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ABSTRACT: Quantitative and comprehensive profiling of cellular metabolites is
currently a challenging task in bacterial metabolomics. In this work, a simple and
robust method for profiling the amine- and phenol-containing metabolome of
bacterial cells is described. The overall workflow consists of methanol-based cell
lysis and metabolite extraction with ultrasonication, differential isotope
dansylation labeling of cellular metabolites, and analysis of the labeled
metabolites by liquid chromatography−mass spectrometry (LC−MS). Over a
thousand peak pairs or putative metabolites can be detected from bacterial cells
in a 25 min LC−MS run and near 2500 putative metabolites can be found in one
bacterium from combined results of multiple analyses. After careful examination
and optimization of the sample preparation process, this method is shown to be
effective for both Gram-positive and Gram-negative bacteria. An idea of applying
LC−ultraviolet (UV) detection to quantify the total amount of labeled
metabolites is shown to be effective for normalizing the amounts of metabolites present in different samples for metabolome
comparison. The use of differential isotopic labeling allows relative quantification of each individual metabolite, which facilitates
comparative metabolomics studies and the generation of a metabolic fingerprint of a bacterium. Finally, this method is
demonstrated to be useful for the differentiation of three bacterial species in cultured media and spiked human urine samples.

Metabolomics can provide valuable and complementary
information to the genomics, transcriptomics, and

proteomics data.1 In recent years, the study of microbial
metabolomics has received growing research interest because of
its potential applications in a wide range of microbial research
fields, including metabolic engineering.2 There are at least two
major research areas in microbial metabolomics.3 The first one
is to investigate changes of the metabolic profile under different
environmental conditions or look for the key metabolic changes
in a mutant strain.4 The second one is to generate a metabolic
fingerprint of various bacterial species for the purpose of
microorganism identification or differentiation.3,5−7 In both
cases, a robust and sensitive method capable of detecting and
quantifying a large number of metabolites is desirable.
Among the various analytical platforms used for metabolome

analysis,8 liquid chromatography−mass spectrometry (LC−
MS), particularly reversed phase LC−MS (RPLC−MS) has
been widely used. However, RPLC−MS is not suitable for
detecting very polar and ionic metabolites. To address this
problem, our group has reported a 12C/13C-dansylation-labeling
technique for the analysis of the amine- and phenol-containing
submetabolome; dansyl labeling allows separation of polar and
ionic metabolites on RPLC while providing a signal enhance-
ment of 10- to 1000-fold.9 This method enables detection of
hundreds of metabolites to over a thousand using one-
dimensional LC−MS and has been shown to be useful for

metabolic profiling of biofluids such as urine,9 cerebrospinal
fluid,10 and saliva.11

However, differing from biofluid analysis, cellular metab-
olome profiling is a much more challenging task. Prior to
metabolite analysis by NMR or MS, several sample preparation
processes are needed, including (1) separation of cells from the
growth medium; (2) a washing procedure to remove any
interfering compounds from the cell surface; (3) rapid
quenching to stop cellular activity; (4) extraction of intra-
cellular metabolites, and (5) a disruption procedure to enhance
the extraction process.2 A number of studies have been
reported with a focus on evaluating the sample preparation
methods for cellular metabolome analysis.3,12−21 However, the
analytical performance of each method is very likely dependent
on the type of metabolites analyzed and the detection method
used. In this work, we describe a method based on differential
isotope dansylation-labeling LC−MS, in combination with a
fast step-gradient LC−UV quantification method for sample
amount normalization,22 for microbial metabolome profiling.
This method allows the detection and quantification of
thousands of putative metabolites from a bacterium with high
precision and accuracy, compared to current methods of
detecting less than 300 putative metabolites in general. As an
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example of applications, the possibility of employing this
isotope labeling LC−MS method for identifying bacteria in
clinical samples is assessed by analyzing bacteria spiked in
human urine samples. To our knowledge, most reported studies
of using metabolomics for bacterial identification were based on
the use of GC−MS.6,7,23

