oxysporium grown on media containing the pH indicator bromocresol purple to indicate how far beyond the visible mycelial tips, nutrients
are being uptaken by the mycelia. (B) Typical growth of Verticillium dahliae on Czepeck dox agar. (C) Stem cross section of eggplants inoculated with V. dahliae (left)
and an uninoculated (right). (D) Overall set up of eggplants in the green house with a side by side comparison of inoculated eggplants (left) to

of an actively growing colony was placed in the center of the
agar plate. Growth of the organism was monitored by measuring
the diameter across the colony. Two diameter measurements
were taken from two different angles and averaged together per
replicate V. dahliae strains were measured 3, 7, 14, and 21 days
post inoculation (dpi). F. oxysporum strains were measured 3,
4,5, 6, and 7 dpi, P. indica was measured 3, 7, 11, 12, 14 dpi,
and P. capsici was measured 1, 2, 3, and 4 dpi (Figures 1A-C).
A growth assay carried out on PDA plates amended with the
pH indicator bromocresol purple was used to detect if nutrients
were consumed beyond the growing mycelium tips in the solid
media (Figure 1A).

A spectrophotometric assay was done to measure the
growth rate of B. japonicum in LB broth. A culture of B.
japonicum in exponential phase was used for the assay. The
starting concentration was adjusted to ODggp 0.05. Using
a spectrophotometer, readings (ODgpo) were taken at 0, 4,
8, 12, 24, 36, 48, 60, and 72h post inoculation (hpi). An
additional specific plate count assay was done at the 18h

mark to verify spectrophotometer results. This was done by
plating 107%, 1077, and 1078 serial dilutions of the growing
culture on to LB agar for each treatment. Colonies formed
on the plate were counted as CFUs. All organisms were
grown at their optimal temperatures for cultivation and for
the growth rate assays. Growth on solid media was used to
calculate the allelopathic index (RI) (i.e., relative index) described
(Liu et al., 2009a).

Spore germination assays were conducted on V. dahliae 0049
and F. oxysporum CS-5 similarly as described by Williams et al.
(2002) with a few exceptions. Organisms were grown on solid
media until they covered the entire surface of a 15mm x 100 mm
petri dish. Spores were harvested from the plate using 0.17 M
sterile sucrose solution. Spore suspensions containing CECs
listed in Table 1 were adjusted to 1.80 x 10° and 1.92 x 10°
spores/ mL using a hemocytometer for V. dahliae 0049 and F.
oxysporum CS-5 assays respectively. All final solutions contained
0.085 M of sucrose to make them have an osmotic potential of —2
bars or lower to ensure optimal spore germination as described
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in Ioannou et al. (1977). The spore solutions were allowed to
germinate for 12 h. At this point, 0.2% Aniline blue in lactophenol
blue (final concentration) was applied to solutions to prevent
further germination (Williams et al., 2002). The number of spores
germinated was enumerated using a compound microscope, each
treatment had 3 replicates (n = 3).

Cultivation of Eggplants

The Patio Baby variety of eggplants from Johnnys seeds
(Fairfiled, Maine, USA) was used for all eggplants in this study.
A group of five eggplants (n = 5) were treated with a given
CEC at a concentration specified in Table 1. An equivalent
group of eggplants was treated in a similar fashion, except they
were inoculated with Verticillium dahliae strain 0049 during
transplanting (discussed below). The eggplant assay was carried
out in two separate sets. Set one (set I) consisted of the
acetaminophen, trimethoprim, and associated no CEC control
treatments. The sulfamethoxazole, gemfibrozil, and associated no
CEC control treatments were carried out on the second set of
eggplants (set II).

Eggplant seeds were germinated in a growth room at 22°C.
All plants were allowed to reach the 2-4 leaf stage before
transplanting them into eggplant field soil obtained from farm
lands in Bakersfield, California. This field is not irrigated with
reclaimed water nor treated with fungicide because it is only used
for organic farming. Eggplants were grown in this field, thus this
soil was ideal for mimicking in situ agricultural soil conditions.
During transplanting, the inoculated sets of eggplants were
exposed to V. dahliae 0049 using the dipping method described
by Bhat and Subbarao (1999). Plants were inoculated with 1.85
x 107 spores/ L. Tap water was used for the uninoculated
controls. All seeds and plants were watered as needed using tap
water for up to 1 week after transplanting to allow them to
acclimatize. CEC treatments were applied to plants a week after
transplanting. CEC were dissolved into the tap water to reach
the final concentration listed in Table 1. The no CEC treatments
were watered with tap water only. All treatments received 1L
of the solution that contained the respective concentration of
CEC per watering event. Watering was done 2-3 times a week
as needed. All the plants for a given treatment (n = 5) were kept
in the same tray. CEC solutions for the respective treatments
were poured into the trays to ensure that all plants were receiving
equal amounts of the solution (Figure 1D). This experiment was
repeated 2 times.

