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Highlights

¢ A simple plant-based monitoring of endocrine-disrupting chemicals was developed.
o Transgenic Arabidopsis plants were produced using medaka estrogen receptor.

¢ Transgenic plants detected 0.1 ng/mL 4-t-octylphenol and 1 pg/mL 17p-estradiol.

e Imidacloprid, fipronil, and perfluorooctanesulfonic acid were detected by the plants.

o This system does not require extraction and concentration steps for detection.
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Abstract

Endocrine-disrupting chemicals (EDCs) are widespread contaminants that severely affect the endo-
crine systems of living organisms. In addition to the conventional instrument-based approaches for
quantifying organic pollutants, a monitoring method using transgenic plants has also been proposed.
Plants carrying a recombinant receptor gene combined with a reporter gene represent a system for the
easy detection of ligands that specifically bind to the receptor molecule. Here, the EDC detection sen-
sitivity of transgenic Arabidopsis plants expressing the medaka (Oryzias latipes) estrogen receptor
(mER) and green fluorescent protein (GFP) genes, was assessed. Four transgenic Arabidopsis lines,
obtained by transformation with expression plasmids constructed using combinations of two types of
the ligand-binding domains of mER, the DNA-binding domain of LexA and the transactivation do-
main of VP16 in the chimeric receptors, showed significant induction of GFP when germinated on a
medium contaminated with 1 ng/mL 4-t-octylphenol (OP). The most sensitive XmEV19-2 plants de-
tected 0.1 ng/mL OP and 1 pg/mL 17B-estradiol. GFP expression was suppressed by the insecticides
imidacloprid and fipronil, whereas perfluorooctanesulfonic acid induced it at 0.1 ng/mL. Experiments
with river water-based medium showed that XmEV19-2 can be used for monitoring polluted waters,
detecting OP at concentrations as low as 5 ng/mL. Notably, XmEV19-2 showed a significant decrease
in root length when grown on 0.1 ng/mL OP. mER transgenic plants can be a promising tool for sim-
ple monitoring of EDCs, without the need for extraction and concentration steps in sample prepara-

tion.

Keywords
Biomonitoring, endocrine disruptors, environmental contamination, estrogen receptor, 4--Octylphe-

nol, transgenic plants
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1. Introduction

Environmental pollution is a major concern worldwide; hence, its prevention, remediation, and moni-
toring are important. Organic pollutants are widespread contaminants in soil, water, and air. They
cause significant health impacts on humans and wildlife. Endocrine-disrupting chemicals (EDCs) are
hormone-mimicking compounds that resemble the structure of natural hormones such as estrogen, tes-
tosterone, thyroid hormone, and others. EDCs alter the functions of the endocrine system and affect
the health of living organisms and their progeny. EDCs include phenolic compounds, such as bi-
sphenol A, 4-t-octylphenol (OP), nonylphenol (NP), and their ethoxylates (Laws et al., 2000); pesti-
cides, such as 2,4-dichlorophenoxyacetic acid, aldrin, acetochlor, chlordane, endosulfan, fipronil, and
imidacloprid (Mnif et al., 2011); polychlorinated biphenyls and polychlorinated dibenzo-p-dioxins
(Wang et al., 2004); per- and polyfluoroalkyl substances (PFASs) (Blake and Fenton, 2020). Various
personal care products and pharmaceuticals also harbor endocrine-disrupting activities (Witorsch and
Thomas, 2010). EDCs are released into the environment as a result of agricultural and industrial activ-
ities, incomplete combustion of fossil fuels, and daily activities, leading to contamination of soil,
groundwater, and river water, including drinking water.

EDCs can seriously impair the health of humans and wildlife. Consequences in humans include repro-
ductive problems and infertility, transgenerational effects, insulin and other metabolite disorders, neu-
rodevelopmental toxicity, and different types of cancers (see reviews by Mnif et al., 2011; Li et al.,
2017). EDCs can also influence plant homeostasis and induce stress responses that include changes in
gene expression (Chen and Yen, 2013), metabolic effects caused by disorders in the synthesis of en-
dogenous plant hormones, and decrease in biomass production (Chen and Yen, 2013; de Bruin et al.,
2019; Kim et al., 2019).

OP ethoxylates and their degraded products are organic contaminants that, owing to their varied appli-
cations, can pollute diverse aquatic environments. OP is used industrially for the production of phe-
nolic resins, and its ethoxylates are used for the manufacture of textiles, paints, pesticides, and other
products. OP commonly enters the environment through wastewater. Insecticides, such as fipronil and
imidacloprid, may have harmful endocrine-disrupting effects on different classes of animals and hu-

mans (Baines et al., 2017; Kim et al., 2019). PFASs are industrially produced chemicals that are still



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

not completely banned. Perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid have been
studied most intensively because of their pronounced environmental persistence and harmful effects
on humans and wildlife (Li et al., 2017). One of the exposure routes for PFAS is the consumption of
contaminated crop plants that accumulate these compounds in their edible parts (Ghisi et al., 2019).
Therefore, rigorous monitoring of environmental contamination and development of various methods
for the detection of pollutants are important.

