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Introduction 
 

Increase in cyanobacterial blooms and 

cyanotoxins in eutrophic freshwater have 

become a major crisis worldwide, mainly due 

to rise in global temperature, pollution and 

release of excess nutrients in water bodies by 

anthropogenic activities (Gobler 2021). Toxin 

producing cyanobacterial blooms harms the 

ecosystem, human health, animals, tourism 
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Microcystis aeruginosa is a hepatotoxin producing cyanobacteria, found globally in 

freshwaters. In the present study, an algicidal bacterium against M. aeruginosa was 

isolated from Bhimtal Lake (29°20‘39‖N; 79°33‘32‖E) of Himalayan region of 

Uttarakhand, India. The isolated bacterium Exiguobacterium acetylicum 

strainTM2was identified by morphological characteristics, biochemical characteristics 

and partial 16S ribosomal DNA (rDNA) gene amplification (GenBank accession 

number: KX155561). Efficacy of E. acetylicum TM2, and its mode of algicidal 

activity was evaluated against M. aeruginosa. E. acetylicum TM2 showed intense anti-

cyanobacterial effect against M. aeruginosa, and approximately 90.0 % death of M. 
aeruginosa cells were observed after 10 days of incubation. The bacterium attacked 

the M. aeruginosa cells directly by physically coming in contact and caused damaged 

to its membrane and internal organelles. Cell free filtrate of E. acetylicum TM2 did not 

exhibited algicidal activity, which indicates that mode of algicidal mechanism, is cell 

to cell contact, and not chemically mediated damage by algicidal compounds released 

from E. acetylicum TM2. Furthermore, in vitro and in vivo pathogenicity test confirm 

the non-virulence of E. acetylicum TM2 and so it could be potentially useful in 

mitigation of M. aeruginosa blooms in water. 
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and local fisheries (Jeong et al., 2000; 

Nagayama et al., 2003). In lentic freshwater 

system, Microcystis aeruginosa has been 

associated with cyanobacterial blooms of 

economic and ecological impact (Sigee et al., 

1999; Carmichael 2001), worldwide. 

Microcystis blooms deteriorate quality of 

drinking water and cause human and animal 

health hazards by producing a massive range 

of toxins particularly microcystins which is a 

hepatotoxin (Ishii et al., 2004; Zurawell et al., 

2005; Shahi et al., 2012). Several methods 

have previously been developed and proposed 

to control cyanobacterial blooms, including 

chemical treatment (Haughey et al., 2000; 

Nowack et al., 2011; Paerl et al., 2011), 

physical removal and biological control (Chio 

et al., 2005; Ho et al., 2007; Cai et al., 2011; 

Li et al., 2014).  

 

In natural environment, cyanobacteria and 

bacterial flora co-exist (Su et al., 2007).The 

physiological state of cyanobacteria can be 

influenced by bacteria. Some bacteria initiate 

bloom formation, whereas other can have 

antagonistic effects (Mayali and Azam 2004). 

And so, in recent year‘s biological control of 

cyanobacteria by bacteria isolated from 

natural environment have received immense 

consideration due to their potential efficacy, 

species specificity, and environmental 

friendliness (Chio et al., 2005; Ho et al., 2007; 

Manage et al., 2009; Zheng et al., 2012; Liu et 

al., 2019; Jing et al., 2020).  

 

In the current study, an algicidal bacterium 

against M. aeruginosa was isolated and 

characterised from the fresh water lake of 

western Himalayan region of northern India.  

 

This bacterium was identified as 

Exiguobacterium acetylicum, which exhibited 

cell-to-cell contact algicidal activity against 

M. aeruginosa. Upon in vitro and in vivo 

virulence assay, the bacterium was found to be 

non-virulent, and therefore in coming days 

could be used to mitigate M. aeruginosa 

bloom in freshwater.  

