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The present study was undertaken to investigate the role of efflux pump activity (EPA) in 
conferring adaptive and cross resistances against ciprofloxacin (CF) and benzalkonium chloride 
(BC) in dairy isolates of Pseudomonas aeruginosa. Biofilm formation potential was correlated with 
development of adaptive resistance in originally resistant strains. Irrespective of parent 
strains’s susceptibility, isolates developed substantial adaptive resistance against CF and BC. 
Significant difference was observed in ability of non resistant isolates to develop adaptive 
resistance against CF and BC (P < 0.02) and subsequent cross resistance. EPA was quantified 
using EtBr (Ethidium Bromide) model and its role was more prominent [confirmed by its 
inhibition using efflux pump inhibitor (EPI) 2,4-dinitrophenol (DNP)], in conferring adaptive 
resistance (P = 0.147) than cross resistance (P = 0.343). Reduction in adaptive resistances due to 
EPI was more evident in originally non resistant strains, which reaffirms EPA as probable 
mechanism of adaptive resistance. The present study perhaps first of its kind, suggests an 
active role of EPA in conferring adaptive and cross resistances in food related P. aeruginosa 
isolates and supports reverse hypothesis that antibiotic-resistant organisms eventually become 
tolerant to other antibacterial agents as well. 
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Introduction* 

Pseudomonas aeruginosa is traditionally considered as 
opportunistic pathogen in humans and causative of cys-
tic fibrosis and urinary tract infections [1, 2]. The or-
ganism has been reported to cause diarrhea, fever and 
sepsis in healthy children besides causing diarrhea, 
intestinal necrosis and gut derived septecimia in im-
munocompromised individuals [3]. Although, the or-
ganism is not considered as the foodborne pathogen 
but the growing evidences demand a reconsideration of 
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its status [4]. There are reports highlighting its presence 
in various food items including dairy products [5]. The 
biofilm formation potential of P. aeruginosa is reported 
to facilitate pathogenesis/colonization in gastrointesti-
nal or pulmonary tract [6]. In food processing scenario, 
the biofilm formation can compromise food safety by 
reducing the effective concentration of antimicrobials 
and entrapping high risk foodborne pathogens in the 
matrix, which themselves might not be strong biofilm 
formers. 
 Amongst the antimicrobials, ciprofloxacin, a fluoro-
quinolone, is the first line of antibiotic used for the 
treatment of P. aeruginosa infection. But inadequate or 
promiscuous use of antibiotics exert adverse effects by 
diminishing protective effect of normal microflora, fav-
oring development of antimicrobial resistances and, 
thus creating conducive environment for opportunistic 
pathogens to establish in gastrointestinal tract [7, 8]. In 
P. aeruginosa, multi-drug resistance has been reported to 
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enhance motility, biofilm formation potential and viru-
lence in comparison to sensitive isolates [9, 10]. As per 
reverse hypothesis, antibiotic resistant organism devel-
ops cross resistance to other antimicrobial agent due to 
EPA, although the hypothesis has not been scrutinized 
extensively [11]. 
 In the food chain, bacteria are subjected to a diverse 
range and concentrations of antimicrobial agents such 
as food grade quaternary ammonium compound (QAC) 
like BC, which are generally sufficient to maintain sani-
tary conditions, yet certain microorganisms develop 
resistance to even very high concentrations of related 
or unrelated antimicrobials compounds [12]. Moreover, 
unlike antibiotics, biocides may act at one or several 
other sites within the cell [13] that may equip microor-
ganisms with cross-resistance against clinically relevant 
antibiotics [14]. 
 Although, the resistance mechanisms involved in the 
adaptation process are not fully understood [15], yet the 
general mechanisms involve degradation of antimicro-
bial, alteration in membrane permeability, slime for-
mation, modification of targets and EPA [14]. EPA, basi-
cally is of “house keeping role” but also promotes 
efflux of antibiotics, dyes, detergents, inhibitors, disin-
fectants, organic solvents and homoserine lactones 
involved in quorum sensing [16]. In addition to modifi-
cation of DNA gyrase and/or topoisomerase IV, in-
creased expression of efflux pumps has also been re-
ported to facilitate resistance against fluoroquinolones, 
[17] and nonquinolones resulting in to cross resistance 
[18–21]. Generally, ethidium bromide (EtBr) is used as a 
model system for studying QAC-efflux pumps in vari-
ous bacteria [22] including P. aeruginosa [23]. In this 
context, Babayan and Nikaido, [24] observed that EtBr is 
pumped out by already present and not a newly assem-
bled efflux system, which further validates the use of 
EtBr efflux as a model to study EPA as probable mecha-
nism for microbial resistance against antimicrobial 
agents. 
 Till date, majority of the studies in the context of 
multi resistances and underlying mechanisms have 
been conducted on P. aeruginosa of clinical origin. In 
context of food origin isolates, to the best of our 
knowledge there is hardly any report on the role of EPA 
in development of cross-resistance against common 
antimicrobials in biofilm forming P. aeruginosa. Such 
study may provide useful insights in to the behavior of 
the organism in food related environments and correla-
tion of the inherent, adaptive and cross resistances 
along with the underlying mechanism. Hence, the pre-
sent study was undertaken in reference to dairy isolates 
of P. aeruginosa with the objectives of a) evaluation of 

