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Abstract

Effects of potassium monopersulfate (KMPS) on nitrification activity, growth performance of
Litopenaeus vannamei and bacterial community structure of sponge biocarrier with pre-cultured biofilm
(SBBF) were analyzed through shaking flask experiments and L. vannamei aquaculture experiment. The
change of ammonia oxidation rate (AOR) and nitrite oxidation rate (NOR) of SBBF under six KMPS
concentration treatments (0 mg/L, T mg/L, 2 mg/L, 3 mg/L, 4 mg/L and 5 mg/L) was studied, the results
showed that the AOR and NOR of SBBF treated with high concentrations of KMPS (3 mg/L, 4 mg/L and 5
mg/L) were significantly lower than those of the control group (CK) (p < 0.05). However, compared with
the first dosing of NH,Cl and NaNO,, the inhibition of KMPS on AOR and NOR was weakened after the
second and third dosing times. The L. vannamei aquaculture experiment was set to four concentrations
of KMPS (0 mg/L, 2 mg/L, 4 mg/L, 8 mg/L), the results showed that with the increase of KMPS dosage,
the average and peak concentrations of NH,*-N and NO,™-N in each system significantly increased (P <
0.05). The final body weight of shrimps significantly decreased (P < 0.05), high dose (8.0 mg/L) of KMPS
reduced the survival rate by 9.33% than CK. High-throughput sequencing analysis of the biofilm structure
showed that the relative abundance of Nitrospirota, Nitrosomonas and Nitrococcus, which is related to
nitrogen cycling, and beneficial bacteria including Firmicutes and Bacilli decreased with the addition of
KMPS (p < 0.05).

Introduction

Over the last number of years, the world-wide production of Litopenaeus vannameihas increased due to
the increasing demand for human consumption (Bauer et al. 2018). The negative impacts of traditional
aquaculture are widespread, including environmental hazards from the discharge of farm effluent, waste
of water due to the absence of a water recycling system, nutrient pollution as well as frequent disease
outbreaks in aquaculture animals. A recirculating aquaculture system (RAS) are designed for aquaculture
production with restricted water exchange. The RAS system is characterized by relying on biological
filtration to reduce ammonia toxicity and nutrients, ensure water quality safety, and provide a suitable
living space for shrimps (Zhu et al. 2016). RAS has been gradually accepted by people for its advantages
of environmental protection, energy savings and controllable farming conditions and is considered an
inevitable trend for aquaculture development in the future. The biofilm method refers to a community of
microorganisms attached to a substrate involved in the transfer of organic matter and the biochemical
cycling of aquatic ecosystems to purify water. The stable and viable nitrifying biofilm is the key
component of the intensive RAS. Ammonia and nitrite are the primary environmental factors in the
aquatic culturing system that pose a great threat to the survival of shrimp. Nitrifying microorganisms use
nitrite as an intermediate to oxidize ammonium ions to nitrate. However, nitrifying microorganisms are
vulnerable to competition for survival in aquaculture waters, and their activity and composition are
susceptible to environmental factors that can lead to reduced or inactive activity, thus necessitating the
application of biofilms in aquaculture systems to accelerate the process of establishing nitrification
systems. Several studies have shown that the application of biofilm technology in aquaculture can not
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only control water quality but also improve shrimp production as an additional food source (Kim et al.
2019; Cuzon et al. 2004; Liu et al. 2019).

In closed environments, RAS exacerbates the risk of pathogen transmission caused by high-density
farming. (Lu et al. 2022). For example, Vibrio, Edwardsiella and Pseudomonas can be toxic to L.
vannamei and often lead to severe disease outbreaks, seriously affecting yield (Arunkumar et al. 2020;
Qiu et al. 2016). Current disinfection methods for aquaculture water include the use of antibiotics,
chemical disinfectants, ozone and UV irradiation treatments to reduce the bacterial load in the water and
avoid the proliferation of potentially disease-causing microorganisms (Hess-Erga et al.2018). These
treatments are effective but have some drawbacks. For example, the chlorination process can lead to by-
products that are toxic to the environment (David et al. 2018; Moreno-Andres et al. 2019); cultured
organisms can only absorb 20-30% of the antibiotic, the rest is dissolved in the water, leading to a
gradual accumulation in the water environment or even making aquatic animals resistant to the drugs
(Mo et al. 2017). UV radiation affects the growth and repair mechanism of microorganisms, causing
growth cell death or regenerative cell death (Hess-Erga et al. 2018; Grob et al. 2016). In addition, the
formation of ozone disinfection byproducts and the toxicity of residual cyclohexanone in shrimp have
limited ozone wide application in RAS (Liu et al. 2018).

