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Abstract: Background: Although functional bacteria are widely used in aquaculture water treatment,
whether they affect the indigenous microbiota and whether the impact is persistent remain unclear.
Therefore, we aimed to explore the denitrification effect of Pseudomonas furukawaii ZS1 isolated from
a grass carp culture pond in nitrogen-rich aquaculture water, and determine whether its effect on
the microbiota structure of the aquaculture water was persistent. Methods: Three each of treatment
and control groups were set up, and P. furukawaii ZS1 was added to the treatment group. The
concentrations of ammonia nitrogen, nitrite, and nitrate, and the pH of each sample were measured
for eight consecutive days. Changes of microbiota composition in the water were analysed via high-
throughput sequencing. Results: Ammonia, nitrite, and nitrate concentrations were substantially
lower in the treatment group than in the control group. There were significant differences in the
microbiota structure between treatment and control groups, especially on days 2-7 after adding
P. furukawaii ZS1. Furthermore, significantly enriched bacterial genera in the treatment group were
initially higher in number than inhibited genera, but subsequently reverted to being lower in number.
Conclusions: These results provide theoretical guidance for the effective use of P. furukawaii ZS1 to
control aquaculture water.

Keywords: pond microbiota; Pseudomonas furukawaii; nitrogen cycle; grass carp culture; high-throughput
sequencing; aquaculture

1. Introduction

The majority of aquatic products are obtained from aquaculture, owing to a decrease
in wild fishery resources. In 2018, the total output of aquatic products in China was 64.5766
million tons, of which 49.9106 million tons (i.e., 77.3%) was derived from aquaculture [1].
This high-density and intensive culture method uses large amounts of bait and gener-
ates a substantial accumulation of fish excreta, thereby deteriorating water quality, and
consequently negatively affecting the quality of aquatic products as well as polluting the
environment [2—4]. Approximately 75% of the feed nitrogen are not utilized and remain
as waste in the water [5]. Therefore, there is an urgent need for a nitrogen-control and
pollution-free production system in aquaculture [5].

Microbial metabolism regulates material circulation in water and plays an important
role in the purification and environmental restoration of pond water [6,7]. Microorganisms
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participate in the cycling of carbon, nitrogen, phosphorus, and other important elements
through various metabolic pathways, as well as substantially contribute to the degradation
of pollutants [8]. Ammonia— (NH4*-N), nitrite- (NO, ~-N), nitrate-nitrogen (NO3; ~-N), and
organic nitrogen can be removed from water via nitrification and denitrification [7]. Chen
et al. [9] showed that following the addition of compound probiotics (yeast, lactobacillus,
and bacillus) and nutrients to Lifopenaeus vannamei and Acanthopagrus latus polyculture
ponds, the diversity of microbiota markedly increased, while the concentration of harmful
Vibrio bacteria, ammonia—, and nitrite-nitrogen decreased to the appropriate range for these
aquatic species. Bacteria in Pseudomonas are commonly reported as aerobic denitrification
bacteria, such as Pseudomonas sihuiensis [10], Pseudomonas hussainii strain MB3 [11], Pseu-
domonas monteilii strain H97 [12], and Pseudomonas mendocina [13]. Pseudomonas furukawaii
ZS1 isolated from a grass carp culture pond was an aerobic denitrifying bacterium that
effectively removes nitrogen [14].

Although functional microorganisms play an important role in maintaining nitrogen
balance in aquaculture water, the overall structure of the microbial community also plays
an important role in maintaining the pollution level of aquaculture water [2,3]. Although
extensive research has confirmed that adding probiotics to aquaculture water can effec-
tively improve water quality and microbiota characteristics, as well as promote healthy
and pollution-free aquaculture, it remains unclear whether the impact of probiotics on
microbiota structure in aquaculture water is long-lasting. Conclusive data would deter-
mine whether it is necessary to regularly supplement aquaculture water with probiotics
and would indicate the optimum interval between two consecutive doses. A previous
study in another aquaculture water treatment system [2] showed that the microbial com-
munity structure of aquaculture water recovered after approximately 1 week of artificial
disturbance. P. furukawaii ZS1 effectively removes nitrogen from aquaculture water [14].
Therefore, we hypothesized that P. furukawaii ZS1 could promote the removal of nitrogen
by microbiota in the aquaculture water, and the effect on the microbiota structure would
last one week. The aim of this study was to evaluate the effect of probiotics on water
quality and on the microbiota structure of grass carp culture water, by adding the aerobic
denitrifying bacterium P. furukawaii ZS1 to the aquaculture water. These results provide
theoretical guidance for the effective use of P. furukawaii ZS1 to control aquaculture water.

