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The aim of this study was to utilize gas chromatography coupled with mass spectrometry (GC-MS) to compare and identify pat-
terns of biochemical change between Salmonella cells grown in planktonic and biofilm phases and Salmonella biofilms of differ-
ent ages. Our results showed a clear separation between planktonic and biofilm modes of growth. The majority of metabolites
contributing to variance between planktonic and biofilm supernatants were identified as amino acids, including alanine, glu-
tamic acid, glycine, and ornithine. Metabolites contributing to variance in intracellular profiles were identified as succinic acid,
putrescine, pyroglutamic acid, and N-acetylglutamic acid. Principal-component analysis revealed no significant differences be-
tween the various ages of intracellular profiles, which would otherwise allow differentiation of biofilm cells on the basis of age. A

shifting pattern across the score plot was illustrated when analyzing extracellular metabolites sampled from different days of
biofilm growth, and amino acids were again identified as the metabolites contributing most to variance. An understanding of
biofilm-specific metabolic responses to perturbations, especially antibiotics, can lead to the identification of novel drug targets
and potential therapies for combating biofilm-associated diseases. We concluded that under the conditions of this study, GC-MS
can be successfully applied as a high-throughput technique for “bottom-up” metabolomic biofilm research.

iofilm formation by Salmonella spp. on biotic and abiotic sur-

faces has profound consequences in many industries, as they
act as continual sources of contamination and are notoriously
difficult to eradicate (1-5). The regulatory network governing Sal-
monella biofilm formation is highly sophisticated; however,
through the dedicated efforts of research groups worldwide, the
picture is gradually becoming clearer. More recently, proteomic
and transcriptomic studies have shown a global shift in metabo-
lism when growth switches from sessile to a biofilm (6, 7). It is
therefore highly plausible that phenotypic biofilm properties
thought to be induced via biofilm-specific gene expression are in
fact induced by differential expression of common metabolic
pathways (7, 8).

The closest “omics” representation of phenotypes in a micro-
organism is metabolomics, or the study of the metabolome.
Metabolomics incorporates both the analysis and identification of
metabolites and allows researchers to monitor changes in meta-
bolic profiles following perturbations to a system. Metabolomics
is not new, but it has recently undergone a revival due to advances
in analytical techniques, such as liquid chromatography-mass
spectrometry (LC-MS) (9), nuclear magnetic resonance (NMR)
(10), and gas chromatography coupled with mass spectrometry
(GC-MS) (11, 12). The resurgence in metabolomics has subse-
quently provided an innovative high-throughput approach for
research into the metabolic complexity of biofilms.

Current literature about biofilm metabolomics is limited and is
mostly confined to studies using NMR (13-15). In this study, we
utilized a GC-MS-based metabolomic approach to compare and
identify patterns of biochemical change between planktonic and
biofilm Salmonella cells. Biofilms were also grown for different
lengths of time, and the same metabolomic approach was used to
identify metabolic differences between Salmonella biofilms at dif-
ferent ages. We hypothesized that the metabolite profiles of plank-
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tonic and biofilm Salmonella are different from each other. We
also hypothesized that the metabolite profiles of 3-, 5-, and 7-day-
old biofilms are distinct between different days.

MATERIALS AND METHODS

Salmonella strain and culture conditions. Salmonella enterica serovar
Typhimurium ATCC 14028 was used as the reference strain in this study.
S. Typhimurium was routinely cultured in Luria-Bertani (LB) medium
and incubated aerobically at 37°C. Pure Salmonella colonies were verified
by streaking the culture onto xylose-lysine-deoxycholate (XLD) agar
(Becton Dickinson Difco) and incubation overnight at 37°C. Only red
colonies with black centers were used (16).

Planktonic and biofilm culture conditions. A standardized microbial
inoculum (25 ml of a culture concentration of 1.0 X 107 CFU/ml) was
incubated in 50-ml tubes at 37°C for 24 h. This experiment was repeated
to yield eight independent biological replicates for planktonic culture
conditions. Salmonella biofilms were grown under conditions previously
described by Wong and colleagues (5, 17). Biofilms were formed using the
MBEC high-throughput assay (MBEC Innovotech, Canada), as previ-
ously described by Ceri and colleagues (18), with some modifications (5).
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The device consists of a 96-peg lid and a bottom ridged trough. A stan-
dardized microbial inoculum (25 ml of a culture concentration of 1.0 X
10”7 CFU/ml) was incubated in the device at 37°C on a rocking platform
(Bio-Line platform rocker, model 4100; Edwards Instrument Company,
New South Wales, Australia) for 24 h. This experiment was repeated to
yield eight independent biological replicates for each condition (n = 8).

