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The objective of this study was to assess the impact of subminimum inhibitory concentrations (sub-
MICs) of chosen antimicrobial agents (Amikacin, imipenem, benzalkonium chloride, and chlorhexidine) 
and natural product (garlic) on biofilm formation ability, bacterial adherence and invasion. 
Susceptibility profiles of 50 non-repetitive Acinetobacter baumannii clinical isolates to eight antibiotics 
were investigated. MIC of various antibiotics, antiseptics and garlic were measured by the broth 
microdilution method. Quantification of biofilm formation was carried out using a microtiter plate assay. 
The ability of test compounds to affect the bacterial adherence and invasion was investigated using 
Type II pneumocyte cell line (A549) and the bacterial cells count was determined using flow cytometer. 
Screening for the presence of antiseptic resistant gene qacA/B was done using PCR. Ten isolates 
exhibited variable susceptibilities toward both amikacin and imipenem. The sub-MICs of benzalkonium 
chloride (BZC) markedly increased the biofilm formation. Additionally, amikacin, applied at sub minimal 
inhibitory concentrations, showed the highest induction in the bacterial adherence post treatment. 
Significant increase in bacterial invasion 3 h post treatment was detected upon applying BZC (616%) 
and imipenem (324%). BZC showed the greatest effect on the bacterial invasion. The highest impact on 
the bacterial invasion in case of 5 h post treatment was evident with the use of both BZC and Garlic. 
Results demonstrated that antibiotics, antiseptics and natural product at sub-MICs increased 
significantly the biofilm formation ability, bacterial adherence and invasion of A. baumanni clinical 
isolates, therefore careful consideration of sub-MIC effects is mandatory before their use.  
 
Key words:  A. baumannii, Sub-MICs, biofilm formation, bacterial adherence and invasion, qac A/B  

 
 
INTRODUCTION 

 
Multiple drug resistant Acinetobacter baumannii is now 
known as one of the most opportunistic pathogens for the 

health care centers throughout the world, though it was 
regarded  as  a  low-virulence bacterium  before (Peleg et 
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al., 2008; Antunes et al., 2014). It has been involved in 
numerous health-care associated infections integrated 
with high morbidity and/or mortality rates, involving 
ventilator-associated pneumonia, wound infections, 
bloodstream infections and meningitis (Peleg et al., 
2008). The resistance to many antimicrobial agents and 
biofilms formation ability on both biotic and abiotic 
surfaces play principal part in A. baumannii pathogenicity 
whereas multiple clinical strains have the abiliy to attach 
their planktonic cells to different hydrophilic or 
hydrophobic substrata; hospital equipment, indwelling 
medical devices and bronchial epithelial cells, and 
growing as biofilms (Longo et al., 2014).  

Chlorhexidine is a cationic biguanide and benzalkonium 
is a nitrogen-based quaternary ammonium compound; 
they work similarly by affecting the cell membrane, 
producing lysis of cytoplasmic material (Poole et al., 
2002). The RND-type MexCD-OprJ multidrug efflux pump 
is induced by sub-inhibitory concentrations of 
disinfectants as benzalkonium chloride or chlorhexidine 
(Morita et al., 2003).  

Among the numerous medicinal plants, garlic has an 
antimicrobial feature used for centuries to combat 
infectious diseases, emphasizing the significance of 
search for natural antimicrobial drugs (Wojdylo et al., 
2007).  

Multiple researches had revealed its efficacy and broad 
spectrum antimicrobial activity against many species of 
bacteria, viruses, parasites, protozoan and fungi (Jaber 
and Al-Mossawi, 2007). Although, as previously 
mentioned, antibiotics reduce bacterial biofilm formation, 
conversely, subminimal inhibitory concentrations 
(subMICs) of some antibiotics can even induce its 
formation as it allows susceptible strains to continue to 
grow, which sometimes results in a reduced growth rate 
compared with the growth rate that is observed in the 
absence of the drug, and thus may play a significant role 
in colonization and progression to the development of 
acute or chronic infection (Hoffman et al., 2005; Kaplan, 
2011; Nucleo et al., 2009).  

With the fact that data about the effect of subminimal 
inhibititory concentrations of antibiotics, antiseptics and 
natural product on the biofilm formation ability and 
virulence factors of A.baumannii are scarce, this study 
aimed to investigate the effect of sub-MICs of selected 
antimicrobial agents (amikacin, imipenem, benzalkonium 
chloride, and chlorhexidine) and natural product (garlic) 
on biofilm formation ability, bacterial adherence and 
invasion and the dissemination of resistance between 
multiple drug resistant A. baumannii recovered from 
hospitalized patients. 

MATERIALS AND METHODS 
 
Bacterial strains 
 
Fifty non-duplicate A. baumannii strains collected from various 
clinical specimens recovered from hospitalized patients, admitted to 
El Demerdash hospital (Ain shams, Egypt) and Arab contractor's 
medical center (Cairo, Egypt) in the period from January 2015 to 
March 2016 were included in the study. Identification of isolated 
organisms was performed by conventional biochemical reactions 
and confirmed by API 20NE (bioMérieux, Marcy l'Etoile, France). All 
strains were grown in Luria–Bertani (LB) broth with aeration or on 
TSB agar plates at 37°C. When appropriate, LB plates were 
supplemented with 25 μg chloramphenicol ml-1 (Sigma) to select for 
A. baumannii strains. Strains were stored as glycerol stocks at 
−80°C for further analyses. 
 
 
Cell line 
 
Type II pneumocyte cell line A549 derived from a human lung 
carcinoma (LGC Standards, United Kingdom) were grown in 
Dulbecco's modified Eagle medium (DMEM) supplemented with 
10% heat-inactivated foetal bovine serum (FBS) (Invitrogen-Spain). 
The cells were seeded 24 h in 24 well plates prior to infection with 
A. baumannii strains and incubated at CO2 incubator (Thermo 
Fisher Scientific, Waltham, MA, USA) till confluency. 
 
 
Antimicrobial susceptibility testing 
 
Susceptibility of the isolates to the following antibacterial agents 
amikacin, meropenem, cefotaxime, imipenem, doxycycline, 
levofloxacin, Gentamicin and trimethoprim-sulfamethoxazole were 
tested by the Kirby-Bauer disc diffusion method (Bauer et al.,1966)  
using disks (Oxoid ltd., Basin Stoke, Hants, England) on Mueller 
Hinton agar and interpreted as recommended by Clinical and 
Laboratory Standards Institute (CLSI) guidelines (CLSI,2015). 
 
  
Determination of MIC  
 
The MIC of various antibiotics against A. baumannii strains was 
determined using a broth dilution method. A broth microdilution 
assay was performed using serial 2-fold dilutions of each antibiotic 
in TSB (LabM, UK). The range of antimicrobial concentrations used 
were 0.152 to 312.5 µg/ml (amikacin, smithkline beecham. Egypt 
L.L.C) and 0.152 to 312.5 µg/ml (imipenem, MERCK and Co. - 
USA). The MICs of antibiotics were determined and the breakpoints 
used for the antibiotics tested were in accordance with CLSI 
performance standards for antimicrobial susceptibility testing (CLSI, 
2015). 
 
 
Antiseptic susceptibility 
  
Both antiseptics chlorhexidine (CLX) and benzalkonium chloride 
(BZK) were purchased from Sigma Aldrich (St Louis, MO, USA). 
MICs of antiseptics were determined by the broth microdilution 
method   according    to  CLSI  (CLSI,  2015).  Since  there  was  no
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standard breakpoint available for antiseptics against A. baumannii, 
2 fold dilutions from 12.5 to 0.0122% w/v (benzalkonium chloride) 
and 0.076 to 156.25 µg/ml (chlorhexidine) were tested. 

Standard bacterial concentration of 0.5 Mc Farland standards 
(1.5 × 108 CFU/mL) was used. Briefly, 100 μl of stock antiseptics 
was added to well one. Then 50 μl of TSB was added to all wells. 
Upon mixing well, 50 μl was transferred to next well and continued 
until last well. Fifty microliters of bacterial suspension was added 
from well one to twelve in a 96 well plate. Susceptibility was 
interpreted based on the turbidity on the inoculum after incubation 
at 37°C for 24 h (Babaei et al., 2015). 
 
 
Determination of MIC for garlic extract 
 
Garlic extract was prepared according to Rasmussen et al. (2005), 
where 150 g of garlic cloves was shredded with kitchen blender 
with 300 ml of toluene (Sigma Aldrich,St Louis, MO, USA) and left 
overnight, then the suspension was filtered through Whatman no. 1 
filter paper. Sterile water was added as 150 ml and the mixture was 
stirred for 24 h at room temperature, where two phases were 
formed. The aqueous phase was separated from the organic phase 
and allowed to evaporate using rotavap (Heidolph, USA) evaporator 
to obtain 100 mg dried garlic extract, which dissolved in 2ml saline 
so that the stock concentration was 50000 μg/ml and filtered using 
0.22 nm syringe filter.  

MIC for garlic extract was determined by the broth microdilution 
method according to CLSI (2015). A two-fold dilution was tested 
from 12500 to 98 µg/ml and a standard bacterial concentration of 
0.5 McFarland standards (1.5 × 108 CFU/mL) was used. 
Susceptibility was interpreted based on the turbidity on the 
inoculum after incubation at 37°C for 24 h (Rasmussen et al., 
2005). 
 
