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Abstract

Excessive antibiotic use and their release into soils leads to alterations in soil processes,
adversely affecting terrestrial organisms and presenting a serious threat to crop growth
and productivity. Herein, the spatial patterns and prevalence of 22 typical antibiotics
in agricultural soils throughout the Pearl River Delta area of China. In addition, the
contamination characteristics and health risks were evaluated by integrating ArcGIS
10.7 spatial analysis, spearman correlation, and Risk Quotient (RQ) modeling. Antibi-
otics were detected in all the 240 soil samples with the total concentrations ranging from
ND to 897 µg·kg−1 dry weight. The concentrations of seven antibiotic classes followed the order:
quinolones (21.0 µg/kg) > β-lactams (15.1 µg/kg) > tetracyclines (9.65 µg/kg) > sulfonamides
(3.91 µg/kg) > macrolides (0.26 µg/kg) > chloramphenicol (0.18 µg/kg) > lincosamides
(0.03 µg/kg). Among the 240 sampling sites, quinolone antibiotics had the highest av-
erage contribution rate (41.89%), followed by β-lactams (30.09%), tetracyclines (19.28%),
sulfonamides (7.81%), macrolides (0.52%), and chloramphenicol (0.36%), while lincomycin
had the lowest contribution rate (0.06%). Spatial distribution demonstrated a significant
positive correlation with per capita livestock/poultry product consumption, while 82.5% of
sampling sites exhibited medium-high ecological risk primarily linked to livestock, poultry,
and aquaculture. Quinolones, β-lactams, and tetracyclines were identified as the domi-
nant ecological risk drivers in current regions. Mitigation requires synergistic measures
including regulated veterinary drug use in aquaculture, enhanced manure treatment, and
pollution remediation systems. These findings provide a scientific basis for supervising
antibiotic pollution in agriculture soil and improving the sustainability and health of soil in
the Pearl River Delta.

Keywords: antibiotics; Pearl River Delta; agriculture soil; spatial distribution; ecological risk

1. Introduction
Antibiotics have been instrumental in combating bacterial infections, lowering death

rates, and increasing human longevity [1]. Nevertheless, the large-scale production and
overuse of antibiotics have resulted in global antibiotic pollution and public health issues [2].
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Globally, approximately half of antibiotics serve as veterinary drugs and feed additives,
with 30–90% entering the various environment compartments via excreta due to their
inadequate metabolism by animal and human guts [3,4]. In 2019, veterinary antibiotics
usage reached 30,903.66 tons [5], predicting that China will remain the largest global
consumer by 2030 [6]. Antibiotics have been frequently detected in aquatic environments.
For instance, ciprofloxacin, amoxicillin, and azithromycin were detected in the Kabul River
(Pakistan), the Mijares River (Spain), the Oujiang River Basin (Zhejiang, China), and the
Chaohu Lake Basin (Anhui, China) [7–10], and were widespread in groundwater. Han et al.
identified 23 antibiotics in Hutuo River alluvial fan ground water (North China Plain), with
total concentrations ranging from ND to 465.26 ng/kg [11]. Quinolones predominated in
all detected samples (mean: 12.66 ng/L), and the major quinolones were ciprofloxacin and
ofloxacin. Li et al. reported the high detection frequency of antibiotics (42.9–80.4%) in Han
River groundwater, where gentamicin peaked at 9.3 ng/L [12].

Soil as a critical reservoir accumulates various antibiotics through fertilization, wastew-
ater irrigation, sludge reuse, and other pathways, with escalating pollution concerns [13].
Antibiotics primarily enter soils via manure application, sewage irrigation, and sludge
disposal [14]. Bao [15] reported that total antibiotic concentrations ranged from ND to
609.62 µg/kg in eastern Inner Mongolia agricultural-pastoral soils, and tetracyclines ac-
counted for the dominant abundance. Leal [16] detected the high level of quinolones
(22.93 µg/kg) in São Paulo soils. Residual antibiotics could disrupt microbial communities
function [17], plant metabolism [18], and the growth and development of soil animals [19].
Antibiotics are also prevalent in feces, vegetables, aquatic products, and sediments [20–23],
and secondary contamination risks of antibiotics towards agricultural soils could be caused
through fertilization.

Antibiotic residues in soil may promote the emergence of novel antibiotic-resistant
bacteria (ARB) and resistance genes (ARGs), thereby impeding pathogen control and posing
public health risks [24,25]. Previous studies have shown that antibiotics can enter organ-
isms through food and water, disrupting gut microbiota balance and causing intestinal
inflammation [26,27]. Additionally, soil microbial communities structure and composition
were destroyed by antibiotics, facilitating horizontal gene transfer of resistance genes, and
endangering ecosystems and public health [28–30]. Their adverse effects involve inhibiting
the transcription and translation [31], protein synthesis and modification [32], and disrupt-
ing cell membrane permeability and cellular energy metabolism [33,34]. Consequently,
a comprehensive assessment of current antibiotic contamination levels and their spatial
distribution patterns in soil of the Pearl River Delta (PRD) is essential for the accurate
ecological and public health risk evaluation of them.

Risk assessment of emerging contaminants as an effective prediction approach could
afford the scientific basis for their supervision and management, which encompasses
health and ecological evaluation. Health risks are commonly evaluated via hazard quo-
tient (HQ) and hazard index (HI) for ingestion pathways, while ecological risks predom-
inantly employ the risk quotient (RQ) method [35]. RQ thresholds are: <0.1 (low risk),
0.1–1 (medium risk), and >1 (high risk) [36]. Although vegetable-derived antibiotic health
risks appear minimal [37], ecological risks in soils remain significant across multiple re-
gions. The PRD located in the south-central Guangdong Province along the South China
Sea, is one of the world’s most populous and economically vibrant regions. Its strong
advanced manufacturing and labor-intensive agriculture sectors may increase the region’s
environmental pressures. Antibiotic residues in various vegetables in PRD have been
documented repeatedly [38,39]. Pan et al. observed that the antibiotic concentrations in
fish pond water-irrigated soils were higher than sewage-irrigated soils across the PRD [40].
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Elevated detection rates of antibiotics in Pearl Estuary rivers verified substantial aquatic
ecological risk and potential public health risk [41].

The objectives of this research were to: (i) determine the levels and compositional
profiles of antibiotics in PRD agricultural soils; (ii) analyze the spatial distribution pat-
terns and dominant antibiotic sources; (iii) quantify carcinogenic and non-carcinogenic
health risks posed by antibiotic exposure to residents (adults and children) via dietary
intake and environmental pathways. The findings will provide essential data for antibi-
otics contamination and crops safety in PRD, enhancing the scientific management of
these antibiotics.

2. Materials and Methods
2.1. Chemicals and Reagents

A total of seven antibiotic standards were employed for chemical analysis. Sul-
fonamide antibiotics comprised sulfadiazine, sulfadimethoxine, sulfamethoxazole, sul-
famerazine, and sulfamethazine, with standards (purity ≥ 98%) obtained from Shang-
hai Yuanye Biotechnology Co., Ltd (Shanghai, China). Quinolone antibiotics included
ofloxacin, enrofloxacin, norfloxacin, lomefloxacin, and flurofloxacin (purity ≥ 98%, Shang-
hai Yuanye Biotechnology Co., Ltd.), alongside moxifloxacin (purity ≥ 98%, Shanghai
Aladdin Biochemical Technology Co., Ltd (Shanghai, China). β-lactam antibiotics con-
sisted of amoxicillin, cephalexin, and cefotaxime (purity ≥ 97%, Shanghai Yuanye Biotech-
nology Co., Ltd.) and cefaclor (purity ≥ 97%, Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd.). HPLC-grade formic acid, methanol, and acetonitrile were sourced from
Shanghai Aladdin Biochemical Technology Co., Ltd. Milli-Q ultrapure water was used
throughout the experiments, and other chemical reagents were presented in Supporting
Information Text S1.