Plant Measurements and Soil Collection
Stem height measurements of plants and disease assessments
were taken weekly starting the week of transplantation. Disease
assessments relied on observations of external symptoms to avoid
destructive sampling. Disease severity assessments were based on
a 0-5 scale (Liu et al., 2009b).Briefly: 0 represented no wilted
leaves; 1 < 25% wilted leaves; 2 = 25-50% wilted leaves; 3 =
50-75% wilted leaves; 4 = 75-100% wilted leaves; and 5 = dead
plant. Upon the final sampling, eggplants were cut at the base
of the stem and the fresh weight of shoots was determined for
each plant. Disease index was calculated using the disease severity
assessment values as described in Liu et al. (2009b).

Statistical Analyses

All parametric ANOVA and GLiM statistical analyses were
done using SPSS software (ver. 24.0; SPSS; IBM, Somers, New
York, USA). For the green house experiments repeated measures
ANOVA was done to test for interactions between time and
treatments. Repeated measures Friedman Ranks ANOVA were
done using R software v. 3.5.3 (R Core Team, 2018) package
npIntFactRep (Feys, 2015, 2016) when ANOVA assumptions
could not be met. In both approaches, the Greenhouse-Geisser
correction was applied when sphericity was not achieved. Post-
hoc ANOVA were used when significant interactions with time
were detected and the data satisfied all ANOVA assumptions.
In cases were the assumptions could not be met, the best fitting
generalized linear model (GLiM) was used as determined by the
model with the lowest Akaike’s information criterion (AIC). In
all cases this model was found to be the normal model with
identity link function. Tukey was used for all post-hoc pairwise
analyses when ANOVA was valid. In the cases were GLiM
analyses were done, the post-hoc, pairwise analyses were carried
out using the GLiM model with sequential Bonferroni correction
for multiple comparisons. All post-hoc pairwise comparisons
considered to be significantly different when P < 0.05. The two
eggplant sets were treated as two separate experiments, in which
statistical comparisons were only made within the respective
sets. Comparisons to the no CEC controls or uninoculated
plants were used to assess the impacts of CECs, disease, or the
combination of both. The non-repeated measures ANOVA and
GLiM procedures were also used to evaluate treatment effects in
microbial growth assays.

RESULTS

Identification of Microorganisms

The PCR assay generated results that positively identified the
V. dahliae and F. oxysporum strains. In both cases, positive
amplification of their template DNA occurred with primer pairs
specific to their respective identities (Figure S2). Specifically,
we saw positive amplification for V. dahliae with the Df/Dr
primer pair only, and positive amplification with the Unif/Unir
and Sp13f/Sp13r primer sets for F. oxysporum f. sp. lycopersici
(Hirano and Arie, 2006; Inderbitzin et al., 2013).

