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RESEARCH ARTICLE

Aerial Exposure to the Bacterial Volatile Compound Trimethylamine
Modifies Antibiotic Resistance of Physically Separated Bacteria by
Raising Culture Medium pH
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Institut Pasteur, Unité de Génétique des Biofilms, Département de Microbiologie, Paris, France?; Université Paris Diderot, Sorbonne Paris Cité, Cellule Pasteur, Paris,
France®; Institut Pasteur, Unité de Résonance Magnétique Nucléaire des Biomolecules, Paris, Frances; CNRS, UMR 3528, Paris, Franced

*Present address: Steve P. Bernier, Farncombe Family Digestive Health Research Institute, Department of Medicine, Faculty of Health Sciences, McMaster University, Hamilton,
Ontario, Canada.

ABSTRACT Bacteria release a wide diversity of small bioactive molecules that often correspond to secondary metabolites. Among
them, volatile molecules produced under various growth conditions were shown to mediate cross-kingdom interactions with
plants, nematodes, and fungi. Although the role of volatile compounds in bacterial biology is not well understood, recent reports
indicated that they could play a role in airborne interactions between bacteria and influence antibiotic resistance, biofilm forma-
tion, and virulence. In this study, we investigated long-distance effects of 14 previously described Escherichia coli volatile com-
pounds upon the bacteria E. coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Bacillus subtilis. We show that several of
these molecules constitute chemical cues influencing growth, adhesion, and motility in exposed bacteria. Moreover, we show
that aerial exposure to trimethylamine (TMA), a volatile compound produced in animal intestines and tissues upon biogenic
reduction of trimethylamine oxide (TMAO), modifies the antibiotic resistance profiles of all tested Gram-positive and Gram-
negative bacteria. We demonstrate that the TMA mode of action is distinct from that previously described for ammonia and re-
sults from nonspecific transient alteration of antibiotic uptake due to pH increase in the environment of bacteria aerially ex-
posed to TMA. Our study therefore presents a new way by which volatile compounds can affect community behavior and
structure in physically separated bacteria. It further demonstrates that bacterial gases and volatile compounds mediate chemical
interactions, triggering functional responses that play an important role in the development of bacterial communities.

IMPORTANCE Bacteria release many different volatile compounds during food transformation and fermentation. Here we sought
to investigate the role of several bacterial volatile molecules released by Escherichia coli during long-distance airborne interac-
tions with other bacteria. While several tested volatiles affect bacterial motility and surface adhesion, we show that aerial expo-
sure to trimethylamine, a molecule produced by E. coli and many other Gram-negative bacteria in animal intestines and infected
tissues, also modulates antibiotic resistance in all tested bacteria. We demonstrate that exposure to trimethylamine increases the
PpH of the growth medium of exposed bacteria, resulting in modifications in antibiotic uptake and transient alteration of antibi-
otic resistance. Our study therefore presents a new mechanism by which volatile compounds can affect community behavior and
structure in physically separated bacteria, and it illustrates how airborne chemical interactions between bacteria contribute to
the development of bacterial communities.
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he capacity of bacteria to sense and respond to small bioactive

metabolites contributes to their ability to adapt and thrive in
complex polymicrobial environments (1-3). While the role of sol-
uble molecules has been actively investigated, bacteria also release
a wide diversity of volatile compounds corresponding to by-
products of metabolic reactions occurring under various growth
conditions during food transformation and fermentation (4-6).
Bacterial volatiles are perceived as odors, attractive scents, or pol-
lutants by an animal’s olfactory receptors or specialized detection
devices, but their role in local and distant microbial interactions
has generally been overlooked (7). Nevertheless, volatile bacterial
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secondary metabolites have recently been shown to influence the
growth of exposed plants, fungi, and animals (8-12). Moreover,
several reports also showed that bacterial volatiles mediate biolog-
ical interactions between physically separated bacteria and mod-
ulate bacterial behavior and phenotypes, such as stress and anti-
biotic tolerance, colony morphotypes, community behavior, and
virulence (8, 13—19). While these studies indicate that bacterial
volatiles have broad biological effects upon the bacteria them-
selves, characterization of the highly complex blend of volatiles
produced by each bacterium and elucidation of their biological
roles remain challenging tasks (8).
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FIG 1 Phenotypes induced by E. coli volatile compounds in representative bacteria. (A) Variations of the previously described 2-petri-dish assay (17) used to
evaluate the impact of volatile compounds on antibiotic resistance, growth and morphotype, motility, and biofilm formation as described in Materials and
Methods. *, 20-ul bacterial inoculum. AB, antibiotic. (B) Volatile-mediated modulation of biofilm formation by exposed E. coli MG1655F’, P. aeruginosa PAO1,
S. aureus HG001, and B. subtilis 3610 to 12 volatile compounds (listed in Table 1). E. coli graph: B, 1% 1-butanol; b, 0.1% 1-butanol; D, 0.15% indole; d, 0.015%
indole. P. aeruginosa graph: B, 1% 1-butanol; b, 0.1% 1-butanol. S. aureus graph: B, 1% 1-butanol; b, 0.1% 1-butanol. B. subtilis graph: F, 1% hexadecane; f, 0.1%
hexadecane. The data represent means = standard deviations (SD) from at least 3 independent experiments in which the ODg, of the nonexposed bacteria was
defined as 1. For statistical analysis, P < 0.05 (*), P < 0.01 (**), and P < 0.0001 (***) by one-tailed unpaired Student’s ¢ test in comparison with H,O. (C) Aerial
exposure to TMA increases resistance to tetracycline in all tested bacteria. Shown is growth of E. coli MG1655, P. aeruginosa PAO1, S. aureus HG001, and B. subtilis
168 on inhibitory concentrations of tetracycline upon exposure to H,0, NHj; (1%), or TMA (0.5%). Pictures were taken after 24 h of aerial exposure to the volatile

source in the 2-petri-dish experimental design presented in panel A.

