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Abstract

The accelerated accumulation of phthalate esters (PAEs) in paddy soils poses a serious threat to human health. However,
related studies mainly focus on facility vegetable fields, drylands, and orchards, and little is known about paddy soils. In this
study, 125 samples were collected from typical red paddy fields to investigate the pollution characteristics, sources, health
risks, and main drivers of PAEs. Soil physicochemical properties, enzyme activity, and bacterial community composition
were also measured simultaneously. The results showed that eight PAE congeners were detected ranging from 0.17 to 1.97
mg kg~!. Di-n-butyl phthalate (DBP), di-(2-ethylhexyl) phthalate (DEHP), and di-isobutyl phthalate (DIBP) were the most
abundant PAE congeners, accounting for 81% of the total PAEs. DEHP exhibited a potential carcinogenic risk to humans
through the intake route. The main PAEs were positively correlated with soil organic matter (SOM) and soil water content
(SWC) contents. Low levels of PAEs increased bacterial abundance. Furthermore, most PAE congeners were positively
correlated with hydrolase activity. Soil acidity and nutrient dynamics played a dominant role in the bacterial community
composition, with PAE congeners playing a secondary role. These findings suggest that there may be a threshold response
between PAEs and organic matter and nutrient transformation in red paddy soils, and that microbial community should be
the key driver. Overall, this study deepens the understanding of ecological risks and microbial mechanisms of PAEs in red
paddy soils.
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Introduction few decades, PAEs have been widely used in industry, agri-

culture, and even residential areas worldwide (Tran et al.

Phthalate esters (PAEs) are the most commonly used plas-
ticizers in polyvinyl chloride (PVC) products to improve
durability and plasticity (Tan et al. 2018). Over the past
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2022; Wu et al. 2023). According to statistics, global plas-
tic production reached 359 million tons in 2018, and China
accounted for 30% of the total production (Garcia and Rob-
ertson 2017; Plastics Europe 2020). In addition, PAEs are
commonly used in non-plastic processing industries such as
insect repellents, pesticide carriers for insecticides, synthetic
rubber, and printing ink additives (Tyler et al. 1998). Due to
extensive production and improper recycling, as well as the
covalent bonding of PAEs to materials through hydrogen and
van der Waals forces, it readily permeate into environment
matrices through leaching, migration, and volatilization
(Lee et al. 2019). The accumulation of PAEs in environ-
mental media has become a global concern. PAEs have been
reported to widespread in diverse environment matrices,
including atmospheric particulate matter (Liu et al. 2022),
wastewater (Tran et al. 2022), food (Ji et al. 2014), indoor
air (Bu et al. 2016), greenhouse vegetable production bases
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(Zhou et al. 2020), open seas (Mi et al. 2019), and suspended
particulate matter in water (He et al. 2019).

Severe PAE pollution poses a significant threat to human
health through various exposure pathways such as intake,
ingestion, inhalation, and dermal exposure. According
to numerous epidemiological and clinical studies, PAEs
may cause estrogenic endocrine disruption (Mu et al.
2015), reproductive toxicity (Arbuckle et al. 2018), and
breast cancer (Benjamin et al. 2017). Several studies have
assessed the risk of human health exposure to PAEs in
farmland, parks, atmospheric particulate matter, and plas-
tic film greenhouses (Lii et al. 2018). PAEs even occur in
different types of foods such as fish and chicken (Ji et al.
2014). Niu et al. (2014) found the non-cancer and carcino-
genic risks of phthalates to be within generally acceptable
levels in China. Since the growing emphasis on soil PAE
pollution, it is important to correctly master the distribu-
tion, source, and behavior of PAEs, and to establish an
early warning mechanism.

Agricultural soils are major reservoirs of hydrophobic
organic pollutants, especially PAEs (Zhou et al. 2020).
The long-term applications of agricultural mulch, chemi-
cal fertilizer, compost, and irrigation wastewater acceler-
ated the accumulation of soil PAEs (Zhang et al. 2015; Ye
et al. 2021; Xu et al. 2022). Also, soil properties, microbial
degradation, and meteorological conditions affect the accu-
mulation and dissipation of PAEs (Ma et al. 2020; Duefas-
Moreno et al. 2022). Temperature and precipitation have
been reported to impact PAE dispersion. In general, soil
PAE concentrations are higher and composition is more
complex in summer than in winter (Wang et al. 2021; Zhou
et al. 2021; Xu et al. 2022). Heavy precipitation during
the rainy season increases the leaching of PAEs (Wu et al.
2011). Besides, lower pH will promote PAE adsorption
in soil through a combination of compound hydrophobic-
ity and humic acid (Cheng et al. 2018; Xue et al. 2020).
Soil-dissolved organic matter (DOM) can adsorb PAEs and
increase the solubility and mobility of soil PAEs (Yang
et al. 2013; Tang et al. 2020). PAEs have been shown to
affect soil microbial community composition and enzyme
activities related to carbon, nitrogen, and phosphorus
cycles (Zhou et al. 2020; Tao et al. 2022). However, the
above research results are still limited in open red paddy
soils, and it is important to elucidate the biotic and abiotic
factors affecting the distribution of PAEs in farmland to
provide theoretical guidance for the remediation of PAE-
contaminated soils.

