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Abstract: Reclaimed water irrigation can effectively alleviate the shortage of water resources in arid
and semi-arid areas; however, reclaimed water contains organic pollutants that may enter the agri-
cultural production environment through irrigation, such as endogenous estrogens, so people have
always paid attention to the safety of reclaimed water irrigation. In this paper, we studied the effects
of reclaimed water irrigation, groundwater irrigation, and alternating irrigation of the two water
sources on grain quality, as well as endogenous estrogen concentrations of winter wheat and topsoil
in the North China Plain during 2015–2016. The results show that the concentrations of crude protein,
total soluble sugar, crude ash, crude starch, and reduction-type vitamin C (reduction-type VC) in
the winter wheat grains were 12.5–16.4%, 0.85–2.15%, 1.85–3.28%, 61.5–75.0%, and 4.9–16.0 mg/kg,
respectively. There were no significant differences in these quality indexes among the irrigation
treatments (p > 0.05). The concentrations of endogenous estrogen in the surface soil and winter
wheat grain under all irrigation treatments were 0.34–4.01 µg/kg and below the limits of detection
(ND)–3.71 µg/kg, respectively. There were no significant differences in the concentrations of en-
dogenous estrogen in the soil and wheat grain among the different irrigation treatments (p > 0.05).
The bioconcentration factor (BCF) of the endogenous estrogen in the soil–winter wheat system was
0.08–1.90, and there was no significant difference in the BCF among the irrigation treatments (p > 0.05).
Compared with groundwater irrigation, reclaimed water irrigation did not significantly affect endoge-
nous estrogen concentrations in the soil and winter wheat, as well as the bioconcentration factors.

Keywords: irrigation type; wheat grain quality; endogenous estrogen; bioconcentration factor

1. Introduction

Water resources are indispensable strategic resources for the development of human
life and production. Because of the shortage of water resources, people are gradually begin-
ning to use reclaimed water to irrigate crops. Reclaimed water irrigation mainly refers to
the harmless treatment of domestic sewage and industrial wastewater for irrigation in agri-
culture, gardens, and other areas [1]. Reclaimed water is mainly suitable for non-drinking
water use [2]. Scholars widely believe that reclaimed water contains nitrogen, phosphorus,
potassium, and other nutrients, which can enhance soil fertility and crop productivity [3],
so reclaimed water is often used in agricultural irrigation in many countries [4].

However, the sources of reclaimed water are mostly industrial wastewater and ur-
ban sewage, and there are some pollutants in the water, such as endogenous estrogens,
which cannot be entirely removed in sewage treatment plants (STPs) [5]. For example,
Zhou et al. [6] found that the estrogen concentration in the untreated water and treated
water of the Gao Beidian STP were 263.4 ng/L and 15.7 ng/L, respectively. Endogenous
estrogens mainly include natural estrone (E1), 17β-estradiol (17β-E2), estriol (E3), and
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synthetic estrogen (ethinyl estradiol, EE2). E1, E2, E3, and EE2 were detected at the out-
lets of STPs in different countries (i.e., the UK, Germany, the Netherlands, and Brazil),
the corresponding concentrations were 0.2–196.7 ng/L, 0.1–64 ng/L, 0.4–39.1 ng/L, and
0.59–5.6 ng/L, respectively [7–10]. Scholars have also detected E1, E2, E3, and EE2 at the
outlets of six STPs in China, and the corresponding concentrations were 10.1–29.4 ng/L,
1.5–10.8 ng/L, ND–7.6 ng/L, and ND–9.7 ng/L, respectively [11].