■ EXPERIMENTAL SECTION
The Supplemental Note N1 of the Supporting Information
provides information on chemicals and reagents used,
dansylation-labeling chemistry, LC−UV quantification of
labeled metabolites, and LC−MS experimental conditions.
Cell Culture and Harvest Conditions. For the method

optimization work, Escherichia coli (ATCC 47076) cells were
grown in nutrient broth (0.3% beef extract, 0.5% peptone) at
37 °C and 225 rpm in a shaking incubator for ∼24 h. All
cultures were harvested at OD600 of 1.5 and were spun at
4640g at 4 °C for 10 min. The pellets were resuspended in 1
mL of ice-cold 0.9% NaCl, and spun in an Eppendorf 5415C
microcentrifuge at 16000g at 4 °C for 1 min. The cell pellets
were flash frozen in a dry ice/ethanol bath and stored at −80
°C until further use. For the cell differentiation study, E. coli
(ATCC 47076) cells were grown at 37 °C on nutrient agar
plates (0.3% beef extract, 0.5% peptone, 1.8% agar) for ∼24 h.
Bacillus subtilis (ATCC 9372) and Bacillus megaterium (ATCC
14581) cells were grown at 30 °C on the same nutrient agar
plates for ∼24 h. For the urine experiments, E. coli was grown
overnight at 37 °C in LB medium (1% tryptone, 0.5% yeast
extract) to an OD600 of ∼4 and then diluted to 1 × 105 cells/
mL in each urine sample. Ten microliters of the spiked urine
was diluted to 100 μL in water and then spread onto the
Nutrient Agar plate and incubated overnight at 37 °C. Cells
from the plates were scraped into 1 mL of 0.9% NaCl and
rapidly centrifuged in an Eppendorf 5415C microcentrifuge at
16000g for 1 min. The cell pellets were resuspended in 1 mL of
0.9% NaCl and spun again. The final cell pellets were stored at
−80 °C until further use.
Metabolite Extraction. The performance of three solvent

systems was evaluated in this work: 50/50 MeOH/H2O
(MeOH), 50/50 ACN/H2O (ACN), and 40/40/20 MeOH/

ACN/H2O (MAW). Each solvent extraction experiment was
carried out in triplicate. For each extraction, the cell pellets
were resuspended in 1 mL of the corresponding solvent system
(0 °C for ACN and −20 °C for MeOH and MAW), and
disrupted using ultrasonication, as described below. The
resulting suspensions were centrifuged at 16000g for 10 min.
The supernatants were dried using a SpeedVac and
resuspended in 250 mL water. The resulting solutions were
used for the labeling step.
Three cell disruption methods were compared, together with

a control experiment (i.e., no disruption, CT). They were
ultrasonication (SN), microwave (Mic), and freeze−thaw cycle
(FT). Each disruption method, as well as the control
experiment, was carried out in triplicate. Prior to disruption,
the cell pellets were resuspended in 1 mL of 50/50 MeOH/
H2O. For the ultrasonication-assisted extraction, the cell
suspensions were placed in a Branson ultrasonic cleaner
1510-MT (Branson Ultrasonics Corporation, Danbury, CT)
with an ice bath for 10 min. Microwave-assisted extraction was
performed for 10 min at 240 W power with a 1200 W
microwave oven (Panasonic, Toronto, ON, Canada). For
freeze−thaw cycle extraction, the cell suspensions were rapidly
dipped into a liquid nitrogen bath for 30 s and thawed on ice
for 1 min. This procedure was repeated 3 times. All of the
resulting suspensions were centrifuged at 16 000g for 10 min.
The supernatants were dried and resuspended in 250 mL water.

