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Abstract: Although multiple herbicide exposures are more prospective to occur in water, many pre-
vious studies were carried out as single herbicide exposure. To investigate the toxic effect of prom-
etryn on cyanobacteria and water qualities, single and double prometryn exposures (at different
growth phases) on Microcystis aeruginosa growth and concentrations of nutrients were compared
after a 44-day experiment. Results indicated that under single exposure, maximum inhibition rates
were 4.7-12.0% higher than those under double exposures. Correspondingly, the maximum Micro-
cystis aeruginosa densities and growth rates under single exposure were 10.3-21.1% and 19.5-37.7%
lower than those under double exposures (p < 0.05), respectively. These findings revealed that re-
peated prometryn exposures resulted in a reduction in biological effects, because the time of appli-
cation and the concentration injected during the first application were both significant factors in the
biological effects of prometryn. Prometryn exposure scenarios did not have a significant effect on
nutrient or nutrient consumption concentrations (p > 0.05). In general, the pattern of nutrient limi-
tation showed a shift from phosphorus to nitrogen limitation. The quantified relationships between
Microcystis aeruginosa growth rates and consumed nutrients were studied. Based on the above find-
ings, we believe that a high-dose and single prometryn exposure is a more effective exposure pat-
tern for limiting cyanobacteria growth.

Keywords: herbicide; exposure scenarios; cyanobacteria; water environment; equations

1. Introduction

As reported by Kniss [1], with a steady, linear trend, the intensity of herbicide use
has increased over the last 25 years. Through rainfall erosion, surface runoff, soil leaching,
and so on, herbicides can enter the aquatic ecosystem [2]. Herbicide toxicity has been re-
ported in aquatic organisms, such as microalgae [2]. Microalgae are organisms of ecolog-
ical importance in the aquatic food chain, so the structure and function of the entire
aquatic ecosystem can be affected by ecosystem toxic stress caused by herbicides [3,4]. In
addition, environmentally exposed herbicides are harmful to human health [5], and have
raised public concern about the pollution of aquatic systems [6].

Prometryn is a selective herbicide of s-triazine family, mainly used in various crops,
including cotton, celery, and dill, to control annual grasses and broadleaf weeds [7]. The
extensive use of prometryn results in its widespread distribution in the environment. In
many parts of the world, prometryn can be found in natural water bodies [8]. Prometryn
in water is quite stable with a long half-life time (above 390 d) and difficult to degrade
[9,10]. Microalgae may be affected for a long time [2]. Prometryn can also bioaccumulate
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in the food web and be transported to long distances, making it a persistent pollutant in
the environment [8]. Therefore, it is impossible to ignore the biological effects of prome-
tryn. Prometryn has been banned in several countries and regions. However, it is still be-
ing widely used in China, South Africa, and many other countries [11].

Algal cells are ubiquitous in water, and are sensitive to pollutants [12]. They are fre-
quently used to detect the effects of herbicide concentrations in water samples [13]. As
one of the algal bloom-forming species [14], Microcystis aeruginosa (M. aeruginosa) is a com-
mon cyanobacterium in eutrophic water bodies in China [15], and is widely used in bio-
logical experiments [16].

Many mathematical equations are used in related research to systematically investi-
gate the process of microbial growth [17-19]. The logistic equation can be used to derive
the equations for cyanobacterium growth rates (specific growth rates), prometryn inhibi-
tion rates on cyanobacterium growth [20], and consumption of nutrients [17].

For single and multiple pollutant exposures, a variety of studies have been published
[21]. Repeated exposures can generally increase [22,23], attenuate [24], or make no differ-
ence [25] compared to a single exposure to the biological effects of a pollutant. While the
literature is sparse on studies evaluating the effect of prometryn exposure scenarios on M.
aeruginosa growth or concentrations of nutrients, or its effect on the sensitivity of M. aeru-
ginosa to prometryn.

Against the above background, single and double prometryn exposures were per-
formed out in M. geruginosa culture experiments, to examine whether prometryn exposure
scenarios at different growth phases (single or double exposures resulting in the same
target concentrations) could affect M. aeruginosa growth and concentrations of nutrients,
and affect the toxic effects of prometryn on M. aeruginosa. The modified logistic equation
is used to describe the growth of M. aeruginosa. Based on the modified Logistic equation,
the equations of M. aeruginosa growth rate, specific growth rate, and inhibition rate [26]
are used to reveal the effects of prometryn exposure scenarios on M. aeruginosa growth.

2. Materials and Methods
2.1. Experimental Materials

M. aeruginosa was purchased from the Freshwater Algae Culture Collection of the
Institution of Hydrobiology (FACHB-905), the Chinese Academy of Sciences (No. 7
Donghu South Road, Wuchang District, Wuhan, Hubei Province, China).

Prometryn (purity > 99.0%) was obtained from Shanghai Aladdin Biochemical Tech-
nology Company Limited (No. 196 Xinjinqiao Road, Pudong New District, Shanghai,
China).

