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Abstract: To investigate the toxic and environmental effects of prometryn, a laboratory experiment
was performed on coexistent fish and algae. The body weight and length of Carassius carassius,
Microcystis aeruginosa (M. aeruginosa) densities and water quality were measured continuously for
92 days. It was observed that fish growth was significantly inhibited by prometryn. This can be
partly attributed to the adverse effects of prometryn on the antioxidant system of fish; the activities
of superoxide dismutase (SOD) and catalase (CAT) in crucian carp were significantly inhibited by
prometryn. The growth of M. aeruginosa was greatly inhibited by prometryn (p < 0.05), and the
adverse effects of prometryn on M. aeruginosa indirectly impacted water qualities. The body weight
and length of Carassius carassius first increased and then tended to be stable with increasing electrical
conductivity (EC) values; their quantified relationship was established based on the Gompertz and
Logistic equations (R2 = 0.920–0.989). Based on the above results, we concluded that the toxic effects
of prometryn can impact the antioxidant system of fish and algae which in turn affects their growth
performance, and have an indirect impact on water quality. The application of equations made
it realizable to obtain a more detailed interpretation of the processes involved in these biological–
abiotic interactions.

Keywords: prometryn; Carassius carassius; Microcystis aeruginosa; biotoxicity effects; environmental
effects

1. Introduction

Due to the rapidly growing world population, the demand for high-quality proteins is
increasing, which promotes the rapid development of the aquaculture industry [1]. Fish are
a globally traded food commodity due to the valuable proteins they provide [2]. In China,
the crucian carp (Carassius carassius) is one of the most commercially important freshwater
omnivorous fishes [3].

Aquaculture activities have largely increased the nutrients in the aquatic environ-
ment [4]. In common carp (Cyprinus carpio) ponds, 57–71% of the nitrogen and 44–58% of
the phosphorus came from aquaculture feed [5]. Nutrients coming from the fish culturing
business may drive the growth of harmful algae [6], leading to eutrophication and causing
a drop in fish productivity [7–9].

Algae in aquatic ecosystems are an important component of water quality monitoring
processes [10]. Algae’s abundance and wide distribution in aquaculture systems can
significantly affect the water chemistry of an aquatic ecosystem. M. aeruginosa is a common
cyanobacterium in eutrophic water bodies, and it is a functional organism that is widely
used in biological experiments [11]. Many types of herbicides are used in aquaculture
systems to control harmful algae [12]. Herbicides exposed to aquatic environments are
detrimental to the aquatic ecosystem [13], and they have hazardous effects on aquatic
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organisms [14]. Prometryn is a selective herbicide of the s-triazine chemical family which is
widely used and detected in natural water bodies worldwide, imposing toxic effects on
aquatic organisms [15].

Only a small amount of prometryn acts on target cells, and most of this prometryn
can cause toxic effects on aquatic organisms. As reported by Huang et al. [16], exposure
to prometryn reduced the activities of antioxidant enzymes in Eriocheir sinensis, increased
the level of lipid peroxidation and caused oxidative stress. Similar results on Procambarus
clarkii were observed by Stara et al. [17]. In a study by Zhao and Zhu [18], an increased
bioaccumulation of prometryn led to an increased level of lipid peroxidation in zebrafish
(Danio rerio). It should be pointed out that although the coexistence of fish and algae is very
common in natural water bodies, only a few papers have conducted experimental research
on their coexistent system. A better understanding of the biotoxic effects of prometryn
forms the foundation for conducting relevant research.

A variety of mathematical models (e.g., Logistic equation, Monod equation) [19] have
been employed in microalgae research to study the microalgae growth process in depth [20].
In addition, equations such as the Gompertz equation and the Logistic equation have been
proposed for modeling fish growth [21,22]. The literature is sparse on studies evaluating the
quantitative relationship between biological and abiotic factors in the water environment;
we hypothesized that the application of equations could facilitate a more in-depth analysis
of the biotoxic effects of prometryn.