the development of stable adaptive resistance to CF and 
BC, b) consequent cross resistance, c) the role of EPA in 
conferring such resistances, and d) effect of EPI on con-
ferred resistances. 

Materials and methods 

Source and growth conditions of test organism 
A total of 22 P. aeruginosa isolates was obtained from 
biofilm samples by swabbing at P1, P2, P3, P4, i.e., raw 
milk line, pasteurizer inlet and outlet and bulk milk 
tank of small (I) and commercial scale (II) dairy. The 
arbitrary nomenclature of the isolates was done accord-
ing to their source, point of isolation and serial number 
during identification and/or screening. Isolates were 
biochemically identified, subjected to biofilm forma-
tion, and 8 isolates were shortlisted on basis of MIC 
(Minimum Inhibitory Concentration) of CF and BC  
(micro broth dilution method) and then arbitrarily 
categorized into antibiotic/biocide resistant (AR/BR), and 
antibiotic/biocide non resistant (ANR/BNR) as per the 
previously published report [25]. However, ANR cate-
gory included conventional sensitive and intermediate 
isolates. For BC, the isolates exhibiting MIC ≥300 ppm 
were characterized as resistant while others as non 
resistant [26]. Throughout the study, P. aeruginosa MTCC 
741 (ATCC 25668) was used as a reference strain. Prior 
to experiment, the isolates grown overnight in Tryp- 
tic soy broth (TSB) were adjusted spectrophotometri-
cally to obtain approximately 108 cfu ml–1 followed by 
plating appropriate dilution onto plate count agar 
(PCA). All the assays were carried in triplicate and 
means were considered for subsequent analysis. All 
reagents and media used in the present study were 
procured from HiMedia Labs, Mumbai, India, unless 
specified. 

Biofilm formation assay 
Biofilm assay using 96-well microtiter plate was per-
formed as described in our earlier study [27]. Briefly, 
100 μl of TSB containing 108 cfu ml–1 of each isolate was 
dispensed in 96 well microtitre plate along with 
uninoculated broth as negative control. After incuba-
tion (24 h/37 °C), the irreversibly attached cells were 
fixed with 150 μl of methanol, stained with 150 μl of 
1% crystal violet and resolubilized the bound dye with 
150 μl of 33% (v/v) glacial acetic acid. The optical den-
sity (O.D) of each well was measured at 595 nm using 
microplate reader (ECIL, Microscan, India). Average O.D 
of control or uninoculated wells (Ac) was subtracted 
from readings of each well. 
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Development and stability of adaptive resistance 
The first well showing growth below the MIC (sub-MIC) 
was used to inoculate nutrient broth containing in-
creasing concentrations of CF (in steps of 5 mg l–1) or BC 
(in steps of 10 ppm) with incubation at 37 °C/24 h (in 
triplicate). This procedure was repeated every 24 h until 
a significant increase in the adaptive MIC was observed. 
In order to evaluate the stability of developed adap- 
tive resistance, the adapted strains were subcultured 
daily in nutrient broth devoid of any CF or BC (for 
minimum of 30 d) and MIC was determined for every 
passage. In order to determine cross resistance, MIC of 
CF in BC adapted and vice versa was evaluated and the 
stability of adaptive resistance was sole criterion for 
selection of isolates within ‘non resistant’ category 
while in ‘resistant’ categories, additionally significant 
increase in adaptive resistance was also taken in to 
account. 

