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Species Interaction and Selective
Carbon Addition During Antibiotic
Exposure Enhances Bacterial
Survival

Lindsay M. D. Jackson', Otini Kroukamp', William C. Yeung', Evan Ronan’,
Steven N. Liss™? and Gideon M. Wolfaardt"?*

"Department of Chemistry and Biology, Ryerson University, Toronto, ON, Canada, ?Department of Microbiology,
Stellenbosch University, Stellenbosch, South Africa

Biofims are multifaceted and robust microbiological systems that enable microorganisms
to withstand a multitude of environmental stresses and expand their habitat range. We have
shown previously that nutritional status alters antibiotic susceptibility in a mixed-species
biofilm. To further elucidate the effects of nutrient addition on inter-species dynamics and
whole-biofilm susceptibility to high-dose streptomycin exposures, a CO, Evolution
Measurement System was used to monitor the metabolic activity of early steady state pure-
culture and mixed-species biofilms containing Pseudomonas aeruginosa and
Stenotrophomonas maltophilia, with and without added carbon. Carbon supplementation
was needed for biofilm recovery from high-dose streptomycin exposures when P, aeruginosa
was either the dominant community member in a mixed-species biofilm (containing
predominantly R aeruginosa and S. maltophilia) or as a pure culture. By contrast, S. maltophilia
biofilms could recover from high-dose streptomycin exposures without the need for carbon
addition during antibiotic exposure. Metagenomic analysis revealed that even when inocula
were dominated by Pseudomonas, the relative abundance of Stenotrophomonas increased
upon biofilm development to ultimately become the dominant species post-streptomycin
exposure. The combined metabolic and metagenomic results demonstrated the relevance
of inter-species influence on survival and that nutritional status has a strong influence on the
survival of P aeruginosa dominated biofims.

Keywords: biofilm, mixed-species, environmental changes, carbon, Pseudomonas aeruginosa, Stenotrophomonas
maltophilia

INTRODUCTION

Biofilms are multifaceted and robust microbiological systems that enable microorganisms to
withstand a multitude of environmental stressors (Marchand et al., 2012; Tan et al., 2017).
Natural biofilms typically consist of multispecies communities that cooperate (Davey and
O’Toole, 2000) to enhance their success in survival (de Carvalho, 2018). For example, bacterial
strains isolated from the surface of marine algae demonstrated enhanced biofilm growth and
resistance to antimicrobial agents when compared to any of the species grown in pure culture
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(Burmglle et al, 2006). Another examples of beneficial
interspecies interactions come from a study that demonstrated
the opportunistic pathogen S. maltophilia aided in the survival
of susceptible strains of Pseudomonas aeruginosa and Serratia
marcescens in the presence of beta-lactam antibiotics (Kataoka,
2003), and the study by Ronan et al. (2013), which show that
an Arthrobacter species greatly extends the desiccation tolerance
of Pseudomonas aeruginosa after deposition on dry surfaces.
Although biofilms are highly beneficial to geochemical cycling
and other environmental processes necessary for human survival
(Paerl and Pinckney, 1996) and ecosystem services, they can
have grave socioeconomic impacts when controlled environments
are necessary, such as in industrial or clinical settings (Marchand
et al., 2012; de Carvalho, 2018). In clinical settings, biofilms
are difficult to eradicate with conventional antibiotic treatment
regimens (Costerton et al, 1999; Mah and O’Toole, 2001;
Nithya et al., 2010), and billions of dollars in health care costs
are incurred each year due to the development of chronic
infections (Bryers, 2008; Beceiro et al., 2013).