Before the experiments, the M. aeruginosa was pre-cultured as follows: M. aeruginosa
was cultivated in illumination for 15 days. The M-II culture medium [27] was prepared in
deionized water with 100 mg L NaNOs, 10 mg L' KozHPOs, 75 mg L' MgSOse7H:0, 40
mg L1 CaCl2e2H:0, 20 mg L' Na:COs, 6 mg L FeecitrateexH20, and 1 mg L™
Na:EDTA 2H:O. The initial pH value was adjusted to 8.0 using 0.5 mol L' HCl and 0.5
mol L NaOH. M. aeruginosa was grown under experimental conditions with supplemen-
tary heating and artificial light (day/night: 28/20 °C, 12 h/12 h). To prevent bacterial con-
tamination, the culture flasks and media were sterilized by autoclaving at 121 °C and 150
kPa for 30 min before use. The medium containing M. aeruginosa was collected and sub-
sequently centrifuged for 15 min at 3000 r min-!. After removal of the supernatant, the
residues were washed with 15 mg L' NaHCO:s solution and then centrifuged. After re-
peating the above procedure twice, the M. aeruginosa obtained via this procedure was cul-
tivated in M-II culture medium without nitrogen or phosphorus under the above-men-
tioned conditions for three days, defined as starvation cultivation, M. aeruginosa would
deplete the intracellular polyphosphate stores [28].
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2.2. Experimental Methods

The flasks named CK were used as the blank control only with the M-II culture me-
dium (consumed nutrients in treatments with M. aeruginosa are calculated by subtracting
the values of concentrations of nutrients from CK). The flasks named MO0 with culture
medium and M. aeruginosa were also prepared. The initial M. aeruginosa density was 50 x
10° cells mL- [29]. Three types of exposure levels (50, 100, and 200 pg L) were used to
test the biological effects of prometryn exposure scenarios. The choice of prometryn con-
centrations was motivated by a previous study [26], where we observed that 50-200 pg
L1 of prometryn is unable to fully inhibit M. aeruginosa growth. For single exposure treat-
ments (S50, S100, and S200), prometryn (50, 100, and 200 ug L-') was dosed to the medium
on Day 0; for double exposure treatments (D25, D50, and D100), prometryn (25, 50, and
100 pug L) was added to the medium on Day 0 (the beginning of the lag phase) and 12
(the beginning of the exponential phase).

The final volume of the culture medium was 400 mL (1 L flasks). Flasks were shaken
and their positions were randomly altered three times a day. All treatments were prepared
in triplicate.

2.3. Monitoring Indicators and Methods

The experiment was carried out in the laboratory of Nankai University’s School of
Environmental Science and Engineering. Water sampling started one day after M. aeru-
ginosa addition. Filtered water samples through 0.45-um membrane filters were used for
the determination of ammonia nitrogen (NH4*-N), total dissolved nitrogen (TDN), ortho-
phosphate (PO+~-P), and total dissolved phosphorus (TDP). Before being analyzed, TDN
and TDP samples were autoclave digested. NH4+*-N was analyzed using the phenol-hypo-
chlorite method [30]. TDN was analyzed using the procedure of alkaline potassium per-
sulfate digestion with ultra-violet light spectroscopy [31]. Concentrations of POs#*~-P and
TDP were determined via the persulfate digestion and ammonium molybdate spectro-
photometric method [30].

During the experimental period (44-day), M. aeruginosa cell densities (N) were
counted using a haemacytometer under a microscope [28,32]. Counting was performed
five times per sample. We monitored the cell density regularly until no M. aeruginosa cell
growth was observed. Growth rates [33] and specific growth rates [34] were calculated as:
u. = (N2— N)/(t2— ) and g, = (InN2 — InN1)/(f2 - t1), respectively. Where N1 and N: are
the cell densities on Days f1 and t2, respectively. In the present study, the inhibition rate
was defined as the ratio of the difference between the density of cyanobacteria in treat-
ments without and with prometryn to the density of cyanobacteria in the treatment with-
out prometryn, calculated as I = [(Nm — Nr)/Nwm] * 100, where Nm and Nr are the densities
of cells in treatments without and with prometryn. Concentrations of nutrients (NH«*-N,
TDN, PO+*-P, and TDP) and M. aeruginosa densities were alternately measured every 2
days.

2.4. Statistical Analysis

The modified logistic equation was fitted to the experimental data using Origin 9.0.
Student’s t-tests evaluated the significance of the distinction between parameters affected
by the scenario of prometryn exposure (single or double exposures). One-way analysis of
variance was used to determine the significance of the differences among parameters af-
fected by prometryn exposure concentrations (50, 100, or 200 pug L) (ANOVA). Differ-
ences were regarded as significant when p < 0.05. All statistical analyses were carried out
with SPSS 17.0.
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3. Theoretical Background

The logistic equation has been shown to accurately describe algae growth [17,35-37].
However, the original form of the logistic equation does not satisfy the initial condition,
i.e, N=Nowhen t = 0. Therefore, Huang et al. [26] proposed a modified logistic equation
to meet the initial condition, as shown in Equation (1):

Nmax Nmax
14 ea 1t +N0_1+e‘1 @
where N (x 10° cells mL™) is the cyanobacteria density at any time, No (x 10° cells mL) is
the initial cyanobacteria density at Day 0 (50 x 10 cells mL" in the present study), Numax (x
10 cells mL") is the maximum cyanobacteria density, r (d™) is the intrinsic growth rate, ¢
(d) is time, a (-) is a constant. Nmay, 4, and r can be obtained by fitting Equation (1) to ex-
perimental data.