Chemicals. MilliQ water was obtained from a Millipore Milli-Q Syn-
thesis A10 purification system. All other chemicals were purchased from
Sigma-Aldrich (Switzerland) at the highest purity available unless other-
wise stated.

Extracellular-metabolite preparation. Medium controls (10% LB
with no sodium chloride) and planktonic and biofilm culture superna-
tants were filtered through a 0.2-wm membrane (Fast PES filter unit;
Nalgene). A sample aliquot of 100 pl was mixed with 5 g of ribitol
(adonitol; minimum, 99%) to serve as an internal standard, made up to
300 pl with MilliQ H,O and frozen at —80°C. Samples were freeze-dried
overnight (Labconco FreeZone Plus 2.5-liter benchtop; Cascade Freeze
Dry Systems) and stored at —80°C prior to analysis.

Intracellular-metabolite preparation. Planktonic cultures were cen-
trifuged at 4,000 rpm for 30 min at 4°C (Allegra X-15R centrifuge; Beck-
man Coulter), the supernatant was removed, and the pellet was trans-
ferred into a clean tube and freeze-dried overnight. The following
extraction was carried out on the lyophilized pellet: 500 wl of MilliQ H,O
containing 5 pg of ribitol was added to the pellet, vortexed to dissolve the
pellet, sonicated for 5 min, vortexed for 30 s, sonicated for 5 min, frozen in
liquid nitrogen, thawed on ice, vortexed for 30 s, and centrifuged (5415R
centrifuge; Eppendorf, Germany; 13,200 rpm; 10 min; 4°C), and the su-
pernatant was transferred into another clean tube. The extraction proce-
dure was performed on the pellet twice thereafter using absolute methanol
(methanol HPLC; RCI Labscan Limited, Thailand). All supernatants were
pooled and placed in a rotary vacuum concentrator (Concentrator Plus
AG 22331; Eppendorf, Germany) for 2 h at room temperature to remove
the methanol, and the remaining supernatant was freeze-dried overnight.

The peg lids with biofilms were rinsed with 0.9% saline for 1 min to
remove planktonic bacteria and then placed in a 96-well plate containing
200 pl of MilliQ H,O per well and sonicated on high for 5 min (Bransonic
220; Branson Consolidated Ultrasonic Pty Ltd., Australia). The biofilm
cells were centrifuged at 4,000 rpm for 30 min at 4°C, the supernatant was
removed, and the pellet was transferred into a clean tube and freeze-dried
overnight. Extractions were performed on the lyophilized biofilm pellet as
described for planktonic cultures. All the supernatants were pooled and
placed in a rotary vacuum concentrator for 2 h at room temperature to
remove the methanol, and the remaining supernatant was freeze-dried
overnight.

Sample derivatization. Lyophilized samples were resuspended in 20
.l of methoxyamine hydrochloride in pyridine (20 mg/ml) and mixed for
90 min at 30°C and 1,200 rpm (Thermomixer Comfort; Eppendorf, Ger-
many). N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) (40 pl)
was added to each sample and mixed for 30 min at 37°C, with shaking at
1,200 rpm for the first minute only. The derivatized samples were trans-
ferred into a 2-ml GC vial and tightly capped.

Gas chromatography-mass spectrometry analysis. The GC-MS anal-
ysis method used in this study has previously been used to generate me-
tabolite profiles of Stagonospora nodorum (19). Briefly, the derivatized
samples were analyzed using an Agilent 6890 gas chromatograph system
coupled to an Agilent 5973 mass selective detector (Agilent Technologies
Pty Ltd.). The fused silica capillary column was a FactorFour VF-5ms with
dimensions of 30 m by 0.25 mm by 0.25 wm plus a 10-m EZ-Guard
(Agilent Technologies). Ultra-high-purity helium (BOC Gases, Australia)
was used as the carrier gas.

The derivatized samples were injected at 1 pl usinga 20:1 split ratio for
the supernatant and splitless injection for intracellular metabolites. The
inlet temperature was set to 230°C. The initial oven temperature was set at
70°C, increasing 1°C per min for 5 min before increasing to a final tem-
perature of 330°C at 5.63°C/min with a 10-min hold time. The helium
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flow rate was retention time locked to elute p-mannitol at 30.6 min. The
mass spectrometer was set to a scan-monitoring range of 1/z 40 to 600 at
1 scan/s.