Detection and quantification of EPA 
To detect EPA, isolates were grown at 37 °C on tryptic 
soy agar (TSA) plates containing 0.5 μg ml–1 of EtBr 
(Banglore Genei, India). The plates were inspected for 
fluorescence under UV light after 37 °C/24 h of incuba-
tion. Cells that accumulated EtBr fluoresced pink (nega-
tive for EPA), whereas cells that partially accumulated 
EtBr were pale pink. Cells that did not accumulate EtBr 
were white and considered as positive for EPA. 
 In order to determine the MIC of EtBr, isolates exhib-
iting highest resistance were overnight grown in TSB 
(108 cfu ml–1), suitably diluted and spread plated on TSA 
(37 °C/48 h) containing gradient of EtBr (0–100 μg ml–1 
in steps of 10 μg ml–1). The highest concentration of 
EtBr in TSA plate with no colonies was considered as 
EtBr MIC. For quantification of EPA, to the overnight 
grown cultures in TSB (108 cfu ml–1), EtBr at sub MIC μg 
ml–1 (MIC-1) was added and tubes were kept at room 
temperature for 30 min. Cells were pelleted, resuspen-
ded in PBS, subjected to excitation (530 nm), and emis-
sion was observed at 600 nm. After subtractions of 
natural fluorescence of cells, the fluorescence intensity 
was calculated as μg ml–1 EtBr accumulated within the 
cells based on EtBr standard curve equation [28]. The 
greater the accumulated amount of EtBr in the cell, the 
lesser its EPA. 

Effect of efflux inhibitor on adaptive/cross 
resistances 
To validate the role of EPA in conferring adaptive/cross 
resistance, MIC against CF and BC was determined for 
isolates exhibiting maximum EPA in presence of efflux 
inhibitor (DNP) at the concentration of 20 μg ml–1 [28]. 

Statistical analysis 
The arithmetic mean, standard deviation, significance 
(single factor ANOVA), coefficient of correlation and R 
square values were determined by using Microsoft Ex-
cel Software (2007). 

Results 

Biofilm formation, development of adaptive 
resistance and its stability 
Both resistant and non resistant (against CF and BC) 
isolates were chosen for the development of adaptive 
resistance by serial passages in gradient of the respec-
tive antimicrobial. The data depicted in Table 1 indi-
cates that strong biofilm formation potential was corre-
lated with reduced susceptibility of isolates against CF 
and BC. In AR category, isolate II-P4-44 exhibited high-
est biofilm formation potential (O.D 2.256) and per-
centage increase in adaptive resistance (243.75%). 
While in BR category, isolates I-P4-1 and II-P2-48 dis-
played almost similar biofilm formation potential (O.D. 
1.829 and 1.791) with 26.66 and 36.66% increase in 
adaptive resistance against BC, respectively. The ability 
to develop adaptive resistance was found to be most 
significantly correlated with biofilm formation poten-
tial in AR (P = 0.004) followed by BR (P = 0.009), ANR 
(P = 0.02) and BNR (P = 0.06). Highest percentage in-
crease in adaptive resistance was observed for ANR (II-
P4-89; 3900%) followed by AR (II-P4-44; 243.75%), BNR 
(II-P4-93; 120%) and BR (II-P2-48; 36.66%). These results 
imply that irrespective of susceptibility to ciprofloxacin, 
isolates could develop higher degree of adaptive resis-
tance against CF than BC. Moreover significant differ-
ence was observed in the extent of development of 
adaptive resistance against CF in AR (average 157%) and 
ANR (average 2025%), whereas no such difference was 
observed for BR (average 23%) and BNR (average 54%). 
 To analyze the stability of adaptive resistance, the 
strains were sub cultured in absence of the selective 
pressure for 30 days and MIC was determined for every 
passage. The percentage increase in adaptive resistance 
and stability (Table 1) was found to be better correlated 
in resistant categories (AR: P < 0.005; BR: P < 0.05) than 
the respective non resistant categories (ANR: P < 0.02; 
BNR: P < 0.12). Notably, isolate II-P3-57 which was  
initially BNR (MIC = 250 ppm) adapted to 290 ppm of 
BC, i.e., 16% increase in resistance, exhibited the high-
est stability of 21 days. In other words, lesser increase 
in adaptive resistance corresponded with its greater 
stability irrespective of the initial phenotype of the 
strain. 
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Table 1. Stability of adaptive resistances against Ciprofloxacin and Benzalkonium chloride in selected strains. 