In addition to well-developed instrumental methods for the measurement of soil and water pollution
with organic pollutants, other procedures utilize living organisms, such as microorganisms (Garcia-
Reyero et al., 2001), mammalian cells (Wagner and Oehlmann, 2011), and whole multicellular organ-
isms (Kodama et al., 2009; Lee et al., 2012). These alternatives offer a holistic way of assessing the
influence of a mixture of toxic compounds to reveal their combined toxic effect (Eichbaum et al.,
2014). In this regard, bioassays could provide additional information on pollutants. However, in the
case of in vivo assessments, whole plants or animals, if sufficiently sensitive, are extremely appropri-
ate for direct monitoring of soil and water pollution.

To our knowledge, only a few reports on the successful development of organic pollutant monitoring
plants have been published (Tojo et al., 2006; Inui et al., 2009; Kodama et al., 2009). Plants as moni-
tors of organic pollution have been developed using a combination of a recombinant receptor gene
and an inducible reporter gene, for easy detection (Kodama et al., 2007; Inui et al., 2009). Such ex-
pression systems allow fast and accurate quantification of low concentrations of pollutants in vitro.
Our group is intensively and gradually working on development and improvement of monitoring plant
lines expressing receptor genes for different types of ligand molecules: transgenic Arabidopsis lines
carrying the recombinant human estrogen receptor (hER) and green fluorescent protein (GFP) re-
porter genes could reportedly detect as little as 1 pg/mL 17B-estradiol and 100 ng/mL bisphenol A,
NP, or OP (Inui et al., 2009). Transgenic tobacco plants harboring the recombinant mouse aryl hydro-
carbon receptor (AhR) gene, combined with the f-glucuronidase (GUS) reporter gene, were able to
detect 5 nM 3-methylcholanthrene (Kodama et al., 2009). The sensitivity of these plants was further
improved by introduction of each three major latex-like proteins cloned from zucchini plants (Stoy-

kova and Inui, 2021). Transgenic Arabidopsis plants with a guinea pig AhR could detect 1 ng/mL
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dieldrin and 100 ng/g 3,3',4,4',5-pentachlorobiphenyl in soil (Gion et al., 2012). The concept of trans-
genic plant-based monitoring systems is improving its potential and allows the evaluation of soil
and/or water pollution in a rapid, simplified, and cost-efficient way by eliminating the need for time-
and labor-consuming procedures such as extraction, purification, and concentration of pollutants from
environmental samples with complex matrices for instrumental analyses.

Here, we report the selection of sensitive transgenic Arabidopsis plants transformed with both medaka
ER (mER) and inducible expression system of the GFP gene, and assessment of the monitoring sensi-
tivity of transgenic Arabidopsis plants for different EDCs. mER has different sensitivity toward EDCs
compared with mammalian receptors and relatively high sensitivity among fish ERs (Miyagawa et al.

2014).

2. Materials and Methods

2.1. Construction of expression plasmids containing the mER gene

2.1.1. Cloning of ligand binding domain gene in medaka ERo.

Mature female medaka were kept in tap water containing 1 pg/mL 17B-estradiol and 0.1% dimethyl
sulfoxide (DMSO) as a solvent for 173-estradiol, for 1 d to induce transcription of ERs. Treated
medaka were frozen in liquid nitrogen and total RNA was extracted using Sepasol-RNA I (Nacalai
Tesque, Inc., Kyoto, Japan). After DNase I treatment, total RNA was used to synthesize cDNA using
a ThermoScript RT-PCR system (Thermo Fisher Scientific Inc., Waltham, MA, USA). The primers
XVmE-5's, XVmE-3's, XmEV-5'NLSx, and XmEV-3'x for cloning two lengths of the mER ligand-
binding domain were designated based on the cDNA sequence of the mER gene (Accession number,
D28954), with restriction sites at the 5’ and 3' ends (Supplementary Table 1). XmEV-5'NLSx con-
tains a nuclear localization signal (NLS) sequence from the SV40 T-antigen (Ylikomi et al., 1992).
The regions of mER for XVmE and XmEV consisted of amino acids 282-620 and 301-582, respec-
tively. The annealing temperatures for amplification were 67°C and 70°C, respectively. The two

lengths of mER genes were cloned into the pT7Blue T-Vector (Merck KGaA, Darmstadt, Germany).
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Sequences of the mER genes in the resultant plasmids pxmEx and psmEs were confirmed by DNA

sequencing.