Data processing and analysis. Mass spectra and chromatograms were
normalized to a ribitol internal standard and processed using AnalyzerPro
v2.2.07 (SpectralWorks Ltd., Runcorn, United Kingdom) and Unscram-
bler v9.8 (Camo Software, Norway). Principal-component analysis (PCA)
was performed subsequent to log,,(x + 1) transformation of the normal-
ized abundance data. Mass spectral similarity searches were performed
using NIST MS search (NIST Mass Spectral Database, version 2.0f). All
other data were analyzed using GraphPad Prism 5 (GraphPad Software,
San Diego, CA, USA). Groups were compared using 1-way analysis of
variance (ANOVA), followed by Dunnett’s multiple-comparison test.
Data were expressed as the mean normalized peak area * standard error
of the mean (SEM), and differences with a P value of <0.05 were consid-
ered significant.

RESULTS

Extracellular metabolites from planktonic and biofilm superna-
tants. PCA was used to model the data set (see the metabolite list
[Data Set S1] in the supplemental material) and to determine the
metabolites contributing most to the variance observed. The score
plot generated by submitting extracellular metabolite profiles
from medium control, biofilm, and planktonic samples to PCA is
presented in Fig. 1A. Principal component 1 (PC-1) accounts for
63% of the variance in the data and clearly separates all three
groups of samples. Metabolites affecting factor loading across
PC-1 were identified, and the top eight are presented in Fig. 1B.
Positive loadings were influenced most by alanine, glutamic acid,
glycine, and ornithine, while negative loadings were influenced
most by valine, glutaric acid, urea, and isoleucine. Amino acids are
a constituent of Luria-Bertani broth (20), so to validate that the
amino acids most affecting variance were not exclusively derived
from the medium, the relative levels of the amino acids were com-
pared between the different types of supernatant (Fig. 1C). Ala-
nine, glycine, and glutamic acid were not detected in supernatants
derived from biofilms but were present in both planktonic and
medium samples. Valine and isoleucine were present in all three
types of supernatants, but the peak areas of valine in both plank-
tonic and biofilm samples were significantly different from the
control, as was isoleucine in biofilm samples. Ornithine was de-
tected only in planktonic samples and not biofilm or the controls.

Intracellular metabolite from planktonic and biofilm cells.
The score plot generated by submitting metabolite profiles to PCA
is presented in Fig. 2A and shows distinct separation between
planktonic and biofilm cells. PC-1 accounts for 79% of the vari-
ance in the data, and PC-2 describes an additional 11% and also
describes the spread within planktonic and biofilm samples. Me-
tabolites affecting factor loading across PC-1 were identified, and
the top eight are presented in Fig. 2B. Positive loadings were in-
fluenced most by succinic acid, putrescine, pyroglutamic acid, and
N-acetylglutamic acid, while negative loadings were influenced
most by glycerol, lactic acid, urea, and leucine.

Extracellular metabolites from biofilms grown for different
numbers of days. The score plot generated by submitting biofilm
supernatant metabolite profiles to PCA is presented in Fig. 3A.
PC-1 accounts for 60% of the variance in the data, and PC-2 ex-
plains an additional 19% of the variance. A shifting trend across
PC-1 was observed with different ages of biofilm supernatant. This
trend was made prominent when samples were grouped together
on the basis of the day (indicated by blue, red, and green) and was
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FIG 1 Extracellular metabolites from planktonic and biofilm supernatants and LB medium (control). (A) PCA score plot of metabolites from control,
planktonic, and biofilm supernatants. (B) Metabolites most affecting factor loading across PC-1 when comparing profiles of planktonic and biofilm supernatants.
(C) Peak areas, normalized to the internal standard, of the amino acids alanine, glycine, valine, isoleucine, glutamic acid, and ornithine in planktonic and biofilm
supernatants and LB medium. Eight independent biological samples were analyzed for each condition, and five samples were analyzed for the control. The data
are presented as the means * SEM of normalized peak areas. All groups that were statistically different from the control (P < 0.05) are indicated by asterisks.
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FIG 2 Intracellular metabolites from planktonic and biofilm cells. (A) PCA
score plot of metabolites from planktonic and biofilm Salmonella Typhimu-
rium cells. (B) Metabolites that had the greatest influence on the variance
between samples when comparing profiles of planktonic and biofilm cells.

