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Abstract: Strains of Acinetobacter baumannii are commensal and opportunistic pathogens that have
emerged as problematic hospital pathogens due to its biofilm formation ability and multiple antibiotic
resistances. The biofilm-associated pathogens usually exhibit dramatically decreased susceptibility to
antibiotics. This study was aimed to investigate the correlation of biofilm-forming ability, antibiotic
resistance and biofilm-related genes of 154 A. baumannii isolates which were collected from a teaching
hospital in Taiwan. Biofilm-forming ability of the isolates was evaluated by crystal violet staining
and observed by scanning electron microscopy. Antibiotic susceptibility was determined by disc
diffusion method and minimum inhibitory concentration; the biofilm-related genes were screened by
polymerase chain reaction. Results showed that among the 154 tested isolates, 15.6% of the clinical
isolates were weak biofilm producers, while 32.5% and 45.4% of them possessed moderate and strong
biofilm formation ability, respectively. The experimental results revealed that the multiple drug
resistant isolates usually provided a higher biofilm formation. The prevalence of biofilm related
genes including bap, blaPER-1, csuE and ompA among the isolated strains was 79.2%, 38.3%, 91.6%,
and 68.8%, respectively. The results indicated that the antibiotic resistance, the formation of biofilm
and the related genes were significantly correlated. The results of this study can effectively help to
understand the antibiotic resistant mechanism and provides the valuable information to the screening,
identification, diagnosis, treatment and control of clinical antibiotic-resistant pathogens.
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1. Introduction

Acinetobacter baumannii is an important nosocomial pathogen that is responsible for a wide
range of human infections [1,2]. Recently, the rapid development of multiple antibiotic resistance
of A. baumannii has caused a serious problem for public health. The ability of biofilm formation
contributes to Acinetobacter easily survive and transfer in the hospital environment, such as attached
to various biotic and abiotic surfaces, e.g., vascular catheters, cerebrospinal fluid shunts or Foleys
catheter [3,4]. Biofilms are assemblages of microorganisms, encased in a matrix, that function as a
cooperative consortium to provide a protected mode for microorganisms and enhance resistance to
various antibiotics [5]. Biofilm formation is a complex process employing many factors that include
the aggregation substance, adhesion of collagen, expression of pili, and iron acquisition [6].

Among the several factors, the biofilm-associated protein encoded by the bap gene plays an
important role in intercellular adhesion, accumulation of bacterial cells, and establishment of
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biofilm [7,8]. In the literature reports, the presence and expression of the blaPER-1 gene has been
identified to encourage the clinical isolates of A. baumannii to form biofilm and adhere to respiratory
epithelial cells [9–11]. The report extends previous observations by showing that the outer membrane
protein A (OmpA) of A. baumannii 19606 plays a partial role in the development of robust biofilms on
the plastic surface [10]. The ability of A. baumannii to form biofilms is also largely dependent on pili,
which mediate attachment and biofilm formation. The genes are clustered together in the form of
a csu operon, the products of which form a pilus-like bundle structure in A. baumannii [12]. Hence,
the csuE gene also plays a major role in A. baumannii biofilm formation [13]. The bacterial and fungal
biofilm formation has been suggested to decrease the diffusion of drugs through the bacterial and
fungal cells and cause the persistence of clinical isolates under harsh environments with multidrug
resistance [14–17].

However, it is currently unclear whether there is a quantitative correlation between biofilm
formation and antibiotic resistance. In this study, 154 clinical A. baumannii isolates were investigated for
their antibiotic susceptibility profile, biofilm formation and the biofilm related genes; we also analyzed
the relationship between their phenotypes and genotypes.

The objective of this study was to determine the correlation between the ability of biofilm formation
with distribution of biofilm related genes and antibiotic resistance phenotypes in the clinical isolates of
Acinetobacter baumannii.

2. Results

2.1. Antibiotic Susceptibility Testing

The antibiotic susceptibility of the A. baumannii isolates was initially detected using the disk
diffusion method [18]. Eleven antibiotic agents in the categories of aminoglycosides, cefepime,
carbapenems, penicillins, folate pathway inhibitors, and tetracyclines were selected for the test.
Among the 154 test isolates, resistance to cefepime (96.2%) was the most common, followed by
resistances to carbenicillin (88.39%), sulfamethoxazole-trimethoprim (75.6%), ticarcillin (74.23%),
piperacillin (69.75%), ceftazidime (69.7%), ciprofloxacin (65.8%), imipenem (65.67%), gentamicin
(60.8%), tigecycline (57.6%), amikacin (56.17%), and streptomycin (56.17%), as shown in Figure 1.
The results of the antibiotic susceptibility test revealed that the resistance rates of all strains were >55%
against all the tested antibiotics.
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Figure 1. Antibiotic susceptibility test by the diffusion method. R, resistant; S, sensitive; I,
intermediate. AK, amikacin; IPM, imipenem; TGC, tigecycline; CPM, cefepime; CAZ, ceftazidime; GM,
gentamicin; TIC, ticarcillin; PIP, piperacillin; SXT, sulfamethoxazole/trimethoprim; CB, carbenicillin
and STR, streptomycin.
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2.2. Minimum Inhibitory Concentration Determination

