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Direct Growth of Bacteria in
Headspace Vials Allows for
Screening of Volatiles by Gas
Chromatography Mass Spectrometry

Collin M. Timm?, Evan P. Lloyd?, Amanda Egan, Ray Mariner and David Karig*

Applied Physics Laboratory, Johns Hopkins University, Laurel, MD, United States

Bacterially produced volatile organic compounds (VOCs) can modify growth patterns
of eukaryotic hosts and competing/cohabiting microbes. These compounds have been
implicated in skin disorders and attraction of biting pests. Current methods to detect
and characterize VOCs from microbial cultures can be laborious and low-throughput,
making it difficult to understand the behavior of microbial populations. In this work
we present an efficient method employing gas chromatography/mass spectrometry
with autosampling to characterize VOC profiles from solid-phase bacterial cultures. We
compare this method to complementary plate-based assays and measure the effects
of growth media and incubation temperature on the VOC profiles from a well-studied
Pseudomonas aeruginosa PAO1 system. We observe that P aeruginosa produces longer
chain VOCs, such as 2-undecanone and 2-undecanol in higher amounts at 37°C than
30°C. We demonstrate the throughput of this method by studying VOC profiles from a
representative collection of skin bacterial isolates under three parallel growth conditions.
We observe differential production of various aldehydes and ketones depending on
bacterial strain. This generalizable method will support screening of bacterial populations
in a variety of research areas.

Keywords: VOC, GC-MS, Pseudomonas aeruginosa, microbial diversity, skin microbiome

INTRODUCTION

Volatile organic compounds (VOCs) can act as long distance signaling molecules between microbes
and other organisms and have been shown to impact attraction of biting insects to mammals
(Mboera et al., 1997), recruitment of herbivores, and pollinating insects to plants (Pichersky
and Gershenzon, 2002), and growth of rival microbes in a community (Lazazzara et al., 2017;
Rybakova et al., 2017). For example, bacterial metabolism of 2-butanediol and acetoin can modify
root growth patterns in plants (Ryu et al., 2003) while VOCs from plants can, in turn, inhibit
decay by microorganisms (Utama et al.,, 2002). Similarly, in the human gut, short chain fatty
acids (SFCAs) produced by commensal and pathogenic bacteria contribute to the development
and progression of ulcerative colitis, asthma, and a range of other diseases (Machiels et al., 2014;
Arrieta et al., 2015; Rios-Covidn et al., 2016). Notably, bacteria are not the only microbes to
participate in VOC signaling. Indeed, fungi have been shown to display quorum sensing behavior
by the production of tyrosol (Chen et al., 2004) and other alcohols (Hogan, 2006). The importance
of VOCs in microbial systems, coupled with current interest in microbiome research, requires
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methods for rapid characterization of volatile compounds from
microbial isolates. In this work, we describe a method to enable
higher throughput discovery and analysis of microbial volatiles
by gas chromatography mass spectrometry (GC-MS).

One important facet of VOC research is the development
of novel diagnostic markers for human disease. Analysis of
bacterially produced VOCs, for example, has been applied
successfully for detection of Pseudomonas aeruginosa infections
in the lungs of cystic fibrosis (CF) patients. In particular, when
paired with in vitro culture techniques (Labows et al., 1980;
Scott-Thomas et al.,, 2010; Gilchrist et al.,, 2012a), increased
levels of hydrogen cyanide, 2-aminoacetophenone, 2-nonanone,
and 2-undecanone in the breath of CF patients corresponds
to infection with P. aeruginosa (Labows et al., 1980; Zechman
and Labows, 1985; Enderby et al, 2009; Savelev et al., 2010;
Gilchrist et al., 2011). Volatile markers have also been suggested
for S. aureus (Filipiak et al., 2012), H. pylori (Pavlou et al.,
2000), Plasmodium infection (Trowell et al., 2015), and B. cepacia
(Gilchrist et al., 2012a,b). Meanwhile, in vitro characterization of
produced volatiles has been performed for pathogenic strains of,
S. pneumoniae, Escherichia faecalis, Klebsiella pneumoniae, and
E. coli, all of which may enable early detection of infections (Bos
etal., 2013).

