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Abstract

Background: The percentage of the multidrug resistant Klebsiella pneumoniae clinical isolates is increasing
worldwide. The excessive exposure of K. pneumoniae isolates to sublethal concentrations of biocides like
benzalkonium chloride (BAC) in health care settings and communities could be one of the causes contributing in
the global spread of antibiotic resistance.

Results: We collected 50 K. pneumoniae isolates and these isolates were daily exposed to gradually increasing
sublethal concentrations of BAC. The consequence of adaptation to BAC on the cell surface hydrophobicity (CSH)
and biofilm formation of K. pneumoniae isolates was explored. Remarkably, 16% of the tested isolates showed an
increase in the cell surface hydrophobicity and 26% displayed an enhanced biofilm formation. To evaluate whether
the influence of BAC adaptation on the biofilm formation was demonstrated at the transcriptional level, the RT-PCR
was employed. Noteworthy, we found that 60% of the tested isolates exhibited an overexpression of the biofilm
gene (bssS). After sequencing of this gene in K. pneumoniae isolates before and after BAC adaptation and
performing pairwise alignment, 100% identity was detected; a finding that means the absence of mutation after
adaptation to BAC.

Conclusion: This study suggests that the widespread and increased use of biocides like BAC at sublethal
concentrations has led to an increase biofilm formation by K. pneumoniae isolates. Enhanced biofilm formation
could result in treatment failure of the infections generated by this pathogen.
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Background
The bacterial resistance to antibiotics was first revealed
in 1940s. Nevertheless, this problem has continued to
progress and evolve as one decade passed into the other
[1]. In recent times, the multidrug-resistant bacterial
pathogens have become much more common, and they
are causing many problems in the treatment of bacterial

infections [2]. It is established that the increased spread
of resistance among bacterial pathogens has been largely
attributed to the improper usage of antimicrobials in
both hospitals and communities. Moreover, failure
among the healthcare providers to comply with the in-
fection control precautions is an important cause for the
dissemination of resistance [3]. Currently, Klebsiella
pneumoniae is an important pathogen, being the causa-
tive agent of about 14–20% of the infections in respira-
tory tract, lower biliary duct, surgical wounds, and
urinary tract [4]. This opportunistic pathogen can form
biofilm as one of its main virulence factors, giving it the
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ability to attach to both biotic and abiotic surfaces,
which contributes to antibiotic resistance [5]. The con-
tribution of the biofilm in bacterial resistance is due to
the exopolymeric matrix of biofilm which acts as a diffu-
sion barrier for the penetration of various antibiotics
and the physiological differences between planktonic
and sessile bacterial cells [6]. Biocides including antisep-
tics, disinfectants and preservatives have been used in
both clinical and domestic applications for more than
half a century. At the present time, the use of different
biocides is questioned, as the chronic exposure to these
agents could have several harmful effects on the human
health and could select for less susceptible isolates to-
wards antibiotics and biocides [7, 8]. Quaternary ammo-
nium compounds like benzalkonium chloride (BAC) are
commonly used as preservatives in different cosmetics
and pharmaceuticals and disinfectants in medical and
food-processing environments [9]. In the current work,
we investigated the impact of the repeated exposure of
K. pneumoniae clinical isolates to sublethal concentra-
tions of BAC on the cell surface hydrophobicity (CSH)
and biofilm formation.

Methods
Bacterial isolates
A total of 50 K. pneumoniae isolates were collected from
the different departments of [Tanta University] Hospital.
The clinical isolates were subjected to both microscop-
ical examination and standard biochemical tests [10].
Klebsiella pneumoniae ATCC 13883 was used as a refer-
ence strain.

Chemicals
All the utilized chemicals in this study were of pure ana-
lytical grade and they were purchased from Sigma-
Aldrich, USA.

Determination of MIC and MBC of BAC
The minimum inhibitory concentration (MIC) of BAC
was identified by broth microdilution method in
Muller-Hinton broth (MHB) (Oxoid, UK) in 96-well
microtitration plates [11]. MIC is defined as the low-
est antimicrobial concentration that inhibits bacterial
growth indicated by the absence of turbidity in the
wells compared to both the growth control and the
uninoculated wells. The wells that showed inhibition
of growth were subcultured on MH agar (MHA)
(Oxoid, UK) for identification of the MBC (minimum
bactericidal concentration) which is the lowest con-
centration of BAC that kills bacteria after overnight
incubation at 37 °C. All these determinations were
conducted in independent triplicates. As described by
Moen et al. [12], bacterial isolates that show MIC >
12 μg/ml were estimated to be tolerant to BAC.

