
Page 1/22

The Combination of Bacillus Subtilis wt55 with AiiO-
AIO6 Improve The Resistance of Zebra�sh To A.
Veronii Infection by Simple Collocation Rather Than
B. Subtilis Quorum-Quenching Recombinant
Expression Strain
Yuan-Yuan Yao 

Institute of feed research, Chinese Academy of Agricultural Sciences
Rui Xia 

Institute of Feed Research, Chinese Academy of Agricultural Sciences
Ya-Lin Yang 

Institute of feed Research, Chinese Academy of Agricultural Sciences
Chen-Chen Gao 

Institute of Feed Research, Chinese Academy of Agricultural Sciences
Feng-Li Zhang 

Institute of Feed Research, Chinese Academy of Agricultural Sciences
Juan Hu 

Institute of Feed Research, Chinese Academy of Agricultural Sciences
Qiang Hao 

Institute of Feed Research, Chinese Academy of Agricultural Sciences
Chao Ran 

Institute of Feed Research, Chinese Academy of Agricultural Sciences
Zhen Zhang 

Institute of Feed Research, Chinese Academy of Agricultural Sciences
Zhigang Zhou  (  zhouzhigang03@caas.cn )

Chinese Academy of Agricultural Sciences Feed Research Institute

Original article

Keywords: B. subtilis, quenching enzyme AiiO-AIO6, intestinal micro�ora, immune regulation, germ-free
zebra�sh

Posted Date: July 7th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-502037/v2

https://doi.org/10.21203/rs.3.rs-502037/v2
mailto:zhouzhigang03@caas.cn
https://doi.org/10.21203/rs.3.rs-502037/v2


Page 2/22

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://creativecommons.org/licenses/by/4.0/


Page 3/22

Abstract
Disease problems will seriously restrict the sustainable development of aquaculture, and the
environmental-friendly prevention strategies are urgently needed. Probiotics and quorum-quenching
enzyme are innovative strategies to control bacterial diseases. The bacteriostatic effect of B. subtilis
wt55 strain and quenching enzyme AiiO-AIO6 in vitro showed wt55 inhibit the growth of A. veronii, but
AiiO-AIO6 did not. Therefore simple combination of B. subtilis wt55 strain and AiiO-AIO6 was used to
evaluate potential synergistic effect. The results showed this combination could signi�cantly reduce the
number of invasive A. veronii in gut after challenge, corresponding to the lower intestinal alkaline
phosphatase activity. In vitro co-culture experiments showed this combination could inhibit the growth of
A. veronii. Direct immersion of germ-free zebra�sh proved AiiO-AIO6 did not directly regulate the innate
immune response of the host, but wt55 did it, and the combination of wt55 and AiiO-AIO6 could
signi�cantly reduce the expression of NF-κB and proin�ammatory cytokine IL-1β, increase the expression
of lysozyme gene. The gut microbiota induced by either experimental diet was transferred to germ-free
zebra�sh, and the results showed that intestinal microbiota also plays a regulatory role. The gut
microbiota from combination group could signi�cantly inhibit the expression of IL-1β and NF-κB, and
increased the expression of TGF-β and lysozyme. Given the effectiveness of this combination, a B.
subtilis quorum-quenching recombinant expression strain in which AiiO-AIO6 was surface displayed on
the spores and secreted by vegetative cells was built. The results showed that the survival rate after
challenge was lower than that of the group treated with AiiO-AIO6 or wt55 alone, and the expression of
proin�ammatory cytokine IL-1β and NF-κB were signi�cantly higher. Our study demonstrated the
effectiveness of B. subtilis and AiiO-AIO6 simple combination and established an e�cient B. subtilis
expression system.

Introduction
The development of aquaculture in China is booming, China alone supplied 58% and 59% of the global
aquaculture volume and value, respectively, for all categories combined in 2017 (Naylor et al. 2021).
China's aquatic industry occupy a decisive position in the world, the new �sheries and aquaculture
reforms and policies to be implemented by China are expected to have a noticeable impact at the world
level (FAO 2020). In China, intensive and industrial aquaculture is the development trend at now and in
the next decade (FAO 2020), accompanied by is the increasingly prominent disease problems. It is mainly
re�ected in the variety of pathogens, high incidence, rapid transmission, wide range and high fatality rate,
among which bacterial diseases is an important impediment to aquaculture because bacteria can survive
well in aquatic environments independently of their hosts (Gui and Zhang 2018). As a result, the abuse of
antibiotics and chemical agents and their derived side effects such as drug residues, food hygiene and
safety, environmental pollution and other problems have been paid more and more attention, research
and development of green inputs alternatives are urgent (Lieke et al. 2019).