 
Biofilm formation assay 
 
The ability of A. baumannii strains to form biofilms was tested using 
a modification of the Calgary biofilm method. Briefly, bacterial 
strains were grown overnight at 37°C and were diluted in sterile 
saline to a concentration of 0.5 McFarland standard. Fifty microliter 
volumes of each culture were added to wells of a 96-well plate with 
50 µl of subMICs of each antimicrobial agent. Plates were 
inoculated with 100 µl /well of TSB and incubated at 37°C for 24 h.  

The medium and planktonic cells were removed and the biofilms 
were washed three times with 200 ml phosphate buffer saline 
(PBS) using gentle pipetting then, the plates were left for air drying. 
Biofilms were then stained using 100 µl/well 0.1 % (v/v) crystal 
violet solutions for 20 min. The plates were washed under slowly 
running tap water to remove excess free dye and the water drained 
by tapping onto paper towels. This process was repeated several 
times until the water ran clear. The plate was then air-dried and the 
biofilm was destained by adding 200 μl/well 95% ethanol for 30 min 
at room temperature. The optical density (OD) was measured at 
540 nm using Microplate Reader (BioTek-USA) (Wand et al., 2012). 

 
 

Bacterial adherence assay 
 
The impact of the chosen bioactive compounds on the bacterial 
adherence was assessed, where Human lung epithelial cells was 
counted as 1.1*105 cells /ml and cultured in 24 well cell culture 
plates. On confluency growth, media was discarded and 50 µl of 
prepared bacterial suspension adjusted at 0.5 Macfarland (MOI = 
74:1) were added to each well as well as 50 µl of subMICs of the 
antimicrobial agents, DMEM was added  as  100 µl  and  the  plates 
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were incubated in 5% CO2 incubator at 37°C for 1h.  

Post incubation period, the non-adherent bacterial cells were 
removed by washing plates five times with Phosphate buffer saline 
(PBS). Cells were lysed using 100 µl 0.1% triton X-100 at 37°C for 
30 min. PBS was added to all wells as 500 µl/well. The flow 
cytometer (Invitrogen™ Attune™ NxT Thermo Fisher Scientific) 
was used to count the bacterial cells in each well and compared to 
negative control (Letourneau et al., 2011).  
 
 
Bacterial invasion assay 
 
Twenty-four well A549 pre-cultured plates were treated with sub 
MIC concentrations of antimicrobial agents and incubated at 37°C 
for 3 and 5 h interval. In post incubation period, plates were washed 
five times with PBS Gentamicin (Sigma-Aldrich (St Louis, MO, 
USA).  

300 µg/ml prepared was inoculated as 300 µl/well and plates 
were incubated at 37°C for 2 h. Gentamicin was discarded and cells 
were washed five times with PBS, lysed with 0.1% tritonX100 and 
incubated at 37°C for 30 min. PBS was inoculated as 500 µl/well 
and the bacterial count was determined in each well using flow 
cytometer and compared to negative control (Choi et al., 2008). 
 
 
PCR assay for qacA/B 
 
Total genomic DNA was extracted using Genomic DNA Purification 
kit (Thermo Fisher Scientific, Waltham, MA, USA). According to the 
manufacturer's procedure, PCR mixture contained 1 µl forward 
qacA/B primer ATTCCATTGAGTGCCTTTGC and 1 µl reverse 
qacA/B primer TGGCCCTTTCTTTAGGGTTT (Sidhu et al.,2002) 
(10 p mole/µl) is added to 12.5 µl Master Mix. 1 µl of DNA extract 
were added in a total volume of 25 µl. The conditions for each cycle 
were denature for 1 min at 95°C, annealing for 1 min at 53°C and 
primer extension for 2 min at 72°C with reaction mixture incubated 
at 72°C for 10 min.  

Negative and positive controls were involved in PCR experiment. 
The PCR products were separated by electrophoresis in 1% 
agarose gel (Fermentas, Lithuania) and visualized under UV light. 

 
 
Statistical analysis 
 
All experiments were repeated three independent times and results 
were represented as mean ± standard deviation. The statistical 
significance of the data was determined by the Student's t-test. 
Level of statistical significance was set at p ≤ 0.05. 
 
 
RESULTS 
 
Antibiotic susceptibility test 
 
The resistance rates of A. baumannii to antibiotics are 
shown in Table 1. High multi-resistance to antibiotics 
tested was observed among the isolates. Among the 8 
antimicrobial agents tested, the frequencies of resistances 
were as follows: cefotaxime (98%), meropenem (88%), 
doxycycline (88%), imipenem and levofloxacin (86%), 
gentamycin (84%), trimethoprim-sulfamethoxazole (74%) 
and amikacin (72%). 

These   results    also    shows     that     resistance    to 
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Table 1. Antibiotic resistance profiles of 50 A. baumannii isolates obtained from clinical 
samples. 
 

Antibiotic  Sensitive (%) Intermediate (%) Resistant (%) 

Cefotaxime 1 (2)  49 (98) 

Meropenem 6 (12)  44 (88) 

Doxycyclin 6 (12)  44 (88) 

Imipenem 7 (14) 
 

43 (86) 

Levofloxacin 4 (8) 3 (3) 43 (86) 

Gentamicin 2 (4) 6 (12) 42 (84) 

Trimethoprim/sulfamethoxazole 3 (6) 
 

37 (74) 

Amikacin 10 (20) 4 (8) 36 (72) 

 
 
 

Table 2. MICs of selected antimicrobials and garlic extract against A. 
baumannii clinical isolates. 
 

Isolate no. 
Garlic 

(µg/ml) 

CHX 

(µg/ml) 

AMK 
(µg/ml) 

IMP 
(µg/ml) 

BZC 

(%w/v) 

304 781.25 9.76 39.09 4.88 0.78 

307 3125 4.88 312.5 1.22 0.78 

310 3125 4.88 312.5 1.22 0.78 

311 1562.5 9.76 39.09 9.76 0.78 

315 390.63 4.88 9.76 19.53 0.78 

316 781.25 39.06 9.76 39.09 0.78 

317 1562.5 19.53 4.88 78.13 3.13 

318 3125 39.06 4.88 78.13 3.13 

319 781.25 19.53 9.76 78.13 3.13 

340 781.25 39.06 39.06 78.13 3.13 

 
 
 
carbapenems (imipenem) is significantly associated with 
resistance to aminoglycosides (amikacin) in A. baumannii 
isolates, where 6% of the isolates were sensitive to both 
antibiotics, 28% of the isolates were sensitive to one 
antibiotic and resistant to the other. On the other hand, 
66% of the isolates were resistant to both antibiotics 
suggesting an associated resistance possibly present 
between imipenem and amikacin. 

Out of the fifty isolates, ten isolates were found to have 
variation in their susceptibility toward both Amikacin and 
Imipenem where six isolates were amikacin sensitive 
imipenem resistant (ASIR) and four were amikacin 
resistant imipenem sensitive (ARIS); therefore these 2 
groups were chosen to perform the following assays on 
them. 
 
 
MIC detection 
 
MIC was done by broth microdilution and the results of 
the tested antimicrobials were quite variable in the range 
of 1.22 to  78.13 µg/ml  (imipenem);  4.88  to  312.5 µg/ml 

(amikacin); 4.88 to 39.06 µg/ml (chlorohexidine); 390.6 to 
3125 µg/ml (garlic) and 0.78 to 3.125 % w/v 
(benzalkonium chloride) (Table 2). 
 
 
Sub-MICs for selected antimicrobial agents 
 
Based on the MICs obtained, the subMIC for each 
antimicrobial was calculated where the 3/4 MIC was 
considered as subMIC (Table 3). The SubMIC values of 
the antimicrobials tested were quite variable in the 
following ranges: 0.92 to 58.59 µl/ml (IMP); 3.66 to 
234.38 µl/ml (AMK); 3.66 to 29.30 µl/ml (CHX); 293 to 
2344 µl/ml (garlic) and 0.59 to 3.2.34 µl/ml (BZC). 
 
 
Effect of sub-MIC of antimicrobials on biofilm 
formation ability of A. baumannii 
 
There was statistical significance increase in the biofilm 
formation upon addition of the subMIC concentrations of 
benzalkonium  chloride  by  354%  for  ASIR    group  and
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Table 3. SubMICs obtained for the selected isolates against the 5 chosen 
antimicrobials. 
 

Isolate no. 
Garlic 

(µg/ml) 

CHX 

(µg/ml) 

AMK 

(µg/ml) 

IMP 

(µg/ml) 

BZC 

(%w/v) 

304 586 7.32 29.32 3.66 0.59 

307 2344 3.66 234.38 0.92 0.59 

310 2344 3.66 234.38 0.92 0.59 

311 1172 7.32 29.32 7.32 0.59 

315 293 3.66 7.32 14.65 0.59 

316 586 29.30 7.32 29.32 0.59 

317 1172 14.65 3.66 58.59 2.34 

318 2344 29.30 3.66 58.59 2.34 

319 586 14.65 7.32 58.59 2.34 

340 586 29.30 29.30 58.59 2.34 
 

CHX: chlorhexidine, AMK: amikacin, IMP: imipenem, BZC: Benzalkonium chloride. 

 
 
 

 
 

Figure 1. The effect of subMICs of different antimicrobials and garlic extract on the biofilm 
formation ability of ASIR and ARIS A. baumannii isolates. 