The success of biofilms in resisting antibiotic treatment can
be attributed in large part to biofilms having resistance
mechanisms common to all bacteria as well as biofilm-specific
resistance mechanisms. Bacterial resistance mechanisms include
decreased  outer-membrane  permeability, efflux-pumps,
expression and accumulation of antibiotic modifying and
degrading enzymes, as well as alterations of antibiotic targets
(Brooun et al., 2000; O’'Toole et al., 2000; Bryers, 2008). Well-
established biofilm specific resistance mechanisms include
increased heterogeneity, poor antibiotic penetration, slower
growth, nutrient limitation, adaptive stress responses, and the
presence of persister cell (Stewart, 2002; Lewis, 2007). More
recently, studies have also demonstrated how nutrient addition
can either enhance or diminish antibiotic effects depending
on the physiological states of the bacteria and the molecules
present during exposure. For example, carbohydrate addition
can act synergistically with antibiotics to enhance persister
cells susceptibility (Allison et al., 2011), while the production
of indole can upregulate oxidative stress genes and efflux pumps
that increase antibiotic resistance in Escherichia coli cultures
(Lee et al., 2010). Furthermore, biofilm studies have demonstrated
that carbon addition can antagonize antibiotic effects on
multispecies biofilms (Jackson et al., 2015), and phenazine
addition to P. aeruginosa (PA14) biofilms can antagonize the
effects of several classes of antibiotics (Schiessl et al., 2019).

Previous work by (Jackson et al., 2015) demonstrated that
multispecies biofilms (containing P. aeruginosa and S. maltophilia)
could recover from high dose streptomycin (4,000 mg/L: more
than 1,000 times higher than reported MICs) upon the addition
of a carbon source that could be readily metabolized.
Furthermore, when readily metabolized carbon sources were
present during antibiotic exposure, characteristic increases in
metabolism were observed and were predictive of biofilm
recovery. In addition, literature states that P aeruginosa and
S. maltophilia employed different routes for glycolysis (Kanehisa
and Goto, 2000b; Kanehisa et al., 2016) (the early stages of
energy metabolism). Given these three observations, it was
hypothesized that individual microbial species (pure culture)

biofilms will demonstrate differential susceptibility or resistance
against streptomycin based on their ability to rapidly degrade
a readily available carbon source in the growth medium. Given
this hypothesis we predicted that if a pure culture biofilm is
susceptible to streptomycin in one growth medium, the addition
of a readily metabolized carbon source to the medium could
confer resistance in the biofilm. Indeed, we saw that pure
culture P aeruginosa did not survive streptomycin exposure
in the growth medium [diluted trypticase soy broth (TSB)]
used previously; or with the addition of more glucose (the
carbon source natively present in TSB). However, the pure
culture P aeruginosa biofilm did survive the streptomycin
exposure upon pyruvate addition. Lower concentration
streptomycin exposures (50 mg/L) were tested; the biofilm
metabolism never fully ceased throughout a 5-day continuous
exposure and metabolism began increasing before the antibiotics
were removed (Figure 1). Therefore, we decided to continue
with the high-dose streptomycin exposures previously tested.

Since previous work showed carbon addition alongside an
increase in metabolism could antagonize streptomycin exposures
in a mixed-species biofilm we wanted to uncover (1) how the
members of the biofilm community might behave independently
of each other, i.e., in pure cultures; (2) the species composition
of the untreated multispecies biofilm at various stages of biofilm
development; and (3) how the species composition of the
biofilms correlated to recovery from the antibiotics. The two
common nosocomial pathogens Pseudomonas aeruginosa and
Stenotrophomonas maltophilia, which are implicated and have
been co-isolated in a number of diseases such as cystic fibrosis,
venous leg ulcers, and hospital acquired pneumonia (Stover et al.,
2000; Goss et al., 2002; Dowd et al., 2008; Tseng et al., 2009;
Araoka et al., 2010; Brooke, 2012), were used in this work.

