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Abstract: Intensive fish farming through aquaculture is vulnerable to infectious diseases that can
increase fish mortality and damage the productivity of aquaculture farms. To prevent infectious
diseases, malachite green (MG) has been applied as a veterinary drug for various microbial infections
in aquaculture settings worldwide. However, little is known regarding the consequences of MG and
MG-degrading bacteria (MGDB) on microbial communities in milkfish culture ponds (MCPs). In this
study, small MCPs were used as a model system to determine the effects of MG on the microbial com-
munities in MCPs. The addition of MG led to cyanobacterial blooms in the small MCP. The addition
of MGDB could not completely reverse the effects of MG on microbial communities. Cyanobacte-
rial blooms were not prevented. Microbial communities analyzed by next generation sequencing
revealed that cyanobacterial blooms may be due to increase of nitrogen cycle (including nitrogen
fixation, nitrate reduction and anammox) associated microbial communities, which raised the levels
of ammonium in the water of the small MCP. The communities of anoxygenic phototrophic bacteria
(beneficial for aquaculture and aquatic ecosystems) decreased after the addition of MG. The results of
this investigation provide valuable insights into the effects of MG in aquaculture and the difficulties
of bioremediation for aquatic environments polluted by MG.
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1. Introduction

The proportion of world aquaculture has reached 46% of global fish production in 2018.
Inland aquaculture produced the most farmed fish (62.5% of the world total) [1]. For ex-
ample, milkfish (Chanos chanos) is typically cultured in coastal areas in Taiwan, Indonesia,
Philippines and India [2]. As a euryhaline fish, milkfish are cultured in a wide range of
salinities [3]. Intensive fish farming through aquaculture is vulnerable to infectious diseases
that can increase fish mortality and reduce the productivity of aquaculture farms [4,5].
Malachite green (MG, [4-[[4-(dimethylamino)phenyl]-phenylmethylidene]cyclohexa-2,5-
dien-1-ylidene]-dimethylazanium;chloride) has been largely used to prevent outgrowth of
fungi on fish and fish eggs, both as a post-infection therapy and prophylaxis [6-8]. MG has
been used effectively to control protozoans [9-12]. MG has also been used as a parasiti-
cide [13-15]. The LC50 values of MG on various fishes have been estimated [16]. However,
it has been suggested that toxicity of MG on different species of fish are difficult to compare
because LC50 values are affected by various factors such as temperature, pH and many
other chemical compositions of aquaculture water. The use of MG has been banned in
European Union and not approved by US Food and Drug Administration. However, MG is
still being used in many parts of the world due to its low cost and effectiveness in many
infectious diseases [17]. MG and LMG are important test items for food safety [18-20].

Concerns related to MG are based on the health risks of the residues of MG and its
derivative leucomalachite green (LMG, 4-[[4-(dimethylamino) phenyl]-phenylmethyl]-N,
N-dimethylaniline) are frequently identified in aquaculture products [17,21-25]. MG and
LMG have been shown to induce the formation of reactive oxygen species (ROS) and cause
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DNA damage and considered as carcinogens in mice [26]. The incidence of hepatocellular
adenomas and carcinomas increased in rats after treatments of MG/LMG [27]. The risk of
thyroid and mammary cancers also increased in female rats by MG/LMG [28].

Total phosphorus and nitrogen sources nitrogen transformation and the bioavailability
of different nitrogen forms are major factors lead to eutrophication [29,30]. Eutrophication
may induce cyanobacterial blooms (and may be toxic sometimes) in freshwater and marine
environments, which destroy water quality for aquatic ecosystem functions. Four strategies
were proposed for the prevention and control for cyanobacterial blooms [31]. First, using
nutrient management to reduce external nutrient inputs to tackle the root of the problem.
Second, addition of phosphate- binding clays and capping of sediments remove nutrients
from the water. Third, chemical controls which are used for emergencies. Fourth, biological
controls, such as manipulation of microbial communities in aquatic environments to
prevent cyanobacterial growth [32,33].