The minimal inhibitory concentrations (MICs) of the isolates against the 11 antibiotics were
estimated using the broth dilution method [18]. According to the results obtained from the antibiotic
susceptibility test, a total of 75 A. baumannii isolates were selected for the MIC determination. As
shown in Table 1, less than 6% of the 75 isolates were slightly susceptible (S) to carbenicillin with
an MIC of <16 µg/mL, 37% had intermediate sensitivity (I) against carbenicillin with an MIC of
16–32 µg/mL, and more than 56% of the strains had strong resistance (R) against carbenicillin with
an MIC of ≥ 64 µg/mL. Against other antibiotics, isolates showed strong resistance as follows:
41% against gentamicin (MIC ≥ 16 µg/mL); 27% against amikacin (MIC ≥ 64 µg/mL); 32% against
streptomycin (MIC ≥ 16 µg/mL); 59% against cefepime (MIC ≥ 16 µg/mL); 13% against ceftazidime
(MIC ≥ 32 µg/mL); 28% against imipenem (MIC ≥ 8 µg/mL); 41% against ticarcillin (MIC ≥ 128 µg/mL);
43% against piperacillin (MIC ≥ 128 µg/mL); 56% against carbenicillin (MIC ≥ 64 µg/mL); 63% against
trimethoprim-sulfamethoxazole (MIC ≥ 76 µg/mL); and 27% against tetracycline (MIC ≥ 16 µg/mL).
Moreover, considering the antibiotic category, the highest strong resistance rates of A. baumannii
isolates were found against aminoglycoside antibiotics (gentamicin, amikacin, and streptomycin) with
resistance rates higher than 27%. Strong resistance was also found in the isolates against penicillins
(ticarcillin, piperacillin, and carbenicillin) with resistance rates higher than 40%.

Table 1. Minimum inhibitory concentration (MIC) determination in A. baumannii clinical isolates.

Antimicrobial Category Antimicrobial Agent Antibiotic Resistance Level (%) MIC (µg/mL)
S I R S I R

Aminoglycosides
Gentamicin 36% 23% 41% ≤4 4–8 ≥16
Amikacin 35% 39% 27% ≤16 16–32 ≥64

Streptomycin 24% 44% 32% ≤4 4–8 ≥16
Cephems Cefepime 11% 31% 59% ≤4 4–6 ≥16

Carbapenems Ceftazidime 29% 57% 13% ≤8 8–16 ≥32
Imipenem 35% 37% 28% ≤2 2–4 ≥8

Penicillins
Ticarcillin 15% 44% 41% ≤16 16–64 ≥128

Piperacillin 15% 43% 43% ≤16 16–64 ≥128
Carbenicillin 6% 37% 56% ≤16 16–32 ≥64

Folate pathway inhibitors Sulfamethoxazole-Triethoprim 31% 5% 63% ≤4 4–38 ≥76
Tetracycline Tetracycline 59% 15% 27% ≤4 4–8 ≥16

2.3. Relationship between Antibiotic Susceptibility and Biofilm Formation

The correlation between biofilm formation and resistance to the 11 antimicrobial agents in
A. baumannii was analyzed using the Wilcoxon rank-sum test [19]. Antibiotic resistance was
determined for the 11 agents covering the six antimicrobial categories, namely aminoglycosides,
cephems, carbapenems, penicillins, folate pathway inhibitors, and tetracyclines. Among the 154 test
isolates, only 6.4% were not biofilm producers, 15.6% were weak biofilm formers, 32.4% (50 isolates)
were moderate biofilm formers, and 45.4% (70 isolates) were strong biofilm formers (Table 2).

Table 2. Correlation of the biofilm related genes and biofilm formation.

Biofilm Formation * Isolates /Biofilm
Formation %

Biofilm-Related Genes
Isolates/Genes %

bap blaPER ompA csuE

Non biofilm 10/6.5 6/3.9 3/1.9 10/6.5 7/4.5
Weak biofilm 24/15.6 18/11.7 6/3.9 22/14.3 16/10.4

Moderate biofilm 50/32.5 36/23.4 19/12.3 45/29.2 33/21.4
Strong biofilm 70/45.4 62/40.3 31/20.1 64/41.6 50/32.5

