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Abstract: To control harmful algae blooms (HABs), methods based on natural mechanisms are
now required. We investigated the effects of an algicide derived from macrophyte metabolites,
namely mixtures of gallic, tetradecanoic, heptanoic, and octanoic acids (1:1:1:1 mass ratio, a total
concentration of 14 mg/L), on the biomass of cyanobacteria and other plankton and the production
of microcystins under experimental conditions. Two types of microcosms have been created: simple
(microalgae, cyanobacteria, and zooplankton) and complex (microalgae, cyanobacteria, zooplankton,
and planktivorous fish). We observed the dynamics of the phytoplankton structure, the concentrations
of microcystins and chlorophyll-a, hydrochemistry, and the status of zooplankton and fish in both
types of microcosms with and without algicide for one month (from 19 July to 19 August 2021). The
introduction of algicide caused changes in phytoplankton structure, a drop in cyanobacterial biomass,
and a decrease in the total concentration of microcystins. Surprisingly, the contributions of the most
toxic microcystins (LR form) were higher in both types of microcosms exposed to algicide than in
microcosms without algicide. The inhibitory effect on the cyanobacterial biomass was most significant
in complex ecosystems (containing fish), while it was only observed at the end of the exposure in
simple ecosystems. Not only algicide but also phytoplankton consumed by fish and zooplankton,
as well as nutrient excretory activity by both consumers, seem to have impact on cyanobacterial
biomass. This study found that the using chemical substances similar to macrophyte metabolites can
help regulate HABs and cyanotoxins. However, the results differ depending on ecosystem type.

Keywords: cyanotoxins; Microcystis; Aphanizomenon; Dolichospermum; macrophyte allelochemicals;
phytoplankton; zooplankton; medaka; nutrient excretion; grazing

Key Contribution: 1. We tested the action of the algicidal macrophyte allelochemicals in simple
(plankton) and complex (plankton and fish) microcosms. 2. A decrease in cyanobacteria and
cyanotoxins and shifts in phytoplankton structure under algicide action were noted. 3. A complex
ecosystem contributed more to reducing cyanobacteria levels than a simple ecosystem. 4. Although
the total concentration of microcystins decreased the toxic LR-types remained dominant with the
introduction of the algicide compared to without it.

1. Introduction

Cyanobacteria and microalgae, as the principal producers of organic matter in aquatic
ecosystems, are the important links in the food chains of diverse consumers, from the most
basic to the highest levels. It is known that during summer when there is a nitrogen deficit
in a water body, cyanobacteria are able to fix atmospheric nitrogen and thereby provide
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a nitrogen-rich trophic resource, enhancing the ecosystem’s production [1]. Because of
anthropogenic impacts, eutrophication, and global warming, harmful algal blooms (HABs)
are currently on the rise, posing a severe threat to the safety of freshwater ecosystems and
drinking water. Cyanobacteria are therefore regarded as harmful components of aquatic
ecosystems. Many species of cyanobacteria from genera such as Microcystis, Dolichosper-
mum (Anabaena), Planktothrix, Raphidiopsis, and Aphanizomenon (up to 70% in fresh waters)
have genes encoding toxin synthesis and can produce and release toxins into water [2,3].
Secondary metabolites (cyanotoxins) released by them during the mass development of
cyanobacteria, as well as during bloom senescence and cell lysis, negatively affect the sur-
vival of various aquatic organisms, disrupting food-web links and reducing the quality of
food for grazers, i.e., herbivorous zooplankton [4,5]. One of the top priorities for eutrophic
water bodies is reducing the production of cyanobacteria and cyanotoxicity.

What is known in ecology about why cyanotoxins are formed? One of the hypotheses
favors the signal function, i.e., the production of cyanobacterial toxins as a type of “sig-
nal” molecule by which bacterial populations can regulate their own growth depending
on environmental conditions [6]. It is also suggested that cyanotoxins are produced by
cyanobacteria as a form of “chemical tool” for suppressing other phytoplankton species dur-
ing competitive relationships [7,8]. However, the true mechanism of metabolite formation
has not been established and is still under investigation. Allelopathy between cyanobacteria
and aquatic plants (macrophytes) is well recognized in nature; it can manifest itself when
variables (light, nutrients) are limited, and even tolerant phytoplankton species might be
vulnerable to the action of metabolites from other plants [9].

Aquatic macrophytes have a well-known inhibitory influence on harmful cyanobacte-
rial blooms. Macrophytes can limit cyanobacterial growth through a variety of mechanisms,
including the release of active substances (allelochemicals) having algicidal action [10].
Many macrophyte species actively produce these substances that inhibit the growth of
cyanobacteria [11-16]. According to a review [17], 67 species of aquatic macrophytes
from the genera Cabomba, Myriophyllum, Ceratophyllum, Elodea, Nuphar, Stratiotes, and the
family Characeae are able to exhibit allelopathic activity against cyanobacteria. The use
of aquatic macrophytes to prevent HABs is an effective method, but this approach has
its own difficulties, including the need for further removal of macrophyte biomass and
control of allochthonous nutrients [10]. Therefore, in order to combat cyanobacteria, it looks
promising to develop approaches based on the use of substances similar in composition to
allelochemicals of aquatic macrophytes to inhibit cyanobacterial bloom.