In light of the above-mentioned issues, this study chose crucian carp and M. aeruginosa
as target organisms to investigate the biotoxic effects of prometryn. The physiological
and biochemical indexes of fish and algae as well as key water quality parameters were
analyzed to reveal the environmental impacts of prometryn, clarify its underlying mech-
anisms ad provide a scientific basis for promoting the high-quality development of the
aquaculture industry.

2. Materials and Methods
2.1. Experimental Materials

We conducted this experiment in accordance with the ARRIVE guidelines and
relevant regulations.

Crucian carp were purchased from a local market near Henan Agricultural University
in Henan, China. Six healthy crucian carp (6 months old) were each raised in an aquarium;
their initial individual weights and lengths were 18.3 ± 0.1 g and 9.3 ± 0.2 cm, respec-
tively. They were acclimated in aerated aquariums for 20 days before the beginning of
the experiment.

M. aeruginosa was obtained from the Freshwater Algae Culture Collection of the
Institution of Hydrobiology (FACHB-905) at the Chinese Academy of Sciences. Before the
experiment, the M. aeruginosa was cultured in BG-II culture medium for 24 days.

The fish feed used in this experiment was manufactured by Zhongliang Company
Limited (Rizhao, China) and has been widely used throughout China. The amount of
phosphorus and nitrogen in the feed were 12.11 g kg−1 and 46.58 g kg−1, by analysis [23].

The prometryn (purity ≥ 99.0%) was purchased from Shanghai Aladdin Biochemical
Technology Limited (Shanghai, China).

The experiment was conducted in aquariums (60.0 cm long, 40.0 cm wide and 40.0 cm
high) containing 50 L of tap water with continuous aeration.

2.2. Experimental Methods

Aquariums named CK that contained only tap water were used as a blank. Aquariums
with only fish were named F, aquariums with both fish and algae were named FA and
aquariums with fish, algae and prometryn were named FAP. The selected exposure concen-
tration of prometryn was 100 µg L−1 because it cannot fully inhibit the growth of fish and
algae [24,25], and it is in the range of recommended concentrations of prometryn used in
aquaculture [26]. All the groups were prepared in triplicates. Fish feed was added to the
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aquariums (except CK) by hand (09:00 a.m.) at 1.0% of the initial crucian carp body weight
daily. The feed added to the aquariums with fish was completely consumed according to
our observation. The initial density of M. aeruginosa was 1 × 103 cells mL−1.

A photoperiodic cycle of 12 h of light and 12 h of darkness was used. The volume
of water in the aquariums remained constant during the course of the experiment (92 d),
and the water lost due to evaporation was replenished daily. The water temperature in the
aquariums was not controlled in the present study and fluctuated naturally.

2.3. Measurement of Monitoring Indicators

Water samples were taken from the center of the aquariums at a depth of 6 cm from
the water surface. The water samples were filtered through 0.45 µm membrane filters to
determine the total dissolved phosphorus (TDP), orthophosphate (PO4

3−-P), total dissolved
nitrogen (TDN) and ammonia nitrogen (NH4

+-N). Digested water samples by autoclave
were used for the determination of TDP and TDN. The concentrations of TDP, PO4

3−-P,
TDN and NH4

+-N were determined according to the literature of Yang et al. [27]. The
physicochemical parameter (EC) was determined in situ with a multimeter [28].

The body length and body weight of the fish were measured every 10 days using
dividing rulers and electronic scales. The density of M. aeruginosa was determined referring
to the literature by Wu et al. [23], and each sample was counted 5 times. The M. aeruginosa
densities and water quality parameters were determined periodically for 4 days.