Total isolates (n = 154); * OD580: Biofilm formation was quantified by measuring optical absorbance (580 nm) using
crystal violet.
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To determine whether biofilm formation is correlated with any particular antibiotic resistance,
biofilm formers with different resistance profiles for the 11 antibiotics were compared. As shown in
Figure 2, the results revealed that for the ticarcillin (Figure 2B), ceftazidime (Figure 2C), gentamicin
(Figure 2E), and piperacillin (Figure 2G) antibiotics, the resistant isolates tended to form stronger
biofilms than the intermediate isolates (p = 0.018, 0.003, 0.003, and 0.033, respectively). For the
ticarcillin (Figure 2B), imipenem (Figure 2F), and sulfamethoxazole-trimethoprim (Figure 2K) antibiotics,
the susceptible isolates tended to form weaker biofilms than the intermediate isolates (p < 0.001, 0.017,
and 0.020, respectively). In addition, the isolates with resistance to amikacin (Figure 2A), ticarcillin
(Figure 2B), and sulfamethoxazole-trimethoprim (Figure 2K) exhibited stronger biofilm formation than
the susceptible isolates (p = 0.004, p < 0.001, and p = 0.007, respectively). The results indicate a positive
correlation between biofilm formation capacity and resistance to amikacin, ticarcillin, ceftazidime,
gentamicin, piperacillin, imipenem, and sulfamethoxazole-trimethoprim antibiotics. For four out
of the 11 antibiotics tested (cephalexin, Figure 2D; streptomycin, Figure 2H; tetracycline, Figure 2I
and carbenicillin, Figure 2J), no significant difference in biofilm formation was observed between
susceptible and resistant isolates (p > 0.05). Due to the substantial differences in sample size, only one
isolate was susceptible with immediate resistance to cephalexin, six isolates had immediate resistance
to tetracycline, and six isolates were susceptible to carbenicillin. The results might not be confirmed by
statistical analysis.
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Figure 2. Distribution of biofilm formation of the isolates with different antibiotic resistance phenotypes.
(A), amikacin susceptibility; (B), ticarcillin susceptibility; (C), ceftazidime susceptibility; (D), cefepime
susceptibility; (E), gentamicin susceptibility; (F), imipenem susceptibility; (G), piperacillin susceptibility;
(H), streptomycin susceptibility; (I), tetracycline susceptibility; (J), carbenicillin susceptibility and (K),
sulfamethoxazole/trimethoprim susceptibility.

2.4. Relationship of Biofilm Formation and the Biofilm Related Genes

The distribution of virulence genes (bap, blaPER, ompA, and csuE) are involved in the biofilm
formation of clinical A. baumannii isolates with multidrug resistance [6–12]. In this study, a polymerase
chain reaction was used to determine the presence of biofilm-related genes. The prevalence of bap,
blaPER, ompA, and csuE genes among the test isolates was 79.2%, 38.3%, 91.6%, and 68.8%, respectively
(Table 2). Among the 154 test strains, a total of 144 isolates were biofilm formers, of which 45.4%
were strong biofilm formers, 32.5% were moderate biofilm formers, and 15.6% were weak biofilm
formers (Table 2). After analyzing the association between biofilm formation and biofilm-related
genes, the results revealed that the bap, blaPER, ompA, and csuE genes were found in 81% (116/144), 39%
(56/144), 91% (131/144), and 69% (99/144) of the biofilm producers, respectively. As shown in Table 2,
the strains carrying bap, blaPER, ompA, and csuE genes tend to form stronger biofilm than the isolates
without these genes.

2.5. Microscopic Analysis of Biofilms Formation Ability

Biofilm formation on the minimum biofilm eliminating concentration (MBEC) device was
observed using scanning electron microscopy (SEM). The SEM analysis revealed that in the
moderate-biofilm-forming strains, only a few of the cells were clustered together, whereas in the
strong-biofilm-forming strains, large groups of conglomerate cells were found (Figure 3). To analyze
the effects of antibiotics on biofilm formation, the isolates were treated with different doses of imipenem
and different growing times. SEM images indicated that the biofilm formation is related to treatment
time and antibiotics dosage. As shown in Figure 4, the biofilm was clearly inhibited at a higher
concentration of imipenem (64 µg/mL) and after longer treatment (8 hr).
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3. Discussion

Acinetobacter baumannii, recently as an increasingly common pathogen, is closely associated
with hospital acquired infection [1,2]. Many studies have found that the strong survival ability
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of A. baumannii in strict environments and highly resistant to various antibiotics is due to biofilm
formation [3–6]. The present study investigated relationships among antibiotic resistance, biofilm
formation, and the related genes in the clinical isolates of A. baumannii. A phenotype profile was
compared with biofilm formation and antibiotic resistance, and we observed that antibiotic resistance
was highly associated with the biofilm formation capacities. Some of the antibiotic resistant strains
had higher biofilm formation capacities under certain antibiotics; for example, penicillin-resistant
strains exhibited a greater biofilm formation capacity [20]. That might be due to a constitute stress
such as antibiotics that will enhance for induced gene regulation and offer fitness advantages for
resistant strains, resulting in biofilm formation [21]. The results suggested that penicillin resistance
had a positive correlation with biofilm formation capacity.

Biofilm formation and antibiotic resistance levels may vary among sites and the key factors
responsible for this resistance may differ. Regarding resistance, the primary evidence indicates that
conventional mechanisms cannot explain the high resistance to antibacterial agents associated with
biofilms [22]. Several mechanisms considered key factors in the high resistance of biofilms have been
explored: (a) limited diffusion, (b) enzyme-caused neutralizations, (c) heterogeneous function, (d) slow
growth rate, (e) persistent (nondividing) cells, and (f) biofilm phenotype adaptive mechanisms [22,23].

