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Prometryn is an herbicide widely used in agriculture. Its degradation-resistant
properties have raised concerns about its environmental impact on aquatic
systems, yet its environmental distribution and bioaccumulation remain to be
explored. This research examined the environmental distribution of prometryn
within lab-simulated aquatic ecosystems, incorporating water-sediment
interactions and bioaccumulation in tilapias (Oreochromis niloticus) and Asian
clams (Corbicula fluminea). The research aims to explore the bioaccumulation
dynamics of prometryn across both biotic and abiotic components of the
ecosystem, providing a comprehensive understanding of its environmental
persistence and accumulation in aquatic organisms and sediments. The
ecosystems were exposed to a prometryn concentration of 0.50 mg/L for
35 days. During the experiment, significant adsorption and retention of
prometryn in the sediment were observed, suggesting that the sediment
could be the primary repository. Additionally, tilapias and Asian clams not only
served as accumulative pools for prometryn but also influenced its distribution
dynamics within the ecosystems. In terms of bioconcentration, the highest
bioconcentration factors were observed in the liver of tilapias and the visceral
mass of Asian clams, suggesting a strong affinity of prometryn for these tissues.
The persistently high levels of prometryn indicate potential risks to aquaculture
product safety. The study concludes with a recommendation for ongoing
ecological risk assessments, particularly regarding benthic organisms, given
the propensity of prometryn to accumulate in sediment within aquaculture
systems.

KEYWORDS

prometryn, tilapia (Oreochromis niloticus), Asian clam (Corbicula fluminea), simulated
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1 Introduction

The use of herbicides has become widespread, with global pesticide consumption
exceeding 3.5 million tons, of which herbicides accounted for 47.5% (Sharma et al., 2019).
Prometryn (2,4-bis(isopropylamino)-6-methylthio-s-triazine, C;oH;9NsS) was one of the
most applied herbicides throughout the world in the second half of the 20th century (Diki¢,
2014). It was primarily used to control unwanted vegetation in crops. Notably, only about
10%-30% of applied prometryn is absorbed by plants or soil, with the remainder often
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entering surface waters through precipitation, irrigation, and runoff
(USEPA, 1996b). The substance also finds utility in aquaculture
settings to eradicate nuisance algae and weeds, promoting a healthier
environment for cultivating aquatic species like fish, shrimp, and sea
cucumbers (Zhao and Zhu, 2016). However, research indicates that
less than 1% of prometryn reaches the target plant species in these
aquatic systems, resulting in a consequential concentration within
the ecosystem (Zhang and Wu, 2014). Laboratory studies have
confirmed the stability of prometryn in various natural
environments, and its high mobility in sandy soils with low
organic matter and clay content facilitates its migration into
(USEPA,  1996b).
monitoring has recorded high concentrations of prometryn,

groundwater  systems Environmental
reaching up to 0.63 pg/L in the Yellow Sea and Bohai Sea of
China (Yang et al, 2019), and 0.44 pg/L in seawater samples
from the coastal areas of Hainan, China (Dsikowitzky et al,
2020). Additionally, detections have been reported in aquatic
systems in Greece (0.078-4.4 pg/L) (Vryzas et al, 2011) and
western France (100-330 ng/L) (Caquet et al, 2013). These
elevated concentrations underscore the potential environmental
impact of prometryn, necessitating careful management and
monitoring.

Internationally, regulatory responses to the environmental
persistence of prometryn vary. The European Union, citing
concerns for water quality and ecological health, has prohibited
its use (European Food Safety Authority, 2009). Other nations,
including Japan and the United States, categorize prometryn as
an herbicide and have established specific residue limits in certain
agricultural products; however, these limits exclude aquatic products
(USEPA, 1996b; The Japan Food chemical Research Faundation,
2015). In contrast, the approach of China has evolved over time;
despite widespread use in agriculture and aquaculture, the Ministry
of Agriculture of China enacted Announcement No. 1435 in 2010,
which discontinued the use of prometryn in aquaculture owing to
uncertainties about its metabolic patterns in fish and associated food
safety evaluations (The Ministry of Agriculture of the People’s
Republic of China, 2010). However, standards for permissible
residue levels in aquatic products remain undefined in China (Yu
et al,, 2012). Notwithstanding, prometryn is still used irregularly in
some Chinese aquaculture to remove filamentous algae, aquatic
weeds, and other harmful algae (Liu et al., 2016; Zhao and Zhu,
2016), and leading to high concentrations in aquatic ecosystems
(Yang et al,, 2019; Dsikowitzky et al., 2020).

Despite its high efficiency against algae and weeds, prometryn
has also been reported toxic to non-target fauna. Saka et al. (2018)
demonstrated that the 96-h LC50 of prometryn to Silurana tropicalis
tadpoles was 2.13 mg/L. After exposure to 1 pg/L or higher
concentration of prometryn for 21 days, yolk sac shrinkage, heart
malformations, delayed hatching time, and increased heart rate were
observed in marine medaka (Oryzias melastigma) embryos
(Samreen et al,, 2022). While current researches often focus on
the bioaccumulation of prometryn within aquatic organisms, such
as shellfish, fish, and sea cucumbers. Despite the sustained
environmental exposure (Stara et al., 2013; Liu et al., 2016; Yang
et al., 2019; Dsikowitzky et al., 2020), there is a noted lack of studies
examining the environmental behavior of prometryn within aquatic
ecosystems. Laboratory models of aquatic ecosystems present a
valuable method for evaluating the indirect effects of variable
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pollutants, including their interactions with both biotic and
(e.g.
interspecies dynamics (Dai et al., 2016; Felis et al., 2016; Rogers
et al, 2016), which make them feasible for evaluating the
environmental behaviors of prometryn. In our previous work

