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Biofilms typically exist as complex communities comprising multiple species with
the ability to adapt to a variety of harsh conditions. In clinical settings, antibiotic
treatments based on planktonic susceptibility tests are often ineffective against biofilm
infections. Using a CO2 evolution measurement system we delineated the real-time
metabolic response in continuous flow biofilms to streptomycin doses much greater than
their planktonic susceptibilities. Stable biofilms from a multispecies culture (containing
mainly Pseudomonas aeruginosa and Stenotrophomonas maltophilia), Gram-negative
environmental isolates, and biofilms formed by pure culture P. aeruginosa strains PAO1
and PAO1 MexXY (minimum planktonic inhibitory concentrations between 1.5 and
3.5 mg/l), were exposed in separate experiments to 4000 mg/l streptomycin for 4 h after
which growth medium resumed. In complex medium, early steady state multispecies
biofilms were susceptible to streptomycin exposure, inferred by a cessation of CO2
production. However, multispecies biofilms survived high dose exposures when there
was extra carbon in the antibiotic medium, or when they were grown in defined
citrate medium. The environmental isolates and PAO1 biofilms showed similar metabolic
profiles in response to streptomycin; ceasing CO2 production after initial exposure, with
CO2 levels dropping toward baseline levels prior to recovery back to steady state levels,
while subsequent antibiotic exposure elicited increased CO2 output. Monitoring biofilm
metabolic response in real-time allowed exploration of conditions resulting in vulnerability
after antibiotic exposure compared to the resistance displayed following subsequent
exposures.
Keywords: biofilm, antibiotic, metabolism, high doses, recovery

Introduction
Most bioﬁlms are formed by multispecies microbial communities (Lindsay and von Holy, 2006).
Though bioﬁlms have many positive roles in nature, industry, and for human health, they pose
a pronounced risk to immunocompromised individuals. More than 65% of bacterial infections
in humans are caused due to bacteria forming bioﬁlms and 10–20% of nosocomial infections
are caused by the formation of bioﬁlms on medical devices (Nithya et al., 2010). Once a bioﬁlm
has formed in a chronic wound it is diﬃcult for the host’s immune system to eradicate (Fux
et al., 2005), and 1000s of deaths and billions of dollars in medical costs are incurred each year
from such infections (Dowd et al., 2008). A variety of bacterial species are often isolated from
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antibiotic streptomycin was used, which is an aminoglycoside
that targets protein synthesis, and can disrupt the integrity
of the bacterial outer membrane (Taber et al., 1987). Both
streptomycin uptake and eﬄux are energy-dependent processes
(Taber et al., 1987; Webber and Piddock, 2003) and certain
antibiotic modifying enzymes may require energy, which could
all be aﬀected by nutritional status. Thus, energy dependent
processes and the net ﬂux of the antibiotic could inﬂuence the
survival. Finding the mechanisms of antibiotic resistance was
not the primary objective of this study, though an eﬄux pump
mutant was subjected to the same conditions to determine if a
similar response would be observed. Through careful monitoring
of whole-bioﬁlm metabolic response to high doses of antibiotics
in various nutrient conditions we hope to demonstrate important
aspects of bioﬁlm behavior that can be further explored with gene,
protein, or cellular based methods.
To test how changes in medium and carbon content aﬀect
bioﬁlm susceptibility, the CO2 evolution measurement system
(CEMS) (Kroukamp and Wolfaardt, 2009) was used. The goal
was to delineate the real-time metabolic response of whole
bioﬁlms of a S. maltophilia–P. aeruginosa containing multispecies
culture, as well as several environmental isolates when exposed
to high concentrations of streptomycin in complex and deﬁned
growth media with varying carbon concentrations. Genomic
analyses of the starting cultures obtained from freezer stocks and
a bench culture revealed the presence of S. maltophilia, despite
the frequent subculturing of the bench culture on agar plates.
Further metagenomic analysis was performed on bioﬁlm and
bioﬁlm eﬄuent (before and after antibiotic exposure), which
showed the presence of S. maltophilia in the cultures as well.
Streptomycin was applied at concentrations a 100 to a 1000
times greater than the planktonic MIC, in accordance with the
frequent reference to these high values in the literature (e.g., Mah
and O’Toole, 2001). We observed increases in metabolism upon
antibiotic addition. This led us to hypothesize that the addition of
carbon during antibiotic exposures may aid in bioﬁlm recovery
from high dose streptomycin exposures, in contrast to the notion
that bioﬁlms survive high concentration antibiotic exposures due
to inactivity. Keeping in mind that bioﬁlms are spatially highly
heterogeneous, our aim was to elucidate trends in whole-bioﬁlm
metabolic behavior.

bioﬁlm infections, with two common pathogens associated with
nosocomial infections being Stenotrophomonas maltophilia and
Pseudomonas aeruginosa (Pedersen et al., 1992; Dowd et al., 2008;
Tseng et al., 2009; Nithya et al., 2010). Stenotrophomonas and
Pseudomonas species are associated with a number of illnesses
and have been co-isolated in several wound types and infections
(Tseng et al., 2009; Araoka et al., 2010).
With a large proportion of infections caused by bacterial
bioﬁlms, many eﬀorts have been made to understand antibiotic
resistance, as antibiotics remain a main treatment of bacterial
infections (Martin and Ernst, 2003; Hanlon, 2007). Earlier
reports indicated that bacterial bioﬁlms can resist concentrations
of antibiotics up to 1000 times greater than their planktonic
counterparts (Nickel et al., 1985; Gristina et al., 1987; Mah and
O’Toole, 2001; Nithya et al., 2010) though there are studies that
point out that this is a false impression (Spoering and Lewis,
2001). Bioﬁlm antibiotic resistance has been linked to various
conditions and behaviors speciﬁc to the bioﬁlm environment,
such as reduced antibiotic penetration due to adsorption to
matrix components or degradation by extracellular enzymes
(Stewart and Costerton, 2001), slower growth (Ashby et al., 1994),
expression of eﬄux pumps (Brooun et al., 2000), expression
and/or increased local concentrations of antibiotic-modifying
or -degrading enzymes (Giwercman et al., 1991; O’Toole et al.,
2000), alterations in antibiotic targets (O’Toole et al., 2000),
nutrient limitation (Dorrer and Teuber, 1977; Nguyen et al.,
2011), adaptive stress responses (Nguyen et al., 2011), and the
presence of persister cells (Spoering and Lewis, 2001; Stewart,
2002).
Although having antibiotic resistance genes is important for
bacterial resistance, the physiological state of bacteria can greatly
aﬀect their susceptibility since antibiotics traditionally target
various forms of macromolecular synthesis (Hancock, 1981; Eng
et al., 1991; Hooper, 2001; Cotsonas King and Wu, 2009). Thus, it
can be expected that nutrients and energy sources aﬀect bacterial
susceptibility to antimicrobials. Earlier work with P. aeruginosa
demonstrated that the minimum inhibitory concentration (MIC)
of colistin and polymyxin B was dependent on carbon source
in which the bacteria were cultivated (Conrad, 1979). Another
study found that carbon sources entering in upper glycolysis
(such as glucose and mannitol) potentiate aminoglycoside killing
of bacterial persister cells as compared to carbon sources that
entered lower glycolysis (such as succinate or citrate; Allison
et al., 2011). Furthermore, eﬄux pump mediated resistance in
clinically relevant Gram-negative bacteria can be reduced by
substituting the culture medium with non-phosphotransferase
system sugars that cause changes in protein concentration in
the periplasmic space, which limit eﬄux pump activity (Villagra,
2012).
The preceding studies described how various carbon sources
aﬀect antibiotic susceptibility by investigating how variations
in substrate can aﬀect bacterial growth, antibiotic uptake, and
cellular composition in planktonic systems. Since bacterial
bioﬁlms are highly resistant to antibiotics, we explored how
whole-bioﬁlm metabolism and antibiotic susceptibility were
aﬀected when grown in various carbon sources and when
additional carbon was added during antibiotic exposure. The
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Materials and Methods
Bacterial Cultures
Three Gram-negative environmental strains (Enterobacter
asburiae, Enterobacter sp., and P. putida) isolated from a
washroom sink drain (Ghadakapour et al., 2014), and a
multispecies culture containing P. aeruginosa and S. maltophilia
were used in this study to compare metabolic behavior among
Gram-negative isolates exposed to streptomycin. The bacteria
in the multispecies bioﬁlm containing P. aeruginosa and
S. maltophilia were determined by full genome sequencing
and metagenomic analysis and the environmental strains were
identiﬁed by 16S rRNA. Further testing was done on single
species bioﬁlms of P. aeruginosa strains PAO1 and PAO1
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MexXY (Fraud and Poole, 2011) to observe how eﬄux pump
activity aﬀects response to high dose streptomycin exposures.
Continuous ﬂow systems (see below) were inoculated from
freezer stocks as well as bench cultures repeatedly sub-cultured
on agar plates. All pre-cultures were grown in either 3 g/l tryptic
soy broth (TSB, EMD Chemicals, Billerica, MA, USA; which
contains 1.4 mM glucose) or in a deﬁned growth medium with
ﬁnal concentrations of 1.51 mM (NH4 )2 SO4 , 3.37 mM Na2 HPO4 ,
2.20 mM KH2 PO4 , 179 mM NaCl, 0.1 mM MgCl2 ·H2 O, 0.01 mM
CaCl2 ·2H2 O, and 0.001 mM FeCl3 with 5 mM glucose or sodium
citrate (Clark and Maaløe, 1967) at 37◦ C, while agitated [300
rotations per minute (rpm)].