LC−MS and Data Analysis. The extracted metabolites
were labeled by dansylation chemistry,9 quantified by LC−
UV,22 and analyzed by LC−MS using a Bruker 9.4 T Apex-Qe
Fourier transform ion-cyclotron resonance (FTICR) mass
spectrometer (see the Supplemental Note N1 of the
Supporting Information). The extracted peak-pair data from
LC−MS were aligned by retention time and accurate mass, and
only those peak-pair features shared by no less than 50% of the
samples were retained for multivariate analysis. Heatmap
comparison, ANOVA, and multivariate analysis were performed
by Metaboanalyst24 (www.metaboanalyst.ca), and the data were
mean-centered and autoscaled (unit variance) prior to analysis.

Figure 1. Base peak chromatograms of (A) the first wash solution, (B) the second wash solution, and (C) the metabolites extracted from E. coli.
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■ RESULTS AND DISCUSSION

Effect of Cell Washing. Since we are interested in
intracellular metabolite profiling, it is important to ensure
that the metabolites detected are from inside of the cells rather
than from the growth medium. In this work, after the cells were
scraped off the dish, they were washed twice with 0.9% NaCl
solution to remove any extracellular compound potentially
stuck to the surface of the cells. The isotonic 0.9% NaCl
solution was selected because it would not cause significant
leakage3 and was reported to be effective for quenching the cell
metabolism.19

Figure 1 shows a comparison between the base peak
chromatograms of the washing solutions and the E. coli cell
extract. By comparing the first and second wash solutions
(panels A and B in Figure 1), we can see a significant decrease
in signal intensity for most of the peaks, suggesting that the
washing step is effective at removing the extracellular
metabolites from the cells while not causing observable cell
lysis. A comparison between the second washing solution
(Figure 1B) and the cell extracts (Figure 1C) reveals that there
are fewer peaks detected in the washing solution with much
lower intensities. Figure 1C shows that many metabolite peaks
are observed and distributed across the entire gradient elution
window. At a given retention time, a number of peak pairs from
the differentially labeled metabolites can be observed in a mass
spectrum (see Supplemental Note N2 of the Supporting
Information for an example). In this particular case, 943 peak
pairs were detected from the cell extract, while 65 peak pairs
were found in the second washing solution. Among them, only
16 ion pairs have overlaps, which is less than 1.7% of the
detectable peak pairs from the cell extracts and the intensities of
these 16 ion pairs found in the washing solution are much
lower than those from the cell extracts. These results indicate
that almost all detected metabolites in the ion chromatograms
shown in Figure 1C should have originated from the cells.
Metabolism Quenching. Although a quenching step is

usually recommended before carrying out the extraction in
order to stop further metabolism, the use of a quenching
solution (typically 60% methanol) can often lead to metabolite
leakage that can be as large as 60%.16 The quenching procedure
is more critical for studying metabolites with fast turnover rates,
such as those involved in the energy metabolism (e.g., ATP)
and glycolic pathways (e.g., glucose-6-phosphate).25 Since our
study focuses more on the general metabolic profile of the
bacterial cells, rather than studying their metabolite fluxes, we
decided not to include any additional quenching solutions in
our experiment. Nevertheless, as noted before, we used a cold
0.9% NaCl solution to rapidly wash the cells, which could at the
same time serve as the quenching step. Although the extent of
metabolism quenching during the cell washing step is
unknown, as will be shown below, the relative quantities of
most of the putative metabolites detected in biological replicate
experiments are reproducible, suggesting that any further
metabolism during the sample handling process, if present at
all, does not significantly affect the overall metabolic profiles.
This may be due to the fact that, prior to metabolite extraction,
the amine- and phenol-containing metabolites profiled by
dansylation LC−MS do not undergo further metabolism
extensively.
Comparison of Extraction Solvents. As both methanol