abiotic components sediment and organisms) and

(Yang et al, 2022), we investigated the potential toxicity and
accumulation risks of prometryn using tilapias as a model species
in aquaculture. However, this study was limited to a single species,
and the distribution and bioaccumulation of prometryn across both
biotic and abiotic components in more complex, simulated
ecosystems had not been explored. This study aims to construct
a simulated model of aquatic ecosystems, enabling a comparative
analysis of the adsorption, distribution, and bioaccumulation of
prometryn across two different aquatic systems. The concentrations
of prometryn were set at 0.50 mg/L, 1/10 of the 96-h LCs, value
(Yang et al,, 2022), which ensured that prometryn levels in the
ecosystems could be detected by the instruments while avoiding
mortality of the test organisms within the simulated ecosystems. The
construction of the simulation ecosystems was based on previous
researches (Jiang et al., 2017; Wang et al., 2019) and adjusted to meet
our research objectives. Tilapias were chosen as the fish model in
order to be consistent with our previous study, Asian clams were
chosen as the invertebrates model because it is a typical invertebrates
in Chinese freshwater aquatic ecosystems (Su et al., 2018). Tilapias
and Asian clams made up the biotic components of the simulated
ecosystem, and water and sediment made up the abiotic
The primary

evaluation  of  the

components. objective is to provide a

comprehensive distribution ~ and
bioaccumulation of prometryn on aquatic ecosystems, thereby
enhancing our understanding of its environmental and ecological

consequences.

2 Materials and methods

2.1 Collection and preparation of sediment
and aquatic species

Sediment was meticulously sourced from the Juma River
Aquatic Wildlife Nature Reserve (N 39.377°, E 115.386"), located
in the Fangshan District of Beijing, China. It was confirmed that the
sediment did not contain prometryn using the method in Section
2.4, The collected sediment had an organic matter content
quantified at 2.32% (Yang et al, 2022). Juvenile tilapias (O.
niloticus), with an average weight of 15.00 + 5.00 g, were
procured from the Xiaotangshan facility of the Beijing Fisheries
Research Institute (Beijing, China). Additionally, approximately
1,000 Asian clams (C. fluminea), averaging a weight of 2.00 +
0.50 g, were acquired from the Dagu River, Laixi, Shandong
Province, China. After their collection, the specimens underwent
an acclimation phase lasting 10 days within 500 L semi-closed
aquacultural systems. The water used in the experiment ensured
no prometryn using the method in Section 2.4. The water
temperature was consistently regulated at 28°C + 1°C before and
throughout the experimental period. During acclimation, the
tilapias were provided with feed pellets at a daily rate equivalent
to 1% of their body weight, whereas the Asian clams were fed with
Chlorella. Food scraps and feces were removed regularly during
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acclimation period. Throughout the experimental period, tilapias
and Asian clams were provided with small quantities of food to
prevent the accumulation of uneaten food residues, thereby
minimizing potential confounding effects from food scraps. The
water did not change until the end of the experiment. Dissolved
oxygen levels were preserved at 70%-100% saturation, and a 12-h
photoperiod was artificially maintained. Prior to inclusion in the
study, all organisms were rigorously examined to ascertain their
health and ensure they were devoid of parasitic infections. All
protocols involving tilapias and Asian clams were approved by
the Fish Ethics Committee of Chinese Academy of Fishery
Sciences, Beijing, China.

2.2 Artificial simulation of aquatic
ecosystem model

Aquatic ecosystems were assembled in adherence to protocols
established by the United States Environmental Protection Agency
(USEPA, 1996a). To assess the environmental dynamics and
ecological impacts of prometryn, three model ecosystems
were designed:

CK (Control Ecosystem with Biota): This model comprised water,
sediment, tilapias, and Asian clams, but without any prometryn
application. It served as the baseline to evaluate the natural
behavior of the ecosystem without the influence of prometryn.

El (Treated Ecosystem with Biota): Similar to CK, this model
included water, sediment, tilapias, and Asian clams. However, it
differed by the addition of prometryn (99.7% purity, Shanghai
Pesticide Research Institute Co. Ltd., Shanghai, China) at a
nominal concentration of 0.50 mg/L (approximately 1/10 96 h
LC50 of tilapias) (Yang et al., 2022). This model was designed to
study the effects of prometryn on a complete aquatic ecosystem,
including both abiotic and biotic components.

E2 (Treated Ecosystem without Biota): This model contained
only water and sediment, treated with prometryn at the same
concentration as E1. The absence of aquatic organisms (tilapias
and Asian clams) in this model allowed for the assessment of the
impact of prometryn solely on the abiotic components of
the ecosystem.

Preparation of CK and E1: Seven aquaria (glass container, 100 x
50 x 50 cm) were lined with a 5 cm layer of sediment and filled with
200 L of uncontaminated groundwater. Each aquarium was stocked
with 35 Asian clams and 30 tilapias of comparable size and health.
To minimize disturbances to the behavior of Asian clams by tilapias,
a metal mesh barrier was positioned approximately 5 cm above the
sediment layer (Di et al, 2019). Four aquaria were treated with
prometryn at a nominal concentration of 0.50 mg/L, designated as
the E1 group, while the remaining three served as the untreated
control group (CK).