2.1.2. Construction of recombinant transcription factors XmEV and XVmE

The pxVa plasmid, containing a transactivating domain of Herpes simplex VP16 (V), and pxmEx
were digested with Xho 1. The mE fragment was ligated to generate pxmEVa containing the mEV
fragment. The plasmid was digested with Xko I and Asc 1, and the fragment was ligated into Sa/ I- and
Asc 1-digested ppXsa containing a DNA-binding domain of Escherichia coli LexA (X). The resulting
plasmid, ppXmEVa, contained the gene encoding the recombinant transcription factor XmEV. In con-
trast, plasmid ppXVsa containing the gene for XV was digested with Sa/ 1, and the fragment of mER
from Sal I-digested psmEs was inserted into ppXVsa to generate ppXVmEa containing the gene for
XVmE. The fragments of Pac I- and Asc I-digested ppXmEVa and ppXVmEa were ligated into the
plant expression vectors pER8PAS and pX6PAS containing Pac I and Asc [ sites instead of the gene
encoding the recombinant transcription factor containing a human ER derived from pERS-GFP (Ac-
cession number, AF309825.2) and pX6-GFP (Accession number, AF330636.1), respectively (Zuo et
al., 2000; Zuo et al., 2001). Finally, pER8-XmEV, pER8-XVmE, pX6-XmEV, and pX6-XVmE were
constructed (Supplementary Fig. 1). The genes for XmEV and XVmE were expressed under the con-
trol of a constitutive promoter, while GFP was regulated by an inducible promoter containing the

LexA DNA-binding domain.

2.2. Production of transgenic Arabidopsis plants expressing the recombinant transcription factor
gene containing mER genes

Each expression plasmid was transferred into Rhizobium radiobacter using electroporation. A. thali-
ana ecotype Columbia was infected with Rhizobium using vacuum infiltration (Inplanta Innovations
Inc., Kanagawa, Japan) (Bechtold and Pelletier, 1998). Seeds from transformed Arabidopsis plants
were selected on MS agar medium containing 40 pg/mL hygromycin for pER8-based plasmids and 50
ug/mL kanamycin for pX6-based plasmids. The fitness of the segregation ratio of antibiotic-resistant

versus -sensitive T, plants to theoretical segregation ratio 3:1 was determined using a Chi-square test.
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Seeds were harvested from the lines suspected to be homozygous. T, plants were grown on MS me-

dium with appropriate antibiotics to confirm the homozygosity of the lines.

2.3. Inducible expression of GFP gene in transgenic Arabidopsis plants

2.3.1. Treatments

The sterilized seeds of the homozygous T4 progeny were germinated on a solid MSB5 medium pre-
pared from MS macro- and microelements (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and
Gamborg B5 vitamin mixture from individual ingredients, containing different concentrations of OP,
17B-estradiol, imidacloprid, or fipronil dissolved in DMSO, for 2 weeks. As a control, the same Ara-
bidopsis plants were germinated on MSB5 medium containing only DMSO at the same concentration
as in the treatment media (0.1, 0.02, or 0.001% depending on the experiments). PFOS was dissolved
in water, and MSB5 medium was used as the control. For the experiments with river water, transgenic
Arabidopsis seeds were sterilized and germinated on solid MSB5 medium. After 1 week of growth,
the seedlings were transferred to a 5 cm petri dish containing liquid syringe-sterilized half-strength
MS medium prepared with river water and spiked with OP. After an additional 1 week of incubation,

the above-ground parts of the plants were collected for analysis.

2.3.2. Quantification of gene expression in transgenic Arabidopsis plants

Total RNA was isolated from the green part (six plants per sample) of 2-week-old Arabidopsis plants
using the Plant Total RNA Extraction Miniprep System (Viogene-Biotek Corp., New Taipei City,
Taiwan). One microgram RNA was used to synthesize cDNA using the ReverTra Ace qPCR RT Mas-
ter Mix (Toyobo Co., Ltd., Osaka, Japan) according to the manufacturer’s instructions. Quantitative
reverse transcription-PCR (RT-PCR) (Light Cycler 480 II, Roche Applied Science, Indianapolis, IN,
USA) of mER and GFP was carried out using a Thunderbird SYBR qPCR Mix (Toyobo) with the pri-
mers listed in Supplementary Table 1. PCR was conducted under the following conditions: 95 °C for
1 min, 40 cycles of 95 °C for 15 s and 60 °C for 30 s, and 95 °C for 5 s and 65 °C for 1 min. The -

tubulin gene was amplified as an internal standard under the same conditions. After confirmation of
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specific amplification of the genes with melting curves, the relative expression levels were calculated

using the AACt method.

