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Effects of Sub-Minimum Inhibitory Concentrations of
Gentamicin on Alginate Produced by Clinical Isolates of
Pseudomonas aeruginosa

Navid Saidi, Fateme Davarzani, Zahra Yousefpour, Parviz Owlia
Molecular Microbiology Research Center (MMRC), Faculty of Medicine, Shahed University, Tehran, Iran

Background: Bacterial virulence factors may be influenced by sub-minimum inhibitory concentrations (sub-MICs) of antibiotics. The main
purpose of this study was to investigate the effects of gentamicin at sub-MICs (0.5 MIC and 0.25 MIC) on alginate production of clinical
isolates of Pseudomonas aeruginosa.

Materials and Methods: The minimum inhibitory concentrations of gentamicin against 88 clinical isolates of P. aeruginosa were determined
using the broth microdilution method. Alginate production of the isolates in the absence and presence of gentamicin at sub-MICs was assessed
by the carbazole method. The presence of alginate in clinical isolates was confirmed by the detection of alginate genes (a/gD and algU) using
the PCR method.

Results: All the isolates had the ability of alginate production and were positive for algD and algU genes. sub-MICs of gentamicin significantly
increased alginate production of 34 isolates (38.6%). On the other hand, in 49 isolates (55.7%), alginate production was significantly increased
after treatment with sub-MICs of gentamicin. In five isolates (5.7%), the alginate production was reduced in exposure to 0.5 MIC of gentamicin
while it was increased by gentamicin at 0.25 MIC.

Conclusion: This study showed different effects of gentamicin at sub-MICs on the alginate production of clinical isolates of P. aeruginosa.
Further research is highly recommended to understand the mechanism of different responses of P. aeruginosa isolates to the exposure of
sub-MICs of gentamicin.
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INTRODUCTlON develop resistance during treatment.?! P. aeruginosa produces
several virulence factors and toxins that are involved in the
invasion and toxicity of this bacterium.[ Alginate is the main
virulence factor of P. aeruginosa mucoid strains associated
with the development of the chronic phase of infections,
especially respiratory chronic infections in patients with
cystic fibrosis.! Alginate, an extracellular polysaccharide,
is composed of 3-d-mannuronic acid and a-1-guluronic acid

Pseudomonas aeruginosa is a human opportunistic pathogen
that causes different infections including respiratory infections,
urinary tract infections, wound infections, burn infections,
and septicemia in patients with primary and acquired
immunodeficiency, particularly cystic fibrosis patients.!-?]
Increasing the number of infections caused by P. aeruginosa
is one of the world’s health concerns because of its intrinsic
resistance to many antibiotics and also the ability to acquire and
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monomers, which are linked by B1 — 4 glycosidic linkages.”!
algD and algU genes are among the main genes responsible
for alginate biosynthesis.® Alginate forms a polyanionic
barrier protecting bacteria against the host immune system
and penetration of certain antibiotics.™'”? According to the
results of some reports, alginate increases the resistance
of P. aeruginosa to specific antibiotics.'" In P. aeruginosa
mucoid strains, alginate is the major exopolysaccharide
of biofilm structure and is involved in the formation of
differentiated biofilms (thick three-dimensional), which
are highly resistant to antibiotic treatment.'?) Any process
leading to changes in the alginate production level affects the
pathogenesis of P. aeruginosa.

Antibiotics are the main agents to treat bacterial infections,
which should be prescribed at supra-inhibitory concentrations
and for successive doses. However, in vivo, the administered
concentrations of antibiotics may become sub-minimum
inhibitory concentrations (sub-MICs) after a specific period
following a dose.l'¥ It has been demonstrated that antibiotics
even at their sub-MICs can affect bacterial pathogenesis
through different mechanisms such as altering virulence
factors of bacteria.l'* The kind of these effects depends on
various factors and is a controversial subject. sub-MICs
of antibiotics have been reported to induce change in the
level of bacterial virulence gene expression, which lead to
different phenotypes. Also, it has been shown that antibiotics
at sub-MICs can be directly responsible for emerging of new
antibiotic resistance by elevating mutation rate and spreading
of mutation through horizontal gene transfer.['”! There are
several studies indicating that P. aeruginosa virulence
factors are influenced by sub-MICs of antibiotics.!') The
principal objective of this research was to determine the
effects of gentamicin at sub-MICs (0.5 MIC and 0.25 MIC)
on the alginate production of different clinical isolates of
P aeruginosa.

