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A B S T R A C T   

Bacillus thuringiensis Q1, isolated from the eutrophic waters of the Haihe River in Tianjin, pos-
sesses remarkable algae dissolving character. We determined the lytic effect of B. thuringiensis Q1 
fermentation broth, and it proved to be pH- and temperature-stable. Then, we investigated the 
structure of the algicidal compound by high performance liquid chromatography, gas chroma-
tography tandem quadrupole mass spectrometry and fourier transform infrared spectroscopy, and 
identified as purine-derived C12H15O5N5. To further understand B. thuringiensis Q1, we performed 
genome sequencing and analysis. The genome was 5341610 bp, with 35.31% GC content. Some 
elements involved in algicidal activity, such as quorum sensing pathway and ABC transporter 
were predicted. Our results reveal that B. thuringiensis Q1 can be used for biological control of 
harmful algal blooms.   

1. Introduction 

With recent and rapid development of industrial and agricultural production, water eutrophication has become a serious problem, 
resulting in large-scale, frequent algal bloom outbreaks in coastal waters. Currently, more than half of China’s lakes and reservoirs are 
in a eutrophication state. According to an investigation of 25 lakes distributed all over the country, more than 90% had a eutrophi-
cation trend. The dominant, and most serious algal species are cyanobacteria [1], that secrete a wide range of cyanotoxins. Some 
cyanobacteria, such as anabaena produce potent neurotoxins such as anatoxin-a, which cause wild mammals and humans to die within 
minutes [2]. Furthermore, more than 40% of cyanobacteria produce toxins, many of which are still unknown [3]. 

To prevent algal blooms, it is vital to find a safe and effective method to inhibit microalgae growth. Among current methods, 
biological control is relatively safe and economical. Some plant, animal and microorganism metabolites can inhibit microalgae. Using 
algicidal bacteria to control algal blooms has the advantages of safety, efficiency and economy. Therefore, it has been considered as 
potentially the ideal way to control algal blooms [4,5]. 

Several algicidal bacteria that are able to inhibit algal cells, have been isolated, such as Bacillus sp, Brevibacillus sp, Streptomyces and 
Pseudomonas sp [6–9]. Algicidal bacteria can cleave algal cell membranes directly [10], and some natural substances extracted from 
algicidal bacteria can inhibit algal growth. Increasingly, more chemical compounds from algicidal bacteria have been found and some 

* Corresponding author. 
E-mail addresses: 120800802@qq.com, qiaojingcheng2006@126.com (J.-c. Qiao).   

1 Present address: Department of Food Engineering, Tianjin Tianshi College, Tianjin 301700, China. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e17649 
Received 25 January 2023; Received in revised form 29 May 2023; Accepted 24 June 2023   

mailto:120800802@qq.com
mailto:qiaojingcheng2006@126.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e17649
https://doi.org/10.1016/j.heliyon.2023.e17649
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e17649&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e17649
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e17649

2

of them exhibit stability to protease, acid, base and heat [6]. Dissolution of algae is achieved through the action of various compounds, 
and algicidal bacteria may adapt their action on microalgae cells by releasing a combination of compounds. Active compounds, such as 
pyoluterorins, are highly toxic against cyanobacteria, but less toxic to eukaryotic microalgae [7,11]. This new finding suggests that 
algae dissolving substances exhibit species-specificity. 

It has been reported that lasso peptides, derived from a bacterium, inhibit Microcystis aeruginosa growth by destroying the thylakoid 
membranes and downregulating the expression of photosynthetic genes [12]. Secreted compounds from Marinobacter sp. could cause 
lipid peroxidation of algal cells and destruction of the photosynthetic system [13,14]. Ortho-tyrosine and urocanic identified from 
Bacillus sp could damage Heterosigma akashiw mitochondrial membranes [15]. However, only a few algicidal compound molecular 
structures have been elucidated. 

We previously isolated an algicidal bacterium from eutrophic waters in the Haihe river of Tianjin, which was then identified as 
Bacillus thuringiensis (named B. thuringiensis Q1). B. thuringiensis Q1 could effectively dissolve M. aeruginosa and Anabaena flos-aquae by 
inhibiting chloroplast formation [16,17]. Here, we further investigate the algicidal effect of B. thuringiensis Q1, identify the algicidal 
compound, and sequence the strains genome. 