A number of studies conducted over the past several decades have demonstrated the
efficiency of macrophyte allelochemicals against cyanobacteria [18-24], providing adequate
rationale for the use of nature-like technology to combat HABs. Allelochemicals from
Muyriophyllum spicatum, for example catechin, eugeniin, and ellagic, gallic, and pyrogallic
acids, inhibit the cyanobacterium Microcystis aeruginosa [23,24]. Following the identification
of the polyphenols, artificial culture solutions have been created that contributed 50% of
the allelopathic effects of M. spicatum on M. aeruginosa compared to natural culture solu-
tions [23]. Many studies [11,25-34] have demonstrated that macrophyte extracts, which are
natural compounds made from aquatic macrophytes and their synthetic equivalents, may
inhibit the growth of various species of microalgae and some cyanobacteria (M. aeruginosa)
in eutrophic water bodies. These allelochemicals are more effective than traditional algi-
cides because of their low toxicity and excellent environmental friendliness, which offers
up a new perspective on the control of harmful algae [35]. At the same time, the establish-
ment of nature-like allelopathic technology for managing aquatic ecosystems continues
relatively slowly [35-39]; created using synthetic equivalents of macrophyte metabolites, a
new generation of 4-component algicide against cyanobacteria was recently developed [40].
Its development was based on the world literature on the allelopathy of macrophytes to
cyanobacteria and the results of experimental studies [33,41].

The primary goal of the study was to determine the possible algicide effect of aquatic
macrophyte metabolites (a 4-component algicide) on phytoplankton structure, cyanobacte-
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ria development, and cyanotoxin production. There was no extraction of allelochemicals
from macrophytes, but pure synthetic equivalents of natural metabolites (heptanoic, oc-
tanoic, tetradecanoic, and gallic acids) were used as substitutes for macrophyte original
metabolites. The allelochemicals used by us (specifically gallic acid, tetradecanoic, octanoic,
and heptanoic acids) are synthesized by many macrophytes and have an allelopathic effect
on cyanobacteria, as demonstrated in previous research and numerous literature sources
summarized in the review paper [33].

We expected that the intensity of the cyanobacterial bloom and production of cyan-
otoxins would be affected by the presence of algicide and the complexity of the structure of
aquatic animal communities. We predicted that algicides would limit cyanobacterial devel-
opment through allelopathy, i.e., decreasing their biomass, functional activity (chlorophyll-
a), and microcystin production, and therefore overall reducing the adverse influence of
HABs. At the same time, we would like to clarify whether the algicide used to control
cyanobacterial blooms has a negative influence on other phytoplankton and food-web
participants (zooplankton and fish) in the aquatic ecosystem. Another critical challenge was
determining how the algicide’s inhibitory effect will express itself in a simple ecosystem
with only zooplankton and in a complex ecosystem with the presence of zooplankton and
planktivorous fish. In the first scenario, preliminary data [42] suggested that planktonic
crustaceans would contribute significantly to the growth of cyanobacteria by releasing
nutrients (mostly dissolved orthophosphates). At the same time, fish, on average, release
nutrients with less intensity than zooplankton [42], although they may limit zooplankton
activity due to predation (top-down effect). Our findings could help researchers better
understand how allelopathy and plant-derived active compounds with cyanobacterial
inhibitory properties can be employed to improve environmental water quality.

2. Results
2.1. Phytoplankton

Altogether, 60 species of phytoplankton were identified in I, II, and III, and 66 species
in IV (Table S1). The start conditions in the treatments are shown in Table 1. The species
composition was quite similar for cyanobacteria (11 species were recorded in each treat-
ment). Chlorophytes were the main contribution to the total species richness; 40 species
were registered in this group. Notable differences in the number of species were found
between treatments for Chlorophyta (I: 25, II: 28, III: 22, and IV: 31 species; Table S1).

Table 1. Scheme of experiment and start conditions (19 July) of zooplankton and fish abundance
(individuals/m?), mean concentration of cyanobacteria, other phytoplankton, and concentration of
algicide. The data are presented as a mean value for three replicates with a standard deviation. No
significant differences in mean values between treatments were observed for each variable assessed.

Treatment
I I 1 v
Phytoplankton, mg/L 1.04 + 0.42 0.93 + 0.43 1.04 + 0.41 0.84 + 0.34
Cyanobacteria, mg/L 429 +0.21 425+ 0.18 434 +0.23 4.69 + 0.34
Zooplankton, ind./L 616 + 113 613 + 156 636 + 139 659 + 156
Fish ! No No 15 15
Algicide 2, mg/L No 14 No 14

1 medaka Oryzias latipes; ? algicide is mix of heptanoic, octanoic, tetradecanoic, and gallic acids (1:1:1:1).

Table 2 presents the succession of dominant species, which accounted for from 65
to 98% of the total biomass of the community. Several species (Aphanizomenon flos-aquae,
Microcystis aeruginosa, Aulacoseira granulate, Dolichospermum spiralis, and Cryptomonas spp.)
were identified as dominant species in terms of biomass for all treatments. At the same
time, phytoplankton communities in III and IV were richer in species than in I and II due
to the development of some species of Charophyta.



Toxins 2023, 15, 529 40f 18

Table 2. Succession of key species of phytoplankton contributing 60-98% to the total community
biomass in four treatments (I, II, III, IV) during the experimental exposition.