(107 cells from the overnight culture added to sterile 3 g/l
TSB without antibiotic) and a negative control (sterile 3 g/l
TSB medium without any inoculum) were prepared for each
experiment. The MIC was determined at the concentration of
antibiotic that resulted in no growth of the culture (as determined
by no turbidity or cloudiness seen in the culture).

Biofilm Development
A carbon dioxide evolution measurement system (CEMS) was
used to grow bioﬁlms. In this system, a continuous ﬂow of
growth medium is fed into inner silicone tubing where the
bioﬁlm grows. The silicone tubing is permeable to gas enabling
the CO2 produced by the bioﬁlm to be collected by a CO2 free sweeper gas and measured in real time through a CO2
analyzer (Kroukamp et al., 2010). Growth medium, with and
without added antibiotic, was fed into the CEMS at a ﬂow rate
of 15 ml/h (hydraulic retention time of 8 min) using a peristaltic
pump (Figure 1). Planktonic cells were being washed away faster
than they can multiply within the tube because the dilution
rate exceeds planktonic bacterial speciﬁc growth rates by at least
10 times. The CEMS apparatus was immersed in a water bath
kept at 25◦ C. Bioﬁlms were fed continuously with 0.3 g/l TSB
medium until they reached metabolic levels that corresponded
with late exponential phase, early steady state, or late steady state
levels prior to the aminoglycoside exposures. For inoculation,
1 ml of the respective pre-cultures was introduced into the
CEMS without ﬂow for up to 60 min before ﬂow of media was
resumed. Batch-grown pre-cultures were always cultivated in the
same complex (TSB) or deﬁned medium as the bioﬁlm under
investigation.
For the purpose of the bioﬁlm experiments, low and
high TSB concentrations were considered to be 0.3 g/l
(1% of manufacturer’s recommended concentration containing
0.14 mM glucose) and 3 g/l (1.4 mM glucose), respectively. In the

Antibiotic Minimum Inhibitory Concentration
(MIC)
A stock solution of streptomycin sulfate (Bio Basic Inc. Markham,
ON, CA) with a ﬁnal concentration of 10,000 mg/l was prepared
following a protocol described earlier (Andrews, 2001). The
MIC of streptomycin for the multispecies culture containing
P. aeruginosa and S. maltophilia strains, E. asburiae, Enterobacter
sp., and P. putida were determined in 3 g/l TSB (Ghadakapour
et al., 2014). In addition, bioﬁlm eﬄuent MIC was obtained for
multispecies bioﬁlms inoculated from bench cultures (see bioﬁlm
eﬄuent collection described below). MIC’s were determined at
25◦ C for all isolates, as well as at 37◦ C for the multispecies
culture. Although MIC’s are generally performed at 37◦ C, testing
at 25◦ C was performed in order to measure planktonic antibiotic
susceptibility at the same temperature used for bioﬁlm antibiotic
testing. Approximately 107 cells (100 μl from a 108 cells/ml
suspension) of overnight culture were added to the 5 ml antibiotic
dilutions and incubated overnight with shaking at 300 rpm, at
either 37◦ C or 25◦ C for 18–20 h. The antibiotic concentrations
tested ranged from 1.75 to 200 mg/l streptomycin and each
dilution tested was performed in triplicate. A positive control

FIGURE 1 | Monitoring of biofilm metabolism through the capture of CO2 production in real-time. (A) The CEMS system was set-up with media being fed
into a gas-permeable inner silicone tube in the CEMS using a peristaltic pump. CO2 released by biofilms in the inner tube cross the silicon wall into the annular space
confined by a gas-impermeable outer tygon tube, from where it is collected and transferred by CO2 -free sweeper gas to a CO2 analyzer. (B) A cross-section of the
CEMS showing flow of growth medium (liquid) and gas, separated by a gas-permeable silicone.

Frontiers in Microbiology | www.frontiersin.org

3

September 2015 | Volume 6 | Article 953

Jackson et al.

Biofilm-metabolic response to streptomycin

bioﬁlm growth stage as criterion for when to introduce the
antibiotic – a factor deserving to be considered in bioﬁlm
research. Bioﬁlms grown until just before the onset of steady
state and early steady state CO2 production were susceptible to
4000 mg/l of streptomycin (Figures 2A1–A3 and Figure SM1 in
Supplementary Material). Even when provided with antibioticfree growth medium for up to 7 days following exposure, the
bioﬁlms did not recover.

case of the deﬁned medium, high concentrations of carbon were
considered to be at 1 mM for citrate and glucose or 2 mM for
pyruvate, while citrate used at a concentration of 0.14 mM was
considered a low carbon medium.

Antibiotic Exposure
The CO2 proﬁle produced by bioﬁlms grown in the CEMS was
used to determine when the bioﬁlms had reached a metabolicallystable state between 24–48 h after inoculation (early steady state
bioﬁlms). Streptomycin sulfate (Biobasic Inc., Markham, ON,
CA) was added directly to sterile medium and the bioﬁlms
were exposed to streptomycin concentrations of 4000 mg/l up to
12000 mg/l for 4 h; the physiological half-life of streptomycin in
human plasma is 2–4 h, thus a 4-h exposure time was chosen
(Clarke, 1986). All of the antibiotic exposures were performed
at a minimum in duplicates, mostly numerous replicates except
for the antibiotic exposures on the two environmental isolates
E. asburiae and Enterobacter sp.

Effect of Added Carbon During Antibiotic
Exposure on Young Biofilms Grown in 0.3 g/l
TSB Medium (Containing 0.14 mM Glucose)
Bioﬁlms exposed to high doses of streptomycin (Figures
2A1–A3) demonstrated a brief spike in CO2 production upon
addition of the antibiotic medium. This innate tendency to
increase metabolism at the onset of streptomycin addition
led us to hypothesize that added energy during an antibiotic
exposure, especially for early steady state bioﬁlms, would
decrease susceptibility of bioﬁlms grown in low concentration
(0.3 g/l) TSB. We attempted to demonstrate this (similar to
bioﬁlms shown in Figures 2A2,A3) by providing additional
carbon during the antibiotic exposure. Indeed, when bioﬁlms
grown in 0.3 g/l TSB were exposed to 4000 mg/l streptomycin
dissolved in high concentration (3 g/l) TSB, there was an
immediate spike in metabolism, followed by a drop in CO2
production to near baseline levels and subsequent recovery over a
period of more than 100 h to return to steady state (Figure 2B1).
Similarly, we were able to rescue the bioﬁlms grown in 0.3 g/l TSB
when exposed to streptomycin with the addition of 1 mM glucose
or 2 mM pyruvate (Figures 2B2,B3). Unlike glucose or pyruvate
addition, addition of 1 mM citrate to the antibiotic medium
did not result in the rescue of the bioﬁlm (Figure 2A4). When
comparing the graphs in column A to the graphs in column B
there are a few observations worth mentioning: in column B,
when additional carbon sources are added to the antibiotic media
(Figure 2) the initial increases in CO2 output are greater than
those in column A when no carbon is added along with the
antibiotic, or when citrate is added to the antibiotic medium.
Furthermore, the CO2 outputs of the bioﬁlms in column B
(Figures 2B1,B2) do not drop completely to base line levels prior
to bioﬁlm recovery toward steady state CO2 output.