Preparation of E2: Smaller ecosystems were chosen for E2 to
minimize prometryn usage and reduce the environmental risks
associated with the experiment. Three additional aquaria (glass
container, 40 x 40 x 60 cm) were prepared without biotic
components, containing only water and sediment to serve as
abiotic control units. These were also treated with prometryn at a
concentration of 0.50 mg/L. A uniform 5 cm layer of sediment was
laid at the base, followed by the addition of 64 L of uncontaminated
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groundwater. Aeration stones were installed in each tank to ensure

continuous oxygenation and a homogeneous distribution
of prometryn.

Throughout the experiment, tilapia and Asian clam mortalities
did not exceed 10% (Supplementary Table S1). Dead individuals
were removed and disposed of in a harmless manner. Water volume
was regularly topped up to compensate for evaporation. Parameters
such as pH, dissolved oxygen, ammonium nitrogen (NH4"-N),
nitrate nitrogen (NO3™-N), and nitrite nitrogen (NO2-N) were
systematically monitored across all ecosystems.

Measurement of water quality parameters: Oxygen
concentration, temperature, and pH were measured regularly
with an HQ 40D portable multi-meter (HACH Company,
Loveland, United States) equipped with LDO 101 Dissolved O,
probe (HACH Company, Loveland, United States) and PHC
101 pH electrode (HACH Company, Loveland, United States).
Temperature was measured with a built-in sensor of the
pH probe. For the analysis of nitrogen, the water sample was
first filtered over a 0.45 pum cellulose acetate filter (Whatman,
Maidstone, United Kingdom), then analyzed through a water

quality rapid test kit (ZKGC Company, Guangzhou, China).

2.3 Administration of prometryn and sample
collection

Prometryn dosing was meticulously calculated based on the
water volume in each aquarium. Precise quantities of prometryn
powder (99.7% purity, produced by Dr. Ehrenstorfer, Augsburg,
Germany)—0.10 g for system El containing 200 L of water and
0.032 g for system E2 containing 64 L of water—were weighed to
achieve a target concentration of 0.50 mg/L. The powder was
dissolved in a portion of the water extracted from each respective
glass tank, and the resulting solution was then reintroduced. To
ensure minimal substance loss, centrifuge tubes used during the
process were rinsed multiple times with water from the tanks, and
the rinsate was returned to the respective tanks.

Sampling was conducted at predetermined intervals: 1 h, 6 h,
12 h, 1 day, 2 days, 4 days, 7 days, 14 days, 21 days, 28 days, and
35 days post-administration. Two tilapias, two Asian clams, water
and sediment samples were collected from each tank of E1 and CK,
respectively. In E2, only water and sediment samples were collected.
These
pretreatment. For tilapias, gills, muscle, and liver tissues were

samples were immediately frozen pending further
excised and stored separately; similarly, mantle, muscle, and
visceral mass were separately stored for Asian clams. All samples
were obtained at 1.00 g (wet weight). Water samples, each exceeding
100 mL, and sediment samples exceeding 50 g (wet weight) were also
collected from each model ecosystem.

Samples were stored at —20°C in a light-protected environment

to prevent any degradation of the prometryn.

2.4 Sample preparation and analytical
methodology

Overall, the instrumental analysis method was based on SN/T
1968-2007 (General Administration of Quality Supervisionl. and Q.
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of the P. R. of C, 2007), and the sample preparation was improved
based on methods reported by our previous research (Yang et al.,
2022). The specific steps are as follows.

Tissue and sediment samples: Samples weighing 1.00 g (wet
weight) of each tilapias and Asian clam tissues, as well as sediment
samples, were individually transferred to 50 mL centrifuge tubes.
Each sample was treated with 6 mL of acetonitrile and vortexed at
2,500 rpm for 2 min to ensure thorough mixing. Subsequent
ultrasonication occurred at 10°C for 20 min. Post-sonication, the
samples were centrifuged at 3,040 x g for 5 min at 4°C. The clear
supernatant was then carefully decanted into a new tube. This
procedure was repeated to maximize extract purity. The
combined supernatants were evaporated to dryness under a
stream of nitrogen at 40°C. The dry residue was reconstituted in
a2 mL mixture of ethyl acetate and hexane (2:3, V: V). Concurrently,
PSA-SPE columns were primed with 6 mL of n-hexane. The extract
was then eluted through the column at a controlled flow rate,
followed by column rinsing with the ethyl acetate-hexane
mixture. The eluate was collected and evaporated using a
nitrogen blower at 40°C. The resultant sample was made up to
1 mL with acetonitrile and filtered through a nylon 66 membrane
into an amber vial, subsequently vortexed for 2 min before analysis
by gas chromatography-mass spectrometry (GC-MS).

Water samples: 100 mL of water was filtered using a 0.45 um
cellulose acetate membrane, and 1 mL of the filtered water sample
was aspirated into a 50 mL centrifuge tube. Unlike tissue samples, no
centrifugation was necessary. Sodium chloride was added to the
combined extracts, mixed thoroughly via vortexing, and left to settle.
The clarified supernatant was then transferred to a new tube,
anhydrous sodium sulfate was added, and the subsequent steps
aligned with the tissue sample preparation.