 

Materials and Methods 

 

Sampling and culture of Microcystis 

aeruginosa 

 

Cyanobacterium M. aeruginosa used in our 

study was collected during May-October 2016 

and May-October 2017 from surface water of 

Bhimtal Lake (29°20‘39‖N; 79°33‘32‖E; 

altitude 1370 meters above sea level), 

Uttarakhand, India(Fig 1A-D).Altogether, 15 

water samples (200 ml each) of M. aeruginosa 

bloom were collected in sterile LDP bottles of 

500 mL capacity, and within half an hour of 

its collection, the water samples were 

transported to Directorate of Coldwater 

Fisheries Research (DCFR), Bhimtal, India. 

One portion of the water sample (50 ml) was 

fixed in Lugol‘s iodine (HiMedia, India), 

whereas another portion (150 ml) was used for 

culturing M. aeruginosa and also for the 

isolation of algicidal bacteria. M. aeruginosa 

was identified by cell morphology and by 

PCR amplification of cyanobacterial 16S 

rDNA gene (Hotto et al., 2007). The 

M.aeruginosa cells were picked, cultured and 

maintained in sterilized cyanophycean agar 

(HiMedia, India) and Blue-Green broth (BG-

11broth) (HiMedia, India). A 12h light: 12h 

dark photo-cycle with a light intensity of 30 

µmol photons m
-2 

s
-1

was provided, which was 

maintained throughout the study period. Every 

day cells were monitored for growth, and cell 

count of M. aeruginosa was carried out under 

an inverted light microscope (Olympus IX53, 

Japan), every alternate days using a 

Sedgewick rafter cell. 

 

Isolation and screening of algicidal bacteria  

 

Unfixed water sample aliquots were serially 

diluted with 9 ml sterile phosphate-buffered 

saline (PBS) (HiMedia, India) pH 7.2, and 
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then diluted aliquots (100µl) of each dilution 

were spread onto trypticase soy agar (TSA) 

(HiMedia, India). Plates were incubated for 

24-48h at 27ºC.Individual bacterial colonies 

were selected and picked according to their 

distinct colony morphology. Bacteria were 

purified for pure culture by streaking and 

restreaking. The bacterial strains were 

preserved for further use in freezing medial, 

bacterial (VWR Life Science AMRESCO‘s, 

USA), and stored at -80°C in deep freezer. 

 

To examine the algicidal activity of bacterial 

isolates, freshly revived bacterial culture was 

grown overnight in tryptic soy broth (TSB) 

and then centrifuged at 6,000 rpm for 10 min 

at 4 °C. Bacterial pellet was washed two times 

with sterile PBS, and then re-suspended in 

fresh PBS. One ml of re-suspended bacterial 

cells was then added to 50 ml of axenic M. 

aeruginosa (10
8
cells/ml) culture at the final 

concentration of (1.25x10
8 

cfu/ml). All the 

tests were conducted in triplicate, unless 

otherwise mentioned.  

 

Control contained M. aeruginosa cells without 

addition of bacteria. The experiment period 

was 15 days, and M. aeruginosa cell density 

and morphological changes were regularly 

monitored under an inverted light microscope 

(Olympus IX53, Japan) using a Sedgewick 

rafter cell. Algicidal activity was calculated 

using the equation mentioned in section 2.5. 

The bacterial strains with potent algicidal rate 

of > 80% (t=10 days) were further analysed. 

 

Biochemical and molecular identification of 

bacteria 

 

Biochemical and molecular identification of 

isolated bacterial strain TM2 with potential 

algicidal activity was performed, following the 

procedure described earlier (Shahi et al., 

2018). Bacterial colony characteristic was 

observed after 24-48 h growth on TSA at 

27°C. Biochemical characterization was 

performed with readymade commercial media 

(HiMedia, India).  

 

For molecular identification, after extracting 

the genomic DNA by wizard genomic DNA 

purification kit (Promega, USA), PCR was 

carried out using the universal primers 27F 

(5'-AGAGTTTGATCCTGGCTCAG-3') and 

1392R (5'-GGTTACCTTGTTACGACTT-3'). 

PCR amplified 16S rDNA nucleotide 

sequence of 1400 bp was gel purified and 

Sanger sequenced at SciGenom Labs Pvt Ltd, 

Kochi, India. After sequencing, nucleotide 

sequence was Basic Local Alignment Search 

Tool (BLAST) (http://www.ncbi.nlm.gov 

/BLAST) searched. The 16S rDNA sequence 

was aligned using clustal omega program 

(http://www.ebi.ac.uk/Tools/msa/clustalo/). 