2. Materials and Methods
2.1. Bacterial Strain and Experimental Design

The aerobic denitrifying bacterium P. furukawaii ZS1 used in this experiment was
collected from a grass carp culture pond at Huachen farm in Zhongshan City, China [14].
Before the experiment, P. furukawaii ZS1 preserved in glycerin at —80 °C were cultured for
24 h using denitrifying enrichment medium (containing 3.0 g yeast extract, 5.0 g peptone,
1.0 g KNOs3, and 1000 mL distilled water, pH = 7.6) in a constant temperature shaker
(180 r/min) at 30 °C. Then, the bacterial culture was divided into 10 conical flasks with 5 L
capacity, and 2 L denitrifying enrichment medium was added to each flask. The bacterial
cells were cultured in a constant temperature shaker (180 r/min) for 24 h at 30 °C.

Six 25 L rectangular glass tanks were cleaned and disinfected with potassium per-
manganate prior to the experiment. Next, 15 L of culture water from a grass carp culture
pond in the Pearl River Fisheries Research Institute was transferred into each glass tank.
Potassium nitrate (KNO3) was added to the water to bring the concentration of NO3~-N
to 50 mg/L, and sodium acetate was added as a carbon source to achieve a C/N ratio
of 5:1. P. furukawaii ZS1 was cultured and added to the three treatment tanks at 9:30 a.m.
every day during the experiment, to a final concentration of 4 x 10 °> CFU m/L. An equal
volume of sterile water was added to the three control tanks. All experimental tanks were
continuously aerated air gas during the experiment. The experiment was carried out in
the laboratory experimental base of the Pearl River Fisheries Research Institute, and water
temperature was maintained at 30 °C.
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2.2. Sample Collection and Assessment of Water Quality

According to a previous study in another aquaculture water treatment system [2],
the microbial community structure of aquaculture water recovered after approximately 1
week of artificial disturbance. Therefore, the experiment lasted 8 days. Water temperature,
pH, as well as NH;*-N, NO3;™-N, and NO, ~-N concentrations of the treated and control
water samples were measured at 9:00-9:30 a.m. every day, as previously described [3,
15]. Briefly, water temperature and pH were measured in situ using a digital multi-
meter (WTW, Weilheim, Germany). NH4*-N concentration was measured using the Nash
reagent photometry method, and NO3;~-N, and NO;, ™ -N concentrations were determined
using n-(1-naphthyl)-ethylenediamine dihydrochloride spectrophotometric method and
zinc/chromium (II) reduction method, respectively [3,15]. Approximately 500 mL of water
was simultaneously collected from the middle position of each tank and filtered through
glass-fiber membranes (GF/C) with 0.22 um apertures to collect microbiota for DNA
extraction, as previously described [16]. The recovered filter membranes were stored at
—80 °C for subsequent DNA extraction.

2.3. Microbial Composition Analysis via High-throughput Sequencing

Before DNA extraction, the recovered filter membranes were cut into pieces with steril-
ized scissors. Genomic DNA of the water microbiota was extracted from the filter membranes
using a PowerSoil DNA isolation kit (QIAGEN, Hilden, Germany). The V4-V5 hypervariable
region of the prokaryotic 165 rRNNA gene was amplified using the universal primer pair
515F (5'-GTGYCAGCMGCCGCGGTA-3') and 909R (5'-CCCCGYCAATTCMTTTRAGT-3'),
as previously reported [17-19]. The 5'-end of primer 515F included a 12-nt sample-specific
barcode sequence to distinguish between samples. Each sample was amplified in duplicate
and the PCR products were mixed and purified using an AxyPrep DNA gel extraction kit
(Axygen, Suzhou, China). All purified DNA was mixed in equal amounts and sequenced
on the Illumina MiSeq platform with 250 bp paired-end sequencing. High-throughput
sequencing was performed by Guangdong Meilikang Bio-Sciences Ltd., China.