Based on Equation (1), as reported by Huang et al. [26], the growth rate ("), specific
growth rate (1), and the inhibition rate (I) of cyanobacteria can be determined as follows:

a-rt
s _ Nmaxre

He= (1+ea-Tt)2 )

_ Nmaxre? Tt (1+e%) (3)
He (1+ea-TH)[(Ng+Nge?—Nmax)e4 Tt +Ng+Nge+Npyqxe?]

Nmax—o Nmax—o Nmax—n Nmax—n
_Tretort T Moo= T4 a0 ~ T3 pan—rat — Non+ T4 an

Tt + Moo ~ 745538
where I (%) is the inhibition rate, Numax-u (x 10% cells mL™), au (-), 7« (d) and No-» represent
Nuax, a, ¥ and No of experimental treatments with prometryn in the modified Logistic equa-
tion, and Numax-0(x 103 cells mL), ao(-), ro (d™!) and No-o represent Numa, a, r and No of exper-
imental treatments without prometryn in the corresponding modified logistic equation.
The growth rate reaches its maximal value u/ma=rNua/4 (x 10° cells (mL d)?) when N =
Nmax/2 [35,36].

Monod function has been widely used to model relationships between specific
growth rates of cyanobacteria (microalgae) and limiting substrate concentrations [38,39].
As shown in Equation (5):

I

x100%  (4)

_ HmC
He = kerc ®)

where C (mg L) is the concentration of a rate-limiting nutrient, zn (d) is the maximum
specific growth rate and Kc¢(mg L) is the half-saturation coefficient.

As mentioned before, the modified logistic equation can describe the specific growth
rate of cyanobacteria. Therefore, the combination of the modified logistic equation and
Monod equation was studied. According to Equations (3) and (5), concentrations of nutri-
ents can be described by Equation (6):

_ KcNmaxre® Tt (1+e%)
Ty (14T [(No+Noe®~Nimgx) et +No+Noed + Ny x e ~Nmaxre Tt (1+e%) (6)

in which values of s, K, 4, r and Nmax are given in Table 1.
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Table 1. Parameters of M. aeruginosa growth, concentrations of nutrients, and concentrations of
consumed nutrients.

Parameters S50 D25 5100 D50 5200 D100
Parameters of the modified Logistic equation describing M. aeruginosa growth
a 4.00 4.64 5.24 5.36 4.86 4.80
r 0.15 0.19 0.24 0.26 0.20 0.20
Ninax 6982.69  8853.65 5110.50 5857.16 123429  1376.31
Nave 2973.94  4070.76 2289.05 2802.67 470.08 640.82
R 0.995 0.994 0.997 0.999 0.995 0.992
[ emax 261.85 420.55 306.63 380.72 61.71 68.82
M eave 141.09 183.85 112.08 132.36 25.07 29.83
Tnax 69.39 61.93 85.01 79.02 96.37 92.02
Lnve 62.34 50.02 73.85 67.50 93.49 91.67
Heave 0.11 0.11 0.10 0.11 0.09 0.10
Parameters of the Monod equation
NH4-N
yr 0.32 0.34 0.33 0.33 0.32 0.33
Ke 2.85x107° 1.24x10° 4.86x102 3.27x102 1.19x10" 3.63 x 102
R 0.457 0.541 0.622 0.538 0.697 0.550
TDN
yr 0.30 0.32 0.28 0.32 0.28 0.29
K. 0.98 0.73 3.30 1.17 8.23 7.82
R 0.962 0.970 0.950 0.896 0.886 0.939
PO#-P
yr 0.31 0.32 0.33 0.33 0.33 0.33
Ke 0.55 0.27 0.66 0.29 2.22 1.20
R 0.878 0.959 0.906 0.950 0.834 0.879
TDP
yr 0.32 0.32 0.31 0.32 0.32 0.30
K. 0.64 0.28 0.68 0.67 212 1.90
R 0.927 0.953 0.908 0.945 0.848 0.863
Parameters of the Logistic equation describing concentrations of consumed nutrients
ANH4-N
aac 2.30 1.81 2.46 2.78 141 1.55
rac 0.54 0.66 0.40 0.46 0.27 0.37
ACumax 0.60 0.59 0.60 0.59 0.60 0.59
R2 0.979 0.979 0.996 0.960 0.963 0.984
ACuwe 0.54 0.55 0.51 0.51 0.52 0.53
ATDN
asc 3.28 2.75 2.83 2.31 1.87 2.17
rac 0.20 0.19 0.14 0.15 0.08 0.09
AChmax 13.65 13.62 14.43 13.88 9.49 12.06
R? 0.949 0.934 0.948 0.939 0.795 0.893
ACue 8.54 9.15 7.97 8.07 4.58 5.01
APO#--P
aac 2.58 3.41 2.70 2,97 3.60 3.52
rac 0.13 0.19 0.11 0.12 0.12 0.10
AChmax 1.32 1.32 1.26 1.42 1.11 1.45
R 0.939 0.985 0.937 0.985 0.972 0.976
ACuve 0.71 0.77 0.56 0.63 0.47 0.50
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ATDP
anc 2.78 3.01 2.74 2.76 3.19 3.03
rac 0.15 0.17 0.11 0.11 0.10 0.12
ACmax 1.31 1.33 149 1.53 1.72 1.43
R? 0.967 0.985 0.976 0.989 0.974 0.979
ACave 0.75 0.80 0.67 0.70 0.57 0.65