Endogenous estrogens interfere with the endocrine system even at low concentrations
(0.26–2.4 ng/L) [12]; thus, endogenous estrogens have attracted increasing attention [13].
Studies have shown that endogenous estrogens can be taken up by crops from polluted
soil and interact with organic matter in the soil, threatening the ecological environment
and creating further risks to human health [14]. Wei et al. found that higher concentrations
(50–100 µg/L) of endogenous estrogens resulted in lower germination rate (1.43–7.58%)
of brassica seeds and decreased the root length (15.23–24.91%), inhibiting the seedling
growth [15]. High concentrations (>1000 µg/L) of endogenous estrogens also caused cell
death in wheat and affected its growth [16]. If the level of estrogen in the environment is
higher than its safety threshold, it will increase the risk of cancer in humans and induce
cardiovascular disease [17]. In addition, EE2 reduces fish biomass and destroys the aquatic
food chain [18]. Therefore, people are concerned about the safety of endogenous estrogens.

Endogenous estrogens in reclaimed water may migrate to different media with wa-
ter [19]. In recent years, endogenous estrogens have been found in rivers, lakes, soils,
and crops. For example, the concentrations of E1, E2, E3, and EE2 in China’s rivers were
2.88–33 ng/L, 0.13–51 ng/L, 53 ng/L, and 58 ng/L, respectively [20,21]. These endogenous
estrogens could enter the soil through irrigation [22], and the estrogen concentration found
in farmland soil irrigated with reclaimed water was 38.5 ± 0.9 ng/L [23]. The concentra-
tions of E1 and E2 in lettuce and wheat (planted in pots) irrigated with wastewater were
0.7–75 µg/kg and 50–100 µg/kg [24,25]. The concentrations of E1 and E2 in maize planted
in an aqueous solution (the concentrations of E1 and E2 in the aqueous solution were both
0.22 µM/mL) were ND–0.15 µmol/g and ND–0.2 µmol/g [26]. The concentration of E2 in
wheat was 0–80 µg/kg, which was planted in an aqueous solution with an E2 concentration
of 100 µg/L [16]. The BCFs (bioconcentration factors) of E1 and E2 for Echinodorus hore-
manii and Eichhornia crassipes under hydroponic conditions were 4.1–13.4 and 2.2–10.1,
respectively [27].

Currently, most studies on reclaimed water irrigation are based on hydroponic ex-
periments and pot experiments [25]; however, field conditions are more complicated than
hydroponic and pot conditions, and the results based on hydroponic and pot experiments
cannot completely reflect the actual estrogens levels of migration in soil and crops. Fur-
thermore, the hydroponic solution used was mostly a nutrient solution with estrogen,
the irrigation water used in the pot experiments was mostly a mixture of pure water and
estrogen, and the mixed water and nutrient solution in the hydroponic and pot experiments
were different from the irrigation water in actual production systems. Moreover, there are
few studies on the migration of endogenous estrogens in soil–plant systems under actually
reclaimed water irrigation based on field experiments. Therefore, this paper analyzed the
effects of reclaimed water irrigation on the estrogen concentrations in soil and grain based
on a field experiment using actual reclaimed water conditions.

2. Materials and Methods
2.1. Site Information and Experimental Design

The experiment was carried out at the Yong Ledian Experimental Station of the Beijing
Institute of Water Science and Technology from October 2014 to June 2016. The geographical
coordinates of the experimental station are 114◦20′ E and 39◦20′ N and approximately 12 m
above sea level. The region has a warm temperate, semi-humid, continental, and monsoonal
climate. Over the past 30 years, the average annual temperature was 11–12 ◦C; the average
annual sunshine hours was 2459 h; the average annual precipitation was 565 mm; and the
precipitation was mainly from June to August. In the experiment, the length and width
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of each plot were set to 3 m and 2 m, respectively, and a 1 meter deep geomembrane was
buried around the plot to eliminate the lateral flow of soil moisture. The soil texture was
silty loam. The groundwater depth was approximately 8 m during the experiment.