For aquaculture, little is known regarding the interactions between antimicrobials,
water quality and microbial communities in brackish fish culture ponds. Bacteria that
can decompose organic pollutants in the culture water can be used as beneficial bacteria
for aquaculture [34-36]. Study of Chang et al. (2019) demonstrated that the addition of
sulfamethoxazole (SMX) decreased the abundance of ammonia-oxidizing bacteria (AOB),
nitrite-oxidizing bacteria (NOB) and photosynthetic bacteria in milkfish culture ponds.
Increased levels of ammonium and total phosphorus in the milkfish culture pond water led
to algal and cyanobacterial blooms. The addition of the SMX-degrading bacteria effectively
degraded SMX in milkfish culture pond water. The abundances of AOB, NOB and photo-
synthetic bacteria were restored, and algal and cyanobacterial blooms were prevented [37].
Several MG-degrading bacteria (MGDB) have been identified and investigated [38—41].
Two MGDB strains M10 (Tenacibaculum sp.) and M12 (Enterobacter sp.) were isolated
by Yang et al. (2019) from sediments of farm-scale milkfish culture ponds (MCPs) [42].
Intermediate degradation products of MG in MCP with the addition of MGDB strains M10
and M12 have been identified. However, little is known regarding the consequences of MG
and MGDB on nitrogen cycle and microbial communities in MCPs. In this study, small
MCPs were used as a model system to assess the effects of MG and MGDB on the chemical
composition of water and microbial communities in the water and sediment of MCPs.

2. Materials and Methods
2.1. Chemicals

Chemicals used in this study, including MG (99.0% purity), monopotassium phos-
phate (KH,POy), disodium phosphate dodecahydrate (Na,HPO4-12 H,O), ammonium
chloride (NH4Cl), calcium chloride (CaCly), magnesium sulphate-7hydrate (MgSO4-7H,0),
ferric chloride hexahydrate (FeCls-6H,0), and formic acid, were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Marine broth was purchased from BD Difco™ (Franklin
Lakes, NJ, USA). Solvents (acetonitrile and methanol) were purchased from Mallinck-
rodt, Inc. (McDonnell Boulevard, St Louis, MO, USA). The quality of all chemicals is
analytical grade.

2.2. Experimental Settings of Small MCPs

The settings and timeline of the small MCP experiments are shown in Figure 1.
Each small MCP is consisted of 700 L of farm-scale MCP water and 100 kg of farm-scale
MCP sediment in a 1000 L tank. Water and sediment were taken from a farm-scale milkfish
pond at the Mariculture Research Center, Fisheries Research Institute, Tainan. 1.4 g MG
was dissolved in 500 mL milkfish pond water (2.8 g/L) and then added to the 2nd and
3rd small milkfish pond. MGDB cultures of 250 mL (10° CFU) M10 (Tenacibaculum sp.)
and 250 mL (10° CFU) M12 (Enterobacter sp.) were centrifuged 5000 g for 5 min. The
supernatants were discarded and each pellet was resuspended by 250 mL milkfish pond
water. The bacterial suspensions were mixed and added to the 3rd small milkfish pond.
The experimental period was 9 weeks. The first week (week 0, before milkfish addition)
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was the period to wait for the sediment to precipitate and the water became clear after the
tanks were set. Twenty milkfishes that were 18-20 cm in length were added to each pond
on the last day of week 0. Samples of water and sediment were collected as indicated in
Figure 1.

Settings of small milkfish ponds

A P3 MG (2 mg/L) + 500 mL
P1 Control P2 MG (2 mg/L) M10 + M12 (10° CFU/mL)

J

700 L milkfish pond water + 100 Kg milkfish pond sediment

W0l Wwo2 w1 w2 W3 w4 W5 W6 W7 ws
NGS  NGS NGS NGS NGS NGS N

Iwo!w1 w2 Lws 1w st fws I ws st I

A 1 A 1 1 1 1
MG T 500 mL M10 + 4‘ ’1‘
added M12 (106 CFU/mL) Food Food
Fish were added added added

added

Figure 1. (A) Experimental setting of small milkfish ponds and timeline of sampling. (B) WO0: the
week before the addition of milkfish. W1-WS8: the first to the 8th week after the start of the experiment.
Red arrows indicate the times of water and sediment sampling. NGS indicates that the microbial
communities in the samples were analyzed using next generation sequencing.