Date (Day) I I 111 v
19-26 Jul Aphanizomenon flos-aquae
@) Y Microcystis aeruginosa
Aulacoseira granulata
M. aeruginosa
Y Ao e e gy
L pPp- ’ 3 A. granulata
Cryptomonas spp. D. spiralis D. spiralis
2 A(11.14g)ust Dolichospermum spiralis A. flos-aquae A. flos-aquae
A. flos-aquae Cryptomonas spp. M. aeruginosa
5 August A. flos-aquac A. flos-aquae A. flos-aquac A. flos-aquae
a7) Cryptomonas spp. Cryptomonas spp Cryptomonas spp. D. spiralis
D. spiralis ’ D. spiralis '
A. flos-aquae
? A(;lg)ust A. flos-aquae CrA' tj;z zi;flzza; A. flos-aquae M. aeruginosa
L p- D. spiralis
A. flos-aquae D. spiralis D. spiralis
12 f;i‘?uﬁ Cryptomonas spp.  Cryptomonas spp. A. flos-aquae Mougeotia sp.
D. spiralis Staurastrum sp. Staurastrum sp.
- D. spiralis
16 August A. flos-aquae Cryptomon.as ssp. D. spiralis A. flos-aquac
Cryptomonas spp. Mougeotia sp. A. flos-aquae
(28) D. spiralis A. flos-aquae Staurastrum s Staurastrum sp.
P ’ 1 p- Mougeotia sp.
19 August A. flos-aquae Cryptomongs spp- o Mougeotia sp.
31) D. spiralis Mougeotia sp. D. spiralis Staurastrum sp.
’ A. flos-aquae A. flos-aquae

Total phytoplankton biomass (Figure 1) and cyanobacterial biomass (Table 3) differed
significantly between dates (one-way ANOVA, all p < 0.01); however, there were no signifi-
cant differences in the biomass of these taxa between treatments (Friedman test: x> = 1.92;
p = 0.59 and x? = 1.56; p = 0.68). The total biomass of phytoplankton showed strong
relationships between treatments (Spearman: Rs = 0.67-0.92, p = 0.0002-0.03). The decrease
in phytoplankton biomass observed in all microcosms at the beginning of the experiment
was due in part to worsening weather conditions, such as high cloudiness, wind, rain, and
a decrease in water temperature (Figure 1). However, no significant correlations between
water temperature and phytoplankton biomass were found (R = 0.49-0.56, p = 0.09-0.15).

Cyanobacteria and cryptophytes predominated in I, II, and III (according to biomass)
(see Figure 2, Table 2). In IV, in addition to cyanobacteria, a significant contribution to
the total biomass was made by charophytes (Desmidiales). Significant differences were
also found (Friedman: x? = 9.96; p = 0.02) in the biomass of cryptophytes between I and II
(p=0.04),Iand IV (p = 0.007), and Il and IV (p = 0.005) as well as charophytes (x* = 15.75,
p =0.001) between I and III (p = 0.005), I and IV (p = 0.03), Il and III (p = 0.007), and II and
IV (p = 0.038).
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Figure 1. Total biomass (mg/L) of phytoplankton (left y-axis) and water temperature (°C at 9:00 a.m.,
right y-axis) in microcosms during the exposure period. Treatment conditions are shown in Table 1.
Different letters between pairs show significant differences (p < 0.05) for each date (day), but the same
letters (a, b, ¢) do not.

Table 3. Biomass (mg/L) of cyanobacteria at the beginning (start, 19 July/day 0), in the middle
of exposure (mid-exposure, 5-9 August/days 17-21), and at the end (19 August/day 31) of the
experiment in four treatments (I, II, III, IV). Mean values and 95% confidence intervals (CI) are shown;
n = 3. Different letters show significant differences (p < 0.05) between treatments for each period.

Treatment
Period Value

I i I v
Start Mean 42942 4252 4272 4824

a 95%CI 0.12 0.10 0.10 0.08
Mid-exposire Mean 6.31° 6.09° 3447 2759
€Xpos 95%CI 1.24 0.85 0.66 0.15
End Mean 4.10¢ 0.602 2.78b 0.832

95% CI 1.36 0.17 1.39 0.20

The dynamics of the average biomass of cyanobacteria were characterized by three
increased biomass values (peaks): at the beginning, mid-exposure, and at the end of
exposure; and two falls (Figure 1). In addition, biomass values varied significantly between
simple and complex types of communities. The second biomass peak of cyanobacteria
(mid-exposure, 5-9 August) did not differ significantly (p > 0.05) between I and II, as well as
III and IV (Table 3). However, these maximum biomass values of cyanobacteria were about
two times lower in III and IV than in I and II (Table 3). We found significant differences in
the biomass of cyanobacteria between I and II (4.1 vs. 0.60 mg/L) and between Il and IV
(2.78 vs. 0.83 mg/L) at the end of exposure.
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(@) [l Cyanobacteria ® Cryptophyta M Charophyta E Chrysophyta

M Dynophyta L1 Bacillariophyta [ Chlorophyta
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Figure 2. Percentage contribution (%) of the main taxonomic groups to the total phytoplankton
biomass in four types of microcosms (I, II, III, and IV) during exposure. The abscissa shows the day
of observation. (a) I; (b) II; (c) IIL; (d) IV.
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2.2. Cyanotoxins

Figure 3 outlines the total concentrations of microcystins (MCs) in microcosms. At the
beginning of exposure, the concentrations of intracellular MCs contained in the biomass
of cyanobacteria were approximately the same in all treatments and varied from 9.3 to
12.4 ug/L. The dissolved MC concentrations in water ranged from 0.09 to 0.24 pg/L. During
exposure, the total content of intracellular MCs decreased in all treatments, but this was
most obvious in II (Figure 3a, Table 4). In water, the total content of MCs remains rather
constant (Figure 3b). Total MC concentrations differed significantly between treatments
=9, p = 0.01) and between dates (excluding day 0) across all treatments (% =742,
p = 0.024), statistically confirming the mid-exposure period (p = 0.03) and end of exposure