Viable Cell Counts in Biofilm Effluent
Eﬄuent samples were collected to determine the viability and
numbers of planktonic cells being released from bioﬁlms before,
during, and after antibiotic exposures. Bioﬁlm eﬄuent samples
collected from steady state bioﬁlms fed with antibiotic-free
growth medium were serially diluted before plating. Bioﬁlm
eﬄuent samples collected during antibiotic treatment were
washed twice via centrifugation at 12000 × g for 150 s and
re-suspended in 0.9% saline solution to reduce the presence
of residual antibiotic before plating on 3 g/l TSA plates and
incubated at 37◦ C.

pH Controls
The pH of the media used in this study ranged from 6.71 to 7.09
and the pH of the antibiotic containing media ranged between
6.14 and 6.36. The ratio of dissolved CO2 to bicarbonate ions
increases at lower pH. Since it is the dissolved CO2 that crosses
the silicone tube wall, it could be argued that sudden increases
in measured CO2 upon a decrease in pH could be attributed
to this pH (and dissolved CO2 ratio) shift alone. However, for
any pH where the bicarbonate ion to dissolved CO2 ratio may
increase, the entire reactor volume would still be replaced within
8 min, therefore any measured CO2 changes due to pH-induced
dissolved CO2 ratio would be transient.

Effect of Additional Carbon During Antibiotic
Exposures on Biofilms Grown in Low Carbon
(0.14 mM) Defined Medium

Results

Bacteria behave diﬀerently when provided with various nutrient
sources, in either complex or minimal media (Rojo, 2010). In
addition, P. aeruginosa prefers organic acids (as carbon sources)
to glucose (Ng and Dawes, 1967). Thus, we were interested to
test if P. aeruginosa bioﬁlms grown in a deﬁned medium with
citrate as the sole carbon source [at a concentration equal to that
of the glucose (0.14 mM) in the 0.3 g/l TSB medium] would show
similar sensitivity to the antibiotic as when grown in 0.3 g/l TSB
medium.
The metabolic proﬁle of early steady state multispecies
bioﬁlms grown in low concentration (0.14 mM) citrate medium
showed a slight increase in CO2 production upon antibiotic

Antibiotic Susceptibility of Young Multispecies
Biofilms Grown in 0.3 g/l TSB Medium
To test the notion that bioﬁlms can withstand antibiotic
concentrations 10 to a 1000 times their planktonic MIC,
multispecies-bioﬁlms (inoculum planktonic MIC between 1.5–
3.5 mg/l) were exposed to 4000 mg/l of streptomycin. As
previously observed (Kroukamp et al., 2010), bioﬁlms formed by
Pseudomonas strains may have notably diﬀerent lengths in lag
phase that will cause the bioﬁlm to stabilize CO2 production at
diﬀerent times depending on the inoculum. Thus we considered
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FIGURE 2 | CO2 production (µmol/h) of multispecies biofilms grown on 0.3 g/l TSB medium exposed to 4000 mg/l streptomycin with and without the
addition of carbon to the antibiotic medium. Column (A) shows late exponential phase (A1) and early steady state biofilms (A2–A4) exposed to streptomycin.
The biofilms were exposed to streptomycin in either 0.3 g/l TSB medium (A1–A3) or 0.3 g/l TSB medium with the addition of 1 mM citrate to the 0.3 g/l TSB
antibiotic medium (A4). Column (B) shows the metabolic response of biofilms that recovered following the high dose streptomycin exposures from the addition of
either 3 g/l TSB (B1), 1 mM glucose (B2), or 2 mM pyruvate (B3) to the antibiotic medium.

medium after the ﬁrst antibiotic exposure, there was a drop
in bioﬁlm metabolism below steady state levels that rapidly
recovered, though subsequent exposures returned to steady state
metabolism immediately following the removal of the antibiotic
medium (Figure 3B).

exposure before CO2 levels decreased toward baseline levels
(Figure 3A). However, unlike the susceptibility to the antibiotic
in 0.3 g/l TSB, the bioﬁlms were able to recover from the
4000 mg/l streptomycin exposure even in the case of early
steady state bioﬁlm. Furthermore, a second exposure to the same
concentration of streptomycin resulted in an increase in bioﬁlm
metabolism that was maintained throughout the 4-h exposure.
When the bioﬁlms grown in low citrate (0.14 mM) concentration
medium were exposed to antibiotic medium supplemented with
1 mM citrate, CO2 production rapidly increased and remained
above steady state values for the duration of the antibiotic
exposure. Following the resumption of antibiotic-free growth
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Biofilm Metabolic Response while Switching
Carbon Sources with and without Antibiotic
Present
While bioﬁlms grown from the start in deﬁned medium with
citrate as carbon source were resistant to high streptomycin
concentrations, added citrate could not rescue TSB grown
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FIGURE 3 | CO2 production (µmol/h) of multispecies biofilms grown in 0.14 mM citrate defined medium and exposed to 4000 mg/l streptomycin for
4-h intervals; (A) 0.14 mM citrate medium (B) 0.14 mM citrate growth medium with the addition of 1 mM citrate during the first and second exposure,
and a third antibiotic exposure in 0.14 mM citrate medium.

the 4-h duration (Figure 4B). To demonstrate the eﬀects of
switching the carbon source on bioﬁlm metabolism without any
antibiotic present we switched from either 1 mM citrate or
glucose media to a 4 h 1 mM glucose or citrate exposure. The
CO2 production of bioﬁlms shuts down instantaneously when
switching from either glucose medium to citrate and vice versa.
Without antibiotic present both glucose and citrate bioﬁlms
started to increase their CO2 output levels again during mid
exposure. Interestingly, the return to steady state CO2 output
took longer when antibiotic was not present in the media
(Figures 4C,D).

bioﬁlms from streptomycin. To explore citrate’s inability to rescue
bioﬁlms exposed to streptomycin in TSB (glucose containing)
growth medium (Figure 2A4), we aimed to delineate bioﬁlm
metabolic changes when switching from citrate to glucose
medium with and without antibiotics present. When bioﬁlms
were grown in a deﬁned medium containing 1 mM glucose
and exposed to antibiotic in 1 mM citrate, the metabolism
dropped by ∼80% at the end of the 4-h exposure, with
rapid recovery once switched back to antibiotic free 1 mM
glucose medium (Figure 4A). When bioﬁlms were grown
in 1 mM citrate medium and exposed to the antibiotic in
1 mM glucose medium there was a similar initial drop in
metabolism when the carbon source was switched. Conversely,
the metabolism recovered before the end of exposure, while
further exposures resulted in an increase in metabolism for
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Potential Role of Efflux Pump
The eﬄux pump MexXY is a known mechanism of increased
resistance to aminoglycoside antibiotics and requires energy
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FIGURE 4 | CO2 production (µmol/h) of multispecies biofilms grown in defined medium: (A) 1 mM glucose as the carbon source exposed two times
to 4000 mg/l streptomycin in 1 mM citrate, (B) 1 mM citrate exposed two times to 4000 mg/l streptomycin in 1 mM glucose, (C) 1 mM citrate grown
biofilms exposed to 1 mM antibiotic free glucose and (D) 1 mM glucose grown biofilms exposed to 1 mM antibiotic free citrate.

