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Abstract: The impact of antibiotic residue on sediment ecology at the watershed level is not yet
fully understood. In this investigation, varying concentrations of oxytetracycline (OTC) and sulfa-
diazine (SD) were added to the overlying water of both the upper (0–10 cm) and bottom sediment
(20–30 cm) layers at the watershed scale to evaluate the ecological impact on sediment habitats
through the analysis of the activities of enzymes, namely urease (UA), alkaline phosphatase (APA),
peroxidase (POA), and dehydrogenase (DHA). Results showed that the levels of UA and APA in
the bottom sediment layers exceeded those in the top sediment layer upon reintroduction of antibi-
otics. Conversely, the fluctuations in DHA were notably reduced across various types of antibiotics
and exposure concentrations in the bottom sediment layers. Within the top sediment layers, as
the concentration of OTC exposure increased, there was a corresponding elevation in POA levels.
However, the response of POA initially ascended and subsequently descended with rising SD ex-
posure concentration, although it consistently exceeded the control levels. In contrast, the response
of DHA displayed an inverse correlation with OTC exposure concentration but a direct correlation
with SD exposure concentration. At the watershed scale, under antibiotic exposure, UA and DHA
exhibited significantly higher levels upstream compared to downstream. Conversely, APA and
POA appeared relatively stable across the watershed following the reintroduction of antibiotics.
Moreover, DHA demonstrated a noticeable decreasing trend with increasing concentrations of OTC
exposure. Environmental factors had a predominant influence, exceeding 40%, on enzyme activities
during antibiotic reintroduction. Specifically, particle size significantly inhibited enzyme activity,
while sediment nutrient conditions, including total carbon, nitrogen, and sulfur content, significantly
enhanced enzyme activities. The study suggests that enzyme activities associated with antibiotic
reintroduction in watershed sediments are established during stable stages in the bottom sediment
layer or downstream sediment environment as part of sedimentary and transport processes. More
research is required to explore the maintenance and evolution of antibiotic resistance profiles in the
presence of long-term antibiotic residues.
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1. Introduction

Antibiotics have been a major contributor to the cure of diseases in all areas of human
activity, such as agriculture, animal husbandry, and medicine, for centuries [1]. Global
antibiotic consumption increased from 21.1 billion to 34.8 billion defined daily doses during
2000–2015 and will further increase by 200% in 2030 [2]. The release of antibiotics into the
environment due to anthropogenic activities, along with other environmental pollutants,
is resulting in the selection of resistance profiles in various microorganisms [3–6]. The
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adaptability of the microbiome in aquatic environments to exogenous disturbances, such
as the introduction of antibiotics, can have long-term health implications for both the
ecosystem and humans [7]. These antibiotics can be transferred from water to sediment,
which can have long-term health implications for both the ecosystem and humans.

Watershed systems are essential reservoirs for antibiotic contamination from dis-
charged solid waste and wastewater. The application of solid waste to agricultural fields
further intensifies the contamination of these antibiotics in runoff [8,9]. Seasonal fluctu-
ations and urban development have a profound effect on the distribution of antibiotics
in watersheds, as demonstrated by the different antibiotic resistance profiles of the local
ecology [10–12]. The antibiotic resistance of aquatic microorganisms can reach malleable,
sub-stable, or stable stages due to the continuous release of antibiotics from human activities
in the watershed basin [13,14]. The selective effects of residual antibiotics on various micro-
bial groups are also regulated by environmental characteristics, such as organic-mineral
compounds like clays. These compounds can reduce the biological activities of antibacte-
rial molecules before they reach bacteria, even in sediment environments with complex
and dynamic physico-chemical conditions that support high microbial diversity [9,14,15].
Therefore, it is essential to gain insight into the tolerance and adaptation of microbial
communities in their natural habitats.