(p =0.03).
ol ol all o al all all oV
05 -
16 1 a a
14
04
12 4 Li
a @ c _,
o 10 EXE
g s c g b P
g b . . a a .
6 b ’ a a a a a 4
4 a
b 0.1
2 a
a
0 0 17 31 00 0 17 31
Day Day
(a) (b)
Figure 3. Mean concentrations of microcystins (MC, pg/L) in four treatments (I, II, III, and IV) at
the beginning (start, 19 July/day 0), the middle (mid-exposure, 5 August/day 17), and the end of
exposure (end, 19 August/day 31). Mean value £ 95% confidence intervals, n = 3. (a) Concentrations
of intracellular microcystins accumulated in the biomass of cyanobacteria; (b) concentrations of
extracellular microcystins found in water. Different letters show significant differences (p < 0.05)
between pairs on date.
Table 4. Average total concentration (with 95% confidence interval, CI) of the intracellular micro-
cystins (MC, ug/L), n = 3, contained in the biomass of cyanobacteria, and the percentage contributions
(%) of various forms of MCs to the total concentrations at the beginning (start, 19 July/day 0), the
middle (mid-exposure, 5 August/day 17), and at the end (end, 19 August/day 31). “-” means no
toxins were detected. Different letters show significant differences (p < 0.05) between pairs for each
period.
Period of Exposure
MC Forms Start Mid-Exposure End
I II 111 v I 11 I v I II 111 v
Mean concentration, ug/L 9343 9762 12307 12382 475 1282 850¢ 543P 231 0512 7.08° 6.04°¢
95% CI 0.72 0.34 1.90 1.62 0.35 0.17 1.25 0.71 0.34 0.12 0.67 0.21
% MC-LR 68.6 69.1 76.2 75.6 59 31.3 274 37.6 5.3 28.3 9.7 20.7
Y% [D—AspS]MC—LR 3.6 3.5 3.3 35 6.7 72 5.1 6.7 9.6 7.3 6.4 8.1
% [D-Glu-OCH3°]MC-LR 1.0 - 1.1 1.2 - - 0.3 0.4 - - - -
% MC-YR 20.5 20.4 13.3 13.0 76.6 51.3 61.5 48.3 76.0 48.8 80.5 66.7
% [Dha’ [MC-YR 57 59 5.0 5.6 10.9 10.0 5.5 6.8 9.0 12.8 34 43
% MC-LW 0.2 0.2 0.3 0.3 - 0.1 0.2 0.2 - - - -

% [D-Asp®*]MC-RR 0.1 - 0.1 0.1 - - - - - - - .
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We found that the percentage proportion of the most toxic form, such as MC-LR,
was 69-76% in all treatments at the beginning of the exposure and decreased toward the
end (Table 4, see Table S2 for statistical differences in forms between treatments). The
contribution of MC-LR to the total concentration of MCs was lower in microcosms without
algicide (I and III) compared to microcosms with algicide. In IV, the relative contribution of
MC-LR remained at a high level (21-28%), reaching 1.25 pg/L.

2.3. Chlorophyll-a

Concentrations of chlorophyll-a (Chl-a) were significantly higher in III and IV com-
pared to I and II (Figure 4, all p < 0.05). Also, the concentration of Chl-a in Il was significantly
lower than in I. There were significant differences between I and III (Friedman: x2 =10.8,
p = 0.001). In addition, the concentration of Chl-a in II was significantly lower than in I
(x? =133, p = 0.0003). The concentration of Chl-a in the treatments without algicide (I and
III) correlated with the total phytoplankton biomass (according to Spearman: Rs = 0.88
(p =0.008) and 0.71 (p = 0.02), respectively), whereas in the treatments with algicide there
were no such relationships (Rs = 0.54, p = 0.11 (II) and 0.52, p = 0.13 (IV)).

Ol ol aim alv

C
b b b b
b a be b b b
b P
aa ab_|||a a a
a a
3 7 10 14 17

21 24 28 31
Day

Figure 4. Concentration of chlorophyll-a (ug/L) in water of four treatments (I, II, III, IV), mean value
=+ 95% confidence intervals, n = 3. The different letters show significant differences (p < 0.05) between
pairs for each date (p < 0.05).

2.4. Salt Content, Nutrients, and Physical Parameters of Water

Table 5 shows the chemical and physical parameters of the water during whole period
of exposure (n = 10). There were no significant differences in the average values of chemical
variables between treatments. Also, the dynamics of the concentrations of basic cations
and anions and also total nitrogen in the water were similar for all treatments: significant
differences were not found on each date (all p > 0.05). In IV, a slight increase in Ca?*
(Friedman test: x? = 14.22, p = 0.0002) and HCO3;™~ (x? =9, p = 0.003) compared to III
was noted on some dates (Figure S2). In addition, the pH in IV was lower than in III
(x* = 24.14, p < 0.0001), and the same trend was noted for the concentration of dissolved
oxygen (x? = 7.14, p = 0.009, Figure S2). Microcosms III and IV were distinguished by
a higher average concentration of total phosphorus than microcosms I and II (Table 5).
Significant differences in total phosphorus were established between I and III (x? = 7.12,
p = 0.009), as well as between IT and IV (x? = 12.25, p = 0.0005, Figure S2).
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Table 5. Mean minimum-maximum values (mg/L) of chemical parameters of water in four treatments
(I IL, III, and IV) for period of exposure, n = 10. Py is total phosphorus, Ny is total nitrogen, and
other compounds are given chemical formulas. No significant differences in mean values between

treatments were observed for each variable assessed.

