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Abstract

Bacteria produce unique volatile mixtures that could be used to identify infectious agents to the
species, and possibly the strain level. However, due to the immense variety of human pathogens,
and the close relatedness of some of these bacteria, the robust identification of the bacterium based
on its volatile metabolome is likely to require a large number of volatile compounds for each
species. We applied comprehensive two-dimensional gas chromatography-time-of-flight mass
spectrometry (GCxGC-TOFMS) to the identification of the headspace volatiles of P. aeruginosa
PA14 grown for 24 h in lysogeny broth. This is the first reported use of GCxGC-TOFMS for the
characterization of bacterial headspace volatiles. The analytical purity that is afforded by this
chromatographic method facilitated the identification of 28 new P. aeruginosa-derived volatiles,
nearly doubling the list of volatiles for this species.
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1. Introduction

Bacteria produce suites of volatile metabolites, the whole of which can be used as unique
chemical fingerprints of each species, and possibly the strain or serovar [1-3]. This bounty
of information holds the promise for diagnosing infections in situ — for example, straight
from a wound, a urine sample, or the breath — without recovering the microbes or their
genetic material [2, 3], as is currently required for most routine clinical diagnostic
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procedures. In situ detection of infectious agents can reduce false-negative rates caused by
the unsuccessful recovery of bacteria from infection sites, and provides the potential for
faster diagnosis than biochemical methods that assay the presence of single metabolites
(e.g., indole by Kovac’s reagent) of enriched cultures, particularly for slow-growing or
difficult-to-isolate species. Volatiles-based analyses can also be applied to the phenotypic
characterization of bacteria in situ, which has important implications on patient care. For
instance, bacterial anaerobiosis in the infection site impacts antibiotic susceptibility [4], and
cannot be characterized in vitro. Finally, volatile metabolomics can be used in non-invasive
breath analyses of lung, sinus, or gastrointestinal infections [2, 3, 5]; for example,
metabolomics are currently employed in the diagnosis of H. pylori stomach infections [6].
The applications for microbial volatile metabolomics extend beyond human health, and can
be used for monitoring air quality and biofouling [7], detecting food contamination [3], or
for tracking bioconversions in bioengineering processes [8].

Despite the potential uses of bacterial volatiles in medicine, science, and industry, less than
three dozen volatiles have been identified for Pseudomonas aeruginosa [5, 9-18], a quantity
that is typical for highly-studied bacterial species [3]. Lesser-known species are often
characterized by one signature volatile compound [3]. The most commonly used technique
for the discovery and identification of bacterial volatiles is one-dimensional gas
chromatography-mass spectrometry (GC-MS). While this widely-available method has
made it possible to identify the high-abundance volatiles produced by P. aeruginosa and
other bacterial species, the method may not generate enough information for the robust
identification of a bacterial species; certainly not to the serovar or strain level. The technical
difficulty of using GC-MS to identify low-abundance compounds in complex mixtures is
responsible, in part, for the paucity of information on the full suite of a bacterium’s volatile
metabolome. High-abundance compounds can mask co-eluting low-intensity peaks, which is
especially problematic for co-eluting isomers that can’t be deconvoluted because of similar
mass fragmentation patterns. Late-eluting compounds may be difficult to identify by GC-
MS, as their signal can be obscured by column bleed. Preconcentration of the volatiles may
address the problems caused by column bleed, but it will not facilitate isomer deconvolution.
The separation resolving power of comprehensive two-dimensional gas chromatography
(GCxGC) can address both problems.