We previously showed that biogenic gaseous ammonia has
profound effects upon the antibiotic resistance profiles of both
Gram-negative and Gram-positive bacteria (17). In this study, we
wished to expand the repertoire of bacterial volatiles that play a
potential role in bacterial physiology. Using a simple experimental
system to evaluate volatile interactions between bacteria, we in-
vestigated long-distance actions of 14 previously described Esche-
richia coli volatile compounds on motility, biofilm formation, and
antibiotic resistance using E. coli, Pseudomonas aeruginosa, Staph-
ylococcus aureus, and Bacillus subtilis as target bacteria for intra-
and interspecies interactions. Among our findings, we show that
aerial exposure to trimethylamine (TMA), a volatile molecule
produced upon biogenic reduction of trimethylamine oxide
(TMAOQ), led to modification of the antibiotic resistance profile in
all tested Gram-negative and Gram-positive bacteria (20-22). In-
terestingly, the TMA-dependent phenotype and mode of action
were distinct from those previously described for ammonia and
involving the synthesis of intracellular polyamines. In contrast, we
show that TMA activity depends on an alteration in antibiotic flux
due to a pH increase in the environment of bacteria exposed to
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TMA. Our study therefore reveals a new mechanism by which
bacteria can display transient increased resistance to antibiotics
when exposed to volatile compounds produced by neighboring
bacteria. The previously unsuspected phenotypic consequence of
exposure to TMA could contribute to altering stress resistance and
bacterial community behavior in TMA- and TMAO-rich environ-
ments, such as animal intestines and tissues.

RESULTS

Screening for phenotypes induced by E. coli volatile compounds
in aerially exposed representative bacteria. We hypothesized
that aerial exposure to E. coli volatile compounds other than am-
monia (NH;) could also influence bacterial behavior, including
motility, growth, biofilm formation, and antibiotic resistance. To
test this, we exposed Gram-positive and Gram-negative bacteria
to 14 known and commercially available E. coli volatile com-
pounds emitted from liquid solutions placed in the middle of a
previously described 2-petri-dish assay (Fig. 1A and Table 1) (17,
22-25,26). Exposure of E. coli, P. aeruginosa, S. aureus, and B. sub-
tilis to 14 characterized E. coli volatile compounds showed that,
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TABLE 1 Phenotypic impact of aerial exposure to E. coli volatile compounds®

Escherichia coli Pseudomonas aeruginosa

Staphylococcus aureus Bacillus subtilis

Tested Motility Motility Motility Motility

volatile agar, Tet agar, Tet agar, Tet agar, Tet

compound Growth 0.3%  Biofilm resistance Growth 0.3%  Biofilm resistance Growth 0.3%” Biofilm resistance Growth 0.3%  Biofilm resistance

A:ammonia, = = = . = = = ¥ = ND Vi . = = Vi Ve
1%

B: 1-butanol, = N = = = 7 = = ND Vd = = = = =
1%

C: ethanol, = = = = = = N = = ND = = = = = =
1%

D:indole, = = N = = AN N\ = = ND Vi = = = = =
0.15%

E: dodecane, = = = = = = = = = ND = = = = = =
1%

F: hexadecane, = = = = = = = = = ND = = = = Vi =
1%

G: 2-butanone, = = \ = = J = = = ND = = = = = =
1%

H: ethyl acetate, = = = = = = = = = ND = = = = = =
1%

I: isoprene, = = = = = = = = = ND = = = = = =
1%

J: 3-hydroxy = = = = = /! N = = ND = = = = = =
2-butanone,?
1%

K: glyoxylic = = = = = = = = = ND = = = = N =
acid,
1%

L: trimethylamine = = = Vi = = = i = ND J Vi = = = Vi
0.5%

2,3-Butanedione, N ND ND ND N ND ND ND N ND ND ND N ND ND ND
1%-°

Acetaldehyde, N ND ND ND N ND ND ND N ND ND ND N ND ND ND
1%¢

@ =, not affected; \, inhibition; 7, stimulation; ND, not determined. Shaded cells indicate a phenotype observed with all exposed bacteria.

b S. aureus HGOO1 was not motile on 0.3% motility agar plates.

¢ Both acetaldehyde and butanedione were toxic at 1% and 0.1% concentrations and were not further analyzed.

4 Acetoin.

except for 2,3-butanedione and acetaldehyde, none of the remain-
ing 12 tested compounds showed significant growth toxicity and
could therefore be used for further phenotypic analyses (Table 1).
Whereas none of the 12 nontoxic compounds triggered growth
differences on plates, use of 0.3% motility agar plates revealed that
aerial exposure to several compounds affected E. coli (1-butanol)
and P. aeruginosa (indole, 2-butanone, and acetoin) motility (Ta-
ble 1). While B. subtilis motility was unaffected by the tested vola-
tiles (Table 1), this phenotype could not be studied with S. aureus,
since it is nonmotile (data not shown). We also observed that
several volatile compounds, including indole, 1-butanol, and
hexadecane, increased or decreased the bacterial ability to form
biofilms in microtiter plates. This effect is concentration depen-
dent, since exposure of recipient bacteria to 10-fold dilutions of
the corresponding emitting solutions had no effect on biofilm
formation and motility (Fig. 1B) (data not shown). Finally, we
tested whether exposure to any of the tested volatile compounds
could also affect antibiotic resistance, and we showed that, in ad-
dition to previously described effects of gaseous ammonia (17),
exposure to trimethylamine (TMA) led to increased resistance to
tetracycline in all tested Gram-negative and Gram-positive bacte-
ria (Fig. 1C).
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These results therefore demonstrate that several E. coli volatile
compounds influence a variety of bacterial phenotypes in aerially
exposed bacteria. Considering its activity on a broad range of bac-
teria, we decided to focus the rest of our study on the TMA-
dependent phenotype.