Analytical detection was performed using an Agilent 7890A gas
chromatograph coupled with an Agilent 7,000 mass spectrometer,
(Agilent
Technologies, Santa Clara, United States). The operational

employing an electron impact ionization source
parameters were as follows: a DB-5MS quartz capillary column
(L x I.D. 30 m x 0.25 mm, d¢ 0.25 pm); temperature programming
starting at 70°C for 1 min, rising to 180°C at a rate of 25 “C/min, then
to 220°C at 5°C/min, holding for 3 min; carrier gas was helium
of 299.999% purity; the inlet temperature was set at 260°C; flow rate
at 1.0 mL/min; injection was performed in non-split mode with a
volume of 1.0 uL; ionization energy at 70 eV; ion source temperature
at 230°C; quadrupole at 150°C; GC-MS interface temperature at
280°C. Monitoring ions were set at m/z 241, 184, 226, 199. The
detection limit (LOD) was established at 2.00 pg/kg (ug/L) and the
quantification limit (LOQ) at 5.00 ug/kg (ug/L) for prometryn. The
method exhibited satisfactory recoveries across matrices, ranging
from 93% to 115% for gills, 84.1%-105% for muscle, 88%-114% for
liver, 87.9%-108% for Asian clam muscles, 87.9%-112% for mantles,
94.6%-115% for viscera mass, 80.1%-96.6% for sediment, and
86.9%-112% for water. The method meets the analytical

requirements.
2.5 Statistical analysis

Statistical analyses were conducted utilizing IBM SPSS Statistics
software, version 26 (International Business Machines Corporation,
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New York, United States). The Shapiro-Wilk test was applied to
assess the normality of data distribution, and Levene’s test was
employed to evaluate the homogeneity of variances. Where data
conformed to a normal distribution and variance homogeneity was
confirmed, differences in concentration values across the various
days were examined using one-way ANOVA followed by Tukey’s
post hoc test for pairwise comparisons, with a significance threshold
set at 95%. For datasets not meeting these criteria, Dunnett’s T3 test
was utilized for pairwise comparisons (Shingala, 2015; Sauder and
DeMars, 2019). In the context of this paper, the term “significant”
refers to p-values less than 0.05, while “non-significant” corresponds
to p-values greater than 0.05. Concentration data are presented as
mean values with their corresponding 95% confidence intervals.
SPSS 26.0 nonlinear regression was used to fit the experimental
data to a first-order kinetic model (Beulke and Brown, 2001):

C, = Coe™ (1)

where Ct represents the concentration (mg/L) of prometryn in the
water at each time point; Cy represents the initial concentration (mg/
L) of prometryn in the water; t represents the time point (d).

The adsorption rate constant (k,) and desorption rate constant
(ko) of prometryn in the sediment were calculated by fitting the
experimental data into a first-order kinetic model, and the equations
are shown in formula (Lang et al., 1990):

dcorg

dt = k,Cw - kecorg (t) (2)

where C,¢ represents the concentration of prometryn (mg/kg) in
the sediment at each time point (d), and C, represents the
concentration of prometryn (mg/L) in the water at each
time point (d).

The half-life period t;/, was calculated by the formula (Beulke
and Brown, 2001):

In2
ty = — 3
= (3)
Bioconcentration factor (BCF) was calculated for this

investigation to quantify the uptake of chemicals by organisms
relative to their environment.

_ C(tissue)

BCF =
C (water)

(4)
where C (tissue) represents the concentration (mg/kg) of the
chemical within the organism (wet weight), and C (water)
denotes the concentration (mg/L) of the chemical in water.

3 Results
3.1 Assessment of water quality parameters

During the entire duration of the experiment, the dissolved
oxygen (DO) levels in all test tanks were consistently maintained
within the range of 5.22-8.73 mg/L, exceeding the 70% saturation
concentration benchmark (refer to Supplementary Table S2 for
detailed data). The pH values were stable, fluctuating between
8.18 and 891, with an average of 8.56, as detailed in
Supplementary Table S3. Temperature control was maintained at
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FIGURE 1

Concentrations of inorganic nitrogen in ecosystems. (A) NH;*-N;
(B) NO3™-N; (C) NO,™-N. Error bars represent the standard deviation of
the samples. *represents p < 0.05, **represents p < 0.01.

28°C throughout the study, with the actual water temperatures

recorded falling within this set parameter, approximately
27°C-28°C, as shown in Supplementary Table S4. Comparative
analysis with the blank control group revealed that the
introduction of prometryn into the experimental groups exerted
no significant influence on the routinely monitored water quality
parameters.

Further, as outlined in Figure 1; Supplementary Table S5, the
concentrations of ammonium nitrogen in all test tanks were

consistently observed within the range of 0-0.5 mg/L throughout
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FIGURE 2
Prometryn concentration in the water (A) and sediment (B) of
different ecosystems at each time point.

the experimental period. Concentrations of nitrate nitrogen were
maintained between 0.2 and 5 mg/L, and nitrite nitrogen levels were
kept within a range of 0-0.3 mg/L, thereby ensuring the
maintenance of a stable and controlled aquatic environment for
the duration of the experiment. In addition, the results showed that
the presence of prometryn did not significantly impact the inorganic
nitrogen levels in the ecosystem (E1 vs. CK). However, the presence
of aquatic animals in the ecosystem significantly increased the
concentration of inorganic nitrogen (E1 vs. E2).

3.2 Distribution of prometryn in water

The dynamics of prometryn concentration in the water
component of the ecosystems were illustrated in Figure 2A. In
the water-sediment-tilapias-Asian clams ecosystem (El), the
highest concentration of prometryn, 0.208 mg/L, was observed at
24 h. This peak was followed by a gradual decline from day 1 to day
7. The concentration decreased rapidly, reaching 0.0170 mg/L
between day 7 and day 14. An increase in prometryn levels was
noted from day 14 to day 21, after which the concentration again
began to decrease, stabilizing at 0.0164 mg/L and remaining
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TABLE 1 Distribution proportion of prometryn in water and sediment in the simulated aquaculture ecosystems.