Another important aspect of VOC research is signaling
to biting arthropods. Humans release a variety of volatile
compounds that vary with age (Gallagher et al., 2008) and
emission site (Amann et al., 2014) and that contribute to
attraction of mosquitos, flies, and ticks (Hammack et al., 1987;
Mboera et al, 1997; Braks et al., 1999). Biting arthropods,
in turn, can be vectors for a large number of diseases,
including malaria (Cowman et al., 2016), dengue (Simmons
et al,, 2012), sleeping sickness (Kennedy, 2013; Brun et al,
2017), Lyme disease (Petnicki-Ocwieja and Brissette, 2015),
and hemorrhagic fevers (Ergoniil, 2006). Characterization
of human VOC profiles shows that production of lactic
acid, 2-methylbutanoic acid, tetradecanoic acid, 4-hydroxy-3-
methoxybenzoic acid, a variety of N,N amines, hexanedioic acid,
oxazole, 2-methylisothiazole, and octanal is associated with being
more attractive to mosquitoes while production of limonene,
2-phenylethanol, methylpentanol, methyliodide and 2-ethyl-1-
hexanol is associated with being less attractive to mosquitoes
(Bernier et al., 2002; Verhulst et al.,, 2013). Notably, microbes
that comprise the human skin microbiome are major producers
of many of the VOCs that induce differential attraction to
mosquitoes (Verhulst et al., 2011a,b). Thus, an understanding
of microbial contribution to VOCs from the human skin may
enable active control of attractiveness to biting insects through
microbiome modulation.

Current methods to study VOCs can provide detailed
identification of multiple compounds from complex mixtures
with unknown components. GC-MS, for example, enables
separation of compounds and is ideal method for novel
compound discovery. Unfortunately, existing technologies tend
to be limited in terms of sample throughput. This impacts their
usefulness for characterizing VOCs under ranges of conditions
or under dynamic conditions, for example during microbial
growth. Existing protocols for studying VOCs involve either

direct sampling of the atmosphere from fermentation vessels
(Wu et al., 2016) or else indirect sampling via solvent extraction
or adsorption of VOCs to glass beads (Bernier et al., 2002), solid
phase micro extraction (SPME) fibers (Gallagher et al., 2008),
or polydimethylsiloxane (PDMS) membranes (Riazanskaia et al.,
2008). Either of these techniques can be applied to monocultures
or co-cultures, with the latter including interaction studies in
which organisms share an atmosphere (Ryu et al., 2003; Lazazzara
et al, 2017; Rybakova et al., 2017). Collection methods are
typically followed by thermal desorption and injection of VOCs
into GC/MS systems for chemical analysis. SPME, in particular,
is becoming increasingly common. This is in part because SPME
collection can be performed without physically contacting the
sample and in part because a range of portable SPME fibers have
dramatically simplified field use. However, SPME as a sampling
technique is highly dependent on vapor concentrations. Samples
with low concentrations of volatile compounds require long
SPME incubation times, hindering use for some applications.
VOC sampling rates can be further increased by the use of
proton transfer reaction mass spectrometry (PTR-MS), in which
the separation step of analysis is omitted, greatly reducing
sample processing time (Romano et al., 2015). This approach
enables near real-time monitoring of sample VOCs with greater
quantification accuracy than GC-MS and has been employed in
the monitoring levels of anesthetics in breath during surgery
(Critchley et al, 2004), soil VOC exchange rates (Asensio
et al, 2007) and decomposition of plant litter (Gray et al.,
2010; Ramirez et al, 2010), the production of volatiles by
microbial processes for food production and food safety (Holm
et al., 2013; Blasioli et al., 2014; Makhoul et al., 2015; Capozzi
et al, 2016), and has been shown to be parallelizable for
up to four distinct microbial cultures (Bunge et al., 2008).
Further, PRT-MS is an ideal choice for monitoring biological
production processes including fuel production from the fungi
Ascocoryne sacroides (Mallette et al., 2012), VOC production
from the plant pathogen Xanthomonas campestris (Weise
et al., 2012), response of Mycobacterium smegmatis cultures to
antimicrobial agents (Crespo et al., 2011), growth of Thalassiosira
pseudonana (Kameyama et al., 2011), and differential production
of VOCs from Staphylococcus aureus under multiple nutrient
conditions (O'Hara and Mayhew, 2009). PTR-MS and GC-
MS techniques have been used in tandem with GC-MS being
used to identify compounds, and PTR-MS used for monitoring
and quantification (Weise et al., 2012; Blasioli et al., 2014).
These techniques have also been used in parallel to compare
methods directly in ability to detect and quantify microbial
produced VOCs (Mallette et al., 2012; Holm et al., 2013; Blasioli
et al.,, 2014). While PTR-MS can provide real-time analysis of
microbial volatiles, we recognized the need for higher throughput
analysis using GC-MS for discovery based mass spectrometry and
comparative analysis of unknown compounds across multiple
microbial cultures.