a (-), a constant; r (d™7), the intrinsic growth rate; Numar (x 10° cells mL™), the maximum algae den-
sity; Nawe (x10° cells mL™), the average algae density; R? correlation coefficient; zmax (x 10° cells (mL
d)™), the maximum growth rate; z e (x10%cells (mL d)™), the average growth rate; Imax (%), the
maximum inhibition rate; L. (%), the average inhibition rate; sz (d?), the average specific growth
rate; un (d7), the maximum specific growth rate; K., the half-saturation coefficient; aac (-), a con-
stant; rac (d™), the consumed rate constant; ACua (mg L), the maximum concentrations of con-
sumed nutrients; ACxe (mg L), and the average concentrations of consumed nutrients.

The logistic equation can be used to simulate consumed nutrients versus incubation
time [17], and the equation can be written as follows:

AC = —SEmax__ @)

T 1t+e%c-Tact

in which f (d) is the incubation time, AC (mg L) is the concentration of consumed nutri-
ents at time t, ACmar (mg L) is the maximum concentration of consumed nutrients, rac (d?)
is the consumed rate constant and aac (-) is a constant.

According to Equations (1) and (7), cyanobacteria densities can be expressed through
Equation (8) as a function of concentrations of consumed nutrients. Based on Equations
(2) and (7), the equation of growth rates with respect to concentrations of consumed nu-
trients can be developed (Equation (9)). Besides, based on Equations (3) and (7), the equa-
tion of specific growth rates as a function of concentrations of consumed nutrients can be
written as follows (Equation (10)):

_ Nmax Nmax
N = 1+e9-T(@pc—I@ACmax—AO+A0/Tpc + No — 1+ed (8)

N g re a-r(arc—In(ACmax—AC)+InAQ) /Tac
[A—

He= a+ ea—r(aAC—ln(ACmax—AC)HnAC)/rAC)Z (9)

Nmaxrea—r(aAC—ln(ACmax—ACHlnAC)/rAE(1+ea)

= 10
luc (1+ea—‘r(aAC—ln(ACmax—ACHlnAC)/‘rAC)[(NO+NOea_Nmax)ea—r(aAC—ln(ACmax—AC)+lnAC)/rAC+NO+Noea+Nmaxea] ( )

where the parameters in Equations (8)—(10) are the same as those in Equations (1) and (7).

4. Results and Discussion

The kinetics of M. aeruginosa growth process (i.e., densities, growth rates, specific
growth rates, and inhibition rates), concentrations of nutrients, and concentrations of con-
sumed nutrients are computed from the 10th day onwards, because relative algae density
counting errors are relatively large when algae densities are low at the start of the experi-
ment [20].

4.1. M. aeruginosa Growth Kinetics
4.1.1. Variations of M. aeruginosa Densities

In the present study, variations of M. aeruginosa growth with time are shown in Fig-
ure 1a. In the lag phase, M. aeruginosa cell densities increased slowly. As time went by, the
density of M. aeruginosa increased very rapidly in the exponential phase. Accompanied by
a continuous reduction of concentrations of nutrients in culture solutions, the growth pro-
cess of M. aeruginosa is gradually restricted by nitrogen and phosphorus nutrients, and
finally, the M. aeruginosa growth reached the stationary phase. This was consistent with
the study of Kong et al. [31], during which similar variations of M. aeruginosa growth in
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their 37-day experiment were observed. Equation (1) can describe the variation of M. ae-
ruginosa growth with time with good accuracy (R? = 0.966-0.998), and this is in agreement
with the reported results [19].
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Figure 1. Variations of M. aeruginosa densities (a), growth rates (b), specific growth rates (c), and inhibition rates (d) with
time. Dots-measured values, lines-fitted values. Solid arrow-the time at which prometryn single exposure carried out,
dotted arrows-the time at which prometryn double exposures carried out.