Adaptation to BAC
It was accomplished by daily exposing the tested isolates
to sublethal concentrations of BAC with a gradual in-
crease [13] beginning with a concentration of 0.5 ×
MBC of BAC. When the growth was detected, a 10-fold
diluted culture was transferred to fresh MHB supple-
mented with a slightly higher concentration of BAC.
This step was further continued until no growth was no-
ticed after overnight incubation at 37 °C. Afterward, the
bacterial suspension from the last tube that showed
growth was inoculated to MHA and incubated overnight
at 37 °C for growth conformation. All isolates were
tested in triplicate.

Determination of the cell surface hydrophobicity (CSH)
It was identified before and after BAC adaptation as de-
scribed by El-Banna et al. [14]. Briefly, after centrifuga-
tion of the bacterial suspensions and collecting the
pellets, they were resuspended in saline and transferred
to MHB, then they were incubated for only 1 h at 37 °C.
The bacterial suspensions then were centrifuged and the
pellets were resuspended in the phosphate urea magne-
sium sulfate buffer (PUM buffer, pH 6.9). Different vol-
umes of n-hexane, ranging from 0.3 to 1.8 ml, were
added to 4.8 ml of bacterial suspension in PUM buffer,
thoroughly mixed for 2 min, and after complete phase
partition, the aqueous phase was taken and its absorb-
ance was measured at 540 nm. The hydrophobicity
index (HI) was calculated using the following formula:

HI ¼ A540control−A540testð Þ=A540control

Impact of adaptation on biofilm formation using crystal
violet assay
Biofilm formation of the tested isolates before and after
BAC adaptation was assessed as described by Yang et al.
[15]. After overnight incubation of the tested bacteria,
its OD600 was adjusted at 1.0, and they were diluted
using sterile brain heart infusion (BHI) broth (Oxoid,
UK) to a ratio of 1:100. Then, 100 μL of each bacterial
suspension was seeded in 96-well microtitration plates,
utilizing 3 wells for each isolate, and the wells that con-
tained BHI broth alone were the negative control. After
24 and 48 h of incubation at 37 °C, the wells were
washed 3 times with water. The formed biofilms were
then fixed with 100 μL of methanol and left for 20 min
and air-dried for 1 h. The fixed bacteria were stained
with crystal violet solution and left for 10 min, then
washed 5 times with water and air-dried. Finally, the dye
was solubilized using 100 μl acetic acid solution and
OD490 was measured by ELISA AutoReader (Sunrise
Tecan, Austria).
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The tested isolates were classified into four groups
based on their ability to form a biofilm (their ODs) as
follows:

a- NBP: not biofilm producer (ODc < OD < 2 ODc),
b- WBP: weak biofilm producer (2 ODc < OD < 4

ODc),
c- MBP: moderate biofilm producer (4 ODc < OD < 6

ODc) and
d- SBP: strong biofilm producer (6 ODc < OD).

The cut-off OD (ODc) of the microtitration plate is
three standard deviations above the mean OD of the
negative control.

Determination of the viability of microbial cells inhabiting
the biofilm population
The MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide) method that is based on the
reduction of a tetrazolium salt was accomplished using
the method previously described [16]. In brief, the bac-
terial suspension was incubated in 96-well microtitration
plates and the free-floating cells were removed. About
150 μl of phosphate-buffered saline (PBS) containing 50
μl of MTT solution, at a concentration of 0.3%, were
added to each well and incubated for 2 h at 37°C. The
MTT solution was then withdrawn from the wells and
150 μl of dimethyl sulphoxide (DMSO) was added and
incubated at room temperature for 15 min. The absorb-
ance of the resulting solution was measured using ELISA
AutoReader at a wavelength of 550 nm.

RT-PCR
Detection of the relative gene expression of the biofilm
specific gene using Rotor-Gene Q 5 plex apparatus (Qia-
gen, Germany) was accomplished before and after adap-
tation of 10 K. pneumoniae isolates to BAC utilizing the
Rotor-Gene Q software. The gene gapA was utilized as
the housekeeping gene [17]. Total RNA was extracted
according to the protocol of the manufacturer of Pure-
link® RNA Mini Kit (Thermo Scientific, USA). RNA was
then converted into cDNA using the power cDNA syn-
thesis kit (first-strand cDNA synthesis) (iNtRON Bio-
technology, Korea). The amplification of the biofilm
gene (bssS) was carried out using Power SYBR® Green
master mix (Thermo SCIENTIFIC, USA). Primers de-
signed as previously described by Hassan et al. [18] with
the following sequences: the forward primer 5′-GATT
CAATTTTGGCGATTCCTGC-3′ and the reverse pri-
mer 5′-TAATGAAGTCATTCAGACTCATCC-3′. Rela-
tive gene expression was calculated by the 2−ΔΔCt

method [19], and the isolates before BAC adaptation
were utilized as control samples. When there was an in-
crease of 2-fold or more in comparison with that of the

control samples, overexpression was designated (Fernán-
dez-Cuenca et al. 2015). All the experiments were per-
formed in triplicate and the result values were expressed
as mean ± SD.

