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1. Introduction

Metabolomics, a science dealing with small molecules,
addresses to a combination of data-rich analytical methods
together with chemometrics for metabolic profiling and interpret-
ing metabolic fingerprints in complex biological systems. It plays
a key role in genetic modified organism assays [1–3]. Owning to
the mostly inconspicuous phenotypic changes, it is difficult to cor-
relate genotypes to phenotypes. For instance, about 90% available
mutants of the Arabidopsis are the silent mutants [4]. Observed real-
ities suggest that a change in the activity of single enzyme—often
the result of genetic modification, usually produces a larger signal
in the metabolite concentrations than in the metabolic fluxes [5]. So
a metabolomics approach is a good option for detecting the mod-
ification effects. Raamsdonk et al. [6] proved that pfk26�, pfk27�
mutants and the wild-type Saccharomyces cerevisiae were of the
same growth rate, but they exhibited obvious differences in their
intracellular metabolite concentrations revealed by metabolomics

� This paper is part of a special volume entitled “Hyphenated Techniques for Global
Metabolite Profiling”, guest edited by Georgios Theodoridis and Ian D. Wilson.

∗ Corresponding author at: National Chromatographic R & A Center, Dalian Insti-
tute of Chemical Physics, the Chinese Academy of Sciences, 457 Zhongshan Road,
Dalian 116023, China. Tel.: +86 411 84379530; fax: +86 411 84379559.

E-mail address: xugw@dicp.ac.cn (G. Xu).

1570-0232/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2008.06.031
hysics, Chinese Academy of Sciences, Dalian 116023, China

etion of sdhAB and ackA-pta genes respectively and their wild-type strains
tography-flame-ionization detection (GC-FID) and gas chromatography-
etabolomics analysis. Intracellular metabolites of the three strains were
odological evaluation of the employed platform indicated that the limit

0.2 to 12.5 ng for some representative metabolites and the corresponding
8.7 to 122.7%. Secondly, multivariable data analysis was applied to the
, the three phenotypes could be easily differentiated, and the perturbed

cally modified strains were screened. Lastly, the metabolites playing key
re further identified by GC–MS. It was confirmed that succinic acid and
ected in the modified strains. But proline content was altered contrarily.
gene also affected the growth property of relevant mutant greatly. The
lated accordingly.

© 2008 Elsevier B.V. All rights reserved.

analysis using 1H-nuclear magnetic resonance (NMR) spectroscopy.
According to their results, the content of fructose-6-phosphate was
higher in the mutants than in the wild-type, whereas, ATP/ADP
showed lower percentages in the mutants.

Metabolomic studies require reliable sensitivity, quantita-

tion data and robustness of analytical methodology. Currently,
NMR, gas chromatography-mass spectrometry (GC–MS), cap-
illary electrophoresis-mass spectrometry (CE–MS) and liquid
chromatography-mass spectrometry (LC–MS) are the typical tech-
niques prevailing in metabolomics world with varied features
[7–10]. GC–MS is a robust and unbiased approach to detecting unex-
pected changes in transgenic lines [11]. Combined with the easily
accessible database of NIST (www.nist.gov), GC–MS gained more
application in different fields. Genetically or environmentally mod-
ified plant systems have been extensively studied by using GC–MS
for many years [12–14]. Prokaryotic cells were also analyzed by
GC–MS metabolomics and different data processing strategies were
also developed accordingly to extract the implied information con-
tained in the generated data [15,16]. As a well-adopted strategy, gas
chromatography-flame-ionization detection (GC-FID) is thought to
be more reliable and sensitive for quantitative analysis than GC–MS,
whereas, GC–MS can provide more definite qualitative information
[17].

Previously, we had constructed two mutants of E. coli for the
purpose of high succinic acid production. Although the primary fer-
mentation results indicated that the production of succinic acid was

http://www.sciencedirect.com/science/journal/15700232
mailto:xugw@dicp.ac.cn
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not improved, the genome-wide changes affecting the metabolic
activity of the cells were expected to be in effect. Here, we employed
GC-FID and GC–MS metabolomics tactics to differentiate the phe-
notypic changes of the mutant and the wild-type strains. GC-FID
was used to collect the metabolic profiling data for multivariate
analysis, the significantly changed metabolites were then subjected
to identification by GC–MS.