2. Materials and methods 

2.1. Microbes and media 

The algicidal bacterium B. thuringiensis Q1, stored in the Bioengineering laboratory of Tianjin Tianshi College, was cultured in LB 
medium. A. flos-aquae FACHB-1255, purchased from the Wuhan Institute of aquatic biology, Chinese Academy of Sciences, was 
cultured in BG11 medium. 

Seed culture: medium Beef extract 3.0 g/L, peptone 10.0 g/L, NaCl 5.0 g/L, pH 7.2–7.4. 
Fermentation medium: soybean meal powder 1.0 g/L, yeast extract 1.5 g/L, peptone 0.5 g/L, CaCl2 0.25 g/L, K2HPO4 0.43 g/L, 

ZnSO4 0.2 g/L, MgSO4 0.2 g/L, MnSO4 0.25 g/L, FeSO4 0.25 g/L, pH 8.0. 
BG11 medium：C₆H₈O₇ 0.3 g/L，C₆H₈FeNO₇ 0.3 g/L，C₂H₈N₂ 0.05 g/L，NaNO330 g/L，K2HPO4 0.78 g/L，MgSO4⋅7H2O 1.5 g/ 

L, CaCl2⋅2H2O 1.9 g/L,Na2CO3 2 g/L,H3BO3 2.86 g/L， MnCl2⋅4H2O 1.81 g/L， ZnSO4⋅7H2O 0.222 g/L，Na2MnO4⋅2H2O 0.391 g/L ， 
Co(NO3)2⋅6H2O 0.049 g/L. 

2.2. Environmental stability of extracellular algae-lysing substances 

The B. thuringiensis Q1 fermentation broth was filtered to remove the cells. The filtrates were treated with different pH buffers (pH 
= 4, 6, 7, 8, 10, 12) or freeze-thaw cycles (1–5 times). Then the treated filtrates were added (10% V/V) to the A. aquatic grown to the 
logarithmic-phase in BG11 medium and the A. aquatic cell cultivation was continued for another 9-days (25 ◦C, 2000lux white 12 h:12 
h). Chlorophyll a content was measured as described [18], and OD560 values were determined to measure growth. 

2.3. Purification of the algicidal activity Q1 

B. thuringiensis Q1 was cultured in seed medium at 37 ◦C with shaking at 180 rpm for 12 h. A10% bacterial solution was transferred 
into 100 mL fermentation medium, and cultured at 37◦Cwith 180 rpm for 20 h. The fermentation broth was centrifuged at 4 ◦C and 
3000×g for 15min to remove B. thuringiensis Q1 cells. The supernatant was concentrated by the rotary evaporation method and then 
filtered through a 0.2 μm filter membrane. The filtrate was separated and purified by macroporous resin D101. 50 mL of macroporous 
resin was added into a suitable chromatographic column and washed repeatedly with distilled water to loosen and expand the 
macroporous resin. 

Compounds were eluted by ethanol solution (ethanol: water = 7:3, V/V), with a flow rate of 0.5 mL/min. Each 50-drop was 
collected into a 15-mL tube, and a total of 30 tubes were collected. The algae-lysing activity of each collected substance was inde-
pendently determined. The algae-lysing activity of Q1was added to the growing A. aquatica culture in the logarithmic-phase, which 
was incubated at 25 ◦C under illumination (2000lux white 12 h:12 h). 

2.4. Isolation of the algicidal compound 

Separation of alginolytic active elution components (No. 1–7) selected in 2.3 was achieved by Reverse high pressure preparative 
liquid chromatographic separation. Full wavelength scanning gave absorption maxima between 245 nm and 267.5 nm, and the final 
selected area was subjected to liquid chromatography at 254 nm. Separation conditions of reverse high performance liquid chro-
matography: chromatographic column: SymmetryPrep C18 (19 × 150 mm, 7 μm). 95%water and 5%acetonitrile were used as the 
mobile phase, the flow rate, 0.5 mL/min; a wavelength of 254 nm. The sample was filtered through a 0.22 μm microporous membrane, 
and the injection volume was 25 μL. 