Probiotics, when administered in adequate amounts, have the function to improve the physiology, growth
performance, and immune responses of host including aquaculture-related species. Now probiotics as an
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eco-friendly feed additive, is wildly applied in aquaculture at the farm level to enhance the economic
performance (Subedi and Shrestha 2020). Various aquatic probiotics have been reported which show
activity not only against bacterial pathogen, but also against fungus and virus (Chauhan and Singh
2019). The sporulation capacity and the production of antimicrobial substances and enzymes provide
species of Bacillus with the ability to colonize in different habitats and to contribute bene�t for host
health, and they have been widely used as environmental and dietary probiotics in aquaculture (Soltani et
al. 2019). Bacillus subtilis, which is approved use by the Chinese Ministry of Agriculture, is one of such
probiotics that is very well-researched and most widely used in aquaculture, and no adverse
consequences have been reported till date (Nayak 2021). Moreover, B. subtilis has been studied for
decades as an excellent host to express heterologous proteins (Wong 1995).

Based on the basic research of bacterial diseases, it is found that quorum sensing (QS) among bacteria
is very important for their physiological function. For the same species of bacteria, bioluminescence,
bio�lm formation, secretion of extracellular polymeric substances, immune response and other biological
characteristics of bacteria can be regulated through the communication of QS signal molecules, thereby
affecting their virulence and pathogenicity (Eickhoff and Bassler 2018; Høyland-Kroghsbo et al. 2017).
For different species of bacteria, bacterial QS can shape the composition of microbial communities
(Mukherjee and Bassler 2019; Papenfort and Bassler 2016). For infected hosts, bacterial QS signal
molecules also regulate the immune response and disease resistance of hosts (Huang et al. 2018;
Kariminik et al. 2017). Therefore, by interfering with the QS system between microbial cells, the quorum-
quenching (QQ) strategy becomes a new way to prevent and control the infection of pathogenic bacteria
(Jiang et al. 2019). For QQ, there are mainly two ways: competitive inhibition (Kalia et al. 2019) and
signal molecules degradation (Bzdrenga et al. 2017). Because the QQ enzyme degrades signal molecules
is an extracellular catalytic reaction, it is currently a more effective and least toxic way of QQ (Guendouze
et al. 2017). AiiO-AIO6 is a lactonase, it works via enzymatic inactivation of N-acylhomoserine lactones
(AHLs), the signal molecules of Gram-negative (G−) bacteria. We have previously studied its enzymatic
characteristics, prokaryotic expression and its effect on A. hydrophila virulence factors (Pan et al. 2011).
However, AiiO-AIO6 is not always effective in practical application due to the complex aquatic
environment, that include various types of pathogens which not just using AHLs as signal molecules and
viruses. Therefore, strategies to improve the effectiveness of QQ enzyme are needed, and probiotics used
in conjunction with QQ enzyme may complement and increase its effectiveness.

A wild B. subtilis named wt55 strain was isolated from the mucus of sturgeon in our laboratory. After
evaluating the effects of wt55 and AiiO-AIO6 on the growth of A. veronii, this study is intended to explore
the strategy about the combinatory use of B. subtilis wt55 and AiiO-AIO6 to stabilize or improve disease
resistance of host. Taking zebra�sh as the model, this study �rstly evaluated simple combination of wt55
and AiiO-AIO6 (wt55 + AIO6). Then a simpler compatibility strategy namely B. subtilis QQ recombinant
strain wt55-AIO6 in which AiiO-AIO6 was surface displayed on the spores and constitutive secretory
expression by vegetative cells was constructed and evaluated. This study will lay a foundation for the
e�cient use of probiotics and QQ enzymes and may provide technical support for the green disease
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prevention and control in aquaculture. Moreover, an e�cient B. subtilis expression system was
established, which provided a basis for the expression and application of other proteins in the future.

Materials And Methods
Fish and feeding conditions

Two-month-old zebra�sh with similar weight (0.082 g) were randomly dispersed into four tanks for each
group (26.5×14.5×18 cm) at a density of 20 �sh after acclimated two weeks, all of which were cultured in
the recirculating water system (at 60 L/h). During the feeding period, the �sh were given an experimental
diet twice a day (9:00 and 17:00), the temperature was maintained at approximately 28°C, the dissolved
oxygen was >6.0 mg/L, the pH was 7.0-7.2, the nitrite content was <0.005 mg/L, and the ammonia
nitrogen was <0. 2 mg/L.