The activity of enzymes, which are secreted by living organisms such as microbes, is
a vital part of the ecological system and can be impacted by antibiotics or their remnants,
depending on the type of antibiotic and the amount of exposure [5,15,16]. Feng et al. [13]
demonstrated that the reintroduction of sulfadiazine (SD) led to more significant alterations
in various enzyme activities, such as urease, peroxidase, dehydrogenase, and fluorescein di-
acetate esterase (FDA), compared to oxytetracycline (OTC) in controlled laboratory settings.
In a separate study, Xing et al. [17] observed that sediment exposure to antibiotics and nu-
trient pollution interactively modified the prokaryotic community structure, consequently
impacting enzyme activity. However, Thiele-Bruhn and Beck [18] and Fang et al. [19] deter-
mined that chlortetracycline had no effect on DHA, even at a concentration of 1000 mg/kg,
while DHA significantly increased with increasing sulfadiazine (SD) concentration and
exposure time. The influence of antibiotics on enzyme activity is predominantly shaped
by environmental conditions; for instance, the co-occurrence of toxic heavy metals with
antibiotic pollutants may transform enzymes into less harmful variants. Moreover, fluc-
tuations in pH and conductivity can influence microbial and enzyme functions, with
alkaline phosphatase being particularly sensitive to changes in total phosphorus levels
and nutrient availability, thereby affecting enzyme performance [13,20,21]. Moreover, the
interaction between antibiotics and the sediment environment may decrease the promotion
effect and alter microbial processes, affecting their mobility, stability, bioavailability, and
bioaccessibility when interacting with antibiotics and microorganisms [22].

In this study, we hypothesize that in a watershed contaminated with antibiotics, the
water environment is expected to have acquired varying levels of resistance, dependent on
the types and concentrations of antibiotics present. Therefore, sediment from two layers of
the watershed (upper and lower) was collected and exposed to solutions containing the
two most abundant antibiotics in the environment near the wastewater effluent, namely
oxytetracycline and sulfadiazine, at three different concentrations. This simulated the
potential response of the sediment environment to antibiotics reintroduced at the water-
shed scale. The resistance profiles of the sedimentary microbes in the watershed basin
were evaluated by measuring the activities of four enzymes: urease (UA), alkaline phos-
phatase (APA), peroxidase (POA), and dehydrogenase (DHA) in the presence of antibiotic
exposure. This study evaluates the ecological resistance of watersheds to sediment con-
tamination, particularly with regards to antibiotics which are commonly present in the
aquatic environment.



Water 2024, 16, 1393 3 of 14

2. Materials and Methods
2.1. Study Site and Sampling

Samples of sediment were taken from the Jinjiang River in Quanzhou City, which
is 182 km long and has a drainage area of 5629 km2. It flows through Yongchun, Anxi,
Nan’an, Jinjiang, Licheng, and Fengze counties from northwest to southeast, and receives
effluent from wastewater treatment plants in these locations. Ultimately, it was found to
be commonly contaminated with antibiotics in the watershed environment. The upper
reaches of the Jinjiang River are formed by two tributaries, the East River and the West
River. The river basin is a typical representation of countryside and towns, with numerous
tea plantations scattered throughout.

Samples of sediment from the upper (0–10 cm) and lower (20–30 cm) layers were
obtained using a box-type mud picker (Beijing New Landmark Soil Equipment Co., Ltd.,
Beijing, China). The sampled locations included two tributaries in the upper reaches and
the main river in the downstream (Figure 1). The sediment was kept in a 4 ◦C icebox and
directly transported to the laboratory where it was sieved through a 2.0 mm wet sieve to
remove any impurities. A sedimentary layer was simulated by combining 30 g of sediment
with 10 cm of aqueous solution containing oxytetracycline (OTC) or sulfadiazine (SD) at
two concentrations of 10 µg/L and 100 µg/L with three replicates. The external conditions
were set to remain constant, with a temperature of 25 ◦C, 8 h of light duration, and a
light intensity of 2000–3000 LX, and after 45 days, sediment samples were collected to
further analysis.
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Figure 1. Distribution of sampling points in the Jinjiang River Basin, S1–S7 are different sampling
points in the watershed.