consistent for all samples except one outlying 7-day sample (as
indicated). Metabolites affecting factor loading across PC-1 were
identified, and the top eight are presented in Fig. 3B. Positive
loadings were influenced most by valine, pyroglutamic acid, phe-
nylalanine, and isoleucine, while negative loadings were influ-
enced most by sorbitol, octadecanoic acid, (Z)-9-octadecen-
amide, and +y-hydroxyglutaric acid. The relative levels of the
amino acids valine, pyroglutamic acid, phenylalanine, and isoleu-
cine were compared between the various types of supernatant
(Fig. 3C). The normalized peak areas of valine and isoleucine in 3-,
5- and 7-day-old biofilm supernatants were significantly different
from the normalized peak areas of valine and isoleucine in the
control medium (P < 0.05). The normalized peak areas of pyro-
glutamic acid and phenylalanine in 5- and 7-day-old biofilm su-
pernatants were significantly different from the peak areas of py-
roglutamic acid and phenylalanine in the control medium (P <
0.05). The normalized peak areas of 3-day-old supernatants were
not significantly different from the controls for the last two amino
acids. Therefore, while the amino acids of interest were present in
the media, the significantly higher normalized peak area of each
amino acid in the supernatant compared to controls indicates that
they did not contribute greatly to the variance observed in our
study.

Intracellular metabolites from biofilms grown for different
numbers of days. The score plot generated by submitting 3-, 5-,
and 7-day-old biofilm cell profiles to PCA is presented in Fig. 4.
PC-1 accounts for 91% of the variance in the data, and PC-2 ex-

April 2015 Volume 81 Number 8

Applied and Environmental Microbiology

Salmonella GC-MS Metabolite Profiling

plains an additional 5% of the variance. PCA did not show any
trends or clustering between the biofilm cells grown for different
numbers of days, and as such, the biofilm cells could not be sepa-
rated on the basis of age. As there was no evidence of separation on
the score plot, metabolites affecting factor loading were not iden-
tified.

DISCUSSION

The present study was designed to compare and identify patterns
of biochemical change between planktonic and biofilm growth in
Salmonella Typhimurium and to determine if a GC-MS-based
metabolomics approach can be successfully used as a high-
throughput tool for biofilm research. To our knowledge, this is the
first study that has evaluated metabolite profiles of planktonic and
biofilm Salmonella Typhimurium cells using GC-MS.

Intensive research into the morphology, physiology, and
genomics of biofilm formation has improved our knowledge
about this remarkable phenomenon. Until recently, little atten-
tion has been directed toward the analysis of the metabolome in
order to understand how sessile growth and biofilms differ at a
metabolic level. Existing literature about biofilm metabolomics is
limited to studies using NMR (13, 15), which is restricted by low-
sensitivity measurements. MS is highly sensitive but less quantita-
tive, and the inevitable use of chromatography to separate metab-
olites results in variations in the metabolome (21). As such, a
combined application of NMR- and MS-based analytical tech-
niques should yield a more comprehensive metabolite profile than
applying each technique individually (22). Biofilm metabolomics
will have to be carried out on a single, well-defined system due to
the discrepancies in biofilms grown using different systems. Sal-
monella biofilm phenotypes depend on a variety of factors, includ-
ing the isolate, nutrient source, and temperatures (2, 23, 24).
While many research groups favor the use of flow cell systems for
biofilm studies, our specific study used a static device known as the
Calgary Biofilm Device, or commercially as the MBEC assay. The
study of static biofilms is important, as not all natural biofilms
exist as flow cell biofilms. For example, foodborne pathogens,
such as Salmonella, more often develop biofilms in static environ-
ments, such as food-processing surfaces, equipment surfaces, and
fresh produce (25, 26). In order to compare the metabolite profiles
of biofilm and planktonic cells, it is crucial that all cells experience
the same environment. Studies comparing flow cell biofilms to
planktonic cultures have to take into consideration the accumu-
lation of metabolic end products in planktonic growth, which
does not occur in flow cell biofilms, as the medium is continually
refreshed. The MBEC assay is an invaluable system for biofilm
metabolomics research, as metabolites are not washed out but are
instead able to accumulate. Appropriate selection of a biofilm sys-
tem is also important when assessing biofilms of different ages,
since biofilms often have a limited life span, disassembling as nu-
trients become exhausted and waste products accumulate (27).