In this study, winter wheat was taken as the research object. During the two-year
experiment, the winter wheat varieties included Jimai 22 (the local farmers adjusted their
planting variety in 2015–2016, so we also replaced Jimai 22 with Lunxuan 518 in 2015–2016),
Zhongmai 175, Shimai 15, Nongda 211, and Shifu 20. The row spacing of winter wheat was
set to 15 cm. Except for irrigation water sources, the other field management measures were
the same for all treatments, as shown in Table 1. Considering the actual situation (i.e., some
of the ditches in many areas were recharged with reclaimed water, other ditches’ flows
were cut off at times, and reclaimed water flowed into the river), each variety received
contained three irrigation treatments—reclaimed water irrigation, groundwater irrigation,
and alternating irrigation of the two water sources. Each treatment had three replicates, and
a total of forty-five experimental plots were randomly arranged. The reclaimed water used
for irrigation was the secondary effluent of the Gao Beidian STP, which uses air-aeration-
activated sludge treatment [28]. The groundwater was collected from the well of the test
station, and the alternating water was a mixture of reclaimed water and groundwater
(V/V=1:1). The water quality of the three sources is shown in Table 2. The estrogen
concentration in the reclaimed water (2.87–26.88 ng/L) in this study was similar to the
values (15.7 ng/L) detected at the effluent of the Gao Beidian wastewater treatment plant
by Zhou et al. [6]. There was a significant difference (p < 0.05) in the estrogen concentrations
between the reclaimed water and groundwater (Table 2). The conventional water quality
indicators (such as suspended matter, pH, EC, and BOD5) of irrigation water used in the
test satisfied the provisions of “The reuse of urban recycling water quality of farmland
irrigation water” [29].

Table 1. Field management of winter wheat for testing.

Crop Species Sowing Date Harvest Date Total Amount of Irrigation (mm) Total Nitrogen Applied kg/ha

Winter wheat 2014.10.7 2015.6.15 435 388,388
2015.10.2 2016.6.20 532 388,388

Table 2. Quality of reclaimed water and groundwater.

Index Groundwater Reclaimed Water Alternating Water
Reuse of Urban Sewage

Water Quality for
Farmland Irrigation
(GB20922–2007) [29]

Water Quality
Standard for

Farmland Irrigation
(GB5084–2005) [30]

Volatile phenol (mg/L) 0.6–1.0 <0.003 0.009–0.4 ≤1 ≤1
Cyanide (mg/L) <0.002 <0.009 <0.005 ≤0.5 ≤0.5
Chloride (mg/L) 0.16–1.1 115–191 34–68 ≤350 ≤350

pH 7.6–8.3 7.2–7.7 7.5–8.0 5.5–8.5 5.5–8.5
Suspended matter (mg/L) 2–23 31–40 5–27 ≤90 ≤100

Oil (mg/L) <0.03 0.06–0.13 <0.07 ≤10 ≤10
Total salt (mg/L) 25–96 820–830 154–480 ≤1000 ≤1000

COD (mg/L) 15.6 56–75 24–43 ≤180 ≤100
BOD5 (mg/L) <2.0 6.8–8.5 <3.5 ≤80 ≤200

Cd (mg/L) <4.0 × 10−6 <0.0005 <2.3 × 10−4 ≤0.01 ≤0.01
Hg (mg/L) <0.07 × 10−6 <0.00002 <0.08 × 10−4 ≤0.001 ≤0.001
Pb (mg/L) <1.36 × 10−6 <0.005 <22 × 10−4 ≤0.2 ≤0.2
Zn (mg/L) <8.56 × 10−6 0.01–0.03 <80 × 10−4 ≤2 ≤2
As (mg/L) <2.45 × 10−6 <0.0002 <0.74 × 10−4 ≤0.1 ≤0.1
Cr (mg/L) <12.5 × 10−6 <0.004 <19.0 × 10−4 ≤0.1 ≤0.1
Cu (mg/L) <3.4 × 10−6 <0.01 <78.0 × 10−4 ≤1 ≤1

Endogenous estrogen (ng/L) ND–1.38 b 2.87–26.88 a 6.31–7.52 ab __ __

Note: The different letters (a and b in the last row) indicate that there was a significant difference in the estrogen
concentrations between the reclaimed water and groundwater (p < 0.05). There was no significant difference in
the estrogen concentrations between the alternating water and the other two water sources (p > 0.05).