2.2. Determination of Sediment Physico-Chemical Properties and Heavy Metals

Sediments were characterized by their total carbon content (TC), total nitrogen content
(TN), total sulfur content (TS), pH, electrical conductivity (EC), and sediment size distribu-
tion. TC, TN, and TS were measured using an Elementar Analysensysteme GmbH (Vario
MAX, Frankfurt, Germany). EC and pH were measured using a pH-EC meter (Accumet Ex-
cel XL60, Fisher Scientific Inc., Waltham, MA, USA) in sediment/deionized water slurries at
a ratio of 1:2.5. The particle size distribution of the sediment was analyzed using a Malvern
Mastersizer 2000 (Malvern Instruments Ltd., Worcestershire, UK). The concentrations of
heavy metals in the sediment were determined with reference to our previous study [23],
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and were determined by inductively coupled plasma mass spectrometry (ICP-MS, XII,
Thermo Fisher, Waltham, MA, USA).

2.3. Determination of Enzyme Activity

Four enzyme activities—urease (UA), alkaline phosphatase (APA), peroxidase (POA),
and dehydrogenase (DHA)—were quantified in fresh sediment samples following the
methods outlined in references [24,25], with detailed procedural information provided in
the Supplementary Material.

2.4. Data Analysis

Statistical analyses and graphical design were conducted using R (version 4.0.5, R
Development Core Team, Vienna, Austria). Mantel tests were carried out employing
the “mantel” function in the “vegan” R package to examine the relationship between
the variables of UA, POA, APA, DHA, and environmental factors. Pearson correlation
analyses were conducted on the physico-chemical properties of sediment samples, and
the predictive values were correlated with enzyme activities at the respective sites. The
“randomForest” package was utilized for random forest analyses to evaluate the association
between enzyme activity and environmental variables. Redundancy analysis and Monte
Carlo permutation analyses were executed to determine the impact of exposure to specific
environmental factors on enzyme activity.

3. Result and Discussion
3.1. Response of Enzyme Activities to Antibiotic Reintroduction

UA reflected the ability of sediment to convert organic nitrogen to active-state nitrogen
and is an important parameter of nitrogen conversion mechanisms in ecosystems [26,27].
As seen in Figure S1 (Supplementary Material), watershed sediments were again exposed
to different concentrations of SD and OTC solutions, and the UA mainly ranged between
0.26 and 0.78 NH4

+-N mg/(g·24 h). The treatment groups with additions of sulfadiazine
and oxytetracycline were mostly lower than the control (CK) group, and overall appeared to
show an inhibitory but non-significant effect, with significant differences in the expression
of UA among the sample sites. This was expected because several papers reported that
tetracycline and sulfonamide antibiotics inhibited soil urease under prolonged incubation,
but the effect was not significant [28]. In the OTC-added group, UA was more stressed by
the higher concentration of 100 µg/L OTC compared to the lower concentration of 10 µg/L
OTC. However, in the case of SD exposure, the inhibition of UA activity was greatest at the
low concentration of 10 µg/L SD compared to the other groups, whereas UA expression
was increased at the high concentration of 100 µg/L SD, but was still inhibited compared
to the control group.

APA plays a crucial role in providing phosphorus nutrients to cells from the environ-
ment [29]. The activity of APA in the sediments across the five treatments ranged from
0.20 to 2.00 mg/(g·24 h), with no significant correlation observed between the treatments.
Overall, there was a facilitative effect on APA activity, except for the low-concentration
10 µg/L OTC group. It was noted that SD acted as a facilitator of APA activity in all cases,
with a higher enzyme characterization at high concentrations of 100 µg/L SD compared
to low concentrations of 10 µg/L SD [30]. However, at the extremes of each group, the
low concentration of 10 µg/L antibiotic exhibited an inhibitory effect compared to the
control group. The differences between the OTC groups were significant, with the high
concentration of 100 µg/L OTC displaying the highest APA expression among all the
treatment groups.

POA is a common extracellular enzyme used as an indicator of aerobic microorganisms
in soil, as it is closely linked to their number and activity [31,32]. The POA activity in
sediments varied from 0.05 to 2.75 mg/(g·20 min) under different treatments (Figure S1),
with no significant difference between enzyme activities. Overall, there was an increase in
POA response after the addition of various concentrations of oxytetracycline (OTC) and
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sulfadimidine (SD). POA activity was highest at 100 µg/L OTC compared to other groups.
In contrast, under SD treatment, enzyme activity was lower at a high concentration of
100 µg/L compared to 10 µg/L SD, but slightly higher than the control group.