Raw reads were spliced using the FLASH 1.2.8 software [20], and QIIME 1.9.0 [21] was
used to remove the low-quality sequences, as previously described [18,22]. The UCHIME
program was used to detect and remove chimeric sequences, and sequences with more
than 97% similarity were assigned to the same operational taxonomic unit (OTU) using the
UPARSE software [23]. Taxonomic annotation of OTUs was conducted using the Ribosomal
Database Project classifier [24] with the greengenes gg 13_8 dataset as a reference.

2.4. Data Analysis

Correspondence analysis (CA), canonical correspondence analysis (CCA), and non-
parametric multivariate analysis of variance (PERMANOVA) [25] were conducted using R
software with the vegan package [26]. Welch’s t-test was employed to screen the signifi-
cantly different OTUs, using the statistical analysis of metagenomic profiles software [27].
Welch's t-test was also used to compare aquatic environmental factors using R software.

3. Results
3.1. P. furukawaii ZS1 Promoted Nitrogen Removal from Aquaculture Water

The concentration of NH;*-N in both the treatment and control groups was lower
than 0.500 mg/L on days 14 of the experiment. On day 5, the concentration of NH;*-N
increased sharply from 1.728 mg/L to 36.812 mg/L in the control group, and reached a
highest concentration of 39.574 mg/L on day 7, before beginning to decline. The concen-
tration of NH4*-N in the treatment group increased from 1.290 mg/L to 29.706 mg/L,
and began to decline after reaching the highest concentration of 33.722 mg/L on day 7
(Figure 1A). Except for days 3 and 4 following the addition of P. furukawaii ZS1, the con-
centrations of ammonia nitrogen in the treatment group were significantly lower than
those in the control groups (Figure 1A). A gradual decrease in NO3 ~-N concentration was
initially observed, at a speed significantly faster in the treatment group than in the control
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group (Figure 1B). NO, ~-N concentrations in the treatment and control groups were low
at 0.274 mg/L and 0.269 mg/L, respectively. The addition of P. furukawaii ZS1 caused a
rapid increase in NO, ™-N on day 2, and concentrations remained high until day 5, with
a higher rate of decline observed in the treatment group compared to the control group
(Figure 1C). The water pH of the treatment group was initially significantly lower than
that of the control group on days 1-6, following the addition of P. furukawaii ZS1, but
was subsequently significantly higher than that of the control group (Figure 1D). These
results showed that P. furukawaii ZS1 significantly improved the denitrification process of
microbiota in aquaculture water, thus promoting nitrogen removal from the medium.
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Figure 1. Changes in ammonia nitrogen (A), nitrate (B), and nitrite (C) concentrations, as well as in
pH (D) in tested water samples during the experimental process. The treatment group contained
added Pseudomonas furukawaii ZS1. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3.2. P. furukawaii ZS1 Temporarily Altered the Microbiota Composition in Aquaculture Water