Agar-based antibacterial susceptibility testing, such as the disk diffusion method, has a lower cost
and less labor compared with the broth dilution method. In addition, the disk diffusion assay only
provides a zone of inhibition and does not generate a minimum inhibitory concentration (MIC) for each
antibiotics tested. Thus, according to the results obtained from the disk diffusion test, we selected 75
A. baumannii isolates for the MIC determination by the broth dilution assay. Some recent studies have
reported that exposure of strains to MICs of certain antibiotics promotes biofilm formation, indicating
that biofilms tend to be more robust when antibiotic resistance is challenged [22–24], this is consistent
with the results of the present study. In addition, our study found that the strong biofilm producers
tended to be resistant against numerous antibiotics, including ticarcillin, ceftazidime, gentamicin,
and piperacillin. Among these antibiotics, ticarcillin and piperacillin belong to penicillin antibiotics
and their robust biofilm formation is associated with antibiotics in the penicillin class, as reported in
the previous research [24]. However, in the present study, we found that resistance to aminoglycoside
antibiotics was also related to biofilm formation; this has not been reported in any previous studies.
We postulate that this may be because aminoglycosides are frequently ineffective against strains of
A. baumannii, and thus combinations of aminoglycosides and carbapenems are often applied to yield
synergistic effects for treatment of infected patients in hospitals [25]. Therefore, the positive correlation
between aminoglycoside resistance and biofilm formation could be due to the synergistic effects of
both antibiotics.

Although no studies have reported a relationship between aminoglycoside resistance and biofilm
formation in A. baumannii, Hoffman et al. observed that aminoglycoside antibiotics induced biofilm
formation in P. aeruginosa and Escherichia coli [26]. In P. aeruginosa, a gene, namely aminoglycoside
response regulator (arr), was essential for induction and contributed to biofilm-specific aminoglycoside
resistance. In the present study, based on the results of antibiotic susceptibility tests, aminoglycoside
antibiotics induced bacterial biofilm formation in A. baumannii. In addition to the correlation between
antibiotic resistance and biofilm formation, the relationship between biofilm formation and related
genes, including bap, csuE, ompA and blaPER-1, were evaluated in this study. The biofilm associated
protein is expressed on the cell surfaces of bacteria; many of the bap gene carriers of A. baumannii exhibit
biofilm production on both biotic and abiotic surfaces [7,8]. In the study, molecular analyses showed
that 122 (79.2%) clinical isolates of A. baumannii harbored the bap gene. In addition, the statistical
analysis revealed that the emergence of bap and biofilm formation was related to the connection.
The biofilm related gene, csuE, is a member of the usher-chaperone assembly system, which mediate
attachment and biofilm formation. In the present study, the csuE gene harboring strains accounted for
68.8% of the test isolates.
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In 2008, Lee et al suggested that biofilm formation in A. baumannii was related to the blaPER-1

gene [11]. A. baumannii individuals harboring the extended-spectrum-resistant gene blaPER-1 formed
a considerably higher biofilm formation than those that lacked blaPER-1 [27,28]. In the present study,
the prevalence of the blaPER-1 gene was 38.3% in the test strains. However, one study [29] reported no
relationship between biofilm formation and production of PER-1 β-lactamase. Therefore, a possible
explanation for the striking characteristic of A. baumannii could be that blaPER-1 increases the adhesion
of cells that carry the gene without necessarily contributing to biofilm formation.

Among the outer membrane proteins identified in A. baumannii, AbOmpA (OmpA) is the most
abundant surface protein [23]. AbOmpA, acts as a porin, is required for eukaryotic cell adhesion,
and partially contributes to serum resistance and biofilm formation [30]. The OmpA harboring strains
accounted for 91.6% of the strains in the current study, and some of the non-biofilm-forming strains
also contained the OmpA gene. However, no further evidence is available to ascertain whether OmpA
induces biofilm formation.

Scanning electron microscopy (SEM) is a useful tool for investigating surface structures of
biological samples [31]. In a SEM observation, A. baumannii cells were connected to one another with
extracellular appendages [31]. Imipenem, a subgroup of carbapenems antibiotics, has a broad spectrum
of activity against aerobic and anaerobic Gram positive as well as Gram negative bacteria. Many
previous studies demonstrated that imipenem was highly effective against biofilm formation [31,32].
Thus, we used imipenem to determine the effect of antibiotics treatment on biofilm formations. In the
present study, we conducted the SEM observation to determine the effect of imipenem treatment on
the surface structures of biofilms grown on Minimum Biofilm Eradication Concentration (MBEC) pegs.
No studies have reported the correlation between genotypes and adherence by prokaryotic cells [33].
The SEM diagrams revealed the role of imipenem on biofilm production, although the mechanism
has not yet been clearly elucidated. The quantitative differences in biofilm formation among clinical
isolates and their relationships with the epidemicity of strains and severity of infections have been
poorly investigated, and thus such critical aspects require further study [34].

The experimental results were analyzed through statistical methods and revealed that biofilm
formation is associated with the following five antibiotics: Tetracycline, sulfamethoxazole-triethoprim,
gentamicin, ceftazidime, and ticarcillin. These five antibiotics, commonly used in hospitals, are
categorized into five types: Tetracycline, folate pathway inhibitors, aminoglycosides, carbapenems,
and penicillins. Based on the selection of antibiotics, biofilm formation by pathogens exhibits varying
performance. Although not every antibiotic is associated with stronger biofilm formation, statistical
analyses have revealed that biofilm formation is related to a strain’s susceptibility to an antibiotic.