Each of the bioﬁlms, regardless of whether they had the MexXY
eﬄux pump or not, had an initial increase in CO2 production
above steady state levels prior to a rapid decrease in CO2 output
toward baseline levels, and when additional carbon was added
to the antibiotic medium, the initial increase in CO2 production
upon antibiotic exposure was greater (Figure 5).
Conversely, when the pure culture PAO1 freezer cultures
were streak plated prior to growing overnight cultures for
bioﬁlm inoculation, the behavior diﬀered from what is shown
in Figures 5A1,A2. When early steady state bioﬁlms of PAO1
originated from streak plates, as old as 2 weeks, they were
able to recover from the high dose streptomycin exposure with
and without the addition of carbon to the antibiotic medium
(Figures 6A1,A2). Unlike PAO1, the PAO1 MexXY strain
was unable to recover from high dose streptomycin exposures
even when the freezer culture was inoculated onto agar plates
prior to growing overnight cultures used for bioﬁlm inoculation
(Figures 6B1,B2).

to function (Zhao et al., 1998; Webber and Piddock, 2003).
For that reason we were interested to determine how a single
species bioﬁlm of PAO1 would behave in comparison to a PAO1
MexXY mutant. We hypothesized that if the MexXY eﬄux
pump in our multispecies bioﬁlms containing P. aeruginosa
played a role in the increased resistance to streptomycin
antibiotics and was aided when extra carbon was added to
the medium, that early steady state bioﬁlms of the MexXY
mutant would not be aided by additional carbon in the antibiotic
medium. Alternatively, we hypothesized that PAO1 would be
aided by additional carbon due to the ability of the bioﬁlm to
utilize the excess energy toward antibiotic eﬄux. Our results
demonstrate that early steady state PAO1 bioﬁlms were not
able to recover from the high dose streptomycin exposure with
and without the addition of glucose to the antibiotic medium
(Figures 5A1,A2). Similarly, the PAO1 MexXY mutant exposed
to 4000 mg/l of streptomycin with and without added carbon was
unable to recover from the antibiotic exposure (Figures 5B1,B2).
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FIGURE 5 | CO2 production (µmol/h) of biofilms of P. aeruginosa PAO1 (A) and PAO1 MexXY (B) grown in 0.3 g/l TSB. The biofilms were grown for less
than 48 h and had reached steady state CO2 output before they were exposed to 4000 mg/l streptomycin for 4 h. (A1) and (B1) biofilms were exposed to
streptomycin in 0.3 g/l TSB medium. (A2) and (B2) were exposed to streptomycin in 0.3 g/l TSB medium with the addition of 0.86 mM glucose (glu).

Adaptation and Comparison to other
Gram-Negative Strains

by CO2 production) dropped to near-baseline levels, and
took between 48 and 120 h to recover to pre-exposure levels
(Figures 7C–E). When subsequently exposed to the antibiotic,
the bioﬁlms consistently increased their metabolism as an
immediate response to the exposure, typically restoring their
steady state metabolic rate to pre-exposure levels within 24 h.
When a 5 days old multispecies-bioﬁlm (inoculated from freezer
stocks) was exposed to 4000 mg/l streptomycin the metabolic
response resembled that of the environmental isolates and bench
grown cultures (Figure 7F). Unlike the early steady multispecies
bioﬁlms (Figures 2A1,A3) the older bioﬁlm could recover
following high dose streptomycin exposures.

A culture originating from the same freezer stock culture used in
the preceding experiments, but repeatedly subcultured for several
years, showed the ability to recover after the ﬁrst treatment
at 4000 mg/l (∼600x planktonic MIC under similar growth
conditions; Figure 7A) and without a drop in metabolism
following subsequent exposures, even when the streptomycin
concentration was increased to 12000 mg/l (Figure 7B). The
numbers of viable cells released from the bioﬁlms into the eﬄuent
reﬂected the bioﬁlms’ response to antibiotic exposure: as the
bioﬁlm CO2 production decreased, so did the number of viable
cells in the eﬄuent. For example, the eﬄuent cell numbers
decreased from 2.0 × 107 at steady state to 1.6 × 103 and
9.0 × 102 CFU/ml in the eﬄuent mid exposure, and at the end of
the ﬁrst 4 h, respectively. In contrast, the second exposure did not
result in a similar decrease in eﬄuent cell number; eﬄuent cell
numbers were 2.4 × 105 CFU/ml at the end of the 4 h exposure.
Tests were performed on the three Gram-negative
environmental isolates to demonstrate that the eﬀects of
high doses of streptomycin on bioﬁlm metabolism were not
unique to our multispecies bioﬁlms. Bioﬁlms formed by the
three environmental strains showed similar responses when
exposed to 4000 mg/l streptomycin in low concentration (0.3 g/l)
TSB medium. In each case, metabolic activity (as indicated

Frontiers in Microbiology | www.frontiersin.org

Minimum Inhibitory Concentration of
Streptomycin in Various Growth Medium Types
The MICs of multispecies cultures as well as the environmental
isolates in low and high TSB growth medium (0.3 g/l and 3 g/l
respectively) ranged between 0.5 and 3.5 mg/l. When grown
in deﬁned medium with either high or low carbon content
(1 mM or 0.14 mM citrate or glucose, and 2 mM or 0.28 mM
pyruvate) the multispecies culture inoculum was able to grow in
higher streptomycin concentrations (from 14 mg/l up to 50 mg/l)
compared to when grown in 3 g/l TSB growth medium. Previous
exposure to streptomycin had an impact on the MIC of the cells
released from bioﬁlms. For instance, the streptomycin MIC of the
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FIGURE 6 | Effect of inoculum – the experiments shown in Figure 5 were repeated, with the only exception that the cultures used for inoculation were
first streak plated prior to growing overnight cultures. All other information as described in Figure 5.

regulation of antibiotic uptake, respectively (Fernández and
Hancock, 2012). Another way bacteria can survive an antibiotic
exposure is through antibiotic tolerance. Antibiotic tolerance
occurs when bacteria survive an antibiotic exposure through
inactivity or dormancy rather than from genetic changes or active
resistance mechanisms (Lewis, 2007). Under these conditions,
antibiotics that normally target some form of macromolecular
synthesis have no targets to act on since dormant cells are
not growing and are mostly inactive (Rosenkranz, 1964; Lewis,
2007; Cotsonas King and Wu, 2009). For the purpose of this
discussion the term antibiotic resistance is not used to describe
bioﬁlm behavioral changes in response to streptomycin. It has
been pointed out that cells within bioﬁlms may not have more
intrinsic resistance compared to their planktonic counter parts
(Lewis, 2001). We cannot speak to the growth state of individual
cells from this study as we monitored whole-bioﬁlm response.
Nevertheless, the data presented here show that carbon content
and growth conditions can aﬀect microbial metabolic response
to antimicrobials. Using the CEMS for monitoring whole
bioﬁlm metabolism was useful to guide experimental design
for further testing to delineate antibiotic resistance mechanisms
by providing cues for plausible mechanisms of tolerance and
resistance. Moreover, the CEMS may provide a better simulation
of real-world bioﬁlms that typically show spatial variability.
Pre steady state and early steady state multispecies bioﬁlms
were susceptible to high concentration streptomycin exposures

inoculum as well as eﬄuent cells collected from bioﬁlms grown
on 0.3 g/l TSB was 3.5 mg/l, compared to eﬄuent cells collected
following high dose streptomycin exposure, which had an MIC of
200 mg/l (see asterisks in Figure 7A).

Discussion
Our data demonstrate that bioﬁlm response to antibiotic
exposure is dependent upon the type of medium in which the
bioﬁlm is grown, carbon availability during antibiotic exposure,
the carbon source, and the length of time the bioﬁlm is at steady
state prior to exposure. In addition to nutrients and growth stage
other environmental factors such as temperature, pH, or oxygen
limitation will all aﬀect bioﬁlm response to antibiotics. In this
study, the experiments were performed at 25◦ C that is relevant
to the environmental strains used (Kropinski et al., 1987; Denton
and Kerr, 1998; Hart, 2006). However, future work should
include similar experiments performed under physiologically
relevant temperatures of 37◦ C to compliment the fundamental
responses of bacterial bioﬁlms that were the main interest of
this study. Mechanisms responsible for the survival of bacterial
bioﬁlms were not tested in this study, and are the focus of an
ongoing investigation. Various forms of resistance have been
reported in the literature, such as stable resistance and adaptive
resistance that are characterized by genetic changes and down
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FIGURE 7 | CO2 production (µmol/h) of biofilms inoculated from bench cultures exposed to streptomycin in 0.3 g/l TSB medium for 4-h intervals. (A)
Multispecies culture grown on 0.3 g/l TSB medium and exposed to 4000 mg/l streptomycin. The effluent cell numbers decreased from 2.0 × 107 CFU/ml at steady
state to 9.0 × 102 CFU/ml at the end of the first 4 h exposure. In contrast, the second exposure did not result in a similar decrease of effluent cell numbers; which
were 2.4 × 105 CFU/ml at the end of the 4 h exposure (B) P. aeruginosa on 0.3 g/l TSB medium and exposed to either 4000, 8000, or 12,000 mg/l streptomycin (C)
an Enterobacter species biofilm (D) Enterobacter asburiae biofilm, and (E) a Pseudomonas putida biofilm, and (F) a multispecies biofilm grown for 5 days prior to the
streptomycin exposure.