2.3. Analysis of MG

MG was extracted twice from water and the sediment suspension samples with
acetonitrile. Extracts were analyzed using an Agilent 1260 HPLC system equipped with
a 4.6 x 100-mm column (Poroshell 120 EC-C18, Agilent, Santa Clara, CA, USA) with a
photodiode array detector monitoring at 615, 259 and 366 nm for MG. The mobile phase
was acetonitrile and water (containing 0.1% formic acid) at a ratio of 30%: 70% for three
min, followed by a change ratio of 10%: 90% for seven min. The flow rate was 1 mL/min.
The average recovery rate MG was 98.2 & 4.8%, and the detection limit was 0.5 mg/L.

2.4. Analysis of Water Quality in Small Milkfish Ponds

Water samples (100 mL for each sample) from the small MCPs were filtered by a
1.20 pm glass-fiber membrane and re-filtered using a 0.45 pum nylon membrane. The pH and
salinity of water were analyzed using pH and salinity meters (PC200 Portable pH/Conductivity
Meters, Thomas Scientific, Swedesboro, USA). Merck test kits and the Spectroquant Nova
60 photometer (Merck KGaA, Darmstadt, Germany) were used to determine the levels of
chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP), ammonium
(NH;3/NH4") and nitrate (NO3; ™). Total organic carbon (TOC) was measured by the O.I.
Analytical Aurora Model 1030 TOC analyzer (OI Analytical, Inc., College Station, TX, USA)
(Figure 2).
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Figure 2. Chemical compositions of water in small milkfish ponds. COD: chemical oxygen demand.
TOC: total organic carbon. TP: total phosphorous. TN: total nitrogen. Data from three independent
measurements are presented as the mean + SE. Control: control small milkfish pond. MG: small
milkfish pond with the addition of MG. MG+B: small milkfish pond with the addition of MG and
MG-degrading bacteria. W01 and W02: two weeks before the experiment. W1-W8: the first to the 8th
week after the start of the experiment.

2.5. Next-Generation Sequencing and Data Analysis

Sample DNA was purified using the PowerSoil DNA Isolation kit (QIAGEN, Venlo, Nether-
lands). The 165 rRNA gene sequences containing the V5-V8 variable regions were amplified.
The 5" primer contained an adaptor (5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-
3’) and a 165 rRNA gene-specific sequence 341F (5'-CCTACGGGNBGCASCAG-3’). The 3’ primer
contained the sequence of an adaptor (5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-
3’) and a 165 rRNA gene-specific sequence 805R (5-GACTACNVGGGTATCTAATCC-3"). The
PCRs were performed as described previously [37]. Briefly, the standard 25 pL PCR mix-
ture included 1x PCR buffer containing 1.5 mM MgCl,, 200 mM of each deoxynucleotide
triphosphate, 10 pmol of each primer, 1.25 U of Taq polymerase, and 50 ng of template
DNA. The PCR conditions were as follows: 95 °C for 10 min, 30 cycles of 95 °C for 1 min,
55 °C for 1 min, and 72 °C for 1 min, and a final extension at 72 °C for 15 min. After being
confirmed by electrophoresis using a 1.2% (w/v) agarose gel. Next-generation sequencing
(NGS) was performed using a MiSeq platform (Illumina, Inc., San Diego, CA, USA) at the
Genome Center of the National Yang-Ming University, Taiwan. NGS data produced in
this study are available in the National Center for Biotechnology Information (NCBI) by
SRA accession: PRINA646328. Sequence data were analyzed as previously reported [37].
The Trimmomatic (v.0.35, http:/ /www.usadellab.org/) software was used for read trim-
ming. The FLASH (v.1.2.11, https:/ /ccb.jhu.edu/software/FLASH /) software was used
to merge paired-end reads. The USEARCH (v.11, http://www.drive5.com/usearch/)
software was used to analyze the 165 rRNA gene sequences to remove chimeras. Phy-
logenetic groups (phylum, class, order, family, genus) were assigned using the classifier
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(16s rRNA training set 18) web tool of the Ribosomal Database Project (RDP Release 11,
http:/ /pyro.cme.msu.edu/). A similarity of 95% was used as the cutoff value for sequence
grouping (operational taxonomic units). Microbial genera with the pathways of nitrogen
cycle, sulfur cycle, photosynthesis and xenobiotic degradation were retrieved from the
Kyoto Encyclopedia of Genes and Genomes (KEGG) module database [43]. A Perl script
written by the author was used to find microbial genera present in both of KEGG list
and our NGS data. Potential pathogenic bacteria were identified using the information
from National Center for Biotechnology Information (NCBI) Pathogen Detection web-
site (https://www.ncbinlm.nih.gov/pathogens/). Heatmaps were produced using the
heatmap3 package of R (https://www.r-project.org/). The microbial genera differentially
present in water and sediment samples were identified by the Mann Whitney u test. Micro-
bial genera with significant difference (p-value < 0.05) were chosen to do the Non-metric
Multi-dimensional Scaling (NMDS) analysis (Figure 3), heatmap (Figure S2) and Figure S3.
NMDS analysis was performed using the metaMDS function in the vegan package of R
(https:/ /www.r-project.org/). The result of NMDS analysis was plotted using the ggplot2
package of R.