(MeOH) and acetonitrile (ACN) have been reported to be the
optimal solvent for extraction of intracellular metabolites for

different types of cells,19,20 we have compared these two
solvents (1:1 organic:water) to see which one works better for
extracting the amine- and phenol-containing submetabolome
from bacterial cells, using E. coli as the model system. In
addition, a combination of the two solvents in water (2:2:1
MeOH:ACN:H2O, MAW) was also compared to see if a
mixture of solvents can perform better than the use of a single
solvent, with an expectation that a pure solvent and a solvent
mixture may have different metabolite extraction and solubility
properties. The performance of the extraction solvents was
evaluated according to three criteria,13 namely the number of
peak pairs detected, the relative intensity of each peak pair, and
the reproducibility of each extraction method. In this
experiment, each individual sample was labeled with 12C-dansyl
chloride and a pooled sample was labeled with 13C-dansyl
chloride to serve as the internal standard.
The number of peak pairs detected in each extraction solvent

is plotted in Figure 2A. More than 1000 peak pairs were
detected for each extraction solvent, which is much more than
around 300 peaks detectable in similar cellular samples
reported.12,13 Since only the labeled amine- and phenol-
containing compounds can be picked up as peak pairs, the
dansylation isotope-labeling LC−MS detection scheme elimi-
nates artifacts from the instrument26 and other interferences
(e.g., impurities leached from the plastic container). Moreover,
we have also used a built-in function in the peak extraction
software to filter the peak pairs found in the method blanks,
thereby eliminating contributions from dansyl products of
solvents, reagents, and any impurities present therein. There-
fore, each peak pair should represent a true metabolite. Since
many of them were not identified, each peak pair detected is
considered to be from a putative metabolite. Figure 2A shows
that ACN and MeOH extractions gave a similar number of
peak pairs. The use of solvent combination (MAW), on the
other hand, was not capable of extracting as many metabolites
as the use of ACN or MeOH.
The relative intensity of each peak pair was calculated by

taking the 12C/13C ratio (i.e., ratio of each individual sample to
the pooled internal standard). Only those peaks commonly
detected across all three extraction solvents were used for
comparing the relative intensity. Figure S1 of the Supporting
Information shows the number distributions of the peak pairs
detected within a solvent (triplicate) and among the three
solvent systems. From the combined results of all 9 runs, 2381
unique peak pairs or putative metabolites were detected.
Among them, 851 peak pairs were found in all three extraction
solvents. Figure 2B shows the relative intensity of 10 selected
amino acids with different types of side-chains (i.e., hydro-
phobic, polar, acidic, and basic), and Figure 2C compares the
relative intensity of 10 other compounds encompassing a
variety of classes (e.g., purine and pyrimidine derivatives, amino
acid derivatives, dipeptide, amino sugar). These metabolites
were identified based on the accurate mass and retention time
matches with those of the dansyl-labeled standard compounds.
It can be seen that in most cases, the results from these three
solvents were comparable, with MeOH performing slightly
better on average. For some compounds, the performance of
MeOH extraction was significantly better than ACN or MAW
(e.g., pyridoxal 5′-phosphate, adenosine), but it is difficult to
observe specific trends on which class of compounds are more
favorable in each solvent.
In addition to comparing the relative intensity of

representative compounds, we have also carried out a heatmap
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comparison of all commonly detected peak pairs in order to
avoid any bias. The heatmap comparison results are shown in
Figure S2A of the Supporting Information, where more red-
colored features indicate higher signal intensities. It was found
that MeOH extraction in general could give higher intensities
for most of the peak pairs detected, compared to ACN or
MAW extractions. These results indicate that MeOH is a better
extraction solvent in terms of the relative intensity of the
extracted metabolites.
To compare the reproducibility of different solvents, box

plots showing the distributions of relative standard deviations
of peak pairs were constructed and they are given in Figure S3A

of the Supporting Information. For all three solvents, the
relative standard deviations for the majority of peak pairs were
below 20%, indicating a good reproducibility. The mean values
(represented by the dots) were 12.6%, 10.2%, and 9.8% for
MeOH, ACN, and MAW, respectively. The results from the t
test of these values indicate that ACN and MAW were not
significantly different, while the mean value of MeOH was
different from those of ACN and MAW. Thus, ACN and MAW
gave slightly better reproducibility than MeOH. However, the
reproducibility of all of these methods should be sufficient for
most metabolic-profiling applications.
The above results indicate that the three solvent systems

studied detected a similar number of peak pair with a similar
number reproducibility. In terms of signal reproducibility, ACN
and MAW were slightly better than MeOH. However, MeOH
was more effective in getting higher amounts of compounds.
Since the purpose of the work is to do metabolic profiling of
bacterial cells, it is desirable to get as high yields as possible
from the extraction process. Therefore, MeOH was chosen as
the extraction solvent for all the subsequent experiments.