PCR and nucleotide sequencing
The genomic DNA was extracted using the GeneJET
Genomic DNA Extraction Kit following the manufac-
turer’s protocol (Thermo Scientific, USA). Amplification
using the forward and reverse primers of the biofilm
gene bssS (mentioned before) was performed in a total
volume of 25 μl containing 1 μl DNA extract, 1 μl of for-
ward primer (10 μM), 1 μl of reverse primer (10 μM),
12.5 μl of Dream green PCR master mix (Thermo Scien-
tific, USA) and 9.5 μl of nuclease-free water. The ther-
mocycler (Thermo Scientific, USA) was programmed
with the following conditions including initial denatur-
ation at 94 °C for 2 min, followed by 35 cycles of de-
naturation at 94 °C for 40 s, annealing at 48 °C for 1
min, extension at 72 °C for 1 min, and final cycle of
amplification at 72 °C for 5 min. For the conformation
of production of PCR product, the generated amplicon
(225 bp) was visualized on 1.5% agarose gel electrophor-
esis stained with ethidium bromide and illuminated
under UV transilluminator (Kowell, Spain). The PCR
amplicons were purified using the PCR Purification Kit
(PP-201XS; Jena Bioscience, Germany) according to the
manufacturer’s instructions. The purified PCR products
were then sent to LGC Company (Germany) to be se-
quenced in the forward direction using ABI 3730XL
DNA sequencer (Thermo SCIENTIFIC, USA).

Bioinformatic analysis
The sequences were analyzed using the Chromas 2.6.5
program (https://technelysium.com.au/wp/chromas/)
and the identity of the sequenced PCR products was ex-
amined using Blast search against GenBank database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The alignments
and assembly of the sequences were performed using Jal-
view 2.10.2 software.

Statistical analysis
Independent repeating of experiments (at least three
times) was carried out in order to achieve reproducibil-
ity. The expression of the data was in the form of mean
and standard deviation. One-way ANOVA was utilized
to detect the significant differences among the tested
groups (p < 0.05) using IBM SPSS (17.0, IBM, USA).

Results
In the current study, 50 K. pneumoniae isolates were
collected from various clinical samples including wound
(13; 26%), urine (11 isolates; 22%), sputum (19 isolates;
38%), and blood (7 isolates; 14%).
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Cell surface hydrophobicity
After partitioning of the bacterial cells between the
aqueous and organic phases, HI was calculated after
measuring the absorbance of the aqueous phase at 540
nm. It was found that 16% of K. pneumoniae isolates ex-
hibited a significant increase in HI after BAC adaptation
as shown in Fig. 1.

Influence of BAC adaptation on biofilm formation
The percentage of biofilm-forming K. pneumoniae iso-
lates (MBP plus SBP) increased from 30 to 56% after
adaptation to BAC as shown in Table 1. Besides, the via-
bility of K. pneumoniae isolates inhabiting the biofilm
population was tested using MTT tetrazolium assay be-
fore and after BAC adaptation. It was found that there
was non-significant change (p > 0.05) in the viability of
the bacterial cells after BAC adaptation.

RT-PCR
This test was performed for more comprehension of the
influence of BAC adaptation on the ability of K. pneu-
moniae isolates form a biofilm. The biofilm gene

expression (bssS) was measured in the adapted cells rela-
tive to the corresponding non-adapted cells using RT-
PCR in 10 K. pneumoniae isolates. As shown in Table 2,
60% of the tested isolates (6 out of 10 isolates) exhibited
overexpression of the biofilm gene after adaptation to
BAC (i.e., > 2-fold increase in gene expression).

DNA sequencing and alignments of the biofilm gene
(bssS)
The sequences of the biofilm gene (bssS) of 6 K. pneu-
moniae isolates (that showed an increase in their gene
expression by RT-PCR) were submitted to GenBank
database and assigned the following accession numbers:
MH727630, MH727631, MH727632, MH727633,
MH727634, and MH727635. Data analysis of these se-
quences using BLAST showed 98% identity of these nu-
cleotide sequences with K. pneumoniae biofilm gene
(bssS). After performing pairwise alignment of each one
of these sequences with the sequence of its correspond-
ing non-adapted isolates using Jalview software, they all
showed 100% identity.

Discussion
The high percentage of multidrug-resistant K. pneumo-
niae isolates is a worldwide problem because these path-
ogens are considered as a major threat to cause both
hospital-acquired and community-acquired infections
[19, 20]. Hence, the factors which could contribute to
the dissemination of resistance among K. pneumoniae
clinical isolates should be extensively elucidated and
studied in order to be prevented as much as possible
The frequent exposure of K. pneumoniae isolates to dif-
ferent biocides at sublethal concentrations in community
and health care settings could be one of these factors.