 
 
 
657% in ARIS group compared with control treatment 
(Figure 1). 
 
 
Effect of Sub-MIC of antimicrobial agents on bacterial 
adherence 
 
Induction in bacterial adherence was detected in ASIR 
group in the order of 70, 216, 160, 117 and 67% post 
treatment with benzalkonium chloride, amikacin, 
imipenem, chlorhexidine and garlic extract compared to 
control, respectively.  

Additionally, marked increase in bacterial adherence by 
63, 213, 24, 92 and 21%, respectively was also observed 

with the ARIS group. The highest induction in bacterial 
adherence was observed with the use of amikacin, where 
it significantly increased the ability of ARIS and ASIR 
groups to adhere to A549 cells by 213 and 216%, 
respectively (Figure 2). 
 
 
Effect of sub-MIC of antimicrobials on the bacterial 
invasion 
 
Tested antimicrobials as well as garlic extract, markedly 
increased bacterial invasion 3 h post treatment where it 
was found that, benzalkonium chloride and imipenem 
increased  the  bacterial   invasion   by   616   and   324%
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Figure 2. Bacterial adherence of A. baumannii isolates to A549 cells post sub-MIC treatment.  
Amikacin showed the highest induction in bacterial adherence in ASIR and ARIS groups 
(P<0.05). 

 
 
 

 
 

Figure 3. Effect of sub-MICs of different antimicrobials and garlic extract on bacterial 
invasion of ASIR and ARIS A. baumannii isolates 3 h post treatment. 

 
 
 
respectively in ASIR group compared with control 
treatment. The greatest effect on bacterial invasion in 
ARIS group was observed upon applying benzalkonium 
chloride  where it significantly  increased invasion by 
1108% compared to untreated isolates (P<0.05) (Figure 
3). 

A low increase in the bacterial invasion to A549 cells 
was detected 5 h post treatment with the tested 
antimicrobials; the highest increase was observed in case 
of amikacin in ASIR group (122%)  compared  to  control, 

whereas the effect of garlic, BZC and amikacin on the 
bacterial invasion in the ARIS group were as follows: 234, 
177 and 107%, respectively (P<0.05) [Figure 4]. 
 
 
PCR assay for qacA/B 
 
Genotypic analysis of qacA/B gene by PCR revealed the 
amplification of 217 bp fragment in 6 isolates (307, 310, 
311, 316, 317 and 340) out of 10 A. baumanii isolates. 
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Figure 4. Effect of sub-MIC of antimicrobials and garlic extract on the bacterial invasion of ASIR and 
ARIS A. baumannii isolates 5 h post treatment. 

 
 
 
DISCUSSION 
 
Sub-MIC antibiotic concentrations generally have a range 
of important downstream effects, which produces 
clinically relevant alterations in bacterial behaviour as 
increased drug resistance. The induction of biofilm 
formation and the expression of virulence genes; 
antibiotics at sub-MIC levels are widely distributed in 
in vivo and ex vivo environments having the ability of both 
enriching for resistant bacteria and selecting for de novo 
resistance (Andersson and Hughes, 2014).  

In this context, the current study aimed to evaluate the 
effect of subminimum inhibitory concentrations of 
commonly used biocides (chlorhexidine and BZC), 
antibiotics (amikacin and imipenem) and natural product 
(garlic) on A. baumannii virulence factors and the 
emergence of resistance among clinical isolates. 

In the current study, fifty MDR A. baumannii strains 
were isolated from different clinical specimens during the 
study period. High multi-resistance to antibiotics tested 
representing four antibiotic classes (fluoroquinolones, 
aminoglycosides, cephalosporins, and beta-lactam/beta-
lactamase inhibitor combinations) was observed among 
all the clinical isolates included in the study. This high 
capability of A. baumannii to acquire resistance to 
different classes of antimicrobial agents could be 
rationalized by up-regulation of intrinsic resistance 
mechanisms besides gaining determinants of resistance 
(Nowak et al., 2014). Carbapenems are often used in 
combination with aminoglycosides in treatment of A. 
baumannii infections due to their evident synergistic 
bactericidal activity (Nowak et al., 2014).  

The results of antibiotic susceptibility revealed an 
association in the resistance to carbapenems (imipenem) 

and aminoglycosides (amikacin), where 66% of the 
isolates were resistant to both antibiotics, indicating that a 
cross resistance might exist between imipenem and 
amikacin. Concurrent resistance was also observed 
between carbapenem and aminoglycoside among 
multidrug-resistant A. baumannii clinical isolates in 
previous studies (Nowak et al., 2014; Cao et al., 2013). 
Ten isolates were found to have variation in their 
susceptibility toward amikacin and imipenem in which 6 
out of the 10 isolates were amikacin sensitive and 
imipenem resistant (ASIR) while 4 isolates were amikacin 
resistant and imipenem sensitive (ARIS), therefore the 
biofilm formation assay and virulence factors experiments 
(bacterial adhesion and invasion) were performed on 
those 10 isolates represented in both groups ASIR and 
ARIS. Amikacin and imipenem represented the 
antibiotics, benzalkonium chloride and chlorhexidine were 
examples of biocides and the garlic were chosen as an 
example of natural product. 

Broth microdilution assay was used to detect the 
minimum inhibitory concentrations of the chosen 
antimicrobial agents against the ten selected isolates. 
The MIC values of the antimicrobials tested were quite 
variable in the following ranges: 1.22 to 78.13 µl/ml 
(imipenem); 4.88 to 312.5 µl/ml (amikacin); 4.88 to 39.06 
µl/ml (chlorhexidine); 390.6 to 3125 µl/ml (garlic) and 0.78 
to 3.125 µl/ml (BZC) (Table 2). In case of amikacin, 2/10 
isolates (20%) were resistant with MIC value (312.5 
µg/ml) whereas 5 isolates (50%) were sensitive with MIC 
value (4.88 µg/ml) and 3 isolates (30%) showed an 
intermediate resistance (39.1 µg/ml). Six isolates (60%) 
were resistant to imipenem with MIC value (78.1µg/ml) 
whereas 2 (20%) isolates were sensitive with MIC value 
(1.22  µg/ml)   as  well   as  2  isolates  which  showed  an  
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intermediate resistance (9.7µg/ml). The 10 selected A. 
baumannii isolates included in our study showed 
changeable susceptibility to the used biocides 
(Chlorhexidine and BZC) which are considered as 
substrates for efflux pumps. A competitive advantage in 
isolates that are more resistant to biocides may be 
suggested due to variability, since they may be more 
easily selected for in the presence of biocides than those 
that are more sensitive to them (Naparstek et al., 2012). 
The Sub-MIC concentrations in the current study were 
calculated to assess their impact on biofilm formation 
ability and bacterial adhesion and invasion of the isolates, 
where 25% below MIC values was considered as sub-
MIC as the concentration below this most probably of low 
effect might be difficult to get significant conclusion, also 
trends in hospitals to use disinfectants for several times a 
day which allow high concentration to be the major seen 
all over the day. 

A. baumannii clinical isolates have been noticed to 
possess a powerful ability and form biofilms (Rodriguez-
Bano et al., 2008). Biofilm formation becomes even more 
uncontrolled in response to sub-inhibitory concentrations 
of antibiotics, a situation normally encountered as a direct 
consequence of low-dose therapy (Kaplan, 2011). We 
determined the efficacy of commonly used antibiotics and 
other bioactive compounds at their sub-MIC 
concentration on biofilm formation ability of A. baumannii. 
Our results showed that sub-MIC of BZC significantly 
induced the biofilm formation (p<0.05) in the two tested 
groups ASIR by 354% and ARIS by 657% compared to 
control treatment. Similar findings were found by 
Machado et al. (2011) which reported that, the significant 
increase of biofilm mass due to BZC pressure (5 folds 
higher) regardless the strain or the number of strains that 
generate the biofilm are considered as unexpected result 
(Machado et al., 2012). Biofilm formation was also 
increased without any effect onto planktonic growth in a 
study conducted on S. epidermidis where exposure  of S. 
epidermidis to chlorhexidine at 1 ⁄ 2, 1 ⁄ 4 and 1 ⁄ 8 MIC, 
or BZC at 1 ⁄ 8, 1 ⁄ 16 and 1 ⁄ 32 MIC increased biofilm 
formation (Houari and Di Martino, 2007). Since the 
majority of A. baumannii infections affect the pulmonary 
system (Wong et al., 2017), the epithelial A549 cell line 
was selected as a model system for testing adherence to, 
invasion of A. baumannii isolates in vitro. 

The results of bacterial adherence assay showed that 
the Sub-MIC of BZC, amikacin, imipenem, chlorhexidine 
and garlic extract have significantly induced the bacterial 
adherence in the ASIR by 71, 216, 164, 117 and 67% 
respectively compared with control treatment whereas 
the increase in bacterial adherence in case of ARIS 
group were as follows 64, 214, 25, 92 and 21% 
respectively compared with control treatment which has 
statistically significant result. Gentamicin survival assay 
was used to test the effect of sub-MIC of chosen 
antimicrobial agents  on  the  bacterial  invasion  to  A549  

 
 
 
 
cells. There was a significant increase in the bacterial 
invasion 3 h post treatment in both groups, in case of 
ASIR isolates there was an increase with BZC, amikacin, 
imipenem, chlorhexidine and garlic extract by 616, 96, 
325, 55 and 110% respectively compared with control 
treatment and in ARIS isolates there was an increase by 
1108, 119, 102, 24 and 26% respectively compared with 
control treatment. They recorded unexpected very high 
induction (616 to 1108%) of the bacterial adherence; 3 h 
post treatment was evident with the use of BZC and 
could be explained as it might affect the permeability of 
cell lines causing increase in the uptake of the bacterial 
cells. It was previously reported that garlic extract could 
reduce the bacterial invasion due to its quorum sensing 
blocking properties (Persson et al., 2005). This was not 
the case in our study where an increase in bacterial 
invasion was observed with using garlic extract which 
may be explained by the difference in garlic concentration 
tested in both studies.  