DHA is an important intracellular enzyme in microbial communities, serving as an
indicator of microbial abundance and activity in soil [33,34]. The DHA activity levels
varied between 0.0006 and 0.006 µL/(g·6 h) across the five treatments (Figure S1), with
no significant correlations observed. Overall, DHA expression was higher in the soil
disturbance (SD) treatment compared to the oxytetracycline (OTC) treatment and control
(CK) group. DHA activity was found to be higher at a lower concentration of 10 µg/L OTC
compared to 100 µg/L OTC, and was enhanced relative to the CK group. However, at the
higher concentration of 100 µg/L OTC, DHA activity was inhibited. In contrast, in the SD
treatment group, DHA activity was promoted at the higher concentration of 100 µg/L SD
compared to the lower concentration of 10 µg/L SD.

3.2. Changes in Enzyme Activities in Both the Top and Bottom Sediment Layers

The vertical distribution of soil enzymes follows a specific pattern that indicates the
nutrient levels in each soil layer, reflecting the fertility and productivity of the soil [35].
Urease and alkaline phosphatase are key indicators of soil fertility, playing roles in nitrogen
metabolism and phosphorus remineralization. In the control group, both urease and
alkaline phosphatase activities were higher in the top layer compared to the bottom layer.
This is consistent with previous studies that have shown an increase in enzyme activities
with soil depth [26,36,37]. In the top sediment, urease activity decreased in the OTC
100 µg/L treatment group (Figure 2), while in the bottom sediment, there was a decrease
in the hygromycin 100 µg/L treatment group. The highest urease activity was observed
in the SD 10 µg/L exposure group in the top deposits. The presence of antibiotics in the
bottom sediment led to a reversal in urease activity, with the highest levels observed in the
group treated with SD at 100 µg/L. This increase in urease activity may be attributed to the
toxic effects of antibiotics, which could have resulted in the death of soil microorganisms
and subsequent inhibition of enzyme activity [26]. Additionally, the expression of alkaline
phosphatase (APA) in the top layer was higher in the groups treated with SD and OTC
compared to the control group, indicating a stimulating effect. In the groups treated with
different concentrations of OTC, APA activity initially decreased before increasing in both
the top and bottom sediment layers. Previous studies have also shown similar trends
in enzyme activity after exposure to antibiotics, with some antibiotics having significant
inhibitory effects on enzyme activity. Overall, the results of this study align with previous
research findings on the impact of antibiotics on soil enzyme activities.

The responses of DHA and POA indicate the activity of microorganisms in decompos-
ing organic matter and converting energy in soil. Studies by Xu et al. [33], Guo et al. [35],
Sinclair et al. [38], and Keplin et al. [39] support this. In untreated basins, POA expression
was lower in the top layer compared to the bottom layer, while DHA expression showed
the opposite trend [40–42]. After adding SD 10 µg/L, POA expression in the top layer
increased significantly compared to the CK, OTC10 µg/L, and SD100 µg/L groups. The
activity of POA in the top layer increased with OTC concentration and decreased with SD
concentration. The expression of POA in the bottom layer showed the opposite trend. In
both top and bottom sediments treated with hygromycin and sulfadiazine, POA activity
was higher than in the CK group. This is because soil microorganisms under antibiotic
stress secrete more catalase to resist poisoning, as observed in studies by Liu et al. [43] and
Wu et al. [8]. DHA levels were found to be significantly higher in the top sediment layer
compared to the bottom layer across all treatments. Additionally, DHA levels in the top
sediment decreased with increasing concentrations of OTC. Enzyme activity was notably
higher in the group treated with 100 µg/L SD compared to the control, 10 µg/L SD-treated,
and OTC-treated groups. The expression of DHA remained consistent in both top and
bottom sediment layers after antibiotic exposure, but there was a significant decrease in
DHA levels in the bottom sediment. Enzyme activity of DHA in both top and bottom
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sediment layers was significantly higher than in the control, 10 µg/L SD-treated, and
OTC-treated groups. In the bottom sediment, enzyme activity of DHA was notably higher
in the control and OTC-treated groups. The difference in POA expression between top
and bottom sediments may be attributed to aerobic microorganisms in the bottom soil
developing resistance to antibiotics and being stimulated by exposure to SD and OTC solu-
tions [21]. On the other hand, the lower expression of DHA responses in the bottom layer
could be due to the development of new community structures over time with exposure
to antibiotics, resulting in a stable community that is less responsive to re-activation of
antibiotics [30].
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Figure 2. Comparison of urease activities, alkaline phosphatase activities, catalase activities, and
dehydrogenase activities in top and bottom sediment layers. The CK group represents the control
treatment without the reintroduction of any antibiotics. The OTC10, OTC100, SD10, and SD100
groups refer to the overlying water to sediment containing oxytetracycline (OTC) or sulfadiazine
(SD) at concentrations of 10 µg/L and 100 µg/L (Significance level was marked by * p < 0.05).