In order to determine how carbon affected the response of
these two species to streptomycin exposure, the behavior of
mixed-species biofilms comprising P aeruginosa PAO1
(predominantly) and S. maltophilia was compared with their
perspective behaviors in pure culture. The mixed-species biofilm
was discovered when we came across a culture of PAO1 that
demonstrated different behaviors in metabolism compared
to other pure cultures of PAOL. Our rationale for pursuing
experiments with this “contaminated” culture was that it
potentially provides a better proxy for clinical infections, which
almost invariably contain more than one species. A CO, evolution
measurement system (CEMS) was used to track whole-biofilm
metabolism and subsequent metabolic changes in response to
antibiotic exposures with and without the addition of different
carbon sources. Metagenomic analysis before, during, and after
antibiotic exposure revealed that the community composition
changed during biofilm development and in response to antibiotic
exposure. We demonstrate here that biofilms can survive high-
dose streptomycin exposures through active metabolism linked
to carbon addition during exposure. Our research proposes
that the nutritional environment and species composition of
the biofilm at the time of exposure are important determinants
of subsequent survival. This study further proposes that survival
of an actively metabolizing member can protect other susceptible
species within the biofilm.
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FIGURE 1 | The CO, production profile (umol/h) of early steady state mixed-species biofilms grown in 0.3 g/L TSB medium exposed to 50 mg/L of streptomycin

MATERIALS AND METHODS

Strains and Culture Conditions

The bacterial strains used for biofilm experiments included
P. aeruginosa PAO1 (Fraud and Poole, 2011) and S. maltophilia
560 (DSM 24970). Pure cultures of S. maltophilia and
P. aeruginosa were maintained at —80°C and inoculated directly
into 3 g/L tryptic soy broth (TSB) medium for overnight
growth at 37°C and subsequent biofilm inoculation.

In addition to pure culture biofilms, a mixed-species biofilm
comprising mainly of Pseudomonas and Stenotrophomonas
strains, as confirmed by metagenomic analysis, was used (Jackson
et al,, 2015). Other species detected at very low numbers in
the community via metagenomic analysis included Xanthomonas,
Burkholderia, and microvirus. These bacteria are common
contaminants in DNA extraction Kkits (Salter et al., 2014), and
their presence in the culture is less certain than those of the
more dominant members (Pseudomonas and Stenotrophomonas).
The mixed-species culture was kept in freezer stocks at —20°C
in 3 g/L tryptic soy broth (TSB) (EMD Chemicals, Billerica,
MA, USA).

Biofilm Cultivation

Biofilms were cultivated aerobically at 25°C in the CEMS
apparatus described below (Bester et al., 2010). The CEMS
apparatus allows for the real-time monitoring of whole-biofilm

metabolism (Kroukamp and Wolfaardt, 2009). The CEMS was
chosen as a method of measuring the rapid changes in biofilm
metabolism in response to antibiotic exposures and subsequent
whole biofilm metabolic response following antibiotic exposures.
All biofilms were inoculated into the CEMS from an overnight
culture, initially with 30 min of no flow to facilitate attachment.
In the CEMS, a continuous flow of growth medium was fed
into the gas-permeable inner silicone tubing (inside diameter,
0.16 cm; outside diameter, 0.24 cm; length, 150 cm; VWR
International, Mississauga, ON, Canada), which is encased in
a gas impermeable Tygon tube. The CO, produced by the
biofilm crossed the silicone tube wall and was transported by
CO,-free air (TOC grade < 0.5 ppm CO,, Linde, CA, USA)
as sweeper gas and measured in real time with a CO, analyzer
(Li-Cor Biosciences, NE, USA; Bester et al., 2010). The 0.3 g/L
TSB was continuously supplied to the biofilms at a flow rate
of 15 ml/h (hydraulic retention time of 8 min). At this flow
rate, planktonic cells were washed away faster than they could
multiply within the CEMS apparatus, as the flow rate exceeds
the planktonic specific growth rates by at least 10 times.
For our CEMS set up, the system was operated aerobically,
and media were fed at a flow rate of 15 ml/h. Air was present
in both the sweeper gas and media fed into the biofilm. The
inner diameter of the silicone tubing used was 0.16 cm, and
the biofilm thickness under these nutrient and flow conditions
would average ~10 pm (Ronan et al.,, 2016). The CO, produced
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in the experimental system was attributed to aerobic metabolism.
To our knowledge, there were no alternative electron acceptors
(apart from O,), so we do not expect significant anaerobic
metabolism. Pseudomonas may ferment (pyruvate and arginine)
under certain conditions, but it will lead to insignificant CO,
contributions since pyruvate fermentation cannot support growth,
and our conditions are not conducive for arginine fermentation
(Eschbach et al., 2004; Schreiber et al., 2006).