Time E1l
point

Phase

Content of
prometryn (mg)

Average proportion of the
total prometryn (%)

E2

Content of
prometryn (mg)

Average proportion of the
total prometryn (%)

Water 1h 17.21 £ 10.79 17.21 25.00 £ 3.50 78.12
6h 19.57 + 8.09 19.57 13.72 £ 3.32 42.87
12h 30.99 + 7.36 30.99 10.56 + 2.13 32.99

1d 41.60 £ 11.05 41.60 10.21 + 2.33 31.90
2d 31.02 £ 11.01 31.02 8.47 £ 2.52 26.47
4d 31.80 + 3.98 31.80 1.86 + 0.92 5.81
7d 28.96 + 11.4 28.96 1.02 £ 0.10 3.19
14d 3.40 + 0.34 3.40 1.00 + 0.02 3.13
21d 4.66 = 2.90 4.66 1.19 + 0.31 371
28d 3.29 £0.22 3.29 1.02 + 0.03 3.18
35d 321 £0.20 321 1.06 + 0.10 331
Sediment 1h 28.76 + 0.37 28.76 2.55 £ 0.08 7.98
6h 25.30 + 3.51 25.30 11.76 + 0.99 36.74
12h 16.10 + 1.52 16.10 13.40 + 0.05 41.87
1d 6.39 + 4.27 6.39 12.34 + 1.50 38.56
2d 7.56 + 1.88 7.56 6.10 £ 1.22 19.06
4d 10.14 + 2.63 10.14 3.26 £ 0.20 10.18
7d 8.78 £ 4.52 8.78 1.96 + 0.25 6.12
14d 5.09 £ 1.19 5.09 2.02 £0.43 6.31
21d 4.01 £ 0.06 4.01 2.49 + 1.39 7.79
28d 4.30 + 0.46 4.30 1.62 + 0.07 5.06
35d 425+ 0.12 4.25 1.88 + 0.22 5.86

consistent until the end of the experiment; the final concentration at
day 35 was 0.0160 mg/L.

The trend for the water-sediment ecosystem (E2) was
characterized by a rapid decrease in prometryn concentration
from 0.391 mg/L to 0.165 mg/L within the first 12 h post-
exposure. The concentration then stabilized between 12 h and
1 day. A significant reduction was again observed between day
2 and day 7, from 0.132 mg/L to 0.0159 mg/L, after which the
prometryn concentration showed minor fluctuations but remained
stable within a range of 0.0159 mg/L to 0.0185 mg/L.

3.3 Distribution of prometryn in sediment

Figure 2B illustrates the concentration profile of prometryn in
the sediment within the different ecosystems. In E1, prometryn
concentrations in the sediment initially exhibited a modest decline
over the first 48 h. This was followed by a phase of concentration
increase between day 2 and day 7. Subsequently, there was a gradual
decrease to 0.254 mg/kg from day 7 to day 14. Beyond this point, the
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prometryn concentration in the sediment remained relatively stable
until the end of the experiment. The final concentration in the
sediment at day 35 was 0.212 mg/kg.

Contrastingly, in E2, the sediment showed a rapid accumulation
of prometryn within the initial 12 h, the highest concentration
reached 1.675 mg/kg. After this period, there was a decreasing trend,
culminating in a concentration of 0.245 mg/kg by day 7. From this
point on, the concentration of prometryn in the sediment exhibited
minimal change, maintaining a steady level until the end of the
experimental  period. The final
35 was 0.235 mg/kg.

concentration at day

3.4 Distribution proportion of prometryn in
water and sediment

The distribution of prometryn in water and sediment was
demonstrated in Table 1; Figure 3. It revealed that, after 1 h of
dosing in the E1 ecosystem, the prometryn rapidly migrated to all
other phases of the system. At this time, the content of prometryn in
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FIGURE 3
Prometryn content in environmental matrices (water and

sediment) of E1 (A) and E2 (B) at each time point.

TABLE 2 K,, K¢, and t;; in the simulated aquaculture ecosystems.

Ecosystem  Phase K, L/(mgd) K. (d™) ty (h)
El Water — 1221 0.39
Sediment ‘ 2045.29 1469.18 0.04
E2 Water ‘ - 2.16 7.70
Sediment ‘ 43.18 4.64 3.59

the sediment hit its peak, comprising 28.76% of the total.
the
distributed in water, with its concentration making up 78.12% of

Conversely, in E2 ecosystem, the prometryn mainly
the total at the same time.

After 7 days, the concentration of prometryn in the water of
El ended the plateau and commenced a decline, while the
concentration of prometryn in the water of E2 basically reached
equilibrium, with prometryn proportions in the water in the E1 and
E2 constituting 28.96% and 3.19% of the total, respectively. At the
end of the experiment (35 days), the proportions of prometryn
content in water (3.21% vs. 3.31%) and sediment (4.25% vs. 5.86%)

of E1 and E2 ecosystems were close.
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FIGURE 4
Concentrations of prometryn in tilapia tissues in the
E1 ecosystem at each time point.

Experimental data were analyzed using Formulas 1-3, resulting
in Table 2. The table facilitated a comparison of adsorption-
desorption rates and half-life periods of prometryn between the
two ecosystems. It was observed that both the dissipation rate of
prometryn in water and the adsorption-desorption rate in sediment
were higher in El than in E2, leading to shorter half-life periods for
prometryn in both water and sediment in E1 compared to E2.