Aneighbor-joining phylogenetic tree was 

constructed by Mega Xtool (Kumar et al., 

2018). Nucleotide sequence of bacteria was 

deposited in GenBank of National Centre for 

Biotechnology Information (NCBI), and the 

accession number was obtained. 

 

Transmission electron microscopy 

 

For transmission electron microscopy (TEM), 

overnight grown TM2 was processed by 

following the standard procedure mentioned 

previously (Bozzola and Russell 1998). The 

processed sample was examined using 

Transmission Electron Microscope Tecnai, G 

20 (FEI) at All India Institutes of Medical 

Sciences (AIIMS), New Delhi, India. Images 

were taken at 2550X magnification. 

 

Algicidal effect and bacterial cell density 

 

Algicidal effect of bacteriumTM2 was 

evaluated, as previously described (Jeong-

Deong et al., 2009). Two experimental groups, 

1 treatment and 1 control were set up in 

duplicatein a rectangular glass tank of 35 l 

capacity. M. aeruginosa suspension at the 

density of 3.6×10
8
 cells/ml was added to 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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treatment and control tanks, both. A cell 

suspension of TM2 in the logarithmic phase 

was washed and diluted in TSA medium, and 

100 ml of bacterial culture at a concentration 

of 4.06×10
8
cfu/ml was prepared and added to 

16 l of M. aeruginosa suspension. M. 

aeruginosa suspension without bacterium 

served as control. Culture condition for M. 

aeruginosa was similar to as described in the 

section 2.1. The cell count of M. aeruginosa 

and TM2 was determined by Sedgewick rafter 

cell and total plate count method, respectively. 

Experiment was monitored visually and 

microscopically everyday for 30 days. After 

every 24 h, samples were analyzed to 

elucidate the algicidal activity of TM2. 

Algicidal effect on M. aeruginosa was 

photographed using inverted light microscope 

(Olympus IX53, Japan).  

 

To evaluate the effect of bacterial cell density 

on algicidal activity of TM2, log phase 

bacterial culture at the concentration of 

4.06×10
8 

cfu/ml was added at the volume of 

1%, 5%, and 10% concentration to M. 

aeruginosa cells (3.6×10
8
 cells/ml). This 

experiment was conducted in similar manner 

as mentioned above. Algicidal activity 

percentage was calculated by using the 

formula: 

 

Algal lytic activities (%) = NC-NT/NCx100 

 

Where NC represents the count of M. 

aeruginosa in control tank and NT is count of 

M. aeruginosa in treatment tank. 

 

Preparation of bacterial extracellular 

proteases of TM2 

 

At lag phase, bacterial cells grown in TSB 

were harvested by centrifugation at 6,000 rpm 

for 10 min. The supernatant was collected and 

immediately filtered through 0.2 µm syringe 

filter to remove any bacterial cells. To detect 

the inhibiting activities of extracellular 

compound, 1 ml of filtered supernatant was 

inoculated into 50 ml of M. aeruginosa (10
8
 

cells/ml). To assess the algicidal activity of 

released extracellular compound, growth of M. 

aeruginosa was daily monitored until 15 days, 

under an inverted light microscope (Olympus 

IX53, Japan) and cell density were determined 

as described in the section 2.5 of materials and 

methods. 

 

In vitro virulence assay of TM2 

 

Sheep blood hemolysis test 

 

To test the hemolytic activity of TM2, 

defibrinated sheep blood was washed three 

times with sterile PBS and pellet was re-

suspended in 10% (v/v) PBS containing 10 

mM Dithiothreitol (DTT). Approximately, 

100µl of TM2 (1.5×10
8 

cfu/ml) at log phase 

was serially diluted in a 96 well sterile plate. 