In GCxGC analysis, two GC columns of dissimilar stationary phase compaosition are
connected in series through an on-column injector, called a modulator, that sequentially
transfers effluent from the first separation dimension into the second dimension [19]. The
modulator injection frequency is typically operated in the range between 0.1 and 0.5 Hz, and
is chosen based on the desired secondary dimension retention period, which typically ranges
between 2 and 10 s. The average width of second dimension peaks is approximately 200 ms,
which requires the use of time-of-flight mass spectrometry (TOFMS) detection to provide
comprehensive monitoring of mass-to-charge fragments over the small molecule range (0 to
1000 amu). TOFMS is the ideal detector for GCxGC because it can be operated to collect
full-scan spectra at a rate of up to 500 Hz, which is fast enough to adequately sample the
effluent coming out of the secondary column. TOFMS also provide consistent spectra
profiles that are not concentration dependent (no spectral biasing), which allows for
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deconvolution algorithms to be used for peak “separation” in the MS domain [19]. Spectral
deconvolution by TOFMS thus significantly enhances the overall resolving power of the
GCxGC analysis.

The most frequently used GCxGC column set combinations separate sample compounds
along two elution gradients; the first and second dimension separation gradients are related
to the analyte’s relative volatility (boiling point) and polarity (polarizability), respectively.
The additional resolving power of the second chromatographic dimension improves spectral
purity, facilitating the detection and identification of low abundance compounds via matches
to spectral databases (e.g., NIST Mass Spectral Libraries). GCxGC is routinely used for
characterizing extremely complex samples, such as petroleum fractions [20], but has been
applied to the analysis of microbial metabolites in only a few studies [21-24]. The work
described herein is the first reported application of GCxGC to the identification of volatile
bacterial metabolites. In this study, we identified 28 new volatile compounds in the
headspace of Pseudomonas aeruginosa PA14, including alcohols, aldehydes, ketones,
functionalized benzenes, and heteroaromatic molecules, nearly doubling the reported
headspace compounds for P. aeruginosa.

2. Experimental

2.1 Bacterial culturing and volatiles collection

P. aeruginosa PA14 was cultured aerobically at 37°C in 50 mL of lysogeny broth, Lennox
(LB-Lennox; 10 g Tryptone, 5 g Yeast Extract, 5 g NaCl). After 24 h of growth, the
bacterial culture was cooled on ice, and then centrifuged at 5000 rpm at 4°C for 20 min to
pellet the cells. The supernatant was filter sterilized through a 0.22 pym PES membrane. Ten
milliliters of the supernatant and a stir bar were sealed into a sterilized 20 mL GC headspace
vial with a PTFE/silicone cap. Two PA14 cultures and one LB-Lennox blank were prepared.
All samples were stored at —20°C until analyzed.

For all gas chromatography analyses (GC-MS and GCxGC-TOFMS), the samples were
allowed to thaw at 4°C overnight, and then were heated and stirred for 10 min in a 50°C
water bath. A solid-phase microextraction fiber (SPME; divinylbenzene/carboxen/
polydimethylsiloxane, 50/30 pm; Supelco/Sigma-Aldrich, St. Louis, MO) was inserted into
the vial and exposed for 10 min while the sample was stirred and maintained at 50°C.

2.2 Chromatographic and mass spectrometric methods

The GCxGC-TOFMS system (Pegasus 4D, Leco Corp., St. Joseph, MI) was fitted with a
two-dimensional column set consisting of an Rxi-5MS (5% diphenyl/95% dimethyl
polysiloxane; 30 m x 180 um x 0.18 um (length x internal diameter x film thickness);
Restek, Bellefonte, PA) as the first column, and an Rxi-17 (50% diphenyl/50% dimethyl
polysiloxane; 1 m x 100 um x 0.1 um; Restek) as the second column, joined by a press-fit
connection. The columns were heated independently; the primary oven containing column 1
was initiated at 30°C (0.2 min hold), then heated at 10°C/min to 230°C (0.8 min hold); the
secondary oven containing column 2 was initiated at 35°C (0.2 min hold), then heated at
10°C/min to 235°C (0.8 min hold). A quad-jet modulator was used with a 4 s modulation
period (0.4 s hot pulses, 1.6 s cold pulses) and a 30°C temperature offset relative to the
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secondary oven. The carrier gas flow rate was 1 mL/min. A pulsed split injection was used,
with a 10:1 split at 30 s. The inlet and transfer line temperatures were 250°C. Mass spectra
were acquired over the range of 25 — 500 Da at the rate of 200 Hz. Data acquisition and
analysis was performed using ChromaTOF software, Version 4.22 (LECO Corp.).