2.5. Structural identification of the algicidal compound 

We collected the siderophore corresponding to the peak, dehydrated it via lyophilization and analyzed it using ESI-MS（Waters 
3100 Mass Detector）. ESI-MS working conditions: 120 ◦C source temperature, 450 ◦C desolvation temperature, capillary voltage 3.0 
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KV, desolvation gas flow: 850 L/Hr, 50–1500 mass range. We analyzed the ESI-MS peak and calculated the molecular weight of the 
algicidal compound. Functional groups of the algicidal compound were characterized by fourier transform infrared spectroscopy (FT- 
IR, PERKIN-ELMER Spectrum 65) [19]. 

2.6. Complete genome sequencing, assembly and annotation 

Genomic DNA was extracted with a DNA extraction kit, using a Nandrop2000 Spectrophotometer (Thermo Scientific, USA) to test 
extracted DNA purity and quality (UV A260/280). Qubit and agarose gel electrophoresis was used to test sample quality. The database 
was built and Gene Denovo Biotechnology Co., Ltd. was commissioned to conduct the whole genome sequencing project. The next- 
generation Illumina Miseq sequencing platform as well as third-generation PacBio RSII sequencing platform) were used to scan and 
sequenced the Q1 genome. Raw data from the illumine platform were filtered using FASTP (version 0.20.0) [20]. After filtering, 
resulted clean reads were used to correct the genome sequences to improve the assembly quality and determine the final genome 
sequences using Pilon (version 1.23) software [21]. 

Prediction of tRNA genes, rRNA genes and other non-coding RNAs genes were achieved by tRNAcsan-SE V13.1 software, RNAmmer 
software and Rfamdatabase, respectively. Protein sequences of the predicted genes were compared with those of Glimmer 3.02. Using 
the prediction genomic information, a genome circle map was drawn. The predicted gene sequence was compared with Cluster of 
Orthologous Groups of proteins (COG), Kyoto Encyclopedia of Genes and Genomes (KEGG), Swiss-Prot, non-redundant protein 
sequence (Nr) and other functional database by BLAST. Additional annotation was carried out base on the Pathogen Host Interactions 
(PHI), and Virulence Factors of Pathogenic Bacteria (VFDB) databases. 

3. Results 

3.1. The B. thuringiensis Q1 lytic effect on algal cell morphology 

General features of B. thuringiensis Q1 previously included an algicidal effect on A. flos-aquae [16]. To evaluate the lytic effect of 
B. thuringiensis Q1, its filter fermentation broth was added to the logarithmic phase of the A. flos-aquae cells. A. flos-aquae cells not 
treated with fermentation broth exhibited normal morphology (Fig. 1A). In comparison, the algal filaments elongated and began to 
crack after 8 h treatment (Fig. 1B). Alga cells expanded, and were lysed after 32 h (Fig. 1C), resulting in the leaking of intracellular 
contents. After 48 h, all the cells were completely disrupted (Fig. 1D). These results indicate that active compounds in the fermentation 

Fig. 1. Cellular morphology of algal cells exposed to B. thuringiensis Q1 fermentation broth. A: A. flos-aquae cells without treatment; B–D: A. flos- 
aquae cells treated after 8 h, 36 h and 48 h. 
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broth secreted by B. thuringiensis Q1 killed A. flos-aquae cells. 

3.2. Stability of extracellular alginolytic compounds 

To further validate algicidal compound stability, filtered fermentation broths of B. thuringiensis Q1 treated with different pH (pH =
4, pH = 6, pH = 7, pH = 8, pH = 10, pH = 12) were added to A. flos-aquae at the exponential period. All the pH-treated broths inhibited 
A. flos-aquae cell growth and algae-lysing activities were observed even when pH was as low as 4 and as high 12, indicating that the 
algicidal compounds were pH-stable and were not enzymes or proteins (Fig. 2A). In our previous study, we found that the green A. flos- 
aquae become yellow after B. thuringiensis Q1 fermentation broth treatment 11], indicating that the algicidal compounds inhibited 
chlorophyll formation. Therefore, chlorophyll a concentrations of treated A. flos-aquae cells were monitored, and were consistent with 
biomass changes (Fig. 2B). 