4. Material and Methods

4.1. Bacterial Strains

A total of 154 antibiotic resistant strains of Acinetobacter baumannii were isolated from Chiayi
Christian Hospital (Chiayi, Taiwan). All strains were stored at –80 ◦C, and bacteria were grown
overnight at 37 ◦C on Mueller-Hinton agar (MHA). Standard strain used in this study was Acinetobacter
baumannii ATCC19606.

4.2. Antibiotic Susceptibility Test

The antibiotic susceptibility of Acinetobacter baumannii isolates are based on the results of disc
diffusion and minimum inhibitory concentration (MIC). The disk diffusion method is according to
CLSI guidelines [16]. Eleven different antibiotics were used to assess the susceptibility test including
imipenem (10 µg), cefepime, (30 µg), ceftazidime (30 µg), amikacin (30 µg), gentamicin (10 µg),
tetracycline (30 µg), ticarcillin (75 µg), piperacillin (100 mg), sulfamethoxazole/trimethoprim (25 µg),
carbenicillin (100 µg) and streptomycin (10 µg) (Sigma-Aldrich, St. Louis, MI, USA).
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Broth dilution method was used to determine the minimum inhibitory concentration according
to CLSI guidelines [16]. The antibiotics imipenem, cefepime, ceftazidime, amikacin, gentamicin,
tetracycline, ticarcillin, piperacillin, sulfamethoxazole/trimethoprim, carbenicillin and streptomycin
(Sigma-Aldrich) were used for MIC determination. Multidrug resistance was defined in this analysis as
resistance following five drug classes: Extended-spectrum cephalosporins (ceftazidime and cefepime),
beta lactamase inhibitor penicillin (Ticarcillin, Piperacillin and Carbenicillin), aminoglycosides
(amikacin, gentamicin and streptomycin), Folate pathway inhibitors (sulfamethoxazole/trimethoprim)
and carbapenems (imipenem).

4.3. Detection of Biofilm Related Genes

Polymerase chain reaction (PCR) assays for detection of bap, blaPER-1, csuE and ompA genes were
performed by a set of primers as shown in Table 3 [29,32,35]. DNA was extracted from each isolate by
genomic DNA extraction kit (Geneaid, Taiwan). PCR assays were performed using PCR Red Master
Mix (AMPLIQON, Paris, France) in an ABI thermo cycler (Applied Biosystems 2720, Foster City, CA,
USA). PCRs were carried out in 25 µL reaction volume and consisted of 5 µL of genomic DNA (5 ng),
12.5 µL PCR Master Mix, 2.0 U of Taq DNA polymerase, 10 mM dNTP mix at a final concentration of
0.2 mM, 50 mM MgCl2 at a final concentration of 1.5 mM, 1 mM of each primer, 1X PCR buffer (final
concentration) and 1 µL (10 pmol) of each primer. Conditions for the PCR were initial denaturation at
94 °C for 5 min, followed by 35 cycles of denaturation at 94 °C for 60 s, an annealing temperature for
each gene (according to Table 1) for 1 min, an extension at 72 °C for 45 s, followed by a final extension
at 72 °C for 5 min. Positive and negative controls were included in all PCR assays.

Table 3. The primers used in this study for detection of biofilm related genes.

Primers Primer Sequence (5’-3’) Product Size (bp) References

bap TGCTGACAGTGACGTAGAACCACA
TGCAACTAGTGGAATAGCAGCCCA 184 [35]

blaPER-1
GCAACTGCTGCAATACTCGG
ATGTGCGACCACAGTACCAG 900 [29]

csuE CATCTTCTATTTCGGTCCC
CGGTCTGAGCATTGGTAA 168 [32]

ompA GTTAAAGGCGACGTAGACG
CCAGTGTTATCTGTGTGACC 578 [32]

4.4. Quantitative Biofilm Formation Assay

The biofilm formation ability of A. baumannii isolates was determined by polystyrene tube assay
based on the crystal violet staining method [33]. Briefly, polystyrene (12 mm × 75 mm) tubes containing
1.5 ml of Mueller–Hinton broth were inoculated with 30 µL of an overnight liquid culture with OD600 =

0.1, and the tubes were incubated at 37 ◦C for 48 h. The liquid media was discarded, and the adherent
cells were washed twice with phosphate-buffered saline (PBS) and stained with 0.02% of crystal violet
for 10 min. The stain was eluted from the adherent cells using an ethanol solvent and vortexing for
5 min. Absorbance of the eluted solvent was measured, after diluting 10-fold with the solvent, at
580 nm using an UV visible spectrophotometer (Shishin, SH-U830, Taipei, Taiwan, ROC). The assay
was done at least three times using fresh samples each time.

