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Abstract

High concentrations of ammonia have toxic effects on bred animals. In aquaculture, the
possibility of using Bacillus preparations to remove ammonia nitrogen in aquaculture
water through assimilation has been generally recognized. In this study, to analyze the
metabolic pathways of ammonia assimilation in Bacillus, the characteristics and pathways
of ammonia assimilation of Bacillus velezensis LG37 stored in the laboratory were
analyzed. The results showed that the rate of ammonia assimilation by LG37 in a minimal
medium could reach 94.2% at 20 h, and the highest assimilation rate was 95.4% within
60 h. In a minimal medium, the growth rate of LG37 in the glutamine group was
significantly faster than that in the ammonia group, but the expression of g/nL showed
opposite results. The gene expression level of g/nL in the ammonia group was
significantly higher than in the glutamine group. g/nL overexpression (OEg/nL) and
deletion (Ag/nL) strains were constructed by CRISPR/Cas9 technology and using the
pHT1K vector, respectively. The expression levels of g/nL in LG37, OEginL, and AginL
strains were determined by RT-qPCR. The g/nL gene expression levels were ordered as
follows: OEg/nL > LG37 > AginL. In all three strains (LG37, Ag/inL, and OEg/nL) and at
different ammonia concentrations, the expression levels of g/inL were consistent with g/nA
and g/nB levels, showing a positive correlation. However, the expression levels of g/nK
and g/nR in different strains hardly changed significantly.
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Introduction

The rapid upscaling and intensification of aquaculture, with increased aquaculture density
and continuous feed input, caused the accumulation of inorganic nitrogen and ammonia
nitrogen in aquaculture water, which in turn exert toxic effects on bred animals
(Maarefian et al., 2019; Xu et al., 2021). Ammonia nitrogen is a toxic substance that can
enter the blood through the gills and is transported to other tissues and organs, resulting
in hyperammonemia, which causes a decrease in blood oxygen-carrying capacity,
damages various organs, disorganizes the internal environment, reduces immunity, and
in severe cases even causes death, causing huge economic losses (Kim et al., 2019;
Zhang et al., 2022). The biological treatment of ammonia nitrogen with Bacillus has
become a hotspot in the aquaculture research field because of its safety, high efficiency,
and low cost, and its effect on aquaculture has been recognized by many aquaculturists
and scholars (John et al., 2020; Kuebutornye et al., 2019).

Regulatory systems are diverse signaling modalities that have evolved in
microorganisms to adapt to changes in the external environment and to ensure their
survival and reproduction (Bhagirath et al., 2019). By sensing changes in extracellular
nutrients and concentrations as well as changes in physicochemical factors, they transmit
downstream signals to regulate the expression and activity of relevant proteins and
cellular processes in the host, thereby adapting to changes in the external environment
(Laventie et al., 2020; Zhao et al., 2020). The Bacillus GInK/GInL two-component
regulatory system plays an important role in ammonia nitrogen assimilation metabolism.
The histidine kinase GInK senses extracellular NH4*/NHs concentrations and concentration
changes and activates the response regulator GInL by GInK autophosphorylation and
phosphorylation of GInL, which regulates the transcription and activity of the transporter
MnrA and the regulator GInB to achieve ammonia uptake (Liu et al.,2020).

The uptake of NHz and NH4* by Bacillus is carried out in different ways. At high pH
and high NH4*/NH3 concentrations, NHs is mainly taken up by free diffusion. At low pH
and low NH4*/NH3 concentrations, Bacillus mainly transports and absorbs NH4* through
MnrA. The intracellular NH4" and NHs that are transported to the cell are assimilated by
TnrA and GInR (a transcriptional regulator), GInA (a glutamine synthetase), GInB (an
assimilation regulator), GDH (glutamate dehydrogenase), and other proteins, and finally
the nitrogenous organic matter is synthesized into the organic nitrogen form required for
microbial growth, thus completing the process of ammonia nitrogen uptake and
utilization (Dai et al., 2022; Wang et al., 2020; Liu et al., 2020).