The red soil hilly area is an important rice production
base in southern China. Inorganic and organic pollution
in soil is a serious threat to human health. Soil organic
pollution (especially PAEs) is prominent (Zhang et al.
2020). However, the spatial distribution and major control
factors of PAEs in paddy soils at the regional scale have

not been thoroughly investigated. Taking Taihe County,
Jiangxi Province, as a case, this study aimed to investigate
the composition, spatial distribution, and health risks of
PAEs in paddy soils in southern China, and to evaluate
the relationship between soil PAEs and major biotic and
abiotic factors.

Materials and methods
Study area description and soil sampling

The study area is located in Taihe County, Jiangxi Province,
southern China (114°17"-115°20"E, 26°27"-26°58"N).
The administrative division includes 21 townships with an
area of 2,666 km?. It characterizes a subtropical monsoon
climate. The mean annual temperature is 18.7 °C; the highest
and lowest temperatures are 34.3 °C (in July) and 3.9 °C
(in January), respectively. The mean annual precipitation
is 1473 mm with 44% of them falling in between April
and June, and drought is prone to occur from September
to October (Yu et al. 2018). The study area is a typical
red soil hilly area, with mountains, valley plains, and hills
accounting for 15.9%, 29.6%, and 54.5% of the total area,
respectively. The Jitai Basin is an important agricultural area
and commercial grain production base in China, with rice
cultivation accounting for about 93% of the total planting
area. The study area is rich in mineral resources and tungsten
mining is mainly concentrated in Xiaolong Town, which
has caused serious pollution of the farmland soil in the area
(Zhang et al. 2022).

In November 2020, four to seven representative farm-
lands far away from residential areas were selected in each
township, and 125 sampling sites were located using GPS
(Fig. 1). Five plots (20 m X 20 m) were established at each
site. After removing gravels and plant debris, topsoil in the
0-20 cm depth was collected using a five-point sampling
method. All soil samples were pooled together and imme-
diately passed through a 2-mm sieve for homogenization.
Here, each soil samples were divided into two subsamples:
one for the determination of PAEs and general soil phys-
icochemical properties, and the other for enzyme activity
and high-throughput sequencing analysis. All samples were
stored at — 20 °C until analysis.

Determination of PAEs

The extraction and purification of PAEs were performed
according to Wei et al. (2020). Briefly, 10 g of soil was
mixed with 30 ml of acetone/hexane (1: 1, v/v) in a glass
centrifuge tube, vortexed for 1 min, and left overnight. The
tubes were sonicated for 30 min and then centrifuged at 3000
rpm for 5 min, and this procedure was repeated three times
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to finally collect about 70 ml supernatant. The extract was
purified on a glass column packed with 1 cm of anhydrous
Na,SO, and 4 cm of neutral silicone. The column was pre-
washed with 15 ml of hexane and 15 ml of hexane/acetone
(4:1, v/v). The extract wash eluted with 40 ml of hexane/
acetone (4:1, v/v). The final eluate was concentrated to 1
ml using a gentle stream of nitrogen gas. All solvents used
were residue-analysis grade. All glassware used was soaked
in potassium dichromate for 6 h, baked in a muffle furnace at
400 °C for 6 h, and cleaned with hexane and acetone before
use to avoid potential phthalate contamination, and plas-
tic utensils were strictly prohibited during the experiment.
PAEs were analyzed using an Agilent 7890 GC equipped
with an Agilent 5975 MS in selected ion monitoring (SIM)
mode. A TD-5MS capillary column (30 m X 0.25 mm X
0.25 pm, Agilent Technologies) was used. Qualitative and
quantitative analyses were summarized in Supplementary
Material.

Health risk assessment

Phthalates are ubiquitous in the environment due to their
extensive use. PAEs can migrate to rice, cucumber, and cab-
bage grown in agricultural soils (Wei et al. 2020; Wu et al.
2023). Consumption of contaminated crops, direct soil con-
tact, inhalation, ingestion, and dermal contact are potential
pathways of exposure to PAEs. Once in the body, PAEs are
rapidly absorbed and metabolized. PAEs and their metabo-
lites have been detected in humans (i.e., breast milk, blood,
urine) (Deng et al. 2021). The carcinogenic and non-carci-
nogenic risks of PAEs to adults and children were assessed
using the method recommended by USEPA (2013). Among
the PAE congeners, dimethyl phthalate (DMP), diethyl phtha-
late (DEP), di-(n-butyl)-phthalate (DnBP), and di-n-octyl
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phthalate (DnOP) were non-carcinogens, whereas ben-
zyl butyl phthalate (BBP) and di-(2-ethyl-hexyl) phthalate
(DEHP) were carcinogens. The average daily dose (ADD-
intake> €TOpS intake; ADD,,,,,, soil ingestion; ADD ;.4
dermal contact; ADD,,;, ., inhalation) was calculated using
Egs. (1) to (4). The hazard quotient (HQ) and carcinogenic
risk (CR) representing the total health risks through multiple

exposure pathways were calculated by Egs. (5) and (6).