Biofilm Antibiotic Exposures

It is commonly stated that biofilms can resist antibiotic
concentrations up to 1,000x their planktonic MICs and that
older biofilms are more resistant to antibiotics (Stewart, 2002).
Furthermore, previous research has reported planktonic MICs
of S. maltophilia strains to aminoglycosides (including
streptomycin) in the thousands of mg/L. Thus, it was presumed
that biofilms containing S. maltophilia might survive
aminoglycoside concentrations in the thousands of mg/L (Zhang
et al., 2000). The initial experimental run employed a mixed-
species biofilm grown to steady-state metabolism (between 24
and 48 h after the initial growth period following exponential
growth (Jackson et al., 2015) prior to being exposed to 50 mg/L
streptomycin (inoculum planktonic MIC = 3.5 mg/ml) for
120 h. Since the biofilm rapidly recovered following exposure
to the antibiotic (i.e. antibiotic withdrawn from the feed) at
50 mg/L, we tested what might happen if we exposed an older
biofilm (5 days of growth) to a dose of antibiotic 1,000x the
planktonic MIC. The mixed species biofilm exposed to 50 mg/L
streptomycin began recovery prior to removal of the antibiotic
medium and metabolic activity was observed to return to
steady-state conditions upon resumption of antibiotic-free
medium. For the older biofilm exposures, two separate biofilms
that were grown to either 96 or 120 h and exposed to 4,000 mg/L
were able to recover back to steady state levels within 72 h.
Thus, the remainder of our experiments was high-dose
streptomycin exposures performed on early steady state biofilms
to monitor the early phases in which biofilms remain sensitive
to high-dose streptomycin exposures.

Where duplicate and triplicate experiments were performed
the graphs shown in the results section are showing CO,
outputs of single experimental runs, representative of what
we have seen in replicates. Mixed species biofilms were grown
to early steady state levels prior to exposure to 4,000 mg/L
streptomycin for 4 h, in triplicate. Due to lack of early steady-
state mixed species biofilm recovery following high-dose
streptomycin exposures two experimental runs with carbon
added during the antibiotic exposure were performed: the first
run was with 2 mM pyruvate added, and the second run had
0.86 mM of glucose added to the antibiotic medium.

The added carbon aided in recovery of the multispecies
biofilm, which then led us to explore the response of pure
culture biofilms to the high-dose streptomycin exposures with
and without added carbon. In duplicate for each strain, early
steady-state pure-culture biofilms of P aeruginosa PAO1 and
S. maltophilia 560 were exposed to 4,000 mg/L streptomycin
(added to the 0.3 g/L TSB medium) for 4 h. Next, in duplicate
for each carbon source, pure-culture early steady-state PAO1

biofilms were exposed to 4,000 mg/L streptomycin in 0.3 g/L
TSB medium supplemented with both pyruvate and glucose
to a final concentration of 2 and 0.86 mM, respectively.

The use of streptomycin in this work was to demonstrate
biofilm responses to stress under varying environmental
conditions. It is well understood that (1) streptomycin is not
used to treat chronic infections of either P. aeruginosa or S.
maltophilia and (2) the levels of antibiotic used in this study
greatly exceeded safe therapeutic levels in humans. The antibiotic
medium was adjusted to pH 6.0 to keep consistent with
previous work, since pH affects aminoglycoside susceptibility
(Damper and Epstein, 1981; Xiong et al., 1996; Jackson et al,,
2015). Streptomycin sulfate (Biobasic Inc. Markham, ON,
Canada) was added directly to the various media, and the
final pH was adjusted to pH 6.0-6.1 with 1 M HCL. The use
of pyruvate in the addition of carbon experiments was because
pyruvate is representative of the preferred carbon sources of
Pseudomonas (Rojo, 2010), and because it is an end product
of glycolysis and starting point of the Krebs cycle, where
under aerobic conditions, it is converted into Acetyl-CoA.
Under anaerobic condition, pyruvate can be converted to
lactate with lactate dehydrogenase, which is found in nearly
all living cells.