2.2. Sample Collection and Preparation

A total of 240 soil samples were collected from vegetable fields across nine cities in
the Pearl River Delta region, including Guangzhou (48), Shenzhen (30), Dongguan (18),
Jiangmen (30), Zhongshan (16), Huizhou (28), Zhaoqing (24), Zhuhai (19), and Foshan
(27), as shown in Figure 1. To ensure sample representativeness, an S-shaped distribution
pattern was employed at each sampling site. Five surface soil subsamples (0–15 cm depth)
were uniformly collected using stainless steel shovels and then they were merged into a
single sample (~1 kg) [42]. Samples were immediately stored in aluminum foil-lined kraft
paper bags under refrigeration, and GPS coordinates were recorded for all sampling sites.
Soil samples pretreatment involved three steps: natural air-drying, impurity removal, and
manual grinding followed by sieving. The prepared soil samples were analyzed for pH and
total organic carbon (TOC) following the potentiometric method [43] and the potassium
dichromate volumetric method [44], respectively. Briefly, the soil pH was determined
using a pH meter (Inesa, Shanghai, China) at a soil-to-water ratio of 1:2.5. As to the
TOC, soil samples need to undergo pretreatment steps such as air drying, grinding, and
sieving before detection to ensure the uniformity and representativeness of the samples.
For soils containing carbonates, inorganic carbon should be removed by acidification or
high-temperature burning to avoid interference with TOC determination. Afterwards, the
TOC was analyzed using an Elementar Vario EL III elemental analyzer (Hanau, Germany).
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Figure 1. Locations of study area and field sampling sites in the Pearl River Delta region.

2.3. Antibiotics Extraction

A total of 1 g of soil was weighed into a 10 mL centrifuge tube. After introducing
0.2 g EDTA and 5 mL extraction solution (prepared with 27.2 mL KH2PO4 and 1.35 mL
H3PO4 fixed to 1 L with ultrapure water, then mixed 1:1 with acetonitrile, pH 3.0), samples
were vortexed (1 min) and underwent ultrasonication for 20 min, and then centrifuged
(2500 r/min, 5 min). The supernatant was harvested and the extraction was repeated
three times. Combined supernatants were diluted to 300 mL with ultrapure water and
passed through Oasis HLB columns (activated with 6 mL methanol and 6 mL ultrapure
water) at a 5 mL/min flow rate. Columns were rinsed with 15 mL ultrapure water and
vacuum-dried (10 min). The obtained samples were diluted with 9 mL methanol contain-
ing 0.1% formic acid into centrifuge tubes to evaporate and then be reconstituted with
methanol to 1 mL. Finally, solutions were filtered through 0.22 µm syringe filters into
amber vials for quantitative analysis. The detailed experimental procedure can refer to the
relevant method [45].

2.4. Instrumental Analysis

Antibiotics quantification analysis was performed by UPLC-MS/MS system (Thermo
Scientific Dionex UltiMate 3000 Series) (Thermo Fisher Scientific, Sunnyvale, CA, USA)
with a ACQUITY BEH C18 column (2.1 mm × 50 mm × 1.7 µm, Phenomenex, Torrance,
CA, USA) in positive mode via multiple reaction monitoring (MRM). The mobile phases
consisted of (A) 0.1% formic acid in water and (B) methanol–acetonitrile (2:8, v/v) con-
taining 0.1% formic acid with a total flow rate of 0.2 mL/min. A volume of 10 µL was
injected and column temperature was 30 ◦C. The gradient program was as below: 0–2 min
(95% A), 2–4 min (85% A), 4–6 min (75% A), and 6–7 min (5% A). An electrospray ionization
(ESI) source and selected ion monitoring (SIM) mode with a resolution of 70,000 were
selected for chemicals detection. The capillary temperature was set as 320 ◦C. Auxiliary gas
heating temperature was set as 350 ◦C and sheath gas pressure was 275.8 kPa. Auxiliary
gas pressure and spray voltage was set as 68.95 kPa and 3.0 kV, respectively. The limits
of detection (LODs), calculated as signal-to-noise ratios of 10, were 0.03 to 0.06 µg/kg
for antibiotics. Antibiotic quantification was performed using external calibration curves
prepared in methanol. Method reliability was validated through quality control analysis,
which involved incorporating spiked samples with known concentrations into each batch.
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The relevant analytical parameters of MS for antibiotics detection and the calibration details
were presented in Supporting Information (Table S1 and Text S2).

2.5. Quality Control

Quality control measures included processing method blanks, spiked samples, and
analytical replicates at 10-sample intervals to ensure contamination-free procedures and
analytical accuracy. Antibiotics were not detected in all blanks, with experimental samples
concentrations showing <10% relative standard deviation (RSD). Target chemicals recover-
ies (spiked at 1, 5, 10, and 20 µg/kg) were maintained in a range of 82–116%. Calibration
curves exhibited R2 > 0.99.

2.6. Ecological Risk Assessment

The ecological risk assessment follows the Risk Quotient (RQ) value method in the EU
Technical Guidance Document (TGD) on Risk Assessment of the European Commission
(2003) [35]. RQ < 0.1 is considered as low risk, 0.1 ≤ RQ ≤ 1 is considered as medium risk,
and RQ > 1 is considered as high risk [36]. The selection of AF in this study was set to 1000,
which referred to the EU Technical Guidance Document on chemical risk assessment issued
by the European Chemicals Agency [35]. The RQ is calculated using the following formula:

RQ = MEC/PNECwater/soil (1)

where MEC is the measured environmental concentration of antibiotics; PNECwater is the
predicted no-effect concentration of antibiotics in water. According to the EU Technical
Guidance Document [35] and the calculation method described by Ren [46], the PNECsoil

for antibiotics in soil was obtained by equilibrium conversion using the PNECwater for
antibiotics in existing studies with the following equation:

PNECsoil = Ksoil–water × PNECwater (2)

Ksoil–water = Fwater–soil + Fsolid–soil × (KPsoil × RHOsolid/1000) (3)

logKoc = 0.623logKow + 0.873 (4)

where Ksoil–water is the organic matter soil-water partition coefficient; Fwater–soil and
Fsolid–soil are the volume fractions of the water and solid phases of the soil, respectively
(standard environmentally defined values in the TGD were used in this study, which were
0.2 and 0.6, respectively); RHOsolid is the solid density (value of 2500 kg·m−3 defined in
TGD); KPsoil is the solid-phase water partition coefficient, which was calculated using
0.02 times the organic matter–soil–water standardized carbon (Koc) based on the TGD
recommended values; Kow is the octanol-water partition coefficient. The mixture risk
quotient (MRQ) due to co-contamination of different antibiotics was assessed using the
following model:

MRQ = Σ(MECi/PNECi) (5)

As the PNECwater values for some substances are less frequently reported, only
16 antibiotics were risk assessed in this study, with PNECs derived from Ren [46].

2.7. Spatial Mapping and Statistical Analysis

Statistical analyses were performed using Origin 2021 (OriginLab Inc., Northampton,
MA, USA) and SPSS 21.0 (IBM, Armonk, NY, USA). All data is presented as mean ± standard
deviation (SD). In addition, Origin 2021 was also used to analyze data on concentrations
of contaminants and risk quotients and to plot correlation analyses. ArcGIS 10.7 software
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was employed to map and analyze the spatial distribution of antibiotics in soil within the
sampling area. Relationships between antibiotic concentrations in soil, TOC in soil, and pH
will be assessed using Spearman’s correlation analyses.