Kooijman et al. [40] found that the maximum biomass and growth rate in the growth
curve are manifested by the effect of a toxic agent on the growth of microalgae. Figure 1a
and Table 1 showed that for the same prometryn concentration (50, 100, or 200 pug L, the
rest is the same), the maximum M. aeruginosa densities (Nmax) in treatments under single
exposure were 10.3-21.1% lower than those under double exposures, and the average M.
aeruginosa densities (Nav) in treatments under single exposure were 18.3-26.9% lower than
those under double exposures. Significant effects of prometryn exposure scenarios on Numax
and Nave are observed (Student’s t-test, df = 4, t = 7.352-11.496, p < 0.05), indicating that
prometryn exposure scenarios can affect M. aeruginosa growth significantly. This could be
because single-exposure prometryn injection concentrations are higher than double-expo-
sure prometryn injection concentrations during the first application, and the time of ap-
plication affects prometryn biological effects [23]. Taking into account the fact that the
algae populations are most sensitive during the lag phase [41], it is understandable that
the injected concentrations of prometryn are crucial in impacting M. aeruginosa growth at
the beginning of the experiment.

From Table 1, for the same prometryn exposure scenario (single or double exposures,
the rest is the same), the Numa and Nae decreased with increasing concentrations of prom-
etryn. Nmex and Nae in treatments with 200 ug L prometryn are 76.0-79.5% lower than
those with 100 pg L' prometryn, and 82.3-84.5% lower than those with 50 pug L™ prome-
tryn (ANOVA, p < 0.05). This indicates that the concentration of prometryn has a signifi-
cant effect on M. aeruginosa cell densities.
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4.1.2. Growth Rates

As shown in Figure 1b, M. aeruginosa growth rates in different treatments all in-
creased with time before they reach their maximal values and then all decreased, which
was inconsistent with McGaughy et al.’s study [42]. Equation (2) matches the measured
data well (R? = 0.572-0.910).

From Table 1, prometryn exposure scenarios have a significant impact on the maxi-
mum growth rate (u %) and average growth rate () of M. aeruginosa (Student’s -test,
df =4, t = 3.698-10.685, p < 0.05). Under the same prometryn concentration, main S50,
5100, and S200 were 37.7, 19.5, and 26.1% lower than those in D25, D50, and D100 respec-
tively, and g e in S50, 5100, and S200 were 23.3, 15.3, and 16.0% lower than those in D25,
D50, and D100, respectively.

Moreover, the concentration of prometryn has a significant effect on M. aeruginosa
growth rate. Under the same exposure scenario, s tmxand 4% in treatments with 200 ug
L prometryn are 77.5-85.9% and 82.2-86.1% lower than those with 100 and 50 ug L™
prometryn (ANOVA, p < 0.05), respectively. This is in line with Kong et al.’s study that
Hemax sShows a decrease with increasing prometryn concentrations [20], which corresponds
to the inhibitory effect of prometryn on M. aeruginosa growth.

4.1.3. Specific Growth Rates

As shown in Figure 1c, the specific growth rates of M. aeruginosa increased firstly
before reaching peak values and then decreased to almost 0 d-'. Equation (3) can describe
variations of specific growth rates with time (R?=0.491 - 0.776).

Prometryn exposure scenarios have no significant effect on the m or puewe of M. aeru-
ginosa (Student’s t-test, df = 4, t = 1.385-4.470, p > 0.05). In addition, the concentration of
prometryn also has no significant effect on M. aeruginosa specific growth rate. This is be-
cause the growth rate divided by algal density is the specific growth rate.

4.1.4. Inhibition Rates

Variations of inhibition rates of prometryn on M. aeruginosa with time are illustrated
in Figure 1d. Inhibition rates increased rapidly in the first several days, and then gradually
decreased due to potential adaptation of M. aeruginosa [43]. It should be noted that at the
beginning of the experiment (0 d) and the beginning of the exponential phase of M. aeru-
ginosa growth (12 d), the prometryn was injected under double exposures. Prometryn’s
second exposure has no observable effect on the inhibition rate, probably because the time
of application is very important regarding prometryn’s biological effects [23,44]. Varia-
tions in inhibition rates over time can be described reasonably by Equation (4) (R?=0.603-
0.918) [26].

The maximum inhibition rates (Inx) of prometryn on M. aeruginosa were significantly
affected by an exposure scenario, the Imx under single exposure are 4.7-12.0% higher than
those under double exposures (Student’s ¢-test, df =4, t =205.232-899.000, p < 0.05). Under
single exposure, average inhibition rates (lave) are 3.9-25.9% greater than those under dou-
ble exposure. A significant effect of exposure scenario on lave was only observed between
S50 and D25 (Student’s t-test, df = 4, t = 74.648, p < 0.05).

Our findings contradict those of Gao et al. [45], who discovered increased toxicity to
the M. aeruginosa by low-dose and repeated exposures to the allelochemical N-phenyl-1-
naphthylamine. It was possibly because the time of exposure in our study is completely
different from their research. In Gao et al.’s study [45], the allelochemical N-phenyl-1-
naphthylamine was exposed to algae 10 times in 9 days, while our exposure happened at
different M. aeruginosa growth periods.