A possible alternative disinfectant is potassium monopersulfate, usually applied in the form of
potassium monopersulfate triple salt (2KHSO5-KHS0,-K,S0,) (KMPS), whose active ingredient and
oxidation potential energy source is KHSO5 (PMS), which has been shown to be effective in water
treatment (lke et al. 2018; Wactawek et al. 2017; Hess-Erga et al. 2019). On the one hand, KMPS was more
likely to be activated to produce sulfate radical anions due to its asymmetrical molecular structures (Oh
et al. 2016). Compared to oxidative lipid peroxidation induced by hydroxyl radicals (Wactawek et al.
2017), sulfate radicals are more selective and have a more stable half-life, altering cell membrane
permeability and inhibiting cellular metabolic processes to inactivate cells (Rodriguez-Chueca et al.
2018). On the other hand, KMPS is traded in the form of powder, which is convenient to store, handle and
transport. Furthermore, it is considered "green" because it can be broken down into nontoxic,
environmentally friendly by-products that are cheap and easily soluble in water (Ghanbari et al. 2017
Moreno-Andres et al. 2019). It has been reported that KMPS has been widely used in epidemic prevention,
medical environment elimination, foreign pathogen defence (COVID-19) and other fields (Rodriguez-
Chueca et al. 2017; Sonthipet et al. 2018; Hashizume et al. 2019). A prerequisite for using KMPS in
aquaculture, however, is that KMPS neither poses sublethal effects to L. vannamei nor impairs the
nitrification process in the aquaculture system at the dosages applied. However, to our knowledge, the
effects of KMPS on water quality, nitrification and changes in microbial communities under aquaculture
conditions have not been reported.

Sponge biocarriers (SB) with low cost, high porosity and suitability for stable attachment and growth of
microorganisms have received increasing attention from researchers in recent years (Zhu et al. 2016 ; Chu
et al. 2014; Wang et al. 2021). SB fillers can effectively enrich native microorganisms in water and
remove some eutrophic substances, such as nitrogen and phosphorus, to purify water and are thus
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widely used in major industrial wastewater treatment and occasionally used in aquaculture (Wang et al.
2022).

Consequently, this study aimed to (i) determine the effects of KMPS on the ammonia oxidation rate
(AOR) and nitrite oxidation rate (NOR) of sponge biocarriers with precultured biofilm (SBBF) at different
concentrations; (ii) analyse the effects of different doses of KMPS on the water quality and growth of L.
vannamei in aquaculture systems; and (iii) compare the structural composition and diversity of SBBF
biofilm bacterial communities during culture by high-throughput sequencing methods.

Materials And Methods
Systems and experimental design
Culture method of SBBF

SB (Banhor, specification: 2 cmx2 cmx2 cm, porosity: 98%, density: 0.011 g/cm3, specific surface area:

4000 m?/m?) was utilized as the artificial substrate. The culture method of SBBF was described by Wang
et al. (2022).

Effect of KMPS on nitrification activity of SBBF

To find out the stabilisation of ammonia oxidation activity and nitrite oxidation activity under the
regulation of KMPS. The experiments were carried out in six beakers, each with 1000 mL of experimental
water and 10% (V/V) SBBF with initial KMPS (Shanghai Macklin Biochemical Co., Ltd, CAS:70693-62-8)
concentrations of 0 mg/L (CK), 1.0 mg/L (Group A), 2.0 mg/L (Group B), 3.0 mg/L (Group C), 4.0 mg/L
(Group D) and 5.0 mg/L (Group E). Once KMPS was added, the solutions were treated with a six-joint
electric stirrer for 2 h.