Based on the results of previous studies, we found that Bacillus velezensis LG37
could regulate the efficiency of ammonia assimilation through GInK and identified a new
ammonia-specific transporter, MnrA. Based on this, we constructed the overexpression
(OEg/nL) and knockdown (Ag/nL) strains of g/nL using CRISPR/Cas9 technology and the
pHT1K vector, respectively. To validate the specific regulatory mechanism, we analyzed
(i) the bacterial growth curves and GInL expression in LG37, OEg/nL, and Ag/nL and (ii)
the interrelationship with GInL and downstream ammonia assimilation-related proteins
(Liu et al., 2020).

It was reported that GInK/GInL plays a crucial role in ammonia assimilation
metabolism, and the glutamine assimilation two-component system response regulator
GInL is not specific to the process of glutamine assimilation. Still, the role of GInL in
ammonia assimilation metabolism is not negligible. Compared with glutamine
metabolism, GInK/GInL was shown to be specific to ammonia nitrogen assimilation
metabolism. Meanwhile, we verified the interaction between GInL and downstream
ammonia assimilation proteins at the transcriptional level by overexpressing and
knocking out g/inL, which effectively verified its regulatory function in ammonia transport
and the assimilation metabolic pathway and provided a theoretical basis for the in-depth
study of the molecular mechanism of ammonia assimilation in Bacillus.
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Materials and Methods
Strains
The wild-type strain and mutant strains of LG37 were preserved in our laboratory.

Determining the growth characteristics of LG37 and mutant strains

Conical flasks were filled with 100/250 mL minimal medium in which the nitrogen
source was 10 mM glutamine or ammonia and LG37 initial inoculum (ODeoo 0.02) and
incubated at 30°C for 60 h. Minimal medium without LG37 was used as a blank control,
and the ODeoo was measured every 4 h. The data were recorded and the growth curves
were plotted. Three biological replicates were included per experimental group.

Determination of the efficiency of ammonia assimilation of LG37

LG37 was inoculated in 100/250 mL minimal medium with an initial ammonia
nitrogen concentration of 10 mM (initial ODeoo 0.02) and incubated at 160 r/min at 30°C.
The ammonia content in the medium was measured every 4 h. The ammonia assimilation
rate was calculated using the nano reagent photometric method (Gao et al., 2018) as
follows:

W (%) = Co - C1/Co x 100%,

Where W is the ammonia assimilation rate, Co is the initial ammonia concentration
(mg/L), and C: is the residual ammonia concentration (mg/L). Finally, the ammonia
nitrogen assimilation rate curve was plotted.

DNA/RNA extraction and PCR amplification

LG37 was cultivated in LB and minimal medium. The concentration of nitrogen was
set at 10 mM with NH4* (treatment) or GIn (control). Total DNA and RNA were extracted
by TRIzol reagent (Invitrogen, USA), following the recommendations. The obtained LG37
genomic DNA was used as a template for PCR. PCR amplification conditions were as
follows: 95°C for 5 min, followed by 35 cycles at 95°C for 30 s, 57°C for 30 s, and 72°C
for 1 min and a final extension step at 72°C for 2 min (Liu et al., 2020). All primers used
for PCR and RT-gPCR were designed using Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast) and synthesized by Sangong
Bioengineering (Shanghai) Co., Ltd. The primer sequences are shown in Table 1.

Construction of a gInL knockout strain

The AginL strain was constructed with chimeric single guide RNA (sgRNA) with
plasmid pJOE8999 and the homologous recombination method. The 20-nt protospacer
adjacent motif sequence was cloned upstream of 5’-NGG-3’ in the g/nL sequence of
LG37. The primers were designed using Primer-BLAST. The pJOE8999 plasmid and
sgRNA-g/inL were digested by the Bsal restriction endonuclease and then ligated to
generate the pJOE8999_sgRNA-g/nL plasmid.