At the end of the experiment, the antioxidant indexes (superoxide dismutase (SOD)
activity, catalase (CAT) activity and malondialdehyde (MDA) content) of the algae and
fish were measured using assay kits (purchased from Nanjing Jiancheng Biological Co.,
Ltd. (Nanjing, China)). Water samples were centrifuged for 10 min at 12,000 rpm with a
CT14RDII High-Speed Benchtop Centrifuge (Tianmei, Shanghai, China) to obtain algae
concentrate at 4 ◦C. After washing with normal saline twice, the algae concentrate was
redissolved in normal saline and frozen and thawed three times at −80 ◦C. The resulting
mixture was subsequently centrifuged for 15 min under the specified condition, and the
supernatant was collected for measuring the indexes. In terms of fish, 100 mg of whole fish
tissue was mixed with 9 times the amount of saline (0.86%) and ground using a grinder
(Xinzhi, Ningbo, China) (60 Hz, 4 ◦C) for 60 s. The mixture was then centrifuged at 8000
rpm and 4 ◦C for 10 min to obtain the supernatant for the determination of the antioxidant
index. All procedures were completed according to the manufacturer’s instructions.

2.4. Statistical Analysis

The concentrations of nutrients from CK were subtracted when calculating the prac-
tical concentrations of nutrients. SPSS 17.0 and Origin 9.0 were utilized to analyze the
experimental data. The significance level was set at 0.05. SPSS 17.0 was used for the
statistical analysis, and one-way ANOVA was applied, followed by the Duncan post hoc
test [29].

2.5. Theoretical Basis

To monitor the growth performance and feed utilization efficiency of the fish, the
parameters of feed conversion efficiency (FCE, %) and protein efficiency ratio (PER, %) were
used, which have also been proposed as relevant indicators in published studies [30,31].
These parameters were determined by the following equations:

FCE =
WT − W0

F
× 100% (1)

PER =
WT − W0

F × CPC
× 100% (2)

where W0 (g) represents the initial body weight of the fish; WT (g) is the body weight of the
fish at the end time T (d); F (g) is the total amount of consumed feed; and CPC (%) is the
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crude protein content, which is analyzed as dietary nitrogen multiplied by 6.25 according
to Hamre et al. [32].

The Gompertz equation was appropriate to describe the variations of body weight
(W) and body length (L) of the fish with time [21] in this study. The fitting equations are
as follows:

W = Wmaxe−eaW−rW t
(3a)

L = Lmaxe−eaL−rLt
(3b)

where Wmax (g) and Lmax (mm) are the maximum weight and length of the crucian carp,
respectively; rW (d−1) and rL (d−1) are the variation rate constants of body weight and
body length, respectively; aW (-) and aL (-) are constants; and t (d) is the time.

A lot of evidence has shown that algae growth can be fitted by the Logistic equa-
tion [33,34], as shown in Equation (4):

N =
Nmax

1 + ea−rt (4)

where N (1 × 103 cells mL−1) is the algae density at any time; Nmax (1 × 103 cells mL−1) is
the maximum algae density; r (d−1) is the intrinsic growth rate; t (d) is time; and a (-) is a
constant. Nmax, r and a can be obtained by fitting Equation (4) against experimental data.

According to published studies [24], the inhibition rate can be determined by Equation (5):

I =

[
1 −

Nmax−n
(
1 + ea0−r0t)

Nmax−0(1 + ean−rnt)

]
× 100% (5)

where I (%) is the inhibition rate, and Nmax-n (1 × 103 cells mL−1), an (-) and rn (d−1)
represent the Nmax, a and r of the experimental groups with prometryn (FAP) in the Logistic
equation. Similarly, Nmax-0 (1 × 103 cells mL−1), a0 (-) and r0 (d−1) represent the Nmax, a and r
of the experimental groups without prometryn (FA) in the corresponding Logistic equation.

The Logistic equation has been used to simulate variations of nutrient concentra-
tions [25], and it can also be used to fit other water quality parameters over time as follows:

E =
Emax

1 + eaE−rEt (6)

where E (µS cm−1) is the concentration of the EC value at time t (d); Emax (µS cm−1) is the
maximum EC; rE (d−1) is the rate constant; aE (-) is a constant; and t (d) is time.