It was expected that amino acids would contribute substan-
tially to the observed variance, since amino acid metabolism is an
important component of growth (28). The presence of urea, pro-
duced during amino acid decarboxylation (29), further supports
our findings that amino acids play an important role in the life of
a biofilm. The results from this study support existing research
showing that amino acids are a crucial component in biofilm
growth and development (6, 30, 31). Specifically, Valle et al. (30)
demonstrated that valine production was a result of the metabolic
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FIG 3 Extracellular metabolites from 3-, 5-, and 7-day-old biofilm supernatants and LB medium (control). (A) PCA score plot of metabolites from biofilm
supernatants (3 [blue], 5 [red], and 7 [green] days old). (B) Metabolites most affecting factor loading across PC-1 when comparing profiles of biofilms at 3, 5, and
7 days. (C) Normalized peak areas of the amino acids valine, pyroglutamic acid, phenylalanine, and isoleucine in 3-, 5-, and 7-day-old supernatants and LB
medium (control). Eight independent biological samples were analyzed for each day, and five samples were analyzed for the control. The data are presented as
the means = SEM of normalized peak areas. All groups that were statistically different from the control (P < 0.05) are indicated by asterisks.

changes occurring within high-density biofilm communities. Our
findings showed an increasing level of amino acids in biofilm su-
pernatant as the biofilm ages. Therefore, while amino acids may
constitute an energy source in biofilms, they may also have an-
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other role as a signal for biofilm maturation and eventual disas-
sembly. These findings corroborate studies that have determined
that p-amino acids produced by Bacillus subtilis prevent biofilm
formation and disrupt existing biofilms by causing the release of
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FIG 4 Intracellular metabolites from 3-, 5-, and 7-day-old biofilm cells (blue,
red, and green, respectively). Shown is a PCA score plot of metabolites from
the biofilm cells.

fibers connecting the cells within a biofilm (32). It has since been
reported by the same group that self-produced norspermidine
acts with p-amino acids to trigger biofilm disassembly (33). Al-
though the p-amino acids identified by Kolodkin-Gal and col-
leagues were not an exact match to our findings, it would still be of
considerable interest to evaluate other amino acids and their roles,
both individually and synergistically, in biofilm development and
dispersion.

Biofilms formed a tighter collection on the score plot than
planktonic cells in both intra- and extracellular profiles. This was
unexpected, as it is assumed that planktonic cells are homoge-
neous and therefore should have analogous metabolisms. The rea-
son why biofilm cells formed a tighter grouping in this study is
unknown; however, it does suggest that the metabolism of bio-
films is more closely regulated than that of planktonic cells. The
wide range of metabolites affecting factor loading in biofilm and
planktonic cells was not surprising given that Salmonella metabo-
lism is intricate, with more than 250 genes essential for in vitro
growth in LB medium (34) and over 2,000 proteins with putative
metabolic functions (35). While the precise roles of these metab-
olites in Salmonella metabolism and, more specifically, their rela-
tionship with biofilm development are of interest and an area for
further research, they are beyond the scope of the current study.

While biofilm supernatants could be separated on the basis of
age, it was interesting that intracellular samples were not separated
on the same basis. It is well established that microenvironments
exist within a biofilm (36), and thus, the metabolic activity of
biofilm-associated cells under oxygen and nutrient stress will be
very different from the metabolic activity of cells in oxygen- and
nutrient-rich microenvironments. In addition to this, it is known
that different types of cells exist within a biofilm. For example,
persister cells are a dormant subpopulation of biofilm-associated
cells that neither grow nor perish in the presence of antimicrobial
agents due to limited metabolic activity (37-39). The metabolic
diversity of cells within a biofilm of any age would therefore make
it difficult to separate the samples on the basis of biofilm “age”
alone. The sample preparation methods and the limits of detec-
tion of the analytical instrument utilized in this study can also be
modified and compared in future studies to determine the most
suitable technique for assessing intracellular biofilm metabolites.

In summary, we have demonstrated that a GC-MS-based
metabolomics approach can be used to differentiate Salmonella
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biofilm and sessile growth in conjunction with identification of
metabolites that cause variance. Our results have reinforced the
importance of amino acids in biofilm growth and the significance
of other metabolites that are utilized during biofilm development.
Biochemical-pathway studies and different biofilm growth envi-
ronments, combined with developments in extraction methods,
instrumentation, platforms, databases, libraries, and statistical
software, will propel this field of biofilm “omics” forward and
increase our understanding of the biofilm metabolome.
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