3. Results and Discussion
3.1. Characteristics of Antibiotics in Soil in the PRD

Based on the analysis of 240 PRD vegetable field soil samples, (Table 1) total antibi-
otic levels ranged from ND to 897 µg/kg, with a mean value of 50.0 µg/kg. A total of
22 antibiotics were determined, including sulfonamides, quinolones, tetracyclines, beta
lactams, macrolides, lincomycin, and chloramphenicol. The total concentration of
these antibiotics was <LOD~328 µg·kg−1, <LOD~870 µg·kg−1, <LOD~106 µg·kg−1,
<LOD~99.1 µg·kg−1, <LOD~6.52 µg·kg−1, <LOD~0.33 µg·kg−1, and <LOD~6.50 µg·kg−1,
with detection rates being 86.3%, 70.0%, 89.2%, 70.8%, 64.6%, 30.0%, and 3.8%, respec-
tively (Table S2). Mean concentrations of these antibiotics followed the order: quinolones
(21.0 µg/kg) > β-lactams (15.1 µg/kg) > tetracyclines (9.65 µg/kg) > sulfonamides
(3.91 µg/kg) > macrolides (0.26 µg/kg) > chloramphenicol (0.18 µg/kg) > lincosamides
(0.03 µg/kg). Compositional contributions to total antibiotics were as follows: quinolones
(41.89%), β-lactams (30.09%), tetracyclines (19.28%), sulfonamides (7.81%), macrolides
(0.52%), chloramphenicol (0.36%), and lincosamides (0.06%).

Table 1. Concentration and detection rate of antibiotics in vegetable soil of PRD region, China.

Chemicals Max
(µg·kg−1)

Min
(µg·kg−1)

Median
(µg·kg−1)

Mean
(µg·kg−1)

Detection
Rate (%)

Sulfadiazine 6.75 ND a 0.20 0.39 73.8
Sulfadimethoxine 9.02 ND ND 0.23 25.0
Sulfamethoxazole 8.07 ND ND 0.24 19.2

Sulfamerazine 6.06 ND ND 0.12 10.0
Sulfamethazine 328 ND ND 2.93 24.6
ΣSulfonamides 328 ND 0.64 3.91 86.3

Ofloxacin 75.5 ND 0.13 2.93 50.4
Enrofloxacin 244 ND ND 6.39 32.1
Norfloxacin 684 ND 0.60 10.1 57.5

Lomefloxacin 18.9 ND 0.16 0.20 53.8
Fleroxacin 28.0 ND 0.54 0.72 58.3

Moxifloxacin 65.0 ND ND 0.65 2.5
ΣQuinolones 870 ND 2.61 21.0 70.0

Xytetracycline 98.3 ND ND 4.15 40.0
Tetracycline 40.9 ND 1.01 2.20 63.8
Aureomycin 10.9 ND 4.54 3.29 62.1

ΣTetracyclines 106 ND 6.52 9.65 89.2
Amoxicillin 48.3 ND ND 8.52 44.6

Cefalexin 56.4 ND ND 5.84 45.4
Cefotaxime 1.58 ND ND 0.05 4.2

Cefaclor 21.8 ND ND 0.65 7.9
Σβ-lactams 99.1 ND 11.6 15.1 70.8

Erythromycin 0.23 ND ND 0.006 7.5
Azithromycin 6.52 ND 0.22 0.25 62.5
ΣMacrolides 6.52 ND 0.22 0.26 64.6
Lincomycin 0.33 ND ND 0.03 30.0

Thiamphenicol 6.50 ND ND 0.18 3.8
ΣAntibiotics 897 ND 28.6 50.0 98.8

a ND, not detected.

Sulfonamide antibiotics exhibited high detection frequencies (10.0–73.8%) in PRD
soils. Sulfadimethoxine was identified as the primary contributor (2.93 µg/kg), followed
by sulfadiazine, sulfamethoxazole, sulphadimethoxine, and sulfamerazine with average
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concentrations of 0.39 µg/kg, 0.24 µg/kg, 0.23 µg/kg, and 0.12 µg/kg. Notably, the
mean concentration of sulfonamide antibiotics in PRD soils (3.91 µg/kg) significantly
exceeded the levels of them in the Yangtze River Delta (2.35 µg/kg) [42] and Zhangjia-
gang farmland (2.08 µg/kg) [46], potentially attributing to intensive veterinary antibiotic
use in PRD agriculture. Detection frequencies of quinolones ranged from 2.5 to 58.3%,
with norfloxacin emerging as the dominant risk chemical (mean: 10.1 µg/kg, maximum:
684 µg/kg). The mean concentration of quinolone (21.0 µg/kg) surpassed the levels
of them in Guangzhou organic farms (14.0 µg/kg) [47] and Nanjing greenhouse soils
(<LOD–649 µg/kg) [48]. Critically, the peak concentration of norfloxacin approached
seven-fold the ecotoxicity threshold (100 µg/kg), enhancing our vigilance regarding long-
term cumulative effects. Tetracyclines demonstrated 40.0–63.8% detection frequencies,
dominated by oxytetracycline (4.15 µg/kg). Their overall concentrations were lower than
those in Guangzhou’s green/organic vegetable bases (0.98–6.59 µg/kg) [49] and Beijing’s
greenhouse vegetable production bases (102 µg/kg) [50], likely reflecting tightened tetra-
cycline usage controls in the PRD. Amoxicillin (8.52 µg/kg) and cefadroxil (5.84 µg/kg)
that were classified in β-lactam antibiotics in PRD exhibited a notable high concentration,
signifying the potential contamination from urban medical waste or human antibiotic
residues. Macrolide antibiotic concentrations were generally low in this work. However,
peak values of azithromycin (6.52 µg/kg) and methicillin (6.50 µg/kg) exceeded Chongqing
soil levels by 2–4 times, elucidating that the continuous monitoring of sites with anoma-
lies should be proceeded [51]. According to the International Coordinating Committee
for Veterinary Medicine, antibiotics concentrations in soil exceeding the safety threshold
(100 µg/kg) may induce ecotoxicological effects on various organisms [41]. In current
work, 10.4% of samples exceeded the threshold for total antibiotics, while 5.8% exceeded
for single antibiotic classes and 4.6% for individual compounds. Norfloxacin, enrofloxacin,
and sulfamethazine constituted the primary contaminants in samples that exceeded the
ecotoxicity threshold, reflecting regional veterinary antibiotic usage patterns in the PRD.
Furthermore, these contamination hotspots pose potential threats to soil microbial commu-
nities and may facilitate resistance gene dissemination. The previous study conducted a
quantitative analysis of 13 antibiotic residues in 241 soil samples collected from the Yangtze
River Delta region. The results showed that the concentration range of total antibiotic was
4.55–2010 ng/g (dry weight), with an average concentration of 86.1 ng/g [42]. Quinolones
exhibited a substantially higher average concentration (48.8 ng/g) compared to tetracyclines
(34.9 ng/g) and sulfonamides (2.35 ng/g), which was consistent with our findings.
Quinolones, tetracyclines, and sulfonamides were identified as the predominant antibiotics
in agricultural soils, where their corresponding resistance genes were also prevalent [52–54].
The concentrations of quinolone antibiotics in this study (ND-458.3 ng/g) were similar to
the levels of them in arable greenhouse soils in Nanjing (below LOD-290 ng/g) and Beijing
(below LOD-649 ng/g) [48,50], but were substantially lower than those observed in the
vegetable farm soils of the Pearl River Delta (27.8–1530 ng/g) [39], elucidating the re-
gional variation in antibiotic pollution. The average concentration of sulfonamide an-
tibiotics detected in this work (3.91 ng/g) was significantly higher than the reported
level in the Huanghuaihai Plain (<0.11 ng/g) [55]. Wei [56] found that average antibiotic
residue levels in Hebei, Henan, Sichuan, and Jiangsu agricultural soils followed the order:
tetracyclines > quinolones > macrolides > sulfonamides > benzophenols. Although an-
tibiotics generally occur in soil at lower concentrations than typical soil pollutants, fluoro-
quinolones and tetracyclines have been detected at the range of mg kg−1 [57]. The level of
quinolone antibiotics in farm soil in Cordoba, Spain reached 15.6 mg/kg [58].