MarteriALs AND METHODS

Bacterial isolates

Eighty-eight clinical isolates of P. aeruginosa were selected
for this study. The isolates were isolated from different clinical
specimens (blood, urine, sputum, wound, and tracheal) in
selected hospitals in Tehran between 2017 and 2018. Standard
microbiological tests were performed to identify the P.
aeruginosa clinical isolates. These tests included colony
morphology, Gram staining, culture on TSI medium, catalase
test, oxidase test, oxidation-fermentation test (OF), and growth
at42°C. Also, two P. aeruginosa standard strains were served
in this study includin: P. aeruginosa ATCC27853 for quality
control in MIC determination test and P. aeruginosa 8821 M
as a positive control for alginate production assay. The bacteria
were stored at —70°C in nutrient broth (Merck, Germany)
containing 20% glycerol. This project was approved by the
research ethics committee of Shahed University with approval
ID IR.SHAHED.REC.1398.73.
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Determination of Minimum Inhibitory Concentration (MIC)
of gentamicin

Determination of MIC values of gentamicin (Bio Basic
Canada-INC) against clinical isolates of P. aeruginosa
and standard strain 8821M was done using the broth
microdilution method based on the Clinical and Laboratory
Standard Institute (CLSI) protocols.['”l At first, a stock
solution of gentamicin with a final concentration of
5120 pg/mL was prepared. Then, the dual consecutive
concentrations of gentamicin (2048 -0. 25 ug/mL) were
prepared from the stock solution by diluting it with
Mueller-Hinton Broth (MHB) medium (Merck, Germany).
Each of the gentamicin concentrations was shifted to wells
of a microplate, and inoculated with bacterial suspension
with a concentration of 1 x 10°® CFU/mL. For each isolate,
a positive control (antibiotic-free culture) and negative
control (bacterial-free culture) were considered, separately.
The microplate was placed at 37°C for 24 h. The lowest
level of gentamicin without seeable turbidity was reported
as MIC. To determine the resistance pattern of the isolates
to gentamicin, the MIC results were interpreted according
to the CLSI guideline (MIC <4 pg/mL: sensitive, MIC
>16 ug/mL: resistant).

Effect of sub-MICs of gentamicin on the alginate
production

Evaluation of alginate production of bacteria treated and
untreated with sub-MICs of gentamicin (0.5 MIC and 0.25
MIC) was performed using Carbazole assay according to
previous study.!'! At first, P. aeruginosa isolate was cultured on
the nutrient agar medium (Merck, Germany) overnight at 37°C.
Then, from this culture, 1 x 108 CFU/mL of the bacteria were
added to the MHB medium and MHB mediums containing
sub-MICs of gentamicin and then were incubated in an
incubator shaker at 37°C. MHB was used as a negative control.
After 24 h, 140 uL of each culture was mixed with 1200 uL of
borate-sulfuric acid solution, which had been placed in an ice
bath. The mixture was vortexed and was returned to the ice
bath, and then 40 uL of 0.2% carbazole solution was added
to it. After vortexing, the mixture was incubated at 55°C for
30 min, and then optical density (OD) was read at 540 nm by
a spectrophotometer (PerkinElmer, USA). All the steps were
run in triplicate.

Standard curve of alginate

Alginate standard curve was plotted to express the concentration
of alginate produced by P. aeruginosa clinical isolates as
micrograms per microliter. At first, 1 mg of alginic acid (Sigma
Aldrich, USA) was dissolved in 10 mL distilled water to
prepare an alginate stock solution with a concentration of
1 mg/mL. The stock solution was diluted in distilled water and
16 dilutions were prepared with the range of 20320 ug/mlL.
Carbazole assay was performed for all the dilutions. The OD
values of alginate standard solutions were placed against their
corresponding concentrations on a graph and the standard
curve was plotted.
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Molecular detection of alginate genes