2.4. Measurement of root length in the transgenic Arabidopsis plants treated with OP

The transgenic Arabidopsis line XmEV19-2 and wild-type Arabidopsis plants were germinated and
incubated on MSB5 medium containing different concentrations of OP, for 2 weeks at 25 °C, photo-
period of 16 h fluorescent light/ 8 h dark. The plants were removed from the medium and the root

lengths of 10-15 individual plants from each treatment group were measured.

2.5. Statistical analysis
Statistical analysis for determination of significance was performed using the Microsoft Excel #-test.

Grubb’s test was performed to identify outliers from normal distribution.

3. Results and discussion

3.1 Background

Small fish, such as zebrafish and medaka, have proven to be appropriate to detect contamination with
EDCs and to identify chemicals with endocrine-disrupting activities (Scholz and Mayer, 2008). Our
previous studies, using transgenic plants expressing mammalian receptors for estrogens and dioxins,
clearly showed that plants can serve as a monitoring tool for the detection of contaminants in soil and
water environments (Kodama et al., 2007; Inui et al., 2009). However, to our knowledge, there are no
reports on the functional expression of fish ER genes in plants and the development of environmental
monitoring systems, particularly using mER, which possesses relatively high sensitivity toward
EDCs, such as alkylphenols, among fish ERs (Miyagawa et al., 2014). It was assumed that mER
could be successfully utilized for development of monitoring systems in planta. Also, it was hypothe-
sized that the relative binding affinity of recombinant mER and hER expressed in Arabidopsis toward
different EDCs would vary based on the data published by the Ministry of the Environment of Japan

regarding values of the relative binding activity. Human 50, 2.1 X 107 as 2 times
2001) regarding values of the relative binding activity. H ER (ICso, 2.1 x 10 M) has 2 ti
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higher affinity to 17p-estradiol than mER (ICso, 4.8 x 10 M), and OP has 200 times higher binding
affinity toward mER (ICso, 3.2 x 10 M) compared to hER (ICsp, 6.6 x 10 M) (MEJ, 2001). There-
fore, we attempted to establish a monitoring system using mERs as it was expected that plants ex-

pressing mER would demonstrate increased sensitivity toward OP compared to #ZER-expressing Ara-

bidopsis lines (Inui et al., 2009).

3.2. Quantification of mER expression in transgenic Arabidopsis plants

The monitoring sensitivity of the transgenic plants toward EDCs is hypothesized to be directly corre-
lated with the expression of mER in plants, accounting for its role in activation of the reporter system.
High amounts of mER molecules contribute to high induction of the GFP gene by loading the mER-
EDC complex on the promoter sequence. The relative expression of mER in the homozygous trans-
genic Arabidopsis plants obtained by the introduction of one of the four different constructs,
pERSXmEV, pEREXVmE, pX6XmEV, and pX6XVmE (Supplementary Fig. 1), was evaluated. We
employed two different types of inducible expression vectors, pER8 and pX6, conferring transient and
constitutive expression of the reporter gene after treatment with EDCs, respectively (Zuo et al., 2000;
Zuo et al., 2001; Inui et al., 2009). The reporter gene in pER8-based transgenic plants was expressed
in the presence of EDCs. In contrast, the reporter gene in pX6-based transgenic plants was constitu-
tively expressed through excision of a part of the /ox site in the vector sequence by Cre recombinase
after treatment with EDCs. In the pERS and pX6 vector groups of transgenic plants, expression of the
recombinant XmEV and XVmE genes was shown in lines XmEV30-5 and XVmES5-4, and XmEV19-2
and XVmE15-2, respectively (Fig. 1A). Lines XVmES5-4 and XVmE15-2 showed higher expression

levels than the others. In contrast, non-transgenic Arabidopsis plants did not exhibit mER expression.

3.3. Inducible expression of GFP in transgenic Arabidopsis upon treatment with OP

A significant fold induction of GFP expression was observed in all of the tested transgenic plants af-
ter treatment with 1 ng/mL OP (Fig. 1B). As the lowest concentration of OP detected by the Ara-
bidopsis plants expressing recombinant ZER genes was 100 ng/mL OP, it was found that the use of

mER resulted in a 100-times higher sensitivity toward OP (Inui et al., 2009). It was also reported that

10
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pX6-based transgenic plants showed higher sensitivity toward OP than pER8-based transgenic plants.
A similar tendency was observed in this study.

Although the plants showed varying expression levels of the recombinant XmEV and XVmE genes, the
GFP expression levels were not significantly different among the lines. It was suggested that high
amounts of recombinant XmEV and XVmE did not always contribute to high induction of the re-
porter gene, indicating that the expression levels of both XmEV and XVmE were sufficient to induce
the expression of reporter gene. The high expression probably resulted from a high background de-
rived from endogenous ligand binding to the mERs.