C,pit X BAF X IRF X EF X ED
ADD;yge = — x CF (1)
BW x AT
C,pi X IBS X EF X ED
ADDm est — X CF (2)
8 BW x AT
A Cyy X EF X ED X I 107 5
DD, = x
inhale PEF X AT ( )
ADD _ mi,xSAxAFxABSxEFxEDXcF 4
dermal — BW x AT ( )
ADD:.
HO = !
0=2 ( RID; ) ©)

where C,,;, was the average concentration of target phtha-
lates in soil (mg kg™!); BAF was the bioaccumulation factor
of individual PAEs from soil to food (vegetables and grains);
IRF was the daily food intake of residents (mg day™'), where
the IRF of children was supposed to be 1/3 that of adults;
IRS was the daily soil intake of residents (mg day™'); EF was
exposure frequency (days year™'); ED was exposure duration
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(year); BW was body weight (kg); AT was average lifespan
(days); CF was conversion factor (kg mg_l); SA was skin
surface area (cm” day_l); AF was soil adherence factor (mg
cm?); ABS was the proportion of pollutants absorbed from
soil through the skin; I, was respiratory rate (m> day~'); PEF
was particulate emission factor (m® kg™!). CFS was the
carcinogenicity rate (mg kg~! day~!), and RfD, indicated
the average recommended daily dose of non-carcinogenic
substances (mg kg~! day~!). Parameters for non-cancer and
carcinogenic risks were presented in Table S2. CR was con-
sidered very low or negligible if it was below 107, accept-
able if 107% < CR < 107, and high if it was above 107, As
for HQ, humans were considered to be at non-cancer risk if
the value was greater than 1.

Determination of soil physicochemical properties
and enzyme activity

Soil pH and electrical conductivity (EC) were measured at a
soil/water ratio of 1:2.5 using a pH and conductivity meter
(OHAUS Model ST300), respectively. Soil cation exchange
capacity (CEC) was determined using the ammonium ace-
tate exchange method. The concentrations of NH,*-N and
NO; N in soil were analyzed by colorimetry on a continu-
ous flow auto analyzer (AA3, SEAL Company, Germany).
Total carbon (TC) and total nitrogen (TN) were determined
by dry combustion method on a CN analyzer (vario EL III,
Elementa, Germany). Soil water content (SWC) was deter-
mined using the oven-drying method (105 °C, 24 h). Also,
hydrolase and oxidoreductase activities were determined
using a modified microplate fluorometric protocol (Saiya-
Cork et al. 2002). Seven hydrolases (i.e., f-glucosidase
(BG), a-1,4-glucosidase (aG), acid phosphatase (AP), cello-
biohydrolase (CB), B-1,4-xylosidase (fX), p-N-acetylgluco-
saminidase (NAG), and leucine aminopeptidase (LAP)), and
two oxidases (i.e., polyphenol oxidase (PhOx), peroxidase
(Perox)) were considered. The fluorescence and absorbance
were measured on a microplate reader (SynergyH4, BioTek).

Determination of bacterial community composition

Total DNA was extracted from 0.5 g soil using the Fast
DNA™ Spin Kit for Soil (MP Biomedicals, USA). The
concentration and quality of the extracted DNA were deter-
mined by spectrophotometer analysis (NanoDrop 2000,
Thermo Fisher Scientific, USA). The bacterial V3V4 region
gene was amplified using the universal primer pairs 338F
(338F: ACTCCTACGGGAGGCAGCA)/806R (GGACTA
CHVGGGTWTCTAAT). The purified PCR amplicons
were sequenced and quantified on the Illumina MiSeq plat-
form. Raw sequencing data were filtered and analyzed using
QIIME2 (Shetty and Lahti 2019), and DADA?2 was used
for primer removal, denoise, filtering, splicing, and chimera

removal to generate high-quality amplicon sequence vari-
ants (ASVs) (Callahan et al. 2016). ASV affiliations were
assigned using the Silva_123 database (Koljalg et al. 2013).
The raw sequencing data obtained in this study had been
uploaded to the NCBI Sequence Read Archive under the
accession number PRINA853870.