To each dilution, 100µl of sheep erythrocytes 

were added into wells.100µl of sterile PBS 

was used as negative control, and 100 µl of 

0.2% Triton X100 was used as positive 

control. The plate was incubated at 37º C for 

60 min. After incubation, plate was 

centrifuged in a mini plate spinner, 

supernatant was collected and transferred to a 

flat bottom 96- well plate. Absorbance of the 

supernatant was taken at OD 540 nm using a 

spectrophotometer (Multiskan Go, 

ThermoScientific, USA). Hemolysin 

percentage was calculated as:  

 

Hemolysis %= 100× (Asample – APBS) / 

(ATritonX100 – APBS) 

 

Where A represents (absorbance) 

 

Quantification of biofilm formation 

 

Biofilm formation of E. acetylicum TM2 was 

evaluated using the method described earlier 

by Salma et al., (2018). In brief, bacterium 

was grown overnight in TSB to the cell 
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concentration of 8 log10 cfu/ml, then diluted 

100 fold with sterile TSB and added to 96-

well flat-bottom polystyrene plates at the 

volume of 200 µl/each well. After incubation, 

the bacterial suspension was removed and 

plate was washed thrice with 270 μl sterile 

PBS. Bacterial cells attached to plate were 

stained with 0.1% crystal violet (CV) and 

washed thrice with sterile PBS. After adding 

100 µl of 95% ethanol to each well, 

absorbance was taken at 590 nm by using a 

microplate reader (Multiskan Go, 

ThermoScientific, USA). Sterile TSB was 

used as a negative control, and all the assay 

was performed in three technical replicates.  

 

Detection of siderophore production 

 

An overnight grown E. acetylicumTM2 was 

spot inoculated on Chrome Azurol-S (CAS) 

plates (HiMedia, India), and incubated for 48-

72hat 27 °C (Schwyn and Neilands 1987). The 

result was observed visually, and a dark 

yellow to orange halo zone around the 

inoculums represents the siderophore 

production. 

 

In vivo virulence assay of TM2 

 

To evaluate the virulence of bacterium in vivo, 

20 healthy common carp (average body 

weight 20.45 ± 6.76 g) was i.p injected (100 

µl) with the bacterium TM2 at the 

concentration of 2.0 ×10
5
cfu/ml. Fish of 

control group, 20 common carp were injected 

with 100 µl of sterile PBS. Any abnormality, 

morbidity and mortality were recorded 

immediately. Throughout the experimental 

period of 30 days, feeding behavior, survival 

percentage, animal behavior, internal and 

external gross lesions was recorded for both 

the groups. Feeding behavior was recorded 

daily and scoring was on scale of 0-4. No feed 

consumed is 0; 25% feed consumed is 1; 50% 

feed consumed is 2; 75% feed consumed is 3 

and 100% feed consumed is 4. Histopathology 

scoring was recorded on the scale of 0 to 5. As 

no changes is 0;<5% tissue affected is 1 

(normal), 5-15% tissue affected is 2 (mild), 

15-25% tissue affected is 3 (moderate), 25-

50% tissue affected is 4 (marked) and >50% 

tissues affected is 5 (severe). Survival was 

monitored daily.  

 

Statistical analysis of data 

 

Data were statistically analyzed using SPSS 

version 20.0, and shown as mean ± standard 

deviation of two independent assays. Two-

way ANOVA with Bonferroni post-test was 

used to compare the differences between the 

control and different parameters to be 

observed. Using GraphPad Prism 5.01 

software (GraphPad Software Inc, San Diego, 

CA) a ‗P‘ value of <0.001 was considered as 

statistically highly significant whereas, <0.005 

was considered statistically significant. 

 

Results and Discussion 

 

Isolation and screening of algicidal bacteria 

 

From water samples of M. aeruginosa bloom, 

thirty eight bacterial strains were isolated from 

Bhimtal Lake in between 2016 to 2017. 

Among thirty eight strains, only one strain 

TM2 had efficacious algicidal activity against 

M. aeruginosa, and so used for subsequent 

characterization, evaluation of algicidal 

activity and pathogenicity test. 