Bacterial strains and growth conditions

B. subtilis wt55 strains isolated from sturgeon and kept in China General Microbiological Culture
Collection Center (CGMCC No. 1.19039) were directed at using in combination with AiiO-AIO6 and
constructing recombinant strains which could display QQ enzyme AiiO-AIO6 on the surface of spores and
secrete this protein by vegetative cells. Proliferation of B. subtilis were routinely in Luria-Bertani (LB) broth
at 37 ℃, and the spores were produced in Difco-Sporulation medium (DSM) using the exhaustion
method. Construction, transformation, screening and sequencing of recombinant plasmid were
performed in Escherichia coli strain DH5α, it grows well in LB. The pathogenic bacteria A. veronii Hm091
also kept in China General Microbiological Culture Collection Center (CGMCC No. 22536) could be
cultured in LB and has ampicillin resistant through identify. This pathogen was used to infect zebra�sh
and determine the disease resistance of the host, also used for co-culture with B. subtilis wt55 or AiiO-
AIO6 to test the antimicrobial properties of them. 

Construction and con�rmation of recombinant expression B. subtilis strain

A recombinant B. subtilis strain expressing AiiO-AIO6 protein on the surface of B. subtilis spore and
constitutive secretion of vegetative cells was constructed, the construction diagram was shown in Fig. 2.
The anchoring protein selected for spore surface display was CotC, and the gene of AiiO-AIO6 was linked
to its N terminal. The target genes by gene synthetic are respectively BamH I cutting site, CotC promoter,
His tag, AiiO-AIO6, linker with alpha-helix structure, CotC and EcoR I cutting site, which string together in
sequence. This gene segment was digested by BamH I and EcoR I and then inserted into the vector
pDG364 which go through the same double digestion. The resulted recombinant plasmid named
pDG364-N-AIO6 was transferred into the wild strain of B. subtilis wt55 by chemical transformation and
homologous recombination was carried out at the homologous arm (amylase gene). Chloramphenicol
resistance of 10 μg/mL was used to screen the positive clones. Chromosomal integration of exogenous
gene was veri�ed using amylase activity and genomic PCR (primers are listed in Table 1). After inducing
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spore generation, the AiiO-AIO6 displayed on the surface of wt55 spore was con�rmed through western
blot (WB) and immuno�uorescence microscopy. The positive clone was named wt55-N-AIO6(SD).

The plasmid pWB-AIO6BS which could secrete AiiO-AIO6 in B. subtilis was constructed in our laboratory
before (Pan et al. 2016), and the extracted plasmid was convert to transform competent cells of wt55-N-
AIO6(SD) strain by chemical method. The concentration of kanamycin to screen positive clones was 25
μg/mL, and the clones were veri�ed by plasmid extraction and WB of secreted AiiO-AIO6 in supernatant.
The enzyme activity on spore surface and secretion in supernatant were determined by high performance
liquid chromatography (HPLC) according to the method previously reported (Xia et al. 2020). The �nal
bifunctional recombinant strain was named wt55-AIO6. The information of plasmids and strains used in
this paper are shown in Table 3.

Diets and rearing experiments

Feeding trial �rstly evaluated the effect of simple combination of B. subtilis and AiiO-AIO6. Four
experimental diets were prepared: basal diet (ck), diets with each gram of feed contains 10U QQ enzyme
AiiO-AIO6 (AIO6), AiiO-AIO6 with the same enzyme activity paired with B. subtilis wt55 (108 cfu/g feed,
wt55+AIO6) or the same number of wt55 strain (wt55). Protein and bacteria were added directly during
feed preparation, the feed was air-dried at room temperature and homogenized with a grinder. Fish were
fed 6% of body weight per day, increase by 1% after a week, turn off the circulating water during feeding,
and the experiment lasted for two weeks.

Another evaluation research about the recombinant wt55-AIO6 strain on the disease resistance of the
host was carried out. The experiment was divided into four groups, �sh were respectively fed with basal
diet as control (ck), diets supplemented with AiiO-AIO6 which enzyme activity was 5 U/g feed (AIO6),
recombinant spores with the same enzyme activity (about 2×109 cfu/g feed, wt55-AIO6) or the same
number of B. subtilis wt55 strain (wt55). Feed preparation, breeding method and time were the same as
above.

Sampling and Quantitative PCR testing

After the end of the breeding experiment, all �sh were starved for 24h before sampling. Intestines were
mainly taken, samples from 2-3 �sh were randomly taken and mixed into the one. As for zebra�sh larvae,
about 15 �sh would be used as a sample, and each group all had six replicates. Total RNA was extracted
by TRIZOL Reagent (Invitrogen) after homogenate, cDNA was synthesized using fastKing gDNA
dispelling RT superMix (TianGen) to eliminate contaminated genomic DNA. RPS11 was used as reference
gene for the expression of all detected genes, quantitative real-time PCR (qPCR) reaction was performed
using the SYBR Green Supermix (TianGen) on the Light Cycler 480 (Roche 480). The �nal results show
was relative mRNA expression compared to the value of the ck control group. The primers for each gene
were given in Table 1.