The concentration of prometryn has a significant effect on inhibition rates. In treat-
ment with 200 pug L' prometryn, the Iz and Iwe were higher than those in treatments with
100 and 50 pg L prometryn (ANOVA, p < 0.05). This is following the published study
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that found significant differences between treatments with 50, 100, and 200 pg L' prom-
etryn in inhibition rates [20].

4.2. Nutrients Kinetics
4.2.1. Concentrations of Nutrients

Variations of concentrations of nutrients with time are shown in Figure 2al-d1. It can
be observed that NH4+*-N concentrations decreased very rapidly until they are close to the
detection level because they are assimilated and utilized by M. aeruginosa. It should be
noted that we did not add any NH4*-N to the culture medium throughout the experiment,
but we did detect the presence of NH4*-N as shown in Figure 2al, which could be because,
as described in Kong et al.’s study, commercial medium contains some ammonia [20]. The
concentrations of TDN, PO#~-P, and TDP have decreased monotonously over time before
reaching their minimum values and have remained at relatively low levels.

We put forward a novel equation (i.e., Equation (6)) based on the modified logistic
and Monod equations to describe the variations in nutrient concentrations over time. As
shown in Figure 2al-d1 and Table 1, computed concentrations of nutrients agree well
with the measured ones (R? = 0.920-0.999). Those findings indicated that Equation (6) can
be used in the present study to predict the concentration of nutrients.

Results indicate that under the same prometryn concentration, the mean nutrient
concentrations under double prometryn exposures were higher than those under single
prometryn exposure (Student’s f-test, df =4, t = 1.004-5.000, p > 0.05). It can be explained
by the fact that prometryn exposure scenarios have a significant impact on cyanobacteria
densities (as discussed in Section 4.1.1), which can have an indirect effect on concentra-
tions of nutrients.

The average concentrations of nutrients rose as prometryn concentrations rose, be-
cause prometryn has a negatively indirect effect on nutrient use [20]. For the same prom-
etryn scenario, average TDN concentrations in treatments received 200 ug L prometryn
are significantly higher than those with 100 and 50 pg L™ prometryn (ANOVA, p < 0.05).
On the contrary, there is no significant difference among NH4"-N, PO4+--P or TDP concen-
trations in treatments with different prometryn concentrations (ANOVA, p > 0.05). Few
articles are found providing direct information about this and we encourage further study
on this.
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Figure 2. Variations of concentrations of nutrients (al-d1) and concentrations of consumed nutri-
ents (a2-d2) with time. Dots—measured values, lines—fitted values.

4.2.2. Concentrations of Consumed Nutrients

As shown in Figure 2a2-d2, the consumed NHs*-N, TDN, PO+*--P, and TDP concen-
trations increase with time until they reach their respective peak values, and then gener-
ally remain stable. Moreover, this tendency conforms to variations of concentrations of
nutrients in Figure 2al-d1. Equation (7) could well describe changes in concentrations of
consumed nutrients over time (R?= 0.795-0.996), which was in line with Huang et al.’s
study [26].

Table 1 shows that the mean concentrations of consumed nutrients under single ex-
posure of prometryn (ACwc) with the same prometryn concentration were lower than those
under double exposure in most cases (Student’s t-test, df = 4, t = 0.359-2.028, p > 0.05). No
trend between single and double exposures was observed in terms of ACax.

For the same scenario of prometryn exposure, mean concentrations of consumed nu-
trients decreased with increasing concentrations of prometryn. Mean concentrations of
consumed TDN in 200 pg L' prometryn treatments were significantly lower than those in
100 and 50 pg L prometryn treatments (ANOVA, p < 0.05), which was in corresponding
to the TDN concentrations. In treatments with different prometryn concentrations, how-
ever, there is no significant difference in mean concentrations of consumed NH4*-N, PO+
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P or TDP (ANOVA, p > 0.05). No trend is observed in terms of the indirect effects of prom-
etryn concentrations on ACuax.

4.3. The Relationship between Specific Growth Rates and Concentrations of Nutrients

To study cyanobacteria bloom, both the Logistic equation and Monod equation are
essential. The relationship between specific growth rate and concentrations of nutrients
can be described by the Monod equation [46]. While time is an implicit variable in the
Monod equation, so it is difficult to apply the Monod equation to obtain parameters di-
rectly for cyanobacterial growth [26]. Based on Kong et al.’s study [20], the combination
of modified logistic and Monod equation (datasets of the specific growth rates computed
by modified logistic equation were used, instead of using measured specific growth rates)
is conducted in this paper. Figure 3 and Table 1 indicate that reasonably good results are
obtained by joint application of modified logistic and Monod equations (R? = 0.457-0.970).
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Figure 3. Fitting curves of Monod equation to the datasets of computed specific growth rates by
modified logistic equation and concentrations of nutrients: (a), NH4*-N concentrations; (b), TDN
concentrations; (c), PO+*-P concentrations; (d), TDP concentrations.