Biogenic volatile TMA produced from TMAO is active on
distantly exposed bacteria. Trimethylamine (TMA; C;HgN) is a
tertiary volatile amine that contributes to the odor of spoiling fish
produced upon biogenic reduction of trimethylamine oxide
(TMAO), a compound present in many animal and plant tissues
(20, 27-29). While produced both under aerobic and anaerobic
conditions, TMA is used as an alternative electron acceptor during
respiration in the absence of oxygen (21). While our initial screen
revealed increased resistance to tetracycline using TMA emitted
from pure solutions, we next determined whether biogenic TMA
produced and released upon spontaneous bacterial reduction in
TMAO-containing lysogeny broth medium (LB, ) would have
similar bioactivity. In order to avoid interference with ammonia
naturally emitted from high-cell-density populations, we used an
E. coli TG1 AaspC mutant impaired in ammonia production (17).
We used a 2-petri-dish device to expose E. coli, P. aeruginosa,
S. aureus, and B. subtilis to volatile compounds naturally emitted
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FIG 2 Biogenic production of TMA by E. coli from TMAO increases tetracycline resistance in representative bacteria. (A) Biogenic TMA produced by E. coli
from TMAO induces increased tetracycline resistance of all tested Gram-positive and Gram-negative bacteria. Shown is growth of E. coli MG1655, P. aeruginosa
PAOL, S. aureus HG001, and B. subtilis 168 on inhibitory concentrations of tetracycline when aerially exposed to H,O or to filtered E. coli TG1 AaspC cultures
grown in LBpy;50. (B) E. coliMG1655 growth on 3 pg/ml tetracycline when aerially exposed to filtered E. coli TG1 AaspC cultures grown with or without TMAO
substrate or exposed to a filtered culture of TMAO reductase multiple mutant grown in LB ;. (C) Principle of the experimental design used to compare the
amounts of TMA emitted from various pure and biogenic TMA solutions when resolubilized in 80 ul of water exposed in the 2-petri-dish assay at the same
distance from the source of tested volatile compounds as the exposed bacteria. (D) Biogenic production of TMA by E. coli TG1 AaspC when grown in the presence
of TMAO substrate. One-dimensional proton spectra are shown. The AaspC Ared strain (containing mutations in all known TMAO reductases) grown in LB was
ammonia negative without TMAO in the culture. The AaspC Ared strain grown in LBy, was ammonia negative with TMAQ in the culture (pH 8.8). The AaspC
strain grown in LB, was ammonia negative with TMAO in the culture (reduction of TMAO in TMA). A single peak resonating at 2.73 ppm corresponding
to TMA is indicated. The AaspC strain grown in LB was ammonia negative without TMAO in the culture.

from filtered E. coli AaspC stationary-phase cultures grown in  B). Moreover, although a saturation plateau is reached in our
LByvao» and we demonstrated that all bacteria exposed to bio-  experimental condition after a 0.25% TMA-emitting solution, the
genic TMA displayed increased resistance to tetracycline (Fig. 2A).  quantity (Fig. 3A) and activity (Fig. 3B) of biogenic TMA pro-
To confirm that this phenotype was due to emission of volatile  duced by E. coli TG1 AaspC grown in LBy, are similar to those
TMA, we studied TMAO conversion into TMA in E. coli TG1  of 0.25% pure TMA solutions. These results therefore indicate
AaspC Ared, containing mutations in all known TMAO reduc-  that active TMA-emitting solutions used in our study (0.25% and
tases, namely torA, torYZ, dmsA, and ynfEFGH dmsD (21, 30,31).  0.5%) are biologically relevant and close to those reached upon
E. coli aerially exposed to volatile compounds emitted from fil-  biogenic production of TMA by bacteria. Finally, we compared
tered ammonia and TMA-deficient TG1 AaspC Ared stationary-  increased resistance to tetracycline in E. coli exposed to volatile
phase cultures grown in LBy, did not display increased resis- compounds emitted either from TG1 grown in LB (only emitting
tance to tetracycline (Fig. 2B). Consistently, nuclear magnetic ~ammonia) or from TG1 grown in LBy, (emitting ammonia
resonance (NMR) analysis performed on TMA solubilized into  and TMA), and we observed slightly increased resistance to tetra-
water exposed for 24 h at the site of bacterial inoculation (see the  cycline in the latter case, suggesting limited potential synergy be-
experimental setup described in Fig. 2C) showed that, whereas tween the two volatile compounds (see Fig. S1 in the supplemental
E. coli TG1 AaspC grown in LBry s produced TMA, TG1 AaspC  material).
Ared was unable to convert TMAO into TMA (Fig. 2D). TMA and NH; modes of action are distinct and lead to different
We then used a dimethyl sulfoxide (DMSO) standard and nu-  phenotypes. In E. coli, increased resistance to tetracycline upon ex-
clear magnetic resonance (NMR) analysis to compare biogenic  posure to ammonia was previously shown to require the presence of
TMA with various emitting solutions prepared with increasing the Amt membrane channel and synthesis of the intracellular poly-
concentrations of pure TMA. This relative quantification analysis ~ amines putrescine and spermidine (Fig. 4A) (17). However, exposure
showed that increased tetracycline resistance of bacteria exposed  of corresponding amtB (Amt-negative) and speABCDE (polyamine-
to increasing concentrations of pure or biogenic TMA-emitting  negative) E. coli mutants to TMA still conferred increased resistance
solutions also correlates with increased TMA solubilized into wa-  to tetracycline (Fig. 4A). In addition, although both ammonia and
ter exposed for 24 h at the site of bacterial inoculation (Fig. 3Aand TMA promoted increased resistance to tetracycline and decreased
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FIG 3 Phenotypic and quantitative comparison of pure and biogenic TMA solutions. Relative quantification of TMA produced from biogenic and various pure
TMA-emitting solutions (0.01, 0.05, 0.1, 0.25, and 0.5%) was performed by proton NMR analyses using an internal standard of DMSO of a known concentration
(1.08 mM). (A) The TMA concentration in the biogenic sample was evaluated by taking into account that two methyl groups contribute to the DMSO signal,
whereas three methyl groups contribute to the TMA signal. A saturation plateau occurs around 0.25% TMA, giving only a lower limit of TMA concentration. (B)
Increased tetracycline resistance of E. coli exposed to biogenic and various pure TMA-emitting solutions (0.01, 0.05, 0.1, 0.25, and 0.5%). (C) Determination of
the pH in the 80-ul water recipient exposed in the 2-petri-dish assay to biogenic and various pure TMA-emitting solutions (0.01, 0.05, 0.1, 0.25, and 0.5%).