3.3. Changes in Enzyme Activities in Sediment Environments Upstream and Downstream

Antibiotics are frequently found in river sediments due to their metabolic elimination
into the environment during social and production activities [44]. Studies have shown
that there are differences in adaptation and resistance to antibiotics between upstream and
downstream areas, likely due to varying levels of antibiotic selection pressure over time [45].
In a study, it was observed that the activities of UA and DHA were significantly lower
upstream compared to downstream, while there was no significant correlation between the
activities of APA and POA in these areas (Figure 3). Treatment with 10 µg/L SD resulted



Water 2024, 16, 1393 7 of 14

in a higher response of APA upstream compared to other groups, with no significant
change in downstream expression. Exposure to 100 µg/L sulfadoxine-pyrimethamine and
hygromycin in upstream sediment led to lower APA activity compared to the 10 µg/L
treatment group. Interestingly, downstream expression of enzyme activity was higher in
antibiotic-treated groups compared to lower treated groups [42]. The response to 100 µg/L
SD was greater upstream than in the blank-treated group. POA and DHA showed higher
responses upstream compared to downstream, with DHA being inhibited in both areas in
response to different concentrations of SD and 10 µg/L OTC. Inhibition downstream was
more pronounced in the 10 µg/L OTC treatment, while inhibition upstream was greater
in the 100 µg/L OTC treatment. The study found that enzyme responses were higher in
upstream areas compared to downstream areas when exposed to high concentrations of
100 µg/L OTC and SD. Additionally, downstream responses to changes in UA and APA
were higher than upstream responses. The responses of DHA to OTC and SD remained
constant, while the responses of POA to OTC and SD were smaller. Upstream changes in
OTC showed increasing inhibition with higher concentrations, while downstream changes
showed a trend of increasing inhibition. Furthermore, as SD concentration increased, the
inhibitory effect changed to a facilitatory effect.

Water 2024, 16, x FOR PEER REVIEW 8 of 16 
 

 

  

  

Figure 3. Comparison of urease activity, dehydrogenase activity, catalase activity, and alkaline 
phosphatase activity in sediment samples from upstream and downstream. The CK group repre-
sents the control treatment without the reintroduction of any antibiotics. The OTC10, OTC100, SD10, 
and SD100 groups refer to the overlying water to sediment containing oxytetracycline (OTC) or sul-
fadiazine (SD) at concentrations of 10 µg/L and 100 µg/L (Significance level was marked by * p < 
0.05). 

3.4. Impacts of Environmental Factors on Enzyme Activities in Watershed Environment 
Soil enzyme activities are influenced by the physico-chemical properties of the soil 

environment [44], with low concentrations of heavy metals and high organic carbon or 
nitrogen content promoting higher enzyme activities [13,46,47]. This study aimed to ana-
lyze the activities of four enzymes in relation to soil physico-chemical indicators and other 
environmental factors. A Mantal analysis was conducted (Figure S2), showing that parti-
cle size, soil nitrogen content, and soil carbon content were significantly correlated with 
all four enzymes, while lead and electrical conductivity were not. Phosphatase and perox-
idase activities were significantly correlated with most measured environmental factors, 
except for lead and electrical conductivity. These enzymes were particularly well corre-
lated with arsenic, mercury, pH, carbon, nitrogen, and sulfur, indicating their impact on 
phosphorus nutrient synthesis and aerobic microbial activity. The activities of sediment 
microbial communities are primarily influenced by basic soil properties such as total car-
bon and total nitrogen [48–50]. The impact of physico-chemical properties on enzyme ac-
tivity in each treatment was assessed using random forest calculation (Figure 4). It was 
observed that pH in the sediment had a limited influence, explaining less than 15% of the 
enzyme activity. The sediment pH in this study was slightly alkaline, which may have 
affected the stability of OTC, as it is known to be more stable in acidic and neutral soils 
but easily degrades in alkaline soils [1,51]. The composition of soil particle size plays a 
significant role in nutrient storage and transport in the soil [52]. The effect of D50 on en-
zyme activity was particularly notable, accounting for around 75% of the variation. The 