Comparison of Sample Disruption Methods. In
addition to the selection of an appropriate extraction solvent,
it is also important to use an effective disruption method to
facilitate metabolite extraction into the extraction solvent. In
this work, four protocols were evaluated: no disruption (or
control, CT), freeze−thaw cycle (FT), ultrasonication (SN),
and microwave (Mic). In many of the cellular metabolomics
studies reported,12,18 either freeze−thaw cycle or no cell
disruption was applied. Ultrasonication has also been used, but
mostly with a sonicator containing a metal tip. However, this
way of ultrasonication is very time-consuming as only one
sample can be processed at a time and may cause cross-
contamination if the tip is not washed thoroughly. In our work,
we used an ultrasonic cleaner, which is capable of handling
multiple samples without direct contact with the sample. The
use of microwave has also been demonstrated to be efficient for
extracting metabolites from biological samples.27,28

The same three criteria have been applied to evaluate the
performance of the sample disruption methods. Figure 3A
shows the number of peak pairs detected in each method.
Among these four protocols, ultrasonication and microwave
gave slightly higher numbers of peak pairs. Comparison of the
relative peak intensity was also carried out on the commonly
detected peak pairs (i.e., 834 out of a total of 2484 peak pairs
from 12 runs). The relative intensities of 20 selected
compounds are shown in panels B and C of Figure 3. The
heatmap showing the comparison of relative intensities of all
the peak pairs commonly detected in the four disruption
methods is shown in Figure S2B of the Supporting Information.
Note N3 of the Supporting Information describes the results of
relative intensity comparisons. It is apparent that ultra-
sonication gave higher intensities for most of the compounds,
followed by the microwave. The performance of the freeze−
thaw cycle was very similar to the control, which is not
surprising considering that the control samples were flash
frozen and stored under −80 °C before the extraction, and
therefore cell lysis is expected to occur to some extent through
this freeze−thaw process. The heatmap shown in Figure S2B of
the Supporting Information indicates that the extraction with
no disruption or freeze−thaw gave low amounts for the
majority of the peak pairs. Applying a disruption procedure
appears to be essential in order to achieve a high efficiency of
extraction. Our results also suggest that the commonly used

Figure 2. Comparison of the (A) average number of peak pairs
detected, (B) relative intensities of 10 amino acids, and (C) relative
intensities of 10 other selected compounds extracted by the three
solvent systems (all ratios were referenced to the same pooled
sample). The MS data was preprocessed to exclude peaks with
intensities of less than 50000 counts (i.e., S/N < 20). Compounds
labeled with an asterisk (*) indicates level 2 identification (see text).
All the other compounds were definitively identified (level 1).
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freeze−thaw cycle procedure is insufficient for metabolite
extraction. The performance of ultrasonication and the
microwave was similar, indicating that both methods can be
used to effectively break the cells and facilitate metabolite
extraction into the extracting solvent.
The reproducibility of the four disruption methods was also

examined and the results are shown in Figure S3B of the
Supporting Information. For most of the metabolites, the
relative standard deviation of peak intensity from triplicate
experiments was below 20%. The mean values for CT, FT, SN,
and Mic were 15.2%, 16.2%, 12.9%, and 12.6%, respectively.
Therefore, in terms of intensity reproducibility, SN and Mic
were found to be better disruption methods than CT and FT.
We also compared the reproducibility of the number of peak
pairs detected among these methods (see Figure S4 of the
Supporting Information). The average number of peak pairs
detected was 981 ± 46, 1012 ± 50, 1111 ± 61, and 1058 ± 70
for CT, FT, SN, and Mic, respectively. There was no significant

difference in terms of peak pair reproducibility. Based on the
overall consideration of the three criteria examined, it can be
concluded that the use of SN or Mic is a better choice to
facilitate the metabolite extraction. Because SN is very
convenient to do, compared to Mic, we used ultrasonication
with an ultrasonic cleaner to perform solvent extraction for the
subsequent experiments.