In our previous study, we identified the heat-stability of alginolytic compounds [16]. To investigate their 
low-temperature-stability, we applied repeated freeze-thaw treatment (once, twice, three, four, and five times) and then investigated 
algae-lysing activities on A. flos-aquae cells. A. flos-aquae cell growth was significantly affected by B. thuringiensis Q1 fermentation 
broth (Fig. 3A). Moreover, low-temperature treatment of the broth did not affect its algae-lysing activity, and algae inhibition rate was 
up to 78.80% even when the broth was freeze-thaw treated five times. Similarly, impaired chlorophyll a formation was observed in the 
A. flos-aquae cells with addition of the broths(Fig. 3B). These results indicate that the alginolytic compounds were 
low-temperature-stable. 

3.3. Purification of alginolytic compounds 

The filtrated B. thuringiensis Q1 fermentation broth was adsorbed with macroporous resin D101, eluted and collected in 30 tubes, 
and then dried in an oven at 80 ◦C. After drying, it was dissolved in 4 mL sterile water for activity tests. The activity test showed that 
chlorophyll a content in tube-5 decreased significantly (Fig. 4). Algicidal compounds were then further separated by reverse high 
performance liquid chromatography (HPLC) and a single absorption peak (No. 1) appeared at approximately 20-min (Fig. 5). 

3.4. Separation of algicidal compound structure 

We collected the No. 1 chromatographic peak elution, freeze dried and concentrated it, then further identified it by mass spec-
trometry analysis. A main peak of 310.25 mass-to-charge ratio with a positive charge ([M+H])+ was maintained, indicating that the 
algicidal compound is single and with a molecular weight of 309.0 Da (Fig. 6). 

To further reveal the structure of the algicidal compound, fourier transform infrared spectroscopy was employed. The substance 
spectrum shows an obvious characteristic band located at 2960 cm− 1 (Fig. 7), which was attributed to the CH3 group. The compound 
displayed a strong band at 2919 cm− 1 due to CH2 stretching vibration. Furthermore, a band at 1656 cm− 1 was polyene; at 1613 cm− 1, 
1490 cm− 1 and 1449 cm− 1 were benzene nuclei; at 1384 cm− 1 was CH3 bending vibration; at 1261 cm− 1 was C–O absorption, or 
absorption of branched chains with different C; 1157 cm− 1, and at 1120 cm− 1，1079 cm− 1 and 1038 cm− 1 were OH stretching vi-
brations, respectively (Table 1). Comparing the above data with reported literature values, we identified the compound as C12H15O5N5 
(2-[(2-Aceramido-6-oxo-6,9-dihydro-1H-purin-9-yl)methoxy]ethyl acetate) (Fig. 8), indicating that it was synthesized from purine. 

3.5. Genomic characteristics of Q1 

Whole genome sequencing and analysis revealed that B. thuringiensis Q1 is 53416110bp with 35.31% GC content (Fig. 9, Table 2). 

Fig. 2. Effects of pH-treated alginolytic compounds biomass (A) and chlorophyll a concentration (B) of A. flos-aquae cells.  
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The genome sequence was deposited in the National Center for Biotechnology Information with the accession number CP090016- 
CP090018. We predicted the assembled genome and 5136 coding sequences (CDS) were obtained. Total CDS length was 4354326 
bp, while 207 were RNAs. By predicting non-coding RNA, 42 rRNAs (5S + 16S + 23S), 108 tRNAs and 8 sRNAs were obtained 

Fig. 3. Effects of low-temperature-treated alginolytic compounds biomass (A) and chlorophyll a concentration (B) on A. flos-aquae cells. CK1: 
A. flos-aquae cells without B. thuringiensis Q1 fermentation broth addition; CK2: A. flos-aquae cells with the addition of non-freeze-thaw-treated 
broth; 1–5: A. flos-aquae cells with the addition of freeze-thaw-treated (1–5 times) broth. 

Fig. 4. Algae-lysing activity of crude exact by macroporous resin D101. A: addition of crude exact; B: non-addition of crude exact.  

Fig. 5. HPLC elution curve of compound in tube-5.  
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Fig. 6. ESI-MS spectrum of algae-lysing substance.  

Fig. 7. The FT-IR spectra of algicidal compound.  

Table 1 
Analysis of band position of infrared spectrum.  