 

Characterization of bacteriumTM2 

 

Colony of TM2 was yellow, round, convex, 

shiny, opaque and 3-4 mm in diameter after 48 

h of incubation in TSA plates (Fig 2A) at 27 - 

28 °C. Upon Gram-staining, strain TM2 was 

found to be Gram-positive, rod-shaped 

bacteria (Fig 2B). Biochemical, growth and 

other characteristic of this strain is mentioned 

in table 1. TM2 could survive and grow in a 

wide range of temperature and salinity and did 
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not produce protease, lipase, DNase and 

enzyme for hydrolysis of carbohydrate (table 

1). 

 
PCR amplification (Fig 3A) and nucleotide 

sequence similarity search of 16S rDNA 

region of this bacterium (GenBank accession 

number: KX155561) reveals that, this strain 

shares 99.92% nucleotide sequence similarity 

with E. acetylicum strain V12 (GenBank 

accession number: MW041273) and E. 

acetylicum strain KNUC604 (GenBank 

accession number: HM047519).  

 
In phylogenetic tree strain TM2 clustered with 

strain V12 and KNUC604 (Fig 3B). 

Therefore, based on the morphological, 

biochemical and molecular characteristic, 

strain TM2 was designated as E. acetylicum 

strain TM2. 

 
Transmission electron microscopy  

 
Negatively stained electron micrograph of E. 

acetylicumTM2 cells confirm the elliptical rod 

shaped bacterium with peritrichous flagella, 

and also hair-like structure called pili (Fig 4).  

 
The length of the flagella was in between 4-

6µm. Further, two bacterial cells were directly 

connected with a long thread-like structure, 

which is similar in appearance to sex pili. 

Algicidal activity of E. acetylicumTM2 

 
Bacterium E. acetylicum TM2 had efficacious 

anti-cyanobacterial activity against M. 

aeruginosa (initial cell density was 3.6×10
8
 

cells/ml), in comparison to control. Rapid 

decolourization and disintegration of 

Microcystis cells after addition of TM2 

confirms the attack of cyanobacteria by TM2 

bacterium (Fig 5A). Approximately 90.0 % 

reduction in M. aeruginosa cell count was 

observed after 10 days of incubation (Fig 5B) 

with bacterium TM2.  

 

The algicidal activity percentage of TM2 (10
8 

cfu/ml) for 1% bacterial culture within 24, 48 

and 72 h were 11.5%, 19.5% and 29%, for 5% 

concentration these values were 23%, 25%, 

54% whereas, for 10% algicidal percentage 

reached at 36%, 55%, 94.5% respectively (Fig 

5C). At different bacterial concentrations the 

algicidal activity percentage varied 

significantly. At high bacterial concentrations 

(10%) the algicidal activity is significantly 

high. 

 

In comparison to M. aeruginosa without TM2 

(Fig 6A), a very distinct morphological 

changes were observed in M. aeruginosa 

exposed to TM2 (Fig 6B).  

 

The bacterium harm the cells of M. 

aeruginosa by direct physical contact, and 

thereafter these cells were killed by damaged 

to its internal organs (Fig 6C, D).In control the 

cell number of M. aeruginosa was gradually 

increasing. 

 

Algicidal mode of E. acetylicum TM2 

 

The cell free supernatant of TM2 did not 

exhibit algicidal activity against M. 

aeruginosa till 15 days of incubation (data not 

shown). This suggests that the TM2 attack and 

kill the cell directly by cell to cell contact, and 

not by secretion of extracellular protease or 

other algicidal compound.  

 

In vitro pathogenicity assay of E. acetylicum 

TM2 

 

Detection of hemolytic activity 

 

In the present study, hemolytic activity was 

quantified by liquid hemolytic assay test and 

percentage haemolysis was calculated. 

Hemolytic activity was not shown by TM2, 

and the amount of hemolysin produced was 

0%, indicating that algicidal strain TM2 could 

be considered to have non-hemolytic (Fig 7A). 
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Assessment of biofilm formation 

 

BacteriumTM2 did not produced the biofilm 

(values < 0.1) after 24 h and 48 h of 

incubation (Fig. 7B, C), which further 

confirms the non-pathogenicity of our 

algicidal bacterium.  

 

Siderophore production  

 

Siderophore production by TM2 was not 

detected till 72 h of incubation. 

 

In vivo pathogenicity assay of TM2 

 

Throughout the experimental period of 30 

days, feeding behaviour, survival rate, animal 

behaviour was normal and similar in between 

treatment and control group of common carp. 