resistance to aminoglycosides, such as spectinomycin, aerial exposure
to TMA also decreased resistance to chloramphenicol in all tested
bacteria (Fig. 4B and C) (data not shown). Finally, while we previ-
ously showed that ammonia decreases oxidative stress induced by
paraquat (17), exposure to volatile TMA instead led to increased
paraquat toxicity in E. coli (Fig. 4D). These results therefore suggested
that TMA perception and its mode of action are distinct from those of
ammonia.

TMA and chemically distinct volatile amines induce similar
phenotypes. To further investigate genetic requirements for TMA
perception, we tested whether transporters of structurally related
nonvolatile trimethylammonium compounds such as betaine,
choline, and carnithine could contribute to TMA perception in
bacteria exposed to TMA (32). However, none of the tested mu-
tants corresponding to the choline, betaine, or carnithine trans-
porter (betT and caiT) and their identified paralogs in E. coli
(proU, proP, yeaV, yehX, yhjE, yiaM, shiA, putP, afuC, metN, glnQ,
kgtP, potA, potG, ycjV, and ydf]) (33) were found to affect volatile
TMA-dependent tetracycline resistance in mutant E. coli recipient
bacteria (data not shown). Alternatively, we tested the activities of
structurally related volatile amines, including triethylamine,
methylamine, ethylamine, propylamine, ethanolamine, and hy-
droxylamine. We first verified that aerial exposure to these com-
pounds did not affect the growth of E. coli, P. aeruginosa, S. aureus,
or B. subtilis bacteria in tetracycline-free medium (data not
shown). Interestingly, exposure to triethylamine, methylamine,
ethylamine, and propylamine produced patterns of antibiotic and
oxidative stress tolerance identical to those obtained with TMA
(Fig. 5A and B) (data not shown). While ethanolamine and hy-
droxylamine lack activity, we hypothesized that this could be due
to their low volatility. To test this, we provided them directly to

January/February 2014 Volume 5 Issue 1 e00944-13

recipient cells by supplementing LB-tetracycline (LB-tet) agar me-
dium with nontoxic concentrations, along with TMA, NH;, and
water as controls. We observed that ethanolamine, but not hy-
droxylamine, enabled E. coli to grow on tetracycline (Fig. 5C)
(data not shown).

Volatile TMA increases pH of the growth medium of dis-
tantly exposed bacteria. To further investigate the TMA mode of
action, we compared active and inactive amines with respect to
TMA-like phenotypes, and we noticed that all active amines
(TMA, triethylamine, methylamine, ethylamine, propylamine,
and ethanolamine) had a higher pK, (>9.5) than hydroxylamine
(pK, of 6) (Fig. 4). As this suggested a role for pH in the effect of
active amines on recipient bacteria, we used the experimental
setup described in Fig. 2C and measured the pH of water in an
80-ul recipient exposed in the 2-petri dish assay at the same dis-
tance from the source of tested volatile compounds as the exposed
bacteria. While aerial exposure to ammonia did not affect pH (6.6
+0.3t0 6.8 * 0.3), exposure to purified or biogenic TMA led to a
pH increase in aerially exposed water from 6.8 = 0.3 up to 7.9 =
0.3 for a 0.25% TMA-emitting solution and for biogenic TMA and
t0 8.2 = 0.3 for a 0.5% TMA-emitting solution (Fig. 3C). A similar
increase was also observed with the other active volatile amines
(data not shown).

To determine whether the observed increase of pH in medium
surrounding exposed bacteria could account for the TMA-
associated phenotypes, we grew E. coli on medium buffered with
20 mM Tris-base buffer and adjusted the LB agar medium to pHs
ranging from 7.5 to 8.5. While no growth inhibition was ob-
served in this range of pHs (Fig. 6A), E. coli growth on medium
adjusted to a pH above 8 led to phenotypes similar to those in-
duced upon aerial exposure to TMA and other aminated volatile
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FIG 4 Differences between NH;- and TMA-induced phenotypes. (A) TMA mode of action does not depend on Amt channel or polyamines. Growth of E. coli
MG1655 and corresponding amt and speABCDE mutants on 3 ug/ml tetracycline when exposed to NH; (1%) or TMA (0.5%). (B) Exposure to TMA and NH,
decreased E. coli resistance to the aminoglycoside spectinomycin. E. coli MG1655 growth on 20 ug/ml spectinomycin when exposed to H,0, NH; (1%), or TMA
(0.5%). (C) Unlike NH;, TMA decreased resistance to chloramphenicol of aerially exposed bacteria. Shown is growth of E. coli MG1655, P. aeruginosa PAOL,
S. aureus HG001, and B. subtilis 168 on subinhibitory concentrations of chloramphenicol upon exposure to H,O, NH; (1%), or TMA (0.5%). (D) Exposure to
TMA decreased paraquat toxicity. Shown is growth on increasing paraquat concentrations of E. coli MG1655 exposed to NH; (1%), H,O, or TMA (0.5%).