A common approach to study microbial diversity is the
screening for a variety of phenotypes. In this work we present
a high throughput method to characterize VOC profiles from
solid-phase bacterial cultures. The method involves culturing
bacterial samples directly in headspace vials that can be handled
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by an autosampler and then sampling the headspace using SPME.
Our method allows for long-term incubation of bacterial culture
and includes trapping of VOCs, increasing the ability to detect
compounds produced at low concentrations. In this work we
measure how SPME fiber film composition affects VOC detection
from bacterial cultures, and we then compare our method to
common plate sampling techniques. Increased throughput of
sample analysis allows us to demonstrate our method by studying
VOC production under different temperature incubations, and
using different growth media. We conclude by screening VOC
profiles from human skin microbiome representatives growing
under diverse growth conditions. This generalizable method will
support screening of bacterial populations in a variety of research
areas.

METHODS

Bacterial Strains and Culture Conditions
Bacterial strains used in this study are listed in Table 1 and were
maintained on tryptic soy agar (BD, Franklin Lakes, NJ, USA)
and grown in tryptic soy broth (BD, Franklin Lakes, NJ, USA) at
30°C. MOPS minimal media (#M2101, #M2101, #G0520), MOPS
minimal media plus EZ supplement (#M2104, #M2101, #M2101,
#G0520), or MOPS rich media (#M2103, #M2104, #M2101,
#M2101, #G0520), were used according to manufacturer’s
instructions (Teknova, Hollister, CA, USA), with 1.5% molecular
biology grade agar (Teknova, Hollister, CA, USA). Where
described, 1 g/L of yeast extract (Sigma-Aldrich, St. Louis, MO,
USA) was added to MOPS minimal media and dissolved prior
to autoclaving. Detailed media formulations are included in
Table S1. The headspace vials used in this study were 75.5
X 22.5mm, 20 mL, screw neck, clear glass vials (Gerstel Inc.,
Linthicum, MD, USA, product number #093640-036-00) with
magnetic screw caps with blue silicone/PTFE septa (Gerstel Inc.,
Linthicum, MD, USA, product number #093640-040-00). For
growth in headspace vials, autoclaved vials were filled with 8 mL
prepared culture media which was allowed to solidify at room
temperature. Prepared vials were stored at 4°C for no longer than
2 weeks prior to use. Vials were inoculated with ~100 CFU in 50
L PBS. Inoculated vials were incubated at either 30 or 37°C and
were placed onto the autosampling tray for automated incubation
of the SPME fiber.

TABLE 1 | Bacterial strains and ordering information.

Species Strain Source  Ordering Id.
Pseudomonas aeruginosa PAO1-LAC ATCC ATCC 47085
Staphylococcus epidermidis FDA strain PCI 1200  ATCC ATCC 12228
Staphylococcus epidermidis Fussel ATCC ATCC 14990
Staphylococcus epidermidis SK135 BEI HM-118
Rhodococcus erythropolis SK121 BEI HM-116
Acinetobacter radioresistans ~ SK82 BEI HM-107
Brevibacterium epidermidis NCDO 2286 ATCC ATCC 35514
Corynebacterium xerosis ATCC ATCC 373