It is also important to point out that the recorded decline 
in the number of bacterial cells that invade A549 cells 
following prolonged incubation might be due to the 
destructive effect of Acinetobacter on A549 cells leading 
to externalization of intracellular bacteria. Therefore it is 
recommended that cytotoxic assays should be 
considered in future studies. The antiseptic resistance 
gene qacA/B was tested in the 10 isolates by PCR, the 
resistance gene was present in 6 out of 10 isolates 
suggesting the presence of other resistance mechanisms 
such as overexpression of genes, encoding some efflux 
pumps (AdeB and AmvA) and reduced expression of 
genes coding for some porins (OmpA and CarO) in the 
tested isolates with absence of qac A/B. However, the 
small isolates number used did not allow the evaluation 
of the emergence of disinfectant resistance genes over 
time, or assessing the relationship of disinfectant 
resistance genes and antibiotic resistance. 
 
 

Conclusion 
 

The study showed that sub-MICs of antibiotics and 
antiseptics can influence bacterial virulence by increasing 
bacterial biofilm formation, adhesion and invasion. 
Therefore, the effective concentration of antimicrobials is 
an essential determinant to overcome resistance as the 
improper use of these agents could enhance bacterial 
infection instead of eradicating it. 
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Bacterial wilt and brown rot caused by Ralstonia solanacearum is one of the most dreaded diseases 
causing 30 to 70% yield loss in India. The disease is both tuber and soil borne. A field trial was 
conducted following split plot design in the year 2008 to 09 and 2009 to 10 under All India Co-ordinated 
Potato Research Project in Central Farm, Orissa University of Agriculture and Technology, 
Bhubaneswar, Odisha, India with chemical soil amendments in main plots (M1 = application of 
bleaching powder 7 days prior to planting, M2 = application of bleaching powder at the time of planting, 
M3 = no bleaching powder application) and different physical, chemical and bio-agent treatments in the 
subplots (T1 = large sized tuber, T2 = tuber treatment with Bacillus subtilis (10

6
 cfu/ml),T3 = tuber 

treatment with boric acid, T4 = tuber treatment with Bacillus subtilis + boric acid, T5 = tuber treatment 
with streptocycline (0.015%), and also 4 times basal drenching with streptocycline (0.015%), T6 = 
control). Observations on plant wilt at 75 days after planting and yield of healthy and rotten tubers at 
harvest were recorded. Soil application of bleaching powder at the rate of 12.5 kg/h irrespective of other 
treatments significantly reduced wilting of plants in comparison to control. Among the treatments, 
tuber treatments with streptocycline combined with basal application of the same antibiotics at 10 days 
interval for four times after planting resulted in minimum wilting (3.83%) of plant and significant 
increase in tuber yield (18.21t/h) followed by tuber treatment with B. subtilis along with 3% boric acid 
(17.31t/h) recoded to be the second best treatment in reducing the wilting (9.55%) and increase in yield 
over control. 
 
Key words: Bacterial wilt, disease, management, coastal plains. 

 
 
INTRODUCTION  
 
Potato (Solanum tuberosum) is one of the most popular 
and abundant food crop over the world after rice (Oryza 
sativa), maize (Zea mays) and wheat (Triticum aestivum). 
It plays classic role in food security system of the world 
because of changing life styles and mind set of the 
population for secure food and climate system (CGIAR, 
2012; Nayar, 2014). About 22% of potatoes are lost per 
year  due   to  fungal,  bacterial,  viral  diseases  attacking 

potato plant and potato tubers. Among them mainly there 
were six bacterial, 24 fungal and 27 bacterial diseases. 
The bacterial wilt incited by Ralstonia solanacearum is a 
devasting disease distributed all over the world including 
tropical subtropical and temperate regions (http, 
Wikipedia). 

In India, the disease is endemic in west coast from 
Thiruvanthapuram   in   Kerala   to   Khera  in  Gulurat,  in 

 

 

 



 
 
 
 
Karnatak, in Western Maharastra and Madhya Pradesh in 
eastern plains of Assam, Odisha, and West Bengal, in 
Chota Nagpur Pleateau and in Andaman and Nicober 
islands. The disease was found endemic in North- 
Western Kumaon hills, 2300 masl (meter above mean 
sea level), in eastern hills of West Bengal, Meghalaya, 
Manipur, Tripua, Mizorum and Arunachal Pradesh and in 
Nilgirs, Annamalai and Palni hills of Tamil Nadu. The 
disease has not been noticed in the North –western high 
hills excluding Kumaon hills and the Mlawa region of 
Madhya Pradesh (Ranjan et al., 2015; Sagar et al., 
2013).  

In West Bengal, the disease was recorded from fifteen 
economically important crops mainly potato, tomato, 
brinjal, chilli, banana etc. and twelve wild plants like 
Amaranthus spinosus, Amaranthus viridis, Croton 
sparsiflorus (Mondal et al., 2014). The disease may 
damage the crop in two different ways, that is, pre-mature 
wilting of the crop and rotting of tubers both in fields and 
stores. The disease is both tuber and soil borne. Hence, 
the effectiveness of both soil and tuber treatments were 
evaluated against the disease. 
 
 

MATERIALS AND METHODS 
 
A field trial was conducted following split plot design in the popularly 
grown variety Kufri Jyoti under All India Co-ordinated Potato 
Research Project in Central Farm, Orissa University of Agriculture 
and Technology, Bhubaneswar, Odisha, India with chemical 
application in soil in main plots (M1=application of bleaching 
powder 7 days prior to planting, M2=application of bleaching powder 
at the time of planting,M3=No bleaching powder application) and 
different physical, chemical and biological treatments in the sub 
plots. Treatment details: 
 
Main plot (Methods of bleaching powder application=3) 
  
M1= Soil application of Bleaching Powder at 12.5 kg /h 7 days prior 
to planting,  
M2= Soil application of Bleaching Powder at 12.5 kg /h at the time 
of planting, 
M3= Bleaching powder not applied. 
 
Sub plot (Management practices = 6) 
 
T1= 70g size greenish tuber, 
T2= Seed tuber treated with Bacillus subtilis (6×106 CFU/ml), 
T3= Seed tuber treated with Boric Acid (3%), 
T4= Seed tuber treated with Boric Acid (3%) + Bacillus subtilis (6×106 

CFU/ml), 
T5= Streptocycline treated tuber (0.015%) + basal drenching with 
stretocycline at (0.015%) for four times at 10 days interval after 1st 
earthing up, 
 T6= Control. 
 
The treatments were replicated thrice. The plot size for each 
treatment was 6 m × 2 m (12 sq. mtr). The fertilizer dose was  given 
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at 150:80:120 kg of N:P:K/ha. The plants were sprayed with 
adequate fungicides against blight diseases and insecticides 
against viral diseases, aphids, cut worms and leaf eating cater 
pillars. The wilt incidence was recorded at, 75 DAP (days after 
planting) and yield of healthy tubers, and percent of tuber rotting at 
harvest were recorded. 

 
 
RESULTS AND DISCUSSION 

 
Results on incidence of wilting revealed there was 
reduction in wilt in all the treatments in comparison to 
control (Table 1). Maximum wilting of 33.72% was 
recorded in untreated control at 75 DAP. Soil application 
of bleaching powder at the rate of 12.5 kg/h irrespective 
of other treatments significantly reduced wilting of plants 
in comparison to control. 

However, application of bleaching powder 7 days 
before planting was more effective than application of 
same at the time of planting of seed tubers. While 
considering mean of incidence of wilting, the same trend 
was noticed in bleaching powder application irrespective 
of tuber treatments, that is, 13.92, 16.26 and 21.16% 
respectively (Table 3a and Figure 1). 

The disease is both tuber and soil borne. Hence, tuber 
treatment and soil treatment was very necessary for 
successful management of the disease. So for tuber 
treatment streptocycline and for soil treatment, stable 
bleaching powder was used among different treatments, 
tuber treatments with streptocycline combined with basal 
application of the same antibiotics at 10 days interval for 
four times after planting resulted in maximum reduction of 
wilting of plant (3.83%). 

Tuber treatment with B. subtilis along with 3% boric 
acid was recorded to be the second best treatment in 
reducing the wilting (9.55%). While considering the mean 
of incidence of wilting in different types of tuber 
treatments, soil application of bleaching powder minimum 
was recorded in streptocycline treatments (6.30%) at 75 
DAP as against 27.67% in control (Table 3b, Figure  2).  

Soil application of bleaching powder alone at the rate of 
12.5 kg/h seven days before planting irrespective of other 
treatments resulted in significant increase in tuber yield 
(18.21t/h) as against only 6.7t/h in control (Table 2). Also, 
there was significant decrease in production of rotten 
potato tubers from 1.64t/h in control to only 0.57% t/h in 
the said treatment (Table 2). Application of stable 
bleaching powder at the time of planting was found to be 
the second best treatment which resulted in production of 
1.08 t/h of healthy tuber and 0.94 t/h diseased tubers. 