3.5 Distribution of prometryn in
tilapia tissues

In all experimental tanks of E1, the mortality rates of tilapias were
less than 10% (Supplementary Table S1). Deceased individuals were
promptly removed, and no abnormal behaviors or physical injuries
were observed in the remaining individuals. Figure 4 displays the
distribution of prometryn across different tilapia tissues over time.
The peak concentrations of prometryn varied among tissues but
followed a similar pattern of drug elimination. In the gills, the peak
was observed at 1 h after exposure, while in the liver, it occurred at 6 h.
The muscle tissue displayed the peak concentration 24 h into the
experiment. These peak levels were maintained until day 7, after which a
marked decline in tissue concentrations was noted between day 7 and
day 14, followed by a gradual, continuous decrease. At day 35, the final
concentrations in the liver, gills, and muscles were 0.123 mg/kg,
0.00958 mg/kg, and 0.00790 mg/kg, respectively.

Throughout the experimental period, the concentration
hierarchy of prometryn within the tilapia tissues was consistently
observed as liver > gills > muscle. This pattern indicates differential
accumulation and retention rates of prometryn across various organ
systems within the tilapias.

3.6 Distribution of prometryn in Asian
clam tissues

In all experimental tanks of El, the mortality rates of Asian
clams were less than 10% (Supplementary Table SI). Deceased
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Bioconcentration factors (BCF) of prometryn in tilapias (A) and
Asian clams (B) in the E1 ecosystem.

individuals were promptly removed, and no abnormal behaviors or
physical injuries were observed in the remaining individuals.
Figure 5 delineates the concentration trends of prometryn in
of Asian clams. While the concentration

various tissues

fluctuated over time, the overall trend was similar across different
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tissues. From 1 h to day 14, the patterns of rise and fall in prometryn
content within the three tissues were largely consistent across all
eight sampling points.

At 1 h post-prometryn introduction, rapid accumulation was
observed in all tissues: 0.365 mg/kg in muscle, 0.235 mg/kg in
mantle, and 1.350 mg/kg in visceral mass The peak concentrations in
these tissues were attained at 6 h, registering at 0.598 mg/kg,
0.470 mg/kg, and 1.500 mg/kg, respectively. By 12 h, these levels
had declined to 0.0800 mg/kg in muscle, 0.0892 mg/kg in mantle,
and 0.255 mg/kg in visceral mass. On day 4, an upward trend was
noted, with concentrations in the tissues increasing to 0.266 mg/kg,
0.410 mg/kg, and 0.990 mg/kg, respectively. Subsequently, a
consistent decrease was observed across all tissues, culminating in
concentrations of 0.0195 mg/kg, 0.0185 mg/kg, and 0.0228 mg/kg,
respectively, by day 14. Post-day 14, the trends diverged across
tissues. At day 35, the final concentrations in mantles, muscles, and
viscera were 0.0300 mg/kg, 0.0232 mg/kg, and 0.0126 mg/kg,
respectively.

3.7 Bioconcentration factors

Figure 6A presents the bioconcentration factors (BCF) for
prometryn in various tilapia tissues. The BCF values were
calculated using Formula 4. The muscle tissue exhibited the least
ability to bioaccumulate prometryn, with its highest BCF value of
4.52 recorded on day 4, corresponding to a prometryn concentration
of 0.713 mg/kg. In contrast, the gills demonstrated the most
pronounced initial bioaccumulation, with a peak BCF of
34.38 and a concentration of 2.695 mg/kg.

The liver, consistently showed the highest
bioconcentration of prometryn among the tissues. At time point

however,

1 h, the BCF in the liver reached an apex of 69.08, with prometryn
levels amounting to 4.312 mg/kg. This finding underscores the
capacity of the liver as the primary site for prometryn
enrichment within the tilapias. The overall bioaccumulation
hierarchy in tilapia tissues for prometryn was observed as liver >
gill > muscle.

4 Discussions
4.1 Suitability of the experimental ecosystem

The ecosystem established for this experiment was meticulously
designed to mirror the optimal environmental conditions necessary
for the thriving of the test organisms: Nile tilapias and Asian clams.
CK and EI were ecosystems with biota, and the tank should be large
enough to give enough space for tilapias and Asian clams. E2 was an
ecosystem without biota, and to minimize the usage of prometryn
and prevent environmental risk, we chose smaller tanks for E2. The
pH levels in natural river ecosystems generally exceed 8.0, a range
within which Asian clams are known to thrive (pH 5.5-8.3) (Araujo
etal, 1993; Vidal et al., 2002). Similarly, studies by El-Sherif and EI-
Feky suggest that Nile tilapias exhibit optimal growth in water with a
pH range of 7-8, which is beneficial for critical growth parameters
(El-Sherif et al,, 2009). Rebougas et al. (2016) propose a slightly
broader optimal pH range for Nile tilapias, extending from 5.5 to 9.0.
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Throughout our experiment, the pH was consistently maintained at
around 8.56, aligning with the optimal pH ranges for both organisms
and ensuring an environment conducive to their health and growth
(refer to Supplementary Table S3 for pH data).