Gas Chromatography and Mass

Spectrometry

The SPME fiber extractions and chromatographic data were
acquired using a Gerstel MPS robotic autosampler system
(Gerstel Inc., Linthicum, MD, USA) with a Thermo Trace 1310
GCand a Thermo TSQ 8000 triple quadrapole mass spectrometer
(GC/MS) using Xcalibur software (Thermo Fisher, Waltham,
MA, USA). The analytical column used was a Restek Rtx-
5 fused silica column (15m x 0.25mm x 0.25pum) (Restek
Corporation, Bellefonte, PA, USA). The SPME fibers evaluated
for extracting bacterial VOCs were purchased from Supelco
(Supelco Inc., Bellefonte, PA, USA) and consisted of a 7 um
PDMS fiber (Fiber A, green), a 100 um PDMS fiber (Fiber B,
red), a 50/30 um DVB-CAR-PDMS fiber (Fiber C, gray), and a
65 wm PDMS-DVB fiber (Fiber D, pink). The fibers were loaded
into an autosampler syringe held within the Gerstel MPS robotic
sampler arm and were conditioned before use within the Gerstel
syringe heating block, as directed by manufacturer’s guidelines.
To perform automatic sampling, a preparation method was
created within the Gerstel software, Maestro QQQ. This method
programs the robotic autosampler to transfer 20-mL headspace
vials containing media and bacterial cultures into a 30°C heated
incubator for a brief sample incubation. SPME fiber extraction
occurs while the headspace vial is warmed within the 30°C
incubator. In our experiments, the fiber was exposed to the
headspace for 45 min prior to desorption into the GC/MS inlet.
Thermal desorption was performed in a 250°C PTV inlet, with a
Siltek Metal Liner (2mm ID x 2.75 OD x 120 mm Length). The
PTYV inlet was operated in splitless mode for 1.20 min, followed
by a 50 mL/min split. The GC carrier gas for the analytical system
was Helium, operating in Constant Flow mode with a flow rate
of 1.50 mL/min. The GC oven parameters used were a 40°C
initial oven temperature with a 3 min hold, ramping at 8°C/min
to 120°C with no hold, and then a final ramp of 35°C/min to
260°C with a 3 min hold. The MS parameters used for detection
were an MS transfer line temperature of 250°C and an ion source
temperature of 200°C. The MS was operated in full scan with a
scan range of 50-400 amu at a rate of 5 scans/s. Following fiber
desorption in the GC inlet, the autosampler arm was moved to
the syringe heating block for a final SPME fiber bake-out at 200°C
for 15 min, to ensure the fiber was clean post-injection.

Peak Identification and Quantification

Both Thermo Xcaliber software (version 2.2, SP1.48, 2011) and
the National Institute of Standards and Technology’s (NIST
2005) Automated Mass Spectral Deconvolution & Identification
System (AMDIS version 2.62) were used for peak identification.
AMDIS allows for automated, unbiased matching of m/z spectra
against a custom library, whereas Thermo Xcaliber qualitative
analysis allows for manual peak picking and library matching.
AMDIS search parameters included a minimum search factor of
80%, using a high threshold from 50 to 400 m/z. A component
width of 12, adjacent peak subtraction of 2, high resolution and
very high sensitivity were defined for deconvolution parameters.
The custom search library (Supplemental Data) was initially
constructed using 351 known skin VOCs as described in the
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literature (Bernier et al., 2000; Haze et al., 2001; Gallagher
et al., 2008; Jiang et al., 2013; Tait et al., 2014). For peaks
that AMDIS did not find a match to in our custom library,
Xcaliber qualitative analysis was used to find a match against
the full NIST library (version 2.0 d, 2005). Once identified
with at least 80% confidence, the match was added to our
custom library. In total, 461 compounds comprised our final
VOC library, and all analyses were performed using AMDIS a
second time against the final VOC library (Table S1). Reported
hits against our final custom library were reported with >80%
confidence. High abundance peaks from P. aeruginosa PAO1
cultures were confirmed by comparison to chemical standards
including co-injection analysis. For signal to noise analysis, peaks
were identified using Xcaliber Genesis peak detection, with valley
detection enabled and a minimum peak height (s/n = 2.0), S/N
threshold = 0.5 and a minimum percent of highest peak = 1.0.
Baseline noise tolerance % was set to 10.0, the minimum number
of scans in baseline to 16, and the baseline noise rejection factor
to 2.0. The peak S/N cutoff was set to 200, the Rise Percentage
was set to 10.0, the Valley S/N was set to 1.0, the Background
Recomputation was set to min: 5.0), and the number of scans in
background was set to 5.