Figure 3. Comparison of urease activity, dehydrogenase activity, catalase activity, and alkaline
phosphatase activity in sediment samples from upstream and downstream. The CK group represents
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sulfadiazine (SD) at concentrations of 10 µg/L and 100 µg/L (Significance level was marked by
* p < 0.05).
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3.4. Impacts of Environmental Factors on Enzyme Activities in Watershed Environment

Soil enzyme activities are influenced by the physico-chemical properties of the soil
environment [44], with low concentrations of heavy metals and high organic carbon or
nitrogen content promoting higher enzyme activities [13,46,47]. This study aimed to
analyze the activities of four enzymes in relation to soil physico-chemical indicators and
other environmental factors. A Mantal analysis was conducted (Figure S2), showing that
particle size, soil nitrogen content, and soil carbon content were significantly correlated
with all four enzymes, while lead and electrical conductivity were not. Phosphatase and
peroxidase activities were significantly correlated with most measured environmental
factors, except for lead and electrical conductivity. These enzymes were particularly well
correlated with arsenic, mercury, pH, carbon, nitrogen, and sulfur, indicating their impact
on phosphorus nutrient synthesis and aerobic microbial activity. The activities of sediment
microbial communities are primarily influenced by basic soil properties such as total carbon
and total nitrogen [48–50]. The impact of physico-chemical properties on enzyme activity
in each treatment was assessed using random forest calculation (Figure 4). It was observed
that pH in the sediment had a limited influence, explaining less than 15% of the enzyme
activity. The sediment pH in this study was slightly alkaline, which may have affected
the stability of OTC, as it is known to be more stable in acidic and neutral soils but easily
degrades in alkaline soils [1,51]. The composition of soil particle size plays a significant
role in nutrient storage and transport in the soil [52]. The effect of D50 on enzyme activity
was particularly notable, accounting for around 75% of the variation. The importance of
particle size on enzymes such as UA, APA, DHA, and POA increased with the addition of
antibiotics. Soil particles have the ability to adsorb colloids, which can in turn adsorb toxic
substances [53]. In this study, the large particle size of the soil limited the adsorption of
colloids and organic matter, resulting in a negative correlation with enzyme activity for
most of the enzymes studied. The study found that heavy metals Pb, Ni, and As had a
positive correlation with APA, POA, and DHA, while UA had a negative correlation with
these heavy metals. Enzymes involved in nitrogen and sulfur cycles were more sensitive
to the toxicity of the heavy metals [52]. When SD and OTC were introduced, there was a
significant decrease in the impact of Pb, Ni, and As on UA, suggesting that urease activity
may change its sensitivity to heavy metals under antibiotic stress. Among the soil physico-
chemical properties, sulfur had the highest explanatory power, with a correlation between
soil sulfur content and enzyme activity increasing in the antibiotic treatment group. DHA,
POA, and ALP were positively correlated, indicating that the soil microbial community
relies more on soil sulfur under the influence of hygromycin and sulphadiazine.
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Relative abundance of environmental factors and enzyme activities under different treatments
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correlation circle indicates the importance of the variable. Colors indicate Spearman correlations.