GC-MS was performed on an Rxi-5MS (5% diphenyl/95% dimethyl polysiloxane; 30 m x
250 um x 0.25 pum; Restek) under conditions identical to the GCxGC parameters described
above. Mass spectra were acquired over the range of 25 — 500 Da using mass selective
detection.

Retention indices (RI) for the bacterial headspace volatiles were calculated using internal
alkane standards for GC and GCxGC analyses. Specifically, after the SPME fiber had been
exposed to the bacterial headspace volatiles for 10 min at 50°C, the fiber was exposed for
one second at room temperature to the headspace of a mixture of alkanes (Cs — Cyp), then
analyzed by the chromatographic methods described above.

2.3 Data Processing and Analysis for GCxGC-TOFMS

The GCxGC-TOFMS data for two samples and the blank were processed using the same
ChromaTOF parameters. The baseline was drawn through the middle of the noise and the
signal-to-noise (S/N) cutoff was set at 250. The resulting peaks were identified by a forward
search of the NIST 08 Mass Spectral Library. Similarity scores were calculated by
ChromaTOF and peaks with scores below 700 were designated as unknowns (named as
“Unidentified” in the data Table). The number of unknown peaks was unrestricted during
data processing. The identity of the peaks with similarity scores > 700 were further
evaluated by their RIs, when available. Observed RIs that fall within the range of
previously-reported values in the NIST database for an Rxi-5MS column (or equivalent) are
recorded in bold in the Table. With the exception of acetic acid, all of the un-bolded RIs
have insufficient data in the NIST database for comparison. The identities of the named
compounds in the Table are tentative, based on MS library matching and RIs, and have not
been confirmed by co-injection with authentic standards.

All peaks were assigned to one of the following compound classifications: aliphatic
hydrocarbons (CxHy), including alkanes, alkenes, and alkynes), aromatic hydrocarbons
(CxHy), heteroaromatic hydrocarbons (containing a N, O, or S heteroatom in the aromatic
ring), functionalized benzenes (benzene rings with various heteroatomic functional groups),
alcohols, aldehydes, ketones, acids, esters, or other (any other compound class, or
compounds containing multiple functional groups). When no compound classification could
be assigned for an unidentified compound, the peak was designated as class “Unknown”.

Peaks that were assigned as P. aeruginosa PA14 headspace volatiles were present in both
samples at concentrations at least two-fold greater than the blank. The fold-increase over the
blank (A in the Table) was calculated by unique masses for each compound, and the reported
value is the least of the two sample replicates, if different. The area percent (Area % in the
Table) was calculated using the TICs of the sample peaks (excluding artifacts).
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3. Results and Discussion

Solid-phase microextraction (SPME) was used to sample the headspace of P. aeruginosa
strain PA14 grown for 24 h in LB-Lennox. The volatile and semi-volatile PA14 metabolites,
which are dissolved in the growth medium, are predicted to achieve equilibrium between the
liquid medium, headspace, and SPME stationary phase within minutes at 50°C with stirring
[25]. As a brief validation of this prediction, we measured the amount of 2-
aminoacetophenone (2-AA) and indole that were adsorbed onto the triphase SPME fiber as a
function of exposure time, temperature, and concentration in water. 2-AA is a low-
abundance, but highly specific semi-volatile biomarker responsible for the iconic grape-like
fragrance of P. aeruginosa, and indole is a high-abundance semi-volatile compound that
gives E. coli its mothball-like scent [12, 26, 27]. We observed that 2-AA and indole reach
equilibrium concentrations on the SPME fiber within 10 min at 40°C with stirring (data not
shown). Furthermore, the adsorbed concentrations of both compounds are linear over several
orders of magnitude when sampled at equilibrium: 0.5 — 500 UM 2-AA in water (R? =
0.999), and 5 — 500 uM indole in water (R? = 0.999). While this chromatographic analysis of
PA14 headspace compounds is designed for qualitative volatile discovery, based on the
range of Henry’s (Ky) and octanol-water partition (Koyy) coefficients of the compounds
observed in this study, we estimate that the majority of the PA14 headspace volatiles were
sampled at or near equilibrium concentrations[25].