The 600-bp homologous exchange fragments (HEFs) upstream and downstream of
ginL were amplified. The complete g/inL HEFs were obtained by overlap extension PCR.
The obtained complete GInL-HEFs was inserted into the pJOE8999 plasmid by digestion
with the Sfil restriction enzyme followed by ligation to generate the plasmid pJOE8999-
sgRNA-g/inLUD. Successful cloning of pJOE8999-sgRNA-g/inLUD was verified by
sequencing and restriction enzyme digestion analysis (Altenbuchner et al., 2016).

Generation of ginL overexpression LG37 strains

PCR amplified products of g/inL were cloned into the integrating plasmid pHT1K-Pxy
between the BamHI and Kpnl restriction endonuclease sites to obtain pHT1K-Pxy-g/inL
recombinant plasmids. The primers are listed in Additional File 11. The recombinant
plasmids were transformed into Escherichia coli DH5a cells for cultivation on LB plates
with ampicillin for 24 h. Positive clones of pHT1K-Px-g/nL recombinant plasmids were
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verified by sequencing and restriction enzyme digestion analysis. The recombinant
plasmid was transformed into LG37 by electroporation, and successful transformation
was screened with 25 pg/mL erythromycin (Liu et al., 2020).

Gene expression analysis by quantitative RT-PCR

To validate the expression of genes related to the ammonia nitrogen assimilation
metabolic pathway, g/nK, ginL, mnrA, ginA, and gInB were selected for quantitative real-
time RT-PCR (RT-gPCR) analysis. The RT-gPCRs were carried out using the SYBR Premix
Ex Taq kit (Takara, Japan) with StepOne Real-Time PCR (Applied Biosystems, Carlsbad,
CA), according to the manufacturer’s instruction. Relative mMRNA expression was
calculated using the 2-24¢t method (Livak et al., 2001). The 16S rDNA gene was used for
normalization.

Statistical analysis

Statistical analyses were conducted by one-way analysis of variance (ANOVA) with
SPSS 18.0. All analysis results are represented as mean * standard deviation of three
independent assays.

Results
Glutamine and ammonia were added to a minimal medium at a concentration of 10 mM.
The growth curves are shown in Figure 1. LG37 could grow rapidly in a minimal medium
with both glutamine and ammonia as the only nitrogen source. In a minimal medium,
LG37 grew more rapidly with glutamine than with ammonia as the only nitrogen source,
which effectively shortened the period of the beginning of the growth curve.
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Figure 1 Growth curves of LG37 in minimal media with 10 mM glutamine and ammonia as the sole
nitrogen source.

The ammonia nitrogen utilization efficiency of LG37 is shown in Figure 2. At 0-4 h,
LG37 was at the beginning of the growth period, when the assimilation efficiency of
ammonia nitrogen gradually increased. The assimilation rate increased rapidly from 4 to
20 h. At 20 h, the assimilation rate was stable, reaching 94.2%. The assimilation rate
maintained 94.1-95.4% during 20-60 h.
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Figure 2 Determination of ammonia assimilation rate of LG37, initial NH4* concentration 10 mM.

The expression of g/nL was determined by RT-PCR in different strains cultured in
minimal medium with 10 mM ammonia as the nitrogen source. The results show that g/nL
expression was significantly higher in OEg/nL than in the wild-type and knockout strains.
The expression of g/nL was lowest in the knockout strain (Figure 3a). The growth curves
revealed that OEg/nL and Ag/nL showed different growth trends compared with the wild-
type LG37 strain, with OEg/nL showing shorter initiation and logarithmic phases
compared with LG37 and Ag/nL showing slower growth and a significant prolongation of
the growth cycle (Figure 3b).
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Figure 3 Analysis of g/nL expression and growth curve of LG37, OEg/nL and AgInL strains. (A) The
relative expression level of g/nL in LG37, OEg/nL and AginL strains. (B) Growth curve of LG37,
OEginL and AginL strains.