RESULTS

Bacterial Growth in Headspace Vials

Increases Sensitivity

Our method consists of generating semisolid growth surfaces
in sterilized headspace vials, followed by inoculation with
bacteria and incubation at growth temperatures, which are then
sampled with a SPME fiber, and autosampled by GC/MS. When
compared to standard methods for VOC analysis of bacterial
cultures, our headspace approach greatly reduced sampling
times. Whereas, 4 h incubation is used for sampling from culture
plates (our data), our method enabled SPME collection of VOCs
in 40 min. Moreover, our method resulted in volatile profiles
that had an increased total number of peaks detected and an
increased number of peaks unique to samples incubated with
P. aeruginosa PAO1 (Figure 1A). Both our methods and the
standard approach detected 2-undecanol and dimethyl disulfide
in cultures but not in uninoculated controls, consistent with
previous studies of P. aeruginosa that have identified these
compounds as bacterial products. In addition, we detected 1-
pentanol, 1-tridecanol, and 2-undecanone as bacterial products
using vial sampling (Figures 1B,C) which were found previously
in headspace sampling (Labows et al., 1980; Filipiak et al., 2012).
We also observed that a peak identified as benzaldehyde had
a significantly decreased peak intensity in samples incubated
with P. aeruginosa PAO1 compared to uninoculated controls,
consistent with bacterial metabolism of this substrate. To
determine increase in sensitivity, we calculated signal to noise
ratios for major peaks identified in P. aeruginosa PAO1 growth
on plates and in headspace vials. For headspace vial sampling,
the signal to noise was recorded as 1832 for undecene, 1135
for nonanone, 473 for undecanone, and 338 for undecanol. In
the comparative trace for SPME sampling of PAO1 grown on
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FIGURE 1 | Comparison of current methods with plate based assay for VOC
detection. (A) Count of peaks identified by plate (traditional) or vial (current)
sampling method for VOC detection. (B) Headspace vials with agar media and
growth of PAO1. Scale bar represents 1 cm. (C) Summary of compounds
putatively identified from peaks from plate and vial sampling.

plates using the manual SPME holder held over a petri dish
with PAOI, the signal to noise ratio was calculated as 236 for
a broad combined undecene/nonanone peak and 170 for the
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combined undecanone/undecanol peak. Peaks identified from
plate sampling were not as cleanly separated further supporting
improvement of direct growth in headspace vials.

SPME Fiber Composition Affects VOC

Detection

To test how SPME fiber composition affects VOC detection
from bacterial samples, individual samples of a 24 h culture of
P. aeruginosa PAO1 were tested against four SPME fiber types.
All fibers used contained polydimethylsiloxane (PDMS) as a base
component. Fiber A was comprised of a thin layer of PDMS
(7 wm), while Fiber B had a thicker layer of PDMS (100 pm).
Fiber C included a divinylbenzene layer (50 pm) and a carboxen
layer (30 pm). Finally, Fiber D included only a divinylbenzene
layer (65 pm). We observed the largest number of peaks using
Fiber D and the smallest number using Fiber A (Figure 2).
However, Fiber C was able to extract the long chain VOCs
associated with P. aeruginosa nearly as well as Fiber D. Fiber C
was chosen for the remaining experiments because the inclusion
of carboxen layer was thought to provide a wider range of
chemical capture.

Incubation Temperature Alters Volatile

Profiles and Timing

To determine effects of growth temperature on VOC production,
inoculated vials were incubated at either 30 or 37°C. Further,
because temperature is known to impact microbial growth
dynamics, time-course data was collected. To obtain time-
course data, VOC profiles were measured daily by SPME
incubation followed by GC/MS (Figure 3 and Figure S1). We

A
n

';' Fiber D X
\E', { OV X X
- J
B2
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o]
g

M tm—— RFiberB
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FIGURE 2 | GC/MS chromatograms of P aeruginosa PAO1 cultures extracted
with different SPME fiber types at 30°C for 24 h. Peaks from R aeruginosa
PAO1 are designated by symbols: A = 1-undecene; B = 2-nonanone;

4 = 2-undecanone; ¥ = 2-undecanol. Peaks labeled as X are identified as
siloxane contaminants.