Feeding behaviour was normal and regular 

and score was 4. No gross external or internal 

lesions such as skin discoloration, severity of 

dermal lesion and gill pallor were observed. 

Gasping of air, flashing, hyperactivity, 

lethargy, loss of equilibrium and abnormal 

pigmentation was not observed in TM2 

injected common carp. Histopathology of 

liver, kidney, spleen and gall bladder was 

normal (data not shown). Histopathology 

score of all the organs were 0-1, which is 

considered not biologically important. 

Survival percentage of common carp in 

treatment and control group was > 90% the 

end of experiment.  

 

Due to rise in global temperature and 

excessive eutrophication of water bodies by 

anthropogenic activities, cyanobacterial 

blooms of freshwater system have become a 

serious concern over the last few decades. 

Cyanobacterial blooms can cause damage to 

aquatic fauna, makes the water unfit for 

human and animal use. It also decreases the 

aesthetic value of the system, which hampers 

the tourism and other regular activities. In 

warm and eutrophic freshwater, Microcystis is 

the major bloom producing cyanobacteria 

(Zurawell et al., 2005). Microcystis produce 

microcystins, a potent hepatotoxin which 

cause severe damages to liver (Ishii et al., 

2004). Since microcystins, cannot be degraded 

by proteases such as pepsin and trypsin due to 

its cyclic chemical nature, a safe and effective 

biological control method of limiting the 

growth of Microcystis is very much required. 

 

In this study, altogether thirty eight bacterial 

strains were isolated from Bhimtal Lake 

during M. aeruginosa bloom, and their 

algicidal activity were evaluated under 

experimental conditions. Out of thirty eight 

bacterial strains, only one bacterium, TM2 had 

efficacious (>90% algicidal activity; t=10 

days) algicidal activity in preliminary 

screening, and so was selected for further 

characterization and evaluation of mode of 

algicidal activity.  

 

Generally majority of the algicidal bacteria are 

classified under the cytophaga-

Flavobacterium-Bacteroidetes group or the γ-

Proteobacteria group (Mayali and Azam, 

2004). However in our study by biochemical 

tests and molecular characterization the 

bacterium was identified as Exiguobacterium 

acetylicum, and designated as E. acetylicum 

strain TM2. The genus Exiguobacterium 

comes under the coryneform bacteria, and are 

Gram-positive, oxidase and catalase positive 

motile rods. Exiguobacterium spp. has been 

previously reported from a wide range of 

habitat including soil, glacier water and deep 

sea sediments (Chaturvedi and Shivaji, 2006; 

Govindan et al., 2009; Singh et al., 2013; 

White et al., 2019). In India this bacterium has 

been previously reported from soil of North 

West Himalaya (Chaturvedi and Shivaji, 2006; 

Govindan et al., 2009; Singh et al., 2013).  
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Table.1 Colony and biochemical characteristic of the bacterium Exiguobacterium acetylicum 

strain TM2 

 

Characteristic E. acetylicum strain TM2 

Colony characteristics  

 Colony colour Yellow 

 Elevation Raised 

 Surface Smooth & glistering 

 Transparency Opaque 

 Texture Moist 

 Margin Entire 

 

Biochemical characteristics 

 

 Gram Staining Gram-positive 

 3% KOH - 

 Bacterial morphology Long rod 

 Spore shape ND 

 Spore swollen ND 

 Motility + 

 Oxidase + 

 Catalase + 

 H2S - 

 Indole - 

 Methyl red + 

 Vogus-Proskeur - 

 Citrate + 

In vitro virulence test  

 Casein + 

Gelatin + 

 Nitrate - 

 Urease + 

 Esculin - 

DNAse - 

 Lipase - 

Lecithinase - 

 Starch + 

 Haemolysin - 

Growth condition  

 Temperature range (°C) 4-37 

 Optimal temperature (°C) 19-32 

 NaCl concentration (% w/v) 1-7 

 Optimal NaCl concentration (% w/v) 1 

 pH range 5-8.5 

 Optimal pH 7.2 

+ positive; - negative; ND no data 
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Fig.1 (A & B) Sampling site for Microcystis aeruginosa bloom and algicidal bacterium. (C) 