Bacterial Differentiation: Sample Amount Normal-
ization. The application of the extraction-labeling method
described above is demonstrated on the differentiation of three
different bacterial cells, namely E. coli (EC), B. subtilis (BS) and
B. megaterium (BM), based on their metabolic profiles. These
bacteria were chosen as the model system because they include
both Gram-positive (B. subtilis and B. megaterium) and Gram-
negative (E. coli) species. Each cell was analyzed in a total of 9
biological replicates, including 3 interday replicates and 3
intraday replicates on each day. In addition to the biological
replicates, one additional experimental replicate was carried out
for each of the three bacteria on each day. These replicate
experiments were designed to demonstrate the robustness of
this method, which is an important prerequisite for studying the
differences in metabolic profiles.
Since the cells were scraped off the plates, it is difficult to

control as well as count the number of cells harvested. For fair
comparison of the metabolic profiles of the same or different
cells, sample amount normalization among the different
comparative samples is needed. We recently reported a
normalization method based on the use of dansylation-labeling
LC−UV for determining the total amount of the labeled
metabolites in a sample, followed by adjusting the sample
volume of individual samples to mix with a control sample (i.e.,
a pooled sample from several individual samples).22 In this
work, we applied this method to normalize the metabolite
amounts among the comparative cell samples.
The quantification results are shown in Table S1 of the

Supporting Information, which illustrates that although the
sample amount within each cell type was similar in most cases,
a variation of as large as 2-fold could still be observed. Table S1
of the Supporting Information also shows that the amount of
metabolites extracted from B. subtilis and B. megaterium was
considerably larger than that extracted from E. coli. This is due
to the larger number of cells harvested because B. subtilis and B.
megaterium grow better in the growth medium (nutrient agar)
than E. coli. In this work, to compare the metabolic profiles of
different cell species, we took the same total amount of the
labeled metabolites from each sample and assumed that any
difference observed from their metabolic profiles solely came
from differences in the abundances of individual metabolites. As
will be discussed later, this assumption was proven to be valid
for the purpose of differentiating cell types.

Bacterial Differentiation: Data Analysis. To produce a
reference sample from which all the individual samples can be
compared to, aliquots of individual extracts from the three
different cells were mixed to generate a pooled sample, which
was subsequently labeled by 13C-dansyl chloride. An equal
amount of 12C-dansyl-labeled individual sample and 13C-dansyl-
labeled pooled reference sample was mixed, followed by LC−
MS analysis. The peak ratios of individual peak pairs found in
the mass spectra were calculated. Since the same reference
sample was used, the peak ratios of an individual peak pair
obtained from different samples reflected the concentration
differences of the putative metabolite in these samples.

Figure 3. Comparison of the (A) average number of peak pairs
detected, (B) relative intensities of 10 amino acids, and (C) relative
intensities of 10 other selected compounds extracted in 1:1
MeOH:H2O in combination with one of the four disruption methods
(all ratios were referenced to the same pooled sample).
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Figure 4. PCA score plots for (A) three standard bacterial cultures and (B) three standard bacterial cultures plus the urinary bacteria. B. megaterium
(BM), in red; B. subtilis (BS), in green; E. coli (EC), in blue; and E. coli from urine (ECU), in light blue. For each species, nine biological replicates
and three experimental replicates were presented in (A), while only the nine biological replicates were shown in (B).
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Among the comparative samples, there are a total of 704
peak pairs or putative metabolites with ratios detectable in at
least 50% of the samples. These ratios were used for the
principal component analysis (PCA), and the resulting PCA
score plot is shown in Figure 4A. The score plot clearly
demonstrates that the three different bacteria can be well-
separated. Although B. subtilis and B. megaterium belong to the
same Bacilli genus, there are still substantial differences in their
metabolic profiles, which are reflected by the second principle
component. These results indicate the potential of this method
for differentiating bacteria at the species level. Of course, the
specificity and applicability of the method for differentiating a
great variety of bacteria species and strains, including clinically
relevant microorganisms, requires further investigation.
The distribution of the intensity ratio of the peak pairs