(Figures 2A1,A3), especially those younger than 48 h. This is in
contrast to experiments that we have performed (Figure 7F) in
which 4–5 days old bioﬁlms were less susceptible to streptomycin
and recovered from the same 4000 mg/l streptomycin exposure
in 0.3 g/l TSB medium. This suggests that bioﬁlm growth stage or
age plays a role in bioﬁlm susceptibility to streptomycin, which
is consistent with literature (Ito et al., 2009; Chopra et al., 2015).
The underlying reasons for increased survival of aged bioﬁlms
may include increased thickness, population density, changes in
gene expression, and inactivation of lower layers of the bioﬁlm
(Stewart, 1994, 2002), each of which can contribute to increased
antibiotic resistance and may be seen on the CO2 proﬁles as
a lower overall eﬀect on whole bioﬁlm metabolism. Increased
bioﬁlm thickness may result in higher levels of extracellular
polymeric substances (EPS) being produced such as negatively
charged alginate in P. aeruginosa that binds to positively

Frontiers in Microbiology | www.frontiersin.org

charged aminoglycoside antibiotics (Gordon et al., 1988; Stewart
and Costerton, 2001). In addition, antimicrobials take longer
to diﬀuse through thicker bioﬁlms allowing more time for
bioﬁlms to upregulate adaptive stress responses, including
excretion of antimicrobial degrading enzymes or increasing EPS
production (Szomolay et al., 2005). Adaptive stress responses,
for example nutrient stressors or antibiotic stressors, can also
lead to enhanced ability to survive high concentration antibiotic
exposures (Stewart, 2002; de la Fuente-Núñez et al., 2013).
Furthermore, as bioﬁlms age their cell density increases and
eDNA accumulates (Fux et al., 2005; Allesen-Holm et al., 2006).
Extracellular DNA can bind to cations such as Mg2+ and Ca2+
that help stabilize LPS molecules in the outer membrane. The
binding of eDNA to cations leads to changes in gene expression
resulting in an altered outermembrane structure more resistant
to cationic antimicrobial peptides and aminoglycoside antibiotics
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of streptomycin (Zuroﬀ et al., 2010). Furthermore, the addition
of glucose in the antibiotic medium can decrease susceptibility
to kanamycin in bioﬁlms of E. coli; though no mechanism was
given, the authors alluded to the ability of glucose to repress
the uptake of other catabolites leading to antibiotic tolerance
(Palmer et al., 2007). A link to nutrient uptake or metabolism
and decreased susceptibility to antibiotics in P. aeruginosa is a
possibility as well; however, the mechanisms likely diﬀer from
those in E. coli since even though P. aeruginosa does have
catabolite repression control, glucose is not the preferred carbon
source, but rather amino acids and organic acids (Ng and Dawes,
1967; Mukkada et al., 1973; Collier et al., 1996). The behavior of
the bioﬁlm will also depend on how the carbon sources fed into
the bioﬁlm aﬀect other species present. We have not come across
studies that have considered the behavior of Stenotrophomonas sp
with aminoglycosides in the presence of various carbon sources.
Presumably, with the limited nutrient proﬁle of S. maltophilia
(Stanier et al., 1966) its behavior in the presence of various
nutrients would largely depend on if it could metabolize the given
nutrient and/or how the other species present behave.
Only carbon sources that were readily metabolized by the
bioﬁlm enhanced survival to streptomycin; as seen when glucose,
pyruvate, or TSB were added (but not citrate) to the antibiotic
medium (Figure 2A4; Figures 4A,D). The inability of excess
citrate in the medium to enhance survival might be explained
by the fact that the TSB grown bioﬁlms were not adapted for
citrate utilization (Figure 1A4). TSB is a rich medium that
contains glucose as the carbon source. Therefore citrate’s inability
to rescue a TSB grown bioﬁlm can potentially be explained by
catabolite repression, which may occur when glucose and citrate
are in the same medium. Figures 4A–D demonstrates the concept
behind catabolite repression as the bioﬁlms shut down their
metabolism when a diﬀerent carbon source was supplied in the
medium. It has been shown that citrate-grown P. aeruginosa did
not up-regulate glucose metabolizing enzymes until a threshold
glucose concentration was reached, yet in glucose medium, citrate
addition immediately resulted in the induction of the citrate
transport system (Whiting et al., 1976). In this study the glucose
and citrate were not administered at the same time thus the
metabolism reﬂects the ability of the bioﬁlm to utilize the carbon
source administered at the time. Conversely, with addition of
pyruvate to the TSB medium, bacteria can be expected to grow
faster than with either a media containing glucose or pyruvate
alone (Ng and Dawes, 1973).
In addition to the eﬀects of added carbon during streptomycin
exposure, the data demonstrate that the type of growth medium
aﬀects whole-bioﬁlm metabolic response to streptomycin.
Replicate experiments showed that when bioﬁlms were grown
in a deﬁned growth medium with low (0.14 mM) carbon
concentration (Figure 3A), bioﬁlm susceptibility to streptomycin
was diminished compared to when grown in 0.3 g/l TSB medium
(containing 0.14 mM glucose). Furthermore, addition of carbon
to the antibiotic medium reduced the bioﬁlm’s susceptibility to
streptomycin (Figure 3B). It is plausible that changes in medium
composition and carbon content alter the relative abundance
of the members in multispecies bioﬁlms and their physiological
responses to the antibiotic exposures.

(Mulcahy et al., 2008). Ionic binding to the outer membrane is a
crucial stage in aminoglycoside uptake (Hancock, 1981).