Five pieces (10% V/V) of KMPS-treated SBBF were randomly removed from each of the above six beakers
and added to six 1000 ml flasks containing 400 ml artificial seawater and 0.1% (V/V) trace element

solution. Ammonium chloride was added to make the initial concentration of NH,*-N 5 mg/L. Another six
1000 ml flasks were taken with other elements unchanged, and the ammonium chloride was changed to
sodium nitrate to make the initial concentration of NO,™-N 50 mg/L. The flasks were incubated at 150
rpm and 25°C with shaking. Ammonia and nitrite nitrogen were measured every 12 h. When NH,*-N and
NO,™-N concentrations were undetectable, a second and third addition was performed. NH,*-N and NO, -

N were measured every 12 hours, and the ammonia oxidation rate (AOR) and nitrite oxidation rate (NOR)
were calculated according to the following formulas.

AOR or NOR = K«V/W, where K is the slope of a scatter plot of NH,*-N or NO,™-N concentration (mg/L)
against time, V is the volume of solution (L), W is the total dry weight (g) of SBBF.
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Effect of KMPS on water quality, L. vannamei growth performance and SBBF bacterial community
structure in aquaculture systems

The experiment was carried out in a 0.3x0.3x0.3 m tank with 18 L of artificial seawater (salinity 15%o).
The concentration of KMPS was set as 0.0 mg/L (T0), 2.0 mg/L (T1), 4.0 mg/L (T2) and 8.0 mg/L (T3).
During the experimental period, there was no water renewal, and KMPS was added every five days. SBBF
in 2mm polyester mesh was immersed in the shrimp culture pond at a rate of 5% (V/V) and the SBBF is
cleaned every 15 days to restore adsorption capacity.

Each culture system was fed with 16 shrimp larvae (density: 800 shrimp/m?2). The temperature was
controlled at 24-26°C, and DO was maintained between 7.0 and 8.5 mg/L. Shrimp were obtained from
Haida shrimp hatchery (Guangzhou), with an average body length of 1.50 £ 0.10 cm and average weight
of 0.1+ 0.004 g. Feeding 4 times a day with bait (Shenzhen Aohua Group Co., LTD) at approximately 4.0%
of the total shrimp weight.

Analytical methods
Physicochemical analysis of water quality

The water quality of each culture system was monitored as follows: temperature, dissolved oxygen (DO),
pH (HQ30D water quality analyser, Harker, Loveland CO, USA) and turbidity (2100Q turbidity analyser,

Hach company, USA) in each tank were measured daily during the test. NH,*-N and NO,™-N were
measured daily by Nessler's reagent spectrophotometry and N-(1-naphthyl)-ethylenediamine
spectrophotometry; NO3™-N was determined by the naphthylethylenediamine hydrochloride
spectrophotometry method every 3 days.

Growth performance of L. vannamei

At the end of the experiment, body weight (g), survival rate (%) and feed conversion rate (FCR) were
determined. After that, the following variables were calculated:

Survival rate (percent) = (survival shrimp volume/initial shrimp volume) x 100

FCR = [total dry feed intake (grams)/weight gain (grams)]

DNA extraction and highthroughput sequencing method

Biofilm samples from each container were collected on Days 15 and 30 of the experiment. The samples
were placed into a beaker, distilled water was added, and the samples were shaken in an ultrasonic
instrument bath for 15 minutes. The supernatant was removed after centrifugation, and the biofilm
sample was obtained and denoted TO_15, T1_15,T2_15, T3_15, T0_30, T1_30, T2_30, and T3_30. The
initial biofilm sample of SBBF was denoted P0. DNA extraction using Soil DNA Extraction Kit (OMEGA
Bio-Tek, Norcross, GA, USA), its purity and concentration was checked by ultramicro spectrophotometer

P360 (Implen GmbH, Miinchen, Germany).
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The DNA samples obtained were completed by Shanghai Major Biotechnology Co., Ltd., based on
lllumina MiSeq sequencing platform for high-throughput sequencing, and BLAST analysis of all phyla
and the first 30 genera.

Statistical analysis

Origin and SPSS were used for data processing, and the data were expressed as mean and standard error
(means * SE), error bars indicate standard error. ANOVA was used to determine significant differences,
and P < 0.05 was considered significant.