Among the treatments combinations, soil applications 
of bleaching powder 7 days before planting along with the 
seed  tuber  treatment  with  streptocycline  followed  four
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Table 1. Incidennce of bacterial wilt in response to different treatments under field 
condition at 75 days after planting (Pooled data of the year 2008-09 and 2009-2010). 
 

Treatment M1* M2** M3*** Mean 

T1 19.38 (4.52) 21.87 (4.73) 28.02 (5.34) 22.74 (4.86) 

T2 17-06 (4.13) 17.73 (4.27) 22.25 (4.77) 17.96 (4.39) 

T3 11.82 (3.51) 12.76 (3.71) 18.25 (4.33) 13.94 (3.85) 

T4 9.55 (3.17) 10.96 (3.11) 15.18 (3.96) 11.25 (3.48) 

T5 3.83 (2.08) 6.58 (2.66) 9.55 (3.17) 6-30 (2.64) 

Control 22.44 (4.79) 28.34 (5.37) 33.72 (5.85) 27.67 (5.33) 

Mean 13.92 (3.70) 16.26 (4.01) 21.16 (4.57) 17.11 (4.09) 

Main plot 
- - - 0.50 

- - - 1.88 

     

Sub plot 
- - - 0.06 

- - - 0.19 
 

Main plot treatments: M1 =Bleaching powder application 7 days prior to planting; 
M2=Bleaching powder application at the time of planting; M3 = No Bleaching powder 
application at the time of planting. Sub plot treatmentsT1= large sized tuber, T2=tuber 
treatment with B. Subtilis, T3=tuber treatment with boric acid, T4=tuber treatment with B. 
Subtilis + Boric Acid, T5=Tuber treatment and basal drenching with Streptocycline, T6 
=Control. 

 
 
 

 
 

Figure 1. Mean of incidence of bacterial wilt in response to different treatments in main plot under field 
condition at 75 days after planting. 

 
 
 
times basal application of streptocycline at 10days 
interval resulted in highest production of healthy tubers 
(18.21 t/h) and lowest quantity of rotten tubers (0.07 t/h) 
as against 3.96 and 4.21 t/h respectively in case of 
control followed by tuber treatment with B. subtilis along 
with   3%   boric   acid   recoded  to  be  the  second  best 

treatment in production of healthy tubers (17.31 t/h) and 
reducing the wilting (9.55%). While considering mean of 
healthy tuber yield, the same trend was noticed in 
bleaching powder application irrespective of tuber 
treatments, that is,14.48t/h,11.08t/h and 6.7t/h 
respectively  (Table  4a,  Figure  3).  Similarly,  the  mean  
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Figure 2. Mean of incidence of bacterial wilt in response to different sub-plot 
treatments under field condition at 75 days after planning in sub-plot treatments. 

 
 
 

Table 2. Effect of management practices on the yield of potato tuber (Pooled Data of the Year 2008-9 and 2009-2010). 
  

Treatments 

M1 (Bleaching powder application 
7 days prior to planting) 

 
M2(Bleaching powder application at the 

time of planting) 
 

M3 (No bleach 

Ing powder application) 
 Mean 

Healthy Rotted Total  Healthy Rotted Total  Healthy Rotted Total  Healthy Rotted Total 

Large sized tuber 12.04 0.80 12.84  8.46 1.45 9,91  4.76 2.07 6.83  8.42 1.44 9.86 

Tuber treatment with Bacillus subtilis(106) 13.65 0.68 14.33  9.92 1.08 11.00  5.69 1.37 7.06  9.79 1.04 10.83 

Tuber treatment with Boric acid (3%) 15.49 0.40 15.89  12.65 0.75 13.40  7.31 1.12 8.43  12.82 0.76 13.58 

Tuber treatment with Bacillus subtilis(106)+ 
Boric Acid (3%) 

17.31 0.23 17.54  13.62 0.43 14.05  8.45 0.80 9.25  16.46 0.49 16.95 

Tuber treatment and basal drenching with 
streptocycline(0.015%) 

18.21 0.07 18.28  15.35 0.12 15.47  10.05 0.27 10.32  17.87 0.17 18.04 

Control 10.18 1.23 11.41  6.59 1.85 8.44  3.96 4.21 8.17  7.24 2.43 9.77 

Mean 14.48 0.57 15.05  11.08 0.94 12.02  6.70 1.64 8.34  11.55 1.05 12.60 

- - Healthy Rotted  Pooled Healthy Rotted  Pooled - -  - - - 

- B 0.15 0.02  0.17 0.40 0.06  0.23 - -  - - - 

- T 0.10 0.03  0.16 0.30 0.09  0.19 - -  - - - 

- BXT 0.31 0.07  0.19 0.90 0.23  0.56 - -  - - - 

- TXB 0.16 0.05  0.10 0.50 0.16  0.33 - -  - - - 
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Figure 3. Yield response to different treatments in main plot under field 
condition at harvest. 

 
 
 

Table3a. Mean of incidence of bacterial 
wilt in main plot in response to different 
treatments under field condition at 75 days 
after planting.  
 

Main plot Bacterial wilt (%) (mean) 

M1 13.92 

M2 16.26 

M3 21.16 

 
 
 

Table 3b. Mean of incidence of bacterial 
wilt in response to different treatments in 
sub plot under field condition at 75 days 
after planting. 
 

Sub plot Bacterial wilt (%) (Mean) 

T1 22.74 

T2 17.96 

T3 13.94 

T4 11.25 

T5 6.30 

T6 27.67 

 

 
 
yield of healthy tuber in different types of tuber treatments 
irrespective of soil application of bleaching powder 
revealed maximum yield in streptocycline tuber treatment 
with basal drenching (17.87t/h) as against 7.24t/h in 
control (Table 4b and Figure 4).  

There was report of use of bio-agents and anti biotics 
against bacterial wilt of brinjal caused by R. solanacearum 

Table 4a. Mean of yield response 
to different treatments under field 
condition at harvest in main plot. 
 

Main plot Yield (t/h)(Mean) 

M1 14.48 

M2 11.08 

M3 6.70 

 
 
 

Table 4b. Yield response to 
different treatments in sub plot 
under field condition at harvest. 
 

Sub plot Yield (t/ha) (Mean) 

T1 8.42 

T2 9.79 

T3 12.82 

T4 16.46 

T5 17.87 

T6 7.24 

 
 
 
(Gupta and Razdan, 2013; Sawant et al, 2014). The bio-
agent B. subtilis was also potential in the reduction of 
wilting from 27.67 to 13.94% in AICPIP, Bhubaneswar. 
Application bleaching powder in field was regularly used 
against wilting in all four potato growing zones of India 
and also in Bangladesh (Chakraborty and Roy, 2016). 

The present study revealed in coastal plains of Odisha 
soil applications of bleaching powder 7 days before 
planting   along    with   the   seed   tuber   treatment  with
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Figure 4. Mean yield response to different treatments in sub plot under field 
condition at harvest. 

 
 
 
streptocycline followed by four times basal application of 
streptocycline at 10 days interval which was very effective 
against bacterial wilt caused by R. solanacearum. This 
resulted in highest production of healthy tubers (18.21 
t/h) (Table 4,Figure 4) and lowest quantity of rotten tubers 
(0.07 t/h) followed by tuber treatment with B. subtilis 
along with 3% boric acid in which the production of 
healthy tubers and rotten tubers was 17.31 t/h and 
(0.21t/h) respectively 
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This study was carried out to identify specific mosquitocidal Bacillus species and related genera for 
future development of biopesticides in local mosquito control program in Kenya. Bacterial isolation was 
conducted from 100 soil samples through pasteurization method and preliminary identification 
conducted through phenotypical analysis. Toxicity analysis was performed through bioassays and 
lethal concentrations (LC) were determined using probit analysis. Toxic isolates were further identified 
through analysis of the 16s rRNA and screening of toxin genes through PCR. Expression of toxin 
proteins was performed using SDS-PAGE. Out of 453 isolates, 7 of them were found to yield highly 
potent toxicity (>50% mortality) against Culex quinquefasciatus during the initial toxicity assays. 
Among them, two isolates KDHa3 and SKDHb5, with LC50 values of 0.007mg/L and 0.008mg/L, 
respectively, were the most toxic against the target. Phylogenetic analysis based on 16s rRNA showed 
high homology to Lysinibacillus sphaericus (six isolates) and Bacillus thuringiensis (one isolate). 
Various toxin genes encoding BinA, BinB, Mtx (1, 2 and 3), Cry48A, Cry49A, Cry4A, Cry11A and Cyt1A 
were detected among the isolates. The protein profiles using SDS-PAGE were consistent with the 
standard strains Lysinibacillus sphaericus C3-41 and B. thuringiensis var. israelensis. Native toxic 
Bacillus species and related genera were identified with this study being the first to report highly toxic 
strains of L. sphaericus and B. thuringiensis strains from Kenyan soil samples.  
 
Key words: Bacillus species, Bacillus thuringiensis, Culex quinquefasciatus, Entomopathogenic, Lysinibacillus 
sphaericus, toxin. 