Rapid urbanization and intensive agricultural practices driven by urban expansion
have significantly impacted residue levels of antibiotics in soil. Antibiotics contamination
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has been increasingly found in greenhouse vegetable soils and mulched soils, making them
priority areas of concern. On the one hand, the extensive use in the breeding industry
(livestock breeding and aquaculture) of veterinary medicines in this area and the overuse
of antibiotics in clinic settings resulted in higher abundance of antibiotics. On the other
hand, sediments, sewage sludge, and biosoilds containing antibiotics because of the limited
elimination efficiency of wastewater treatment plants, are also commonly used as fertilizers
in agricultural activities, and are applied to agricultural fields in South China [59–61],
eventually leading to excessive residuals of antibiotics in vegetable soils in the PRD region.

3.2. Characteristics of Spatial Distribution of Antibiotics in the PRD

The pollution characteristics of antibiotics exhibit regional variations, as their sources
are closely associated with urban activities and agricultural practices involving sewage
sludge and biosoilds. To visualize the concentration distribution, the spatial distribution
of soil antibiotics was estimated using the Simple Kriging interpolation method within
ArcGIS 10.7’s spatial interpolation module, with data processing confined to the sampling
area. As illustrated in Figure 2, the total antibiotics concentrations in farmland soils of
the Pearl River Delta exhibited high levels in the following areas: Zhaoqing, northern and
western Foshan, northern Guangzhou, southern Jiangmen, as well as southern and eastern
Zhuhai. This was attributed to the fact that many companies, such as electrical appliances,
furniture, textiles, were concentrated in above regions, which increased the usage amount
of antibiotics by native residents and migrant workers due to the labor population. Finally,
high levels of antibiotics in domestic sewage contribute to the accumulation in sewage
sludge and effluents of wastewater treatment plants, which aggravates the emission of
antibiotics into agricultural fields during their cycling process. In addition, accelerated
urbanization, in conjunction with agricultural and domestic waste, has been associated
with increased antibiotic concentrations in this region [62]. For instance, the rising demand
of antibiotics by residents buying through retail pharmacies and private clinics could result
in the overuse and misuse of antibiotics, which cause unreasonable disposal and increase
the leakage of antibiotics into the environment. Moreover, developed livestock breeding
and aquaculture in the above regions are also deemed as pivotal sources for the emission
of antibiotics because of the poor removal efficiency of the high concentration of antibiotics
in wastewater. Moderate level values occurred in central Foshan, northern Jiangmen,
central Zhongshan, western/southeastern Shenzhen, and southern Huizhou. In addition
to the above areas, antibiotic concentrations from other sample sites displayed a low
concentration distribution. Overall spatial patterns manifested: (1) higher concentrations
in central-western compared to eastern regions; (2) greater concentrations in northern
areas compared to southern areas (Figure 2a). Total concentrations in Zhaoqing, Foshan,
Jiangmen, Zhongshan, and Zhuhai exceeded those in Guangzhou, Dongguan, Shenzhen,
and Huizhou (p < 0.05), in accordance with the finding of Yang [63].

Among the specific classes, sulfonamides accumulated primarily in northern, north-
western, and southwestern regions (Figure 2b), with high-concentration areas significantly
correlating with districts reporting elevated agricultural (p < 0.05), pastoral, and fish-
ery output values in statistical yearbooks of Guangzhou (2024), China. Quinolones and
thiamphenicols concentrated in northwestern sectors, yet the estimated maximum con-
centration of thiamphenicols was 0.002 µg·kg−1 (Figure 2c,h). Tetracyclines with high
concentration was discovered in the northwest/southeast area of the current research
zones (Figure 2d). β-lactams predominantly accumulated in southwestern areas (Figure 2e).
Macrolides and high levels of lincosamides showed in the northeast/southeast regions
(Figure 2f), and the high value area of lincomycin was located in northern/southern zones
(Figure 2g). Yearbook data of Guangzhou (2024) confirmed that quinolone, tetracycline,
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β-lactam, and macrolide hotspots frequently coincided with high-output regions including
Taishan, Gaoyao District in Zhaoqing, and Huizhou.

Figure 2. Spatial distributions of (a) total antibiotics; (b) sulfonamides; (c) quinolones; (d) tetracyclines;
(e) β-lactams; (f) macrolides; (g) lincomycins; (h) thiamphenicols in farmland soils of the Pearl River
Delta region.

3.3. Potential Sources Apportionment of Antibiotic Contamination in the PRD

Soil antibiotic contamination in the Pearl River Delta region is shaped by multiple
factors, including pollution discharge sources and the physicochemical properties of the
antibiotics themselves, e.g., their adsorption characteristics and environmental persistence.
Apart from wastewater irrigation, agricultural practices like fertilization and pesticide
application also play significant roles. For instance, long-term application of organic fertil-
izers, including biogas slurry and manure, has been identified as a key driver of antibiotic



Toxics 2025, 13, 1004 10 of 18

accumulation in agricultural soils. Zhang [64] reported widespread distribution and el-
evated levels of veterinary antibiotics in manured soils, and the high usage amount of
organic fertilizer application will aggravate the accumulation of veterinary antibiotics in
soil [65]. Shi [66] identified a dose–response relationship between manure application
and tetracycline accumulation in soils, where high application rates (80.44 t/ha) yielded
concentrations 4.1 times those of low-rate soils (20.11 t/ha). This phenomenon is consistent
with broader observations that long-term application of organic fertilizers, including biogas
slurry and manure, leads to elevated antibiotic levels in agricultural soils, with accumu-
lation patterns showing spatial and temporal variability [67]. Sulfonamide antibiotics
serve as key elements in veterinary medications and feed additives. The large scale of
livestock breeding and aquaculture in the Pearl River Delta region has surged the usage
of sulfonamide antibiotics, which has increased the accumulation of them in municipal
wastewater and sewage sludge. Moreover, sulfonamide antibiotics are the most commonly
found antibiotics in farm wastewater and manure [68]. Some sampling sites located in
family orchards in rural areas of Zhaoqing, Foshan, Guangzhou, Jiangmen, and Zhuhai
exhibited high detection rates of sulfonamide, quinolones, and tetracyclines, which might
be due to the composting of manure by rural retail farming properties. In addition, the
high abundance of antibiotics in Jiangmen, Zhuhai, Zhongshan, and Huizhou might be
ascribed to manure application in the field, or irrigation with aquaculture wastewater. As
reported by a previous study, municipal sewage is the main source of antibiotics in the soil
around urban areas, especially quinolone antibiotics [69]. In addition, a survey on soil an-
tibiotic pollution around the Beijing, Tianjin, Hebei, Jiangsu, Zhejiang, and Shanghai urban
agglomerations in China showed that sewage irrigation and organic fertilizer application
are the main sources of soil antibiotic pollution in these areas [70]. Overall, wastewater
irrigation, manure application of sewage sludge, and organic fertilizers (biogas slurry and
manure) are considered to be main contributors to the high levels of antibiotic pollution in
the PRD region.

3.4. Correlation of Contaminant with Soil Properties and Livelihood

The Pearl River Delta is a highly developed agricultural production area and popu-
lation concentration area in Guangdong Province. According to statistical yearbooks of
Guangzhou (2019), China, its pig slaughter volume, poultry slaughter volume, aquatic
products production, Gross Agricultural Output Value, and permanent resident population
accounted for 26.8%, 24.9%, 39.5%, 31.1%, and 50.9% of the provincial totals, respectively.
Correlation analysis between these items and the mean total antibiotic concentration in soil
(including the mean concentrations of seven specific antibiotic classes, such as sulfonamides
and quinolones) revealed significant associations. As depicted in Table 2, the mean total soil
antibiotic concentration showed significant positive correlations with pig slaughter volume
(r = 0.833, p < 0.01), poultry slaughter volume (r = 0.717, p < 0.05), and aquatic products pro-
duction (r = 0.917, p < 0.01), indicating that livestock farming and aquaculture were primary
pollution sources. Correlations with Gross Agricultural Output Value (r = 0.617, p = 0.077)
and permanent resident population (r = −0.400, p = 0.286) were not statistically significant.
Quinolones correlated significantly with aquatic products production (r = 0.733, p < 0.05),
suggesting that the excessive usage of aquaculture drugs might be a source. Thiamphenicol
correlated significantly with Gross Agricultural Output Value (r = 0.797, p < 0.05), indi-
cating the contributions of agricultural drug source. β-Lactams exhibited a significant
negative correlation with permanent resident population (r = −0.850, p < 0.01), suggesting
that human antibiotics were unlikely their main source. We deduced that the overuse of
β-Lactams in livestock farming might contribute to its high abundance. Furthermore, the
mean concentrations of sulfonamides, tetracyclines, macrolides, and lincomycin showed
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no significant correlations with any of the five socio-economic indicators, implying a low
probability that their contamination stems directly from the current use of agricultural,
livestock, aquaculture, and human antibiotic.