The optical density cut-off value (ODc) was established as three standard deviations (SD) above
the mean of the optical density (OD) of the negative control as shown in the following formula: ODc
= average OD of negative control + (3 × SD of negative control). The results were divided into
four categories according to their optical densities as (1) strong biofilm producer (4 × ODc < OD);
(2) medium biofilm producer (2 × ODc < OD ≤ 4 × ODc); (3) weak biofilm producer (ODc < OD ≤ 2 ×
ODc); and (4) non-biofilm producer (OD ≤ ODc) [29].
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4.5. Microscopic Analysis of Biofilms Formation Ability

The biofilm formation ability of A. baumannii strains was visualized by scanning electron
microscope (SEM) (Hitachi-S3400, Tokyo, Japan). Biofilm was formed on the minimum biofilm
eliminating concentration device (MBEC™ P&G Physiology & Genetics Innovotech, Alberta, Canada).
Briefly, A. baumannii suspensions (200 µL) were inoculated into each well and then incubated overnight
at 37 ◦C. Biofilms that formed were then washed twice with PBS to remove any unattached and floating
cells and were fixed with 2.5% glutaraldehyde in 0.1 M cacodylic acid (pH 7.2) at 4 ◦C for 24 h and post
fixed with 0.1 M cacodylic acid for approximately 10 min. After incubation, the plates were washed
twice with distilled water for 15 min, followed by gradual dehydration with ethanol, and air dry for a
minimum of 24 h. The fixed biofilms were then coated with a layer of gold–palladium (7 nm thick) and
examined with SEM (Hitachi-S3400) [36].

4.6. Statistical Analyses

The relationship between biofilm formation and antibiotic susceptibility was analyzed by Wilcoxon
rank sum test. All analyses were carried out with one-way ANOVA. Categorical variables between
more than two groups were tested, and P values of ≤ 0.05 indicated statistical significance.

5. Conclusions

In this study, the molecular genotypes and phenotypes of clinical antibiotic-resistant A. baumannii
were investigated, and the correlations among antibiotic resistance, biofilm formation, and biofilm
related genes were determined. Our results indicated that the ompA and bap genes influence biofilm
formation and antibiotic resistance patterns based on the statistical analysis. Such mechanisms may
facilitate our understanding of the relationship between biofilm production and antibiotic resistance in
A. baumannii, and that of the routes of transmission of clinical isolates. The relationship between biofilm
formation and antibiotic resistance may further provide information that could facilitate attempts to
control drug-resistant pathogens.

Author Contributions: Conceptualization, C.-H.Y. and L.-Y.C.; methodology, L.-Y.C. and P.-W.S.; validation,
C.-H.Y.; L.-Y.C.; P.-W.S. and S.-H.M.; formal analysis, S.-H.M.; investigation, L.-Y.C. and P.-W.S.; writing—original
draft preparation, C.-H.Y. and P.-W.S.; writing—review and editing, L.-Y.C.

Funding: This work was supported by the Ministry of Science and Technology [under Grant no. 106-2221-E-214-043,
107-2221-E-214-013 and 106-2221-E-151-009-MY2].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dijkshoorn, L.; Nemec, A.; Seifert, H. An increasing threat in hospitals: multidrug-resistant Acinetobacter
baumannii. Nat. Rev. Microbiol. 2007, 5, 939–951. [CrossRef] [PubMed]

2. Sengstock, D.M.; Thyagarajan, R.; Apalara, J.; Mira, A.; Chopra, T.; Kaye, K.S. Multidrug-resistant Acinetobacter
baumannii: an emerging pathogen among older adults in community hospitals and nursing homes. Clin. Infect.
Dis. 2010, 50, 1611–1616. [CrossRef]

3. Gaddy, J.A.; Actis, L.A. Regulation of Acinetobacter baumannii biofilm formation. Future Microbiol. 2009, 4,
273–278. [CrossRef] [PubMed]

4. Smani, Y.; McConnell, M.J.; Pachon, J. Role of fibronectin in the adhesion of Acinetobacter baumannii to host
cells. PLoS ONE 2012, 7, e33073. [CrossRef]

5. Flemming, H.C.; Wingender, J. The biofilm matrix. Nat. Rev. Microbiol. 2010, 8, 623–633. [CrossRef]
6. Longo, F.; Vuotto, C.; Donelli, G. Biofilm formation in Acinetobacter baumannii. New Microbiol. 2014, 37,

119–127.
7. Fattahian, Y.; Rasooli, I.; Gargari, S.L.M.; Rahbar, M.R.; Astaneh, S.D.A.; Amani, J. Protection against

Acinetobacter baumannii infection via its functional deprivation of biofilm associated protein (Bap).
Microb. Pathog. 2011, 51, 402–406. [CrossRef]

http://dx.doi.org/10.1038/nrmicro1789
http://www.ncbi.nlm.nih.gov/pubmed/18007677
http://dx.doi.org/10.1086/652759
http://dx.doi.org/10.2217/fmb.09.5
http://www.ncbi.nlm.nih.gov/pubmed/19327114
http://dx.doi.org/10.1371/journal.pone.0033073
http://dx.doi.org/10.1038/nrmicro2415
http://dx.doi.org/10.1016/j.micpath.2011.09.004


Molecules 2019, 24, 1849 11 of 12

8. Aliramezani, A.; Douraghi, M.; Hajihasani, A.; Mohammadzadeh, M.; Rahbar, M. Clonal relatedness and
biofilm formation of OXA-23-producing carbapenem resistant Acinetobacter baumannii isolates from hospital
environment. Micobial. Pathog. 2016, 99, 204–208. [CrossRef]