Infrared absorption band/cm− 1 functional group 

2960 -CH3 stretching vibration 
2919 -CH2 stretching vibration 
1656 polyene 
1613，1490，1449 benzene nucleus 
1384 -CH3 bending vibration 
1261 C–O absorption, or absorption of branched chains with different C 
1157，1120，1079，1038 -OH stretching vibration  

J.-c. Qiao and C.-l. Zhang                                                                                                                                                                                           



Heliyon 9 (2023) e17649

7

(Table 2). The genome had 2 plasmids, 2 CRISPR structures and two prophages. Protein projections showed that a total of 362 proteins 
contained signal peptides, 141transmembrane proteins and 221 secretory proteins. 

Based on the result of KEGG analysis, the genome including 778 genes globe and overview maps, 243 genes carbohydrate meta-
bolism, 150 genes membrane transport, 81 genes nucleotide metabolism. 56 gene clusters were found to encode for purine metabolism. 
Based on KEGG analysis results, the genome included 778 globe and overview map genes, 243 carbohydrate metabolism genes, 150 
membrane transport genes, and 81 nucleotide metabolism genes. 56 gene clusters were found to encode purine metabolism. 

Fig. 8. Chemical structure of algae-lysing substance.  

Fig. 9. B. thuringiensis Q1 circular genome map. From the outside to the center: label of genome size; the second and the third circle represents CDSs 
on the forward strand and CDSs on the reverse strand. Different colors represent different COG functional classifications. The fifth circle is tRNA and 
rRNA in the genome. CDSs are depicted in different colors according to COG annotation. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 2 
Bacillus thuringiensis Q1 genome statistics.  

Category number 

Genome size 5341610 
DNA G + C (%) 35.31% 
Total genes 5136 
Total number of RNA genes 207 
rRNA genes 42 
5SrRNA 14 
16SrRNA 14 
23SrRNA 14 
number of tRNA 108 
sRNA 8 
Transposon PSI 9 
CRISPR 2 
Prophage 2  
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4. Discussion 

Bacteria lyse algae cells either directly by invading them or indirectly by excretion of extracellular compounds [22]. In a previous 
study, we found that B. thuringiensis Q1 fermentation broth could inhibit Microcystis aeruginosa and A. flos-aquae, but could not inhibit 
green algae [16]. Bacteria can selectively degrade the microalgae cell wall, which is related to its thickness [23]. Extracellular sub-
stances secreted by bacteria including chemicals, lipids, peptides and enzymes can kill microalgae. It was reported that Bacillus sp. 
could damage M. aeruginosa cell morphology and destroy its DNA by releasing algae lysate and bacillamide [24–26]. In the present 
study, the B. thuringiensis Q1 extracellular metabolite showed strong algicidal activity against A. flos-aquae by breaking the cell 
structure. The algicidal compound was identified as novel, purine-derived, (2-[(2-Aceramido-6-oxo-6,9-dihydro-1H-purin-9-yl) 
methoxy] ethyl acetate, and was shown to be pH- and low-temperature- stable. 

The complete B. thuringiensis Q1 genome was sequenced and registered. KEGG functional annotation showed that there were 
multiple metabolic pathways related to purine. The quorum sensing pathway mediates inter-species communication by producing 
small extracellular signal molecules, which could regulate antialgal activity of the B. subtillis strain JA [27]. Bioinformatics analysis 
confirmed the presence of a quorum sensing pathway in B. thuringiensis Q1. We also found that there was biosynthesis of many other 
secondary metabolites, such as monobactam, streptomycin, penicillin, cephalosporin, carbapenem and prodigiosin. ABC transporter 
was a kind of multidrug efflux system. To understand the adaptability of B. thuringiensis Q1 to the marine environment, gene features 
were analyzed. The data revealed 115 genes to be ABC transporters, which function in molecule and ion transport of peptide, 
multidrug, metal ion, ribose, amino acid, molybdate, nitrate, phosphate and antimicrobial. ABC transporters are important in envi-
ronmental adaptation and bacterial survival, and may be involved in the release of antialgal compounds. Prodigiosin was a compound 
with algicidal activity in Hahella sp [28,29]. According to the CAZy data B. thuringiensis Q1 contained one polysaccharide lyase and 155 
glycoside hydrolases. Some bacterial extracellular enzymes were identified as involved in algicidal activity, such as glycoside hy-
drolases and polysaccharide lyases, which can be induced by the presence of microalgae [10,30], while disrupting the cell wall. 
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