Table 2. Correlation between livelihood data and total antibiotics in soil in the Pearl River Delta.

Antibiotics Pig Slaughter
Volume

Poultry Slaughter
Volume

Aquatic Products
Production

Gross Agricultural
Output Value

Permanent Resident
Population

ΣAntibiotics 0.833 ** 0.717 * 0.917 ** 0.617 −0.400
Sulfonamides 0.267 0.000 0.233 0.050 −0.233
Quinolones 0.317 0.633 0.733 * 0.233 0.000
Tetracycline −0.067 −0.583 −0.483 −0.067 −0.033
β-lactams 0.433 −0.083 0.217 0.050 −0.850 **

Macrolides −0.300 −0.250 −0.517 −0.150 0.217
Lincomycin −0.333 0.050 0.167 −0.433 0.267

Thiamphenicol 0.424 0.153 0.034 0.797 * 0.153

Note: **, the correlation is significant when the confidence level is 0.01; * When the confidence level (double test)
is 0.05, the correlation is significant.

The distribution characteristics and migration patterns of pollutants in soil are not
only related to their own properties but may also be correlated with the physicochemical
properties of soil (e.g., pH, temperature, humidity, porosity and soil organic matter, etc.).
Therefore, it is necessary to evaluate the physicochemical properties of soil samples and
analyze the correlation between antibiotics levels and these environmental factors. In this
study, the correlation between pH and soil TOC content of soil samples and antibiotic
distribution characteristics in the PRD was analyzed and determined. The pH values of
240 samples remained in the range of 4.5–8.87, while the TOC values of these samples remained
in the range of 0.08–46.36. As displayed in Figure 3a, a significant negative correlation was
observed between the total antibiotic concentration and soil pH (r = −0.3, p < 0.01), indicating
that the accumulation of antibiotics tends to decrease with increasing soil pH. This suggests
that antibiotics may persist more readily in relatively acidic soil conditions. The underlying
reasons may involve the influence of pH on the adsorption behavior, degradation rates,
and microbial activity related to antibiotics. A higher pH environment might promote the
hydrolysis or microbial degradation of certain antibiotics, thereby reducing their residual
levels in the soil. Conversely, a significant positive correlation was found between the total
antibiotic concentration and total organic carbon (TOC) (r = 0.247, p < 0.01), as illustrated in
Figure 3b. This implies that soil organic matter content likely facilitates the accumulation
of antibiotics. The mechanism may be that TOC enhanced the soil’s adsorption capacity
for antibiotics through various mechanisms, such as hydrophobic interactions, which
could subsequently retard their degradation or migration, leading to greater enrichment of
antibiotics in soils with higher organic matter content.

Antibiotic accumulation in soils can be influenced by various soil properties, such
as pH, soil organic matter (SOM), and soil component, therein affecting the microbial
activities, adsorption, and metabolism process. Soil pH influences the environmental be-
havior of antibiotics by modulating their interactions with soil particles. The rising soil
pH leads to a significant decrease in the concentrations of quinolones, macrolides, and
tetracyclines in the soil. This occurs because higher pH reduces the acid dissociation con-
stant (pKa) of these antibiotics, weakening their electrostatic attraction to soil particles and
thereby diminishing their adsorption onto soil colloids [71]. For instance, including TCH3+

(pH < 3.3), TCH− (7.7 < pH < 9.7), and TC2− (pH > 9.7) [72]. Tetracycline, as an amphoteric
compound with three ionizable groups exhibiting distinct pKa values, demonstrates pH-
dependent solubility behavior. Specifically, at higher pH levels, the anionic antibiotics exert
more solubility in soil solution, reducing their adsorption affinity for soil particles [73]. In
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addition, the elevated pH may enhance the hydrolysis and biotransformation of antibiotics
through stimulating microbial uptake and metabolism in the soil [74]. Consequently, the
high soil pH levels in some sampling sites in the Pearl River Delta progressively diminish
the adsorption capacity of antibiotics while simultaneously accelerating their degradation,
ultimately resulting in a reduced number of antibiotics binding to soil sorption sites. A
similar finding of antibiotics abundance being affected by pH values was reported by
previous research [75]. Due to the abundant supply of carbon and energy sources for
these microorganisms in cases of high TOC in soil, enhanced abundance and activities
of microorganisms could promote high-efficient biodegradation of antibiotics, thereby
reducing the accumulation of antibiotics in soil [76]. Moreover, iron-aluminum oxides can
coordinate with quinolones to form five-membered ring chelates via surface complexation,
while hydrophobic antibiotics like macrolides tend to adsorb onto the non-polar sites of
soil organic matter. As a result, the distinction in soil physicochemical properties is another
major driving factor which leads to differences in antibiotic distribution.

Figure 3. Correlation between total antibiotics and pH (a) and TOC (b) in farmland soils of the Pearl
River Delta.

3.5. Health Risk Assessment

Health risk assessment of antibiotics is mainly employed to predict the risk that
antibiotics in the environment may pose to humans [50]. The current study mainly focuses
on assessing the potential health threats that may arise from human exposure to or ingestion
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of water, plants, and meat containing antibiotics through the hazard quotient (HQ) and
hazard index (HI). HQ or HI < 0.01 is considered ‘no risk’. There is a significant risk when
HQ ≤ 0.01 or HI < 0.05, and a serious risk when HQ or HI ≥ 0.05. ‘low risk’ when 0.01 ≤ the
proposed value of the risk quotient is less than 0.1, and between 0.1 and 1 is medium risk [77].

The MRQ of total antibiotics in agricultural soils in the PRD region ranged from
0.00 to 563.75, with a mean value of 16.50 (Figure 4a). The results elucidated that the
percentages of high, medium, and low risk sites accounted for 45%, 37.5%, and 17.5%,
respectively. Sulfonamide antibiotics had the largest average MRQ (14.60), resulting in
25.0% of the sampling sites with high risk. The ecological risk of sulfonamide antibiotics in
agricultural soils in the PRD region was mainly caused by sulfadimethoxine. The maximum
risk value for sulfadimethoxine was 563.74 and the mean value was 14.6 (Figure 4b).
Ofloxacin, enrofloxacin, norfloxacin, oxytetracycline, and tetracycline also made certain
sites with high MRQs, and approximately 21.7% of the high-risk sites were caused by their
contamination. Other antibiotics exhibited low risk or no risk. Quinolones, tetracyclines,
and sulfonamides have the main contributions to MRQ, with average contribution rates of
39.2%, 31.4%, and 25.4%, respectively. Six antibiotics, including sulfamethoxazole, ofloxacin,
enrofloxacin, norfloxacin, oxytetracycline, and tetracycline, are the main antibiotics causing
MRQ > 1, with a contribution rate of 41.7%. The average contribution of their pollution
concentration in high-risk areas is 49.3%. The previous research confirmed that tetracyclines
and quinolone antibiotics were the main contributors to soil antibiotic contamination in
agricultural soils in the Yangtze River Delta region [42]. Tetracyclines, quinolones, and
sulfonamides were the main antibiotics that constituted a medium-to-high risk in the soils
of vegetable fields in Chongqing Municipality [51], which was consistent with the current
results. Of note, the above studies emphasized that tetracyclines and quinolones were
deemed as pivotal sources of antibiotics in agricultural soils. We deduced that this common
result may stem from the dense population, labor-intensive agricultural activities, and the
developed manufacturing industries of these areas. As such, the continuous monitoring for
antibiotics in agricultural soil in these areas should be intensified for ensuring crops and
vegetables safety.