Concerning nitrogenous waste parameters, the water quality of
the experiment was kept within the safety thresholds for aquatic life.
Research suggests that NO, -N concentrations up to 0.6 mg/L and
NH,"-N concentrations below 0.5 mg/L are safe for tilapias, while
NO;™-N concentrations above 10 mg/L can be harmful (Song, 2011;
Pan et al,, 2024). Although the nutrient levels in our experiment
were close to these thresholds, mainly due to the retention of
uneaten feed and fish excreta (Supplementary Table S5), the high
dissolved oxygen content in the water (Supplementary Table S2)
played a critical role in mitigating the potentially toxic effects of
these compounds (Li et al., 2009).

Therefore, the experimental ecosystem not only replicated key
aspects of the natural habitats of the test organisms but also
maintained water quality parameters within the optimal range.
This careful alignment of environmental conditions validates the
suitability of our ecosystem model for examining the behavior and
effects of prometryn, ensuring that the observed outcomes were a
result of the test compound rather than suboptimal living
conditions.

4.2 Enrichment and distribution of
prometryn in water and sediment

A higher concentration in sediment compared to water was
observed during the experiment. This trend may be attributable to
the hydrophobic nature of prometryn and its high affinity for
organic matter (National Center for Biotechnology Information,
2021). Following application, prometryn was rapidly detected in
both water and sediment, aligning with findings that prometryn
diffuses swiftly from water to sediment particles (Zhang et al., 2024).

Absorption rate constant (K,), elimination rate constant (K.),
and elimination half-life (t,,,) are pharmacokinetic equations that
reflect the rate of absorption and elimination of substances (Shargel
and Yu, 2024). These equations were also used to evaluate the
absorption and elimination of substances in aquatic systems (Thit
and Selck, 2021; Wang et al, 2023). According to Table 2, the
presence of organisms in the El accelerated the reduction of
promerytn
desorption are two key processes that organic contaminants

in the water and sediments. Adsorption and
undergo in water-sediment systems; however, this process is
influenced by several factors, including the compositional
properties of pesticides in water-sediment systems and
environmental conditions (Margoum et al, 2006; Chen et al,
2010). Organisms cause bioturbation of the ecosystem, which in
turn accelerates the elimination of drugs from the ecosystem. Some
studies have confirmed that the presence of organisms in the
environment promotes the abatement of drugs in the water (Wu
et al., 2015).

The adsorption of prometryn to sediment is crucial in
determining its environmental fate. In our study, prometryn was
promptly detected in sediment and persisted for over 35 days,
echoing previous research findings (Hand et al, 2020). The
persistence of prometryn in sediment is likely due to its rapid
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adsorption and subsequent difficulty in desorption (Wu et al,
2021). The Koc value of prometryn is between 200 and 1,000 in
river sediments (National Center for Biotechnology Information,
2021). This strong adsorption to sediment suggests that prometryn
may accumulate in aquacultural environments, where its prolonged
persistence in the benthic zone may pose an ecological risk by
potentially affecting sediment-dwelling organisms and disrupting
local ecosystems (Zhou et al., 2024). Its potential to harm non-target
organisms and adversely affect sensitive species underlines the need
to manage and monitor such environmental contaminants carefully
(Huang et al.,, 2023).

4.3 Enrichment and distribution of
prometryn in tilapias and Asian clams

N-Octanol/water partition coefficient value (Kow) and organic
carbon partition coefficient value (Koc) value are not only important
indicators of the distribution of pollutants in environmental media,
but are also related to the accumulation of pollutants in organisms
(Liand Ran, 2012). The log Kow value of prometryn is 3.71 (USEPA,
1996b), and the Koc value of prometryn is 400 (Wauchope et al,
1992), indicating its propensity for bioconcentration in aquatic
organisms, as substances with log Kow values between 2 and
6 are known to enrich in biota easily (Kaune et al, 1998). The
BCF values, illustrated in Figure 6, confirm this tendency, with
prometryn rapidly accumulating in various tissues of both tilapias
and Asian clams within 1 h of exposure.

Notably, the liver in tilapias and the visceral mass in Asian clams
demonstrated the most significant bioaccumulation. This highlights
the sensitivity of these organs to prometryn exposure, with the
viscera being particularly susceptible to bioconcentration. From the
seventh to the 14th day, a significant decrease in prometryn
concentration was noted in tilapia tissues, mirroring the trend
observed in previous studies (Yang et al, 2022). The persistent
decline in tissue concentrations may be attributable to biota
metabolism. As reported by Sun et al. (2023), the major
metabolic process of prometryn in oysters was hydroxylation
along with N-dealkylation. Although there have not yet been
reports on whether the metabolic pathways of prometryn in
tilapia and Asian clams are like those in oysters, the distribution
trends of prometryn within the system suggest that biological
metabolism plays a significant role in the degradation of prometryn.

In tilapias, the peak prometryn concentrations were observed at
different times across tissues: day 4 in muscle, day 2 in liver, and
immediately (1 h) in gills. The liver consistently exhibited the
highest prometryn levels compared to other tissues, aligning with
the results from semi-static prometryn solution enrichment
experiments (Yang et al, 2022). The reason for the higher
accumulation of prometryn in the liver of tilapias has not yet
been reported, while other pollutants were reported to be most
accumulated in tilapia livers (Parvin et al., 2019), the detailed reason
needs to be explored.