Impact of CECS on Growth of

Microorganisms

Overall, colony diameter measurements of organisms grown on
solid media demonstrated that the fungi tested were sensitive to
most of the CECs used in this study (Figures S3A, S4). This is
greatly exemplified with the allelopathic index (RI) calculations
that are based on colony growth. The RI calculations indicate that
some of these chemicals promoted growth, hindered growth or
had no effect on a given organism (Figure 2 and Figure S3B).
Positive RI values indicated that an organism’s growth was
promoted by the CECs, while a negative showed that its growth
was inhibited. At 7 days post inoculation (dpi) V. dahliae strain
0049 grown with low concentrations of GEM (GEM-L) had a
negative RI value that was significantly lower than the control
(Figure 3B) (GLiM: x3 = 44.754, P < 0.001). By 14 dpi the
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FIGURE 2 | Comparing the Allelopathic index values (RI) of the plant pathogens used in this study. (A) Verticilium dahliae strain 0048 measured at 7 and 14 dpi, (B)
Verticillium dahliae strain 0049 measured at 7 and 14 dpi. (C) Fusarium oxysporum f.sp lycopersici strain CS-3 measured at 3 and 4 dpi. (D) Fusarium oxysporum f.sp
lycopersici strain CS-5 measured at 3 and 4 dpi. (E) Phytopthora capsici measured at 2 and 3 dpi. *Samples compared statistically using GLIM with normal
distribution and identity link function, pairwise analyses with sequential Bonferroni pairwise correction for multiple comparisons (P < 0.05). **ANOVA used for statistical
analyses, post-hoc Tukey test used for pairwise analyses (P < 0.05).
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FIGURE 3 | Spore germination assays done in a mild sucrose solution. GLiM with normal distribution and identity link function used for all statistical comparisons.
Samples that do not share the same letter are significantly different as determined by a post-hoc, pairwise GLiM analyses done with sequential Bonferroni correction
for multiple comparisons (all P’'s < 0.05). (A) Spore germination results for Verticillium dahliae after 12 h of incubation in a 0.085 M sucrose solution. (B) Spore
germination results for Fusarium oxysporum f.sp lycopersici after 12 h of incubation in 0.085 M sucrose solution. (C) Photographs of Verticillium dahliae spores at
1,000x total magnification. Ungerminated spore (left), germinating spore (right) (D) Photograph of small and large Fusarium oxysporum f.sp lycopersici spores at

1,000x magnification.

inhibitory effects of CECs on V. dahliae 0049 growth were more
apparent. Five treatments had significantly lower RI values than
the control (Figure 3B) (GLiM: X§ =247.137, P < 0.001). GEM-
L and high concentrations of SMX (SMX-H) treatments had the
lowest RI values for 0049, which were significantly lower than
all other treatments except for the high concentration of TMP
(TMP-H) (GLiM: x2 = 247.137, P < 0.001). Colony diameter
growth of the other V. dahliae strain 0048 (Figure S4A), did not
follow the same trends. CECs either benefited or had no effect
on V. dahliae 0048 mycelial growth. By 7 dpi three treatments
had significantly higher RI values than the control (TMP-L, SMX-
H, and APAP-H) (GLiM: x} = 83.749, P < 0.001). By 14 dpi all
treatments for V. dahliae 0048 had significantly higher RI values
than the control (GLiM: x§ =76.092, P < 0.001) (Figure 2A).
The other plant pathogens examined, two F oxysporum
strains, were also sensitive to the CECs tested. However, like V.
dahliae, the CECs impacted the two F. oxysporum strains (CS-
5 and CS-3) differently. The CECs appear to either have no
impact, inhibit growth for one strain (CS-5), or enhance growth
of the other strain (CS-3). By 3 dpi the RI values for all of the

CEC treatments for F. oxysporum CS-5 were below the control,
though, only 6 (APAP-L, TMP-H, TMP-L, SMX-L, GEM-H, and
GEM-L) were significantly different (GLiM: Xé = 105.467, P <
0.001) (Figure 3D). This trend continued into the following day
at 4 dpi in which all treatments still had lower RI values than the
control, though only 4 (APAP-L, TMP-H, GEM-H, and GEM-L)
were significant (GLiM: X% = 82.84, P < 0.001). At this point the
faster growing mycelia were approaching the edges of the agar
plate. This most likely inhibited their growth, allowing slower
growing mycelia to catch up and reduce differences found among
treatments. Growth of F. oxysporum on PDA plates amended
with BCP indicated that the fungal mycelia used up the nutrients
in the media beyond the reach of the mycelia. This was shown
by a color change in the media before the mycelia occupied
it (Figure 1A). Treatment with high concentrations of TMP
appeared to have the most dramatic impact on CS-5. At both time
points TMP-H had the lowest RI value and at 4 dpi its RI value
was significantly lower than all treatments (Figure 2D) (GLiM
X3 = 82.84, P < 0.001) except for APAP-L. Despite growth
inhibiting effects seen for strain CS-5, growth promoting effects
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of CECs were observed on CS-3 (Figure 2C and Figure S4B). For
instance, by 3 dpi the no CEC control had the smallest colony
diameter (Figure S4B). The diameter was significantly smaller
than all but two treatments, SMX-H and GEM-H (GLiM: X% =
66.502, P < 0.01) (Figure S4B). By the next day at 4 dpi growth
approached the edges of the plate and no significant differences
in colony sizes were observed among any of the treatments.
Growth of the plant pathogen P. capsici was inhibited by all
of the CECs used in this study. At 2 dpi all CEC treatments
had smaller diameter than the control, while only two of these
treatments, SMX-L and GEM-H, were not significantly lower
(Figure S4E) (ANOVA: Fg = 7.496, P < 0.001). The RI values
for each treatment were negative and significantly lower than the
control (Figure 2E) (ANOVA: Fg = 20.796, P < 0.001). The RI
values were also much smaller than any of the other organisms
tested, indicating that this strain is particularly sensitive. By 3 dpi
only TMP-L treatment had a significantly smaller diameter than
the control (Figure S4E) (GLiM: xg =35.136, P < 0.001). TMP-L
and GEM-L treatments had significantly lower RI values than the
control at this time point as well (Figure 2E) (GLiM: X% =69.872,
P < 0.001). Again, this is most likely due to declining growth rates
as the colonies approach the edge of the plate allowing the slower
growing organisms time to catch up in size.