The order of the ligand-binding domain of ER, the DNA-binding domain of LexA, and the transacti-
vation domain of VP16 in the chimeric receptor also influenced the level of induction of the reporter
gene. In one study, LexA-AhR-VP16 showed higher induction levels of a reporter gene in recombi-
nant yeast than LexA-VP16-AhR (Kodama et al., 2009). The authors suggested that the spatial ar-
rangement of each domain in the recombinant receptor is important for its function as a sensitive re-
ceptor. Transgenic Arabidopsis plants with recombinant XEV showed higher sensitivity toward 17f3-
estradiol and OP (Inui et al., 2009). However, this study did not show a clear high induction in XmEV
plants as compared to that with XVmE. The XmEV19-2 line was used for further experiments, as it
showed the highest fold induction of GFP in the presence of OP.

Organic compounds, including those with endocrine-disrupting activities, are absorbed by the root
cells and translocated to the aerial part of the plant. In the case of transgenic Arabidopsis plants, OP
that accumulated in the aboveground parts bound to the ER. The resulting ER-OP complex binds to
the inducible promoter to induce the GFP reporter system. Therefore, the level of induction of GFP
would be positively correlated with the concentration of compounds with agonistic effects on the ER
in the medium. Physicochemical properties of EDCs, such as hydrophobicity, are responsible for their
uptake pattern, since highly hydrophobic compounds mainly accumulate in plant roots and are re-

sistant to transport to the upper parts of plants (Collins et al., 2006).

3.4. Inducible expression of GFP in transgenic Arabidopsis plants treated with different concentra-

tions of 17p-estradiol and OP

11
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The selected Arabidopsis XmEV19-2 response to OP was further assessed for induction, on a medium
with lower concentrations of 17B-estradiol (0.001-1 ng/mL) or OP (0.1-100 ng/mL). Significant and
dose-dependent induction of GFP expression was evident for all the applied concentrations of both
17B-estradiol and OP (Fig. 2). The limit of detection of XmEV19-2 for OP and 17(3-estradiol was 0.1
ng/mL and 1 pg/mL, respectively. These data indicated the comparable sensitivity of XmEV19-2
plants toward 17-estradiol, as Arabidopsis plants express hER against 17B-estradiol (Inui et al.,
2009). Surprisingly, the OP detection sensitivity of XmEV19-2 was 1,000 times higher than plants
expressing ZER. Compounds with endocrine-disrupting activities are common contaminants of fresh-
water basins, such as lakes, ponds, and rivers, since some EDCs are discharged to water environments
by daily human activities. The concentrations of some EDCs in water sources, such as OP (Olaniyan
et al., 2020), bisphenol A and NP (Careghini et al., 2015), can reach ng/mL levels, and such as benzo-
phenones (Careghini et al., 2015) and 17p-estradiol (Hashimoto et al., 2005), can reach pg/mL levels.
Therefore, the development of conceptual methods capable of detecting very low amounts is im-
portant to monitor EDCs. XmEV19-2 appeared to be potentially appropriate for the detection of al-

kylphenol compounds in highly polluted sites.

3.5. Inducible expression of GFP in transgenic Arabidopsis plants treated with pesticides and PFOS
with EDC activity

Environmental pollution with pesticides is problematic because of their widespread use to improve
crop yields. Although some pesticides were banned years ago, active compounds and their metabo-
lites are very stable and remain detectable in soil, groundwater, and drinking water sources. Substan-
tial monitoring of contamination is necessary because these contaminants can be transferred through
food chains to humans and wildlife. The harmful EDC potential of the main compounds and the me-
tabolites of the insecticides imidacloprid (Baines et al., 2017) and fipronil (Lu et al., 2015) has been
demonstrated in various animal species. Imidacloprid is a widely applied neonicotinoid insecticide

that is highly and selectively toxic to insects. Imidacloprid can affect non-target organisms (Malev et

12
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al., 2012) and can stably accumulate in the human body (Zhang et al., 2019). Fipronil is a phenylpyra-
zole insecticide. Its increased use has led to its detection in urban runoff as a contaminant that can
have harmful effects on non-target aquatic or insect organisms (Gunasekara et al., 2007).