Group Isolate Biofilm MIC-CF (mg l–1) % inc. Stability 

    CV OD 595 Parent Adapted   (d) 

Std MTCC 741 0.874  8  35  337.50  6 
I-P2-44 1.363  32  70  118.75  6 
II-P1-46 1.729  16  45  181.25  4 
II-P2-48 1.791  16  30  87.50 16 

Group AR 

II-P4-44 2.256  16  55  243.75  2 
I-P1-12 0.333  2  35  775  9 
I-P4-32 0.277  2  30 1400  7 
II-P3-57 0.294  2  25 1150 10 

Group ANR 

II-P4-89 0.352  1  40 3900  5 
         
    MIC-BC (ppm)    
Std MTCC 741 0.874 250 320  28  4 

I-P1-43 1.413 350 380   8.57 15 
I-P3-37 1.513 350 430  22.85  7 
I-P4-1 1.829 300 380  26.66  6 

Group BR 

II-P2-48 1.791 300 410  36.66  5 
I-P2-33 0.462 150 190  26.6 15 
I-P3-21 0.327 200 310  55  5 
II-P3-57 0.229 250 290  16 21 

Group BNR 

II-P4-93 0.314 100 220  120  3 

CF: Ciprofloxacin, BC: Benzalkonium chloride, Std: Standard strain, AR and ANR: Antibiotic resistant and non resistant, respec-
tively, BR and BNR: Biocide resistant and non resistant, respectively. 
 
Development of cross resistance 
The aim of the current set of experiments was to de-
termine whether stable adaptive resistance against 
biocide would confer antibiotic resistance or vice versa 
to the P. aeruginosa isolates within each category. The 
result obtained (Table 2) remain inconclusive regarding 
development of cross resistance against BC in CF 
adapted strain (AR, ANR) as one isolate each from both 
categories exhibited no cross resistance. Although, 
marginal increase (AR II-P2-48: 6% and ANR II-P3-57: 
18%) in cross resistance against BC was observed in CF 
adapted strains but such was not the case with cross 
resistance against CF in BC adapted strains. Prominent 
increase in cross resistance against CF was observed in 
BNR category (600%, 1900%) in comparison to BR cate-
gory (87%, 72%). 

Correlation between adaptive/cross resistances  
and EPA 
In order to explore the possibility of any such correla-
tion, white colonies on EtBr containing TSA plates were 
considered positive for EtBr efflux and EPA. With the 
increasing concentration of EtBr, although the count 
decreased but the colonies of comparatively bigger size 
were observed. The leading EPA positive isolates from 
each category were grown with EtBr at sub-MIC con-
centration for 30 min followed by pellet formation for 
subsequent processing for EPA quantification [29]. The 
obtained results suggest (Table 3) significant contribu- 

Table 2. Cross resistance against Ciprofloxacin and Benzal-
konium chloride in selected strains. 