 
 
INTRODUCTION 
 
Mosquito related diseases such as West Nile fever, 
chikungunya, filariasis, dengue fever, malaria and  yellow 

fever cause a high mortality rate that leads to a major 
economic constraint within countries endemic to  these
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diseases (Poopathi and Abidha, 2010).  

Environmental changes caused by human migration, 
deforestation and poor management of urban centers 
have led to mosquitogenic conditions and hence a 
significant increase of the mosquito populations (Robert 
et al., 2003; Keating et al., 2004). The incidence of 
mosquito-borne diseases in Kenya is similar to most 
parts of the sub Saharan Africa which continues to 
increase with an estimated 6.7 million new clinical cases 
and approximately 4,000 deaths being reported each 
year (CDC, 2015). It is considered that mosquito control 
is one of the effective approaches for minimizing the 
threat of these mosquito-borne diseases.  

During the past decades, synthetic insecticides such as 
organophosphate insecticides have been used to control 
mosquito populations, but their wide application has been 
greatly obstructed due to environmental pollution, 
resistance in the vectors and harmful effects on beneficial 
non-target animals (González et al., 2013; Irungu et al., 
2016; Peralta and Palma, 2017).  

Bacillus species and related genera especially 
entomopathogenic microorganisms such as Lysinibacillus 
sphaericus previously and Bacillus thuringiensis var. 
israelensis are currently the most commonly and widely 
used mosquito control agents due to their specific toxicity 
against mosquitoes and the compatibility in the 
environment (Pei et al., 2002; Yuan et al., 2003; 
González et al., 2013; Suryadi et al., 2015). The 
pathogenicity of L. sphaericus and B. thuringiensis var. 
israelensis on mosquito larvae is attributed to toxic 
proteins’ expression after ingestion. This causes 
destruction of the larval mid gut due to binding of the 
active toxins to apical microvilli at specific membrane 
receptors of midgut cells resulting to larval death (Regis 
et al., 2001). A recent study has also shown a soil 
isolated strain Aneurinibacillus aneurinilyticus to harbor 
considerable toxicity against mosquito larvae although its 
use has not been commercialized yet (Das et al., 2016).  

The biopesticides based on L. sphaericus and B. 
thuringiensis var. israelensis have mosquitocidal activity, 
environmental-friendly and kill mosquitoes at their larval 
stage rather than adult stage. This plays an 
advantageous role in that mosquitoes are eliminated 
within the control programmes before they can disperse 
to human habitations (Fillinger and Lindsay, 2006; 
Yohannes et al., 2005). However various studies have 
reported development of resistance among some 
commercial toxic strains (Pei et al., 2002; Wirth et al., 
2005; Yuan et al., 2003) creating a necessity for better 
alternatives. Little is known about entomopathogenic 
strains in Kenya and previous studies have only applied 
the imported L. sphaericus and B. thuringiensis var. 
israelensis formulations in large scale field trials (Fillinger 
et al., 2003; Mwangangi et al., 2011). Development of 
mosquitocidal formulations based on indigenous Bacillus 
and related Genera will promote local capability of 
biopesticide production in Kenya as well as  reducing  the  
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over dependency on imported biocontrol products.  

The study was conducted to isolate, identify and 
evaluate indigenous mosquitocidal Bacillus species and 
related genera for the development of biopesticide to 
substitute chemical pesticides and the expensive 
imported biopesticides. Furthermore this programme 
once implemented in large scale will be a great 
enhancement to Kenya in the fight against many 
mosquito related diseases. 
 
 

MATERIALS AND METHODS 
 

Study sites and soil sample collection 
 

The study sites were based in Kenya across three randomly 
selected and geo referenced regions which included: Kwale 
(4.1744° S, 39.4519° E) located in the Coastal part of Kenya, 
Murang’a (0.7957° S, 37.1322° E) and Kiambu (1.1462° S, 
36.9665° E) located in the Central region of Kenya. The sampling 
process was conducted in February, 2017 in which a total of 100 
soil samples were collected as follows: Kwale-50, Murang’a -24 and 
Kiambu- 26. The sampling sites which had not been previously 
sprayed with mosquito biolarvicide formulations were chosen based 
on closeness to settlements, dams/ water pools and shaded areas 
creating an appropriate habitat for mosquito breeding (Suryadi et 
al., 2015). The soil samples were 10 g each taken at depths 
ranging from 5 to 10 cm, stored in sterile zip-lock bags. The 
collection and transport of samples was authorized by Kenya Plant 
Health Inspectorate Service (KEPHIS), Certificate No. 
KEPHIS/7408/2017.  
 
 

Isolation and phenotypic characterization of the spore-forming 
Bacillus  
 

1 g of each soil sample was thoroughly mixed with sterile salt 
solution forming 10% w/v suspension. The soil suspensions were 
pasteurized at 80°C for 20 min then serial dilutions (10-1 to 10-5) 
were prepared using sterile physiological saline solution (8.5 g/L 
NaCl) (Jensen et al., 2002). About 0.1 ml of the diluted suspension 
was spread on Luria-Bertani Agar (LB) (Tryptone 10 g/L, Yeast 5 
g/L, NaCl 10 g/L, pH 7.4) and incubated at 30°C for 48 h. For 
selective isolation of Lysinibacillus species, LB media 
supplemented with 100 mg/ml streptomycin was used (Yousten et 
al., 1985). Morphological observations were conducted on single 
colonies for determination of colour, form, surface and texture. 
Microscopic observation was also conducted for confirmation of 
gram stain test and visualization of the endospores. Physiological 
tests were conducted based on temperature (4°C, 30°C and 48°C), 
pH (4, 7 and 9) and NaCl tolerance (7 and 10%). Based on the 
morphology, Bacillus like colonies were sub-cultured on new LB 
media until pure colonies were attained. The resultant pure colonies 
were stored at 4°C as slants and 20% glycerol at -80°C until further 
identification was conducted. 
 
 
Mosquito culture preparations and initial toxicity assay 
 
The susceptible Culex quinquefasciatus was obtained from a 
laboratory maintained colony. The larvae were reared in enamel 
pans filled with dechlorinated tap water and fed with a mixture of 
yeast powder, and wheat mill and cat chow. All larvae and adults 
were held under controlled conditions of 26°C±2 temperature, 
relative humidity of 60%±5 and 12:12 (light-dark) photophase. 
Freshly prepared colonies of the isolated Bacillus strains were
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Table 1. Primers used in the study. 
 

Target 
Primer 
name 

Sequence (5’- 3’) Amplicon (bp) Annealing temp (°C) References 

16s 
rRNA 

27F AGAGTTTGATCMTGGCTCAG 
1500 55 Weisburg et al. (1991) 

1492R CGGTTACCTTGTTACGACTT 
      

binA 
binA-F CACTTCCAGAAAACGAGCAATAC 

522 51 Ge et al. (2011) 
binA-R TAACCTGAGTTCCATCACTACGA 

      

binB 
binB-F GCAGGTAGGTAGTGGAGATT 

622 56 Ge et al. (2011) 
binB-R CTGAGTGGTCGTTTGGGATA 

      

mtx1 
mtx1-F TGGAACATCAAATACGATAGCA 

512 52 Ge et al. (2011) 
mtx1-R CCCAAGCCAATGAATAGTTAGG 

      

mtx2 
mtx2-F TGTCGTTCCACTGTTTATTGGTTCA 

523 52 Ge et al. (2011) 
mtx2-R AAATCTGCCCCATGAATTAAGTTA 

      

mtx3 
mtx3-F CGAAATGATACCGATAGGGATC 

502 51 Ge et al. (2011) 
mtx3-R AATCAGGGTTATTGACACTTCTTG 

      

cry48Aa 
cry48Aa-F GTGCTTCCACMAACTTTCAATCAT 

1025 52 Ge et al. (2011) 
cry48Aa-R TCTTCTTCGGTTAGTAATCGCTCTT 

      

cry49Aa 
cry49Aa-F TACTTTCGCTACTGTCTGCT 

704 56 Ge et al. (2011) 
cry49Aa-R AATCCATTTCCTTACGGTCT 

      

cry4A 
Dip2A -F GGTGCTTCCTATTCTTTGGC 

1293 55 Carozzi et al. (1991) 
Dip2B-R TGACCAGGTCCCTTGATTAC 

      

cry11A 
EE11A-F CCGAACCTACTATTGCGCCA 

445 55 Ben-Dov et al. (1997) 
EE11A-R CTCCCTGCTAGGATTCCGTC 

      

cyt1A 
Cyt1A-F AACCCCTCAATCAACAGCAAGG 

522 55 Bravo et al. (1998) 
Cyt1A-R GGTACACAATACATAACGCCACC 

 

Degenerate bases: W = A/T, M = A/C, R = A/G, Y = C/T. 
 
 
 

inoculated into 20 ml test tubes containing 5 ml sporulating broth 
(Minimal Basal Salts, MBS- 0.68% KH2PO4, 0.03% MgSO4 • 7H2O, 
0.002% MnSO4, 0.002% Fe2(SO4)3, 0.002% ZnSO4•7H2O, 
0.002%CaCl2, 1% tryptone, and 0.2% yeast extract , pH 7.2) (Zhao 
et al., 2014). The tubes were then incubated at 30°C with shaking 
(200 rpm) for 48 h to allow sporulation and crystal formation. In the 
initial toxicity bioassays, 1 ml culture of each isolate was added in 
200 ml plastic containers containing 100 ml deionized water and 
twenty 3rd instar larvae of C. quinquefasciatus. The tests were 
performed in triplicates along positive controls (L. s C3-41 and B.t.i) 
and negative controls with no bacterial culture included. Mortality 
was recorded after 24 and 48h respectively by calculating the mean 
value of the larval death.  
 