Redundancy analysis of enzymes revealed a strong association between physico-
chemical properties and antibiotics (Figure 5). The first major axis (RDA1) of UA explained
93.51% of the total variance, while the second major axis (RDA2) explained 3.44% of the
total variance. Similarly, the axes of APA explained 92.82% and 3.86% of the total variance,
and the first major axis (RDA1) of POA explained 97.58% of the variance, with the second
major axis (RDA2) explaining 1.75%. The first and second major components of DHA
explained 94.90% and 3.39% of the variance, respectively. Furthermore, particle size was
found to be significantly negatively correlated with enzyme activity, indicating a potential
impact on enzyme activity due to antibiotics. Additionally, the nutrients N and C showed
positive correlations with enzyme activity, suggesting a close relationship between enzyme
activity and nutrient availability. This implies that antibiotics may influence enzyme
activity, leading to potential effects on endogenous release [14,47]. The response of soil
enzymes UA and APA to antibiotic treatment was mainly influenced by the EC value, as
well as heavy metals such as As, Ni, Hg, and Pb. These factors had a significant impact on
APA but not on UA. On the other hand, the responses of POA and DHA were primarily
affected by pH levels, with heavy metals As, Pb, and Hg also playing a role, although to
a lesser extent for DHA. These findings align with previous research suggesting that EC
affects UA and APA [54], while pH levels have a greater impact on POA and DHA [25].
RDA analyses revealed minimal differences in the responses of UA, APA, POA, and DHA
in upstream and downstream sediments after exposure to hygromycin and sulfadiazine.
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The environmental factors and soil layers in upstream and downstream areas were used as
explanatory variables, with UA, APA, POA, and DHA as response variables. There was no
clear pattern of interpretation based on these analyses. The analysis in Figure 6 shows that
environmental factors have the greatest impact on enzyme activities, explaining between
32.10% and 47.90% of the variance. Environmental factors have always been known to
play a significant role in soil enzyme activity [14]. After recontamination with antibiotics,
the synergistic upstream and downstream effects of DHA were found to have the highest
degree of explanation at 4.80% (Figure 5). Upstream and downstream alone had no effect
on POA; however, the combined effect of upstream, downstream, and environmental
factors had the highest effect of 6.80% on POA. The individual effects of top and bottom
soil layers on enzyme activities ranged from 4.70% to 6.30%, indicating that the effects
on the four enzymes studied were higher than those brought about by the upstream and
downstream after the secondary antibiotic intervention. In particular, the combination of
top and bottom soil layers and environmental factors had an effect of nearly 10% on DHA.
It was demonstrated that after re-exposure to antibiotics, the effect of synergistic effects of
top and bottom soil layers and environmental factors on DHA was higher, and the response
had a greater effect on microorganisms.
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Figure 5. Redundant analysis (RDA) of enzymes and physico-chemical properties under antibiotics.
(A) UA, (B) APA, (C) POA, (D) DHA. The CK group represents the control treatment without the
reintroduction of any antibiotics. The OTC10, OTC100, SD10, and SD100 groups refer to the overlying
water to sediment containing oxytetracycline (OTC) or sulfadiazine (SD) at concentrations of 10 µg/L
and 100 µg/L; EC is electric conductivity; D50 is vol. weighted median value of particle diameter; N
is total nitrogen content; C is total carbon content; S is total sulfur content.
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environmental factors to sediment enzyme activity. The variance division analysis was used to
determine the contribution of environmental factors to the activity of different enzymes.

4. Conclusions

Upon reintroduction of SD and OTC antibiotics, activities of enzymes such as UA and
APA in sediments within the Jinjiang River Basin exhibited higher levels in the bottom layer
than in the top layer, while downstream areas showed elevated levels of UA and DHA
compared to upstream locations. Environmental factors exerted a significant influence on
the ecological responses of the four target enzyme activities to antibiotic reintroduction.
Specifically, particle size markedly inhibited enzyme activity, while sediment nutrient
conditions, such as total carbon, nitrogen, and sulfur content, notably enhanced enzyme
activities. Additional research is necessary to elucidate the maintenance and development
profiles of antibiotic resistance under prolonged antibiotic selection at environmental
concentration levels on a watershed scale.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w16101393/s1, Figure S1: Box plots of sediment urease ac-
tivities (UA), alkaline phosphatase activities (APA), dehydrogenase activities (DHA), and peroxidase
activities (POA) under different antibiotics; Figure S2: Mantel analysis between enzyme activities
and sediment properties.
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