9. Brossard, K.A.; Campagnari, A.A. The Acinetobacter baumannii biofilm-associated protein plays a role in
adherence to human epithelial cells. Infect. Immun. 2012, 80, 228–233. [CrossRef] [PubMed]

10. Loehfelm, T.W.; Luke, N.R.; Campagnari, A.A. Identification and characterization of an Acinetobacter
baumannii biofilm-associated protein. J. Bacteriol. 2008, 190, 1036–1044. [CrossRef] [PubMed]

11. Lee, H.W.; Kim, J.; Lee, J.C.; Lee, Y.C.; Seol, S.Y. Capacity of multidrug-resistant clinical isolates of Acinetobacter
baumannii to form biofilm and adhere to epithelial cell surfaces. Clin. Microbiol. Infect. 2008, 14, 49–54.
[CrossRef]

12. Cincarova, L.; Polansky, O.; Babak, V.; Kulich, P.; Kralik, P. Changes in the Expression of biofilm-associated
surface proteins in Staphylococcus aureus food-environmental isolates subjected to sublethal concentrations of
disinfectants. Biomed. Res. Int. 2016, 4034517. [CrossRef]

13. Tomaras, A.P.; Flagler, M.J.; Dorsey, C.W.; Gaddy, J.A.; Actis, L.A. Characterization of a two-component
regulatory system from Acinetobacter baumannii that controls biofilm formation and cellular morphology.
Microbiol. 2008, 154, 3398–3409. [CrossRef]

14. Seng, R.; Kitti, T.; Thummeepak, R.; Kongthai, P.; Leungtongkam, U.; Wannalerdsakun, S.; Sitthisak, S. Biofilm
formation of methicillin-resistant coagulase negative staphylococci (MR-CoNS) isolated from community
and hospital environments. PLoS One. 2017, 12, e0184172. [CrossRef]

15. De Gregorio, E.; Del Franco, M.; Roscetto, M.; Zarrilli, R.; Di Nocera, P.P. Biofilm-associated proteins: news
from Acinetobacter. BMC Genom. 2015, 16, 933. [CrossRef]

16. Reichhardt, C.; Stevens, DA.; Cegelski, L. Fungal biofilm composition and opportunities in drug discovery.
Future Med Chem. 2016, 8(12), 1455–1468. [CrossRef]

17. Rodrigues, CF.; Rodrigues, ME.; Silva, S.; Henriques, M. Candida glabrata Biofilms: How Far Have We Come?
J. Fungi (Basel) 2017, 3, 11. [CrossRef]

18. CLSI. Performance Standards for Antimicrobial Susceptibility Testing; Twenty-Fourth Informational Supplement
(M100-S24); Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2014.

19. Neuhäuser, M. Wilcoxon–Mann–Whitney Test. In International Encyclopedia of Statistical Science; Lovric, M.,
Ed.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 1656–1658.

20. Dumaru, R.; Baral, R.; Shrestha, L.B. Study of biofilm formation and antibiotic resistance pattern of
gram-negative Bacilli among the clinical isolates at BPKIHS, Dharan. BMC Res Notes 2019, 12, 38. [CrossRef]

21. Eze, E.C.; Chenia, H.Y.; Zowalaty, M.E. Acinetobacter baumannii biofilms: effects of physicochemical factors,
virulence, antibiotic resistance determinants, gene regulation, and future antimicrobial treatments. Infect
Drug Resist. 2018, 11, 2277–2299. [CrossRef]

22. Poole, K. Mechanisms of bacterial biocide and antibiotic resistance. Symp. Ser. Soc. Appl. Microbiol. 2002,
55S–64S. [CrossRef]

23. Stowe, S.D.; Richards, J.J.; Tucker, A.T.; Thompson, R.; Melander, C.; Cavanagh, J. Anti-biofilm compounds
derived from marine sponges. Mar. Drugs. 2011, 9, 2010–2035. [CrossRef]

24. Hoyle, B.D.; Costerton, J.W. Bacterial resistance to antibiotics: the role of biofilms. Prog. Drug. Res. 1991, 37,
91–105.

25. Wen, Z.Y.; Yang, L.; Xu, Y. Multidrug-resistant genes of aminoglycoside-modifying enzymes and 16S rRNA
methylases in Acinetobacter baumannii strains. Genet. Mol. Res. 2014, 13, 3842–3849. [CrossRef] [PubMed]

26. Hoffman, L.R.; D’Argenio, D.A.; MacCoss, M.J.; Zhang, Z.; Jones, R.A.; Miller, S.I. Aminoglycoside antibiotics
induce bacterial biofilm formation. Nature 2005, 436, 1171. [CrossRef]

27. El-Shazly, S.; Dashti, A.; Vali, L.; Bolaris, M.; Ibrahim, A.S. Molecular epidemiology and characterization of
multiple drug-resistant (MDR) clinical isolates of Acinetobacter baumannii. Int. J. Infect. Dis. 2015, 41, 42–49.
[CrossRef]

28. Sechi, L.A.; Karadenizli, A.; Deriu, A.; Zanetti, S.; Kolayli, F.; Balikci, E. PER-1 type beta-lactamase production
in Acinetobacter baumannii is related to cell adhesion. Med. Sci. Monit. 2004, 10, BR180–184.