Results

Variation in NH,*-N and NO,-N at different KMPS
concentrations

To determine the influence of different KMPS concentrations on the ammonia oxidation activity and
nitrite oxidation activity of SBBF, the changes in ammonia nitrogen and nitrite nitrogen concentrations in
different experimental groups after three doses of ammonium chloride (sodium nitrite) were analysed

(Fig. 1, Fig. 2). After the first addition of ammonium chloride, NH,*-N conversion in Groups B, C, D and E
within 48 h (0.35%-4.04%) was significantly lower than that in groups CK and A (33.50% and 32.15%) (P <
0.05). The time required for NH,*-N decline to be undetectable in Groups D and E was twice as long as
that in the CK group, which meant that NH,*-N conversion was reduced by 50%. After adding ammonium
chloride for the second and third time, the total transformation time of NH,*-N in each group was reduced
by 14.3%, 25.0%, 33.3%, 45.5%, 53.8%, and 53.8%, respectively, compared with the first time (P < 0.05).
After the first addition of sodium nitrite, the conversion rate of CK group (4.67 mg/L-h™ 1) was
significantly higher than that of the other groups (4.27 mg/L-h™7,3.99 mg/L-h™ ", 3.32 mg/L-h™ 7, 1.59
mg/L-h™7,1.35 mg/L-h™"; P<0.05), and the complete transformation time of NO,™-N in Group E was
three times longer than that in CK. Similarly, after the second and third additions of sodium nitrite, the
NO,™-N conversion rates of different concentrations of KMPS were 5.42-5.83 mg/L-h™ ' and 5.78-6.16

mg/L-h™7, respectively. There was no significant difference among the groups (P >0.05), but it was
significantly higher than that of the first treatment (P < 0.05) (Fig. 2).

Effect of KMPS on AOR and NOR of SBBF

The AOR in each group increased gradually with increasing ammonium chloride addition (Fig. 3). The
AOR of each group decreased to different degrees after three additions. AOR in the CK was the highest,
while in Groups D and E, it was the lowest. The change trend of NOR was similar to that of AOR and
increased gradually with increasing sodium nitrite addition time. After adding sodium nitrite for the first
time, the NOR decreased with increasing KMPS concentration to different degrees. The NOR of the CK
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was the highest, and those of the D and E groups the lowest. After adding sodium nitrite for the second
and third time, the NOR in each system was higher than that of CK.

Effects of KMPS on water quality in L. vannamei aquaculture systems

Table 1 shows the changes in water quality during the aquaculture of L. vannamei. Without significant
differences between systems in mean temperature, pH or DO. The turbidity of each system showed an

upwards trend, but at a low level, it did not differ significantly among systems. NH,*-N and NO,™-N were
maintained at low levels in the TO systems (NH,*-N < 0.05 mg/L and NO,-N < 1.0 mg/L) (Fig. 4). The
concentrations of NH,"-N and NO,™-N fluctuated with KMPS addition, and the fluctuation degree was T3
>T2>T1>TO0. The NH,*-N content was higher overall in the experimental groups than in T0. NH,*-N in
T1, T2 and T3 increased sharply after the addition of KMPS and then declined after 3 days, with average
decreases of 27.27%, 14.28% and 5.77% in 6 cycles, respectively. The peak value of NH,*-N in the
experimental groups was higher than thatin TO (P < 0.05), specifically, T3>T2>T1>T0. The
concentration of NO,™-N varied greatly; the NO,-N mean concentrations in the T1, T2 and T3 systems
were 1.09 mg/L, 2.14 mg/L and 3.46 mg/L, respectively, showing a 2.11-fold, 5.11-fold and 8.89-fold
increase compared with TO. Similarly, NO,™-N accumulated immediately after the addition of KMPS and
then declined after 4 days, and the fluctuations in T3 were significantly lower than those in T1 and T2 (P
<0.05). The NO5™-N concentrations in all groups tended to rise throughout the experiment, and the
accumulation was T0 >T1 >T2 > T3, with significant differences among the different systems (P <0.05).