Statistical analysis

Before statistical analysis, Shapiro-Wilk’s test and Levene’s
test were used to assess the normality and homogeneity of
variance, respectively. The data that did not follow a normal
distribution were log-transformed before analysis. Descrip-
tive statistics of soil PAEs, physicochemical properties, and
enzyme activities were performed using SPSS 22.0 software
(SPSS Inc., Chicago, IL, USA). The spatial distribution of
soil individual and total PAEs was mapped using kriging
interpolation in ArcGIS 10.6 (Esri Corp., Redlands, CA,
USA). Hierarchical cluster analysis was used to investi-
gate the correlations between soil PAEs and soil enzymes,
physicochemical properties, and bacterial diversity by the
“pheatmap” package for R. Principal component analysis
(PCA) was estimated from the “NbClust” and “stats” pack-
ages to analyze the source of individual PAEs. Redundancy
analysis (RDA) was performed to visualize the dominant
factors of soil PAEs using the “vegan” R package based on
the Bray-Curtis distance. Before analysis, forward selection
was performed using the “packfor” package.

Results
Presence of soil PAEs

Eight PAE congeners were detected in paddy soils in Taihe
County, including DMP, DBP, DEHP, DEP, bis(2-ethoxye-
thyl) phthalate (DEEP), diisobutyl phthalate (DIBP), bis(2-
methoxyethyl) phthalate (DMEP), and BBP. The first six
PAE:s (i.e., DMP, DBP, DEHP, DEP, DEEP, and DIBP) were
detected in all soil samples, with 94% and 55.2% detection
rates for BBP and DMEDP, respectively. Total PAE concentra-
tions ranged from 0.17 to 1.97 mg kg~! with a mean of 0.94
mg kg~! (Fig. 2). DBP, DEHP, and DIBP were the dominant
PAE species with an average of 0.41 mg kg™!, 0.22 mg kg™,
and 0.16 mg kg™!, respectively, accounting for 81% of the
total PAEs (Fig. 2). > PAEg was the sum of DMP, DBP,
DEHP, DEP, and BBP concentrations, which accounted for
78.9% of the total PAEs on average (Fig. 2). In contrast,
the concentrations of DEP, DMEP, and BBP were typically
below 0.06 mg kg~!, with mean values of 0.014 mg kg~!,
0.005 mg kg~!, and 0.033 mg kg™, respectively (Fig. 2).
Kriging interpolation was used to map the spatial dis-
tribution of eight PAEs, all of which exhibited high spatial

@ Springer



94818

Environmental Science and Pollution Research (2023) 30:94814-94826

2.0 4

0.5

Jad

-0.5 T T T T T T T T T T

WG o o B P & o
Y ) o 9 ﬁ/q?‘ 9&1\

Concentration (mg kg™)

PAE:s types

Fig.2 Violin plot of the distribution of eight PAE concentrations in
paddy soils. Y 6PAEs represents the sum of the six dominant PAE
congeners, and total represents the total concentration of PAEs in
paddy soils. The inside of the violin plot is a boxplot (median repre-
sented by a white dot); the outside is wrapped in a kernel density plot,
where wider shapes indicate higher probability of values

heterogeneity (Fig. 3). The distribution of DMP, DEP, DIBP,
and DBP concentrations showed a similar spatial pattern, i.e.,
the highest concentration was in the east of Taihe City, fol-
lowed by the west, and the lowest in the central (Fig. 3a—d).
In contrast, the spatial distribution of DEHP, DMEP, and
DEEP concentrations was relatively uniform and dispersed
(Fig. 3e—g). Also, the high values of BBP concentrations were
in the eastern and western Taihe County, whereas the low val-
ues covered the central part (Fig. 3h). The different spatial pat-
terns of PAE congeners could suggest their different origins.

Principal component analysis (PCA) and correlation anal-
ysis (CA) were performed to determine the source of PAEs.
In this study, the PAEs were classified into three groups (k =
3), indicating that there were three main sources of PAEs in
paddy soils in Taihe County. To maximize the sum of vari-
ances of the loading vectors, two principal components (PCs)
were extracted by varimax rotation, explaining 52.7% and
29.1% of the total variation, respectively (Fig. 4). The first
principal component (PC1) was related to DEP, DBP, DIBP,
and DMP, indicating similar environmental origins and
behaviors. The correlation coefficients between them were all
greater than 0.6 (P < 0.01) (Table S4). The second principal
component (PC2) was highly related to DMEP, DEEP, and
DEHP (Fig. 4). The correlation coefficient between DMEP
and DEEP was 0.97 (P < 0.01) (Table S4). However, soil
BBP concentrations were negatively correlated with DMEP
and DEEP concentrations, respectively (Rpygp = — 0.28,
Rpgep = — 0.29; P < 0.01) (Table S4). This was consistent
with the position vector of BBP in Fig. 4.