Bhimtal lake. (D) M. aeruginosa bloom in Bhimtal Lake during warmer period 
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Fig.2 (A) Yellow pigmented colony of the ExiguobacteriumacetylicumTM2 on TSA plate, 

incubated at 27 °C (B) Gram-stain of E. acetylicumTM2 shows the Gram-positive, long rod 

bacterium (at 1000X oil immersion). At the bottom right side of the image, scale bar is given 

 

 
 

Fig.3 (A) PCR amplification of 16S rDNA sequence of Exiguobacterium acetylicum TM2. (B) 

Phylogenetic tree constructed from partial 16S rDNA nucleotide sequences, showing clustering 

of E. acetylicum TM2 (GenBank accession no: KX155561) to other 15 Exiguobacterium taxa. 

Bootstrap values is shown above the branches of the phylogenetic tree. Scale bar below the tree 

represents 0.01 substitutions per nucleotide position 
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Fig.4 Transmission electron microscopy (TEM) image of algicidal bacterium Exiguobacterium 

acetylicum TM2 isolated from Bhimtal Lake, Uttarakhand, India. The thick outer capsule and 

finger like projection, which is lined to virulence and host attachment, is not detected. Scale bar 

is shown at bottom left side of the image and magnification is X2550 
 

 
 

Fig.5 (A) Visual detection of change in color of M. aeruginosa in presence of Exiguobacterium 

acetylicum TM2 (treatment) in comparison to control group (Control). (B) Changes in cell 

number of M. aeruginosa till 10 days of experiment. (C) Algicidal activity of Exiguobacterium 

acetylicum TM2 against M. aeruginosa at different volume fraction of 1%, 5% and 10%. Results 

are expressed as the mean ± SE from triplicate assays 
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Fig.6 Morphological changes in Microcystis aeruginosa exposed to Exiguobacterium acetylicum 

TM2 for 7 days. (A) Control M. aeruginosa with normal appearance. (B) Microcystis aeruginosa 

exposed to Exiguobacterium acetylicum TM2 at 24 h. (C) Microcystis aeruginosa exposed to 

Exiguobacterium acetylicum TM2 at 72 h. (D) Microcystis aeruginosa exposed to 

Exiguobacterium acetylicum TM2 at 10 days. Images were taken by inverted microscope at 

X400, and scale bar is shown at bottom right side of the image 
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Fig.7 (A) In vitro hemolytic assay to assess the cytotoxicity of bacteria. Bar represents the non- 

hemolytic activity of E. acetylicum (TM2) in sheep RBCs. Data shown are averages of two 

replicates ± standard deviation. NC and PC are negative and positive controls respectively. (B). 

Bar graph showing negative biofilm formation (values < 0.1) by E. acetylicum TM2 after 24 h of 

incubation in media supplemented with or without glucose. NC (negative control) contains broth 

only. (C) Bar graph showing negative biofilm formation (values < 0.1) by E. acetylicum TM2 

after 48 h of incubation in media supplemented with or without glucose. NC (negative control) 

contains broth only 

 

 
 

In our study the bacterium E. acetylicum TM2 

was isolated from water samples during 

declining phase of M. aeruginosa bloom, 

which was never reported previously. 

However, another closely related species of 

this genus Exiguobacterium chiriqhucha strain 

RW2 was isolated from cyanobacterial bloom 

from the Pavilion Lake in south-eastern BC 

(White III et al., 2019). The Exiguobacterium 

chiriqhucha strain RW2 showed potential for 

detoxification of heavy metal by secretion of 

several enzymes (White III et al., 2019). To 

the best of our information, this is the first 

report of algicidal bacteria against M. 

aeruginosa belonging to the genus 

Exiguobacterium. 

 

As reported earlier for genus 

Exiguobacterium, adaptation to wide range of 

temperature and salinity (White et al., 2013; 
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White et al., 2019) was observed for strain 

TM2 also. Cosmopolitan distribution of 

Exiguobacterium may be due to their highly 

adaptable physiology and tolerance to wide 

range of abiotic factors.  