The half-saturation constant (Kc) of the Monod equation is frequently referred to as
the substrate affinity constant [47]. As shown in Table 1, K. is higher in single prometryn
exposure than in double exposures, suggesting a lower affinity of cyanobacteria to single
prometryn exposure medium. To some extent, this can be used to explain the effect of
prometryn exposure scenarios on the growth of cyanobacteria.

4.4. Relationship between M. aeruginosa Growth and Concentrations of Consumed Nutrients

Previous studies indicated that higher algae densities correspond to larger concen-
trations of consumed nutrients [48]. Ruiz et al. further pointed out that the density of algae
is proportional to the number of nutrients consumed, but there was no development of
the model of algae growth indexes and nutrients consumed [49]. Wu et al. used the expo-
nential equation and linear equation to describe the relationship between cyanobacteria
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densities and consumed PO«*-P concentrations, between cyanobacteria densities and con-
sumed NHs*-N concentrations, respectively [28]. Kong et al. developed an equation ac-

cording to the logistic equation to describe the relationship between densities of cyano-

bacteria and concentrations of consumed nutrients (ANH4*-N and APO4--P) [20]. In this
study, based on the modified logistic equation, we put forward equations about relation-
ships between M. aeruginosa densities, growth rates, specific growth rates, and concentra-

tions of consumed nutrients.

4.4.1. Relationship between M. aeruginosa Densities and Concentrations of Consumed
Nutrients

To explore the interaction between M. aeruginosa density and concentrations of con-
sumed nutrients, M. aeruginosa densities as an equation (R? = 0.562-0.997) of concentra-

tions of consumed nutrients are displayed in Figure 4al-d1.
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Figure 4. The relationship between M. aeruginosa densities (al-d1), growth rate (a2—c2), specific
growth rates (a3-c3) and concentrations of consumed nutrients.

As shown in Figure 4al-d1, M. aeruginosa densities increased gradually with increas-
ing concentrations of consumed nutrients (ANH4*-N, ATDN, APO#--P and ATDP) in the
first part of the fitting curves, then increased rapidly in most cases. This phenomenon
conforms to the study of Cerucci et al. and they believed that M. aeruginosa can take up
and store nutrients at a higher rate than necessary for growth when the excess nutrient is
available in the environment, and the stored nutrients can be used to support M. aeru-
ginosa growth when low nutrients availability in water [50].

Due to very low NH4*-N concentrations, they are used up when M. aeruginosa densi-
ties are very low. Therefore, as shown in Figure 4al, the final part of the relationship be-
tween M. aeruginosa densities and concentrations of consumed NH4-N was close to a
straight line.

As shown in Figure 4al-d1, under the same prometryn concentration, higher Niuax
values are observed in treatments receiving double prometryn exposures, in comparison
with those under single prometryn exposure. Additionally, when M. aeruginosa densities
reached the Nums, the corresponding concentrations of consumed nutrients were quite
close in treatments receiving single and double prometryn exposures in general (except
that when their densities reached to N, the corresponding concentrations of consumed
TDN in D100 are higher than those in 5200).

For the same prometryn exposure scenario, the Numx was highest in treatments with
50 ug L1 prometryn and the lowest in treatments with 200 ug L' prometryn. Generally,
the corresponding concentrations of consumed nutrients were close in treatments under
different prometryn concentrations when their densities reached the Nmax (except that
when their densities reach the Nmax, the corresponding concentrations of consumed TDN
in S200 are much lower than others).
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4.4.2. Relationship between M. aeruginosa Growth Rates and Concentrations of Con-
sumed Nutrients

The relationship between M. aeruginosa growth rates and concentrations of consumed
nutrients is shown in Figure 4a2—c2. M. aeruginosa growth rates increased with increasing
concentrations of consumed nutrients firstly and then decreased with increasing concen-
trations of consumed nutrients. Equation (9) can be used to describe the relationship be-
tween M. aeruginosa growth rates and concentrations of consumed nutrients well in the
present experiment (R? = 0.373-0.927). As aforementioned, the amounts of NH+-N are
quite low, as a consequence, NH4+*-N was used up quickly, and the relationship between
consumed NHs*-N concentrations and M. aeruginosa growth rates was unable to render in
this study.

In general, the fitting curves of the relationship between M. aeruginosa growth rates
and concentrations of consumed nutrients in treatments with different prometryn expo-
sure scenarios are intersected (Figure 4a2—c2). Under the same prometryn concentration,
higher u%mx were observed in treatments receiving double exposures, as compared with
those receiving a single exposure.

For the same prometryn exposure scenario, the i is the highest in treatments with
50 pg L prometryn and the lowest in treatments with 200 pg L prometryn. In general,
when their growth rates reach the u%ma, the corresponding concentrations of consumed
nutrients are the highest in treatments with 50 ug L~ prometryn and the lowest in treat-
ments with 200 ug L' prometryn.