@ Springer

Non-cancer and carcinogenic risks

The non-cancer and carcinogenic risks to local populations
were assessed by the concentrations of PAEs in soil. The
results of risk assessment are summarized in Table 1. Die-
tary intake was the main route of exposure to PAEs for both
children and adults, with their HQ values two or more orders
of magnitude higher than the other three routes, but all were
below the threshold (HQ = 1). Children and adults had the
highest HQ for DEHP intake, up to 0.16 and 0.10, respec-
tively (Table 1). Furthermore, the HQ values for ingestion
and dermal intake were one order of magnitude greater in
children than in adults (Table 1). For carcinogenic risk, the
CR values for BBP were less than 107, which was consid-
ered a “very low or negligible” level. In contrast, the CRs
for DEHP ingestion were 4 X 10~ and 1 x 1072, indicat-
ing a low cancer risk for human exposure to DEHP. There-
fore, DEHP exhibited potential carcinogenicity to humans
through the intake route.

Bacterial composition and diversity

The rarefaction curves showed near saturation at each sam-
pling site, indicating sufficient sequencing depth (Fig. S1).
Various alpha-diversity metrics (e.g. Chaol index, observed
species index, Shannon index, and Simpson index) were cal-
culated to evaluate the richness and diversity of bacterial
communities. The spatial distribution of Chao 1 index and
observed species was similar to the total PAE concentrations
(Fig. S2), i.e. the highest in the eastern region, followed
by the western region, and the lowest in the central region
(Fig. S2). Taxonomy was assigned to amplicon sequence
variants (ASVs) using the q2-feature-classifier classify-
sklearn Naive Bayes taxonomy classifier. The composition
of soil bacterial community at different sampling sites was
similar, but the proportion of individual species at the phy-
lum level varied. The dominant bacterial phyla were Pro-
teobacteria, Chloroflexi, Acidobacteria, Nitrospirae, Actino-
bacteria, and Bacteroidetes, accounting for 89% of the total
bacterial species (Fig. S3).

Soil abiotic and biotic factors

Soil general properties were determined for 125 paddy soil
samples (Table S3). Soil water content (SWC) ranged from
12.58 to 57.67% with an average of 26.85%, consistent with
less precipitation at the time of sampling. The soil was gen-
erally acidic, and soil pH ranged from 4.36 to 5.88 with an
average of 4.89. The mean values of EC and CEC were 86.82
ms cm ™! and 5.53 cmol kg™!, respectively. SOM content var-
ied from 11.12 to 79.19 g kg™!, with an average of 41.43 g
kg~!. Soil TN content varied from 0.56 to 3.18 g kg™, with
an average of 41.43 g kg™'. Soil C/N ratio averaged 13.55,
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Fig.3 Spatial distribution of
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indicating nitrogen limitation. Soil DOC content averaged
42.14 mg kg~!, accounting for only 0.18% of total SOC.
Soil-dissolved N was dominated by NO; —N, averaging
12.80 mg kg~! and accounting for 49.48% of total dissolved
N content. Soil DON and NH,*-N contents accounted for
40.28% and 8.35% of the dissolved N content on average,
respectively. The soil texture was sandy loam, and the aver-
age proportions of sand, silt, and clay were 17.41%, 80.75%,
and 1.85%, respectively.

Seven hydrolase and two oxidase activities were measured
(Table 2). The activities of AP, fG, and NAG belonged to the
first echelon, with an average of 2041.40 nmol g soil~! day~!,

547.18 nmol g soil~! day~!, and 154.39 nmol g soil ™' day~!,
respectively. X, CB, aG, and LAP activities belonged to
the second echelon, with an average of 94.01 nmol g soil™!
day~!, 49.77 nmol g soil ™! day~", 23.86 nmol g soil~! day~!,
and 56.26 nmol g soil~! day~!. The average PPO and PER
concentrations were 1.64 pmol g soil ™! day~! and 1.21 pmol
g soil~! day~!, which were higher than the hydrolase activi-
ties (except AP) (Table 2). Overall, the average alpha-diver-
sity indices (Chaol, Observed species, Shannon, and Simp-
son) of bacterial communities were all significantly higher
than those of fungal communities, whereas their coefficients
of variations (CVs) were opposite (Table 2).
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ferent colored arrows indicate different sources of PAEs

Relationship between PAEs and soil variables

Cluster analysis classified soil PAEs into five groups. BBP
concentrations were negatively correlated with soil hydro-
lase activities, especially with CB, NAG, and aG (Fig. 5). In
contrast, DMEP, DEEP, DEHP, XPAEs, and total PAEs were
strongly positively correlated with most hydrolase activi-
ties (except CB) (Fig. 5). In addition, soil oxidase activi-
ties (PPO, PER) were negatively correlated with individual
PAE concentrations, but not statistically significant (Fig. 5).
For soil properties, DMP, DIBP, DBP, DEHP, ZPAEs, and
total PAEs were positively correlated with SOM and SWC
contents. Soil DOC (dissolved organic carbon) concentra-
tions were negatively correlated with DMEP and DEEP, but
positively correlated with BBP, DBP, and 2PAEs (Fig. 5).
Most PAE species were significantly and positively corre-
lated with the Chaol and Observed species indices, but not
with Shannon and Simpson (Fig. 5).