Pesticides can be absorbed from the roots and accumulate in the aboveground tissues of plants. Sensi-
tivity of XmEV19-2 plants to imidacloprid and fipronil was evident by the significant decrease and
dose-dependency of GFP expression (Fig. 3A). Imidacloprid has the potential to induce reporter gene
expression by binding to human ER (Zhang et al., 2020). In contrast, fipronil showed an antagonistic
effect on hamster ER, evident by the decrease in reporter activity during 17-estradiol treatment (Lu
et al., 2015). The binding activities of mER toward these pesticides were different from those reported
for ERs. Imidacloprid is metabolized in plants (Li et al., 2019), which might result in changes in the
affinity of the newly derived molecule to mER in the transgenic Arabidopsis plants. Several factors
related to the binding of ER to these pesticides and their metabolites lead to the suppression of GFP
expression.

Numerous studies have reported on the EDC potential of PFASs (Li et al., 2017; Li et al., 2017) and
their ability to bind to the ER (Qiu et al., 2020). Lower concentrations of PFOS stimulated GFP ex-
pression; however, a decrease in induction was detected at increasing concentrations (Fig. 3B). These
findings suggest that the uptake amount of PFOS can be decreased and/or plants can be stressed due

to the amphipathic property of PFOS as a detergent.

3.6. Monitoring of OP in liquid medium using transgenic Arabidopsis plants

To assess the monitoring capacity of XmEV19-2 toward OP under practical conditions, half-strength
MSBS liquid medium was prepared with river water and spiked with OP in concentrations ranging
from 5-100 ng/mL. A significant dose-dependent increase in the fold induction of GFP expression
was observed, revealing the potential of XmEV19-2 to detect 5 ng/mL OP in contaminated water
samples (Fig. 4). OP pollution of some freshwater sites was reported to reach 0.18 ng/mL in the To-
kyo area (Isobe et al., 2001). In other locations, OP concentrations of 0.5 ng/mL (Cheng et al., 2018)
or >15 ng/mL (Olaniyan et al., 2020) have been reported. These findings indicate the applicability of

XmEV19-2 plants for monitoring of highly polluted sites.
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In vivo biomonitoring of environmental contamination with EDCs has been performed mainly using
animal species by assaying reproduction-related parameters. In one study, transgenic medaka embryos
with a GFP reporter system were used to detect EDC-polluted river water. The detection sensitivity
for low concentrations of contaminants was evident (Lee et al., 2012). We proposed the possible utili-
zation of transgenic plants as a monitoring system for some pollutants with endocrine-disrupting ac-

tivities. Utilizing plants as a monitoring tool can reduce the cost of monitoring.

3.7. Changes in root length of transgenic Arabidopsis plants due to OP treatment

Average root length of the XmEV19-2 plants incubated with increasing concentrations of OP signifi-
cantly decreased at 1 ng/mL and higher OP concentrations (Fig. 5SA). However, no such change was
observed in non-transgenic Arabidopsis plants (Fig. 5B). The molecular mechanisms of root growth
inhibition might result from the suppressive effects of the mER-OP complex on genes involved in the
regulation of root physiology and development. The non-transgenic plants did not show inhibited root
growth, suggesting that OP itself does not regulate genes related to root growth. Although not as pop-
ular as toxicological studies on animals, plant-based investigations on evaluation of the phytotoxic
effects of some EDCs have been performed. Shoot and root development are initiated during the seed
germination phase and are characterized by higher root sensitivity toward contaminants than shoots.
Germination of rice plants on fipronil-containing medium was reported to lead to the enhancement of
radicle growth by 31% (Moore and Kroger, 2010). Another study described a significant decrease in
the root dry weight and length in Arabidopsis when treated with OP at higher concentrations (1-50
pg/mL) for 10 days (Chen et al., 2013). Our experiment with non-transgenic plants showed that 100
ng/mL OP was not sufficient to influence root growth (Fig. 5B). Notably, based on our observations
during the treatment experiments, we suggest that the transgenic Arabidopsis plants expressing mER
responded to treatment with OP owing to the expression of GFP. Furthermore, a difference in root
length between transgenic and non-transgenic Arabidopsis plants was also detected. Phenotypic re-
sponses of XmEV19-2 plants toward OP appear to be a feasible marker for the detection of contami-

nation with OP and possibly various EDCs.
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3.8. Effects of EDCs on plant physiology and phenotype