confirmed the identifications for the most prevalent VOCs by
analysis of pure chemical standards using SPME sampling of
headspace vials (Table 2 and Figure S1). At 30°C we observed
a peak at 7.2min. that was identified as 1-undecene, as
well as a group of corresponding peaks between 7.8 and
8.2min primarily consisting of 2-nonanone. The alcohol and
ketone peaks increased in intensity over time. At 37°C, we
observe an additional group of peaks at 11.4 min, which were
identified as 2-undecanone and 2-undecanol. Both the 1-
undecene and the other methyl ketones have been previously
attributed to the P. aeruginosa VOC profile in the literature
(Labows et al., 1980; Filipiak et al, 2012). In growth series
at both temperatures, we observe multiple peaks, including
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FIGURE 3 | Volatiles from R aeruginosa PAO1. (A) 30°C incubation, (B) 37°C
incubation. Negative controls (labeled as “neg.”) were uninoculated and
measured daily, (day 1 negative control only shown) for clarity. Peak
identifications confirmed with co-elution of chemical standards are designated
by symbols: A = 1-undecene; B = 2-nonanone; 4 = 2-undecanone;
v = 2-undecanol.
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TABLE 2 | Chemical standards and retention times.

Compound Sigma Aldrich SKU Structure Quantity Retention time
2-pentanone W284220 /\)Oj\ 10 ng 1.124 min
1-nonene 74323 /\/\/\/\ 0.1 ng 3.87min
benzaldehyde B1334 0] 1ng 5.40min
H
1-undecene 242527 /\/\/\/\/\ 1ng 8.25min (Verified by co-injection)
2-nonanone 108731 /\/\/\/[(L 0.1 pg 8.35min (Verified by co-injection)
2-nonanol W331503 /\/\/\)Oi 1ng 9.88min
1-dodecene 44146 A N VNN 0.1 ng 10.23min
2-undecanone U1303 /\/\/\/\)?\ 0.1 ng 12.13 min (Verified by co-injection)
undecanal u2202 /\/\/\/\/\70 0.1 ng 12.34 min
2-undecanol 8084680100 OH 1ng 13.37 min (Verified by co-injection)

3-methylbutanal, 4-(1,1-dimethylethyl)-benzenepropanal, and
benzaldehyde, which were reduced in intensity relative to
uninoculated controls, suggesting that these compounds were
media components metabolized by P. aeruginosa during growth.

Media Composition Affects Production of
Specific VOCs by P. aeruginosa

We observed multiple peaks which are present in both
uninoculated and inoculated samples. We hypothesized that
these peaks were inactive components in the media, which led
us to investigate the role of media by generating a series of
defined media formulations. In addition to defined media for
reducing background components, this approach allowed us
to study how different environments affect VOC production.
The latter may be a result of microbes implementing different
metabolic pathways depending on substrate availability. When
incubated with P. aeruginosa PAO1, we observed the fewest
number of background peaks in MOPS Minimal Media using
glucose as the sole carbon source (Figure4). When the EZ
supplement (which contains amino acids, nucleotides, and
vitamins, Table S1) was added we observed increased production
of peaks between 7.8 and 8.1 min, corresponding to 2-nonanone.

The rich media (TSA), by contrast, showed increased levels of
amino acetophenones. Interestingly, we observed a relatively
high abundance of 1-dodecene at 9.2 min in glucose only media,
suggesting that components in the EZ supplement may inhibit
production of this long-chain alkene.

Volatiles Profiles From Diverse

Representatives From the Skin Microbiome
For the measurement of VOC profiles from multiple bacterial
strains grown in multiple media types, a more rapid method
for characterization was necessary. We selected eight microbial
strains representing genera in the human skin microbiome and
measured their volatile production after 7 days incubation at
30°C on MOPS glucose, MOPS glucose +EZ, and TSA media
formulations (Figure 5). Major VOCs identified from these
strains are reported in Figure 4. Consistent hits are only shown
if a match in the library was verified both automatically by the
AMDIS algorithm as well as by manual confirmation against the
NIST library using Thermo Xcaliber software (see Methods). In
accordance with the literature, the VOCs observed from bacterial
culture were overwhelmingly long-chain fatty acid biosynthesis
products. Alkenes, alcohols, ketones, and aldehydes were the
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FIGURE 4 | Volatiles from P aeruginosa PAO1 cultures on various media after
1 week incubation. Shown in light gray curves are uninoculated controls, and
those in black curves are inoculated with PAO1 and are transposed for
separation. (A) MOPS minimal media with glucose as the sole carbon source,
(B) MOPS minimal media with glucose as sole carbon source and EZ
supplement (amino acids), (C) tryptic soy agar.

majority of all VOCs captured by the SPME GC/MS technique.
In general, for samples where no growth was observed, the VOC
profiles matched that of the un-inoculated controls.