Pond
PS1
PS2
- PS3
- PW1
- PW2

PW3

NMDS2

NMDS1

Figure 3. Non-metric Multi-dimensional Scaling (NMDS) analysis of major microbial communities
(genus level) among milkfish pond water and sediment. PS: sediment. PW: water. 1: Control small
milkfish pond. 2: Small milkfish pond with addition of MG. 3: Small milkfish pond with addition of
MG and MG-degrading bacteria.

3. Results
3.1. Effects of MG and MGDB on the Water Quality of Small MCPs
The presence of MG in the water and sediment samples from the small MCPs were

analyzed by HPLC. As shown in Table 1, MG in the water samples was not detected on
the 14th day for ponds 2 and 3. In contrast, MG at 0.1 £ 0.05 mg/kg was detected in
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the sediment of pond 2 (without the addition of MGDB), and was not detected in the
sediment of pond 3 (with the addition of MGDB) on the 56th day. These results indicate
that even when MGDB were present, MG degradation in sediment was much slower than
MG degradation in water.

Table 1. Malachite green degradation in small milkfish ponds.

Water Sediment
(mg/L) (mg/Kg)
Day Pond 1 Pond 2 Pond 3 Pond 1 Pond 2 Pond 3

0 ND 1.95+022 1924031 ND 198+ 042 1.90+0.29
7 ND 1.58 £0.18 1.45+0.29 ND 1.73+£026 1524022
14 ND ND ND ND 1.29+032 1.08+0.19
21 ND ND ND ND 1.02+0.12 091 +0.12
28 ND ND ND ND 0.82£0.10 0.75+0.09
35 ND ND ND ND 0.68 £0.09 0.42+0.08
42 ND ND ND ND 0.35+0.06 0.12 £0.05
49 ND ND ND ND 0.21 £0.08 0.07 £0.01
56 ND ND ND ND 0.10 £ 0.05 ND

Pond 1: control. Pond 2: addition of malachite green. Pond 3: addition of malachite green and malachite
green-degrading bacteria. ND: Not detected.

The quality of the small MCP water was assessed by analyzing the chemical com-
positions in the water samples. As shown in Figure 2, in comparison to pond 1, ponds 2
and 3 exhibited higher TP (between week 1 and week 4), TOC (between week 7 and week
8), COD (between week 1 and week 3) and ammonium (overall the experimental period)
levels. In contrast, ponds 2 and 3 exhibited lower TN levels than pond 1 between week 3
and week 5 (Figure 2). The addition of MGDB did not alleviate the effects of MG on the
levels of TOC, COD, TP, TN, ammonium and nitrate (Figure 2). The pH values of the water
in ponds 2 and 3 were increased (Figure S1). Since small MCPs are closed systems, the
evaporation of water caused the salinity of all three ponds to increase (Figure S1).

3.2. Effects of MG and MGDB on the Microbial Communities of Small MCCPs

NGS of the 16S rRNA gene was used to analyze the microbial communities in the
water and sediment of the small MCPs. Cluster analysis and principal component analysis
indicated that diverse microbial community compositions among the water and sediment
of the three MCPs (Figure 3, Figures S2 and S3). These results suggested that the addition
of MG led to dramatic changes in the microbial community compositions in the water
and sediment of the small MCP. The addition of MGDB could not prevent changes of the
microbial communities in the water and sediment of the small MCP.