Co-culture of A. veronii Hm091 in vitro
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In order to investigate the effect of B. subtilis wt55, AiiO-AIO6 or wt55 combination with AIO6 on the
growth of A. veronii Hm091, mixed culture on liquid medium was done. A. veronii and wt55 were
separately cultured overnight, and OD600 was adjusted to be the same before transfer. Four culture
groups were set up: PBS + A. veronii as control, AiiO-AIO6 + A. veronii, wt55+AIO6 + A. veronii and wt55
+ A. veronii. Then 100 μL of overnight cultured bacteria or sterile enzyme �uid were inoculated in 100 mL
LB medium, each culture group has three �ask replicates. The inoculated �asks were incubated at
37 ℃ with shaking at 200 rpms in an orbital incubator. At 4, 8, 12, 24 h, 1 mL of cultures were sampled to
do gradient dilution and count the number of A. veronii. Because of the different colony morphology, A.
veronii and B. subtilis could be distinguished during plate counting.

Gut alkaline phosphatase activity and A. veronii counts in gut after challenge

Multiple clones of A. veronii on the plate were selected into 1 mL LB to make their OD600=0.45, then
transferred 200 μL to 60 mL fresh LB medium and cultured for 18 h at 37 ℃ with shaking at 200 rpms.
Thirty �sh from each group were randomly assigned to three tanks, A. veronii with �nal concentration of
about 5×108 cfu/mL were added to each tank, �sh were fasting during pathogen infection. Three �sh
from each tank were chosen for detecting intestinal alkaline phosphatase (IAP) 24 h post challenge using
Alkaline Phosphatase Assay Kit (Beyotime). Separate intact intestines were homogenized in sterile PBS
and then applied on a plate containing ampicillin to count the number of A. veronii which infected the
gut, counts from unchallenged �sh were used as background values.

Germ free zebra�sh production and experimental treatment

Germ free (GF) zebra�sh were produced according to reported protocols (He et al. 2017; Oyarbide et al.
2015). At the third days post fertilization (dpf), sterility was tested, after that 80% gnotobiotic zebra�sh
media (GZM) was changed, the egg membranes and unhatched embryos were sucked away. 

GF-zebra�sh were treated on 5 dpf, and two experiments were carried out. Experiment 1 was about sterile
AiiO-AIO6 (�nal concentration 10 U/mL), collocation of B. subtilis wt55 (106 cfu/mL) with AiiO-AIO6 (10
U/mL) or wt55 (106 cfu/mL) directly immersed GF-zebra�sh, the untreated group served as control.
Experiment 2 was gut microbes from four groups of rearing experiments (ck, AIO6, wt55+AIO6 and wt55)
to transfer GF-zebra�sh. Simply, intestinal contents of �ve �sh were sampled 4 h after the last feeding at
the end of the breeding experiment. After fully mixed, the impurities were removed by low-speed
centrifugation and the bacteria with the �nal concentration of 106 cfu/mL were added to the GF-zebra�sh
culture �ask which with the same �xed volume of GZM (30 mL). Every group had six replicates, and
zebra�sh larvae were collected after three days of immersion treatment.

Statistical analysis

Data were analyzed by one way analysis of variance (ANOVA) with Duncan’s post hoc test. Data �gures
were made in GraphPad Prism Version 8 software. In all cases, differences were considered statistically
signi�cant when p < 0.05.
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Results
Effects of B. subtilis wt55 and AiiO-AIO6 on the growth of A. veronii

Firstly, the effects of single use of B. subtilis and AiiO-AIO6 on growth of A. veronii in vitro were evaluated.
A. veronii was cocultured with AiiO-AIO6 or wt55, the results showed that QQ enzymes AiiO-AIO6 did not
have any negative effect on growth of A. veronii, because the bacterial count though �uctuated a little
compared to the control group, but there was no signi�cant difference. The antagonistic activity of B.
subtilis against A. veronii was very signi�cant at the early growth stage (Table 2). In view of the different
effects on pathogenic bacteria, the strategy of using B. subtilis to match AiiO-AIO6 to further improve its
effectiveness has been studied.

Combination of wt55 and AiiO-AIO6 improve the resistance of zebra�sh to A. veronii by growth inhibition,
direct immune regulation and indirect mediation of intestinal microbiota

The e�cacy about a simple combinatory use of wt55 with AiiO-AIO6 (wt55 + AIO6) was evaluated. Most
of all, the disease resistance of zebra�sh was assessed. The count of pathogenic bacteria in each group
after challenge showed that the burden of A. veronii in the group supplemented with AiiO-AIO6 or wt55
were signi�cantly lower when compared with control group, and zebra�sh treated with wt55 + AIO6
exhibited the lowest Hm091 counts in the gut, suggesting this strategy could inhibit the binding and/or
proliferation of A. veronii more e�ciently (Fig. 1a). This was consistent with the lower IAP activity post
challenge in experimental group (Fig. 1b).