Figure 4. The risk quotient values of (a) six kinds of antibiotics and total antibiotics and (b) 16 kinds
of antibiotics in soil of the Pearl River Delta region.
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4. Conclusions
This work revealed the antibiotic residues and health risk in agricultural soils in

the Pearl River Delta region. Higher concentrations of antibiotics were detected in areas
with more intensive agricultural and livestock activities, e.g., Zhaoqing, Foshan, Zhuhai,
Guangzhou, and Jiangmen. This unmasked that the rapid developing livestock industry
and urbanization in the Pearl River Delta region may cause the overuse and emissions
of antibiotics. Total antibiotic concentrations in the Pearl River Delta region were nega-
tively correlated with soil pH, and most soils were positively correlated with TOC. The
ecological and health risk assessment elucidated that 82.5% of the sampling sites were
medium/high-risk sites, implying dietary exposure risk and crops food safety. As a result,
the antibiotic pollution in agricultural soils in the Pearl River Delta region should focus
on, including the strict supervision of antibiotic use, the cycle of sewage sludge, and safe
disposal of pharmaceutical wastewater. Nevertheless, the bioaccumulation and metabolic
behavior of antibiotics in vegetables was not concentrated in this work, which will enlarge
the understanding of the potential hazards to human health and ecosystem security of
antibiotics. Thus, we proposed selecting crop varieties that accumulate fewer antibiotics
and adopting biofertilizers with antibiotic-degrading bacteria to decrease antibiotic buildup
in agricultural products. Additionally, microplastics can serve as carriers due to their phys-
ical and chemical properties, which can adsorb organic pollutants such as antibiotics and
organophosphate esters to form combined pollution. This will promote the migration and
diffusion of pollutants in the environment through the “Trojan Horse effect”, exacerbating
the threat to ecosystems and human health. The presence of microplastics provides unique
habitats for microorganisms and may become a “hotspot” for the spread of antibiotic
resistance genes (ARGs). In future work, the combined toxic effects and environmental
behavior of microplastics and antibiotics in soil–plant systems will be explored because of
the limited relevant data in agricultural soils in the Pearl River Delta region.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics13111004/s1, Text S1: Chemicals and reagents; Text S2: The
calibration details and MRM parameter optimization for equipment; Table S1: Analytical parameters
of MS for detecting different antibiotics; Table S2: Detection concentration range of antibiotics in
farmland soil in different regions of China.

Author Contributions: Conceptualization, Y.C. and Z.H.; methodology, Y.C., Z.H. and H.W.; software,
Y.C., Z.H. and H.W.; validation, X.T.; formal analysis, Y.C. and Z.H.; investigation, Y.C. and H.W.;
resources, Y.C.; data curation, H.W. and X.N.; writing—original draft preparation, Y.C.; writing—
review and editing, X.Y. and J.S.; visualization, X.Y. and J.S.; supervision, X.Y., X.N. and J.S.; project
administration, X.Y. and J.S.; funding acquisition, X.Y. and J.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was jointly supported by National Natural Science Foundations of China
(22376038), Tropical Ocean Environment in Western Coastal Waters Observation and Research Station
of Guangdong Province (2024B1212040008), Innovation Team Project of Guangdong Provincial
Education Department (2024KCXTD038).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data will be made available upon request.

Acknowledgments: We are grateful to the anonymous reviewers and the editors for their valuable
suggestions and comments on revising and improving this work.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

https://www.mdpi.com/article/10.3390/toxics13111004/s1
https://www.mdpi.com/article/10.3390/toxics13111004/s1


Toxics 2025, 13, 1004 15 of 18

References
1. Demain, A.L. Antibiotics: Natural products essential to human health. Med. Res. Rev. 2009, 29, 821–842. [CrossRef]
2. Zhu, Y.G.; Chen, Q.L.; Su, J.Q.; Qiao, M. Study of antibiotics and resistance genomes in the environment. Sci. Watch 2017,

12, 60–62. [CrossRef]
3. Hu, X.G.; Zhou, Q.X.; Luo, Y. Occurrence and source analysis of typical veterinary antibiotics in manure, soil, vegetables and

groundwater from organic vegetable bases, northern China. Environ. Pollut. 2010, 158, 2992–2998. [CrossRef]
4. Yang, S.L.; Wang, X.M.; Wang, W.H.; Hu, X.Y.; Gao, L.W.; Sun, X.B. Distribution and ecological risk assessment of antibiotics in

the songhua river basin of the harbin section and ashe river. Environ. Sci. 2021, 42, 136–146. [CrossRef]
5. Liang, C.; Wei, D.; Yan, W.; Zhang, S.; Shi, J.; Liu, L. Fates of intracellular and extracellular antibiotic resistance genes during the

cattle farm wastewater treatment process. Bioresour. Technol. 2022, 344, 126272. [CrossRef] [PubMed]
6. Mulchandani, R.; Wang, Y.; Gilbert, M.; Van Boeckel, T.P. Global trends in antimicrobial use in food-producing animals: 2020 to

2030. PLOS Glob. Public Health 2023, 3, e0001305. [CrossRef] [PubMed]
7. Shams, D.F.; Izaz, M.; Khan, W.; Nayab, S.; Tawab, A.; Baig, S.A. Occurrence of selected antibiotics in urban rivers in northwest

Pakistan and assessment of ecotoxicological and antimicrobial resistance risks. Chemosphere 2024, 352, 141357. [CrossRef]
[PubMed]

8. Fonseca, E.; Hernández, F.; Ibáñez, M.; Rico, A.; Pitarch, E.; Bijlsma, L. Occurrence and ecological risks of pharmaceuticals in a
Mediterranean river in Eastern Spain. Environ. Int. 2020, 144, 106004. [CrossRef]

9. Zhong, Y.X.; Li, L.X.; Wu, X.; Zhou, S.Y.; Yao, F.Y.; Dong, H.G. Characteristics and Risk Assessment of Antibiotic Contamination
in Oujiang River Basin in Southern Zhejiang Province. Environ. Sci. 2024, 45, 1480–1491. [CrossRef]

10. Hu, S.G.; Zhang, H.Z.; Yang, Y.J.; Cui, K.P.; Ao, J.J.; Tong, X.N.; Shi, M.C.; Wang, Y.; Chen, X.; Li, C.X. Comprehensive insight into
the occurrence characteristics, influencing factors and risk assessments of antibiotics in the Chaohu Basin. Front. Environ. Sci. Eng.
2024, 18, 57. [CrossRef]

11. Han, D.; Hou, Q.; Song, J.; Liu, R.; Qian, Y.; Huang, G. Groundwater antibiotics contamination in an alluvial-pluvial fan, North
China Plain: Occurrence, sources, and risk assessment. Environ. Res. 2023, 235, 116653. [CrossRef] [PubMed]

12. Li, Y.Q.; Tong, L.; Zhang, J.Y.; Liu, H.; Li, M.J.; Wen, Z. Distribution and risk assessment of antibiotics under water level fluctuation
in the riparian zone of the Hanjiang River. Ecotoxicol. Environ. Saf. 2023, 256, 114833. [CrossRef]

13. Cao, M.; Li, Y.; Hook, Y.; Huang, Y. Analysis of antibiotic research progress in soil based on knowledge mapping. J. Agric. Resour. Environ.
2020, 37, 627–635. [CrossRef]

14. Zhi, D.; Yang, D.; Zheng, Y.; Yang, Y.; He, Y.; Luo, L.; Zhou, Y. Current progress in the adsorption, transport and biodegradation
of antibiotics in soil. J. Environ. Manag. 2019, 251, 109598. [CrossRef]

15. Bao, F.; Zhou, Y.; Zhang, Z.; Du, Y.; Zhang, H.; Huang, Y. A perspective of spatial variability and ecological risks of antibiotics in
the agricultural-pastoral ecotone soils in eastern Inner Mongolia. Chemosphere 2024, 353, 141627. [CrossRef] [PubMed]