The Logistic equation can also be used to simulate consumed nutrients versus incuba-
tion time [35], and the function can be written as follows:

∆C =
∆Cmax

1 + ea∆C−r∆Ct (7)

In this function, t (d) is the incubation time, ∆C (mg L−1) is the concentration of
consumed nutrients at time t, ∆Cmax (mg L−1) is the maximum concentration of consumed
nutrients, r∆C (d−1) is the consumed rate constant and a∆C (-) is a constant.

Based on Equations (5) and (7), the equation of inhibition rates with respect to concen-
trations of consumed nutrients can be developed:

I =

1 −
Nmax−n

(
1 + ea0−r0(a∆c0−ln (∆Cmax−0−∆C)+ln∆C)/r∆c − 0

)
Nmax−0

(
1 + ean−rn(a∆c−n−ln (∆Cmax−n−∆C)+ln∆C)/r∆c − n

)
× 100% (8)

where ∆Cmax-n (mg L−1), a∆C-n (-) and r∆C-n (d−1) represent the ∆Cmax, a∆C and r∆C of
the experimental groups with prometryn, and ∆Cmax-0 (mg L−1), a∆C-0 (-) and r∆C-0 (d−1)
represent the ∆Cmax, a∆C and r∆C of the experimental groups without prometryn.
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According to Equations (3a), (3b) and (6), the equations of body weight and body
length with respect to EC can be fitted using the following equations:

W = Wmaxe−e
aW rE−aErw−rw ln (CEmax−C)+rwlnC)

rE (9a)

L = Lmaxe−e
aLrE−aErL−rL ln (CEmax−C)+rLlnC)

rE (9b)

where the parameters in Equations (9a) and (9b) are the same as those in Equations (3a),
(3b) and (6).

3. Results
3.1. The Effects of Prometryn on Crucian Carp

No fish mortality occurred throughout the entire feeding period in the present experi-
ment. It can be found from Figure 1 that the body weight and body length of the crucian
carp increased with incubation time during the first 30 days, reached maximum values and
then stabilized towards the end of the experiment. From Figure 1 and Table 1, Equations
(3a) and (3b) well described the variations of body weight (BW) and body length (BL) of
the fish over time (R2 = 0.751–0.995).
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Figure 1. Variations in body weight (a) and body length (b) of crucian carp over time.

The growth of the crucian carp was significantly inhibited by prometryn. The FCE and
PER in the groups with prometryn were 88.1% and 88.2% lower than those in the groups
without prometryn (p < 0.05), respectively. This is comparable with the results reported
by Cattaneo et al. [36]; the reason behind is that the antioxidant response [15] and tissue
biochemical [36] of fish can be affected by prometryn, which can further affect their growth.
It should be noted that the growth performance of the crucian carp in the groups without
M. aeruginosa (F) was slightly better than those with M. aeruginosa (FA) (p > 0.05). This
difference might be related to the toxicity released by M. aeruginosa, indicating an area
worthy of further study.
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Prometryn is known to cause oxidative free radical damage to organisms [16,17]. To
reveal the toxic effects of prometryn on the test subjects, we measured the antioxidant
indicators of fish. As expected (shown in Table 1), the SOD and CAT activities of the
crucian carp in the groups with prometryn were significantly lower than those in the
groups without prometryn (p < 0.05). Nevertheless, our results showed that prometryn had
no significant effect on the MDA content of the crucian carp.

Table 1. Physiological and biochemical indicators of fish and algae.