A total of 4,636,002 high-quality sequences were obtained from 48 samples using
high-throughput sequencing. To exclude the influence of sequencing depth on the results,
31,517 sequences were randomly selected from each sample for subsequent analysis. A
total of 12,885 OTUs were obtained from these sequences. Except for a small number of
OTUs (corresponding to 0.01% of the total sequences that were analysed), the remaining
were classified into 40 phyla (Table S1). Proteobacteria (92.65-22.13%), Bacteroidetes (66.60—
1.67%), Cyanobacteria (50.1-0.53%), Firmicutes (11.66-0.45%), Verrucomicrobia (66.24—
0.05%), Planctomycetes (10.00-0.02%), Actinobacteria (50.80-0.45%), Chloroflexi (5.11-
0.05%), and Tenericutes (1.48-0.00%) dominated the microbiota. Although the dominant
phyla (Proteobacteria, Bacteroidetes, Verrucomicrobia, Planctomycetes, Actinobacteria, and
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Tenericutes) showed significant differences in their relative abundance on the first two days
after exposure to P. furukawaii ZS1 (Figure 2A), the CA profile based on the compositions of
dominant genera in each sample indicated that differences in the water microbiota occurred
at all stages of the process, and exhibited a similar changing trend during the experiment
(PERMANOVA, F = 4.31, P = 0.005; Figure 2B).
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Figure 2. Varying dominant phyla between treated and control water samples on different days after
adding Pseudomonas furukawaii ZS1 (A) and PCA profile based on OTU compositions of each water
sample (B). Different colorful circles in the panel (B) indicate different groups collected different days
after adding P. furukawaii ZS1. Mid-night blue, navy blue, slate blue, royal blue, blue, dodger bule,
deep sky blue, and cyan indicate controls collected at first, second, third, fourth, fifth, sixth, seventh,
and eighth day after adding P. furukawaii ZS1, respectively; and saddle brown, dark olive green,
dark goldenrod, gold, yellow, bisque, coral, and dark salmon indicate treatments collected at first,
second, third, fourth, fifth, sixth, seventh, and eighth day after adding P. furukawaii ZS1, respectively.
*,p <0.05;**, p <0.01.

To determine the effect of P. furukawaii ZS1 on the microbiota of culture water, changes
in microbiota between the treatment and control groups were compared and analysed. On
days 1 and 8 of the experiment, only two bacterial genera were detected; on days 1 and
2, the number of bacterial genera that were notably enriched in the treatment group was
significantly higher than that of markedly inhibited bacteria. On days 3 and 4, the number
of bacterial genera that were significantly enriched and inhibited in the treatment group
remained essentially similar. On days 5-7, the number of bacterial genera that were notably
inhibited was significantly higher than that of the bacterial genera markedly enriched
(Figure 3). This change was consistent with the concentrations of ammonia— and nitrite—
nitrogen detected in the water. The bacterial genera exhibiting significant differences in the
microbiota also depicted a regularity of alteration. Zoogloea was significantly enriched on
days 2 and 3, whereas Lepfotrix was significantly inhibited on days 3 and 4. Pseudomonas,
Paenibacillus, and Brevundimonas were significantly inhibited on days 4 and 5, 5 and 6, and
4-6, respectively (Figure 3).

To examine the relationship between genera and ammonia nitrogen, nitrate nitrogen,
nitrite nitrogen, and pH value, CCA was used to analyse the relationship between OTUs,
genera, and dominant genera and these indicators. The results obtained based on OTU,
genus, and dominant genus compositions of the microbiota were essentially consistent, and
ammonia—-, nitrate—, and nitrite-nitrogen were significantly correlated with the microbiota
compositions (Figure 4).
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Figure 3. Differences in water microbiota between the treatment and control groups at different days following the start of
the experiment. Post-hoc plots were created using the statistical analysis of metagenomic profiles software.
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of water microbiota and on aquatic environmental factors. Dark blue circles indicate samples treated with Pseudomonas
furukawaii ZS1. White circles indicate samples of control. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

4. Discussion

The control of nitrogen pollutants is the focus of water treatment in aquaculture [2].
Microbiota play a key role in the transformation and circulation of nitrogen, which can
reduce ammonia nitrogen, nitrite, and nitrate levels from pond aquaculture water [28-30].
Bacteria in Pseudomonas are commonly reported as aerobic denitrification bacteria, such
as Pseudomonas sihuiensis [10], Pseudomonas hussainii strain MB3 [11], Pseudomonas monteilii
strain H97 [12], and Pseudomonas mendocina [13]. Our previous study confirmed P. furukawaii
ZS1 as an aerobic denitrifying bacterium that effectively removes nitrogen [14]. In present
study, our results also showed that P. furukawaii ZS1 could effectively promote the removal
of inorganic nitrogen in aquaculture water.