compounds, including increased resistance to tetracycline, de-
creased resistance to aminoglycosides and chloramphenicol, and
increased sensitivity to paraquat (Fig. 6B) (data not shown). Since
Tris is itself a primary amine [Tris-hydroxymethylaminometh-
ane; NH,C(CH,OH);; pK, of 8.3], we also used a nonaminated
50 mM borate buffer (KCl/H,BO;-NaOH) to adjust the pH of the
LB agar medium to 8.5, and we obtained similar results with
E. coli, P. aeruginosa, S. aureus, and B. subtilis (Fig. 6C). Finally, we
showed that buffering the growth medium to pH 7 with 100 mM
MOPS (morpholinepropanesulfonic acid) buffer prevented TMA

6 mBio mbio.asm.org

and to other volatile amines from affecting bacteria aerially ex-
posed in the 2-petri-dish assay (Fig. 6D) (data not shown). These
results therefore demonstrated a pH-dependent mode of action
for TMA.

A TMA-dependent increase in pH alters the tetracycline in-
flux in exposed E. coli bacteria Previous studies showed that me-
dium alkalinization (pH range 7 to 11) produced no significant
reduction in the tetracycline half-life (34), thereby suggesting that
the TMA-dependent increase in tetracycline resistance is not due
to antibiotic degradation on medium available to exposed bacte-
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FIG 5 Structurally related volatile amines increase tetracycline resistance in representative bacteria. (A) Aerial exposure to triethylamine (TEA) increases
resistance to tetracycline in all tested bacteria. Shown is growth of E. coli MG1655, P. aeruginosa PAO1, S. aureus HGO001, and B. subtilis 168 on inhibitory
concentrations of tetracycline upon exposure to H,O or 1% TEA. (B) Aerial exposure to 3 structurally related volatile amines increases E. coli resistance to
tetracycline. Growth of E. coli MG1655 on 3 ug/ml tetracycline upon exposure to H,O, methylamine (1%), ethylamine (1%), or propylamine (1%). (C)
Ethanolamine but not hydroxylamine added to agar medium increases tetracycline resistance in E. coli. Shown is growth of E. coli MG1655 on LB agar medium,
LB agar medium with tetracyline (LB-tet), or LB-tet directly supplemented with ethanolamine (1%) or hydroxylamine (1%).

ria. On the other hand, analysis of the effect of ionophores on
tetracycline uptake by E. coli showed that tetracycline accumula-
tion did not depend on membrane electrical potential but was a
ApH-dependent process in which the higher the pH, the lower the
tetracycline transport into recipient bacteria (35). To confirm that
aerial exposure to TMA led to a pH-dependent reduction in the
tetracycline entry into recipient bacteria, we used LB medium
containing subinhibitory concentrations of tetracycline and a
tetracycline-sensitive E. coli strain carrying a chromosomal tetR-
ptetO lacZ transcriptional fusion, as a reporter of intracellular
concentrations of tetracycline (36). In the presence of tetracycline,
the tight TetR repressor was released from the et operators (tetO)
of the tetA promoter, leading to lacZ expression and induction of
B-galactosidase production. Comparison of the B-galactosidase
activities of bacteria exposed or not to TMA revealed a 2-fold
reduction in activity compared to that in bacteria exposed to water
or ammonia. Consistently, use of the TMA-like amines triethyl-
amine, methylamine, ethylamine, and propylamine also reduced
the activity of tetR-ptetO lacZ transcriptional fusion in exposed
bacteria (Fig. 7). All together, these results showed a reduction in
tetracycline uptake in E. coli cells aerially exposed to TMA, con-
sistent with distant pH-dependent modification of tetracycline
uptake.

DISCUSSION

Interactions between microorganisms are key determinants of
their distribution and activity in most ecosystems (1). Soluble bac-
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terial secondary metabolites contribute to microbial competition
and cooperation or trigger bacterial adaptive behavior to changing
environments (37). However, bacteria also release complex
growth condition-dependent blends of volatile molecules, whose
impact on bacterial biological processes remains poorly character-
ized (4, 8, 38). Here we investigated the role of a subset of volatile
compounds produced by E. coli, and we show that several of them
might influence motility, adhesion, and antibiotic resistance.

For instance, exposure to indole, a molecule previously dem-
onstrated to be involved in interbacterial communication (39—
41), inhibits biofilm formation in aerially exposed E. coli and
P. aeruginosa, whereas it stimulates S. aureus biofilm formation. In
the case of gaseous ammonia, which was shown to stimulate pig-
ment production and biofilm formation of Bacillus licheniformis
(15), it only slightly stimulates biofilm formation of B. subtilis and
S. aureus. These results therefore suggest that, depending on their
concentrations, the physiological state of recipient bacteria, and
the structure of the environment, volatile molecules might have
opposing, possibly contradictory roles. Interestingly, a very recent
study investigating the impact of B. subtilis volatile compounds on
E. coli gene expression showed that 2,3-butanedione inhibits bac-
terial motility (19). Although the authors identified changes in
motility-related gene expression, our observation that exposure to
2,3-butanedione reduces bacterial growth raises the possibility
that inhibition of E. coli motility upon exposure to 2,3-
butanedione could be partly due to growth inhibition. The bio-
logical relevance of the tested concentration, at which some of the
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FIG 6 Exposure to TMA increases pH of aerially exposed growth media. (A) High-pH medium does not affect E. coli growth. Shown is E. coli MG1655 growth
on LB supplemented with Tris buffer and corresponding to pH 9. (B) Increasing pH with Tris buffer mimics the increased tetracycline resistance of E. coli
observed upon exposure to TMA (0.5%). (C) pH increase of the agar growth medium leads to the same phenotype as those induced by TMA exposure, including
increased resistance to tetracycline (Tet) and decreased resistance to chloramphenicol (Cm), in all tested bacteria. The pH was increased to 8.5 by adding borate
buffer to LB agar medium containing inhibitory concentrations of tetracycline or chloramphenicol. Shown is growth of E. coli MG1655, P. aeruginosa PAOI,
S. aureus HG001, and B. subtilis 168 on LB agar medium plus antibiotics supplemented or not with borate buffer. (D) Buffering of LB medium to pH 7 by adding
MOPS buffer inhibits the increased tetracycline resistance induced by TMA.