 
Spore prevalence and determination of the lethal concentration 
 
The selected high toxic isolates (>50% mortality) were cultured in 
500 ml Erlenmeyer flasks containing 100 ml MBS broth and 
incubated at 30°C with shaking (200 rpm) for 48 h. The total viable 
cells (VC) and spores (SC) were determined from the culture. 
Prevalence of spores was calculated as the number of live spores/ 
number of live cells (100%) (Jensen et al., 2002). The toxicity of 
selected high toxic isolates was evaluated by Standard Bioassay 

procedure (WHO, 1985). The bioassays were conducted by placing 
20 C. quinquefasciatus 3rd instar larvae into 200 ml plastic 
containers containing 100 ml deionized water with the desired 
concentrations of the bacterial suspensions. Five concentrations 
were used giving the mortalities between 2 to 98%, and mortality 
was recorded after 24 and 48h (Pei et al., 2002). Both positive and 
negative controls were included, and the tests were conducted in 
triplicates. Negative controls that recorded 20% mortality were 
corrected using Abbott’s correction formula (Abbott, 1925). The 
lethal concentrations (LC50 and LC90) expressed in mg/L were 
identified using probit analysis (Finney, 1971). 
 
 
Analysis of the 16s rRNA region 
 
The 16s rRNA universal primers 27F and 1492R (Weisburg et al., 
1991) were used for amplification of the genetic DNA (Table 1). The 
PCR amplification was performed in a 50-μL reaction mixture 
containing 25 μL of 1×PCR Master Mix (Tsingke) (1.25 U Taq 
polymerase, 5 mM MgCl2, and 2.5 mM of each dNTP), 1 μL of each 
primer (10 μM) and 2 μL DNA template and toped up with deionized 
water to the final volume. PCR was performed using T Professional 
thermocycler, Biometra and the cycling conditions were as follows: 
Initial denaturation at 94оC for 5min, followed by 30  cycles  of  30 s  



 
 
 
 
at 94°C for denaturation, primer annealing at 55°C for 30 s and 
extension at 72°C for 90 s, and a final extension step at 72°C for 10 
min. The PCR products were separated by electrophoresis on a 1% 
agarose gel stained with 0.1% ethidium bromide and visualized in a 
transilluminator. The total DNA of each isolate was extracted using 
TIANGEN DNA extraction kit (TIANGEN Biotech, Beijing, China) 
according to the manufacturer’s instructions. The resultant PCR 
products were purified using Omega pure cycle kit (Omega Bio-Tek, 
Norcross, GA, USA) according to the manufacturer’s protocol and 
sequenced directly using the ABI prism sequencer. All the 
sequences were edited using Bio-edit program and blasted against 
partial 16s rDNA sequences published in the NCBI GenBank 
database. Sequence alignment and construction of phylogenetic 
tree was conducted using MEGA 7 neighbor-joining method (Kumar 
et al., 2016).  
 
 
Detection of toxin genes 
 
Detection of toxin genes (binA, binB, mtx1, mtx2, mtx3, cry48Aa, 
and cry49Aa) for L. sphaericus and cry4A, cry11A and cyt1A for B. 
thuringiensis were conducted using PCR (Table 1). Cycling 
conditions were as follows: Initial denaturation was at 94°C for 5 
min, followed by denaturation at 94°C for 30 s, primer annealing at 
50°C for 30 s and elongation at 72°C for 60 s. There were 30 cycles 
with final elongation at 72°C for 10 min. The PCR products were 
analyzed using agarose gel electrophoresis in 1% gel. 
 
 
Protein analysis 
 
The selected toxic isolates were cultured in 20 ml Luria Bertani (LB) 
broth at 30°C with shaking at 150 rpm with shaking for 48 h. Spore-
crystal mixtures were then washed twice with deionized water 
(Yuan et al., 2003). Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed as previously 
described by Laemmli (1970) where proteins were separated on a 
12% gel and later stained with Coomassie Brilliant Blue R250. 
 
 

RESULTS  
 

Isolation of Bacillus species 
 

A total of 453 endospore forming isolates were obtained 
from 100 soil samples collected in Kenya, and analyzed 
for presence of Bacillus species and related genera with 
an occurrence rate of 46, 29 and 25% in Kwale, Murang’a 
and Kiambu, respectively. The isolated strains were heat-
resistant, Gram positive, spore-forming and various 
morphological appearances (Table 2) 
 
 

Toxicity analysis 
 

During initial toxicity analysis, seven isolates were found 
to yield high toxicity (>50% mortality) against C. 
quinquefasciatus 3rd instar larvae. Further standard 
bioassay procedure showed that the isolates KDHa3 and 
SKDHb5 recorded the highest toxicity, with LC50 of 0.007 
and 0.008 mg/L, respectively against C. quinquefasciatus 
and this was comparable with the reference strains of L. 
sphaericus C3-41 and B. thuringiensis var. israelensis. 
Other isolates SKMb3, SCNa2, SVGd5, SCNd4 and 
SGTa1 showed moderate toxicities, with the LC50 values 
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ranging from 0.01 to 1.326 mg/L. Isolate KDHa3 however 
stood out in that it recorded maximum mortalities after 24 
h of exposure unlike the other six strains that showed 
maximum mortality after 48 h (Table 3). 
 
 

Phenotypical and molecular characterization of 
isolates 
 

Maximum spore prevalence was recorded at about 30 to 
42 h for six of the isolates followed by a plateau similar to 
reference strain L.s C3-41. However for isolate KDHa3, 
maximum spore prevalence was recorded at 48 h similar 
to reference strain and B. thuringiensis var. israelensis. 
After 48 h, isolate KDHa3 showed the highest spore 
prevalence (78%) while isolate SCNd4 had the lowest 
spore prevalence (46%) (Table 3). Amplification of the 
isolates’ 16s rRNA gene region resulted to formation of 
1500 bp bands on 1% agarose gel (Table 4). The 
sequence analysis results showed that the isolates were 
highly homologous (>99%) to the members of 
Lysinibacillus group (6 isolates) and Bacillus cereus 
group (1 isolate). Phylogenetic tree was inferred in 
MEGA7 using the neighbor-joining method (Saitou and 
Nei, 1987) as shown in Figure 1.  

The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test 
(1000 replicates) was shown next to the branches. The 
evolutionary distances were computed using the Kimura 
2-parameter method (Kimura, 1981) in the analysis that 
involved 25 nucleotide sequences. Evolutionary analysis 
grouped the isolates and the reference strains into two 
major clusters; Lysinibacillus group and B. cereus group. 
However, six of the isolated strains showed high 
homology to the toxic reference strains of L. sphaericus 
while one showed high homology to B. thuringiesis vr 
israelensis (Figure 1) 
 
 

Toxin gene and protein analysis 
 

The toxic isolates were further analyzed for presence of 
specific toxin genes using PCR and compared to the 
reference strains L. sphaericus C3-41 and B. 
thuringiensis var. israelensis Binary toxins (binA-522bp, 
binB-622bp) and mosquitocidal toxin (mtx3 -502bp) were 
detected in all six isolates that clustered in the 
Lysinibacillus group. Isolate SGTa1 showed negative 
results for mtx1 -512bp and mtx2-523bp but the only 
positive for gene cry48A-1025bp and cry49A-704bp 
(Table 4, Figure S1). For B. thuringiesis toxin gene 
detection, isolate KDHa3 showed amplified dipteran 
specific cry (cry4A- 1293bp and cry11A-445bp) and cyt 
(cyt1A-522bp) genes similar to the reference strain B. 
thuringiensis var. israelensis. This explains the high 
toxicity recorded against mosquito larvae. SDS-PAGE 
revealed that the isolates SCNa2, SKMb3, SVGd5, 
SGta1, SCNd4 and SKDHa5 produced binary toxin 
profiles (binA-41.9kDa and binB-51.4kDa) similar to the
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Table 2. Phenotypic characterization of the toxic isolates. 
 

Isolate 
L.s C3-

41 
SCNa

2 
SKMb3 

SVGd
5 

SGta1 
SCNd

4 
SKDHa

5 
KDHa3 B.t.i 

Colony 
characterization 

Color 

Cream + + + + + + + - - 

Pale 
white 

- - - - - - - + + 

           

Form 
Circular + + + + + + + - - 

Irregular - - - - - - - + + 
           

Elevation 
Raised + + + + + + + - - 

Flat - - - - - - - + + 
           

Margin 
Entire + + + + + + + - - 

Undulate - - - - - - - + + 
           

Texture 
Smooth + + + + + + + - - 

Rough - - - - - - - + + 
           

Size 

Large - - - - - - - + + 

Medium + + - + + - - - - 

small - - + - - + - - - 

            

Cell 
characterization 

Shape Rods + + + + + + + + + 

Gram test +/- + + + + + + + + + 
           

Endo- 

spores 

Sub 
terminal 

- - - - - - - + + 

Terminal + + + + + + + - - 
           

Swollen 
spore 

+/- + + + + + + + - - 

Crystals +/- - - - - - - - + + 

            

Physiological 
characterization 

4
о
C +/- - - - - - - - - - 

30
о
C +/- + + + + + + + + + 

48
о
C +/- - + - + - - + + + 

pH(4) +/- - - - - - - - - - 

pH(7) +/- + + + + + + + + + 

pH(9) +/- + + + + + + + + + 

7% NaCl  +/- + + + + + + + + + 

10% NaCl +/- - - - - - - - - - 

Region Isolated Ls Kb Mr Kw Mr Kb Kw Kw Ls 
 

Ls-Lab strain, Kb- Kiambu, Mr-Murang’a, Kw-Kwale; - negative, + positive. 
 