Variables I II 111 v

Na* 3.15 3.26 3.23 3.16
(2.43-3.84) (2.43-3.86) (2.33-3.82) (2.23-3.80)

K 2.97 3.00 3.01 3.07
(2.33-3.48) (2.31-3.44) (2.30-3.47) (2.40-3.60)

Ca2t 23.65 24 46 22.89 25.25
(17.63-30.98) (16.97-31.11) (15.61-30.78) (16.29-32.01)

M2t 6.63 6.80 6.67 6.70
& (4.85-8.29) (4.76-8.35) (4.42-8.30) (4.33-8.23)

- 3.49 3.48 3.36 3.35
(2.67-4.06) (2.45-4.22) (2.51-3.99) (2.44-3.93)

50,2~ 3.61 3.71 351 3.61
4 (1.64-4.84) (1.71-5.24) (1.31-4.67) (1.93-4.61)

HCO— 107.57 111.36 106.07 113.86
3 (80.55-138.72) (78.31-139.53) (72.20-133.02) (75.78-142.79)

PO 0.03 0.02 0.02 0.02
4 (0.01-0.08) (0.01-0.05) (0.01-0.03) (0.01-0.03)

P 0.05 0.05 0.07 0.07
tot (0.03-0.10) (0.03-0.07) (0.05-0.09) (0.04-0.08)

N 1.07 0.95 1.25 1.20
tot (0.96-1.16) (0.91-0.98) (1.17-1.36) (1.09-1.43)

o 8.63 8.20 8.34 7.63
2 (6.55-9.88) (6.76-9.26) (6.65-9.36) (6.45-9.05)

- 9.1 9.1 9.2 89

P (8.8-9.3) (8.7-9.4) (8.8-9.4) (8.6-9.3)

2.5. Zooplankton

Copepoda, Cladocera, and Rotifera were the three major taxonomic groups of zoo-
plankton. The dynamics of abundance for two groups of them (Copepoda and Rotifera)
did not differ significantly between treatments (x> = 0.31, p = 0.6, and x? = 1.29, p = 0.27,
respectively); algicide may not have affected the abundance of these taxa. The dynamics
of Cladocera abundance were characterized by significant differences between I and II
(x* = 13.3, p = 0.0003) and an increase in the second half of the exposition period, with
II showing 1.5-fold larger abundance than I (Figure 5a). This was due to a change in the
dominant species (from D. longispina to Ceriodaphnia quadrangula). There were no differences
in abundance between III and IV (all p > 0.05); However, the abundance of Cladocera was
lower in these treatments than in I and II due to active consumption of planktonic crus-
taceans by fish. Significant differences between the start and end abundance (a decrease)
of these crustaceans were found in treatments I (¢-test; p = 0.0001), II (p = 0.027), and III
(p = 0.0006), while in IV this difference was also lower by the end of exposition but not
significantly (p = 0.125, Figure 5b). Cladoceran abundance in III was significantly lower
(3 times) than in I at the end of the exposure (f-test; p = 0.0001), but similar differences
between II and IV were not significant (t-test; p = 0.902). The end abundance of Cladocera
did not differ between I and 1II (¢-test; p = 0.078), III, and IV (p = 0.258). In IIl and 1V, fish
also controlled the abundance of copepod crustaceans, keeping them at a minimum. At
the same time, the abundance of Rotifera grew significantly, reaching 688 ind./L in III
and 494 ind./L in IV at the end of the experiment, but their biomass contributions were
insignificant due to small body sizes.
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Figure 5. Abundance (individuals per L, ind./L) of zooplankton: (a) dynamics of abundance of
planktonic crustaceans Cladocera in treatments I, II, III, and IV (mean + 95% confidence intervals,
n = 3); (b) the mean total abundance of zooplankton (£95% confidence intervals, n = 3) of zooplankton
(ind./L) in four treatments (I, II, III, and IV) at the beginning (Start) and the end of exposure (End).
The significant differences (p < 0.05) are shown by different letters.

2.6. Fish

There were no significant differences in the fatness of fish at the beginning and end of
the experiment (x2 =2.87,p=0.72, and x% =293, p = 0.71). Significant differences in the
final mass of fish were found between Il and IV (x? = 11.79, p = 0.038), and no significant
differences between IIT and IV were found in the initial mass of fish (x? = 4.24, p = 0.52). It
was found that the rate of fish mass growth rate of fish during the period of the exposure
differed between III (0.023 g/month) and IV (0.06 g/month; t-test, p = 0.009, Figure 6). By
the end of the experiment, the fish in IV had a greater mass than the fish in III due to a
faster increase in mass by 64.9%. A similar trend was noted for the rate of length growth.

emean [] +SE 1T +95% Cl
0.08
T b
L3
0.04 a
=
0

Treatment

v

Figure 6. Mass growth rate (g/month) of medaka (fish) under exposure conditions III and IV (n = 45).
SE is the standard error, and 95% ClI is a 95% confidence interval. Significant differences (p < 0.05) are

shown by different letters.
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3. Discussion

The results obtained showed that the metabolites of aquatic macrophytes in the com-
position of the 4-component algicide [40] used in the experiment altered phytoplankton
structure, cyanobacterial biomass, and cyanotoxins concentration. The structure of phyto-
plankton community differed depending on the type of ecosystem (simple and complex).
The community became more diverse with the addition of an algicide due to the increase
in the number of species from the order Chlorophyta. Other studies have found that
when plant-derived active compounds prevented cyanobacteria and microalgae blooms,
phytoplankton diversity and species homogeneity increased [17].