The presence of alginate in P. aeruginosa clinical isolates was
confirmed by the detection of important genes involved in the
biosynthesis of alginate (/gD and algU) using the PCR method.
Table 1 shows the sequences of used primers. Specific primers
for algD gene were designed by AlellID6 software. Based
on the extracted sequences of this gene from the Gen Bank
NCBI database. The sequences of primers used for the algU
gene were according to the previous study.!'”! P. aeruginosa
8821M was used as a positive control. The total volume
of PCR reaction was 25 uL. The components of each PCR
reaction included: 12.5 uL of Taq DNA Polymerase Master
Mix (Ampliqon, Denmark), 0.5 uL of each primer, 6.5 uL
of ddH,0, and 5 pL of Template DNA. The boiling method
was used for the extraction of DNA from studied isolates.
Amplification of the genes was performed in thermocycler
instrument (Bio-Rad, USA) as follows: Initial denaturation
at 94°C for 5 min and 34 cycles included denaturation at
94°C for 30 s, annealing at 59°C for 30 s, extension at 72 °C
for 1 min and at the end, final extension at 72°C for 10 min.
For separation of PCR products, electrophoresis was carried
out on a 2% agarose gel which had been stained with a safe
stain (Sinacolon, Iran).

Statistical analysis

Alginate production assay was performed in triplicate
and obtained results were analyzed with GraphPad
Prism software version 8.0.2. Results were reported as
the means + standard deviation (SD). Determination
of the statistical significance of differences between
gentamicin-treated bacteria and control bacteria (untreated)
was performed using the one-way ANOVA test. Pearson
correlation was used to determine the relationship between
the studied factors. P values less than 0.05 were considered
as the significance level.

ResuLts
MIC results

The MICs of gentamicin against P. aeruginosa isolates,
which were obtained by broth microdilution method, were
interpreted based on CLSI protocols. Sixty-two isolates (70%)
were susceptible to gentamicin and MIC values were between
0.25 and 2 pug/mL. The range of MIC values in 26 clinical
isolates (30%) was between 16 and 512 ug/mL and therefore
were considered as resistant isolates [Figure 1].

Table 1: Sequences of primers used for molecular
detection of algD and algU genes

Gene Primer Sequence (5'—3’) Product
size
algD Forward: 5’- GATGTCTCCAGCACCAAG-3’
algy Reverse: 5’- ACGCAGATGAACGATACG-3’ 164 bp
Forward: 5°- CGATGTGACCGCAGAGGATG -3 292 bp

Reverse: 5’- TCAGGCTTCTCGCAACAAAGG-3’
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Standard curve of alginate

Standard curve of alginate was made by plotting the
concentrations of alginate standard solutions on the X-axis and
their OD values on the Y-axis. This graph was linear which
indicated that the OD of each solution was proportional to its
concentration [Figure 2]. Therefore, this curve was used to
obtain the concentration of alginate produced by P. aeruginosa
clinical isolates.

Effects of sub-MICs of gentamicin on alginate production
The amount of alginate produced by bacteria untreated and
treated with sub-MICs of gentamicin (0.5 MIC and 0.25 MIC)
was measured. The ability of alginate production was observed
in all the studied P. aeruginosa isolates. The concentration of
alginate among these isolates was in the range of 4-312 pug/mL.
The level of alginate production of the isolates in exposure
to 0.5 MIC of gentamicin was between 0 and 349 ug/mL and
in exposure to 0.25 MIC of gentamicin was in the range of
6-343 ug/mL. P. aeruginosa clinical isolates showed different
responses to the exposure of sub-MICs of gentamicin. In 34
clinical isolates (38.6%) and P. aeruginosa 8821 M, alginate
production was significantly reduced after treatment with
sub-MICs of gentamicin (P < 0.001). This inhibitory effect
was concentration-dependent and 0.5 MIC of gentamicin
had a more inhibitory effect on alginate production relative
to 0.25 MIC of gentamicin. On the other hand, sub-MICs
of gentamicin could significantly increase the alginate
production of 49 clinical isolates (55.7%) (P < 0.001). In
these isolates, 0.25 MIC of gentamicin had a more stimulatory
effect on alginate production. In five clinical isolates (5.7%),
the alginate production was decreased in exposure to 0.5
MIC of gentamicin while it was increased by 0.25 MIC of
gentamicin [Figure 3].

In all the studied isolates, we did not find any significant
correlation between the amount of alginate production
and the type of its change after treatment sub-MICs of
gentamicin (P > 0.05).

Also, there was not any significant relationship between the
alginate production change of each isolate and resistance
pattern to gentamicin (P > 0.05).
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Figure 1: Frequency of MICs of gentamicin against P. aeruginosa isolates
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Molecular detection of alginate genes

Alginate coding genes (algD and algU) were identified using
the PCR method to confirm the presence of alginate in clinical
isolates of P. aeruginosa. algD and algU genes were detected
in all the studied isolates, so the frequency of these genes was
reported 100% [Figure 4].