4.4.3. Relationship between M. aeruginosa Specific Growth Rates and Concentrations of
Consumed Nutrients

As shown in Figure 4a3-c3, with increasing concentrations of consumed nutrients,
M. aeruginosa specific growth rate increased firstly and then followed by a decrease. In the
present study, Equation (10) can be used to describe the relationship between M. aeru-
ginosa specific growth rate and concentrations of consumed nutrients (R? = 0.375-0.826).

In general, as shown in Figure 4a3-c3, fitting curves of the relationship between M.
aeruginosa specific growth rates and concentrations of consumed nutrients are intersected
under different prometryn exposure scenarios. The specific growth rate is also not affected
by concentrations of prometryn. This is because the specific growth rate is defined as the
growth rate relative to the algae density [51].

4.5. Discussion on Limiting Nutrients of M. aeruginosa Growth

Nutrient limits for algae can be expressed by the term C/(K. + C), according to Li et
al. [52], where K- is the half-saturation coefficient and C is the rate-limiting concentration
of nutrients. In our study, concentrations of nutrients are directly affected by the con-
sumption by M. aeruginosa and indirectly influenced by prometryn. The C/(K. + C) of NHa4*-
N, TDN, PO#~-P and TDP decreased with time until they approached 0, which may be
because they were primarily affected by M. aeruginosa's nutrient utilization in the experi-
mental range.

During the experimental period, lower values of C/(Kc + C) are observed in a single
exposure of prometryn, in comparison with those under double exposures (Figure 5). Re-
sults showed that single exposure of prometryn may lead to a greater limitation of nutri-
ents. This corresponds to the results of M. aeruginosa densities and growth rates (as shown
in Figure 1), suggesting that the stronger the nutrient limit is, the lower the M. aeruginosa
density and growth rate are. This can also explain the effects of prometryn exposure sce-
narios on M. aeruginosa growth to some extent.
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Figure 5. Variations of C/(Kc + C) with time: (al-a3), NH4+*-N and PO+*-P; (b1-b3), TDN and TDP.

A common phenomenon in natural water bodies is the shift of nutrient restrictions
[52]. The pattern of nutrient limitation also shows a transformation in this study. As
shown in Figure 5, in most cases, C/(Kc + C) of nitrogen nutrients (NH«*-N and TDN) are
higher than those of phosphorus nutrients (PO+*--P and TDP) at the start of the experi-
ment, and lower than C/(Kc + C) of phosphorus nutrients at the end of this experiment,
indicating that the limiting nutrients are shifted from phosphorus to nitrogen during the
experiment. This may be caused by the utilization of nitrogen and phosphorus nutrients
by M. aeruginosa. But the nitrogen limitation is not clear in some cases (e.g., S200 or D100).
The above shift is the same for different prometryn exposure schemes. This is because the
scenarios of prometryn exposure do not change the proportion of nitrogen and phospho-
rus nutrients, different scenarios of prometryn exposure do not change the nutrient limi-
tation shift, as expected.
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5. Conclusions

In this study, the effects of prometryn on M. aeruginosa growth and water qualities
were investigated under single and double exposures (at different growth phases of M.
aeruginosa). The main findings are as follows:

Experimental results indicated that prometryn exposures scenarios affect M. aeru-
ginosa densities, growth rates, and inhibition rates significantly. Under single exposure,
Nmax and p'onax were significantly lower than those under double exposure. The single-ex-
posure Imax was greater than the double-exposure Imax. Based on the results of this study,
it is suggested that high-dosage and single exposure of prometryn have a stronger dele-
terious impact on M. aeruginosa than low-dosage and repeated exposures, which are fur-
ther related to the exposure time and the prometryn concentrations injected during the
first application. Furthermore, the lower affinity of M. aeruginosa for the medium with
single prometryn exposure is another explanation concerning the effect of prometryn ex-
posure scenarios on its growth.

The developed Equation (6) can be used to predict variations in nutrient concentra-
tions over time (R? = 0.920-0.999). In double exposures, mean concentrations of nutrients
and mean concentrations of consumed nutrients were lower and higher, respectively, than
those in single exposure, but the differences are not statistically significant.

Based on the modified logistic equation, equations were developed to describe re-
spectively relationships between M. aeruginosa growth rates and concentrations of con-
sumed nutrients, and specific growth rates and concentrations of consumed nutrients.
These quantified relationships provide a solid foundation for future research.

Single exposure of prometryn leads to a stronger nutrient limit on M. aeruginosa, com-
pared with those under double exposures. This can also explain the effects of prometryn
exposure scenarios on M. aeruginosa growth. The limiting nutrients were moved from
phosphorus to nitrogen nutrients throughout the experimental range.

This work is done in the cultural environment, considering a more complicated water
environment would be interesting in future studies. Despite the limitations, the differ-
ences in algae growth and nutrient concentrations induced by various prometryn expo-
sure scenarios are still of practical application.
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