According to the study, food-web interactions first affect the composition of dominant
species, and then species interactions cause a change in the structure of communities. Phy-
toplankton succession was expressed in the change of dominant species from cyanobacteria
to cryptophytes, and then to charophytes. In the absence of fish (a simple ecosystem),
the biomass of cryptophytes increased rapidly, and the second peak of phytoplankton
biomass was clearly apparent. In the presence of fish (IIl and IV) a very different succes-
sion was observed in the presence of fish (IIl and IV), with the charophytes, Mougeotia
sp. and Staurastrum sp., developing successfully and the second peak of cyanobacterial
biomass being less evident than in simple ecosystems. Perhaps the medaka could use cryp-
tophytes and other microalgae as food, giving charophytes an advantage in development.
Mixotrophic cryptomonads, in particular, are recognized to be optimal food for planktivo-
rous consumers [43]. Various species of the genus Oryzias (medaka) exhibit strategies of
herbivores (eating phytoplankton [44]), omnivores prone to herbivory [45], or consumers
of insects and microalgae [46].

Phosphates and nitrates (mineral forms of nutrients) were present at low concentra-
tions in all treatments; they were actively consumed by phytoplankton for biomass growth.
The presence of fish (IIl and IV) resulted in a greater total phosphorus level, indicating bet-
ter trophic conditions. Fish excrete a lot of organic phosphorus, and bacteria and microalgae
can produce extracellular phosphatase for the hydrolysis of organic phosphorus, compen-
sating for a lack of available mineral phosphorus in the environment [47]. This will benefit
phytoplankton, particularly for nitrogen-fixing cyanobacteria under nitrogen-deficient
conditions.

We expected that algicide would cause a drop in the Chl-a concentration due to changes
in the structure of phytoplankton and a decrease in the biomass of cyanobacteria. This
proposition has been proven in simple ecosystems where there were no fish. The level of
Chl-a was significantly (almost two times) greater in complex ecosystems (containing fish)
than in simple ecosystems. The productivity of water bodies is determined by the inflow
of nutrients from the watershed as well as nutrient regeneration within the ecosystem.
Although planktonic crustaceans had a higher intensity (per unit of mass) of phosphorus
regeneration than fish [42], given that the biomass of fish was much higher than that of
planktonic crustaceans, such a high level of productivity in the presence of fish is quite
understandable.

Cyanobacteria genera that dominated all treatments, such as Microcystis, Dolichos-
permum (formerly Anabaena), and Aphanizomenon, are known to produce cyanotoxins in
freshwater [46], which might alter food-web interactions and reduce food quality for her-
bivorous zooplankton. Our assumption that the intensity of the cyanobacterial bloom will
be determined by the presence of algicide and the complexity of the structural organization
of aquatic animal communities was confirmed. The concentration of cyanotoxins was also
related to the presence of algicide and the type of microcosm. The degree of cyanotoxin
release varies between cyanobacteria species and even between strains of the same species
in various environmental conditions [48-50]. However, the quantity of toxic microcystins
(MC-LR) accumulated on bacterial cells and dissolved in water remained at a level of
20-30% in the presence of algicide, in contrast to treatments without it (where MC-LR
decreased to 5-10%).
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The presence of algicide obviously enhances cell lysis and the subsequent release of
microcystins (from cells into water). The large contribution of toxic MC-LR during algicide
action may be caused by a decrease in cyanobacterial abundance, indicating a signal
mechanism for the production of cyanobacterial toxins that aid cyanobacteria in regulating
their own growth [6]. Also, this could be a cyanobacterial response to allelochemicals
(the imaginary presence of competitors) and may indicate the inclusion of an allelopathic
suppression mechanism from the side of cyanobacteria against other plant organisms [7].
Fortunately, in this study, the most toxic variants (MC-LR) were mostly below the water
guideline levels (i.e.,, 1 pg/L) [51]. Future research should consider how cyanotoxins
might accumulate along food chains, despite the decrease in their abundance in water
due to grazing by zooplankton and fish [52-56]. The medaka fish (O. latipes) used in our
experiment accumulated microcystins in the presence of cyanobacteria as well [56].

Interestingly, macrophyte metabolites (algicide) that inhibit cyanobacteria had no
negative effects on other phytoplankton or other participants in the food web, such as
zooplankton and fish. The use of algicide had a positive effect on the abundance of clado-
cerans and the mass growth of fish. This beneficial effect appears to have been mediated
by a change in phytoplankton composition, specifically an increase in the proportion
of charophytes (desmids) and cryptophytes, which are better food for consumers than
cyanobacteria.

The presence of toxic cyanobacteria often leads to a change in zooplankton towards the
predominance of small species [57-59]. Changes in the structure of Cladocera were indeed
significant due to the change in species dominance from large Daphnia to small Ceriodaphnia.
Unlike the generalist Daphnia, the smaller Ceriodaphnia is able to feed more selectively
and thus develop stronger resistance to cyanotoxins [59,60]. Analysis of carbon and nitro-
gen isotopes showed that Ceriodaphnia did not graze directly on colonial or filamentous
cyanobacteria, preferring to feed small algae and bacteria (particles < 20-100 um [60]).
In fact, other cladoceran Bosmina and calanoid copepods can ingest some cyanobacteria:
Aphanizomenon, Microcystis, Dolichospermum and Merismopedia tenuissima [57,61-63]. Direct
grazing by zooplankton may be an important factor contributing to the decrease in the
biomass of cyanobacteria [62,63]. However, zooplankton consumption of cyanobacteria
reduces their biomass to a lesser extent than fish, which can trigger cascade effects and
hence limit cyanobacteria and other phytoplankton abundance.