Testing the impacts of CECs on the growth of the plant
symbiont, Piriformospora indica, yielded mixed results. In this
case there were CECs that either had no impact, inhibited, or
enhanced the growth of this organism (Figures S3A,B). At 8 dpi,
for example, only one treatment had significantly less growth
than the no CEC control, SMX-L (GLiM: x3 = 52.329, P <
0.001), while the rest of the treatments were not significantly
different from the control. At 10 dpi only the TMP-H treatment
was significantly larger than the no CEC control (GLiM: x3 =
48.169 P < 0.001). Furthermore, the RI values calculated using
colony diameter reinforce these trends (Figure S3B). At 8 dpi
both the low and high concentrations of SMX had negative RI
values that were below the no CEC control, but only the low
concentration was significantly different (GLIM: x2 = 58.997,
P < 0.001). At 10 dpi the TMP-H treatment had a significantly
higher RI value than the no CEC control, while none of the other
treatments are significantly different (GLiM: x§ =. 52.512, P <
0.001). Overall, only two treatments were significantly different
than the control, suggesting that this organism was not very
sensitive to the CECs being tested.

Another plant beneficial organism, B. japonicum, was found to
be insensitive to the CECs tested. This plant growth promoting
rhizobacteria (PGPR) did not exhibit any signs of sensitivity to
the CECs during its growth rate assay carried out in liquid media.
B. japonicum remained in the exponential growth phase from 0
to about 24 h post inoculation (hpi) (Figures S3C-F). During this
time, no significant differences in optical density were detected
among different treatments within a given sampling time point.
Therefore, it appears that B. japonicum is not sensitive to the
CECs at the concentrations tested. To confirm this result an
additional specific plate count assay of cells at 18 hpi was carried
out. There were no significant differences among cell counts
from different treatments (ANOVA: Fg = 1.203; P = 0.36) (data
not shown).

Besides impacting mycelial growth of fungal organisms, CECs
impacted spore germination of V. dahliae 0049 and F. oxysporum
CS-5 (Figure 3A). At 12 hpi, the V. dahliae no CEC control
had significantly greater spore germination than all but two
treatments, APAP-H and SMX-L (GLIM: X% = 95648, P <
0.01; post-hoc pairwise, P < 0.05). TMP-H treatment had the
least number of germinated of spores compared to the other
treatments (GLIM: X% = 95.648, P < 0.001). TMP also impacted
spore germination of F. oxysporum CS-5. Both TMP treatments
had lower spore germination than the control. TMP-L had
the lowest spore germination out of all treatments and was
significantly lower than the control and APAP-L (Figure 3B)
(GLiM: x3 = 19.076, P = 0.014).

Impact of CECS on Plant Growth and

Development

A greenhouse assay was carried out to evaluate the direct impacts
of CECs on plant growth, monitor for changes in Verticillium
wilt disease progression and severity using eggplants and V.
dahliae strain 0049. Overall, the greenhouse assay indicated
that the CECs studied did not have major effects on the
growth and development of plants. Repeated ANOVA analyses
showed that there was a significant interaction between time
and treatments for stem heights. (set I: F»5137,111.721 = 3.901, P
< 0.001; set II: F3343,148577 = 9.704, P < 0.001). As expected
though, inoculation with V. dahliae proved to have drastic effects
on plant growth. Major differences in stem height and other
plant metrics discussed below occurred between inoculated and
uninoculated eggplants. No significant differences in stem height
occurred among plants treated with different CECs, or a different
concentration of the same CEC within the set of inoculated or
uninoculated plants (P > 0.05 for all post hoc comparisons).
However, all of the inoculated plants had significantly lower stem
height than their uninoculated counter parts by week 6 and later
(P’s < 0.05 for all post hoc tests) (Figures 1D, 4A-D).