Parameter F FA FAP

Parameters that are related to growth of crucian carp

aW −2.79 −2.97 −3.06
rW 0.08 0.08 0.05

BWmax 19.74 19.56 18.92
R2 0.971 0.775 0.751
aL −3.67 −3.60 −3.92
rL 0.05 0.02 0.02

BLmax 94.33 94.59 95.66
R2 0.995 0.894 0.915

FCE 9.01 ± 0.26 a 8.50 ± 0.32 a 1.01 ± 0.02 b

PER 29.34 ± 0.18 a 28.35 ± 0.21 a 3.36 ± 0.26 b

Parameters of equations describing growth of M. aeruginosa

a - 6.66 7.20
r/d−1 - 0.16 0.15
Nmax - 165.68 130.62
Nave - 90.86 61.94
R2 - 0.992 0.994

µ′
cmax - 6.63 4.90

µ′
cave - 1.81 1.55

µcmax - 0.16 0.15
µcave - 0.05 0.05
Imax - - 59.48
Iave - - 39.25

Antioxidant indexes of fish in different groups

CAT (U/mgprot) 0.74 ± 0.01 a 0.73 ± 0.00 a 0.67 ± 0.01 b

SOD (U/mgprot) 0.67 ± 0.02 a 0.65 ± 0.00 a 0.55 ± 0.03 b

MDA (nmol/mgprot) 0.16 ± 0.00 a 0.16 ± 0.02 a 0.17 ± 0.01 a

Antioxidant indexes of algae in different groups

CAT (U/mgprot) - 7.91 ± 1.02 b 37.75 ± 0.76 a

SOD (U/mgprot) - 25.19 ± 2.42 a 28.14 ± 1.36 a

MDA (nmol/mgprot) - 1.36 ± 0.08 b 1.93 ± 0.01 a

Notes: F, fish only; FA, fish + algae; FAP, fish + algae + prometryn. aW/aL (-), a constant; rW/rL (d−1), rate
constant; BWmax (%), the maximum BW of fish; BLmax (%), the maximum BL of fish; R2, correlation coefficient;
Nmax (1 × 103 cells mL−1), the maximum algae density; a (-), a constant; r (d−1), rate constant; Nave (1 × 103 cells
mL−1), the average algae density; µ′

cmax (1 × 103 cells (mL d)−1), the maximum growth rate; µ′
cave (1 × 103 cells

(mL d)−1), the average growth rate; µcmax (d−1), the maximum specific growth rate; µcave (d−1), the average specific
growth rate; Imax (%), the maximum inhibition rate; Iave (%), the average inhibition rate; -, data not applicable.
Some of the data (FCE, PER, CAT, SOD and MDA) shown are the mean ± SD of three independent measurements.
Values in the same column with different superscript letters are significantly different (p < 0.05); values followed
by the same letter are not significantly different from one another (p > 0.05).

3.2. The Effects of Prometryn on M. aeruginosa

The M. aeruginosa growth variations are summarized in Figure 2a–c. The M. aeruginosa
cell densities gradually increased during the lag phase. As time went on, the M. aeruginosa
densities showed a rapid increase over time in the exponential phase and eventually
reached a stationary phase. Equation (4) can well predict variations of M. aeruginosa
growth (R2 = 0.992–0.994 shown in Table 1). According to Huang et al. [24], the growth



Water 2024, 16, 2531 7 of 17

rate (R2 = 0.505–0.994) and specific growth rate (R2 = 0.451–0.976) of M. aeruginosa can be
described by equations derived from a modified Logistic equation.

In the presence of prometryn, the growth of M. aeruginosa was greatly inhibited, and
the maximum and average M. aeruginosa densities in FA (without prometryn) were 26.8%
and 46.7% higher than those in FAP (with prometryn) (p < 0.05), respectively. Our results
agreed with previous studies [13], and the reason behind this is that prometryn can inhibit
the photosynthetic process of algae. It can be seen from Figure 2d that the inhibition rates
of prometryn on M. aeruginosa slightly increased during the first several days, and then
decreased due to the potential adaptation of M. aeruginosa [37]. Variations in the inhibition
rates over time could be reasonably fitted by Equation (5) (R2 = 0.404–0.744) as can be seen
in Figure 2d [38].