tested volatile compounds could affect bacterial motility and bio-
film formation, remains to be determined in natural environ-
ments, including soil, gut, and biofilm interstitial spaces. How-
ever, our study amply illustrates the potential of bacterial volatile
compounds to act as chemical cues influencing the development
of bacterial communities.

8 mBio mbio.asm.org

We recently demonstrated that gaseous ammonia modulates
tolerance of neighboring bacterial cells to several antibiotics (17).
In this study, we showed that exposure to TMA, a volatile com-
pound produced by E. coli and many other Gram-negative bacte-
ria, also modulates antibiotic tolerance in all tested bacteria, al-
though by a radically distinct mode of action. While none of the
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FIG 7 Exposure to TMA and to structurally related volatile amines reduces
tetracycline entry into E. coli. B-Galactosidase activity measurements of tefR-
ptetO lacZ transcriptional fusion after exposure to H,O, NH;, TMA, and other
structurally related volatile amines. An E. coli strain carrying a chromosomal
tetR-ptetO lacZ transcriptional fusion was grown on 1.5 pg/ml tetracycline and
exposed to (exp.) H,O, TMA (0.5%), NH; (1%), triethylamine (1%) (TEA),
methylamine (1%) (MA), ethylamine (1%) (EA), and propylamine (1%) (PA)
for 24 h; B-galactosidase activities were measured as described in Materials and
Methods. An E. coli strain with the lac operon deleted was used as the negative
control. The data represent means * standard deviations (SD) of 3 indepen-
dent experiments. For statistical analysis, P < 0.05 (¥), P < 0.01 (**), or P <
0.0001 (***) in comparison with H,O by one-tailed unpaired Student’s ¢ test.

z

bacterial factors required for ammonia sensing (Amt transporter
and polyamine synthesis) were involved in TMA-dependent phe-
notypes, we established that volatile TMA acts by changing the pH
of the medium surrounding exposed bacteria and that the TMA
effect could be mimicked by nonspecific medium alkalinization.

Increasing the pH of extracellular medium was previously
shown to increase uptake of aminoglycosides and chlorampheni-
col and to reduce uptake of tetracycline due to modification of
transmembrane ApH and proton motive force (35, 42—45). These
results are in agreement with our observation of increased sensi-
tivity of bacteria to aminoglycosides and chloramphenicol and
reduced sensitivity to tetracycline upon exposure to TMA and pH
alkalinization. Moreover, the observed increased sensitivity to
paraquat in bacteria exposed to TMA could also be a consequence
of alkalinization of the environment, since alkaline conditions en-
hance paraquat uptake in E. coli (46).

Under anaerobic conditions, E. coli and other Gram-negative
bacteria can use TMAO as an alternate electron acceptor to pro-
duce energy (47). However, TMAO conversion into TMA by bac-
terial TMAO reductases can occur under both aerobic and anaer-
obic conditions, and the physiological role of TMAO reduction
during aerobiosis is not well understood. Several studies suggested
that TMA production and the associated increase in pH could
contribute to pH homeostasis in response to sudden acidification
of bacterial environments due to, for instance, the presence of
large amounts of acetate in the intestine (22, 48). The TMA-
dependent increase in tetracycline resistance of aerially exposed
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bacteria can also be observed under both anaerobic (data not
shown) and aerobic conditions. This suggests that TMA and
pH-dependent modifications in antibiotic resistance could have
profound ecological consequences in a variety of TMAO-rich
environments, such as animal gut and tissues rich in phosphati-
dylcholine, choline, betaine, and carnitine (6, 20, 27, 28, 49). Pro-
duction of TMA in these environments could alter concentration-
dependent bacterial responses to antibiotic stresses and cues (50).
Moreover, modification of sensitivity to antibiotic gradients in the
presence of TMA could alter biofilm formation in response to
sublethal concentrations of aminoglycosides and therefore influ-
ence community structure and function (51, 52).

Several volatile compounds and gases have now been shown to
impact bacterial antibiotic resistance and tolerance, including in-
dole, hydrogen sulfide (H,S), nitric oxide (NO), and ammonia
(17, 53-55). As is the case for indole, which induces efflux pumps
and oxidative stress protective mechanisms that benefit the entire
population (54), H,S, NO, and ammonia display various protec-
tive activities against oxidative stress and the lethal effect of anti-
biotics, which could contribute to community-based antibiotic
tolerance and the spread of such tolerance (50). Similarly, the
transient increase in resistance to antibiotic stress associated with
medium alkalinization upon TMA production could also contrib-
ute to the evolution of antibiotic tolerance in bacterial popula-
tions. Moreover, modification of the pH of physically separated
niches by biogenic TMA could constitute a biological cue picked
up at a distance by competing microorganisms. For instance, in-
creased pH was shown to influence S. aureus biofilm formation
(56), hyphal formation, and virulence in pathogenic yeasts and
other fungi (57-59).