Not surprisingly, a similar trend is revealed when measuring
the number of leaves retained by the eggplants during the
growing season (Figure 5A). There was a significant interaction
between time and treatment for leaves remaining on plants
(repeated measures Friedman Ranks ANOVA: setl: F3; g56,146.027
= 2.207, P < 0.001; set II: F3g308,170.257 = 8.825, P < 0.001).
Inoculation with V. dahliae led to higher leaf loss than the
uninoculated controls in all treatments (Figures 1D, 5A). From
the 6th week to the end of the experiment all of the inoculated
plants retained significantly less leaves than their uninoculated
counterparts (All Ps < 0.005). Some differences with leaf
retention did occur between treatments and their respective
controls, but only with inoculated plants. These differences
occurred in weeks 4 (inoc APAP-H, inoc TMX-H, inoc SMX-
L, and inoc GEM-L), 5 (inoc APAP-H and inoc SMX-L), 6
(inoc SMX-H), and 8 (inoc APAP-H) (post hoc comparisons
all P’s < 0.05)

Shoot fresh weight followed the same trend as stem height
and leaf loss discussed above except for 2 treatments. Among the
uninoculated plants, both SMX-L and GEM-H had significantly
higher shoot weight than their associated uninoculated no CEC
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FIGURE 4 | Effects of chemicals of emerging concern (CECs) overtime on stem height of inoculated and uninoculated eggplants grown in the greenhouse. Error bars
represent standard deviation. (A) Eggplants treated with acetaminophen (APAP) and a no CEC control. (B) Eggplants treated with trimethoprim (TMP) and the no CEC
control. (C) Eggplants treated with sulfamethoxazole (SMX) and a no CEC control. (D) Eggplants treated with gemfibrozil (GEM) and a no CEC control. The same no
CEC controls were used for (A,B), while (C,D) have the same no CEC controls. For each CEC two concentrations were used high (H) and low (L).

control treatment (GLiM: X% =186.179, P < 0.001). Major
differences among inoculated and uninoculated samples were
observed, with uninoculated samples having significantly higher
shoot fresh weight than their inoculated counterparts (Set I
plants: ANOVA: Fg = 20.281, P < 0.001; Set II plants: GLiM: X%
=186.179, P < 0.001 (Figure 5B).

Impact of CECs on Disease Severity

Inoculation of eggplants with V. dahliae caused Verticillium wilt
disease. Disease severity was calculated based on the disease
scoring and disease severity index according to Liu et al. (2009b)
(Figure 6). There was a significant interaction of disease severity
between treatments and time (repeated measures Friedman
Ranks ANOVA: set I: F29304,130.240 = 1.140, P < 0.001; set II:
F30.609,136.038 = 25.0123, P < 0.001). Disease severity varied with
the type of CEC and the growth phase of the plants. Most
treatments reached their disease index maximum by 5 weeks
and had the fastest increase between week 3 and 5. Some of the
plant treatments still increased in severity after week 5, while
most remained steady. Plants treated with TMP had a higher,

but not significant disease severity index earlier in the season
(between week 2 and 5) compared to the other CECs and the
no CECs control (Figures 6A,B). However, SMX and GEM had
lower disease index than the control between week 2 and 5, but
after that their disease index was above the control although it
was not significant (Figures 6C,D). Both inoculated TMP-H and
inoculated no CECs had steady increases in disease severity after
5 weeks (Figures 6A,B). APAP-L and TMP-L plateaued at low
disease severity between week 5 and 7, but TMP-L plants sharply
increased in severity near the end of the experiment. APAP-L,
however, maintained relatively low levels of disease severity to
the end of the experiment, week 8. Plants treated with TMP
(high or low) increased in disease severity index between week
7 and 8, while the disease index of the control plants reduced in
this time. APAP-L had significantly lower disease severity than
the inoculated TMP-H and the inoculated no CEC treatment
by week 8 (GLiM: x% = 15.536, P = 0.004) (Figure 6A). The
disease severity of the eggplants was used to calculate the disease
index. As expected, the disease index results paralleled the disease
severity results (Figures 6B,D).
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FIGURE 5 | Comparisons of plant health metrics of eggplants grown in the green house among different chemicals of emerging concern (CECs) treatments. (A) Line
graphs of leaves remaining on plants over time for each CEC. (B) Above ground biomass of both sets of eggplants at the end of the experiment. The CECs used were
acetaminophen (APAP), trimethoprim (TMP), sulfamethoxazole (SMX) and gemfibrozil (GEM). For each CEC two concentrations were used high (H) and low (L).
*Samples compared statistically using GLIM with normal distribution and identity link function, pairwise analyses with sequential Bonferroni pairwise correction for
multiple comparisons (P < 0.05). **ANOVA used for statistical analyses, post-hoc Tukey test used for pairwise analyses (P < 0.05).