 
 

reference strain L.s C3-41 while KDHa3 showed similar 
protein pattern as the reference strain B. thuringiensis 
var. israelensis in expressing Cry4A-128kDa, Cry11Aa-
72kDa and Cyt 1Aa-27kDa. However, the degree of toxin 
gene expression varied among the isolates (Figure 2). 
 
 

DISCUSSION 
 

Previous studies have shown isolation of 
entomopathogenic Bacillus species from  various  diverse 

habitats such as dried plant leaves, dried animal dung, 
sewage water, excreta of arid birds, soil among others 
(Poopathi et al ., 2014; El-kersh et al., 2016; Soares-da-
Silva et al., 2015). However soil samples have shown 
greater richness in the diversity of Bacillus species and 
related genera compared to other sources making it the 
most preferred substrate for isolation (González et al., 
2013; Lobo et al., 2017; Suryadi et al., 2016). In this 
study, 453 Bacillus strains and related genera were 
isolated from 100 soil samples collected from random
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Table 3. Growth parameters and lethal concentrations of the 48 h cultures. 
 

Strain 
Growth parameters  Toxicity (mg/L) 

VC (*10
9
 CFU/mL) SC (*10

9 
CFU/mL)  % spore prevalence LC50 (95% CI) LC90 (95% CI) 

Ls C3-41 4.2 2.7  64 0.009 (0.003-0.020) 0.173 (0.067-0.932) 

SCNa2 5.1 3.0  59 0.014 (0.004-0.037) 0.910 (0.272-7.761) 

SKMb3 3.4 1.9  56 0.085 (0.033-0.220) 1.091 (0.390- 5.588) 

SVGd5 4.5 2.2  49 1.299 (0.476-5.973) 3.315 (1.077-22.253) 

SGTa1 4.0 2.4  60 0.010 (0.040-0.022) 0.221 (0.083-1.260) 

SCNd4 2.8 1.3  46 1.326 (0.564-6.763) 2.688 (1.004-7.202) 

SKDHb5 5.6 3.7  66 0.008 (0.004-0.050) 0.204 (0.076-1.179) 

KDHa3 6.0 4.7  78 0.007 (0.003-0.014) 0.080 (0.034-0.398) 

Bti 5.7 4.3  75 0.006 (0.003-0.011) 0.048 (0.022-0.221) 
 

VC-Viable cell count; SC- Spore count; CI- Confidence Interval. Lethal concentration average values calculated according to three bioassay 
results. 

 
 
 

Table 4. Amplification results of the isolates and reference strains. 
 

Strain 
PCR results 

16s rRNA binA binB mtx1 mtx2 mtx3 cry48A cry49A cry4A cry11A cyt1A 

Ls C3-41 + + + + + + - - - - - 

SCNa2 + + + + + + - - - - - 

SKMb3 + + + + + + - - - - - 

SVGd5 + + + + + + - - - - - 

SGTa1 + + + + + + - - - - - 

SCNd4 + + + - - + + + - - - 

SKDHb5 + + + + + + - - - - - 

KDHa3 + - - - - - - - + + + 

Bti + - - - - - - - + + + 
 

+, Positive; -, Negative. 

 
 
 
sites in Kenya.  

Initial bioassay results showed that only 7 (1.5%) 
isolates yielded considerable toxicity (>50% mortality) 
against C. quinquefasciatus 3rd instar larvae. This low 
occurrence rate of mosquitocidal strains in soil was 
comparable with other reported results (Lukenge et al., 
2017; Pereira et al., 2013) and this shows that 
mosquitocidal strains are rare to find as compared to 
other toxic strains against members of orders coleoptera 
and lepidoptera (Silva et al., 2012; Silva et al., 2010).  

Notably, only one mosquito species (C. 
quinquefasciatus) was applied for mosquitocidal analysis 
in this study and this could have contributed to the low 
percentage of toxic isolates due to the smaller number of 
described toxins known to affect this group of insects 
(Lobo et al., 2017). Phenotypic characterization of the 
toxic isolates marked the basic identification procedure 
where six of the isolates showed high similarity to the 
reference strain L.s C3-41 while one isolate showed high 
similarity to the reference strain B. thuringiensis var. 
israelensis (Table 2). Physiologically, all the isolates grew 

at 30°C with no growth being recorded at 4°C and only 
the isolates SCNa2, SVGd5, SKDHa5 and KDHa3 
showed growth at 48°C temperature. PH conditions 7 and 
9 recorded growth for all the isolates while pH 4 recorded 
no growth. All the isolates also showed NaCl tolerance of 
up to 7% but no growth was recorded at 10% (Table 2). 
These physiological variations among some isolates 
might have been attributed to the fact that the strains 
were isolated from varying ecological regions. Generally 
the optimum conditions were concluded to be 30°C temp, 
pH 7 and ≤ 7% NaCl concentration similar to what was 
described by Gama et al. (2013).This data can be applied 
during the biopesticide production to promote maximum 
toxin yield. 

The toxic strains exhibited different levels of toxicities 
against C. quinquefasciatus. Isolates KDHa3 and 
SKDHb5, classified as B. thuringiensis and L. sphaericus 
based on 16s rRNA sequences and phylogenetic 
analysis (Figure 1) respectively, had the highest toxicities 
comparable with the standard strains L.s C3-41 and B.t.i 
while the isolates SGTa1, SCNa2, SKMb3, SVGd5 and
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Figure 1. Neighbor-joining cladogram based on 16s rRNA gene sequences of the isolated toxic strains (bold and 
marked with a black diamond node) in relation to both known toxic (marked with a circular node) and non-toxic 
(unmarked) members of Lysinibacillus group and Bacillus cereus group. Escherichia coli represents an outgroup 
species. Toxic isolates from this study are named in the following order: Blast closely related strain and isolate 
code/Country/Collection site/Year. 

 
 
 

SCNd4 classified as L. sphaericus showed moderate 
activities (Table 3). Furthermore, the maximum toxicities 
were recorded in 24 h for isolate KDHa3 and 48 h for the 
other six isolates. These findings of high toxic strains has 
also been reported in previous studies (El-kersh et al., 
2016; Ibarra et al., 2003) and suggests that the toxic 
isolates are promising candidates for the development of 
new mosquitocidal formulations in Kenya.  

Toxicity of entomopathogenic Bacillus species and 
related genera is attributed to various endotoxins they 
harbor. For example L. sphaericus principle toxin is the 
Binary toxin (bin) composed of two subunits (binA and 
binB) located in the chromosome and crystallize together 
into one parasporal body inform of a toxin dormain and a 
binding dormain (Berry, 2012; Colletier et al., 2016; Kale 
et al., 2013). They are also known to produce other less 
toxic proteins called mosquitocidal toxins (mtx1, 2, 3) 
expressed during the vegetative stage of the bacterial 
growth (Berry, 2012). Recently new cry toxins (cry48Aa 
and cry49Aa) were described in some toxic L. sphaericus 
strains such as L.s IAB59 (Ge et al., 2011; Rezende et 
al., 2017).  

Presence of these cry toxins in some L. sphaericus 
strains might be attributed to their co-evolution with  other 

bacteria such as B. thuringiensis (Ge et al., 2011). B. 
thuringiensis also forms a group of high toxic strains and 
this toxicity is primarily as a result of the cyt (cytolysins) 
and cry (crystal delta endotoxins) toxins they contain 
(Federici et al., 2003; Xu et al., 2014). This study 
confirmed the relationship between toxicities and the 
presence of various toxin genes as well as the production 
of specific toxins through molecular analysis. All the toxic 
strains harboring bin, mtx, cry48Aa, cry49Aa, cry4A, 
cry11A and cyt1A toxin genes were characterized 
accordingly. 
 
 
Conclusion 
 
The pursuit for native mosquito entomopathogenic 
Bacillus species and related genera was achieved in that 
seven isolates (6- L. sphaericus and 1-B. thuringiensis) 
identified by both morphological and genetic techniques 
were found to yield considerable toxicity against C. 
quinquefasciatus larvae. This study marked the first 
report of highly toxic isolates of L. sphaericus and B. 
thuringiensis from Kenyan soil samples. The results from 
this study will provide key knowledge needed for future
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Figure 2. Protein profiles of the toxic isolates and reference strains after separation by 12% SDS-PAGE and 
Coomassie blue staining. Lanes: M- marker. 

 
 
 
application of the native strains against various mosquito 
species in Kenya. More also, future applications will 
involve the use of locally available industrial and agro-
based by- products as a medium for growing the already 
identified Kenyan based strains to increase yields as well 
as cut down the cost of production especially for large 
scale applications. 
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Figure S1. PCR amplification profiles on 1% gel agarose. a-h represents amplifications for 16s rRNA, binA, binB, mtx1, 
mtx2, mtx3, cry48A and cry49A, respectively. i (I,II,III) represent positive amplifications for cry4Aa, cry11Aa and cyt1Aa, 
respectively. 
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