One of the most active areas of practical aquatic ecology and water management is
the suppression of cyanobacteria and microalgae by active compounds (allelochemicals) of
macrophyte origin or their synthetic equivalents [17,35-37]. Synthetic active compounds
with good biological safety, similar to macrophyte metabolites, and pronounced specific
action against cyanobacteria make them promising for use in HAB suppression. The
findings from our study support the use of an algicide. Despite all the positive aspects,
however, we would like to emphasize that in complex aquatic ecosystems with the presence
of fish, internal nutrient load and trophic interactions are extremely important and can
regulate the level of development of cyanobacteria and other groups of phytoplankton,
nullifying and negating the effectiveness of algicide. This point is important to take into
account when planning activities to combat cyanobacteria using algicides. Furthermore, the
tendency we noted towards an increase in toxic forms of microcystins in the environment
under the action of the applied algicide still leaves the mechanism of their production by
cyanobacteria and their appearance in the environment unexplained. In this regard, further
research on the inhibition of cyanobacteria using active substances of plant origin or their
equivalents should take into account the ability of some types of cyanobacteria to release
toxic cyanotoxins. They should determine those threshold concentrations of metabolites or
active substances that will not lead to an increase in the cyanotoxicity of the environment
above an acceptable level.
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4. Materials and Methods
4.1. Experiment Design

The study was carried out on the basis of the experimental work station of the Papanin
Institute for Biology of Inland Waters of the Russian Academy of Sciences (IBIW RAS,
Borok, Russia, 58°02' N; 38°14’ E). Microcosms were created in plastic fish trays (100 x 100
x 40 cm) and placed in a water pool to avoid high diurnal fluctuations in water temperature.
The trays were filled with natural water (300 L) from a tributary of the Volga River (Rybinsk
Reservoir) filtered through a sieve with a mesh size of 63 pm. The trays were isolated with
mesh from animals from the air and from the pool (Figure S1).

We used four treatments with three identical replicates and various ecosystems with
and without algicide (Table 1). All treatments had comparable phytoplankton and cyanobac-
teria biomasses and zooplankton abundances. Natural phytoplankton, bacteria, and parts
of zooplankton were entered into treatments along with added water.

The cyanobacteria A. flos-aquae and Microcystis aeruginosa were taken from a shallow
artificial pool with a high development of these species of cyanobacteria to introduce in
microcosms. We concentrated 200 L of water containing cyanobacteria to a volume of 1 L
using a plankton net with a mesh size of 63 pm and then added it to each tray in similar
concentrations (Table 1).

Zooplankton was caught in an artificial pond with the same river water, concentrated
in a separate container, and then added in approximately equal amounts to each tray
(Table 1). The cladocerans (Daphnia longispina) dominated the community and accounted
for 40% of the total abundance of zooplankton in the introduced zooplankton.

Adult fish (medaka) from the cultural strain Hd-rR, ten months old, were obtained
from the Laboratory of Physiology and Toxicology of Aquatic Animals, IBIW RAS. A
selection of 15 individuals of fish were placed in each tray. Their body length varied from
27.1 to 28.2 mm, and their average mass varied from 0.416 to 0.467 g. In each tray (300 L) of
treatments IIl and IV, we added fish (15 individuals per tray).

In each tray (300 L) of treatments II and IV, we added 15 mL of a four-component
algicide. The concentration of this algicide in each microcosm was 0.05 mL/L. The total
concentration of metabolites in water was approximately 14 mg/L. The algicide and fish
were introduced on 19 July 2021, after the first collection of phytoplankton and zooplankton
(Table 1) and chemical samples.

4.2. Algicide

To generate an algicide, purified chemicals, such as heptanoic acid, octanoic acid,
tetradecanoic acid, and gallic acid, produced by Acros Organics BVBA (https://www.
acros.com/ accessed on 1 January 2020), were purchased. These chemical compounds
are macrophyte metabolites [35]. The algicide was prepared from four organic acids and
ethanol in the following concentrations (25% of active compound units): gallic acid C;HgOs
(70 g/L); tetradecanoic acid C14HgO5 (70 g/L); heptanoic acid C;H;40; (70 g/L); octanoic
acid CgH160; (70 g/L); and ethyl alcohol (1 L) [40]. The suggestion that allelochemicals
could have a synergistic effect led to the use of a 4-component composite. The 1:1:1:1
mass ratio of heptanoic, octanoic, tetradecanoic, and gallic acids in the composition of the
algicide was chosen based on the task of achieving maximum dissolution in ethanol as a
matrix containing active components and eliminating the advantage of any component.
Ethyl alcohol was the most suitable solvent, allowing all of the used acids to be dissolved in
a minimum volume. The effect of this algicide in water can be achieved at a concentration
of 0.01 mg/L [64].

4.3. Samples Collection and Laboratory Procedures

Phytoplankton, zooplankton, and water samples for chlorophyll-a pigment (Chl-a) and
chemical analyses were sampled on 19 July before algicide and fish release and then every
three days during exposure (from 22 July to 19 August 2021). During this sampling, surface
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water temperature and pH were measured using a thermometer and a multi-parameter
liquid analyzer, Ecotest 2000.

Phytoplankton samples (volume 0.5 L) were collected in the morning in the surface
layer of water from each tray using an original pipette-type sampler. A fixative composed
of two solutions was used to preserve the sample: Lugol’s solution (10 g potassium iodine
+ 50 mL HyO + 5 g iodine) and a solution of 10 mL glacial acetic acid and 80 mL 4%
formalin. This fixative (1.5 mL) was added to a 0.5 L sample. To analyze the composition
of algae and planktonic bacteria, the samples were settled for ten days and siphoned to a
10 mL volume. Species identification and individual cell counting were carried out in a
Nageotte chamber with a volume of 0.02 mL using an optical microscope, the Bioptic B-200
(Biomed, St. Petersburg, Russia), at 600 magnifications. Species biomass was calculated
using species-specific geometric formulas [65]. To determine the concentration of Chl a,
0.2-L water samples were filtered through a cellulose nitrate filter (3 pm of pore diameter,
Vladisart, Russia) with a substrate of glass powder and calcium carbonate. Filters with
seston deposited were stored at a temperature of —20 °C.