DISCUSSION

In this study we investigated the impacts of CECs at
concentrations found in reclaimed water on plant microbes
and Verticillium wilt disease severity on eggplants.
Microorganism growth assays done in vitro showed that
the tested microorganisms were differentially affected by
CECs. Even strains of the same fungus responded differently
to the same CEC. In the greenhouse experiments, plant
disease index varied with the stage of plant growth and

the CEC that was applied. APAP and TMP had stronger
impacts on disease development early in the season, while
SMX and GEM appeared to have less impact on disease
development early in the season. APAP and TMP had a stronger
influence of disease development at higher concentrations
than lower concentrations, but the concentrations of
SMX and GEM used did not differently impact in disease
development. Inoculation with the pathogen V. dahliae
had the strongest impact on disease development than any
CEC treatment.
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FIGURE 6 | Comparison of disease severity and disease severity index of greenhouse grown eggplants inoculated with Verticillum dahliae and watered with or without
the addition of chemicals of emerging concern. Calculations to determine the disease severity index (DS) are described in Liu et al. (2009b) and Chiang et al. (2017).
All error bars shown represent standard deviation. (A) Disease severity of inoculated and uninoculated eggplants for acetaminophen (APAP) and trimethoprim (TMP),
treatments. (B) Comparing DSI values for APAP and TMP treatments over time. (C) Disease severity of inoculated and uninoculated eggplants for sulfamethoxazole
(SMX) and gemfibrozil (GEM)treatments over time. (D) Comparing DSI values for SMX and GEM treatments over time.

Impact of CECs on Microorganism Growth

In this study we investigated the impact of CECs on growth
of microorganism in vitro. We used growth rates to calculate
the allelopathic index, which is normally used to evaluate
true allelopathy of chemicals excreted by organisms directly
into the environment (Williamson and Richardson, 1988; Liu
et al., 2009b). By applying this concept to extrinsically derived
chemicals we can compare the impacts of anthropogenic CECs to
naturally formed compounds used by the producing organism to
influence other organisms. Originally the concept of allelopathy
was used to refer to any chemical involved with positive or
negative plant-plant interactions (Patrick, 1986). Over time this
concept has evolved to include chemicals involved between plant-
plant or plant-microbe interactions, but only in the negative, or
inhibitory sense (Patrick, 1986). Lower, negative RI values have
been associated with reduction of disease severity in plants in
some experiments (Liu et al., 2009a; Zhou et al., 2011). Although,
in the study by Liu et al. (2009b) significantly lower RI values
of root exudates did not always associate with reduced disease
severity or incidence. Suggesting that growth can only partially
explain disease progression or infectivity. It is likely that there
are many other factors involved in the interaction between hosts,
CECs, and pathogenicity. Environmental factors such as pH
(Zimmermann and Curtis, 2017) or carbon substrate availability
(Hida et al., 2005) can influence potency of some CECs.
Environmental factors can also influence a microorganism’s

ability to infect a given host (Jarosz and Burdon, 1988). The
interactions of CECs with plants and microbes are multifaceted.
Our microbial growth assays showed that nearly all the
microbes tested were sensitive to the CECs used in this
study. However, the specific effects of the CECs varied,
among the organisms. CECs have been observed to exhibit
growth promoting effects on microbes (Carvalho et al., 2010;
Zimmermann and Curtis, 2017), while growth inhibition by
these chemicals typically occurs at higher concentrations (Koch
and Burchall, 1971; Kabbash et al., 2004; Argyropoulou et al.,
2009; Al-Janabi, 2010). For these reasons we predicted that the
microorganisms would not be affected the presence of CECs.
We observed increased growth in the presence of CECs with
two fungi, V. dahliae 0048 and F. oxysporum CS-3. Both of
these strains exhibited significantly more growth and higher RI
values compared to their controls, suggesting that these CECs
have growth promoting effects on these particular organisms.
In contrast, other strains of the same fungi V. dahliae 0049
and F. oxysporum CS-5 had nearly an exact opposite trend
in which the CECs either had no effect or were inhibitory to
mycelial growth, suggesting that our hypothesis was partially
correct. Their RI values correspond well to values found for
root exudate of resistant tomato plant roots (—0.155 to —0.020)
(Liu et al., 2009b). Having similar RI values to root exudates
that exhibit antimicrobial effects also suggests that the in situ
levels of CECs are at biologically relevant concentrations. Our
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results concurred with another study that showed that closely
related fungi can respond differently to some CECs, in particular,
sulfamethoxazole (Hida et al., 2005).