It is important to state here that these experiments are not
high-throughput experiments where large numbers of replicates
can be performed. However, this method of experimentation
allows for real-time and automated observations of systems
in flux, which removes the potential for errors arising due to
experimental manipulation that can occur with microscopy
and microtiter plate methods.

Mixed-Species Whole-Biofilm and Biofilm
Effluent Sample Preparation for

DNA Extraction

Whole biofilms were sacrificed after 72 h for DNA extraction
following the protocol described by Bester et al. (2010). Briefly,
the entire bulk fluid (~2 ml) was drained from the CEMS
into a waste container. Following removal of the bulk liquid,
the remaining attached biofilm was removed by injecting 2 ml
of a 0.1 M NaOH solution preheated to 60°C and collected
into a 15 ml polyethylene tube. To ensure efficient biofilm
collection and removal, another 2 ml of 0.1 M NaOH was
injected into the biofilm growth chamber of the CEMS and
kept in a 60°C incubator for 1 h prior to being flushed into
the same 15 ml polyethylene tube containing the first wash
of biofilm.

Biofilm effluent samples were collected prior to biofilm
sampling for 18 h into sealed sterile flasks on ice. The biofilm
fraction and biofilm effluent samples were centrifuged for 5 min
at 12,000 xg, and DNA extraction was performed on the
cell pellets.

Preparation of Genomic DNA for Full
Genome Sequencing

Planktonic cultures from the mixed-species stock were grown
in 3 g/L TSB medium and biofilms were grown in 0.3 g/L
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TSB medium. The genomic DNA of the planktonic cultures,
whole-biofilm, and biofilm effluent collected from pre- and
post-streptomycin exposed steady state biofilms were extracted
using the MoBio UltraClean® Microbial DNA Extraction Kit
(MoBio Laboratories INC., Carlsbad, CA, USA) following the
manufacturer’s protocol.

Early steady state biofilms in 0.3 g/L TSB media did not
survive antibiotic exposures, thus older biofilms were used
to capture pre-/post-exposure biofilm effluent for metagenomic
analysis. Previous experimental data (unpublished work) found
no culturable effluent cells post-antibiotic exposure. Thus,
the only way to capture cells in the effluent post-antibiotic
exposure was be to do it on an older biofilms in which
you know the biofilm is capable of surviving and producing
effluent cells.

Metagenomic Analyses

Whole genome sequencing was performed by the Center
for the Analysis of Genome Evolution and Function (CAGEF)
at the University of Toronto, Toronto, Canada with a MiSeq
Personal Sequencer v2. The unassembled data provided
by CAGEF were analyzed by the mg-RAST server (v3.2),

which provides annotation, analyses, and metadata on the
metagenomes (Meyer et al., 2008).

RESULTS

We reported previously (Jackson et al, 2015) that early
steady state multispecies biofilms, containing predominantly
P aeruginosa and S. maltophilia, survived high doses (4,000 mg/L)
of streptomycin when a readily degradable (labile) carbon
source was available. It was postulated that one or more
strains in the multispecies culture were able to benefit from
the presence of a readily degradable carbon source upon
antibiotic addition, which aided in biofilm survival. To test
our hypothesis that each species in the biofilm will demonstrate
differential susceptibility to streptomycin, we investigated
pure culture biofilms of P. aeruginosa and S. maltophilia to
assess their ability to rapidly utilize a readily available carbon
source in the growth medium.