Comprehensive two-dimensional gas chromatography (GCxGC) of PA14 culture headspace
reveals a complexity that has not been previously described for bacterial volatiles (Fig. 1).
Two headspace samples of PA14 were analyzed by GCxGC, yielding an average of 500
peaks per sample with a total ion chromatograph (TIC) signal-to-noise (S/N) greater than
250. By GC-MS, an order-of-magnitude fewer peaks are distinguishable at this conservative
S/N cutoff (Fig. 1, top). After the removal of artifacts (e.g., siloxanes, phthalates, and
plasticizers), there were 181 peaks (S/N > 250) arising from a combination of the metabolic
activities of PA14 and the LB-Lennox medium, represented by aliphatic and aromatic
hydrocarbons, alcohols, aldehydes, ketones, acids, esters, and heteroaromatics (Fig 1,
Bottom). The separation of the volatiles mixture by two chemical properties, boiling point
on the first column, and polarity on the second, creates chromatographic bands of
chemically and structurally related compounds in GCxGC [19], which can be visualized
most easily in Figure 1 (Bottom) for the aliphatic hydrocarbons (red spheres), the ketones
(blue), and the aromatic hydrocarbons (cyan). This chromatographic information
complements mass fragmentation data in the identification of chemical isomers of unknowns
[19].

Of the 181 sample peaks, we detected 56 compounds that are present in the 24 h culture
headspace of P. aeruginosa PA14 in at least two-fold greater abundance than in the
headspace of the LB-Lennox medium blank (Table). The named compounds in the Table
were identified by matching the observed mass spectra to their respective library reference
spectra with a similarity score of 700 or greater (70% match), and many were further
confirmed by their retention indices (RI), indicated in bold in the Table. The compounds in
the Table that are reported as “Unidentified” fall into three categories: 1) Those with
molecular formulae and assigned classifications, 2) those with molecular formulae, but
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classified as “Unknown”, and 3) those without molecular formulae. The peaks in the first
and second categories had good matches to more than one isomer with the given molecular
formula, and in the case of “Unknown” classification, those isomers belong to two or more
different classifications of molecules (e.g., Unidentified 13). The peaks in the third category
— without molecular formulae — either had good matches to two or more compounds with
dissimilar molecular formulae (e.g., Unidentified 15), or did not have a suitable match
(Similarity > 700) to a NIST library spectrum (e.g., Unidentified 2). The majority of the
peaks in the third category had very low headspace concentrations, and may be present in
the liquid phase in greater quantities. Though the compounds that are reported here require
confirmation by co-injections with authentic standards, the high-confidence mass spectral
data generated by GCxGC-TOFMS, in conjunction with RI data, provide relatively
confident identifications for bacterial headspace volatiles.

Half of the 56 PA14 headspace compounds that we observed are reported here for the first
time for P. aeruginosa, nearly doubling the list of volatiles available in the literature for this
species. Previous studies have established that P. aeruginosa produces a variety of ketones
and heteroaromatic molecules in high abundance [5, 12, 14, 15, 17], and the newly-
described compounds here uphold that pattern (Fig. 2). The odd-chain-length 2-ketones (Cs
—C11) were identified as P. aeruginosa volatiles more than thirty years ago [12], but with the
additional chromatographic dimension provided by GCxGC, we were also able to observe
the presence of 2-dodecanone and 2-tridecanone — late-eluting compounds with relative
abundances at a fraction of a percent (Table).