During the experiment, no other fertilizers (phosphatic and potassic fertilizers) and no
other agricultural chemicals (herbicides, insecticides, and fungicides) were applied to the
experimental site, and weeds in the wheat fields were manually removed.
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2.2. Experimental Observations and Methods

(1) Grain yield of winter wheat

The wheat grains in the whole plot were threshed after the winter wheat harvesting,
and the grains were weighed after natural air drying (the grain moisture content was
approximately 6%).

(2) Grain and soil sampling

After wheat harvest, soil samples (0–20 cm) were collected from the fields planted
with Jimai 22 (replaced with Lunxuan 518 in 2016), and 5 subsamples were taken from each
plot and then mixed into 1 sample, for a total of 9 soil samples. For the wheat grains in
2015, 5 subsamples were mixed into 1 sample in each plot, for a total of 45 crop samples; a
total of 18 grain samples were collected from Lunxuan 518 and Shifu 20 using the same
method in 2016. The soil and winter wheat grains were wrapped with aluminum foil to
avoid secondary pollution.

(3) Determination of the organic pollutants in grains and soil

Sample pretreatment: Winter wheat grain and soil samples were freeze-dried and
sieved using 2 mm screen meshes. Taking 5 g of each sample (dry mass) and adding
0.1 mg/kg of the internal standard, the sample and substitute were stirred evenly and the
estrogen in the winter wheat and soil samples were extracted using microwave extraction.
The microwave extractant was a mixture of acetone and methanol with a volume ratio of
3: 1. The extraction temperature was set to 100 ◦C. The temperature gradient first climbed
for 10 min, then maintained for 30 min, and finally cooled for 20 min. After the extraction,
the supernatant was removed and put into a glass flask. The above process was repeated
twice, and the supernatant was combined twice. The dehydrated extract was concentrated
to 5 mL using a rotary evaporator (50 ◦C) and a nitrogen blowing instrument (50 ◦C), and
then purified water was added to 100 mL. After mixing, the extraction fluid was activated
with an Oasis HLB solid-phase extraction column with a volume ratio of 1: 1 methanol
and pure water. The solid-phase extraction column was eluted with 10 mL 10% methanol
aqueous solution and then with 10 mL pure methanol. The eluent was placed in a constant
temperature water bath at 37 ◦C and concentrated to 0.5 mL with nitrogen. The ultrapure
water was added to a constant volume of 1 mL. After adding the internal standard, it
was filtered through a 0.22 µm filter membrane and transferred to a 1.5 mL sample bottle.
Finally, it was stored in a refrigerator until detection.

Determination of the samples: High-performance liquid chromatography–triple
quadrupole tandem mass spectrometer (UPLC–MS–MS–8040, Shimadzu, Kyouto, Japan)
was used to determine the concentrations of estrogen in the soil and grain, including E1,
EE2, E2, and E3. Table 3 shows the basic properties of estrogen. The chromatographic
conditions in the experiment were set as follows: The mobile phase was 0.1% formic acid
aqueous solution (A) and methanol/acetonitrile (B, 1/1, V/V, containing 0.1% formic acid).
The chromatographic column size was 2.11 mm × 30 mm × 3 µm. The mass spectrometry
conditions were set as follows: Electrospray ionization (ESI) in the positive ion mode was
used, and the source temperature and desolvation temperature were set at 120 ◦C and
500 ◦C, respectively. The monitoring mode was the single-ion monitoring (SIM) mode. The
qualitative analysis of the sample was determined by the sample’s characteristic peak and
retention time. Finally, the quantitative analysis of the sample was carried out according to
its base peak area.

Table 3. Properties of the endogenous estrogens.