Furthermore, the mode of action behind the effectiveness of this combination strategy was investigated.
In vitro, the effect on A. veronii growth was �rst evaluated. The result showed that addition of wt55 + AIO6
signi�cantly reduced the amount of A. veronii at the early growth stage, and the antagonistic property of
B. subtilis was the main cause of this effect (Table 2).

In vivo, directly or/and mediated by gut microbes to indirectly regulating the immune response of host
was assessed in GF zebra�sh. For directly immersed GF-zebra�sh, there were no signi�cant changes in
expression of in�ammation related gene (NF-κB, IL-1β and TGF-β) and lysozyme gene in GF zebra�sh
when treated with AiiO-AIO6. In wt55 + AIO6 group, relative expression of NF-κB was decreased
signi�cantly, transcription of IL-1β and TGF-β did not change compare with control, while the expression
of lysozyme gene was signi�cantly increased. As for GF-zebra�sh treated with wt55, the in�ammation-
related responses were signi�cantly changed, as well as lysozyme (Fig. 1c). For GF-zebra�sh transferred
by gut microbiota taken from diet supplemented with either AiiO-AIO6, wt55 + AIO6 or wt55 or the control
diet, as show in Fig. 1d, compared to control treatment, gut microbiota from AiiO-AIO6 did not affect the
gene expression of NF-κB, IL-1β and lysozyme gene, expression of anti-in�ammatory TGF-β was
signi�cantly increased. The pro�le of NF-κB and IL-1β expression induced by gut microbiota of wt55 + 
AIO6 was decreased signi�cantly, TGF-β expression had no signi�cant change and expression of
lysozyme gene was signi�cantly up-regulated. In microbiota of wt55 treatment group, the relative
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expression level of NF-κB was not changed, IL-1β was signi�cantly down-regulated, but the expression of
TGF-β and lysozyme gene were signi�cantly increased.

Successful construction of the recombinant B. subtilis wt55-AIO6 expression strain

Because the simple combination worked well, a simpler and more practical way was built. Validation of
recombinant wt55-AIO6 strain included surface display and secretory expression of AiiO-AIO6 was done.
Firstly, chromosomal integration of plasmid pDG364-N-AIO6 was con�rmed. Because homologous
recombination occurred at the amylase gene, the amylase activity of wt55-AIO6 was destroyed and lost
its function to hydrolyze starch, so the starch around the recombinant strain turned blue when it
encountered with iodine solution and no white halo appeared, while the wt55 strain produced a big white
circle around the colony (Fig. 3a). The introduction of foreign genes was further validated by PCR,
genomes of wt55 and recombinant wt55-AIO6 strain were extracted, speci�c primers for AiiO-AIO6 and
amylase were used. Because the wt55 did not have AiiO-AIO6 gene, so it could not be ampli�ed, however
a fragment about 800 bp could be ampli�ed in recombinant strain. When using amylase gene as primer,
2000 bp was obtained in wt55, but in wt55-AIO6 was about 4800 bp which included the elements for
surface displaying of AiiO-AIO6 and resistance screening of clones in plasmid pDG364-N-AIO6 because
of homologous insert (Fig. 3b). Therefore, the above results all proved that exogenous genes have been
successfully integrated into the genome of B. subtilis.

Secondly, expression of AiiO-AIO6 on spores of wt55-AIO6 strain was detected. Spore coat proteins were
extracted to detect protein expression by WB using His-tag antibody. As show in Fig. 3d, wt55 did not
have AIO6-speci�c bands at the protein level, while the wt55-AIO6 could be detected a clear band of a
suitable size, about 40 kD, which was exactly the size of the fusion expression of AiiO-AIO6 and its
anchor protein CotC. Similarly, immuno�uorescence microscopy detection showed green �uorescence
signal only appeared on the surface of recombinant spores (Fig. 3c). Therefore, the above results
indicated that AiiO-AIO6 was successfully expressed on the surface of wt55-AIO6 spores.

Next, constitutive secretion of the AiiO-AIO6 protein in wt55-AIO6 was validated. The secreted expression
plasmid pWB-AIO6BS could be successfully extracted from the recombinant strain, and the cells of wt55
had no plasmid (Fig. 3b). B. subtilis was cultured in LB medium for 24 h and then supernatant was
concentrated to conduct WB, the target band suitable for AIO6 was only detected in wt55-AIO6 (Fig. 3d).
These results indicated that the recombinant strains of wt55-AIO6 successfully expressed and secreted
AiiO-AIO6 in their vegetative cells stage.