Effect of KMPS on the growth performance of L. vannamei

The final body weight of shrimp was significantly differences among different systems (P <0.05) (Table
2). TO had the highest average weight gain at harvest, which was significantly better than T1, T2 and T3.
With the increase in KMPS dosage, the survival rate of shrimp decreased. TO, T1 and T2 were 100%,
which was significantly higher than that of T3 (P <0.05). For FCR, significant differences (p < 0.05) were
observed between T3 and the others, but no significant difference among T0, T1 and T2 (p >0.05).
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Table 1

Physical and chemical parameters of water in four treatments in the L. vannamei culture system.

Parameter TO T1 T2 T3

(Terr)1perature 25.3+0.7 252+1.2 253+0.8 25109

°C

DO (mg/L) 7.98 +0.252 7.69+0.212 7.70+0.18 2 7.69+0.17 2

(7.49-7.90) (7.50-7.88) (7.56-7.86)

(7.82-8.23)

pH 8.31+0.06 2 8.23+0.06 2 8.33+0.06 2 8.32+0.07 2
(8.23-8.37) (8.16-8.29) (8.23-8.39) (8.23-8.39)

Turbidity 1.12+0.372 1.21+0.43°2 1.37+0.232 1.49+0.44 2

(NTU) (0.57-2.10) (0.67-2.02) (0.65-1.98)
(0.53-2.01)

Total 0.23+0.04 2 0.18+0.042 (0.00- 0.17+0.042(0.00- 0.17 +0.04 2 (0.00-

phosphorus  (0.00-1.30) 0.84) 0.80) 0.80)

Different superscripts in the same row indicate significant differences (p < 0.05)

Growth performance of L. vannamei cultivated -iritc)llizgirent experimental treatments during culture (30
Parameter TO ' T T2 T3

Initial weight (g) 0.1+0.004 0.1+0.004 0.1+0.004 0.1+0.004
Final weight (g) 3.34+0.282  2.82+0.42° 254+0.16°  2.08+0.37¢
Average weight gain (g-week™ ) 0.81+0.058 0.68+0.07°  0.61+0.03°  0.52+0.06¢
FCR 1.59+0.07° 1.66+0.04>  1.72+0.07°  1.89+0.06°
Survival (%) 1002 1002 1002 91.67+1.91°

Values are means of 3 replicates + standard deviation. Different superscripts in the same row indicate
significant differences (p <0.05)

Effect of KMPS on the bacterial community structure of the
SBBF
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Numbers of operating units (OTUs) and alpha diversity indices of bacterial communities in SBBF biofilm
samples from different systems are shown in Table 3. The coverage rate of each sample was greater
than 99%, indicating that the detected sequence results could truly reflect the diversity of microbial
communities. A total of 1214 OTUs were observed in nine samples, and a low average similarity and low
number of shared OTUs among the samples were observed, representing 10.71% of the total reads (Fig.
4). The PO_0 OTU numbers were the lowest, followed by 15-d and 30-d OTU numbers. The Chao index
and Ace index of PO_0 were the lowest. When the samples of the same experimental group on the 30th
day were compared with those on the 15th day, the Shannon index increased, while the Simpson index
decreased.

The hierarchical clustering of the nine samples is shown in Fig. 5. The structural composition of the
bacterial community was more different in PO_0 than in the other eight groups of samples. The microbial
communities differed significantly under different KMPS concentration conditions; biofilm samples from
different time periods of TO and T1 clustered together, while T2 and T3 were dispersed. This indicates
that the similarity of bacterial community composition in the T2 and T3 systems was lower than that in
the TO and T1 systems, and the difference in bacterial community composition in the T2 and T3 culture
systems was greater than thatin TO and T1 systems.

Figure 6 shows the composition of microbial community structure at phylum to genus level. Thirty-four
bacterial phyla and 544 bacterial genera were detected. The diversity of bacteria in the PO sample was
lower than that in the other samples. The dominant phyla among the nine groups were Proteobacteria
(38.55-71.60%), Bacteroidetes (7.29-12.01%), Actinobacteriota (0.35-16.01%), Planctomycetes (2.31-
22.46%) and Chloroflexi (2.31-13.25%). In addition, there are bacteria such as Nitrospirota, Firmicutes
and others (Fig. 6 up). After the addition of KMPS, the relative abundance of Proteobacteria,
Actinobacteriota, Nitrospirota and Chloroflexi decreased, while the relative abundance of Bacteroidetes
increased.