3.3. Effects of MG and MGDB on Nitrogen Cycle-Associated Microbial Communities in
Small MCP

The proper balance of microbes associated in ammonium metabolism (nitrogen cycle)
has a great influence on the quality of water environments [37,44,45]. Therefore, the ammo-
nium metabolism (nitrogen cycle)-associated microbial communities in the small MCPs
was examined. The first microbial group that exhibited dramatic proportional changes
after the addition of MG was the nitrogen fixation-associated microbes that converted ni-
trogen (N7) into ammonium (NH3 /NH;*) in small MCP sediment (Figure 4A). The second
microbial group that exhibited dramatic proportional changes after the addition of MG
was the denitrification-associated microbes that converted nitrate (NO3 ™) into nitrogen
(N3) in small MCP sediment (Figure 4B). The third microbial group that exhibited dramatic
proportional changes after the addition of MG was the assimilatory nitrate reduction-
associated microbes that converted nitrate (NO3 ™) into ammonium (NH3/NH,") in small
MCP sediment (Figure 5A). Although the microbial communities associated with anam-
mox (ammonia => nitrogen) also exhibited proportional changes after the addition of MG
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(Figure 5B), the overall proportion of this group was very low (8.6 x 10~°) and may have
little influence. The fourth microbial group that exhibited proportional and compositional
changes after the addition of MG was the dissimilatory nitrate reduction-associated mi-
crobes that converted nitrate (NO3 ™) into ammonium (NHz/NH4*) in small MCP water
and sediment (Figure 6A). The microbial communities associated with nitrification (ammo-
nia => nitrite) exhibited minimal change (Figure 6B). Overall, the addition of MG led to
dramatic increase in microbial communities that could lead to an increase in ammonium
levels. These results are consistent with the high ammonium levels in ponds 2 and 3
(compared with the levels in pond 1) (Figure 2). The addition of MGDB reduced part
of the effects of MG on the nitrogen cycle-associated microbial community compositions
(Figures 4-6). However, the increase in ammonium levels did not revert.

3.4. Effects of MG and MGDB on Algal, Cyanobacterial and Phototrophic Bacterial Communities
in Small MCPs

Cyanobacteria and algae are important members of the ammonium metabolism-
associated microbial community. As shown in Figure 7A, cyanobacteria were present in
higher proportions in the water of ponds 2 and 3 than in pond 1. However, proportions of
the algal communities exhibited minimal changes. These results suggested that the addition
of MG led to cyanobacterial blooms. The addition of MG-degrading bacteria (pond 3) did
not reverse the effect of MG on cyanobacterial blooms. These results are consistent with the
results in Figures 2-6 that the addition of MG led to a change in nitrogen cycle-associated
microbial communities and, as a consequence, led to an increase in ammonium levels.
High ammonium levels in ponds 2 and 3 (compared with pond 1) may have resulted in
cyanobacterial blooms. In contrast, anoxygenic phototrophic bacteria including genera
of purple sulfur bacteria, purple nonsulfur bacteria, and green sulfur bacteria decreased
in ponds 2 and 3 (Figure 7B). However, the DO levels were not different between ponds
(Figure S1). These results suggest that the addition of MG led to a decrease in anoxygenic
phototrophic bacteria and an increase in oxygenic phototrophic microbes (cyanobacteria).
The addition of MGDB did not alleviate the effects of MG on oxygenic and anoxygenic
phototrophic microbial communities.

3.5. Effects of MG and MGDB on Pathogenic and Xenobiotic-Degrading Microbial Communities
in Small MCPs

The major goal of adding MG to aquaculture ponds is to prevent infectious diseases.
As shown in Figure 54, the proportions of potential pathogenic bacteria decreased with
the addition of MG in small MCP water. The effects of MG on pathogenic bacteria were
not reversed by the addition of MGDB. The proportions of xenobiotic-degrading microbial
communities decreased with the addition of MG in small MCP water and sediment (Figure
S5). The effects of MG on xenobiotic-degrading microbial communities were not reversed
by the addition of MGDB to small MCP water.