In LG37, ginL, gInA, and ginB expression is significantly correlated with the ammonia
concentration (Figure 4). In OEg/nL, we observed a significant increase in the expression
of gInL, gInA and g/nB, and a significant decrease in the expression of g/nL, ginA and ginB
in Ag/nL (Figure 5). The expression of tnrA and g/nR was examined at different ammonia
nitrogen concentrations, the expression of tnrA showed a positive correlation with the
increase of concentration, however, there was no significant difference in the expression
of ginR (Figure 6A). In both OEg/nL and Ag/nL, tnrA was significantly upregulated upon
culture in 10 mM ammonia nitrogen, while the expression of g/nR did not show significant
changes in any of the three strains (Figure 6B).
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Figure 4 Relative expression of g/inL, ginA and g/nB. (A) Relative expression of g/inL with NH4* (5,
10, 15, 20 and 25 mM) of LG37, 5 mM as control. (B) Relative expression of g/inA and g/nB with
NH4* (5, 10, 15, 20 and 25 mM) of LG37, 5 mM as control.
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Figure 5 Relative expression of ginK, ginL, gIinA and ginB in LG37, OEgInL and Ag/nL strains. (A)
Relative expression of gIinK and g/nL in LG37, OEgInL and AgInL strains with 10 mM NH4™*. (B)
Relative expression of gIinA and g/nB in LG37, OEg/nL and Ag/nL strains with 10 mM NH4".
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Figure 6 Relative expression of tnrA and g/lnR. (A) Relative expression of tnrA and g/nR with NH4*
(5, 10, 15, 20 and 25 mM) of LG37, 5 mM as control. (B) Relative expression of tnrA and g/nR in
LG37, OEg/nL and Ag/nL strains with 10 mM NH4".

Discussion
The accumulation of nitrogenous compounds such as excrement and residual bait in
aquaculture water bodies with the prolongation of the culture cycles results in excessive
ammonia nitrogen, which in turn affects the growth of aquatic animals and even leads to
the outbreak of diseases (Zhao et al., 2020). Bacillus can rapidly utilize ammonia in
aquaculture water through assimilation metabolism, thus reducing the environmental
burden of aquaculture. Bacillus has its own specific ammonia sensing, transport, and
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assimilation proteins to assist in its proliferation and metabolic reactions (Richts et al.,
2021).

GInK/GInL is a two-component regulatory system which plays a key role in the
assimilation of ammonia nitrogen. GInK, as a signal-sensing protein, senses the presence
of extracellular ammonia and activates the downstream transcriptional regulators GInL
through phosphorylation (Chuang et al., 2022; Liu et al., 2020). In the present study, the
growth rate of LG37 in the glutamine group was significantly higher than that of LG37 in
the ammonia group. However, combined with the previous experimental results and
transcriptome data analysis, it was found that the expression of GInL in the ammonia
group was significantly higher than that in the glutamine control group. GInL is a
glutamine assimilate two-component system response regulator whose expression in the
glutamine group should have been higher than that in the ammonia group (Satomura et
al., 2005), but the opposite results were obtained, indicating that GInL played a greater
role in ammonia assimilation metabolism than in glutamine assimilation metabolism and
that it played an important role in the process of ammonia assimilation. Subsequently,
LG37 was cultured in minimal medium and the assimilation rate of ammonia nitrogen was
measured. The results indicated that LG37 could efficiently use ammonia as its own
nitrogen source for growth and proliferation.

To further prove the role of GInL in the process of ammonia assimilation and its
relationship with other assimilation proteins, OEg/nL and Ag/inL were generated through
the CRISPR/Cas9 system and the pHT1K vector, respectively, and cultured in minimal
medium with an ammonia concentration of 10 mM. The expression of g/nL was
determined by RT-gPCR. The order of g/inL expression was as follows: OEg/nL > LG37 >
AginL. Combined with the growth curves, the experiments showed that the
overexpression and knockout strains were successfully established and that GInL played
an important role in the assimilation and metabolism of ammonia nitrogen.