An Alternative Behavior for Antibiotic Survival:
Increased Energy Output
Most antibiotics are eﬀective against bacteria during their growth
phase since antibiotics aﬀect metabolic processes such as protein
synthesis (aminoglycosides), DNA synthesis (ﬂuoroquinolones),
and cell wall synthesis (β-lactams; Hancock, 1981; Eng et al.,
1991; Hooper, 2001; Cotsonas King and Wu, 2009). Accordingly,
many studies have demonstrated the loss of antibiotic eﬃcacy
when cells are in a non-growing or starved state (Nguyen et al.,
2011) and that the addition of certain nutrients can re-establish
bacterial susceptibility to antibiotics (Borriello et al., 2006; Allison
et al., 2011).
Contrasting the notion that the addition of nutrients increases
antimicrobial susceptibility, our data demonstrate that excess
nutrients provided along with the antibiotic media aided young
bioﬁlms in recovering from antibiotic exposures. Our initial
hypothesis was that additional nutrients would aid bioﬁlm
recovery from aminoglycoside addition since an initial spike in
metabolism upon antibiotic addition was observed. The results
presented here demonstrate that the addition of excess carbon to
the antibiotic medium in the form of TSB, glucose, or pyruvate
reduced the young bioﬁlms’ susceptibility to streptomycin
(Figures 2B1,B3) compared to when no additional nutrients
were added (Figures 2A1,A3). The spike in metabolism that
occurs in the presence of the added-carbon antibiotic media
typically occurs in about 15 min compared to an increase in
CO2 output of 1 h at similar temperature as a result of bacterial
doubling time (in 3 g/l TSB medium; Ronan, 2011). The large
and rapid increase in metabolism (speciﬁcally Figures 2B1 and
1B2) when TSB or pyruvate was added to the antibiotic medium
suggests that the bioﬁlms were able to utilize the excess nutrients
upon exposure, circumventing the detrimental eﬀects of the
antibiotic. Further testing would need to be performed to test the
hypothesis that pyruvate or the nutrients in TSB can be utilized
during streptomycin uptake. One way to test nutrient utilization
would be to monitor the consumption of glucose and pyruvate
before, during, and after antibiotic exposure using enzymatic
assay kits. Studying how these nutrients impede negative eﬀects
of high doses of streptomycin on young bioﬁlms may be more
challenging. One would have to learn what physiological changes
occur during the uptake of the carbon or nutrients and how these
changes are aﬀecting streptomycin uptake. A study performed
by Buchholz et al. (2010) monitored bioﬁlm heat-production in
real-time and found that heat production spiked initially when
bioﬁlms were exposed to antibiotics, before declining along with
ATP levels. Their work supports our hypothesis that metabolism
increases during the antibiotic exposure and that excess nutrients
can be utilized.
Previous work has shown a correlation between carbon
addition and changes in antibiotic susceptibility. For example,
studies performed on E. coli, whose preferred carbon source
is glucose, have demonstrated that additional glucose leads to
catabolite repression through repressing cAMP (Dalhoﬀ, 1979)
and that glucose addition can impede the antimicrobial eﬀects
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Results of this study indicate that, in addition to the
growth stage of bioﬁlms, the origin of the culture plays
a role in the metabolic recovery following a streptomycin
exposure (Figures 7A,B). Repeated sub-culturing on agar
plates might result in diﬀerential gene expression and can
select for mutants best adapted for growth under laboratory
conditions. It is known that decreased sensitivity to antibiotics
may develop at high population density and under stressful
environmental conditions that lead to rapid up-regulation of
stress response genes (Mah and O’Toole, 2001). Bench cultures
showed adaptation to the antibiotic by increasing their metabolic
output throughout the 4-h exposures once preconditioned to
the antibiotic. The increased CO2 output indicates that bioﬁlms
can actively prevent the antibiotic from disrupting the overall
bioﬁlm metabolism. Following a second streptomycin exposure
the bioﬁlm metabolism rapidly returned to steady state levels
following the resumption of antibiotic-free growth medium.
Gram-negative environmental isolates had similar CO2
proﬁles when exposed to high concentrations of streptomycin in
low concentration (0.3 g/l) TSB. Changes in the bioﬁlm metabolic
proﬁle of the bacterial isolates, from the ﬁrst antibiotic exposure
to the second, demonstrate similar patterns in metabolic behavior
(Figures 7C–E). Upon analysis of each of the bioﬁlms’ metabolic
responses to the antibiotic exposure, it was clear that the bioﬁlms
respond initially to high concentrations of streptomycin by
increasing their energy output, and if primed for the exposure
they will maintain their high metabolic output levels throughout
the exposure. Bioﬁlms formed by all of the environmental isolates
and the lab cultures in this study were able to survive antibiotic
concentrations that were higher than their planktonic MIC.
The MIC’s for Enterobacter isolates have been reported from
8 mg/l to as high as 256 mg/l (Chiew et al., 1998); one study
found streptomycin MIC of environmental strains of P. putida
to be >512 mg/l but considered levels >16 mg/l to be the
resistance breakpoint for streptomycin (Bezanson et al., 2008);
environmental isolates of S. maltophilia showed streptomycin
MIC’s from 64 mg/l even without any resistance genes detected
(Popowska et al., 2012); ﬁnally, another study demonstrated the
streptomycin MIC for P. aeruginosa was 64 mg/l in MuellerHinton Broth (Morita et al., 2001).
In an attempt to further explore a potential mechanism
of antibiotic resistance and/or a reason for survival of young
bioﬁlms following the addition of excess carbon to the media,
we tested single species bioﬁlms of PAO1 and a PAO1 MexXY
mutant deﬁcient in the ability to eﬄux streptomycin. Our initial
hypothesis that the increased CO2 output may be linked to
an energy induced antibiotic resistance mechanism was not

supported based on the freezer culture inoculum. Our results
cannot clearly indicate that the MexXY eﬄux pump plays a role in
survival to the antibiotic as seen in Figure 5, since neither PAO1
nor PAO1 MexXY strain could recover from the antibiotic
exposures even with the addition of carbon to the antibiotic
media. At this point it is not clear why the early steady state single
species bioﬁlm of PAO1 would not be aided by the addition of
glucose to the antibiotic media, while the multispecies bioﬁlms
were. Interestingly, if we include the bench culture results from
the pure PAO1 and MexXY strains then it does appear that
there is an advantage to the PAO1 culture with eﬄux pumps. The
PAO1 strain had the ability to survive the antibiotic exposures
while the PAO1 MexXY strain did not (Figure 6). Therefore,
there may be a link to the eﬄux pumps for the pure cultures
in particular. As for the multispecies bioﬁlms, there seems to
be a link to energy requiring resistance mechanisms that can
be initiated by added energy in the form of a readily useable
carbon sources. This concept will need to be further explored
in relation to the multispecies cultures since P. aeruginosa and
S. maltophilia have diﬀerent preference for carbon sources.
The diﬀerence in carbon source preferences could explain why
the freezer cultures from multispecies bioﬁlms recovered upon
glucose addition but the pure PAO1 cultures inoculated from
freezer stocks did not. As previously stated, P. aeruginosa prefers
organic acids to glucose (Ng and Dawes, 1967). Most naturallyoccurring bioﬁlms are formed by multispecies communities. The
ways in which members of a multispecies community interact
will determine bioﬁlm physiology, structure, and behavior (Yang
et al., 2011). Considering the growing evidence of multispecies
infections, studies aimed at delineating interactions between
members of bioﬁlm communities during exposure to antibiotics,
at physiological temperatures, merit recognition in future studies.

References

Andrews, J. M. (2001). Determination of minimum inhibitory concentrations.
J. Antimicrob. Chemother. 48, 5–16. doi: 10.1093/jac/48.suppl_1.5
Araoka, H., Baba, M., and Yoneyama, A. (2010). Risk factors for mortality among
patients with Stenotrophomonas maltophilia bacteremia in Tokyo, Japan,
1996–2009. Eur. J. Clin. Microbiol. Infect. Dis. 29, 605–608. doi: 10.1007/s10096010-0882-6
Ashby, M. J., Neale, J. E., Knott, S. J., and Critchley, I. A. (1994). Eﬀect of antibiotics
on non-growing planktonic cells and bioﬁlms of Escherichia coli. J. Antimicrob.
Chemother. 33, 443–452. doi: 10.1093/jac/33.3.443

Acknowledgments
Prof. Keith Poole from Queens University, Kingston, ON kindly
provided the P. aeruginosa PAO1 pure culture and the MexXY
mutant. Funding from the Canada Research Chairs program and
NSERC has supported the research.

Supplementary Material
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2015.00953

Allesen-Holm, M., Barken, K. B., Yang, L., Klausen, M., Kjelleberg, S., Molin, S.,
et al. (2006). A characterization of DNA release in Pseudomonas aeruginosa
cultures and bioﬁlms. Mol. Microbiol. 59, 1114–1128. doi: 10.1111/j.13652958.2005.05008.x
Allison, K. R., Brynildsen, M. P., and Collins, J. J. (2011). Metabolite-enabled
eradication of bacterial persisters by aminoglycosides. Nature 473, 216–220. doi:
10.1038/nature10069

Frontiers in Microbiology | www.frontiersin.org

12

September 2015 | Volume 6 | Article 953

Jackson et al.