The superior resolving power of GCxGC provides data with improved signal-to-noise (S/N)
and analytical purity relative to GC [28], revealing low-abundance compounds in densely-
populated regions of one-dimensional chromatograms. For example, the peak for 2-
aminoacetophenone (2-AA) is obscured by column bleed in GC (Fig. 1, Top; RT =723 s, RI
=1317) [5], but is well-resolved by GCxGC, with a S/N = 23158 (Fig. 3, RTs =900 s, 1.955
s). GCxGC-TOFMS also reveals that there are eight compounds with a S/N>100 co-eluting
with 2-AA in the first dimension, which are undetectable by GC-MS (Fig. 3). Separating the
2-AA from these co-eluting peaks and the column bleed enables the acquisition of a 2-AA
mass spectrum that is free of foreign peaks (high mass spectral purity), assisting detection
using chromatographic processing software, and high-confidence identification by spectral
library match (Fig 4, Table). The high proportion and abundance of artifact peaks in the
bacterial headspace mixture that arise from column bleed, SPME fibers, and the headspace
vial caps are well separated from compounds of interest by GCxGC, facilitating the
discovery of new bacterial volatiles.

4. Conclusions

The key to bacterial identification via volatile metabolomics lies in assigning unique
patterns of volatile biomarkers to individual bacterial species. Due to the sheer abundance of
microbial species and infectious agents to identify, and the close relatedness of some species
within their genus, selective and specific fingerprinting methods will require a large
selection of volatiles to be used in combination for correct identifications. Therefore, as we
establish bacterial volatile profiles, we must go beyond the obvious (e.g., easy to smell),
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high-abundance, and common bacterial volatiles, and begin identifying the peaks in the

ch

romatographic grass. Through the enhanced analytical purity that can be achieved by

GCxGC-TOFMS, the discovery of these hence-unknown compounds is readily attainable.
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Figure 1.
Gas chromatography of the headspace volatiles of P. aeruginosa PA14 grown aerobically in

LB-Lennox. (Top) One-dimensional gas chromatogram (GC) of the headspace volatiles.
(Middle) Two-dimensional gas chromatogram (GCxGC) of the headspace volatiles,
excluding regions containing only column bleed (2" RT < 1.0). The GC and GCxGC
chromatograms were aligned using the measured retention indices of the headspace
volatiles. (Bottom) Bubble plot of the GCxGC chromatogram, after chromatographic
artifacts were removed. The colors reflect the compound classes detected for the sample and
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blank: aliphatic hydrocarbons (red), alcohols (pink), aldehydes (purple), ketones (blue),
esters (green), aromatic hydrocarbons (cyan), heteroaromatics (yellow), functionalized
benzenes (orange), and all other classes (brown). Unidentified compounds are shaded in
gray. The radii of the bubbles correspond to the relative TIC peak intensities.
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Figure 2.

Classifications of P. aeruginosa PA14 headspace compounds, represented by their relative
abundance in area percent.
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Figure 3.
GCxGC chromatographic region containing the 2-aminoacetophenone (2-AA) peak. Each

black dot marks a peak with a TIC S/N > 100. Eight other peaks co-elute with 2-AA in the
first chromatographic dimension, but are separated from 2-AA in the second dimension. The
co-eluting compounds are numbered in order of peak area, with dodecamethyl
cyclohexasiloxane (peak 1, Sim.=842, S/IN=79182) as the largest peak. The other
compounds are unsaturated hydrocarbons (peaks 2 and 3, SIN=754 and 537, respectively), a
heteroaromatic compound (peak 5, S/IN=1010), and Unknowns (peaks 4, 6, 7, and 8, S/N =
585, 226, 185, and 131, respectively).
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Figure 4.
Mass spectra of the chromatographic regions containing 2-aminoacetophenone (2-AA; Rl

=1317) as acquired by GC-MS (Top) and GCxGC-TOFMS (Middle). Column bleed and co-
eluting compounds in GC chromatography obscure the mass spectrum of the low-abundance
compound 2-AA. GCxGC affords higher chromatographic purity, making it possible to
identify low-abundance compounds by library matching. The NIST library spectrum of 2-
AA is provided for reference (Bottom).
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