The top 30 dominant genera in terms of total abundance are presented in the form of heatmap plots (Fig.
6 down). The relative abundance of dominant genera overall in biofilms were
norank_f_Rhodobacteraceae (2.46—13.50%), Nitrococcus (1.38-9.16%) and Bacillus (0.27-8.04%).
Consistent with the results of the phylum level analysis, the genus diversity in PO was lower than that in
the other samples, but the abundance of bacteria related to nitrification, such as Nitrococcus,
Nitrosomonas and Nitratireductor, was more plentiful than that in the other biofilm samples. The
abundance of norank_f_Rhodobacteraceae and Flavobacterium increased with increasing KMPS
concentrations, whereas the abundance of Bacillus decreased with an increase in KMPS concentration.
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Table 3
OTU numbers and alpha diversity index of the SBBF biofilm

SampleID Coverage Numberof Alpha diversity
OUTs Shannon Simpson Ace Chao

PO_0 0.999 382 3.81 0.04 463.32 458.56
T0_15 0.998 700 4.46 0.03 811.00 813.97
T1_15 0.998 594 417 0.05 683.80 690.76
T2_15 0.997 643 4.31 0.04 793.65 818.47
T3_15 0.998 627 4.31 0.04 74416  739.99
T0_30 0.998 729 4.68 0.03 838.67 827.21
T1_30 0.998 754 474 0.03 873.15 873.47
T2_30 0.998 762 497 0.01 861.00 851.01
T3_30 0.997 653 485 0.02 762.36  790.60

Discussion

The results showed that KMPS inhibited both ammonia oxidation activity and nitrite oxidation activity of
SBBF, and the AOR and NOR of CK were higher than those of the experimental group. When KMPS
concentrations were above 1.0 mg/L, ammonia oxidation activity was inhibited, while KMPS
concentrations above 2.0 mg/L inhibited nitrite oxidation activity. Hagopian et al. (1998) found that H,0,
could inhibit nitrification processes, which was similar to the results of this study. KMPS is characterized
by strong oxidizing properties, is extremely water soluble and corrosive, and is capable of providing
nonchlorine oxidizing potential and reactive oxygen derivatives; the higher the concentration is, the
stronger the inhibitory effect on microbial activity (Anipsitakis et al. 2008). Peroxide addition to the
biofilter significantly reduced ammonium removal efficiency. Pedersen et al. (2012) added 2.0 mg/L
peracetoacetic acid (PAA) to a biofilter and found that the concentration of NO,™-N increased significantly
over a long time. AOR was more affected by KMPS in the low concentration groups (1 mg/L, 2 mg/L, 3
mg/L), while nitrite oxidation activity was more easily inhibited by KMPS in the high concentration groups
(4 mg/L, 5 mg/L). With increasing dosing times of ammonium chloride and sodium nitrite, AOR and NOR
increased in each group, which shows that the inhibition of KMPS on the SBBF nitrification process is
temporary and recoverable, similar to the results obtained by Chen et al. (2021).

Water quality is considered to be a major limiting factor for shrimp survival, especially pH, DO, NH,*-N

and NO,-N concentrations (Santacruz-Reyes et al. 2012). Water temperature and DO were maintained
within the range suitable for shrimp growth. The turbidity of each system showed an increasing trend but
was maintained at a low level, with no significant differences between systems (p < 0.05). Inorganic
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nitrogen is an important environmental factor in shrimp culture and has an important effect on the
growth, survival and physiological functions of shrimp. In this experiment, the NH,*-N and NO,-N
concentrations in TO were significantly lower than those in the other experimental groups. The average
concentrations of NH,*-N in the T1, T2 and T3 systems were 9.52%, 76.19% and 119.05% higher than

those in TO, respectively. The average concentration of NO,-N was 23.11, 6.11 and 9.91 times higher than
that of T0 (0.35 mg/L), which was due to the continuous inhibition of nitrification microorganisms by
KMPS, resulting in NH,*-N and NO,-N accumulation. NO3>N in the system was mainly converted from the
nitrification process. With the increase in KMPS dosing, ammonia oxidation activity and nitrite oxidation

activity were inhibited, and the result of nitrate concentration in each experimental group was TO>T1 >
T2>T3.