16. Leal, R.M.P.; Figueira, R.F.; Tornisielo, V.L.; Regitano, J.B. Occurrence and sorption of fluoroquinolones in poultry litters and soils
from São Paulo State, Brazil. Sci. Total Environ. 2012, 432, 344–349. [CrossRef]

17. Shawver, S.; Wepking, C.; Ishii, S.; Strickland, M.S.; Badgley, B.D. Application of manure from cattle administered antibiotics
has sustained multi-year impacts on soil resistome and microbial community structure. Soil Biol. Biochem. 2021, 157, 108252.
[CrossRef]

18. Baquero, F.; Coque, T.M.; Martínez, J.-L. Natural detoxification of antibiotics in the environment: A one health perspective. Front.
Microbiol. 2022, 13, 1062399. [CrossRef]

19. Roemhild, R.; Bollenbach, T.; Andersson, D.I. The physiology and genetics of bacterial responses to antibiotic combinations.
Nat. Rev. Microbiol. 2022, 20, 478–490. [CrossRef]

20. Hanna, N.; Sun, P.; Sun, Q.; Li, X.W.; Yang, X.W.; Ji, X.; Zou, H.Y.; Ottoson, J.; Nilsson, L.E.; Berglund, B. Presence of antibiotic
residues in various environmental compartments of Shandong province in eastern China: Its potential for resistance development
and ecological and human risk. Environ. Int. 2018, 114, 131–142. [CrossRef] [PubMed]

21. Peng, S.; Zhang, H.; Song, D.; Chen, H.; Lin, X.; Wang, Y.; Ji, L. Distribution of antibiotic, heavy metals and antibiotic resistance
genes in livestock and poultry feces from different scale of farms in Ningxia, China. J. Hazard. Mater. 2022, 440, 129719. [CrossRef]

22. Shao, G.J.; Pan, X.D.; Han, J.L. Antibiotic residues in commercial freshwater fish from southeast China: Distribution and human
health risk assessment. Environ. Sci. Pollut. Res. 2024, 31, 23780–23789. [CrossRef]

23. Ho, Y.B.; Zakaria, M.P.; Latif, P.A.; Saari, N. Occurrence of veterinary antibiotics and progesterone in broiler manure and
agricultural soil in Malaysia. Sci. Total Environ. 2014, 488–489, 261–267. [CrossRef]

24. Castrignanò, E.; Kannan, A.M.; Proctor, K.; Petrie, B.; Hodgen, S.; Feil, E.J.; Lewis, S.E.; Lopardo, L.; Camacho-Muñoz, D.; Rice, J.
(Fluoro) quinolones and quinolone resistance genes in the aquatic environment: A river catchment perspective. Water Res. 2020,
182, 116015. [CrossRef] [PubMed]

https://doi.org/10.1002/med.20154
https://doi.org/10.15978/j.cnki.1673-5668.201706007
https://doi.org/10.1016/j.envpol.2010.05.023
https://doi.org/10.13227/j.hjkx.202005170
https://doi.org/10.1016/j.biortech.2021.126272
https://www.ncbi.nlm.nih.gov/pubmed/34737048
https://doi.org/10.1371/journal.pgph.0001305
https://www.ncbi.nlm.nih.gov/pubmed/36963007
https://doi.org/10.1016/j.chemosphere.2024.141357
https://www.ncbi.nlm.nih.gov/pubmed/38336033
https://doi.org/10.1016/j.envint.2020.106004
https://doi.org/10.13227/j.hjkx.202304050
https://doi.org/10.1007/s11783-024-1817-2
https://doi.org/10.1016/j.envres.2023.116653
https://www.ncbi.nlm.nih.gov/pubmed/37451578
https://doi.org/10.1016/j.ecoenv.2023.114833
https://doi.org/10.13254/j.jare.2019.0396
https://doi.org/10.1016/j.jenvman.2019.109598
https://doi.org/10.1016/j.chemosphere.2024.141627
https://www.ncbi.nlm.nih.gov/pubmed/38447899
https://doi.org/10.1016/j.scitotenv.2012.06.002
https://doi.org/10.1016/j.soilbio.2021.108252
https://doi.org/10.3389/fmicb.2022.1062399
https://doi.org/10.1038/s41579-022-00700-5
https://doi.org/10.1016/j.envint.2018.02.003
https://www.ncbi.nlm.nih.gov/pubmed/29501851
https://doi.org/10.1016/j.jhazmat.2022.129719
https://doi.org/10.1007/s11356-024-32708-0
https://doi.org/10.1016/j.scitotenv.2014.04.109
https://doi.org/10.1016/j.watres.2020.116015
https://www.ncbi.nlm.nih.gov/pubmed/32622132


Toxics 2025, 13, 1004 16 of 18

25. Anh, H.Q.; Le, T.P.Q.; Da Le, N.; Lu, X.X.; Duong, T.T.; Garnier, J.; Rochelle-Newall, E.; Zhang, S.; Oh, N.-H.; Oeurng, C.
Antibiotics in surface water of East and Southeast Asian countries: A focused review on contamination status, pollution sources,
potential risks, and future perspectives. Sci. Total Environ. 2021, 764, 142865. [CrossRef]

26. Maier, L.; Goemans, C.V.; Wirbel, J.; Kuhn, M.; Eberl, C.; Pruteanu, M.; Müller, P.; Garcia-Santamarina, S.; Cacace, E.; Zhang, B.
Unravelling the collateral damage of antibiotics on gut bacteria. Nature 2021, 599, 120–124. [CrossRef]

27. Lathakumari, R.H.; Vajravelu, L.K.; Satheesan, A.; Ravi, S.; Thulukanam, J. Antibiotics and the gut microbiome: Understanding
the impact on human health. Med. Microecol. 2024, 20, 100106. [CrossRef]

28. Sivagami, K.; Vignesh, V.J.; Srinivasan, R.; Divyapriya, G.; Nambi, I.M. Antibiotic usage, residues and resistance genes from food
animals to human and environment: An Indian scenario. J. Environ. Chem. Eng. 2020, 8, 102221. [CrossRef]

29. Saya, L.; Malik, V.; Gautam, D.; Gambhir, G.; Singh, W.R.; Hooda, S. A comprehensive review on recent advances toward
sequestration of levofloxacin antibiotic from wastewater. Sci. Total Environ. 2022, 813, 152529. [CrossRef]

30. Rasheela, A.R.P.; Khalid, M.F.; Abumaali, D.A.; Alatalo, J.M.; Ahmed, T. Impact of abiotic stressors on soil microbial communities:
A focus on antibiotics and their interactions with emerging pollutants. Soil Syst. 2024, 9, 2. [CrossRef]

31. Roberts, M.C. Antibiotic toxicity, interactions and resistance development. Periodontol. 2000 2002, 28, 280–297. [CrossRef]
32. Zhang, W.; Xu, Y.; Zhang, Y. Determination of tetracycline residues in aquatic products by ultra performance liquid

chromatography-tandem mass spectrometry. Guangdong Chem. Ind. 2022, 49, 200–202. [CrossRef]
33. Lambert, P.; Allison, D.; Gilbert, P. Antibiotics That Act on the Cell Wall and Membrane. In Molecular Medical Microbiology;

Elsevier: Amsterdam, The Netherlands, 2002; pp. 591–598.
34. Delcour, A.H. Outer membrane permeability and antibiotic resistance. Biochim. Biophys. Acta Proteins Proteom. 2009, 1794, 808–816.

[CrossRef]
35. European-Chemicals-Bureau. Technical Guidance Document on Risk Assessment in Support of Commission Directive 93/67/EEC on

Risk Assessment for New Notified Substances, Commission Regulation (EC) No 1488/94 on Risk Assessment for Existing Substances and
Directive 98/8/EC of the European Parliament and of the Council Concerning the Placing of Biocidal Products on the Market; European
Communities: Roma, Italy, 2003.