Class Water Solubility/(mg/L) Weak Acids/(pKa) LogKow References

E1 3.0 10.8 3.13 [1]
EE2 3.9 10.4 4.0 [1,16]
E2 3.6 10.7 4.01 [1]
E3 3.6 10.7 4.01 [1]
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(4) Quality control and assurance

Three blank samples were used for each batch of samples. The test results for the blank
reagent were lower than the test’s detection limit. A blank reagent should be used every
12 h to detect whether the experimental instrument is contaminated. In this experiment,
the detection limits of the endogenous estrogens for the soil and wheat grain samples were
0.021–0.25 µg/kg.

(5) Determination of the quality of the grains

For the determination of the crude protein concentration and crude ash concentration
in the wheat grains, the Kjeldahl method of determination and near-infrared were used [31].
For the determination of the total soluble sugar and starch in the wheat grains, enthrone
colorimetric and coupled spectrophotometer assay methods were used [32]. For the quality
determination of the reduction-type VC in the wheat grains, high performance liquid
chromatography was used [33].

2.3. Data Calculation and Analysis

(1) Calculation of the bioconcentration factors (BCFs)

The bioconcentration factors (BCFs) of the endogenous estrogens in the soil–winter
wheat system were calculated as follows:

BCF = Cp/Cs (1)

where Cp is the endogenous estrogen concentration in winter wheat grain, and Cs is the
endogenous estrogen concentration in the topsoil (expressed as dry weight, µg/kg).

(2) Data analysis

The data and graph were processed using Microsoft Excel 2010 software. SPSS 20.0
software was used for the statistical analysis of the endogenous estrogen concentrations
in the soil and wheat grains in this experiment, including the LSD (Least-Significant
Difference) method for the significance difference analysis (p = 0.05). (some data can be
found in the Supplementary Materials).

3. Results
3.1. Estrogen Concentrations in the Surface Soil with Different Water Quality Irrigation

Figure 1 shows the total estrogen concentrations in the 0–20 cm soil in the winter
wheat harvest in 2015 and 2016. The estrogen concentrations in the surface soil for the
reclaimed water irrigation treatment, groundwater irrigation treatment, and alternating
irrigation treatment were 0.62–4.01, 0.35–3.11, and 0.34–2.71 µg/kg, respectively. The
significance analysis in this paper showed no significant difference in surface-soil estrogen
concentrations among different water quality irrigation treatments (p = 0.178–0.294) in the
same wheat harvest time, indicating there was no significant effect of reclaimed irrigation
water on the concentrations of estrogens in the soil. The significance analysis showed that
significant differences were found in the surface-soil estrogen concentrations between the
two wheat harvest times for the same water quality irrigation treatments (p = 0.001–0.026).

3.2. Grain Quality and Yield of Winter Wheat with Different Water Irrigation Treatments

Figure 2 shows the grain quality indexes of the winter wheat under different water
quality irrigation treatments. The concentrations of crude protein, total soluble sugar, crude
ash, crude starch, and reduction-type VC in the winter wheat grains for all treatments
were 12.5–16.37%, 0.85–2.15%, 1.85–3.28%, 61.5–75.0%, and 4.9–16.0 mg/kg, respectively.
For the same wheat variety, the significance analysis showed that no significant difference
in the quality indexes was found among the different water quality irrigation treatments
(p > 0.05), indicating there was no significant effect of the reclaimed irrigation water on the
wheat grain quality.
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Figure 3 shows the grain yields of winter wheat under different water quality irrigation
treatments in 2015–2016. The winter wheat yields under different water quality treatments
were 4.35–7.08 t/ha. There was no significant difference in the wheat grain yield under
different water quality irrigation treatments (p > 0.05) for each wheat variety.