The biomass of shrimps is affected by inorganic nitrogen, especially nitrite and nitrate, which negatively
affects the growth and survival of the organisms (Lin & Chen 2003; Kim et al. 2019). With the increase in
KMPS dosage, the concentrations of NH,*-N and NO,™-N increased, and the final mean body weight of
shrimp decreased. A low dose (2.0 mg/L, 4.0 mg/L) of KMPS had no significant effect on the survival
rate of L. vannamei, while a high dose (8.0 mg/L) of KMPS reduced the survival rate by 9.33% compared
with TO. Peppler et al. (2020) found lower body weights in PAA-treated L. vannamei than in the control
group, which is consistent with the results of this study. Meanwhile, the FCR of T3 was relatively high,
indicating that the addition of high-dose KMPS weakened the natural productivity of the culture system,
thus reducing the feed conversion efficiency and slowing down the growth rate of shrimp (Cuzon et al.
2004).

Microbial diversity is a key component in maintaining stable ecological functions, and in aquaculture
systems microbial diversity is closely related to the shrimp diseases (Xiong et al. 2015). The results
indicated that the diversity of the bacterial community in the TO system was higher than that in other
culture systems, and the addition of KMPS reduced the abundance and diversity of bacterial
communities in the culture system (Liu et al. 2019). There were significant differences in unique OTUs
between the near zero levels (0 mg/L and 2 mg/L groups) and other concentration levels. Similar to other
studies on the dominant phyla of shrimp, Proteobacteria, Bacteroidetes, Actinobacteriota and Chloroflexi
were the dominant phyla (Fan et al. 2019; Yang et al. 2018). As the KMPS level increased from near zero
to 8 mg/L, the relative abundance of some bacteria decreased, including Proteobacteria, Planctomycetes,
Actinobacteria and Firmicutes.

Proteobacteria is the predominant gastrointestinal bacterial phylum present in the gut of healthy shrimps
(L. vannamei) (Niu et al. 2022), a Gram-negative bacterium with extremely diverse shapes, mainly
participating in complexes and nitrogen degradation (Cottrell & Kirchman 2000; Klase et al. 2019).
Firmicutes breaks down carbohydrates such as starch and fibre that are difficult to digest in food, which
helps to make more effective utilization of energy in the diet and reduces FCR and feed costs. Butyrate-
producing bacteria in Firmicutes produce substances beneficial to the health of the host gut. Li et al.
(2013) found that the relative abundance of Firmicutes was one of the factors promoting rapid growth in
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transgenic common carp (Fan et al. 2019; Canani et al. 2011). Furthermore, Firmicutes also played key
roles in NH,*-N, NO,™-N and NO5™-N consumption (Shu et al. 2015). The reduction of ammonia nitrogen
in aquatic systems is also closely related to the abundance of Planctomycetes. The Planctomycetes
contain a large number of anaerobic ammonia-oxidising bacteria that play an important role in the
nitrogen cycle by reducing inorganic nitrogen to produce nitrogen (N,). Planctomycetes are widespread in
natural and artificial systems and has been shown to play an important role in denitrification systems for
agricultural and domestic wastewater. (Van et al. 2010; He et al. 2022). The reduced abundance of
Proteobacteria, Firmicutes and Planctomycetes caused by a high dose of KMPS may further interfere
with both the digestive and immune capacity of L. vannamei, leading to a decrease in the shrimp survival
rate and an increase in FCR. Actinobacteria are an important part of the degradation of organic matter,
mainly macromolecules such as starch and protein, and also play a significant position in the natural
nitrogen cycle (Zothanpuia et al. 2018; Duan et al. 2020). Although the relative abundance of
Actinobacteria varies with shrimp habitat and feed composition, studies have shown that Actinobacteria
are always one of the dominant phylum in the gastrointestinal tract of the L. vannamei gut. (Li et al.
2018; Niu et al. 2022). Nitrospirota are closely related to the biological nitrification process and their
relative abundance directly influences the ammonia/nitrate/nitrite cycling system, which in turn affects
water quality and shrimp health (Wang et al. 2022; Harms et al. 2003). Gao et al. (2020) believed that
nitrification performance was significantly correlated with the number of nitrifying bacteria. In this
experiment, when the level of KMPS addition was 4 mg/L and 8 mg/L, the abundance of Nitrospirota in
the T2_30 and T3_30 samples decreased by 72.99% and 66.67%, respectively, compared with TO, which is
also the reason why TO can maintain good water quality in the cultivation process. Bacteroidetes are
considered to be one of the richer heterotrophic bacteria in the aquatic environment, with the ability to use
a wide range of carbohydrates and break down organic matter to provide nutrients and energy for the
host (Diez-Vives et al. 2012; Williams et al. 2013). With the increase in KMPS concentration, Bacteroidetes
increased from 7.75-17.67%, and Flavobacteriaceae, pathogenic bacteria in Bacteroidetes, also peaked
in T3_30 (Zhao et al. 2018).