3.6. Model of MG and M(GDB on Nitrogen Metabolism-Associated Microbiome in Small MCPs

Based on the results shown in Figures 27, a graphic illustration of the interactions
among nitrogen metabolism, microbial communities and MG addition/biodegradation
in small MCPs was proposed (Figure 8). The addition of MG (pond 2) increased the
nitrogen fixation, denitrification and assimilatory nitrate reduction associated microbial
communities, which might lead to increased ammonium levels and, as a consequence,
cyanobacterial blooms. The addition of MGDB (pond 3) reversed a part of the effects of
MG on nitrogen cycle-associated microbial communities but was not strong enough to
prevent cyanobacterial blooms.
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Figure 5. Proportions of assimilatory nitrate reduction (nitrate => ammonia) (A) and anammox (ammonia => nitrogen)
(B) associated microbial communities among the water and sediment of small milkfish ponds. P1: control small milkfish
pond. P2: small milkfish pond with the addition of MG. P3: small milkfish pond with the addition of MG and MG-

degrading bacteria.
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Figure 6. Proportions of dissimilatory nitrate reduction (nitrate => ammonia) (A) and nitrification (ammonia => nitrite)

(B) associated microbial communities among the water and sediment of small milkfish ponds. P1: control small milkfish
pond. P2: small milkfish pond with the addition of MG. P3: small milkfish pond with the addition of MG and MG-

degrading bacteria.



Water 2021, 13, 411

110f 16

0.6
0 P1 Water P2 Water P3 Water P1Sediment | P2 Sediment | P3 Sediment
0.5
0.4
"
c
S
503
Q.
3
[
0.2
0.1
OII |l|ll.l.|l. |||ll|||.|lll ““I PR ||.Il||.|||ll|. L
- N g - N g - N S0 AN NM 23 N~ =N NM '3 ~ NN w ~
SR R R A IR T R R
TgoocooonooiNNOOLOOLLOOQODHDOLAAQLAATF aa b
= Cyanobacteria = Chloroplast
0.009
B P1 Water P2 Water P3 Water P1Sediment | P2 Sediment | P3 Sediment
0.008
0.007
0.006
2 0.005
8
£
o
3
& 0.004
0.003
0.002 |7 A
. . . I
0.001 | I _
P11 111719 AT (PR P
0 I II!EIII | | !ll 'TE ERE AN lllil—EI-I IIII
- N SO - N SO - N~ oS0 =N~ N 0 ON =N~ NM n O N AN NM n O N
SRR R R R S B e DR T B R
TgooonoocalyrNacOOAOOADHOOAOAOOAYE N R
= Ruegeria = Erythrobacter = Altererythrobacter Roseivivax = Roseovarius = Rhodovulum
= Sphingomonas = Methylobacterium = Mameliella = Prosthecochloris = Brevundimonas = Hydrogenophaga
= Thala CU. Novosphingobium Rhodobaca Sulfitobacter = Marichromatium = Blastomonas
u Limnohabitans m Chlorobium = Porphyrobacter

Figure 7. Proportions of phototrophic microbial communities. (A) Cyanobacterial and algal and communities and
(B) anoxygenic phototrophic bacterial communities among the water and sediment of small milkfish ponds. P1: control
small milkfish pond. P2: small milkfish pond with the addition of MG. P3: small milkfish pond with the addition of MG
and MG-degrading bacteria.
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4. Discussion

The study of Gobler et al. (2016) indicates that cyanobacteria such as Microcystis
exhibit physiological adaptations to dominate low-P surface waters [46]. Nitrogen loading
was shown to selectively raise the abundance of Microcystis and Planktothrix. Newell et al.
(2019) demonstrated that reduced forms of nitrogen are drivers of harmful cyanobacterial
blooms [47]. Killberg-Thoreson et al. (2020) demonstrated that the magnitude of uptake
rates by bloom of Alexandrium monilatum generally follow the pattern of ammonium (NH;*)
> nitrate (NO3 ™) > urea > amino acids > nitrite (NO, ™) [48]. The relationship between the
metabolism of cyanobacteria and chemical oxygen demand (COD) in Dianchi Lake and the
causes of this relationship were examined in the study by He et al. (2019) [49]. Organic
substances containing nitrogen and sugars lead to an increase in COD to a certain extent.
COD levels between 4.5 and 7.5 mg/L is ideal for lake water to reduce microbial activity
and associated bicarbonate production. Reduction in nutrients and bicarbonate levels will
prevent excess cyanobacteria growth. Overall, the rise of pH, NH4*, phosphate, and COD
are highly associated with the occurrence of cyanobacterial blooms [50]. These results are
consistent with the observations of this study after adding MG to pond 2 (Figure 2 and
Figure S1).