Final was the detection of wt55-AIO6 speci�c activity to degrade signal molecule substrate 3-oxo-C8-HSL.
By quanti�cation, the enzyme activity of wt55-AIO6 spores was about 320 U/ one hundred billion cells,
the enzyme activity of secreted AiiO-AIO6 was about 146 U/mL.

Recombinant B. subtilis wt55-AIO6 expression strain was not as e�cient as simple combination on
disease resistance of zebra�sh
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Then its effects on disease resistance of zebra�sh were evaluated in vivo. Four groups of zebra�sh fed
with AiiO-AIO6, wt55-AIO6 spores or with the wt55 native spores or basal diet were challenged by A.
veronii. According to the survival curve (Fig. 4a), compared with the control group, additive of AiiO-AIO6 or
wt55-AIO6 or wt55 all improved the survival rate of zebra�sh, but the recombinant strain did not show the
expected advantage. Further study of in�ammatory reaction in gut was conducted after feeding. For AIO6
group, the transcriptional levels of pro-in�ammatory factor IL-1β did not change compare to control
group, NF-κB even decreased signi�cantly, anti-in�ammatory cytokine IL-10 was signi�cantly up-
regulated. In wt55-AIO6 group, mRNA level of in�ammatory cytokines (IL-1β and NF-κB) were increased
signi�cantly, while IL-10 has no obvious change. On the contrary, the gene expression of IL-1β and NF-κB
in wt55 group did not show a signi�cant change, while anti-in�ammatory cytokine was signi�cantly
higher than that in the control group (Fig. 4b).

Discussion
The direct regulation of the additive on pathogens is very important to enhance the disease resistance of
host. B. subtilis is a probiotics that could inhibit the growth of aquaculture pathogens such as Vibrio and
Aeromona sps. (Nair et al. 2021), which is consistent with the results of this study. QQ enzyme AiiO-AIO6
has a biotherapeutic potential against pathogens of aquatic organisms, not by growth inhibition which is
different from traditional antibiotic treatment and thus does not easily cause resistance (Haque et al.
2018), but by regulation of virulence gene expression as with other QQ enzymes (Defoirdt, 2018), and
may also lead to increased sensitivity to antibiotics and phages (Mion et al. 2019). Probiotics and QQ
enzymes work in different ways, in view of this, we assume that their combination will enhance the effect.
Therefore, the combinatory use of wt55 and AiiO-AIO6 (wt55 + AIO6) was preliminarily evaluated. Since
�sh reside in the aquatic environment, mucosal surface, such as gills, skin, or gut are continuously
exposed to pathogens, and become the major portal of entry (Yu et al. 2020). Infection with A. veronii
Hm091 can cause intestinal damage, and into regions around the intestine and in the abdomen (Ran et
al. 2018). The usage of AiiO-AIO6 or wt55 could signi�cantly reduce the number of enteric pathogens
after challenge, and the combination of wt55 and AiiO-AIO6 had the best exclusion effect. LPS is a major
component of the outer membrane of A. veronii, endotoxemia resulting from the abundance of LPS in the
gut or blood stream can lead to in�ammatory response (Novoa et al. 2009) even subsequent
complications and death. IAP plays a vital role in promoting mucosal tolerance to gut bacteria via
dephosphorylation of LPS to attenuated LPS-mediated toxicity (Bilski et al. 2017), which was consistent
with the results in this experiment, i.e., lower bacterial load was associated with lower IAP activity, and
vice versa. In previous studies, fewer infective bacteria and lower IAP activity in the gut were associated
with higher survival rates (He et al. 2017; Liu et al. 2016), therefore the result of this study can indirectly
indicate that the combination of wt55 and AiiO-AIO6 has a good application effect.

Further, the mechanism behind the effectiveness of the wt55 + AIO6 was explored. Firstly, its antagonistic
action against A. veronii in vitro was evaluated. The results showed that the wt55 + AIO6 had an inhibitory
effect on it, and this effect was mainly provided by B. subtilis. The potentiality of competitive exclusion of
the B. subtilis may be the production of antimicrobial substances, which have antimicrobial effects
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against broad spectrum of pathogens (Caulier et al. 2019). These substances are natural part of human
antimicrobial defense system hence the possibility of developing pathogen resistance or unwanted side
effects is less (Suva et al. 2016). This may also be one reason why the number of invading A. veronii
decreased in wt55 treatment group after challenge. In addition, B. subtilis can eliminate pathogens by
competing with them for nutrients or adhesion sites (James et al. 2021). And B. subtilis spores which
used as a form of administration may also be effective agents in the control of pathogens (La Ragione
and Woodward, 2003).