When pure-culture P aeruginosa biofilms were grown in
TSB medium, the biofilms were unable to survive the high-
dose streptomycin exposures (Figure 2A). Conversely, when
pure-culture S. maltophilia biofilms were grown in TSB medium

25r 1 25
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FIGURE 2 | The CO, production profile (umol/h) of early steady state biofilms grown in 0.3 g/L TSB medium exposed to 4,000 mg/L of streptomycin (str) for 4 hin
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and exposed to high-dose streptomycin, biofilms could recover
from the antibiotic exposure (Figure 2B).

Since pure-cultures of P aeruginosa were unable to survive
high doses of streptomycin in the TSB medium, we then tested
the hypothesis that a nutritional boost in the form of a readily
degradable carbon course could decrease biofilm susceptibility
to high-dose streptomycin exposures. Early-steady state P. aeruginosa
biofilms exposed to high doses of streptomycin did not recover
when glucose was added as a nutritional boost (Figure 3A). On
the other hand, the addition of 2 mM pyruvate to the antibiotic
medium resulted in pure-culture P. aeruginosa biofilm recovery
(Figure 3B), a number of days after exposure. Given the variations
in survival of the pure culture biofilms, we set out to explore
the effect of carbon addition during high-dose streptomycin
exposures on mixed-species biofilms containing a higher proportion
of P aeruginosa (the more susceptible community member).

The mixed-species culture in this study contained both P.
aeruginosa and S. maltophilia. This combination is relevant as
Stenotrophomonas has frequently been co-isolated with Pseudomonas
from infections and has a different metabolic route for glycolysis
compared to Pseudomonas (Kanehisa and Goto, 2000; Tseng
et al., 2009; Kanehisa et al, 2016). A 2-day-old mixed-species
biofilm (Figure 4A) did not survive 4,000 mg/L streptomycin
exposure in 0.3 g/L TSB medium (the main carbon source in
TSB medium is glucose). However, when the mixed-species
biofilms were exposed to antibiotics in medium supplemented

with glucose or pyruvate they were able to survive (Figure 4B).
Thus far, it has been demonstrated that nutritional status is
important for the survival of both pure culture and mixed-species
biofilms. Since the mere presence of S. maltophilia is not enough
to confer resistance in the mixed-species biofilm, it was of interest
to correlate the antibiotic data and the species composition of
the biofilm via metagenomic analysis of the mixed-species biofilm.

The results of the bacterial identities at the genus level from
mg-RAST are listed in Figure 5. The species abundance is derived
from the number of annotations made at the species level from
all the annotation source databases used by mg-RAST (Meyer
et al., 2008). P. aeruginosa strains have four copies of 16S rRNA
(Bodilis et al., 2012), and S. maltophilia has five to six copies
(Zhu et al, 2012), which are comparable and why we are
comfortable describing the species composition as is seen in
Figure 5. The most common Pseudomonas strain annotated in
each of the cultures was P aeruginosa (PAO1) and the most
common Stenotrophomonas strain annotated was S. maltophilia
(R551-3). The whole-biofilm data and the pre-exposure effluent
data show that P aeruginosa accounts for ~70% of the species
annotated in the bioflm metagenome and is the dominant
organism before antibiotic exposure. It is important to note that
biofilm composition will change with age and exposure to different
nutrient regimes and stresses. The schematic shown in
Figure 6 depicts the shift in relative species abundance over
time. The schematic represents continuous CO, production data
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FIGURE 3 | The CO, production profile (nmol/h) of P aeruginosa (PAO1) biofilms grown in 0.3 g/L TSB medium exposed to 4,000 mg/L streptomycin (str) with
either (A) 0.86 mM glucose (glu) added for 4 hin 0.3 g/L TSB medium or (B) 2 mM pyruvate (pyr) added for 4 h in 0.3 g/L TSB medium.
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(as a measure of total biomass, Bester et al, in preparation)
overlaid with relative community ratios interpolated from discreet
data points. As shown in Figure 5, a planktonic inoculum
comprising of 97% Pseudomonas and 1.1% Stenotrophomonas
resulted in a biofilm composition of 70.3% Pseudomonas and
22.4% Stenotrophomonas on day 3—indicating that the relative
abundance of community members in the planktonic inoculum
will not necessarily be maintained by the community composition
of the biofilm it engendered. Interestingly we recorded a composition
of 70.2% Pseudomonas and 21.9% Stenotrophomonas in the effluent
before treatment; closely mirroring the ratio obtained for the
whole-biofilm community (Figures 5B,C) suggesting that effluent
composition approximates the biofilm composition. Following
the antibiotic exposure and subsequent metabolic recovery back
to steady state levels, the biofilm effluent shifted from a Pseudomonas
dominated community to a Stenotrophomonas dominated
community with a 65.5% Stenotrophomonas and 18.1% Pseudomonas
distribution (Figure 5D).