In minimal medium, with increasing ammonia concentrations, the expression of g/inL
increased significantly, and the expression of downstream g/nA and g/nB assimilation
genes also increased. Under 10 mM ammonia culture, in OEg/nL, both g/inA and g/nB
showed a significant upregulation, while in Ag/nL, the expression levels of g/inA and g/nB
both showed a downward trend. There was a positive correlation with assimilation
metabolism. However, the expression of g/nK in different strains hardly changed,
indicating that GInK sensed the changes in ammonia nitrogen concentrations in the
outside world and then activated GInL, but did not participate in regulating the expression
of downstream assimilation protein-encoding genes.

There was no significant difference in the expression of g/inR under different ammonia
concentrations or between the three different strains, indicating that under the restriction
of ammonia concentration, GInR does not play a role in ammonia assimilation and
metabolism. However, tnrA expression showed a positive correlation with g/inL
expression, indicating that the specific role of GInL in ammonia assimilation metabolism is
also regulated by the global transcriptional regulator TnrA under the condition of
ammonia nitrogen limitation. The results of this study and previously published results
indicate that in the ammonia-specific assimilation metabolic signaling pathway, in which
GInK senses ammonia and activates the transcriptional regulator GInL, under the
condition of ammonia limitation, GInL and TnrA play a synergistic role, positively
regulating MnrA, GInA, and GInB. The role of GInR in the metabolic process is silent.

Acknowledgments
This study was jointly supported by a fund from Central Public-interest Scientific
Institution Basal Research Fund, South China Sea Fisheries Research Institute, CAFS (No.
2020TS04); Guangdong Provincial Rural science and Technology Commissioner Fund for
Stationed in the town to help the village (KTP20210318); Guangdong Provincial Special
Fund For Modern Agriculture Industry Technology Innovation Teams (2019KJ141); China
Agriculture Research System of MOF and MARA (CARS-48).

The Israeli Journal of Aquaculture —Bamidgeh ¢ ISSN 0792-156X  IJA.74.2022.1773590