The antioxidant index of M. aeruginosa was also determined in this study. From
Table 1, prometryn led to an increase in the SOD and CAT activities in M. aeruginosa;
especially, the CAT activity of the algae in the groups with prometryn was significantly
higher than that in the groups without prometryn (p < 0.05). Our results are consistent with
previous studies [39], which indicated that the activities of SOD and peroxidase (POD) all
increased under low concentrations of prometryn. Furthermore, exposure to prometryn led
to an increase in the MDA content within M. aeruginosa, but the effect was not significant
(p > 0.05).
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3.3. The Environmental Effects of Prometryn
3.3.1. The Indirect Effects of Prometryn on Nutrient Concentrations

In the experimental groups, variations of nutrient concentrations over time were
predominantly affected by both M. aeruginosa utilization and the metabolism of fish. As
illustrated in Figure 3a–d, NH4

+-N, TDN, PO4
3−-P and TDP concentrations climbed sharply

at the start of this experiment; this stage was mainly affected by the substances released from
fish metabolism. Then, concentrations of NH4

+-N, TDN, PO4
3−-P and TDP declined; this

stage was mainly influenced by the utilization of M. aeruginosa. Finally, the concentrations
of nutrients reached a stationary phase with fluctuations.

It was concluded that exposure to prometryn had significant impacts on nutrient
concentrations. For example, the average concentrations of TDN, NH4

+-N, TDP and
PO4

3−-P in FAP (with prometryn) were 16.7%, 23.7%, 41.2% and 39.1% higher (p < 0.05)
than those in FA (without prometryn).
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3.3.2. Indirect Effects of Prometryn on Physical Parameters of Water

EC values increased rapidly during the first 45 days, and then increased slowly and
became stable afterwards. Equation (6) can well describe variations of EC with time
(R2 = 0.972–0.984). As can be seen in Figure 3i, the EC values in FA were higher than those
in FAP and ranged between 236 and 288 µS cm−1, while there was no distinct difference
between them, indicating that prometryn had no significant effect on the EC of water.

3.3.3. Indirect Effects of Prometryn on Consumed Concentrations of Nutrients

To study the effect of prometryn on M. aeruginosa, nutrient utilization by M. aeruginosa
was characterized in our experiment. The changes in the consumed concentrations of nutri-
ents over time are shown in Figure 3e–h; the consumed TDN, PO4

3−-P and TDP (∆TDN,
∆PO4

3−-P and ∆TDP) concentrations (consumed concentrations of nutrients were calcu-
lated by the nutrient concentration of group F minus the nutrient concentration in groups
with M. aeruginosa) increased over time until they reached their respective peak values,
and then remained generally stable. Equation (7) can effectively describe the variations of
concentrations of consumed TDN, PO4

3−-P and TDP with time (R2 = 0.952–0.991), which
is consistent with Huang et al.’s study [24]. However, the variations of concentrations
of consumed NH4

+-N (∆NH4
+-N) climbed sharply at the start of the experiment, then

declined sharply and eventually reached a stationary phase, which could not be fitted by
the equation.

Prometryn had great impacts on the concentrations of consumed nutrients. As can be
seen in Table 2, the maximum concentrations of consumed TDN, TDP and PO4

3−-P in FAP
(with prometryn) were 6.3%, 7.9% and 7.2% lower than those in FA (without prometryn),
and the average concentrations of consumed TDN, TDP and PO4

3−-P in FAP were 15.5%,
14.9% and 14.9% lower (p < 0.05) than those in FA. This can be explained by the toxic
effect of prometryn which strongly inhibited the growth of M. aeruginosa [40] and indirectly
affected the utilization of nutrients.

Table 2. Parameters of Logistic equation describing concentrations of consumed nutrients.