Although we investigated only a limited subset of volatile mol-
ecules under restrained test conditions, our results further illus-
trate the biological relevance of bacterial gases and volatile com-
pounds as chemical cues mediating bacterial interactions in a
variety of colonized environments. In addition to cross-kingdom
interactions with plants, nematodes, and fungi, distant airborne
chemical interactions trigger functional responses in exposed bac-
teria and could therefore play an important role in the develop-
ment of bacterial communities.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 2. The following antibiotics were used as indi-
cated: kanamycin (50 wg/ml), chloramphenicol (25 ug/ml), and tetracy-
cline (15 pg/ml). All experiments were performed in lysogeny broth (LB)
medium and incubated at 37°C. All chemicals were purchased from
Sigma-Aldrich and dissolved in water, and aqueous dilutions of 1% vol/
vol or wt/vol (or 0.5% for TMA and 0.15% wt/vol for indole) were used as
sources of volatile compounds. For biogenic production of TMA, 0.4%
TMAO (wt/vol) was added to the LB culture.

Mutant construction. The E. coli deletion mutants used in this study
originated either from the Keio Collection (60) or were carried out using
A-Red linear DNA gene inactivation with pKOBEG plasmid derivatives (61,
62). When required, kanamycin resistance markers flanked by two FLP re-
combination target (FRT) sites were removed using Flp recombinase (63).
Strain TG1 Ared, corresponding to the genotype AtorA AdmsA AtorYZ
AynfEFGH dmsD, was built via multiple steps as follows. The AtorA: Km FRT
mutation from strain JW0982 (Keio Collection) was introduced into the
strain TG1 genetic background by P1vir phage transduction (TG1 AtorA: Km
FRT), in which the kanamycin marker was then removed by the Flp recom-
binase (TG1 AtorA:AFRT). Subsequently, the AdmsA::Km FRT mutation
was transferred by Plvir from strain JW5118 (Keio Collection) into TG1
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TABLE 2 Strains used in the study

Strain

Relevant characteristic(s)

Reference or source

Gram negative
Escherichia coli
MG1655

MG1655-motility Motile MG1655

E. coli K-12 derivative (poorly motile) 65

Gift from D. Murat

MG1655 F' tet F*, biofilm-forming strain, Tet" 66
MG1655 AamtB AamtB 17
MG1655 AspeABCDE AspeABCDE 17

TG1 AKCP Source of the chloramphenicol resistance cassette Laboratory collection
TG1 AaspC AaspC 17

TG1 Ared AtorA AdmsA AtorYZ AynEFGH dmsD Km* Cm* Spec” This study
TG1 AaspC Ared TG1 Ared AaspC Km* Cm™ Spect Tet” This study
BW25113 E. coli K-12 derivative 60
BW25113 AbetT AbetT Km* 60
BW25113 AcaiT AcaiT Km® 60
BW25113 AproU AproU Kmr* 60
BW25113 AproP AproP Km* 60
BW25113 AyeaV AyeaV Km* 60
BW25113 AyehX AyehX Km* 60
BW25113 AyhjE AyhjE Km* 60
BW25113 AyiaM AyiaM Km* 60
BW25113 AshiA AshiA Km?* 60
BW25113 AputP AputP Km* 60
BW25113 AafuC AafuC Km* 60
BW25113 AmetN AmetN Km* 60
BW25113 AglnQ AglnQ Km* 60
BW25113 AkgtP AkgtP Km* 60
BW25113 ApotA ApotA Km* 60
W25113 ApotG ApotG Km* 60
BW25113 AycjV/ AycjV Km* 60
BW25113 Aydf] Aydf] Km* 60
MG1655 tetR-ptetO lacZ tetR-ptetO lacZ transcriptional fusion (Tets) 36

P. aeruginosa PAO1

Gram positive
S. aureus HG001
B. subtilis
168
3610

Laboratory collection

67

68
Laboratory collection

AtorA:AFRT, resulting in the intermediate strain TGl AtorA:AFRT
AdmsA:Km FRT. Deletion of forYZ genes was performed by the A-Red linear
DNA gene inactivation method with the following primers: torYZ.Cat.L5 (A
CAATGATTTCGGTGTCCAGTAATTTAATTAGAGGAATCTCCTGTGA
CGGAAGATCACTTCGCA) and forYZ.Cat.L3 (TGCATAACCTCAGCGC
CCGTTTCCGGGCGCTATTCACGTCTTACGCCCCGCCCTGCCACTC
ATC). Strain TGl AIKCP was used for the PCR as the source of the
chloramphenicol resistance marker. The deletion mutation ArorYZ:Cat was
first introduced into TG1, giving TG1 AtorYZ::C, and then was transferred by
Plvir into TG1 AtorA:AFRT AdmsA:Km FRT to create TG1 AtorA:AFRT
AdmsA:Km FRT AtorYZ:Cat. Deletion of genes ynfEFGH and dmsD was
performed using primers ynfEFGHdmsD.Spec.L5 (TATAAACTTTTATATA
ACGATAAAGAACAGGGAGTGAGTTGCGTCAATTGCGCCGAATAAA
TAC) and ynfEFGHdmsD.Spec.L3 (TTGCGCGTAATCGTCACCATCCGG
CAATATTACGGTGATCTCATTGGCTGGCACCAAGCAGTTT). Strain
DH5a pir (pSW250riT::ccdB) was used for the PCR as the source of the spec-
tinomycin resistance marker (Spec), and the mutation was introduced into
MG1655, creating MG1655 AynfEFGHdmsD::Spec. The AynfEFGHdmsD::
Spec mutation was then transferred by Plvir into TGl AtorA:AFRT
AdmsA:Km FRT AtorYZ:Cat, resulting in TG1 AforA:z:AFRT AdmsA:Km
FRT AtorYZ::Cat AynfEFGHdmsD::Spec (TG1Ared). The primers used to
construct TG1 AaspC Ared, corresponding to introduction of the AaspC
mutation into TG1 Ared are aspC.FrtTET.L-3 (GTGAACACAGCGATAGA
CGGCCTCCATGACGAGGTTCCATTATGGTTAC) and aspC.FrtTET.L-5
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(CAAGATGTATCCGGTTACCGACTGGCATTAAAAACAATGAAGCCC
GCTG). All mutations were confirmed by PCR and sequencing analysis.