Fig. 1 Chart showing the significant increase in HI in adapted 8 K. pneumonia isolates (16% of isolates)

Table 1 Biofilm formation by K. pneumoniae isolates before and
after BAC adaptation

Biofilm
formationa

No. (%) of isolates

Before adaptation After adaptation

NBP 14 (28%) 14 (28%)

WBP 21 (42%) 8 (16%)

MBP 8 (16%) 13 (26%)

SBP 7 (14%) 15 (30%)
aNBP Non-biofilm producer, WBP Weak biofilm producer, MBP Moderate
biofilm producer, SBP Strong biofilm producer
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Therefore, the objectives of this study were to compre-
hend and evaluate the impact of adaptation of K. pneu-
moniae isolates to BAC on its ability to form biofilm as
this can have a significant role in the development and
proliferation of antibiotic resistance among these
isolates.
Biofilm is a matrix formed from extracellular poly-

meric substances such as exopolysaccharides, nucleic
acids, and proteins. It can slow down the growth of bac-
terial cells and it can form a strong mechanical barrier
against the penetration of antimicrobials leading to the
development of resistance [21]. In the current research,
both CSH and biofilm formation of K. pneumoniae iso-
lates were tested before and after BAC adaptation. As a
response to adaptation, the cellular surfaces of bacteria
may undergo certain chemical modifications in order to
repel the water-soluble compounds resulting in a change
in its CSH [22–24]. It is well recognized that CSH plays
an important role in bacterial adherence to different sur-
faces [22, 23]. Adhesion of bacterial cells is the first step
in biofilm formation [20]. Hydrophobicity index is used
as a measure for CSH and it was found that 16% of K.
pneumoniae isolates showed a significant increase in HI
after BAC adaptation. Nevertheless, CSH is not the sole
factor affecting biofilm formation and there are a large
number of other factors that have been suggested to
affect biofilm formation, such as the hydrodynamic
forces, nutrient supply, surface charges, and the exist-
ence of other adhesion proteins [24].
The semi-quantitative measurement of the mature bio-

films which are produced by K. pneumoniae isolates
using crystal violet assay revealed that 26% of the tested
isolates became moderately and strongly biofilm pro-
ducers after BAC adaptation. This phenomenon could
lead to many detrimental impacts as biofilm formation is
strongly believed to have a major role in the survival and
pathogenicity of K. pneumoniae isolates [25]. This is
similar to the finding of the research paper conducted
by Houari and Di Martino [26] who observed that the
adaptation of K. pneumoniae and Escherichia coli iso-
lates to BAC has increased in the bacterial ability to
form a biofilm. Moreover, other researchers found that
adaptation to biocides has increased the biofilm forma-
tion in Escherichia coli, Proteus mirabilis and Staphylo-
coccus aureus isolates [27–29]. The MTT assay was
utilized in the present study in order to test the viability
of the cells embedded in the biofilm before and after
BAC adaptation. Our results showed that there was non-

significant change in the viability of the bacterial cells
after adaptation to BAC. We decided to choose the
MTT test in this work as a method to test the bacterial
viability instead of their enumeration via serial dilution
agar plate technique as the MTT method is faster and
more convenient than the traditional methods [30]. The
influence of adaptation to BAC on biofilm formation
was further investigated by RT-PCR. We noticed that
the repeated exposure to sublethal concentrations of
BAC has resulted in an increase in the expression of the
biofilm gene (bssS) in 60% of the tested isolates. Add-
itionally, sequence analysis of the biofilm amplicon from
the tested isolate before and after adaptation to BAC
showed no variation in the sequence after pairwise align-
ment (100% identity) which indicates the absence of mu-
tation in the biofilm gene (bssS) after adaptation;
however, this needs further investigations.

Conclusions
We have presented that the repeated exposure of K.
pneumonia isolates to sublethal doses of BAC has re-
sulted in a relative increase in the cell surface hydropho-
bicity and biofilm formation. A factor that could have a
role in the emergence and dissemination of resistance to
numerous antimicrobials. The findings of our study
highly recommend that the underlying hazards con-
nected with the prolonged exposure to sublethal concen-
trations of biocides like BAC should be of a great focus
in hospital and community sanitation. As the observed
phenomenon may have vast clinical implications con-
cerning bacterial resistance to antimicrobial chemother-
apy and subsequently worse prognosis of different
infectious diseases. Accordingly, much more efforts are
required to diminish and reduce the increasing usage of
biocides, and to develop novel biological systems able to
efficiently degrade such agents from the environment.
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