Asian clams, as indicative freshwater bivalves, are sensitive to
environmental changes and proficient in accumulating chemicals. In
this study, the prometryn concentration sequence in Asian clam
tissues was visceral mass > muscle > mantle. Distinct from tilapias,
the rapid bioaccumulation in the visceral mass is likely due to its
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composition, which includes lipid-rich gonads known for their
ability to concentrate organic pollutants (Jacomini et al., 2006).
The peak concentrations in Asian clam tissues were reached within
6 h, faster than in other studied bivalves (Tian et al., 2013; Liu et al.,
2016), underscoring species-specific differences in bioaccumulation
capacity related to physiological functions and lipid contents. The
prolonged presence and slight increase in prometryn levels in some
Asian clam tissues by day 35 could be linked to the sediment-bound
prometryn, as clams interact closely with the sediment (Liu
et al., 2018).

4.4 Influence of biota presence on the
enrichment and distribution of prometryn

Initially, prometryn levels in the water of the E1 system were
markedly lower than those of the E2 system. However, after the first
the El
concentrations of prometryn. This could be attributed to the

day of exposure, system exhibited higher water
combined bioturbation effects of fish movement and Asian clam
activity in the sediment, which potentially remobilized prometryn
adsorbed to the sediment back into the water (Peng et al., 2018).
Over time, in ecosystems with introduced biota, the concentration of
prometryn in the water gradually increased. This could be related to
increased organic matter in the water due to biological metabolic
waste from fish and Asian clams and various particulates, like
uneaten bait, remaining in the water. And the increase in the
organic matter could lead to greater adsorption of prometryn.

In ecosystems with introduced biota, the concentration of
prometryn in the sediment showed a contrasting trend to that in
water. Although the concentration of prometryn in the sediment
decreased from the first day, it remained significantly higher than in
the water, with levels ranging from 2.44 to 25.44 times greater. The
decline in sediment concentration during this period may be related
to the bioturbation caused by Asian clams, leading to the
resuspension of sediments (Zhang et al., 2009).

At the end of the experiment, the concentrations of prometryn
in the water and sediment of the E1 and E2 systems exhibited a slight
variance; this may be due to the moderately weak migration ability of
prometryn in sediments at relatively low concentrations (Cao et al.,
2008). Nonetheless, the underlying mechanisms warrant further
comprehensive investigation.

4.5 Potential risks associated with
prometryn application

Despite extensive assessments of the environmental and health
risks of prometryn in many countries and regions (USEPA, 1996b),
research on its accumulation in simulated ecosystems has been
limited. Our study reveals that prometryn not only accumulates
in sediment but also in tilapias and Asian clams, posing potential
risks to food safety. Some countries and regions have set maximum
residue limits for prometryn in foods, varying from 0.01-9 mg/kg
(Department of Food SafetyMinistry of HealthLabour and Welfare
of Japan, 2006; USDA Foreign Agricultural Service, 2023). Our
findings indicate that a single application of 0.5 mg/L prometryn in
an aquatic system requires 7-14 days for the concentration in

Frontiers in Environmental Science

10

10.3389/fenvs.2024.1511658

tilapias and Asian clams to fall below 0.01 mg/kg, which is the
maximum residue limit (MRL) of prometryn in some agricultural
products. While typical applications of prometryn may not lead to
such high concentrations in water due to permeation, considering
extreme scenarios and the illegal use of prometryn by some
aquaculturists as a pond-cleaning agent, the environmental
accumulation of prometryn deserves attention.

Recent studies have demonstrated that prometryn poses
significant  toxic effects on various aquatic animals,
highlighting its environmental risks and potential harm to
aquaculture. For instance, Huang et al. (2023) observed that a
20-day

concentrations resulted in damage to the hepatopancreas and

exposure to 0.5 mg/L prometryn and higher
intestine of Eriocheir sinensis. Similarly, Wang et al. (2023)
reported that exposure to 0.5, 5, and 50 pg/L prometryn
delayed the first spawning and hatching times, reduced
fecundity, and inhibited the population growth rate of
Tigriopus japonicus. Additionally, Samreen et al. (2022) found
that exposure to 1, 10, 100, and 1,000 pg/L prometryn caused
significant malformations and decreased body length in newly
hatched larvae of O. melastigma. Considering that environmental
concentrations of prometryn as high as 627.5 ug/L have been
reported Yang et al. (2019), which exceed the toxicity thresholds
for many aquatic organisms mentioned above, the potential risks
to aquatic animals and ecosystems are substantial and warrant
increased attention. Based on our findings of prometryn
the

environmental risks and potential threats to aquaculture posed

bioaccumulation in tilapias and Asian clams,
by prometryn require further assessment. It is imperative that
governing regulatory agencies establish standardized guidelines
for the use of prometryn to prevent environmental accumulation
and mitigate risks to aquatic ecosystems and public health

(Zhang et al., 2024).

5 Conclusion

This study investigated the distribution and bioaccumulation
of prometryn in simulated ecosystems with (E1) or without biota
(E2). The findings demonstrate that prometryn persistently
remains within both the water and sediment of these
ecosystems, with the sediment acting as a significant reservoir
for the herbicide. Additionally, the presence of aquatic
organisms, specifically tilapias and Asian clams, not only
served as accumulative pools for prometryn but also
influenced its distribution dynamics within the ecosystems. In
terms of bioconcentration, pronounced levels of prometryn were
detected in the tissues of both tilapias and Asian clams. The
highest bioconcentration factors were observed in the liver of
tilapias and the visceral mass of Asian clams, suggesting a strong
affinity of prometryn for these tissues. This finding highlights the
importance of these organs in assessing the environmental and
health impacts of prometryn exposure in aquatic species. The
long-term ecological effects of prometryn should be concerned in
the future research, particularly focusing on its impact on non-
target aquatic organisms and the potential pathways through
which it may influence human health, to inform more

comprehensive environmental management and policy-making.
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