Redundancy analysis (RDA) was performed to investigate
the relationships between soil properties, PAEs, and bacterial
communities. Based on the 12 selected soil variables, the first
and second axes of the RDA explained 22.1% and 6.4% of the
total variation in bacterial community distribution, respectively
(Fig. 6). Soil physiochemical properties such as pH, CEC, AP,
and TDN had strong effects on the spatial distribution of bacte-
rial communities (Fig. 6), indicating the dominant role of soil
acidity and nutrient dynamics. In contrast, BBP and DMEP
contributed the most to the second RDA axis (Fig. 6), indicat-
ing that the dominant PAE species had a secondary role in the
spatial distribution of bacterial communities.

@ Springer

Discussion
Distribution of PAEs in paddy soils

According to the guidelines developed by the New York
State Department of Environmental Conservation (2010),
the concentrations of DMP and DBP exceeded the thresh-
olds by three to five times, indicating that the paddy soils
in Taihe County were heavily polluted by PAEs. Clarify-
ing the sources of PAEs is important to understand their
environmental fate (Lii et al. 2018; Li et al. 2023). The
use of chemical fertilizers, pesticides, and herbicides is
an important means to increase crop yield in modern agri-
culture. PAEs are added to commoditized pesticides as
solvents and even dissolved from the pesticide packaging
(Wang et al. 2013a, 2013b). PAEs were detected in 22
fertilizers widely used in China ranging from 1.2 to 2795
png kg~!, with DBP and DEHP having the highest content
(Mo et al. 2008). Wei et al. (2020) found that the higher
the fertilizer application, the higher the accumulation of
PAE in the soil. Rice seedlings are planted using mulch
or seedling trays. It is well known that seedling trays are
made of polyethylene (PE), and BBP is the main plasti-
cizer for PE (Zhang and Choudhury 2017). Plasticizers
usually form weak physical interactions with polymers and
are easily released into the soil (Ma et al. 2020; Li et al.
2023). This process is accompanied with the production
of plastic debris. More and more PAEs remained in the
soil due to aging and fragmentation during the agricultural
activities. Literature also reveals that PAEs are natural-
origin products in wood, lignin oxidation products, micro-
organisms, and humic compounds (Mathur 1974). DnOP
was not detected in this study. DEHP and DnOP are often
present in chemical fertilizers but are not added together
(Mo et al. 2008; Kaewlaoyoong et al. 2018). Koniecki
et al. (2011) reported that DEP was detected in almost all
cosmetic and personal care products at levels up to 255 mg
kg~!. Also, DnBP and DIBP were added in epoxy resin,
cellulose ester, and adhesive (Daiem et al. 2012).