3.3. Estrogen Concentrations in Winter Wheat Grains with Different Water Quality Irrigation

Figure 4 shows the estrogen concentrations of winter wheat grain irrigated with differ-
ent water quality treatments. The estrogen concentrations of the winter wheat grain under
reclaimed water, groundwater, and alternating irrigation treatments were ND–3.71 µg/kg,
ND–1.95 µg/kg, and 0.20–2.62 µg/kg, respectively. For the same wheat variety, the signifi-
cance analysis showed that there was no significant difference in the estrogen concentrations
of wheat grains irrigated with different water quality treatments (p > 0.05). This indicates
that the reclaimed water irrigation had no significant effect on the estrogen concentrations
in the wheat grains. For the same irrigation water quality treatments, the significance
analysis showed that there was no significant difference in the estrogen concentrations
in the wheat grains among the different wheat varieties (p > 0.05), which indicates that
the reclaimed irrigation water had no significant effect on the estrogen concentration in
the wheat grain of different wheat varieties. There was no significant difference in the
grain estrogen concentration among the different irrigation water quality treatments for
the different wheat varieties (p > 0.05).

3.4. Estrogen Components and Bioconcentration Factors in the Soil—Winter Wheat System with
Different Water Quality Irrigation Treatments

Figure 5 shows the concentrations of estrogen components in the surface soil and
wheat grains. The concentrations of E1 and E3 in the soil were 0.20–1.28 µg/kg and
ND–2.73 µg/kg, respectively. The concentrations of E1 and E3 in the wheat grain were
ND–3.71 µg/kg and ND–1.71 µg/kg, respectively. In this study, E2 and EE2 were below
the limits of detection in both the soil and crop samples, and E2 and EE2 were not detected
in the irrigation water either. In 2015, the detection rates of E1 and E3 in the soil were 55.6%
and 100%, respectively. In 2016, the detection rates of E1 and E3 in the soil were 100% and
11.1%, respectively. In 2015, only E1 could be detected in the wheat grains (the detection
rate was 53.3%). In 2016, the detection rates of E1 and E3 in the wheat grains were 94.4%
and 38.9%, respectively.
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Figure 6 shows the bioconcentration factors of estrogen in the soil–wheat grain system.
The bioconcentration factors reflect the process of endogenous estrogens transferring from
the soil to crops and are calculated by the ratio of the concentration of endogenous estrogens
in a certain organ of the crop to the concentration of endogenous estrogen in the soil [24].
The bioconcentration factors in 2015 and 2016 were 0.08–1.56 and 0.98–1.9, respectively. The
significance analysis showed that different irrigation treatments had no significant effect
on the bioconcentration factors (p = 0.281–0.289).
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the columns indicates that there was no significant difference in the BCFs among the different wheat
varieties for the same irrigation water quality (p > 0.05).
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4. Discussion

In this paper, estrogens were detected in the soil of all three treatments, which indicates
that estrogens can enter the soil through irrigation water. The estrogen concentrations in
the surface soil in 2016 were significantly lower than those in the soil in 2015. The reason
was that the estrogen concentration in the water in 2016 (11.75 ng/L) was lower than the
estrogen concentration in the water in 2015 (14.99 ng/L). The other reason may be due to the
increased amount of irrigation water in 2016 (Table 1), causing the leaching of estrogen into
the soil layer below 20 cm. Finlay-Moore et al. [34] found that the estrogen concentration in
the soil decreased from 0.67 µg/kg to 0.07 µg/kg with the increased amount of irrigation
water. The results in this paper are similar to that of Finlay-Moore et al. [34]. Other
scholars have detected the concentrations of estrogens in soil with reclaimed irrigation. For
example, Chen et al. [35] and Scherr et al. [36] found that the concentrations of estrogens in
0–20 cm farmland soil (irrigated with reclaimed water) were 0–5 µg/kg and 0–3.9 µg/kg,
respectively. The concentrations of estrogen in this study are comparable with those in the
soil irrigated with reclaimed water in the above research [35,36].