DISCUSSION

This work highlights the importance of considering the nutritional
status when interpreting biofilm survival in response to stressors.

The results further supported the hypothesis that bacterial
antibiotic susceptibility will differ in pure-culture according to
the availability of readily degradable carbon compounds. Although
not flowing directly from our hypothesis and predictions,
we observed that survival of one community member in a
biofilm favored by nutritional conditions can aid in the survival
of community members that were vulnerable as a pure-culture
under the same conditions.

Previous studies have shown that nutrient status during
antibiotic exposure affects survival, where certain metabolites
can either enhance or inhibit antibiotic susceptibility (Allison
et al., 2011; Barraud et al., 2013; Jackson et al., 2015). In this
work, early steady state mixed-species biofilms (~70% P.
aeruginosa) and pure-culture PAO1 biofilms did not recover
from high dose streptomycin exposures in TSB medium unless
carbon was added to the antibiotic medium (Figures 2A, 3A).
In the mixed-species culture, either pyruvate or glucose addition
to the antibiotic medium aided in biofilm survival (Figure 4B),
whereas in pure-culture P aeruginosa biofilms only pyruvate
(not glucose) addition aided in survival post-antibiotic exposure
(Figures 3A,B). By contrast, the same TSB medium provided
an environment suitable for pure-culture S. maltophilia biofilm
survival, without the need for added carbon (Figure 2B). An
increase in CO, as observed in Figure 2B could result from
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Pseudomonas
Stenotrophomonas
Xanthomonas
Microvirus

Other

OODEN

Whole Biofilm

Pseudomonas
Stenotrophomonas
Xanthomonas
Microvirus

Other

OODEN

Post-exposure bioilm effluent

changes in pH or increases in metabolism. It is not believed
that a drop in pH is the cause of the increased metabolism,
as biofilm exposures to pH as low as 5 had been performed
without the large changes in CO, output shown in Figure 2B
(unpublished data). Therefore, it is believe that the rapid increase
in CO, output upon antibiotic exposure might result from a
number of cellular processes that affect metabolism (for example
efflux pumps, stress responses, or other homeostatic processes).
In particular, S. maltophilia is inherently equipped with energy
requiring efflux pumps and aminoglycoside modifying enzymes
capable of effluxing streptomycin (Crossman et al., 2008), and
these may account for the rapid metabolic increase seen in
response to the high-dose streptomycin exposure in Figure 2B.
In the mixed-species culture, it appears plausible that glucose
addition aided the Stenotrophomonas, and the added pyruvate
was aiding Pseudomonas, as Pseudomonas did not derive benefit
from glucose addition in pure culture. This demonstrates the
importance of ecological interactions in addition to nutritional
status, as each species metabolize carbohydrates differently; a
factor should be considered in the evaluation of antibiotics as

it became increasingly evident that mixed-species infections
are not the exception.