Biofilm-metabolic response to streptomycin

Bezanson, G. S., MacInnis, R., Potter, G., and Hughes, T. (2008). Presence and
potential for horizontal transfer of antibiotic resistance in oxidase-positive
bacteria populating raw salad vegetables. Int. J. Food Microbiol. 127, 37–42. doi:
10.1016/j.ijfoodmicro.2008.06.008
Borriello, G., Richards, L., Ehrlich, G. D., and Stewart, P. S. (2006).
Arginine or nitrate enhances antibiotic susceptibility of Pseudomonas
aeruginosa in bioﬁlms. Antimicrob. Agents Chemother. 50, 382–384. doi:
10.1128/AAC.50.1.382-384.2006
Brooun, A., Liu, S., and Lewis, K. (2000). A dose-response study of antibiotic
resistance in Pseudomonas aeruginosa bioﬁlms. Antimicrob. Agents Chemother.
44, 640–646. doi: 10.1128/AAC.44.3.640-646.2000
Buchholz, F., Wolf, A., Lerchner, J., Mertens, F., Harms, H., and Maskow, T.
(2010). Chip calorimetry for fast and reliable evaluation of bactericidal
and bacteriostatic treatments of bioﬁlms. Antimicrob. Agents Chemother. 54,
312–319. doi: 10.1128/AAC.00583-09
Chiew, Y. K., Yeo, S. F., Hall, L. M. C., and Livermore, D. M. (1998). Can
susceptibility to an antimicrobial be restored by halting its use? The case of
streptomycin versus Enterobacteriaceae. Antimicrob. Chemother. 41, 247–251.
doi: 10.1093/jac/41.2.247
Chopra, S., Harjai, K., and Chhibber, S. (2015). Antibiotic susceptibility of
ica-positive and ica-negative MRSA in diﬀerent phases of bioﬁlm growth.
J. Antibiot. 63, 15–22. doi: 10.1038/ja.2014.96
Clark, D. J., and Maaløe, O. (1967). DNA replication and the division cycle in
Escherichia coli. J. Mol. Biol. 23, 99–112. doi: 10.1016/S0022-2836(67)80070-6
Clarke, E. G. C. (1986). Clarke’s Isolation and Identification of Drugs in
Pharmaceuticals, Body Fluids, and Post-Mortem Material, 2nd Edn, eds. A. C.
Moﬀat (Gurnee, IL: Pharmaceutical Press), 976.
Collier, D. N., Hager, P. W., and Phibbs, P. V. Jr. (1996). Catabolite repression
control in the Pseudomonads. Res. Microbiol. 147, 551–561. doi: 10.1016/09232508(96)84011-3
Conrad, R. S. (1979). Eﬀects of carbon sources on antibiotic resistance in
Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 151, 59–66. doi:
10.1128/AAC.15.1.59
Cotsonas King, A., and Wu, L. (2009). Macromolecular synthesis and membrane
perturbation assays for mechanisms of action studies of antimicrobial
agents. Curr. Protoc. Pharmacol. 13, A7. doi: 10.1002/0471141755.ph13a
07s47
Dalhoﬀ, A. (1979). The “glucose eﬀect” on growth inhibition of Echerichia coli
by streptomycin, trimethoprim, and sulfamethoxazole, respectively. FEMS
Microbiol. Lett. 62, 123–127.
de la Fuente-Núñez, C., Reﬀuveille, F., Fernández, L., and Hancock, R. E.
(2013). Bacterial bioﬁlm development as a multicellular adaptation: antibiotic
resistance and new therapeutic strategies. Curr. Opin. Microbiol. 16, 580–589.
doi: 10.1016/j.mib.2013.06.013
Denton, M., and Kerr, K. G. (1998). Microbiological and clinical aspects of infection
associated with Stenotrophomonas maltophilia. Clin. Microbiol. Rev. 11,
57–80.
Dorrer, E., and Teuber, M. (1977). Induction of polymyxin resistance in
Pseudomonas fluorescens by phosphate limitation. Arch. Microbiol. 114, 87–89.
doi: 10.1007/BF00429636
Dowd, S. E., Sun, Y., Secor, P. R., Rhoads, D. D., Wolcott, B. M., James, G. A., et al.
(2008). Survey of bacterial diversity in chronic wounds using Pyrosequencing,
DGGE, and full ribosome shotgun sequencing. BMC Microbiol. 8:43. doi:
10.1186/1471-2180-8-43
Eng, R. H., Padberg, F. T., Smith, S. M., Tan, E. N., and Cherub, C. E.
(1991). Bactericidal eﬀects of antibiotics on slowly growing and nongrowing
bacteria. Antimicrob. Agents Chemother. 35, 1824–1828. doi: 10.1128/AAC.35.
9.1824
Fernández, L., and Hancock, R. E. (2012). Adaptive and mutational resistance: role
of porins and eﬄux pumps in drug resistance. Clin. Microbiol. Rev. 25, 661–681.
doi: 10.1128/CMR.00043-12
Fraud, S., and Poole, K. (2011). Oxidative stress induction of the MexXY multidrug
eﬄux genes and promotion of aminoglycoside resistance development in
Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 55, 1068–1074. doi:
10.1128/AAC.01495-10
Fux, C. A., Costerton, J. W., Stewart, P. S., and Stoodley, P. (2005).
Survival strategies of infectious bioﬁlms. Trends Microbiol. 13, 34–40. doi:
10.1016/j.tim.2004.11.010

Frontiers in Microbiology | www.frontiersin.org

Ghadakapour, M., Bester, E., Liss, S. N., Gardam, M., Droppo, I., Hota, S.,
et al. (2014). Integration and proliferation of Pseudomonas aeruginosa PA01
in multispecies bioﬁlms. Microb. Ecol. 68, 121–131. doi: 10.1007/s00248-0140398-1
Giwercman, B., Jensen, E. T., Høiby, N., Kharazmi, A., and Costerton, J. W. (1991).
Induction of beta-lactamase production in Pseudomonas aeruginosa bioﬁlm.
Antimicrob. Agents Chemother. 35, 1008–1010. doi: 10.1128/AAC.35.5.1008
Gordon, C. A., Hodges, N. A., and Marriott, C. (1988). Antibiotic interaction
and diﬀusion through alginate and exopolysaccharides of cycstic ﬁbrosisderived Pseudomonas aeruginosa. J. Antimicrob Chemother. 22, 667–674. doi:
10.1093/jac/22.5.667
Gristina, A. G., Hobgood, C. D., Webb, L. X., and Myrvik, Q. N. (1987). Adhesive
colonization of biomaterials and antibiotic resistance. Biomaterials 8, 423–426.
doi: 10.1016/0142-9612(87)90077-9
Hancock, R. E. (1981). Aminoglycoside uptake and mode of action-with special
reference to streptomycin and gentamicin. J. Antimicrob. Chemother. 8,
429–445. doi: 10.1093/jac/8.6.429
Hanlon, G. W. (2007). Bacteriophages: an appraisal of their role in the
treatment of bacterial infections. Int. J. Antimicrob. Agents. 30, 118–128. doi:
10.1016/j.ijantimicag.2007.04.006
Hart, C. A. (2006). “Klebsiella, Citrobacter, Enterobacter and Serratia spp.,” in
Principles and Practice of Clinical Bacteriology, 2nd Edn, eds S. H. Gillespie
and P. M. Hawkey (Chichester: John Wiley & Sons Ltd), 377–386. doi:
10.1002/9780470017968.ch30
Hooper, D. (2001). Emerging mechanisms of ﬂuoroquinolone resistance. Emerg.
Infect. Dis. 7, 337–341. doi: 10.3201/eid0702.010239
Ito, A., Taniuchi, A., May, T., Kawata, K., and Okabe, S. (2009). Increased antibiotic
resistance of Escherichia coli in mature bioﬁlms. Appl. Environ. Microbiol. 75,
4093–4100. doi: 10.1128/AEM.02949-08
Kropinski, A. M. B., Lewis, V., and Berry, D. (1987). Eﬀect of growth
temperature on the lipids, outer membrane proteins, and lipopolysaccharides
of Pseudomonas aeruginosa PAO. J. Bacteriol. 169, 1960–1966.
Kroukamp, O., Dumitrache, R., and Wolfaardt, G. M. (2010). Nature of
inoculum has a pronounced eﬀect on early bioﬁlm behaviour in ﬂow
systems. Appl. Environ. Microbiol. 76, 6025–6031. doi: 10.1128/AEM.00
070-10
Kroukamp, O., and Wolfaardt, G. M. (2009). CO2 production as an indicator
of bioﬁlm metabolism. Appl. Environ. Microbiol. 75, 4391–4397. doi:
10.1128/AEM.01567-08
Lewis, K. (2001). Riddle of bioﬁlm resistance. Antimicrob. Agents Chemother. 45,
999–1007. doi: 10.1128/AAC.45.4.999-1007.2001
Lewis, K. (2007). Persister cells, dormancy and infectious disease. Nat. Rev.
Microbiol. 5, 48–56. doi: 10.1038/nrmicro1557
Lindsay, D., and von Holy, A. (2006). Bacterial bioﬁlms within the clinical setting:
what healthcare professionals should know. J. Hosp. Infect. 64, 313–325. doi:
10.1016/j.jhin.2006.06.028
Mah, T. F. C., and O’Toole, G. A. (2001). Mechanisms of bioﬁlm resistance
to antimicrobial agents. Trends Microbiol. 9, 34–39. doi: 10.1016/S0966842X(00)01913-2
Martin, K. W., and Ernst, E. (2003). Herbal medicines for treatment of bacterial
infections: a review of controlled clinical trials. J. Antimicrob. Chemother. 51,
241–246. doi: 10.1093/jac/dkg087
Morita, Y., Kimura, N., Mima, T., Mizushima, T., and Tsuchiya, T. (2001).
Roles of MexXY- and MexAB-multidrug eﬄux pumps in intrinsic resistance
of Pseudomonas aeruginosa PAO1. J. Gen. Appl. Microbiol. 47, 27–32. doi:
10.2323/jgam.47.27
Mukkada, A. J., Long, G. L., and Romana, A. H. (1973). The Uptake of 2-DeoxyD-glucose by Pseudomonas aeruginosa and its Regulation. Biochem. J. 132,
155–162. doi: 10.1042/bj1320155
Mulcahy, H., Charron-Mazenod, L., and Lewenza, S. (2008). Extracellular
DNA chelates cations and induces antibiotic resistance in Pseudomonas
aeruginosa bioﬁlms. PLoS Pathog. 4:e1000213. doi: 10.1371/journal.ppat.10
00213
Ng, F., and Dawes, E. A. (1973). Chemostat studies on the regulation of glucose
metabolism in Pseudomonas aeruginosa by citrate. Biochem. J. 132, 129–140.
doi: 10.1042/bj1320129
Ng, F. M.-W., and Dawes, E. A. (1967). Regulation of enzymes of glucose
metabolism by citrate in Pseudomonas aeruginosa. Biochem. J. 104, 48.