Samples of microcystins were collected three times: at the beginning, mid-exposure,
and at the end of the experiment. We separated water samples of microcystins into water
and biomass by filtration using a Vladipor 0.45 pm membrane filter. After filtration, the
water and filters were stored at a temperature of —20 °C.

Water for zooplankton analysis was taken at four points in the microcosm with a 0.5 L
sampler of the original design. The total sample from each microcosm was 2 L. Zooplank-
ton samples were conserved with 70% ethanol. The zooplankton species identification
and counting of abundance were carried out in Bogorov’s chamber under a stereoscopic
microscope (Leica MZ 9.5).

Fish were counted and weighed before the experiment and at the end of the exposure
(in 30 days). Their wet biomass was calculated as a minus between the weighing of a small
cuvette filled with water with and without fish. The mass was determined on an analytical
balance (AND HR-150AZ, Tokio, Japan) with an accuracy of 0.1 mg. The individuals were
weighed in a cuvette with 2 mL of pure water. Each fish was carefully caught with a net
and placed on filter paper to remove water, after which it was placed in a cuvette and
weighed. The weight of the fish was determined by the difference between the cuvette
with and without the fish. The length of the fish was determined using a ruler placed on a
transparent cuvette with an accuracy of 0.5 mm. The fatness coefficient (Fulton’s condition
factor, K) was calculated using the formula: K =100 x m/ I3, where m is the mass of the fish
in grams and [ is body length in cm estimated from the end of the snout to the end of the
scaly cover.

4.4. Chemical Methods and Protocols

Cyanotoxins were detected using the high-performance liquid chromatography-high-
resolution mass-spectrometry (HPLC-HRMS) method. Mass-spectrometric analysis was
carried out under electrospray ionization in the positive ion detection mode. The identifi-
cation of target compounds was based on the accurate mass measurement of [M + H] or
[M + 2H]?* ions (resolution of 30,000, accuracy within 5 ppm), the collected fragmentation
spectrum of the ions, and the retention times. The limit of detection was 2 ng/L.

Sample preparation included extraction of the dissolved extracellular cyanotoxins
from filtered water using Oasis HLB SPE cartridges (Waters) and extraction of intracellular
toxins fraction from biomass collected on filters with 1 mL of 75% methanol in an ultrasonic
bath, according to [66]. We use the LC-20 Prominence HPLC system (Shimadzu, Japan)
coupled with the LTQ Orbitrap XL Hybrid Ion Trap and Orbitrap Mass Spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA) to analyze extracts. Toxins were separated
by gradient elution (0.2 mL/min) with a combination of water and acetonitrile containing
0.05% formic acid on a Thermo Hypersil Gold RP C18 column (100 mm x 3 mm, 3 pum)
with a Hypersil Gold dropin guard column (Thermo Fisher Scientific).
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All chemicals used for analytical procedures were the analytical grades: acetonitrile
(HPLC-grade) and methanol (LiChrosolv hypergrade for LC-MS) from Merck (Darmstadt,
Germany) and formic acid (98-100%) from Fluka Chemika (Buchs, Switzerland). High-
quality water (18.2 M()/cm) was obtained by the water purification system Millipore
Direct-Q (Bedford, MA, USA). We purchased MC standards from Sigma Aldrich, St. Louis,
MO, USA (MC-LR, MC-RR, and MC-YR) and Enzo Life Sciences, New York, NY, USA
(MC-LY, MC-LA, MC-LW, MC-LF, [D-Asp®] MC-LR, and [D-Asp®] MC-RR).

The phytoplankton Chl-a was determined on a METASH V-5000 spectrophotometer
(Shanghai, China) using the method in [67], the pigments were extracted with 90% acetone
before analysis. The capillary electrophoresis on an electrophoresis equipment (Kapel-105,
OO0O Lumex, Russia) was used to evaluate the concentrations of ions K*, Na*, Mg2+, Ca?t,
Cl~, and SO4%~ in water [68,69]. Titrimetric analysis was used to evaluate the concentra-
tions of bicarbonates and total nitrogen content in water [70,71]. The total phosphorus was
detected in unfiltered water after mineralization of the sample to orthophosphates and
subsequent oxidation with persulfate [72]. The dissolved oxygen concentration in water
was measured by the iodometric method [73].

4.5. Statistics

We calculated the mean of values, standard deviation, and coefficient of variation for
the subsequent statistical analyses. All data were tested for normality with the Kolmogorov-
Smirnov test and for homogeneity of variances with Levene’s test. For comparison of
normally distributed data (abundance and biomass of zooplankton groups; abundance of
phytoplankton between dates and sites), ANOVA (analysis of variance, F-test), followed
by Tukey’s pairwise comparison, was used. For nonparametric data, differences between
the variables were evaluated by a non-parametric X?-test (Friedman test), followed by
Wilcoxon test and tests with Bonferroni correction for pairwise comparisons. Spearman
rank correlation (Rs) was applied to find relationships between variables and environmental
factors. Significant differences between the groups of variables were accepted at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxins15090529/s1, Table S1: List of species of phytoplankton
in four treatments (I, II, I1I, IV) during experimental exposition; Table S2: Mean concentrations of
various microcystin forms and their 95% confidence intervals in experimental treatments I, II, III, and
IV. Figure S1: View of microcosms; Figure S2: Dynamics of hydrochemical variables during exposure.
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