detected from each sample that were used for the PCA analysis
is shown in Figure S5 of the Supporting Information (only the
data from biological replicates were plotted). It is interesting to
note that the intensity ratio distributions of all nine E. coli
samples were larger than those of B. megaterium and B. subtilis,
while the distributions of B. megaterium and B. subtilis were very
similar. The median of the intensity ratios for each sample
ranges from 0.67 to 1.56 with a mean value of 1.06. Thus, many
of the metabolites have similar ratios, which is expected, as they
are likely involved in essential metabolisms common to
different cell types. The most important variables that
contribute to the differentiation were determined by PLS-DA
analysis. Table T2 of the Supporting Information lists the top
20 metabolites (i.e., with the highest VIP scores), together with
their p values obtained from ANOVA analysis. The metabolites
were identified by matching the accurate mass and retention
time with authentic standards (level 1) or our standard library29

(level 2) or by searching the accurate mass against the human
metabolome database (HMDB)30 (level 3). Table T2 of the
Supporting Information also shows the average 12C/13C ratio of
these metabolites in each species, with the % RSD included in
parentheses. We can see that the % RSD is generally in the
range of 10−30%, indicating that a good reproducibility was
obtained. However, we note that for some compounds (e.g.,
compound 16), the % RSD is considerably large and a detailed
examination of the data variations reveals that the large %RSD
is mainly attributed to the biological variations (data not
shown). Therefore, compounds like this one should not be
selected as a discriminator, if one or several individual
metabolites are used for differentiating the cell type.
From the above results of the median peak ratio analysis of

individual metabolites and the PCA/PLS-DA analysis of the
metabolic profiles, we can conclude that the proposed sample
amount normalization method can be used for bacterial
metabolic comparison to reveal subtle differences. We noticed
that some of the metabolite distribution patterns among the
three different cells can be rationalized. For example,
diaminopimelic acid, a key component of the bacterial cell
wall that is incorporated into the peptidoglycan structure of
Gram-negative bacteria and Gram-positive bacilli,31 has been
detected in all three species, with the ratios in the two Gram-
positive species being markedly larger than those in E. coli (see
Figure S6 of the Supporting Information). This can be
explained by considering that Gram-positive bacteria have
thicker cell wall structures and that peptidoglycan is highly
abundant in Gram-positive bacteria cell wall.31,32 We also found
that this ratio is larger in B. megaterium than in B. subtilis,
possibly because of the larger size of B. megaterium. For many

other compounds (e.g., glutamine), it is difficult to provide a
simple explanation for the different amounts present in the
three species because glutamine is involved in several metabolic
pathways. However, as long as the amount found in each
bacteria species is very consistent and that they are significantly
different from the other species (as indicated by the p values),
this compound can still serve as a good marker for bacterial
identification. Thus, by matching the ratios of many of these
marker metabolites obtained in an unknown sample with the
data generated from a known species, we would be able to
identify the unknown species with high confidence.
Of course, the applicability of this approach of bacterial

identification depends on the presence of an informative library
containing specific panels of metabolite-markers from a wide
variety of bacteria species that are of interest to a practical
application. For example, for diagnosis of bacterial infection, a
metabolite-marker library of bacteria found in clinical samples
may be constructed. This strategy is similar to the use of
protein-markers for bacterial identification that is done mainly
using matrix-assisted laser desorption ionization (MALDI)
MS33−35 and has been adapted in some clinical diagnosis
laboratories.36−38 Metabolite-based analysis may offer an
alternative or complementary tool to the protein-based method
for bacterial differentiation or identification.