Not all the microorganisms evaluated were equally sensitive to
all the CECs. P. indica was only affected by two CEC treatments
in opposing ways at two separate time points, while the growth of
the bacterium B. japonicum was not affected by any CEC. These
CECs usually exhibit antimicrobial effects at equal or greater
concentrations of those found in human blood plasma levels
corresponding to therapeutic doses. Typical therapeutic plasma
levels of these CECs fall within the ranges of 10,000-20,000
pg/L; 3,000-8,000 pg/L; 80,000-100,000 pg/L, and 19,000-
45,000 pg/L for APAP, TMP, SMX, and GEM, respectively
(Nolte and Buettner, 1974; Reeves and Wilkinson, 1979; Spence
et al, 1995; Kyrklund et al, 2003; Niemi et al., 2003; Stuart
et al., 2004; Clajus et al., 2013; Zimmermann and Curtis, 2017),
which are about 10,000-100,000 times more than those used
in our study (Table 1). However, these studies were conducted
on human pathogens and not soilborne organisms. CECs have
been shown to disrupt the functions of soilborne nitrogen cycling
bacteria when tested at concentrations higher than therapeutic
concentrations (Colloff et al., 2008) and at levels found in
wastewater treatment plant effluent (Wang and Gunsch, 2011).

Taken together our results and those of others indicate that
many more plant or soil associated organisms may be sensitive
to CECs at the concentrations found in reclaimed water. Thus,
additional studies on the impacts of CECs on free living and plant
associated microorganisms are necessary to fully understand
the impacts of these chemicals on disease severity especially in
fields where reclaimed water has been used to irrigate plants
for years. We observed that fungal strains were sensitive to
CECs concentrations well below typical therapeutic doses. Our
microbial growth rate assays demonstrated that these particular
CECs are capable of impacting microbial growth at in situ
concentrations and suggesting the potential to disrupt plant-
pathogen dynamics.

Spore Germination of Microorganisms

The spore germination assays demonstrated that the CECs used
in this study can affect fungal spore germination in addition to
mycelial growth discussed above. In spore germination assays we
used sucrose solutions to decrease the osmotic potential of the
solution to optimal spore germination conditions as described
for V. dahliae in Toannou et al. (1977). We used the same
sucrose solutions for the F. oxysporum CS-5 assay to optimize
spore germination as well. When we used sterile water, the
germination rate was only 5%. This is similar to results obtained
by Steinkellner et al. (2005), who also obtained 5% germination
rate of F. oxysporum in sterile water. The control (sucrose only
solution) for our V. dahliae spore germination assay reached over
80%, which is comparable to the amount of spore germination
in a previous study that uses similar methods (Ioannou et al.,
1977). All of the CEC treatments had lower spore germination
than the control, although two (APAP-H and SMX-L) were not
significantly lower. TMP-H treatment had the greatest impact
on V. dahliae 0049 spore germination and had significantly less
germination than all treatments. This combined with the results

of the mycelium growth assay, discussed above, suggest that this
particular strain of V. dahliae is sensitive to TMP. Although
spore germination did not get as high in the F. oxysporum CS-5
assay, the sucrose solution was successful with increasing spore
germination rates. The average spore germination for the F.
oxysporum assay reached above 40% for the controls, which is
higher than the about 5% germination amounts generated in the
water only (Steinkellner et al., 2005). Over all, spore germination
of F. oxysporum CS-5 exhibited less sensitivity to the CECs, but
TMP had an effect of decreasing spore germination. The effects
of TMP in reducing spore germination and mycelial growth did
not translate to reduced disease severity as discussed below. The
combined results of our spore germination assay suggest that
soilborne microbes may be altered by CECs found in reclaimed
water, which may impact plant-microbe interactions and plant
disease severity.