 

Nucleotide sequence of 16S rDNA gene 

confirms the bacterium as E. acetylicum with 

99.92 % sequence identity with E. acetylicum 

strain V12 isolated from cut vegetables in 

China (GenBank accession number: 

MW041273), and E. acetylicum strain 

KNUC604 isolated from water in South Korea 

(GenBank accession number: HM047519). 

Presence of peritrichous flagella was observed 

in TEM, which confirm the mechanism of 

motility of this bacterium. In contrast to our 

study, in case of E. chiriqhucha strain RW2, 

flagella were not observed in the scanning 

electron microscopy (SEM) (White et al., 

2019).  

 

The algicidal activity of E. acetylicum TM2 

was evaluated against M. aeruginosa isolated 

from the same lake. Rapid decolourization and 

disintegration of Microcystis cells after 

addition of TM2 confirms the attack of 

cyanobacteria by TM2 bacterium. It appears 

that this bacterium inhibit the metabolic 

activity of the algae. The algal lytic ability of 

the bacterium was concentration and time 

dependent. At the end of 10 days of 

inoculation, the Microcystis cell density was 

reduced to 90%. The algicidal effect of TM2 

on Microcystis was not dependent on 

physiological status of the algae, as reported in 

case of other Microcystis killing bacterial 

strains (Manage et al., 2009).  

 

In general, algicidal bacteria act directly or 

indirectly against cyanobacteria (Lin et al., 

2014). In direct attack, algicidal bacteria 

comes in contact with cyanobacteria, and then 

kill them by various mechanisms, while in 

indirect attack algicidal chemicals are secreted 

by bacteria which kills the cyanobacteria 

(Mayali and Azam, 2004). The algicidal 

chemicals secreted by algicidal bacteria can be 

peptides or enzymes, biosurfactants, pigments 

and antibiotic-like substances (Lin et al., 

2014; Li et al., 2014; Jing et al., 2020). In our 

study, significant decrease in M. aeruginosa 

cell density was observed when E. 

acetylicumTM2 was added directly to the 

Microcystis cells. However when cell free 

bacterial filtrate was added to Microcystis cell, 

algicidal effect was not observed visually and 

microscopically, both. This suggests that the 

algicidal mode of action of E. acetylicum TM2 

was by direct contact, and not by secretion of 

algicidal extracellular protease. In contrast to 

our study, there are several reports where 

algicidal bacteria are known to inhibit the 

growth of Microcystis spp. by release of 

algicidal substance (Sigee et al., 1999; Chio et 

al., 2005; Li et al., 2014; Liu et al., 2019; Jing 

et al., 2020). According to the results obtained 

in this study, it is confirmed that bacterium E. 

acetylicum induced a high level of algicidal 

activity against M. aeruginosa (within 10 

days) via direct attack.  

 

Additionally, in vitro pathogenicity test by 

evaluating the haemolytic activity and by 

biofilm formation, it is confirm that E. 

acetylicum is non-pathogenic, and so there are 

scopes of using this bacterium in natural water 

system for mitigating the M. aeruginosa 

bloom. In vivo pathogenicity assay, by 

injecting the bacterium to common carp and 

observing it for 30 days also establishes that 

this bacterium is non-virulent. No internal or 

external gross lesions, histopathological 

changes or other behavioural abnormality was 

observed in common carp during the 

experimental period. 

 

Collectively, our study supports that E. 

Acetylicum TM2 holds a great promise for the 

prevention of M. aeruginosa blooms 

inconfined water bodies as well as in natural 

conditions. To our knowledge, this is the first 
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report of algicidal property of E. Acetylicum 

against M. aeruginosa.  

 

The discovery of algicidal bacterium E. 

acetylicum TM2 against M. aeruginosais 

reported in our study. The algicidal mode was 

through direct cell to cell contact. 

Additionally, in terms of biological safety E. 

acetylicum TM2 was found to be non-

pathogenic. Therefore, present study provides 

the evidence that isolated algicidal strain 

possesses efficacious algicidal activity, and 

may be used as an attractive bioagent for 

controlling Microcystis blooms. 
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