Analysis of Bacteria in Human Urine. In addition to the
presence of a library of metabolite markers, a reliable
identification process also depends on the consistent detection
of the bacterial metabolic profiles in various real samples. In
order to investigate whether a single bacterial strain isolated
from a real biological sample can give a similar metabolic profile
as the standard cultures, we spiked 1 × 105 cells/mL of E. coli
cultured in LB medium into 1 mL of human urine samples and
spread the urine sample onto the nutrient agar plates to isolate
pure E. coli strains, as a model system to mimic a real clinical
sample (denoted as ECU). This was done with three healthy
individuals’ urine samples, each with three replicate experi-
ments. The use of urine samples from different people can
provide us an insight into whether differences in urine would
have an effect on the metabolic profile of the bacteria. The
isolated E. coli strains were then extracted, labeled, and analyzed
in the same way as the standard bacteria cultures. The resulting
data were compared with the data obtained from the three
standard cultures using PCA, as shown in Figure 4B. It can be
seen that the E. coli strains isolated from spiked urine samples
can still be clustered close together with the standard E. coli
cultures, and that they can be clearly separated from the two
Bacilli “false strains”. In addition, there is no significant
distinction between the E. coli strains obtained from the three
different urine samples, indicating that the composition of urine
would not affect the bacterial metabolite profile.
The PCA score plot is useful for visual inspection of the data.

However, in order to obtain a more confident conclusion on
the similarity of the “real sample bacteria” to the standard
bacteria cultures, a comparison of the ratios of all commonly
detected peak pairs was carried out. For a total of 454
commonly detected peak pairs, we assigned a score of 1 to the
closest match and a score of 0 to the other two nonmatches for
each peak pair. This procedure gave a score of 83 for B.
megaterium, 89 for B. subtilis, and 282 for E. coli. The much
higher score for E. coli is another indication that this urinary
bacteria can be differentiated from the “false strains” and thus
be correctly identified.
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As an example, Table T3 of the Supporting Information
shows the ratios of 10 definitively identified metabolites (level
1) detected in the four bacteria strains, from which we can see
that for all these 10 metabolites, the average ratios found in the
urinary bacteria were closest to E. coli and were significantly
different from that of B. subtilis and B. megaterium. The % RSDs
for different urinary bacteria samples were all below 30%,
indicating again that the metabolic profile of bacterial cells was
largely independent of the urine composition.
The success of identifying the bacteria strain in the spiked

urine samples is an important illustration on the prospect of our
method to practical applications, which requires sample-
independent, unbiased analyses. Our hypothesis was that
regardless of the source of the bacteria, by growing the cells
on the same medium under exactly the same conditions, similar
metabolic profiles could be obtained. The results of the current
experiment support this hypothesis, leading to the possibility of
using this method for real sample analysis which we will
undertake in the future.
Detection Sensitivity. In this study, we have not carried

out the specific experiments to determine the sensitivity of this
method, but we note that cells grown under the conditions
indicated in the Experimental Section for a period of 24 h,
which corresponds to the order of 1 × 109 cells, could generate
sufficiently high signals (i.e., more than 1000 peak pairs
detected with S/N > 20). We also noticed that although E. coli
was used as the model species for method optimization, the
peak intensity for the majority of peaks were on the same order
of magnitude for all three bacteria species, indicating that this
extraction-labeling method works equally well for Gram-
positive and Gram-negative species.

■ CONCLUSION
A method for quantitative metabolome profiling of bacterial
cells with relatively high metabolome coverage has been
developed. Application of this method was successfully
demonstrated on the differentiation of three different bacteria
species, as well as identification of bacterial cells spiked in urine
samples. The possibility of applying the current method in
clinical applications has been discussed, which will be our future
research focus. We envisage that another important application
of this method is in the area of biological metabolomics, where
specific changes of the metabolome within cells after exposing
to different environmental conditions can be probed for
functional studies of cellular metabolisms and networks.
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