Impact of CECS on Plant Growth and
Severity of Verticillium Wilt of Eggplants

Eggplants were grown in a greenhouse at the University of
California, Riverside to evaluate the impacts of CECs on host-
pathogen dynamics. Plants were watered with the range of
concentrations of the respective CECs to simulate agriculture
conditions in which plants are being irrigated with reclaimed
water (Table 1) (Kinney et al, 2006; Vanderford and Snyder,
2006; Batt et al., 2007; Fram and Belitz, 2011). We predicted
that disease severity would increase because the CECs would
most likely enhance V. dahliae growth (Carvalho et al,
2010). Antibacterial compounds can displace microbes that are
antagonistic toward plant pathogens, allowing them to increase
in numbers and therefore have a higher chance to establish
an infection (Mulligan et al, 1982; De Vries-Hospers et al.,
1991; Azevedo et al., 2015). Previous studies have shown that
certain pharmaceutical products can have detrimental impacts
on plants (Liu et al., 2009a; Madikizela et al., 2018). The impacts
of CECs on disease severity or disease severity index varied
with the CEC: TMP-H had a higher severity index earlier in
the season (week 2-4), while SMX at both concentrations had
a greater impact later in the season (week 5-9). APAP-L and
TMP-L had the least effects on disease index between week 5
and 7. However, these differences were not statistically significant
from the associated controls. Our result indicated that APAP-
L and TMP-L were beneficial to the eggplant in some capacity.
However, the exact interaction or mechanism is not known and
requires additional study.

Besides examining disease severity, plant growth metrics of
stem height, leaf loss, and shoot fresh weight were used to assess
if the CECs directly impacted plant growth, or if there were any
interactions between plant growth, disease severity and CECs.
As expected, both stem height and final shoot fresh weight were
significantly lower in the V. dahliae inoculated plants than in
the uninoculated ones. Inoculated plants also lost significantly
more leaves. Uninoculated plants did not have any indications
of Verticillium wilt. By the end of the experiment, there were
no significant differences found for stem heights or percentage of
leaf loss between the different CEC treatments for inoculated or
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uninoculated plants. Plant growth was not impacted in any visible
way by the concentrations of the CECs we used. This fits well with
other studies that indicate that larger, more complex organisms,
such as developed plants, will not be impacted directly by CECs
at low concentrations (Wu et al., 2013). Although, other studies
indicate that plants take up these compounds and that these CECs
can be found in tissues of plants that have been irrigated with
water containing these CECs (Dodgen et al., 2013; Wuetal., 2013,
2015). Most of these studies have only been conducted within a
single growing season. However, these chemicals can accumulate
into tissues over time (Wu et al., 2010) thus longer studies are
needed given that these compounds are impacting microbial and
insect life at low concentrations (Pennington et al., 2018). Other
studies have also found direct impacts to plants by anthropogenic
compounds. The studies by D’Abrosca et al. (2008) and Pino
et al. (2016) observed growth inhibition of plants when they
were exposed to low levels of anthropogenic chemicals, including
gemfibrozil. Inhibition of seed germination by CECs was also
observed in the study D’Abrosca et al. (2008). Together these
studies suggest that seeds and seedlings are more vulnerable to
CECs, and the chemicals may have direct impacts on developed
plants once they reach higher concentrations. In our study the
plants used were at the 4th leaf stage and therefore had time to
develop beyond the seedling stage before being exposed to CECs,
which partially explains why there was not a great impact to
their stem growth, or leaf production. In addition, some studies
found that not all plants are impacted equally by a given CEC
(D’Abrosca et al., 2008), and some plant tissues such as roots,
maybe more sensitive to CECs than other parts of the plant (Pino
etal., 2016).

By the end of the experiment we observe that two
treatments had effects on shoot fresh weight. The uninoculated
SMX-L treatment had significantly greater biomass than the
associated uninoculated control. This result suggests that at
low concentrations SMX may be beneficial for plant growth.
Perhaps the plants are able to utilize the sulfur component of
sulfamethoxazole. We also saw significant shoot fresh weight
in plants treated with GEM-L than the associated uninocualted
no CEC control. Other studies conducted on plants at the
seed stage have indicated that even low concentrations of GEM
can have deleterious impacts on growth (D’Abrosca et al,
2008; Pino et al., 2016). However, these studies were conducted
on seeds. Developed plants appear to be more resistant to
chemical interference. The study Wu et al. (2013) found no
phytotoxic effects of the CECs they tested on mature plants at
low concentrations. It has been observed that small amounts
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