The utility of our headspace vial analysis of solid culture by
SPME was demonstrated by screening multiple bacterial strains

grown on multiple media types. The main compound produced
by P. aeruginosa in all media types at 30°C was 1-undecene, a
long-chain alkene. The main VOCs produced by 2 out of 3 strains
of S. epidermidis were identified as long-chain ketones (TSA
media). The first strain of S. epidermidis was the only bacteria
tested to produce compounds that match the carboxylic acids
3-methylbutanoic acid and 2-methylbutanoic acid. Interestingly,
the third strain of S. epidermidis did not produce these
compounds, but did produce larger than background levels of a
compound putatively identified as 3-methylbutanal. Conversely,
2-methylbutanal and 3-methyl butanal were consumed from
the media by the first strain of S. epidermidis (ATCC 12228).
None of the S. epidermidis strains had visible growth on MOPS
glucose minimal media, and only grew on TSA. P. aeruginosa,
however, grew on minimal media as well as TSA. In MOPS
glucose minimal media, no medium-chain methyl ketones were
observed, but medium and long-chain alkenes were produced.
In richer media, like TSA and even amino acid-supplemented
MOPS glucose media, long-chain alkenes were produced in
a lower amount; instead, medium-chain methyl ketones were
observed.

The remaining strains studied had more subtle VOC profiles.
Despite visible growth in all media types, R. erythropolis
produced no identifiable VOCs using our methodology.
In TSA, A. radioresistans produced 3-methyl-1-butanol and
benzeneacetaldehyde, but little else. B. epidermidis and C. xerosis
only had visible growth in TSA, and both produced compounds
putatively identified as 2-butanone and 2-acetylthiazole. In
addition, C. xerosis produced 3-methyl-1-butanol and 2-
methylbutanal. These four strains did not produce detectable
levels of fatty acid biosynthesis products. Fatty acid biosynthesis
is necessary for bacterial cell growth to occur, so further reduction
of fatty acids to alkenes, alcohols, or methyl ketones may be less
common for these strains.

DISCUSSION

A common approach for studying microbiomes is the culture
of representative organisms and screening for phenotypes that
may affect interaction with the host or other community
members. One mechanism by which microbes interact with
other organisms in their environment is through production of
VOCs. Current methods for studying bacterially produced VOCs
include plate-based growth and manual capturing of VOCs.
In this paper, we present an alternative approach based on
sampling of headspace vials. Our method provides comparable
and often superior results to current methods and reduces
required sampling time to <1h per sample. Using this method,
we tested different SPME compositions, collection times and
growth conditions to determine how these factors affect VOC
detection from P. aeruginosa PAO1, a well-studied organism for
which VOC detection can be used as a diagnostic for infection.
After demonstrating the improved performance of our method
and standardizing optimal sampling protocols, we then screened
diverse representatives from the human skin microbiome to
determine VOC production on different media formulations.
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The sampling method that we developed is based on volatile
adsorption to SPME fibers. SPME is well suited to microbial
VOC analysis because it allows for the sampling of bacterial
volatiles from the headspace of solid cultures rather than
via liquid injection, either directly from liquid culture or
from extracts of agar medium. However, the relatively low

concentration of volatiles produced by microbial cultures means
that SPME typically requires long incubation times and can
be heavily contaminated by VOCs from the environment. As
a countermeasure, we have developed a technique that relies
on headspace vials. Headspace vials have been employed for
identification of volatiles from chemical samples where they have
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been found effective due to their ability to concentrate VOCs
and reduced background contamination benefits provided by
the sealed vessel design. Previously, however, headspace vial
sampling has only been used for standard chemical profiling.
In this paper, we show that a similar approach can be applied
to microbial sampling by growing bacterial cultures directly
in the headspace vials. When bacteria are grown in headspace
vials, buildup of volatiles within the vials enables VOC sampling
in <1h of SPME fiber incubation. By contrast, techniques
wherein SPME fibers are held over a culture on a petri dish
require incubation for many hours. Notably, we detected major
VOCs previously described from P. aeruginosa PAO1 using both
methods, but observed a larger signal to noise ratio and fewer
contaminating VOCs in the negative controls when using the
headspace technique. An added advantage of headspace vials is
that they can be used in an auto sampler, so that GC/MS analysis
can be run for multiple samples, decreasing variability between
samples.