Group Isolate MIC-BC (ppm) 

    Parent Cross resis 

I-P2-44 250 250 Group AR 
II-P2-48 300 320 
I-P1-12  70  70 Group ANR 
II-P3-57 110 130 

      
   MIC-CF (mg l–1) 

I-P1-43  8  15 Group BR 
I-P3-37  32  55 
I-P2-33  0.5  3.5 Group BNR 
II-P3-57  0.25  5 

Cross resis: cross resistant strain 

 
tion of EPA in percentage increase of adaptive resis-
tance against BC (P = 0.013), whereas for cross resis-
tance against BC or CF, the level of significance was 
only P < 0.5. The role of EPA in conferring adaptive and 
cross resistance was validated by determination of MIC 
in presence of efflux inhibitor i.e., DNP. Effect of DNP 
in reducing the cross resistance was more apparent, 
though only marginally, in BC adapted resistant strains 
(P = 0.18) than CF adapted resistant strains (P = 0.27). 
The decrease in adaptive resistance due to DNP against 
CF was most significant for ANR isolate II-P3-57 (almost 
6 fold) in comparison to AR isolate II-P2-48 (only 2 fold). 
Similarly, reduction in cross resistance against CF was 
more substantial for BNR category isolate II-P3-57 (400
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Table 3. Correlation of efflux pump activity with adaptive and cross resistances in selected cross resistant strains. 

Group Isolate EPA (EtBr accumulated μg ml–1) MIC-CF (mg l–1) MIC-BC (ppm) 

   Parent Adapted Adapted Cross-resis 

        –DNP +DNP –DNP +DNP 

AR II-P2-48 10  8  30  15 320 210 
ANR II-P3-57 40 20  25  4 130  70 
          
    MIC-BC (ppm) MIC-CF (mg l–1) 
BR I-P3-37 60 10 430 310  55  30 
BNR II-P3-57 50 10 290 210  5  1 

EPA: Efflux pump activity, +/–DNP: in presence/absence of 2, 4-dinitro phenol 
 
fold) than BR isolate I-P3-37 (83 fold). These observa-
tions imply that EPA played a pivotal role in conferring 
adaptive resistance in originally non resistant strains. 
The coincidence that the isolate considered ANR and 
BNR was same i.e., II-P3-57, implies that a non-specific 
resistance mechanism like efflux activity is responsible 
for resistance (adaptive and cross) against clinically 
relevant antibiotic like CF in this particular strain. Fur-
thermore, decline in MIC due to DNP indicates that EPA 
contributes more towards adaptive resistance against 
both antimicrobials (P = 0.147) than cross resistance 
(P = 0.343). 

Discussion 

Biofilm formation potential is considered as a virulence 
trait of P. aeruginosa and has been correlated with or-
ganism’s multidrug resistance [30]. The biofilm matrix 
decreases the penetrability of antimicrobials to sub-
lethal level thus providing suitable environment for the 
development of adaptive resistance amongst inhabi-
tants, which may or may not be biofilm formers. In this 
context our findings conclude that P. aeruginosa isolates 
with greater biofilm formation potential, are more 
likely to develop adaptive resistances. This study seems 
to be the first report whereby such correlation has been 
established for the food related isolates of P. aeruginosa. 
These results are of considerable significance as strong 
biofilm former with greater potential to develop adap-
tive resistance would pose enhanced clinical and food 
safety threat. 
 The present study establishes that the development 
of stable adaptive resistances is independent of parent 
strain’s phenotype. Although, ANR isolates acquired 
highest adaptive resistance but BNR isolates displayed 
highest stability of these resistance. Contrary to our 
findings, previous report suggests that stable resistance 
to BC does not develop in many strains as the resistance 
mechanisms are reported to affect the survival of or-