The crude protein concentration of the wheat grain (12.5–16.37%) in this paper was
higher than the crude protein concentration of wheat grains (8.3–9.6%) with nitrogen appli-
cation less than 120 kg/ha, and it was close to the crude protein concentration (11.8–13.2%)
of wheat grain with a nitrogen application rate of 180–240 kg/ha [37]. The main reason
could be that the crude protein concentration of wheat grain is mainly related to the amount
of nitrogen application [38]. The crude protein concentration (8.5–13.8%) of the wheat grain
increased with the increase in the nitrogen application rate (0–240 kg/ha) [39]. Because
of the sufficient nitrogen application in this study, the crude protein concentration of the
wheat grain was similar to the high value reported by Litke et al. [39]. Crude starch is an
important component of wheat grain. The crude starch concentration of the wheat grain
(61.5–75.0%) in this paper was similar to the values reported by Wioletta et al. [40] detected
the quality of four different wheat varieties (common wheat, spelt wheat, Emmer wheat,
and Einkorn wheat), and found that the crude protein concentrations of wheat were 11.0%,
12.8%, 15.4%, and 18.1%, and the crude ash concentrations of wheat were 1.52%, 1.86%,
2.16%, and 2.65%, respectively. Dai et al. [41] found that the crude starch concentrations of
wheat under an ordinary irrigation mode were 66.96–69.25%; the concentrations of crude
protein in the wheat were 11.09–12.21%. The crude protein content and crude starch content
in wheat grains in this paper are consistent with the values obtained by Wioletta et al. [40]
and Dai et al. [41], who found that the crude starch concentrations of wheat under a full
irrigation mode were 66.96–69.25%.

The yields of winter wheat in this paper (4.35–7.08 t/ha) were similar to that of Li
et al. [42], who reported that wheat grain yields with sufficient water and N supply were
5.03–7.04 t/ha. In this paper, the grain yield of the winter wheat in 2016 was lower than that
in 2015; however, it may be due to the increased accumulated temperature in 2016 (2474 ◦C
and 2527 ◦C in 2015 and 2016, respectively). When the effective accumulated temperature
of wheat exceeded 2500 ◦C, this would have produced a negative impact on the yield of
the winter wheat [43,44]; on the other hand, there was extremely low-temperature weather
in the Beijing district from 22 January to 24 January 2016 (the daily minimum temperature
changed from −15.2 ◦C to −10.9 ◦C, and the daily maximum temperature changed from
−10.9 ◦C to −3.9 ◦C). Liu et al. [45] showed that wheat yields were reduced by 24.3–34.5%
when the minimum temperature was lower than −4 ◦C. The winter wheat in 2016 may
have suffered from freezing damage, causing a decreased yield.

Other scholars have also conducted experiments on estrogen concentrations in different
crops. Wei et al. [46] and Lu et al. [47] detected the estrogen concentrations in different crops
(greengrocery, radish, lettuce, tomato, potato, and citrus) in the local market, and found
that the E1 concentrations in greengrocery, radish, and citrus were 0.21–1.85 µg/kg. The E2
concentrations in lettuce, tomato, potato, and citrus were 1.89 ± 1.72 µg/kg, <0.06 µg/kg,
1.36 ± 0.49 µg/kg, and 2.31 ± 1.12 µg/kg, respectively. This indicates that the E3 was not
detected for all crops. The estrogen concentrations in wheat grains (ND–3.71 µg/kg) in
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this paper are similar to the values in these above studies [46,47]. In addition, At the same
time, Li et al. [48] irrigated eggplant, beans, carrots, and cabbage with reclaimed water,
underground water, and alternated water, and they found that the estrogen concentrations
were 26.34–61.88, 3.34–7.67, 12.15–72.04, and 0.94–2.40 µg/kg, respectively, and the three
irrigation methods had no significant effect on the estrogen concentrations in the vegetables.
Li et al. [49] have also investigated the estrogen concentrations in wheat with different
reclaimed water irrigation histories (30a and 40a) in a southeastern suburb of Beijing and
found that the estrogen concentration in wheat grains was 1.384–2.075 µg/kg, and there was
no significant effect of the reclaimed water irrigation history on the estrogen concentration
in the wheat grains. The results of this paper and Li et al.’s [48,49] indicate that reclaimed
water irrigation had no significant effect on the estrogen concentrations in different crops
in Beijing (the concentrations of endogenous estrogen in reclaimed water were in the range
of 2.87–26.88 ng/L. In this paper, we only used the reclaimed water collected from Gao
Beidian STP; however, because of the different sources of sewage in different regions and
the different sewage treatment processes used in different STPs [50], the quality of reclaimed
water collected from different STPs are different from each other, so it is necessary to study
the effects of reclaimed water collected from other STPs on the migration of endogenous
estrogens in soil plants.