To optimize our headspace approach, we considered the effect
of several experimental parameters. Screening of different SPME
fiber compositions revealed that the PDMS/DVB/Carboxen
polymer provided good sensitivity for alcohols, aldehydes,
ketones, and carboxylic acids. Likewise, we found that a 40 min
SPME incubation time allowed for SPME-GC/MS analysis per
sample of <1h, and retained good VOC extraction efficiency.
A time course of P. aeruginosa PAO1 growth at 30°C showed
a different VOC profile compared to growth at 37°C. In
particular, although 1-undecene dominated VOCs regardless of
temperature, at 37°C long-chain methyl ketones such as 2-
undecanone were observed in significantly higher concentrations
than at 30°C. Time course data also showed that there is a buildup
of VOCs within the headspace of the vial. Experimentation
with different media illustrated that growth substrates can alter
VOC profiles. Notably, however, even growth on minimal media
produced measurable quantities of VOCs from P. aeruginosa.
The use of minimal media was advantageous in that it reduced
VOC contaminants; for example, quantities of benzaldehyde
emitted from MOPS minimal media were far lower compared
to tryptic soy agar. Understanding and minimizing background
VOC:s can be beneficial for compound identification, particularly
for studies where the goal is to explore the effects of microbial
VOCs on species interactions.

A key benefit of our VOC analysis workflow is the
streamlining that it provides. Our approach allows for higher
throughput analysis of microbial VOCs. Accordingly, we
demonstrated the benefits of our headspace approach by
screening eight bacterial strains for VOC production on
three media formulations. This experiment would have been
impractical using a manual SPME holder requiring 4h
incubation times. Further, standard VOC workflows would have
yielded complicated data with decreased signal to noise ratios,
impeding interpretation of results. Our cross-strain comparison
provides insight into the VOC profiles of different bacterial
strains under a variety of growth conditions. P. aeruginosa
was found to produce long chain alcohols and alkenes, as
well as some short-chain ketones. 1-undecene biosynthesis in
Pseudomonas has been identified as originating from undecanoic

acid through the mechanism of a non-heme iron oxygenase,
UndA (Rui et al., 2014). We observe, in addition to 1-undecene,
2-undecanol and 2-undecanone. Strains of S. epidermidis were
found to produce significant amounts of long-chain methyl
ketones, but fewer long-chain alcohols, aldehydes, and alkenes.
This result is attributed to different metabolic activity for fatty
acid biosynthesis products when compared to P. aeruginosa. For
other species of Staphylococcus, the biosynthesis of long-chain
methyl ketones has been recognized as incomplete B-oxidation
of fatty acids (Engelvin et al., 2000; Fadda et al., 2002).

The other bacterial strains studied did not produce large
quantities of VOCs as detected by our SPME-GC/MS method;
however, it is interesting to note that B. epidermidis and C. xerosis
were found to produce 3-methyl-1-butanol, where the first
S. epidermidis strain produced 3-methylbutanoic acid. Potentially
these bacteria are converting 3-methylbutanal that exists in
the media, but in differing ways, where the former species
are reducing the aldehyde, but the latter strain is oxidizing 3-
methyl-1-butanol to 3-methylbutanoic acid. It is also interesting
that different strains of S. epidermidis produce different VOCs.
For example, the third strain of S. epidermidis produces 3-
methylbutanal, whereas the second strain produces neither.
These results highlight the importance of rapid culture sampling,
as even variations between strains of the same bacterial species
can cause measureable differences in produced VOCs.

CONCLUSION

The ability of SPME-GCMS to analyze bacterial culture directly
grown in headspace vials quickly provides a high throughput
screening strategy for the study of microbial produced VOCs.
This work will support the characterization of microbial diversity
in VOC production, as well as enable the development of systems
with defined VOC profiles. Due to the growing appreciation
for the role of microbiomes in health, agriculture, and the
environment, we believe that such capabilities for efliciently
quantifying many different taxa will be increasingly important.
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Figure S1 | Chemical standards compared to volatiles from P aeruginosa PAOT.
(A) Chromatograms from chemical standards were collected independently then
truncated and overlaid to show retention time. 1-undecene curve is gray to
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