13

September 2015 | Volume 6 | Article 953

Jackson et al.

Biofilm-metabolic response to streptomycin

Nguyen, D., Joshi-Datar, A, Lepine, F., Bauerle, E., Olakanmi, O., Beer, K., et al.
(2011). Active starvation responses mediate antibiotic tolerance in bioﬁlms
and nutrient-limited bacteria. Science 334, 982–986. doi: 10.1126/science.
1211037
Nickel, J. C., Ruseska, I., Wrigth, J. B., and Costerton, J. W. (1985).
Tobramycin resistance of Pseudomonas aeruginosa cells growing as a bioﬁlm
on urinary catheter. Antimicrobiol. Agents Chemother. 27, 619–624. doi:
10.1128/AAC.27.4.619
Nithya, C., Begum, M. F., and Pandian, S. K. (2010). Marine bacterial
isolates inhibit bioﬁlm formation and disrupt mature bioﬁlms of
Pseudomonas aeruginosa PAO1. Appl. Microbiol. Biotechnol. 88, 341–358.
doi: 10.1007/s00253-010-2777-y
O’Toole, G., Kaplan, H. B., and Kolter, R. (2000). Bioﬁlm formation
as microbial development. Annu. Rev. Microbiol. 54, 49–79. doi:
10.1146/annurev.micro.54.1.49
Palmer, K. L., Aye, L. M., and Whiteley, M. (2007). Nutritional cues control
Pseudomonas aeruginosa multicellular behavior in cystic ﬁbrosis sputum.
J. Bacteriol. 189, 8079–8087. doi: 10.1128/JB.01138-07
Pedersen, S. S., Hoiby, N., Espersen, F., and Koch, C. (1992). Role of alginate
infection with mucoid Pseudomonas aeruginosa in cystic ﬁbrosis. Thorax 47,
6–13. doi: 10.1136/thx.47.1.6
Popowska, M., Rzeczycka, M., Miernik, A., Krawczyk-Balska, A., Walsh, F.,
and Duﬀy, B. (2012). Inﬂuence of soil use on prevalence of tetracycline,
streptomycin, and erythromycin resistance and associated resistance genes.
Antimicrob. Agents Chemother. 56, 1434–1443. doi: 10.1128/AAC.05766-11
Rojo, F. (2010). Carbon catabolite repression in Pseudomonas: optimizing
metabolic versatility and interactions with the environment. FEMS Microbiol.
Rev. 34, 658–684. doi: 10.1111/j.1574-6976.2010.00218.x
Ronan, E. (2011). Investigating Microbial Ecology at Solid-Air Interfaces, MSc
thesis, Ryerson University, Toronto. Available at: http://digital.library.ryerson.
ca/islandora/object/RULA%3A1157
Rosenkranz, H. S. (1964). Macromolecular synthesis and the bactericidal eﬀects of
streptomycin. J. Bacteriol. 87, 606–608.
Spoering, A. L., and Lewis, K. (2001). Bioﬁlms and planktonic cells of Pseudomonas
aeruginosa have similar resistance to killing by antimicrobials. J. Bacteriol. 183,
6746–6751. doi: 10.1128/JB.183.23.6746-6751.2001
Stanier, R. Y., Palleroni, N. J., and Doudoroﬀ, M. (1966). The aerobic
Pseudomonads: a taxonomic study. J. Gen. Microbiol. 43, 159–271. doi:
10.1099/00221287-43-2-159
Stewart, P. S. (1994). Bioﬁlm accumulation model that predicts antibiotic resistance
of Pseudomonas aeruginosa bioﬁlms. Antimicrob. Agents Chemother. 38,
1052–1058. doi: 10.1128/AAC.38.5.1052
Stewart, P. S. (2002). Mechanisms of antibiotic resistance in bacterial bioﬁlms. Int.
J. Med. Microbiol. 292, 107–113. doi: 10.1078/1438-4221-00196

Frontiers in Microbiology | www.frontiersin.org

Stewart, P. S., and Costerton, J. W. (2001). Antibiotic resistance of bacteria in
bioﬁlms. Lancet 358, 135–138. doi: 10.1016/S0140-6736(01)05321-1
Szomolay, B., Klapper, I., Dockery, J., and Stewart, P. S. (2005). Adaptive responses
to antimicrobial agents in bioﬁlms. Environ. Microbiol. 7, 1186–1191. doi:
10.1111/j.1462-2920.2005.00797.x
Taber, W. H., Mueller, J. P., Miller, P. F., and Arrow, A. S. (1987). Bacterial uptake
of aminoglycoside antibiotics. Microbiol. Rev. 56, 439–457.
Tseng, C. C., Fang, W. F., Huang, K. T., Chang, P. W., Tu, M. L., Shiang, Y. P., et al.
(2009). Risk factors for mortality in patients with nosocomial Stenotrophomonas
maltophilia pneumonia. Infect. Control Hosp. Epidemiol. 30, 1193–1202. doi:
10.1086/648455
Villagra, N. A. (2012). The carbon source inﬂuences the eﬄux pump-mediated
antimicrobial resistance in clinically important Gram-negative bacteria.
J. Antimicrob. Chemother. 67, 921–927. doi: 10.1093/jac/dkr573
Webber, M. A., and Piddock, J. V. (2003). The importance of eﬄux pumps
in bacterial antibiotic resistance. J. Antimicrob. Chemother. 51, 9–11. doi:
10.1093/jac/dkg050
Whiting, P. H., Midgley, M., and Dawes, E. A. (1976). The role of glucose limitation
in the regulation of the transport of glucose, gluconate and 2-oxogluconate,
and of glucose metabolism in Pseudomonas aeruginosa. J. Gen. Microbiol. 92,
304–310. doi: 10.1099/00221287-92-2-304
Yang, L., Liu, Y., Wu, H., HØiby, N., Molin, S., and Song, Z. (2011). Current
understanding of multiplespecies bioﬁlms. Int. J. Oral. Sci. 3, 74–81. doi:
10.4248/IJOS11027
Zhao, Q., Li, X. Z., Srikumar, R., and Poole, K. (1998). Contribution of outer
membrane eﬄux protein OprM to antibiotic resistance in Pseudomonas
aeruginosa independent of MexAB. Antimicrob. Agents Chemother. 42, 1682–
1688.
Zuroﬀ, T. R., Bernstein, H., Lloyd-Randolﬁ, J., Jimenez-Taracido, L., Stewart, P. S.,
and Carlson, R. P. (2010). Robustness analysis of culturing perturbations
on Escherichia coli colony bioﬁlm beta-lactam and aminoglycoside
antibiotic tolerance. BMC Microbiol. 10:185. doi: 10.1186/1471-218010-185
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2015 Jackson, Kroukamp and Wolfaardt. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

14

September 2015 | Volume 6 | Article 953