36. Rodriguez-Mozaz, S.; Vaz-Moreira, I.; Della Giustina, S.V.; Llorca, M.; Barceló, D.; Schubert, S.; Berendonk, T.U.; Michael-Kordatou, I.;
Fatta-Kassinos, D.; Martinez, J.L. Antibiotic residues in final effluents of European wastewater treatment plants and their impact
on the aquatic environment. Environ. Int. 2020, 140, 105733. [CrossRef]

37. Geng, J.; Liu, X.; Wang, J.; Li, S. Accumulation and risk assessment of antibiotics in edible plants grown in contaminated farmlands:
A review. Sci. Total Environ. 2022, 853, 158616. [CrossRef]

38. Gu, J.; Chen, C.; Huang, X.; Mo, J.; Xie, Q.; Zeng, Q. Occurrence and risk assessment of tetracycline antibiotics in soils and
vegetables from vegetable fields in Pearl River Delta, South China. Sci. Total Environ. 2021, 776, 145959. [CrossRef]

39. Li, Y.W.; Wu, X.L.; Mo, C.H.; Tai, Y.P.; Huang, X.P.; Xiang, L. Investigation of sulfonamide, tetracycline, and quinolone antibiotics
in vegetable farmland soil in the Pearl River Delta area, southern China. J. Agric. Food Chem. 2011, 59, 7268–7276. [CrossRef]

40. Pan, M.; Chu, L. Occurrence of antibiotics and antibiotic resistance genes in soils from wastewater irrigation areas in the Pearl
River Delta region, southern China. Sci. Total Environ. 2018, 624, 145–152. [CrossRef] [PubMed]

41. Huang, X.; Liu, C.X.; Li, K.; Liu, F.; Liao, D.R.; Liu, L.; Zhu, G.F.; Liao, J. Occurrence and distribution of veterinary antibiotics and
tetracycline resistance genes in farmland soils around swine feedlots in Fujian Province, China. Environ. Sci. Pollut. Res. 2013, 20,
9066–9074. [CrossRef]

42. Sun, J.T.; Zeng, Q.T.; Tsang, D.C.; Zhu, L.Z.; Li, X.D. Antibiotics in the agricultural soils from the Yangtze River Delta, China.
Chemosphere 2017, 189, 301–308. [CrossRef] [PubMed]

43. Kalra, Y.P. Determination of pH of soils by different methods: Collaborative study. J. AOAC Int. 1995, 78, 310–324. [CrossRef]
44. Schumacher, B.A. Methods for the Determination of Total Organic Carbon (TOC) in Soils and Sediments; US Environmental Protection

Agency, Office of Research and Development, Ecological Risk Assessment Support Center: Washington, DC, USA, 2002. Available
online: https://www.academia.edu/download/48609604/bs116.pdf (accessed on 6 February 2024).

45. He, Z.X. Characteristics and Ecological Risk Assessment of Soil Antibiotic Pollution in the Pearl River Delta Region and Maoming City;
Guangdong University of Petrochemical Technology: Maoming, China, 2024.

46. Ren, J.; Shi, H.; Liu, J.; Zheng, C.; Lu, G.; Hao, S.; Jin, Y.; He, C. Occurrence, source apportionment and ecological risk assessment
of thirty antibiotics in farmland system. J. Environ. Manag. 2023, 335, 117546. [CrossRef]

47. Wu, X.L.; Xiang, L.; Yan, Q.Y.; Jiang, Y.N.; Li, Y.W.; Huang, X.P.; Li, H.; Cai, Q.Y.; Mo, C.H. Distribution and risk assessment of
quinolone antibiotics in the soils from organic vegetable farms of a subtropical city, Southern China. Sci. Total Environ. 2014, 487,
399–406. [CrossRef]

48. Fang, H.; Wang, H.; Cai, L.; Yu, Y. Prevalence of antibiotic resistance genes and bacterial pathogens in long-term manured
greenhouse soils as revealed by metagenomic survey. Environ. Sci. Technol. 2015, 49, 1095–1104. [CrossRef]

49. Tai, Y.P.; Mo, W.H.; Li, Y.W.; Wu, X.L.; Huang, X.P.; Xiang, L. Content and distribution characteristics of tetracycline antibiotics in
the soil of a green and organic vegetable base in Guangzhou. J. Agric. Environ. Sci. 2014, 33, 1743–1748. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2020.142865
https://doi.org/10.1038/s41586-021-03986-2
https://doi.org/10.1016/j.medmic.2024.100106
https://doi.org/10.1016/j.jece.2018.02.029
https://doi.org/10.1016/j.scitotenv.2021.152529
https://doi.org/10.3390/soilsystems9010002
https://doi.org/10.1034/j.1600-0757.2002.280112.x
https://doi.org/10.3969/j.issn.1007-1865.2022.16.067
https://doi.org/10.1016/j.bbapap.2008.11.005
https://doi.org/10.1016/j.envint.2020.105733
https://doi.org/10.1016/j.scitotenv.2022.158616
https://doi.org/10.1016/j.scitotenv.2021.145959
https://doi.org/10.1021/jf1047578
https://doi.org/10.1016/j.scitotenv.2017.12.008
https://www.ncbi.nlm.nih.gov/pubmed/29258031
https://doi.org/10.1007/s11356-013-1905-5
https://doi.org/10.1016/j.chemosphere.2017.09.040
https://www.ncbi.nlm.nih.gov/pubmed/28942256
https://doi.org/10.1093/jaoac/78.2.310
https://www.academia.edu/download/48609604/bs116.pdf
https://doi.org/10.1016/j.jenvman.2023.117546
https://doi.org/10.1016/j.scitotenv.2014.04.015
https://doi.org/10.1021/es504157v
https://doi.org/10.11654/jaes.2014.09.011


Toxics 2025, 13, 1004 17 of 18

50. Li, C.; Chen, J.; Wang, J.; Ma, Z.; Han, P.; Luan, Y.; Lu, A. Occurrence of antibiotics in soils and manures from greenhouse vegetable
production bases of Beijing, China and an associated risk assessment. Sci. Total Environ. 2015, 521–522, 101–107. [CrossRef]
[PubMed]

51. Fang, L.; Chen, C.; Zhang, F.; Ali, E.F.; Sarkar, B.; Rinklebe, J.; Shaheen, S.M.; Chen, X.; Xiao, R. Occurrence profiling and
environmental risk assessment of veterinary antibiotics in vegetable soils at Chongqing region, China. Environ. Res. 2023,
227, 115799. [CrossRef]

52. Peng, S.; Song, D.; Zhou, B.; Hua, Q.; Lin, X.; Wang, Y. Persistence of Salmonella Typhimurium and antibiotic resistance genes in
different types of soil influenced by flooding and soil properties. Ecotoxicol. Environ. Saf. 2022, 248, 114330. [CrossRef] [PubMed]

53. Wu, J.; Wang, J.; Li, Z.; Guo, S.; Li, K.; Xu, P.; Ok, Y.S.; Jones, D.L.; Zou, J. Antibiotics and antibiotic resistance genes in agricultural
soils: A systematic analysis. Crit. Rev. Environ. Sci. Technol. 2023, 53, 847–864. [CrossRef]

54. Bhatt, S.; Chatterjee, S. Fluoroquinolone Antibiotics: Occurrence, Mode of Action, Resistance, Environmental Detection,
andRemediation—A Comprehensive Review. Environ. Pollut. 2022, 315, 120440. [CrossRef]

55. Pan, Z.; Yang, S.; Zhao, L.; Li, X.; Weng, L.; Sun, Y.; Li, Y. Temporal and spatial variability of antibiotics in agricultural soils from
Huang-Huai-Hai Plain, northern China. Chemosphere 2021, 272, 129803. [CrossRef]

56. Wei, R.; He, T.; Zhang, S.; Zhu, L.; Shang, B.; Li, Z.; Wang, R. Occurrence of seventeen veterinary antibiotics and resistant bacterias
in manure-fertilized vegetable farm soil in four provinces of China. Chemosphere 2019, 215, 234–240. [CrossRef]
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