A high heterogeneity in the distribution of soil PAEs was
observed, with the highest concentrations of total PAEs in
the eastern region (Fig. 3). This could be due to decades of
tungsten mining and heavy metal accumulation in this region
(Guo et al. 2022). Heavy metal Cd**/Cu®* can enhance the
adsorption capacity of DEHP in soil, especially chemisorp-
tion (Stoppa et al. 2017; Zhang et al. 2021). Furthermore,
heavy metal enrichment inhibited the degradation rate of soil
PAESs (Chang et al. 2005). The concentrations of PAEs were
significantly higher in the east and west of the country than
in the central part of county. The distribution of PAEs was
inconsistent with gross domestic product (GDP) (Fig. S4).
In general, relatively high levels of PAEs are observed in
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industrial and business centers. However, in the present
P i i study, the regions with high GDP were less polluted, which
§ & 4 could be due to the limitation of our study scale. Wang et al.
(2018) also reported that the concentrations of X6PAEs (six
“s| 8 == priority pollutants) increased with the distance from urban
; 5 (EE E areas. DEHP and DBP were the most abundant phthalate
©re o esters in atmospheric fine particles and have been widely
3 =g reported. This is a consequence of their widespread use in
3 € g the urbanization and industrial discharges (Lii et al. 2018).
< « o Atmospheric dry and wet depositions were non-negligible
P e = sources of PAEs in remote regions, as confirmed by the
g éf é ﬁ' occurrence of PAEs in the Arctic Ocean and the Tibetan
&3 @ ° Plateau (Routti et al. 2021; Zhang et al. 2022). In addition,
=2 g the logarithm octanol-air partition coefficients (logKoa)
E @ Z of DEHP and BBP are 12.5 and 9.0, respectively (Staples
2 < = et al. 1997), suggesting that they are more likely to adhere
o = g to particular matter and dust and eventually fall to the soil
ﬂ; g (Lé é 2 . _ or migrate elsewhere through dry and wet deposition. This
g & S 2 & 729 Tza process was accompanied by the separation of PAEs (Ma
- 5 3 2 et al. 2020), which could be the main reason of high-low-
2 E Z f g g‘ high spatial distribution pattern from west to east. This was
i g § % § g further supported by the industry distribution.
=~ 8 2
= 3 g i z % éﬁ % Risk assessment of exposure to PAEs
g18 23| £Z = _ L
= £ B Due to the ubiquity of PAEs, exposure to phthalates is inevi-
= =a28 53 = table (Lii et al. 2018; Li et al. 2023). Humans are exposed
f; 5 § E § E :; ?, g to PAEs through dietary and non-dietary pathways. The HQ
Bl R B R values of DEHP, DnBP, BBP, DEP, and DMP for children
5| 5 T&958 g z go gn and adults decreased sequentially, and similar results were
S|Z|5888 %] 8 a $ g observed in Xi’an, China (Wang et al. 2018). The CR, .1
S g g% é of DEHP were all higher than 1 x 107°, indicating a poten-
s 2 s 3 2l 8 Zj _é é tial carcinogenic risk to humans. Dermal absorption was
i; g ; g “é ; Z E. é = the dominant source of exposure for DBP, BBP, and DEHP,
Bl B ; %‘ 2 E whereas inhalation was the main source of exposure for
2 |*3] 5 3 E,Ir $ 8 8 Eg é f‘é é DEHP and DBP. These were consistent with Wang et al.
g (5 s g 5 § [Erj ; o A B E (2017). Becker et al. (2009) showed that metabolite concen-
§ TIC|Z <2 =4 §D A T é" trations decreased with age through biomonitoring. Children
§ © 0 x5y % g E g are particularly vulnerable to environmental PAEs through
2 AEEEE IR ERE mouthing plastic products and ingesting dust directly during
< A dES| EEE G hand-to-mouth contact (Li et al. 2023). DIBP also deserved
% Clilszssg s '% g 8% % special attention. Although DIBP has not been listed as a
ZlUE|lddddd]oB £ ¢ priority pollutant by authorities such as US EPA, it has been
§ g 5 § E § E § §D f % o reported to have hormonal effects similar to DBP (Borch
) S m v O
g - et al. 2006).
E P E E E E E 8 g 3 "‘; Several studies have attempted to find appropriate thresh-
5; Flsagas g = C%E 5 olds for plant and soil safety. Based on ecotoxicology and
g SR fm Iz 5 environmental chemistry data, the environmental risk limits
g "f g ‘i E E E E g %“ é& H for DEHP and DnBP in sediment and fresh soil with 10%
E] g g f § B 8¢ E g S_Z I~ organic matter are 1.0 mg kg™! and 0.7 mg kg™, respectively
M 82 & UQ (Van Wezel et al. 2000). Wei et al. (2020) found that vegeta-
% én% S & ; % C? Q;é bl.es with lipid content < 0.21% in PAE—contamina.tion soils
S |[AEEREAIRRECD with TOC < 1.77% were safe. For example, according to the

@ Springer
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Table 2 De.sc_riptive StfltiStiC_S of Soil variables® Unit Min® Max® Mean SD® cvb

enzyme activity and microbial

community diversity in red G nmol g™ d~! 11,472 150,022 54,718 27,884 051

paddy soils AP nmol g™ d™' 57,268 462,857 204,140 80,570 039
pX nmol g=! d~! 1084 33,669 9401 6632 071
CB nmol g=! d~! 125 20,144 4977 4008 081
oG nmol g=! d~! 214 7058 2386 1387 058
NAG nmol g=! d~! 2774 43,772 15,439 8089 052
LAP nmol g~ d~! 697 15,390 5626 2643 047
PPO umol g~d™! 006 457 164 084 051
PER pmol g~'d~! 006 401 121 075 061
Chaol Unitless 269,029 462,955 372,263 37,107 010
Observed species Unitless 244,080 375,630 305,532 24,845 008
Shannon Unitless 984 1089 1043 020 002
Simpson Unitless 0996 0999 0998 0000 000

“BG, b-1,4-glucosidase; AP, acid phosphatase; fX, b-1,4-xylosidase; CB, b-D-cellobiosidase; oG,
a-1,4-glucosidase; NAG, b-1,4-N-acetyl-glucosaminidase; LAP, leucine amino peptidase; PPO, phenol oxi-

dase; PER, peroxidase

®Min, minimum; Max, maximum; SD, standard deviation; CV, coefficient of variation

}
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Fig.5 Pearson correlation heatmap of PAEs and geochemical param-
eters. Blue and red indicate positive and negative correlations, respec-
tively. * and ** indicate the correlations are significant at the 0.05
and 0.01 levels (two tailed), respectively

@ Springer

maximum concentrations of food contaminants defined by
the European Commission, BBP, DEHP, and DBP are 30 mg
kg~! food, 1.5 mg kg™! food, and 0.3 mg kg~! food, respec-
tively (Petersen and Jensen 2010). PAEs accumulated in soil
may be absorbed by crops and vegetables and subsequently
transferred to humans through the food chain. Meanwhile,
rice consumption has been identified as the main pathway of

i P <0.001
0.6 .
NH+' TP
0.4
S 024
N
N
3 00
~Ea
0.2 .
-0.4- e
T ; T
0.5 0 0.5

RDAI (22.1%)

Fig.6 Redundancy analysis (RDA) of bacterial community structure
and a subset of 12 environmental variables including silt, pH, CEC,
SWC, EC, SOM, AP, TP, TDN, NH,*, DMEP, and BBP. Black dots
represent microbial community composition in a multidimensional
space. Arrows represent environmental variables. The longer the
arrow, the stronger the effect of the environmental variable on micro-
organism
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human exposure to PAEs in China (Wu et al. 2018). There-
fore, effective measures are needed to inhibit the transport of
PAEs from soil to plants, especially DEHP and DBP.