Discussion

Pseudomonas aeruginosa is an invasive opportunistic
organism responsible for different types of acute and chronic
infections in patients with immunodeficiency disorders.!
One of the effective mechanisms involved in the survival
of P. aeruginosa in the lungs of patients with respiratory
infections is the overproduction of an exopolysaccharide
called alginate by this bacterium. Alginate production has
been shown to be associated with the pathogenicity of chronic
infections of P. aeruginosa, which causes a significant increase
in morbidity and mortality.?*2!1 Thus, the inhibition of alginate
production is essential to control and prevent infections caused
by P. aeruginosa mucoid strains.

In the course of antibiotic therapy, bacteria may be encountered
by sub-MICs of antibiotics due to several reasons including
restricted drug accessibility, prophylactic treatments with low
doses of antibiotics, incomplete antibiotic treatment, etc.[']
It has been demonstrated that the production of bacterial
virulence factors may be influenced by antibiotics at sub-MICs.
Antibiotics at sub-MICs have been demonstrated to have
both stimulatory and inhibitory effects on bacteria such as
P. aeruginosa.') The present study was accomplished to
examine the effects of gentamicin at sub-MICs (0.5 MIC and
0.25 MIC) on the alginate production of 88 clinical isolates
of P. aeruginosa. All the studied isolates were observed to
be alginate producers and the frequency of alginate coding
genes (algD and algU) among these isolates was 100%. Some
other studies have been carried out on the frequency of alginate
production and alginate coding genes among P. aeruginosa
isolates. For instance, in a study conducted by Ghadaksaz
et al.'" on 104 clinical isolates, 89.4% of the isolates could
produce alginate, and the prevalence of algD and algU genes
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Figure 2: Standard curve of alginate
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was 87.5% and 90.4%, respectively. In a study, Pournajaf
et al.”?? reported that among 143 isolates of P. aeruginosa,
88.8% of the isolates were alginate producers, and 92.3% and
86.7% of the isolates were positive for algD and algU genes,
respectively.

In the present study, treatment of clinical isolates of
P, aeruginosa with sub-MICs of gentamicin resulted in different
changes in the alginate level of the studied isolates. Gentamicin
at sub-MICs significantly decreased the alginate level by
38/6% of the isolates. The inhibitory effect of antibiotics at
sub-MICs has been reported in some studies. In a study, Khan
et al.® revealed that aminoglycoside antibiotics (gentamicin,
tobramycin, amikacin, etc) could inhibit biofilm formation,
bacterial motility, the production of LasA protease enzymes,
pyocyanin, and pyoverdine in P. aeruginosa PAO1. In a study
conducted by Srivastava et al.?* sub-MICs of meropenem
and ciprofloxacin reduced biofilm formation in two extensive
drug-resistant (XDR) isolates of P. aeruginosa isolated from
diabetic foot ulcers.

On the other hand, a significant increase was observed in
the amount of alginate production of 55.7% of the isolates
in exposure to sub-MICs of gentamicin. These results are in
agreement with some studies in which the stimulatory effect
of antibiotics at sub-MICs on bacteria has been shown. In a
study by Hagras et al.*! sub-MICs of cefepime increased
the expression of biofilm-associated genes and subsequently
biofilm formation in six clinical isolates of P. aeruginosa.
Linares et al.,*® examined the effects of some antibiotics
classes at sub-MICs on some factors of P. aeruginosa PAOI.
In their study, tobramycin, ciprofloxacin, and tetracycline
induced biofilm formation, tobramycin increased swarming
and swimming motility, and tetracycline increased genes
expression of type III secretion system and subsequently
bacterial cytotoxicity.