Screening for volatile-mediated phenotypes. To evaluate the activity
of a volatile compound on various bacterial phenotypes, we used varia-
tions of a previously described 2-petri-dish assay (Fig. 1A) (17). Three
milliliters of a 1% (0.5% for TMA and 0.15% for indole) aqueous dilution
of all tested volatile compounds was introduced in the smaller middle
petri dish as the sources of volatile molecules. The large petri dish was then
closed and incubated for 24 h at 37°C, and volatile activity was estimated
as indicated below.

(i) Test of antibiotic resistance. Recipient test bacteria were spotted
on the external agar ring as 20-ul drops of a 10~> dilution of an O/N
culture adjusted to an optical density at 600 nm (ODyg,) of 1, which
corresponded to approximately 100 CFU for E. coli, P. aeruginosa, and
S. aureus. Due to rapid spread and coalescence of B. subtilis colonies on
plate, we used only 20 CFU for the B. subtilis inoculum. Volatile activity
was visually estimated as a function of the growth of recipient bacteria on
the external ring containing an inhibitory concentration of an antibiotic
previously determined in the absence of exposure to a bacterial volatile
source.

(ii) Test of bacterial growth and morphotype. Recipient test bacteria
were spotted on the external agar ring (without antibiotics) as 20-ul drops
of a 107> dilution of an O/N culture adjusted to an ODyg, of 1, which
corresponded to approximately 100 CFU for E. coli, P. aeruginosa, and
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S. aureus but only 20 CFU for B. subtilis. Volatile activity was qualitatively
estimated as a function of bacterial growth and colony morphotype, com-
pared to bacteria exposed only to water placed in the middle petri dish.

(iii) Test of motility. The external ring was filled with 20 ml of motility
0.3% agar (10 g/liter Bacto tryptone, 5 g/liter NaCl, 3 g/liter agar). Recip-
ient test bacteria were spotted on the external 0.3% agar ring as a 2-ul drop
of a 10~ ¢ dilution of an O/N culture for all strains. Volatile activity was
visually estimated by comparing bacterial motility after exposure to vol-
atile compounds with that after exposure to water.

(iv) Test of biofilm capacity. Overnight cultures were adjusted to an
ODy,, 0f 0.01 before inoculation of 100 ul into part (6 wells) of a 96-well
polyvinyl chloride (PVC) plate placed in the external ring of the 2-petri-
dish assay (Fig. 1A). After 24 h, part of the PVC plate was removed from
the large petri dish and rinsed, and 125 ul of a 1% solution of crystal violet
was added to each well. These were incubated 15 min at room temperature
and rinsed 3 times. Biofilm formation was estimated by solubilization of
crystal violet by adding 150 ul of ethanol-acetone (80:20) and determin-
ing the OD.y; after 30 min. Volatile activity was estimated by comparing
biofilm formation from bacteria exposed to volatile compounds to that of
bacteria exposed to water.

Measurement of pH. The pH of water in an 80-ul recipient exposed
and positioned in the 2-petri dish assay (Fig. 2C) was determined using
Duotest pH paper (Macherey-Nagel).

NMR analyses. The experimental setup used to analyze TMA pro-
duced from different cultures is described in Fig. 2C. NMR analyses were
performed on water exposed to E. coli TG1 AaspC stationary-phase cul-
tures grown in LB or LBy .o and to E. coli TG1 AaspC Ared stationary-
phase culture grown in LB, o. Proton NMR spectra were acquired on a
Varian NMR system 500 spectrometer (Agilent Technologies, Santa
Clara, CA) equipped with a triple resonance 'H[!3C/!>N] pulsed-field
gradient (PFG) probe with a proton resonating frequency of 499.4 MHz.
Spectra were recorded at 25°C and referenced to sodium 4,4-dimethyl-4-
silapentane-1-sulfonate following IUPAC recommendations. Data were
collected using Vnmr] 2.3 A (Agilent Technologies). 'H NMR spectros-
copy included double pulsed-field gradient spin echo (DPFGSE) to sup-
press the water signal. For each sample, 10% D,O was added to the 600
microliters of sample for internal lock. Quantification of the TMA pro-
duced was performed using an internal standard of DMSO of known
concentration (1.08 mM) for samples exposed to variable quantities of
TMA (0.01, 0.05, 0.1, 0.25, and 0.5%).

B-Galactosidase assay. 3-Galactosidase enzymatic activity was deter-
mined by spotting 20-ul drops of a 107> dilution of an O/N E. coli
MG1655 tetR-Km-ptetO::lacZ culture adjusted to an OD, of 1. Bacteria
were spotted on LB agar containing a subinhibitory concentration of tet-
racycline (1.5 pg/ml) and grown at 37°C upon exposure to 3 ml of 1%
(0.5% for TMA) aqueous dilution of ammonia, TMA, triethylamine,
methylamine, ethylamine, or propylamine. 8-Galactosidase enzymatic
assays were performed as previously described (64).

Statistical analysis. One-tailed unpaired Student’s ¢ test analyses were
performed using Prism 5.0 for Mac Os X (GraphPad Software). Each
experiment was performed at least three times.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00944-13/-/DCSupplemental.
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