Similar to that of humans and animals, plant physiology is also influenced by EDCs (Chen et al.,
2013; de Bruin et al., 2019; Kim et al., 2019). EDCs vary widely in their chemical structures and
properties. These compounds affect the functions of tissues and organs of different plant species in a
specific manner by disrupting microtubules during mitotic division (Adamakis et al., 2016), thereby
altering the ultrastructure of organelles (de Bruin et al., 2019) and resulting in decreased shoot and/or
root length (Chen and Yen, 2013; Chen et al., 2013; Adamakis et al., 2016). Some studies have pur-
sued the phytotoxic effects of EDCs in more depth by assessing the mechanisms of their action. As-
sessment of the influence of NP on plant physiology revealed that low concentrations of NP affect the
mitochondrial activity and DNA content in Polystichum setiferum in response to acute and sub-
chronic toxic effects, whereas higher concentrations do not affect these parameters, suggesting a hor-
metic response to low doses of the pollutant (Esteban et al., 2016). Similarly, a strong effect of the
lower doses of OP (0.1 ug/mL) on some plant growth parameters (e.g., shoot and root fresh weight,
chlorophyll content), compared to higher OP concentrations (>1 ug/mL), was also observed in Ara-
bidopsis (Chen et al., 2013), implying that the overall estimation of the specific effect of the xenobi-
otic ligand on the treated plant, as well as the susceptibility of plant species toward the EDC itself and
the plant response at low and high doses, are of significant importance in order to accurately interpret

the changes observed in plants as a result of EDC uptake.

4. Conclusion

Environmental contamination of fresh waters with compounds exhibiting endocrine-disrupting activ-
ity is a serious concern worldwide. In this study the monitoring capacity of transgenic Arabidopsis
plants expressing mER was assessed. A positive correlation between the presence of OP at concentra-
tions exceeding 0.1 ng/mL and the expression of GFP, was detected in XmEV19-2 plants. The ability
of XmEV19-2 to detect OP was 1000 times higher in transgenic Arabidopsis plants expressing hER.
Induction of GFP in XmEV19-2 was detected at >5 ng/mL OP when incubated in liquid medium pre-

pared with river water. These results show that XmEV19-2 is capable of detecting OP in river water.
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Additionally, this plant line can detect other EDCs, including 17p-estradiol, imidacloprid, fipronil,
and PFOS. Further studies on whether XmEV19-2 plants can respond to a mixture of EDCs, are
needed. Interestingly, OP pollution can be monitored by observing the root length of XmEV19-2
plants, which is a simple way to monitor EDCs. Thus, the procedures for extraction, purification, and

concentration of pollutants are unnecessary for detection.
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558

559  Figure 1 Selection of transgenic Arabidopsis plants expressing the medaka estrogen receptor (mE)
560  gene with inducible expression of the green fluorescent protein (GFP) gene.

561  (A) The seeds of homozygous transgenic Arabidopsis plants were sowed in a solid medium and incu-

562  bated for 2 weeks. Total RNA was extracted from the aerial parts of plants and subjected to quantita-
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tive RT-PCR of the genes encoding mER and B-tubulin as a standard (n = 3). Relative expression lev-
els of the mE genes in transgenic Arabidopsis plants are indicated. NT, non-transgenic Arabidopsis
plants. (B) Seeds of the homozygous transgenic Arabidopsis plants were sowed and incubated in a
solid medium containing 0.1% dimethyl sulfoxide (DMSO) as a control or 1 ng/mL 4-t-octylphenol
(OP) for 2 weeks. Total RNA was extracted from the aerial parts of transgenic plants and subjected to
quantitative RT-PCR of the genes coding for GFP; B-tubulin was used as the standard (n = 3). Fold
induction was calculated by dividing the relative expression level at 1 ng/mL OP treatment by that at
0.1% DMSO treatment. DMSO treatment was set at 1. White and black bars indicate the treatments
with DMSO and OP, respectively. Asterisks indicate significant differences compared to the fold in-

duction in DMSO treatment (* p < 0.05; ** p <0.01; *** p <0.001; Student’s z-test).
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576  Figure 2 Inducible expression of the green fluorescent protein (GFP) gene in transgenic Arabidopsis
577  plants expressing medaka estrogen receptor gene in the presence of 17p3-estradiol (A) or 4-¢-octylphe-

578  nol (OP) (B) treatment.
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Seeds of the homozygous transgenic Arabidopsis plant XmEV19-2 were sown and incubated in a
solid medium containing 0.001% dimethyl sulfoxide (DMSO) as the control or different concentra-
tions of 17B-estradiol or OP for 2 weeks. Total RNA was extracted from the aerial parts of transgenic
plants and subjected to quantitative RT-PCR GFP; B-tubulin was used as the standard (n = 3). Fold
induction was calculated by dividing the relative expression level upon each treatment by that upon
0.001% DMSO treatment. DMSO treatment was set at 1. White and black bars indicate treatments
with DMSO, 17-estradiol, or OP, respectively. Asterisks indicate significant differences compared to

fold induction in DMSO treatment (** p < 0.01; *** p <0.001; Student’s z-test).
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Figure 3

Figure 3 Inducible expression of the green fluorescent protein (GFP) gene in transgenic Arabidopsis
plants expressing medaka estrogen receptor gene, upon treatment with the insecticides imidacloprid
and fipronil (A) or perfluorooctanesulfonic acid (PFOS) (B).