8 Livetal 2022

References
Altenbuchner J., 2016. Editing of the Bacillus subtilis genome by the CRISPR-Cas9 system. App/
Environ Microb, 82(17), 5421-5427. https://doi.org/10.1128/AEM.01453-16
Bhagirath A. Y., Li Y., Patidar R., Yerex K., Ma X., Kumar A., and K. Duan, 2019. Two
component regulatory systems and antibiotic resistance in Gram-negative pathogens. Int J Mol Sci,
20(7), 1781. https://doi.org/10.3390/ijms20071781
Chuang, S. T., Chen, C. T., Hsieh, J. C,, Li, K. Y., Ho, S. T., and M. J. Chen, 2022.
Development of Next-Generation Probiotics by Investigating the Interrelationships between
Gastrointestinal Microbiota and Diarrhea in Preruminant Holstein Calves. Animals, 12(6), 695.
https://doi.org/10.3390/ani12060695
Dai H., Sun Y., Wan D., Abbasi H. N., Guo Z., Geng H., and Y. Chen, 2022. Simultaneous
denitrification and phosphorus removal: A review on the functional strains and activated sludge
processes. Sci total environ, 155409. https://doi.org/10.1016/j.scitotenv.2022.155409
Gao X., Wen Y., Qu D., An L., Luan S., Jiang W., and Z. Sun, 2018. Interference effect of
alcohol on Nessler’s reagent in photocatalytic nitrogen fixation. ACS Sustain Chem Eng, 6(4), 5342-
5348. https://doi.org/10.1021/acssuschemeng.8b00110
John E. M., Krishnapriya K., and T. V. Sankar, 2020. Treatment of ammonia and nitrite in
aquaculture wastewater by an assembled bacterial consortium. Aquaculture, 526, 735390.
https://doi.org/10.1016/j.aquaculture.2020.735390
Kim J. H., Kang Y. J., Kim K. I., Kim S. K., and J. H. Kim, 2019. Toxic effects of nitrogenous
compounds (ammonia, nitrite, and nitrate) on acute toxicity and antioxidant responses of juvenile
olive flounder, Paralichthys olivaceus. Environ Toxicol Phar, 67, 73-78.
https://doi.org/10.1016/j.etap.2019.02.001
Kuebutornye F. K., Abarike E. D., and Y. Lu, 2019. A review on the application of Bacillus as
probiotics in aquaculture. Fish shellfish immun, 87, 820-828.
https://doi.org/10.1016/j.fsi.2019.02.010
Laventie B. J., and U. Jenal, 2020. Surface sensing and adaptation in bacteria. Annu Rev
Microbiol, 74, 735-760. https://edoc.unibas.ch/79352/
Liu G., Vijayaraman S. B., Dong Y., Li X., Andongmaa B. T., Zhao L., Tu J., He J. and L. Lin,
2020. Bacillus velezensis LG37: transcriptome profiling and functional verification of GInK and MnrA
in ammonia assimilation. BMC genomics, 21(1), 1-14. https://doi.org/10.1186/s12864-020-6621-1
Livak, K. J., and T. D. Schmittgen, 2001. Analysis of relative gene expression data using real-
time  quantitative PCR and the 2722¢T  method. Methods, 25(4), 402-408.
https://doi.org/10.1006/meth.2001.1262
Maarefian M., Bandehali S., Azami S., Sanaeepur H. and A. Moghadassi, 2019. Hydrogen
recovery from ammonia purge gas by a membrane separator: A simulation study. Int j energ res,
43(14), 8217-8229. https://doi.org/10.1002/er.4819
Richts, B., Lentes, S., Poehlein, A., Daniel, R., and F. M. Commichau, 2021. A Bacillus subtilis
ApdxT mutant suppresses vitamin B6 limitation by acquiring mutations enhancing pdxS gene
dosage and ammonium assimilation. Env Microbiol Rep, 13(2), 218-233.
https://doi.org/10.1111/1758-2229.12936
Satomura, T., Shimura, D., Asai, K., Sadaie, Y., Hirooka, K., and Y. Fujita, 2005.
Enhancement of glutamine utilization in Bacillus subtilis through the GInK-GInL two-component
regulatory system. J Bacteriol, 187(14), 4813-4821. https://doi.org/10.1128/JB.187.14.4813-
4821.2005
Wang B., Zhang D., Chu S., Zhi Y., Liu X., and P. Zhou, 2020. Genomic analysis of Bacillus
megaterium NCT-2 reveals its genetic basis for the bioremediation of secondary salinization soil. Int
J Genomics, 2020. https://doi.org/10.1155/2020/4109186
Xu Z., Cao J.,, Qin X., Qiu W., Mei J., and J. Xie, 2021. Toxic Effects on Bioaccumulation,
Hematological Parameters, Oxidative Stress, Immune Responses and Tissue Structure in Fish
Exposed to Ammonia Nitrogen: A Review. Animals, 11(11), 3304.
https://doi.org/10.3390/ani11113304
Zhang T. Y., Chen T., Hu W. Y,, Li J. C., and M. Y. Guo, 2022. Ammonia induces autophagy via
circ-IFNLR1/miR-2188-5p/RNF182 axis in tracheas of chickens. Biofactors, 48(2), 416-427.
https://doi.org/10.1002/biof.1795
Zhao M., Yao D., Li S., Zhang Y., and J. J. Aweya, 2020. Effects of ammonia on shrimp
physiology and immunity: a review. Rev Aquacult, 12(4), 2194-2211.
https://doi.org/10.1111/raq.12429

The Israeli Journal of Aquaculture —Bamidgeh ¢ ISSN 0792-156X  IJA.74.2022.1773590



Functional verification of ginL and analysis of ammonia assimilation metabolism of LG37 9

Zhao X., Yu Z., and T. Ding, 2020. Quorum-sensing regulation of antimicrobial resistance in
bacteria. Microorganisms, 8(3), 425. https://doi.org/10.3390/microorganisms8030425

The Israeli Journal of Aquaculture —Bamidgeh ¢ ISSN 0792-156X  IJA.74.2022.1773590