The addition of probiotics altered the water microbiota structure and improved the
regulation of aquaculture water quality. Li et al. [31] reported that mature biological flocs
could reduce the contents of ammonia nitrogen, nitrite, and nitrate in water, substantially
increase the content of suspended solids in water, and increase the metabolic intensity of
polymers and carbohydrates. Wang et al. [30] found that the microecological agents MP-1
and MP-2 could markedly alter the water quality of shrimp ponds in the later stages of
aquaculture, and speculated that the water purification effect might be caused by a joint
action of these agents, after changing the microbiota structure. Li et al. [32] added Bacillus
to shrimp culture ponds, and their results implied that the bacteria could modify water
quality by substantially altering the microbiota structure. Xiong [33] observed that Bacillus
subtilis, Lactobacillus casei, and B. pumilus reduced the nitrite content in water, as well as
altered the water microbiota structure. The present study similarly revealed that added
P. furukawaii ZS1 modified the microbiota structure of aquaculture water. The results also
indicated that P. furukawaii ZS1 was highly effective at controlling water quality. However,
as it remained unclear whether the reduced nitrogen levels were a result of added probiotics
or caused by indigenous microbiota, further studies are required.

Although fluctuations occur in microbial communities, aquatic ecosystems are gen-
erally relatively stable. Li et al. [2] reported that, although the community structure of
biofilms in aquaculture ponds was strongly affected by the addition of avermectin B1,
recovery was complete approximately one week later. The findings also indicated that the
addition of P. furukawaii ZS1 significantly altered the structure of the water microbiota, and
that the changes gradually dissipated after a week.

Although previous studies have shown that the nutrient content in aquaculture wa-
ter is an important factor that impacts microbiota composition, the relationship between
aquatic environmental factors and microbial community varies among different habitats.
Ni et al. [3] reported that water temperature, chemical oxygen demand, nitrate concen-
tration, and pH in subtropical ponds were markedly correlated with the composition of
microbial communities. Although increment in pH was observed in the present study, the
reason caused the increment needs to be further study. Wu et al. [34] reported that the
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correlations between environmental factors and various microbiota in the Chaohu Lake
and three urban rivers in China were dissimilar. The results showed that the concentra-
tions of ammonia nitrogen, NO3; ~-N, and NO, ~-N in the tested aquaculture water were
significantly correlated with the microbiota composition (Figure 4).

Water temperature, dissolved oxygen, chemical oxygen demand, pH, and concen-
trations of ammonia nitrogen, NO3™-N, and NO, ~-N not only influence the structure of
aquaculture water microbiota [3,35], but also affect the denitrification efficiency [36,37].
Dissolved oxygen and C/N ratio were considered as two most important environmental
parameters [36,37]. The optimal C/N ratios of different species of aerobic denitrifying
bacteria are different, but most studies show that the optimal C/N ratio is 4.0-5.0. [36,37].
Therefore, at the beginning of this experiment, the C/N ratio was artificially adjusted
to 5.0. Dissolved oxygen is another environmental parameter that most influences the
denitrification efficiency. It is generally believed that the aerobic denitrification process is
limited when the dissolved oxygen is less than 3.0 mg/L [36]. In order to ensure that the
experiment process was aerobic denitrification process rather than anaerobic denitrification
process, we fully aerated air gas to the tanks continuously during the experiment.

Practical Implications of this Study

Extensive research has confirmed that adding probiotics to aquaculture water can
effectively improve water quality and microbiota characteristics, as well as promote healthy
and pollution-free aquaculture. In the present study, our results also showed that P. fu-
rukawaii ZS1 could effectively promote the removal of inorganic nitrogen in aquaculture
water. Moreover, there were significant differences in the microbiota structure between
treatment and control groups, especially on days 2-7 after adding P. furukawaii ZS1. These
results provide theoretical guidance for the effective use of P. furukawaii ZS1 to control
aquaculture water. Whether the weekly use of P. furukawaii ZS1 can maintain the high
nitrogen removal efficiency in grass carp culture pond water needs to be further verified in
the culture process.

5. Conclusions

The addition of P. furukawaii ZS1 to grass carp culture water significantly reduced
the concentrations of NO3~-N, NO,™-N, and ammonia nitrogen in the water, and the
water microbiota structure was altered for a short period of time. This change included a
transformation process that promoted the enrichment of certain specific bacterial genera
while inhibiting the abundance of others. These results provide theoretical guidance for
the effective use of P. furukawaii ZS1 to control aquaculture water. However, the molecular
mechanism by which P. furukawaii ZS1 promotes nitrogen removal from water requires yet
further study.
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