Then, by using GF zebra�sh model, the direct or indirect effect (mediated by intestinal �ora) of wt55 + 
AIO6 to regulate �sh immunity were studied. GF zebra�sh model provides convenience for the study of
the function of intestinal microorganisms and the interaction mechanism between additive and the host,
and the establishment and application of this model have been skilled (Tan et al. 2019). The case of AiiO-
AIO6 or B. subtilis wt55 directly immerse GF zebra�sh showed AiiO-AIO6 does not regulate the host
immune response, but wt55 does, hence wt55 + AIO6 can enhance defence against pathogens. It is widely
accepted that B. subtilis can regulate the innate immune response of the �sh (Galagarza et al. 2018;
Olmos et al. 2020), but the way it works is unclear. This work provides the evidence that B. subtilis can
directly regulate in�ammatory response and lysozyme transcription of zebra�sh larvae, suggesting that
the immune-activating effect of B. subtilis is self-related. Previous studies also have shown that B.
subtilis stimulated dendritic cells of grass carp, and several pro-in�ammatory cytokines and anti-
in�ammatory cytokines genes expressions are signi�cantly increased (Zhou et al. 2019). In addition, the
intestinal microbiota induced by dietary additive also has a positive effect on host immune response. The
use of AiiO-AIO6 will interfere the QS signal molecules of some intestinal microbiota and alter gut
microbial community structure. B. subtilis also can modulate bacterial �ora in the gut (Shi et al. 2020), as
well as spore supplementation (Jang et al. 2021). The symbiotic relationship and interaction between
intestinal microbiota and host make each other in a dynamic equilibrium state, many studies have
con�rmed the positive role of intestinal microbiota in improving �sh immunity (Teame et al. 2020; Wu et
al. 2020a; Wu et al. 2020b), and our results are consistent with them. Together, these results showed that
probiotic properties of B. subtilis enhance the effect of AiiO-AIO6.

The above results proved the effectiveness of the combination use of wt55 and AiiO-AIO6, for purpose of
more convenient use and lay the foundation for the product formulation, a QQ recombinant strain wt55-
AIO6 which had the functions of both probiotics and QQ enzyme was constructed. Although many AHL
lactases were derived from the genus of Bacillus, the expression of B. subtilis is rarely reported (Huma et
al., 2011). Spore of B. subtilis is one of the excellent platforms for displaying exogenous proteins on its
surface (Zhang et al. 2019). N-terminal fusion and linker with secondary structure were chosen in this
study according to the spore surface display strategy, which contributes to a higher e�ciency of display
and stability of protein (Yao et al. 2020). AiiO-AIO6 is located on the surface of spores and can react
directly with substrates. The unique stress resistance of spores endows the protein on spores with
thermal stability, acid and alkali resistance, enzymatic hydrolysis resistance and other characteristics,
and does not affect the biological activity of displayed proteins, so it is more suitable for feed processing
industry. And when the spores of B. subtilis enter the intestinal tract of the host, some of them will
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germinate into vegetative cells (Latorre et al. 2014), constitutionally secreted expression during
proliferation of B. subtilis was built as a supplement. The recombinant expression strains of wt55-AIO6
could ensures the long-term expression and e�cacy of AiiO-AIO6. But the use of this recombinant strain
in zebra�sh caused a quicker death after challenge when compared with using AiiO-AIO6 or wt55 alone.
Further investigation revealed that an in�ammatory response in gut of wt55-AIO6 may be responsible for
the unexpected results. In this study, the alone use of same dosage wt55 and AiiO-AIO6 did not cause
in�ammatory response, one possible difference between wt55-AIO6 and AiiO-AIO6 or wt55 was the
enzyme activity in wt55-AIO6 group was not likely to be digested and degraded, but could be maintained
at a constant level. Moreover, with daily feeding, the accumulation may be increased, and if some B.
subtilis germinated and proliferated, it is di�cult to estimate the actual amounts of enzymes at work. In
the GF zebra�sh model, AiiO-AIO6 did not directly regulate the host immune response, but the enzyme
induced intestinal microbiota did. So we guess that changes in the microbiota mediated by AiiO-AIO6
may negatively affect the in�ammatory response of the host. However, this speci�c mechanism needs to
be further studied. The surface display and constitutive secretory expression of B. subtilis is a good
expression system, which may be due to the properties of quenching enzyme AiiO-AIO6, and it should
play a better role in industrial production or other types of protein applications.
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  ck AiiO-AIO6 wt55+AIO6 wt55