Since anoxygenic phototrophic bacteria lack carbon fixation capacity and depend on
organic carbon dissolved organic matter (DOM) substrates, they must be regarded as sec-
ondary producers due to their role in recycling DOM [51]. Zhang et al. (2014) demonstrated
that water supplementation with anoxygenic phototrophic bacteria (the purple nonsulfur
bacteria Rhodopseudomonas palustris) could significantly decrease the number of nitrite
reducers and anaerobic bacteria [52]. Therefore, the addition of anoxygenic phototrophic
bacteria to water changes the microbial community structure and improves the water
quality. Anoxygenic phototrophic bacteria are also frequently used as beneficial bacteria
for aquaculture [53,54]. Therefore, a decrease in anoxygenic phototrophic bacteria after the
addition of MG is harmful for DOM recycling and water quality in small MCPs (Figure 7).

The addition of MGDB did not prevent cyanobacterial blooms. This result is not
consistent with that of our previous study that addition of sulfamethoxazole-degrading
bacteria reversed the effects of sulfamethoxazole (SMX) and prevented cyanobacterial
blooms [37]. The different results may be due to the different properties of MG and SMX.
In the SMX experiments, SMX was distributed in the water of small MCPs and degraded
during the 4th week. In contrast, MG was persistent in the sediment of small MCPs until
the 7th week (Table 1).

Study of Kowaltowski et al. (1999) demonstrated that MG induced a dissipation of
mitochondrial membrane potential, accompanied by mitochondrial swelling. These results
indicating that MG induce mitochondrial permeability transition and followed by respi-
ratory inhibition [55]. MG is believed to disturb the activity of glutathione S-transferase
activities [56,57]. The cytotoxicity of MG was associated with an increase in lipid perox-
idation and the formation of free radicals [58,59] and DNA damage [60,61]. Muller and
Gautier (1975) reported that malachite green binds to DNA with a preference for A:T-rich
areas [62]. This observation was supported by the study of Fox et al. (1992), which showed
that malachite green bound preferentially to A:T-rich regions [63]. Wolfe (1977) showed
that malachite green inhibited E. coli polymerase I-catalyzed DNA replication in vitro,
possibly by blocking enzyme progression [64]. In summary, MG have multiple targets in
both prokaryotic and eukaryotic cells and exhibit a broad spectrum of toxicities. Therefore,
although the potential pathogenic bacteria in small MCPs were reduced. The beneficial
bacteria (such as anoxygenic phototrophic bacteria and xenobiotic-degrading microbes) in
small MCPs were also reduced.

5. Conclusions

A set of small MCPs was used as a model system to determine the effects of MG on
the water quality and microbial communities in the small MCPs. The interactions between
antimicrobials, water quality and microbial communities in the small MCPs were demon-
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strated. Cyanobacterial blooms occurred in the water of the small MCP with the addition
of MG and cannot be completely reversed by the addition of MGDB. Metagenomic analysis
of microbial communities revealed that the occurrence of cyanobacterial blooms may be
due to increased levels of ammonium by reduction of nitrogen cycle-associated (nitrogen
fixation, assimilatory nitrate reduction, dissimilatory nitrate reduction and anammox)
microbial communities. The communities of anoxygenic phototrophic bacteria, which are
beneficial for aquaculture and aquatic ecosystems, were also reduced by the addition of
MG. The results of this study reveal not only the adverse effects of MG in aquaculture but
also the difficulties of bioremediation for aquatic environments polluted by MG.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-444
1/13/4/411/s1, Figure S1. Water quality of small milkfish ponds. DO: dissolved oxygen. Figure S2.
Cluster analysis of major microbial communities (252 genera) among milkfish pond water and
sediment. Figure S3. Proportions of archaeal communities (phyla) among the water and sediment of
milkfish ponds. Figure S4. Proportions of potential pathogenic microbial communities among the
water and sediment of milkfish ponds. Figure S5. Proportions of xenobiotic-degrading microbial
communities among the water and sediment of milkfish ponds.
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