Nitrosomonas is a typical ammonia-oxidizing bacterium (AOB) responsible for the nitrification of NH,*-N

and NO,™-N (He et al. 2020). Nitrate is the main form of biologically active nitrogen, which is produced
through the nitrite oxidation process by nitrite oxidizing bacteria (NOB) such as Nitrococcus and
Nitrobacter (Hubot et al. 2020). Nitratireductor are aerobic gram-negative bacteria with the ability to
reduce nitrate to nitrite under anoxic conditions and also participate in the degradation of organic
pollutants (Nguyen et al. 2019; Manickam et al. 2012); the relative abundance of these bacteria was
higher in aquaculture systems with a low dose of KMPS. The abundance of Nitrosomonas and
Nitrococcus in T3 decreased by 34.02% and 45.22%, respectively, which further confirmed that the
deterioration of water quality in the T3 system was due to the inhibition of AOB and NOB by KMPS and
the reduction of AOR and NOR. The existence of Rhodobacteraceae can effectively remove phosphorus
(Zilles et al. 2002; Zaman et al. 2021). The relative abundance of norank_f_Rhodobacteraceaein T3 was
highest, followed by T2 and T1. From the experimental results, the average concentration of total
phosphorus in T3 was also the lowest. Bacilli are common probiotics whose abundance corresponds to
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the health of L. vannamei. The relatively high abundance of these bacteria in systems with low doses of
KMPS indicates that KMPS can directly influence the presence of beneficial bacteria in the culture
system.

In this study, KMPS showed inhibitory effects on ammonia oxidation activity and nitrite oxidation activity
of SBBF. The inhibition of KMPS on AOR and NOR was weakened after the second and third dosing times
of ammonium chloride and Sodium nitrite. With the increase of KMPS dosage, the concentrations of
NH,*-N and NO,"-N in each system significantly increased. High doses of KMPS (greater than or equal to
4mg/L) can affect the survival of L.vannamei, reduce the final body weight of L.vannamei and increase
FCR. High-throughput sequencing analysis of the biofilm structure showed that the relative abundance of
Nitrospirota, Nitrosomonas and Nitrococcus decreased with the addition of KMPS
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Figure 1

Removal process of NH,*-N in each experimental group after treatment with different concentrations of
KMPS. (a) First dosing of NH,CI; (b) Second dosing of NH,CI; (c) Third dosing of NH,CI.
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Figure 2

Removal process of NO,-N in each experimental group after treatment with different concentrations of
KMPS. (a) First dosing of NaNO,; (b) second dosing of NaNO,; (c) third dosing of NaNO,.
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Variation in AOR and NOR in each experimental group after treatment with different concentrations of

KMPS.
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The concentration variation of NH,*-N, NO,-N and NO5;-N in L. vannamei aquaculture systems (period 30
d, | indicates the addition of KMPS).

®roo0 P00 —POD
@710.15 —T0_15
—T1_15
T1_15 i
®TI_ ThHiE iz
T2.15 sy
@315 T30 T0_30
@ 10 30 T —T1130
@113 T2.30
® 7230 T30 T3_30
T3 15
= @ T13_30

T2_30

T3_15

T0_30

T2.15
T0_15
1
T1_15 TO_15 — : - . o
04 03 02 01 0
Figure 5

Comparison of OTUs (left) and hierarchical clustering (right) of the SBBF biofilm samples.
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