∆TDN ∆PO43−-P ∆TDP
Parameters FA FAP FA FAP FA FAP

a∆C (-) 2.69 2.49 2.90 3.39 2.87 3.64
r∆C (d−1) 0.08 0.06 0.06 0.07 0.06 0.08

∆Cmax (mg L−1) 13.89 13.02 1.64 1.51 2.38 2.21
R2 0.989 0.960 0.952 0.976 0.963 0.991

∆Cave (mg L−1) 8.66 7.32 0.87 0.74 1.21 1.03

a∆C, a constant; r∆C, the consumed rate constant; ∆Cmax, the maximum concentrations of consumed nutrients; R2,
correlation coefficient; ∆Cave, the average concentrations of consumed nutrients. Data were obtained by fitting
three independent measurements.
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4. Discussion
4.1. Discussion of the Toxic Effects of Prometryn

When an organism is subjected to external toxins or other adverse factors, the balance
of redox reactions within their body is disrupted, resulting in the accumulation of a large
number of free radicals, which in turn causes oxidative stress [41]. Oxygen free radicals
cause cellular damage by initiating peroxidation reactions of unsaturated fatty acids in the
biological membrane. SOD and CAT are crucial enzyme systems in the antioxidant system,
playing significant roles in the elimination of superoxide radicals, hydrogen peroxide and
peroxides, as well as in preventing or reducing the formation of hydroxyl radicals, the
level of their activity represents the ability to scavenge free radicals. MDA is a product of
lipid peroxidation in the cell membrane, and its content directly reflects the situation of
free radical production and the degree of cellular damage [42]. Similar to Bhunia et al. [43],
the results of this experiment showed that exposure to prometryn increased the activity
of SOD and CAT in the cells of algae, and also led to an increase in the content of MDA;
this implies that under the toxic effects of prometryn, the antioxidant system within the
cells of the algae is stimulated, leading to the disruption of the redox system balance. As
a result, the growth of algae was inhibited as shown in Figure 2. Furthermore, consistent
with previous studies [16,17], exposure to prometryn led to a decrease in the activity of
CAT and SOD in crucian carp, which may cause an increase in the content of free radicals
and other harmful substances in crucian carp, thereby inhibiting their growth, as described
in above (Section 3.1). Previous studies have shown that in the visceral mass of zebrafish
exposed to a concentration of 53.2 µg L−1 prometryn, the activity of CAT and the content
of glutathione (GSH) increased initially and then decreased over time [18]. Velisek et al.’s
research [44] showed that high concentrations of prometryn (1200 and 4000 µg L−1) affected
the survival, growth rate, early ontogeny and histology of common carp (Cyprinus carpio
L.). These data indicate that prometryn can have a variety of adverse effects on fish.

4.2. Environmental Effects of Prometryn

Since the amount of prometryn exposed was very low, the direct change in water
quality caused by its addition can be ignored. However, prometryn significantly inhibited
the growth of algae and crucian carp, and indirectly affected concentrations of nutrients.
This phenomenon conforms to the results documented in Yang et al. [45]. As analyzed in
Section 3.3.1, concentrations of TDN, NH4

+-N, TDP and PO4
3−-P in groups with prometryn

were significantly higher than those in groups without prometryn; this can be explained
by the fact that prometryn has a significant impact on cyanobacteria densities, which
can have an indirect effect on concentrations of consumed nutrients (as discussed in
Section 3.3.3). Additionally, results of EC values provide a useful indicator for analyzing
the environmental effects of prometryn. As described in Section 3.3.2, the EC values in
groups exposed to prometryn were lower than those in groups without it. This implies
that prometryn can influence the physical indicators of water to a certain extent, even
though the impact was not significant in this study. For future work, it is suggested to test
more conditions.