4h 2.05±0.33*109 a 2.42±0.39*109 a 2.16±0.86*109 a 1.73±0.57*108 b

8h 5.54±1.78*1010 a 5.54±0.33*1010 a 2.37±0.63*1010 b 2.71±0.48*1010 b

12h 3.71±1.07*1011 a 4.23+1.57*1011 a 2.52±0.90*1011 a 4.37±1.58*1011 a

Gene  Forward primer (5’-3’) Reverse primer (5’-3’) Application

AiiO-AIO6 AAATCCCATGAAATCGAGACCA GCCGTGCAGTCGCGCATGA genomic PCR
detection

amyE ATGTTTGCAAAACGATTCAAAA
CC

TCAATGGGGAAGAGAACCGCT

Rps11 ACAGAAATGCCCCTTCACTG GCCTCTTCTCAAAACGGTTG qPCR

IL-1β GGCTGTGTGTTTGGGAATCT TGATAAACCAACCGGGACA

NF-κB AGACACCGACAGCAGTCAGGAG GGTGACGGAGGTTGAAGAAGGATG

IL-10 ATTTGTGGAGGGCTTTCCTT AGAGCTGTTGGCAGAATGGT

TGF-β GTGTACCCGCAATCCTTGAC CACTTGCAGTTCCTCACCAC

lysozyme TGGAAGTGGTGTTTTTGTGT TCAAATCCATCAAGCCCTTC

Table 2. Count of A. veronii Hm091 cocultured with B. subtilis wt55 or AiiO-AIO6.

If the two groups do not contain the same letter, the difference is signi�cant (p<0.05), and the same letter
appearing means no signi�cant change. Data are means for three

Table 3. Strains and plasmids used in this work.
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Strains and
plasmids

Characteristics

Strains

E. coli DH5α F-φ80d lacZ∆M15 ∆(lacZYA-argF) U169 end A1 recA1 hsdR17(rk
-, mk

+) supE44λ-
thi-1 gyrA96 relA1 phoA

A.
veronii Hm091

Pathogen, Ampr

B. subtilis wt55 Probiotics, isolated from sturgeon

wt55-N-AIO6
(SD)

Cmr, AiiO-AIO6 could only surface displayed on the spores of wt55

wt55-AIO6 Cmr and Kanr, AiiO-AIO6 could surface displayed on the spores of wt55 and
secreted by its vegetative cells

Plasmids

pDG364-N-AIO6 Cmr, replicate in E. coli, homologous recombination in B. subtilis at amylase gene

pWB-AIO6BS Kanr, only replicate in B. subtilis, constitutive secretory expression of protein

Amp: Ampicillin; Cm: Chloramphenicol; Kan: Kanamycin; r: resistance.

Figures
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Figure 1

Effect of B. subtilis combinate with AiiO-AIO6 on disease resistance of zebra�sh. a Abundance of A.
veronii Hm091 in the gut of zebra�sh 24 h after challenge. b IAP activity of zebra�sh 24 h after challenge
with A. veronii Hm091. c The expression of non-speci�c immune related genes of different formulations
after directly immerse of GF zebra�sh model. d Effect of gut microbiota induced by different formulations
on the expression of non-speci�c immune related genes in the GF zebra�sh model. If the two groups do
not contain the same letter, the difference is signi�cant (p<0.05). The same letter appearing means no
signi�cant change. Data are means for six replicates and presented as means±SD.
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Figure 2

Schematic view of building quorum-quenching recombinant strain wt55-AIO6. Abbreviations: cat,
Chloramphenicol resistance gene; P, promoter; UC, undercoat; IC, inner coat; OC, outer coat.
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Figure 3

Validation of QQ recombinant wt55-AIO6 strain included surface display and secretory expression. a
Analysis of amylase activity. B. subtilis wt55 and wt55-AIO6 recombinant strains on starch-containing LB
plate stained by iodine. b PCR analysis of B. subtilis genome, primer pairs used are labelled above. And
plasmid extraction and identi�cation. Line 1, 3 and 6: wt55, line 2, 4 and 5: wt55-AIO6. c
Immuno�uorescent detection of recombinant spores. d WB analysis of proteins extracted from spores
and AiiO-AIO6 secreted into medium. The target protein was detected by anti-His antibody. Line 1and 3:
wt55, line 2 and 4: wt55-AIO6.
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Figure 4

Disease resistance of zebra�sh fed with recombinant B. subtilis wt55-AIO6 strain. a The survival curves
of zebra�sh feed with native wt55 spores or recombinant wt55-AIO6 spores or AiiO-AIO6 after challenged
by A. veronii, and basal diet (ck) as control. b qRT-PCR analysis of expression of in�ammatory response-
related genes in zebra�sh dieted with different formulations in gut after breeding experiment. If the two
groups do not contain the same letter, the difference is signi�cant (p<0.05). The same letter appearing
means no signi�cant change. Data are means for six replicates and presented as means±SD.