Seeds of the homozygous transgenic Arabidopsis plant XmEV19-2 were sown and incubated in a
solid medium containing 0.02% dimethyl sulfoxide (DMSO) for imidacloprid and fipronil treatments

or water for PFOS treatment as a control, or different concentrations of imidacloprid, fipronil, or
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PFOS, for 2 weeks. Total RNA was extracted from the aerial parts of transgenic plants and subjected
to quantitative RT-PCR for amplifying GFP; B-tubulin was used as the standard (n = 3). Fold induc-
tion was calculated by dividing the relative expression level at each treatment by that in the 0.02%
DMSO or water treatment. DMSO and water treatments were set at 1. White and black bars indicate
the control and compound treatments, respectively. Asterisks indicate significant differences com-
pared to the fold induction in DMSO treatment (* p < 0.05; ** p <0.01; *** p <0.001; Student’s ¢-

test).
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Figure 4

Figure 4 Inducible expression of the green fluorescent protein (GFP) gene in transgenic Arabidopsis
plants expressing medaka estrogen receptor gene upon treatment with 4-f-octylphenol (OP) in a liquid
medium.

Seeds of the homozygous transgenic Arabidopsis plant XmEV19-2 were sown and incubated in a
solid medium for 1 week. The seedlings were then transferred to a liquid medium prepared with river
water spiked with 0.001% dimethyl sulfoxide (DMSO) as a control and different concentrations of OP
for another 1 week. Total RNA was extracted from the aerial parts of plants and subjected to quantita-
tive RT-PCR of the genes encoding GFP; B-tubulin was used as the standard (n = 3). Fold induction
was calculated by dividing the relative expression level in the OP treatment by that in the 0.001%
DMSO treatment. DMSO treatment was set at 1. White and black bars indicate the control and OP
treatments, respectively. Asterisks indicate significant differences compared to the fold induction in

DMSO treatment (*** p <0.01; Student’s #-test).
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Figure 5

Figure 5 Root length of transgenic Arabidopsis plants expressing medaka estrogen receptor gene (A),
and non-transgenic Arabidopsis plants (B) treated with 4-t-octylphenol (OP).

Seeds of the homozygous transgenic Arabidopsis line XmEV19-2 and non-transgenic Arabidopsis
were sown and incubated in a solid medium containing 0.001% dimethyl sulfoxide (DMSO) as a con-
trol or different concentrations of OP for 2 weeks. Seedlings were taken from the medium, and root
lengths were measured (z = 10-15). White and black bars indicate the control and OP treatments, re-
spectively. Asterisks indicate significant differences compared to the root length under DMSO treat-

ment (* p <0.05; ** p <0.01; *** p <0.001; Student’s #-test).
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Supplementary Figure 1

Supplementary Figure 1 Plasmids for inducible expression of the green fluorescent protein (GFP)
gene in transgenic Arabidopsis plants expressing medaka estrogen receptor (mER, mE) gene upon
treatment with estrogenic compounds.

Cre, Cre recombinase gene; HPT, expression unit for hygromycin resistance gene; LB, left border;
LexA, DNA-binding domain of Escherichia coli LexA; 8xLexA-46, 8 copies of LexA binding do-
main combined with cauliflower mosaic virus 35S minimal promoter; lox, target site for truncation by
Cre recombinase; NLS, SV40 large T-antigen nuclear localization signal; NPT II, expression unit for
kanamycin resistance gene; P, promoter; RB, right border; T, terminator; VP16, transactivating do-

main of Herpes simplex VP16.
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638  Supplementary Table 1 Primer sequences used in this study

Primer name

Sequence

XVmE-5's
XVmE-3's

XmEV-5'NLSx

XmEV-3'x
mER-qPCR-s
mER-qPCR-as

GFP-qPCR-s
GFP-qPCR-as
tubulin-qPCR-s

tubulin-qPCR-as

5'-GTCGACGGTCAGGAGCATAAAACGGT-3'

5'-GTCGACCTAGTCTTGAAGGGCCGGGGTGC-3'

5'-CTCGAGCCAAAAAAGAAGAGAA-

-AGGTCGGAGGAGGAGGAGGAGGAGG-3'

5'-CTCGAGGGGAGCGATTCCACCCCCGC-3'

5'-TGGACAGGAATGAGGGAGAC-3’

5'-CCAGCAGCATGTCGAAGAT-3’

5'-CCAACGAAAAGAGAGACCACA-3¥

5"-ATAGTTCATCCATGCCATGTGTA-3’

5'-TGGAATGGATCCCAAACAAC-3’

5-TTCAAACCCTTTGGTGCAAT-3'
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