Relationship between PAE concentrations
and bacterial communities

The residues of soil PAEs are closely related to their own
physicochemical properties and soil properties (e.g., pH,
SOM, etc.) (Yang et al. 2013; Bai et al. 2021). However, our
results showed that soil PAE concentrations were weakly cor-
related with soil pH and SOM (Fig. 5). On the one hand, this
may be due to the continuous influx of new PAEs into the soil,
which has not yet reached a certain equilibrium (Wang et al.
2017). On the other hand, the long-term high temperature and
high humidity environment favors soil organic carbon miner-
alization, thereby inhibiting the adsorption of hydrophobic
organic compounds by SOM (Leir6s et al. 1999).

Specific EEAs were involved in carbon and nitrogen
cycling and decomposed different substrates. Nitrogen
cycling-related enzymes include NAG and LAP, which tar-
get chitin and protein, respectively. Carbon cycling-related
enzymes include oG, BG, CBH, and BX, which target on
cellulose of varying complexity. The results showed that
high molecular weight phthalates (DMEP, DEHP, and
DEEP) were positively correlated with BG, aG, NAG, and
LAP activities, indicating that increasing soil contamination
concentrations would promote the decomposition of C- and
N-substrates. Studies have shown that bacterial amoA gene
abundance increased in the microplastic treatments, suggest-
ing that PAEs enhanced soil nitrification potential (Seeley
et al. 2020). Zhu et al. (2022) demonstrated that the impact
of plasticized PVC microplastics on soil microbiome and
nitrogen cycle was mainly attributed to the added phthalates.
Similarly, Wang et al. (2018) reported that the abundance
of N-cycle functional genes increased significantly with
increasing DMP concentrations. In this study, no signifi-
cant correlation was observed between PAEs and Shannon
and Simpson indices, but there were positive correlations
between PAEs and Chaol and Observed species (Fig. 5).
These results indicated that PAEs could increase bacterial
abundance rather than diversity. Once low concentrations
of chemical contaminants enter the soil, microorganisms
expand and reproduce faster to resist exogenous pollutants
(Shen et al. 2019). This could explain the increase in bacte-
rial abundance. Soil microbial communities play a vital role
in maintaining ecosystem processes such as nutrient cycling
and pollution degradation (Delgado-Baquerizo 2019). Bac-
terial community composition was closely related to soil
properties such as pH, CEC, and AP, which was consistent
with the findings of Wang et al. (2019). Our research found
that although the concentrations of BBP and DMEP were
relatively low, they had a significant effect on the microbial

community, implying that the type of phthalate rather than
the concentration was the main factor affecting microorgan-
isms (Zhou et al. 2020). BBP can increase the abundance
of functional microorganisms such as Proteiniphilum, Pet-
rimonas, and Syntrophomonas in waste activated sludge
(Tang et al. 2021). Numerous studies have shown that the
dissipation of PAEs is mainly driven by various indigenous
bacteria (Hu et al. 2021), such as Proteobacteria and Acino-
bacteria, whereas fungi are hardly involved in degradation
(Zhu et al. 2018). Anthropogenic pollutants are by-products
of agricultural activities and have limited impact on bacterial
community composition (Sun et al. 2018).

Conclusions

This study focused on the pollution characteristics, sources,
human health risk, and drivers of PAEs in red paddy soils in
southern China. DBP, DEHP, and DIBP were the major PAE
congeners. BBP and DMEP had a greater impact on indig-
enous bacterial communities than other PAEs. Several types
of PAEs exhibited high spatial heterogeneity, indicating dif-
ferent origins and environmental drivers including tungsten
mining, atmospheric deposition, and industrial sources. Soil
intake was the main exposure pathway, and the carcinogenic
risk of DEHP ingestion had exceeded the threshold. The
behavior of PAEs in red paddy soils was closely related to
the dynamics of SOM, nutrients, and bacterial communities.
Low levels of PAE pollution increased bacterial richness and
promoted carbon and nitrogen transformation in paddy soils.
Soil acidity and nutrient dynamics dominated the spatial
distribution of bacterial communities, with the major PAE
congeners playing a secondary role. Overall, more attention
should be paid to PAEs in paddy soils in southern China.
Our study provided theoretical guidance for the remediation
of PAEs in red paddy soils.
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