4.3. Relationship between Inhibition Rates and Concentrations of Consumed Nutrients

Liu et al.’s study [46] suggests that the protective effect of nutrients on intracellular
Cr toxicity could be enhanced uptake of phosphorus and an increase in C and N assim-
ilation efficiency. In our study, the relationship between the inhibition rates caused by
prometryn on M. aeruginosa and the concentrations of consumed nutrients can be well
described by Equation (8) (R2 = 0.729–0.874), as shown in Figure 4. In general, the inhibition
rates remained stable when the concentrations of consumed TDN were lower, which was
then followed by a decrease with increasing concentrations of consumed nutrients. The
observations from the above analysis demonstrate that the toxic effects of prometryn may
be obscured by more consumed nutrients. There has been little research evaluating the
effects of nutrient consumption on the toxicological response of algae to toxins. Wang
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and Dei [47] noted that phosphorus-deficient green algae responded more dramatically to
increased metal concentration than phosphorus-enriched cells. Detoxification processes
by polyphosphate bodies (phosphorus can be stored as polyphosphate bodies when the
concentration of phosphorus in the medium is high) were considered a possible explanation
for the high tolerance observed in phosphorus-enriched cultures in Serra et al.’s study [48],
but this aspect was not directly addressed. In this regard, we also cannot draw a definite
conclusion and this remains to be studied in future research.
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4.4. Correlations between Fish Growth and Physicochemical Parameters of Water

To explore the interaction between fish growth and physicochemical parameters of
water, we proposed a novel equation (Equation (9a)) based on the Logistic equation and the
Gompertz equation to describe the relationship between the weight growth of crucian carp
and the EC of water. We found that when the EC values were low, the weight of the fish
grew rapidly, while when the EC values were high, the growth of the crucian carp (with
or without prometryn) tended to stagnate. For example, when the EC values in the water
were higher than 275 µS cm−1, the weight of the crucian carp generally stopped increasing.
Figure 5a shows that fitting values agree well with the measured ones (R2 = 0.920–0.989);
this illustrates that Equation (9a) can be used to predict the growth of fish. The quantified
relationship between the length growth of crucian carp and the EC of water was further
derived, i.e., Equation (9b); Figure 5b and the computed results showed that when EC
values were high, the length growth of the fish tended to stagnate.

Fish growth is affected by a variety of environmental factors [49]. According to
Yang et al. [25], the concentrations of nutrients in water (e.g., TDN and TDP) have a
quantified relationship with the weight gain rate of fish. Previous studies have also
indicated that high concentrations of salinity and alkalinity result in the slow growth
of fish [50]. As an important water quality index, EC is considered to affect the growth
of aquatic organisms [51]. In this investigation, we revealed the quantified relationship
between fish growth and the physicochemical parameter of water, providing a scientific
basis for further studies and generating wide interest.
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Figure 5. The relationship between fish growth (a, body weight; b, body length) and the EC of water.

5. Conclusions

Our study evaluated the toxic effects of prometryn on fish and algae in a coexistent
system. It was demonstrated that prometryn had a significant inhibitory effect on the
growth of both crucian carp and M. aeruginosa. The adverse effects of prometryn on fish and
algae can lead to an indirect impact on nutrient concentrations. The average concentrations



Water 2024, 16, 2531 15 of 17

of TDN, NH4
+-N, PO4

3−-P and TDP in groups with prometryn were significantly higher
than those in groups without prometryn; this can be mainly attributed to nutrient utilization
by algae, which was inhibited by prometryn. Our study also provides experimental
evidence that prometryn had a significant effect on the CAT and SOD activity of fish, as
well as on the CAT activity of algae, while it had no significant effect on the MDA content
of crucian carp or M. aeruginosa.

Based on the Gompertz and Logistic equations, the quantified relationships between
fish growth and the EC of water were revealed (R2 = 0.920–0.989). These quantified rela-
tionships provide a solid foundation for further research. Also, our study highlights that
the toxic effects of prometryn might be obscured by more consumed nutrients, and we pro-
posed an equation to describe the relationship between inhibition rates and concentrations
of consumed nutrients (R2 = 0.729–0.874).

This study was conducted in a laboratory environment, and it would be interesting to
consider a more complex water environment in future research. In such an environment,
we would need to consider the effects of other flora and fauna on water quality, fish
and algae growth and the toxic effects of prometryn. The methodologies and results of
this investigation provide a foundation for further studies. Despite this limitation, the
biotoxicity and environmental effects of prometryn under the coexistence of fish and
algae are still of practical application, which can provide a reference for the high-quality
development of aquaculture.
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