In the current study, in 5.7% of the clinical isolates, the effect
of 0.5 MIC of gentamicin on alginate production differed
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Figure 3: Effects of sub-MICs of gentamicin on alginate production of
clinical isolates of P. aeruginosa. (A) stimulatory effect, (B) inhibitory
effect, (C) inhibitory effect at 0.5 MIC and stimulatory effect at 0.25 MIC
concentration of gentamicin. The graph indicates average concentration
of alginate produced by clinical isolates
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Figure 4: Electrophoresis of PCR products of algU (292bp) and algD (164bp) genes. L: 1Kb Ladder, P1-P13: clinical isolates, S: Positive

control (P aeruginosa 8821 M)

from the effect of 0.25 MIC of gentamicin. In these isolates,
alginate production was inhibited following exposure to 0.5
MIC of gentamicin while it was stimulated by 0.25 MIC of
gentamicin. Similar to these results, Navidifar et al.?” showed
that biofilm formation of an Acinetobacter baumannii clinical
strain was inhibited by meropenem at 0.5 MIC while it was
induced at 0.125 MIC of meropenem.

In the present study, gentamicin at sub-MICs showed different
effects on the alginate production of studied clinical isolates.
In consistent with these results, Yousefpour et al.*® showed
different effects of sub-MICs of gentamicin (0.5 MIC and
0.25 MIC) on biofilm formation of 100 clinical isolates of
P, aeruginosa. In their study, gentamicin at sub-MICs reduced
the capacity to form biofilm in 31% of isolates, whereas
increased it in 46% of isolates. Also, in 3% of clinical isolate,
gentamicin at 0.5 MIC resulted in a significant decrease in
biofilm formation while at 0.25 MIC significantly increased
biofilm formation. The mechanisms in charge of different
responses of distinct P. aeruginosa isolates to the exposure
sub-MICs of gentamicin are not explicit to the authors of
the current study. Some research ascribed the mechanisms
involved in bacterial phenotypic changes caused by sub-MICs
of antibiotics to the changes in the expression level of virulence
genes. For example, Bagge et al.”! indicated that changes in
the expression level of alginate-related genes (algD and algU)
in the presence of sub-MICs of imipenem resulted in a change
in the alginate level and the capacity of biofilm formation
of P. aeruginosa PAO1. There is a hypothesis saying that
antibiotics at sub-MICs can be as signaling molecules and the
expression of virulence-related genes seems to be regulated
and modulated by sub-MICs of antibiotics.!' On the other
hand, since the virulence gene expression and production of
virulence factors are controlled by the quorum-sensing (QS)
system, some studies have reported that expression changes
of virulence-related genes in bacteria treated with sub-MICs
of antibiotics, which subsequently affect the production of
virulence factors, are due to the effects of these concentrations
on QS signal molecules and QS-related genes. For example,
Roudashti et al.?% reported that curcumin, ceftazidime,
and ciprofloxacin at sub-MICs inhibited motility and biofilm
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formation of P. aeruginosa PAO1 by repressing the expression
of QS-related genes and QS signal molecules. Thus, further
studies are required to evaluate whether or not sub-MICs of
gentamicin affect the QS system and also the expression level
of genes involved in alginate production.

In this study, the effects of sub-MICs of gentamicin on different
clinical isolates of P. aeruginosa included both stimulatory
and inhibitory effects. It is speculated that bacterial responses
following exposure to sub-MICs of antibiotics are dependent
on the isolates and strains type and also the type of used
antibiotics. Overproduction of alginate caused by sub-MICs
of gentamicin can lead to the persistence of bacteria in chronic
infections and subsequently antimicrobial resistance may be
developed. According to the probable unfavorable effects
of antibiotics at sub-MICs on some bacterial isolates, it is
suggested that antibiotics should be consumed in an appropriate
dosage to avoid bacterial exposure to sub-MIC levels of
antibiotics. The results reported in this study are in vitro data.
In vivo, the pathogenesis of P. aeruginosa is affected by a
number of different factors including host cells, presence of
other bacteria, availability of different nutrients, other stresses,
etc. Thus, in vivo studies such as animal tests should be
conducted to confirm the effect of sub-MICs of gentamicin on
bacterial pathogenesis. In addition, performing further studies
are needed to determine molecular mechanisms responsible
for changes in bacterial virulence factors at sub-MICs of
antibiotics. Discovering and developing therapeutic agents
which target the main molecular factors involved in bacterial
responses to sub-MICs of antibiotics, can increase the
effectiveness of antibiotic therapy.

ConcLusioN

The present study indicated that the different responses of
clinical isolates of P. aeruginosa to the presence of sub-MICs
of gentamicin resulted in different changes in alginate
levels. Further research should be carried out to determine
the mechanisms involved in these responses and discover
new treatment strategies based on these mechanisms for the
prevention and treatment of P. aeruginosa infections.
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