E2 and EE2 were not detected in the irrigation water in this paper, and this could be
explained by the following reasons. First, EE2 is a synthetic estrogen and mainly produced
from industrial wastewater, while most of the wastewater in Gao Beidian STP is domestic
sewage [28], so the concentration of EE2 is low. Second, E2 and EE2 could be metabolized
into E1 in the process of sewage treatment in the STP [51]. Only E1 and E3 could be
detected in the soil and wheat grain, which is because the irrigation water (reclaimed water,
alternating water, and groundwater) in this study only detected E1 and E3, as E2 and EE2
were below the limits of detection. When the octanol/water partition coefficients (log
Kow) are greater than 3.5, estrogens have higher hydrophobicity and are more likely to
accumulate in the soil and crop roots [14]; on the other hand, E1 would be transformed
into E3 under the action of microorganisms, so the concentration of E3 in the soil was
higher than that of E1 in the soil. The main migration route of estrogen in a soil–crop
system is primarily divided into two processes. First, organic pollutants in the soil solution
were taken up by the root system. Then, the organic pollutants migrate to the crop tissues
under the action of transpiration tension [52]. Studies have shown that the liposolubility
of estrogens is an important factor affecting the accumulation of estrogens in crops [53].
It is difficult to transport organic pollutants from roots to shoots and kernel through the
vascular tissue of crops due to the high hydrophobicity, so E3 cannot easily enter wheat
grains through wheat tissues [24], and so the concentration of E3 in wheat is lower than E1
in wheat.

It was found that the concentration of E1 in lettuce irrigated with wastewater was
0.7–6.7 µg/kg [54]. Li et al. [48] found that the bioconcentration factors of endogenous
estrogens in carrots and cabbages were 0.08–0.3 and 1.57–5.52, respectively. In this paper,
the bioconcentration factors of wheat estrogen were close to that of carrot and cabbage.

5. Conclusions

This paper studied the effects of different irrigation water quality conditions on the
concentrations of endogenous estrogens in topsoil and winter wheat grain, as well as on
wheat grain quality and yields. From the results, there was no significant difference in wheat
grain quality, yield, bioconcentration factor, and the concentration of endogenous estrogens
in the surface soil and wheat grain among the different irrigation water quality treatments
(i.e., reclaimed water irrigation, alternating irrigation, and groundwater irrigation) in this
paper. This study provides a reasonable basis for the utilization of reclaimed water and the
conservation of water resources. Because the wheat grain yields were different according to
the water quality of STPs, which also affects the various growth characteristics of different
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crops, future studies could focus on field experiments based on reclaimed water collected
from different STPs and using different crops.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15203671/s1, Table S1: Estrogen concentration in topsoil with
different irrigation quality in 2015; Table S2: Estrogen concentration in topsoil with different irrigation
quality in 2016; Table S3: Winter wheat quality index with different irrigation quality in 2015;
Table S4: Winter wheat quality index with different irrigation quality in 2016; Table S5: Estrogen
concentration in winter wheat grain with different irrigation quality in 2015; Table S6: Estrogen
concentration in winter wheat grain with different irrigation quality in 2016.
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