ganisms [31]. Exhibition of more stable resistance 
against BC displays an obvious barrier in pathogen’s 
removal and disinfection on inanimate surfaces in 
nosocomial and food processing scenario. 
 In the food processing industry, biofilm inhabitants 
are subjected to multiple stress factors during clean-in-
place procedures (heat, antimicrobial, extreme pH, low 
nutrients), which are reported to adversely affect their 
growth rate [32, 33]. Reduced growth rate favors selec-
tion of strains with stable and higher adaptive resis-
tance or cross-resistance to other structurally and func-
tionally different antimicrobial agents [34]. Contrary to 
previous report [35], our results established a signifi-
cant correlation of stable adaptive resistance (CF) and 
cross resistance (BC) in originally non resistant isolates. 
Establishment of such correlation warrants further 
studies on food origin P. aeruginosa isolates for their role 
in development/transfer of resistances in food and clini-
cal scenarios. 
 There are several mechanisms deployed by microor-
ganisms to escape the toxicity of antimicrobial agents, 
especially by the adapted strains. Generally, the resis-
tance against QAC is attributed to changes in fatty acid 
profile of cell membrane, although it does not seem to 
be the sole mechanism as the alterations are reported 
during early stages of adaptation itself [36]. Multiple 
drug resistance in P. aeruginosa has often been attrib-
uted to EPA [37]. Our findings suggest a greater role of 
EPA in conferring adaptive than cross resistance against 
antimicrobials. Moreover, correlation between resistan-
ces against antimicrobials specify a common non spe-
cific mechanism such as EPA which might equip mi-
croorganisms with resistances against broad spectrum 
antimicrobials. Selection of antibiotic resistant strains 
which equips the bacteria with non-specific resistance 
mechanism (e.g. efflux pumps) is well studied phe-
nomenon. However, lesser attention has been focused 
on reverse hypothesis which suggests that antibiotic-
resistant organisms become tolerant to other antibacte-
rial agents (e.g. disinfectants) due to the action of efflux 
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pumps [11]. Overall, our results provide supportive 
evidence to the reverse hypothesis with reference to 
P. aeruginosa. 
 The immediate practical implication of an interesting 
observation regarding the larger size of colonies at sub-
MIC of EtBR on TSA is not known, yet such behaviors 
have been attributed to aggregation of cells due to the 
imposed stress by EtBr and accumulated metabolic 
toxins [38]. Moreover, with increasing concentration of 
EtBr in TSA, longer incubation period was required to 
observe visible growth. Similar observation was made 
in previous study where the size and light scattering 
efficiency of cells was reported to increase with time 
[39]. 
 The decreased MIC (cross resistance) in presence of 
EPI indicates that these compounds have potential to 
evolve as enhancers of classic antibiotics or ingredient 
of biocide solutions. Increased exposure of broad spec-
trum antimicrobials might select strains overexpressing 
efflux pumps which would further add to the burden of 
antimicrobial resistances. Hence, in practice, guidelines 
with holistic approach for prophylactic and therapeutic 
usage of antimicrobials should be followed in clinical 
and food industries [40]. 
 The present study establishes that the P. aeruginosa 
isolates of food origin exhibit antimicrobial resistances 
at par with the isolates of clinical origin. Although, an 
extensive study involving larger number of isolates for 
direct comparative evaluation of P. aeruginosa of envi-
ronmental, clinical and food origin with respect to 
expression of efflux pump at genetic and functional 
level in conferring resistance could be more conclusive. 

Concluding remarks 
The findings of present investigation suggest that non 
resistant parent isolates are more capable of stably 
adapting to higher doses of antimicrobials and post- 
adaptational cross resistance to unrelated antimicrobi-
als. Such isolates could play a crucial role in spreading 
of multiple drug resistance amongst microorganisms. 
More stable adaptive resistances are acquired when the 
percentage increase is smaller, irrespective of initial 
phenotype. Both adaptive and cross resistances in Pseu-
domonas aeruginosa which has transmissible plasmids 
intensify the risk of transfer of resistances. More im-
portantly, the results have provided support for the 
link between adaptive/cross resistance and phenotypic 
efflux pump activity in P. aeruginosa. EPIs being simple, 
robust, cheap and well tolerated by humans could be 
potential candidates for controlling selection and per-
sistence of multi-resistant strains. Furthermore, it is 
possible that EPIs could be used as enhancers of classi-

cal antimicrobial in clinical as well as food processing 
scenarios. 
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