Although both S. maltophilia and P. aeruginosa can metabolize
glucose, P. aeruginosa has been shown to preferentially metabolize
amino acids and organic acids to glucose, when these carbon
sources are all present in the growth medium (Ng and Dawes,
1967; Mukkada et al., 1973; Collier et al., 1996). Thus, in TSB
medium, glucose may not be the primary carbon source utilized
by P. aeruginosa during antibiotic exposure. Regarding glycolysis,
P aeruginosa metabolizes glucose via the Entner-Doudoroff
pathway, which produces one less ATP compared to the Embden-
Meyerhof-Parnas (EMP) pathway used by S. maltophilia (Kanehisa
and Goto, 2000b; Stettner and Segre, 2013; Kanehisa et al.,
2016). However, further experimental evidence would be required
to confirm that higher ATP production afforded such metabolic
advantage that leads to the survival of Stenotrophomonas with
glucose addition. Apart from being a carbon source and electron
donor, carbon addition might also affect other environmental
factors such as pH and osmolarity. However, since we observed
survival of mixed-species biofilms under all conditions of carbon
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FIGURE 6 | Relative abundance of Pseudomonas to Stenotrophomonas within the multispecies biofilm at various time points in biofilm growth. The data used for the
schematic representation were genus distributions annotated from the metagenomes submitted to mg-RAST. The metagenomic samples taken had percentage (%)
bacterial compositions (Pseudomonas: Stenotrophomonas) as follows: initial inoculum 97:1; steady-state biofim and pre-exposure biofilm effluent: 70:20;

post-exposure effluent 18:65. The schematic shows an increase in Stenotrophomonas in the population following inoculation and biofilm development. Following the
antibiotic exposure the relative abundance of Stenotrophomonas is seen to shift again; reflecting the effluent sample taken following recovery after the antibiotic exposure.

addition, we argue here that the added carbon did not directly
interfere with the antibiotic action.

This study focused on the effect of nutritional status on
antibiotic resistance in two common opportunistic pathogens
(P, aeruginosa and S. maltophilia; Crossman et al., 2008). Previous
work has shown that S. maltophilia colonization is not always
associated with mortality and disease, but it can act as an indirect
pathogen (Ryan et al, 2009). In this work, we demonstrated
that the presence of S. maltophilia was aiding in whole biofilm
survival under different environmental conditions, and more
specifically in the survival of other pathogens.

A shift in community composition upon biofilm maturation
that is different from the source of inoculum reveals how biofilm
development can lead to competitive advantages for community
members. The metagenomic community profile demonstrates
that the established biofilm and the pre-exposure effluent
population mirrored each other, but the effluent population
composition shifted following an antibiotic exposure to a
community dominated by Stenotrophomonas. The increase in
Stenotrophomonas in the population following antibiotic exposure
indicated that it had a competitive advantage compared to the
Pseudomonas in the culture, either inherently or due to the
environmental conditions at the time. Nevertheless, in the mixed-
species setting, the mere presence of the S. maltophilia was not
enough to guarantee survival for early steady state biofilms,
while carbon addition could. Future work should attempt to
uncover a threshold concentration of Stenotrophomonas needed
for early steady state biofilm survival. The other species annotated
in the cultures following metagenomic analysis (Figure 5) have

probably played a minimal role in the ability to recover from
the antibiotic exposures in this study. Others have pointed out
that the DNA extraction kits and reagents used to prepare
DNA samples for further analysis have widespread DNA
contamination. Bacterial DNA commonly found contaminating
extraction kits include several of the bacteria sequenced in this
study such as Pseudomonas, Stenotrophomonas, Burkholderia
(indicated under other), and Xanthomonas (Salter et al., 2014).

Therefore, it appears plausible that nutrient availability is
a strong determinant of biofilm survival following antibiotic
exposure, and it is worth considering the environment in which
antibiotics are administered. Both pure-culture and mixed-
species cultures containing P. aeruginosa were susceptible to
the streptomycin exposures in TSB medium unless a nutritional
boost was provided along with the antibiotic. As long as the
addition of carbon could aid one of the community members,
the biofilm survived. This work demonstrates the importance
of ecological interactions in survival to stressors such as
antibiotics, and thus, the need to emphasize the potential added
complexity that mixed-species infections pose to health care.
The observations made here may also have some relevance
for nutritional conditions to apply when performing antibiotic
minimum inhibitory concentrations.
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