29. Bardbari, A.M.; Arabestani, M.R.; Karami, M.; Keramat, F.; Alikhani, M.Y.; Bagheri, K.P. Correlation between
ability of biofilm formation with their responsible genes and MDR patterns in clinical and environmental
Acinetobacter baumannii isolates. Microb. Pathog. 2017, 108, 122–128. [CrossRef]

http://dx.doi.org/10.1016/j.micpath.2016.08.034
http://dx.doi.org/10.1128/IAI.05913-11
http://www.ncbi.nlm.nih.gov/pubmed/22083703
http://dx.doi.org/10.1128/JB.01416-07
http://www.ncbi.nlm.nih.gov/pubmed/18024522
http://dx.doi.org/10.1111/j.1469-0691.2007.01842.x
http://dx.doi.org/10.1155/2016/4034517
http://dx.doi.org/10.1099/mic.0.2008/019471-0
http://dx.doi.org/10.1371/journal.pone.0184172
http://dx.doi.org/10.1186/s12864-015-2136-6
http://dx.doi.org/10.4155/fmc-2016-0049
http://dx.doi.org/10.3390/jof3010011
http://dx.doi.org/10.1186/s13104-019-4084-8
http://dx.doi.org/10.2147/IDR.S169894
http://dx.doi.org/10.1046/j.1365-2672.92.5s1.8.x
http://dx.doi.org/10.3390/md9102010
http://dx.doi.org/10.4238/2014.May.16.9
http://www.ncbi.nlm.nih.gov/pubmed/24938472
http://dx.doi.org/10.1038/nature03912
http://dx.doi.org/10.1016/j.ijid.2015.10.016
http://dx.doi.org/10.1016/j.micpath.2017.04.039


Molecules 2019, 24, 1849 12 of 12

30. Gaddy, J.; Tomaras, A.; Actis, L. The Acinetobacter baumannii 19606 OmpA protein plays a role in biofilm
formation on abiotic surfaces and in the interaction of this pathogen with eukaryotic cells. Infect. Immun.
2009, 77, 3150–3160. [CrossRef] [PubMed]

31. Soumya, E.l.; Abed, S.; Latrache, H.; Hamadi, F. Scanning electron microscopy (SEM) and environmental
SEM: suitable tools for study of adhesion stage and biofilm formation. In Scanning Electron Microscopy;
Viacheslav Kazmiruk, IntechOpen: London, UK, 2012.

32. Qi, L.; Zhang, C.; Liang, B.; Li, J.; Wang, L.; Du, X.; Liu, X.; Qiu, S.; Song, H. Relationship between antibiotic
resistance, biofilm formation, and biofilm-specific resistance in Acinetobacter baumannii. Front. Microbiol.
2016, 7, 483. [CrossRef]

33. Vijayakumar, S.; Rajenderan, S.; Laishram, S.; Anandan, S.; Balaji, V.; Biswas, I. Biofilm formation and motility
depend on the nature of the Acinetobacter baumannii clinical isolates. Front. Public. Health. 2016, 4, 105.
[CrossRef]

34. Motta, P.M.; Makabe, S.; Naguro, T.; Correr, S. Oocyte follicle cells association during development of human
ovarian follicle. A study by high resolution scanning and transmission electron microscopy. Arch. Histol.
Cytol. 1994, 57, 369–394. [CrossRef] [PubMed]

35. Cucarella, C.; Tormo, M.A.; Ubeda, C.; Trotonda, M.P.; Monzon, M.; Peris, C.; Amorena, B.; Lasa, I.;
Penades, J.R. Role of biofilm-associated protein bap in the pathogenesis of bovine Staphylococcus aureus. Infect.
Immun. 2004, 72, 2177–2185. [CrossRef] [PubMed]

36. Pourhajibagher, M.; Mokhtaran, M.; Esmaeili, D.; Bahador, A. Assessment of biofilm formation among
Acinetobacter baumannii strains isolated from burned patients. Der. Pharm. Lett. 2016, 8, 225–229.

Sample Availability: Samples of the strains are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/IAI.00096-09
http://www.ncbi.nlm.nih.gov/pubmed/19470746
http://dx.doi.org/10.3389/fmicb.2016.00483
http://dx.doi.org/10.3389/fpubh.2016.00105
http://dx.doi.org/10.1679/aohc.57.369
http://www.ncbi.nlm.nih.gov/pubmed/7880591
http://dx.doi.org/10.1128/IAI.72.4.2177-2185.2004
http://www.ncbi.nlm.nih.gov/pubmed/15039341
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Antibiotic Susceptibility Testing 
	Minimum Inhibitory Concentration Determination 
	Relationship between Antibiotic Susceptibility and Biofilm Formation 
	Relationship of Biofilm Formation and the Biofilm Related Genes 
	Microscopic Analysis of Biofilms Formation Ability 

	Discussion 
	Material and Methods 
	Bacterial Strains 
	Antibiotic Susceptibility Test 
	Detection of Biofilm Related Genes 
	Quantitative Biofilm Formation Assay 
	Microscopic Analysis of Biofilms Formation Ability 
	Statistical Analyses 

	Conclusions 
	References