2. Experimental

2.1. Strains and medium

E. coli 1.1566 (wild-type), DC100 (�sdhAB) and DC101 (�ackA-
pta) were obtained from Group 1816 of Dalian Institute of Chemical
Physics, Chinese Academy of Sciences. DC100 was the mutant of
deletion of succinodehydrogenase (SDH) gene, and DC101 was the
acetate kinase gene knocked out mutant. LB broth was purchased
from Chinese Institute of Import & Export Commodity Inspection
Technology (Beijing, China). Cell concentrations were determined
by monitoring turbidity of the cultures at wavelength of 600 nm
(OD600). The turbidity of the culture was then converted to cell dry
weight (CDW)/ml. Residual glucose was quantified using Olympus
AU 2700 biochemical analyzer (Olympus, Tokyo, Japan) by employ-
ing glucose oxidase method.
2.2. Chemicals and instruments

Dimethylformamide (DMF) and N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) were the products
of Sigma–Aldrich (Steinheim, Germany). Methanol, chloroform
and pentaerythritol were all purchased from TEDIA (Fairfleld, OH).
The mixed standard stock solution of amino acids was prepared in
the distilled water (1 mg/ml), and organic acids were prepared in
methanol (Table 1).

Freeze drying system (FREEZONE4.5) was from LABCONCOC
(Kansas, MI). GC-FID detection was performed on an Agilent 6890N
GC system (Santa Clara, CA). GC–MS analysis was accomplished on
a Shimadzu QP 2010 GC–MS system (Kyoto, Japan). Water used
in the experiments was purified with Milli-Q system (Bedford,
MI).

2.3. Bacterial growing, quenching and extraction

Three E. coli strains were cultured in LB broth with constant agi-
tation (160 rpm) aerobically at 30 ◦C for 12 h. Fresh culture of each

Table 1
Linearity and detection limit of standards

Compounds Linear range
(�g/ml)

n r2 Limit of detection
(ng, on column)

l-Alanine 5–1000 8 0.9979 0.31
l-Leucine 5–1000 8 0.9944 0.56
l-Threonine 5–1000 8 0.9898 3.41
l-Proline 5–1000 8 0.9981 0.37
l-Glutamic acid 10–1000 6 0.9948 12.50
l-Phenylalanine 5–1000 7 0.994 2.50
l-Lysine 5–1000 7 0.9997 2.96
l-Aspartic acid 5–1000 7 0.9997 3.63
Phosphate 1–1000 8 0.9982 0.24
Glycerol 1–1000 8 0.995 0.48
Malate 1–1000 8 0.9998 0.53
Succinate 1–1000 8 0.9954 0.50
Myristic acid 1–1000 8 0.9997 0.84
Palmitic acid 1–1000 8 0.9967 0.37
Stearic aid 5–1000 7 0.9997 1.50

“n”: number of concentration points across the range.
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was diluted with aseptic broth to the final concentration of 7.5 × 108

colony forming unit/ml using a bioMerieux (France) DENSIMAT
transmissometer. 0.5 ml of bacterial suspension for each was added
to 50 ml LB broth in shake flask (150 ml) and then cultured with con-
stant agitation (160 rpm) until to exponential growth phase at 30 ◦C
aerobically. Every strain was cultured in parallel for nine bottles,
which generated totally 27 samples.

20 ml of bacterial suspension of each strain was centrifuged
(3000 × g) at 4 ◦C for 5 min. The pellet was washed with asep-
tic physiological saline in triplicate at 4 ◦C individually. 1 ml of
−45 ◦C methanol was added to each and the mixtures were set-
tled at 4 ◦C for 10 min. The turbidities of the suspensions were
adjusted to the lowest turbidity in the 27 samples using cold
methanol for the convenience of easy comparison. Subsequently,
1 ml of −45 ◦C chloroform, 0.5 ml purified water and 9 �l of
0.6 mg/ml pentaerythritol (internal standard) were added to 1 ml
bacterial suspension for each and vortexed for 1 min, respec-
tively. After centrifugation for 5 min at 6000 × g, the supernatant
was filtered through 0.22 �m organic membrane. The filtrate was
lyophilized and stored in a −80 ◦C refrigerator until further pro-
cessing.

2.4. Derivatization procedure

Because silylation regents were more effective to react with
hydroxyl, carboxyl and hydrosulfide groups, the BSTFA was selected
as the derivatization regent. The solvent used was DMF. The ratio of
BSTFA to DMF was 1:1 (v/v, totally 150 �l). The derivatization was
accomplished at 60 ◦C for 40 min.

2.5. GC–MS analysis

GC–MS analysis was accomplished on a Shimadzu QP 2010
GC–MS system using a 30 m × 0.25 mm (i.d.) fused-silica capil-
lary column chemically bonded with 0.25 �m DB5-MS stationary
phase (J&W Scientific, Folsom, CA). The injectior temperature was
280 ◦C and split ratio was 10:1. Helium was used as carrier gas
with linear velocity of 35.0 cm/s and an equilibration time of 3 min.
The column temperature was initially kept at 70 ◦C for 5 min and
then increased to 280 ◦C at 5 ◦C/min, held for 5 min. The MS scan
parameters included a mass scan range of m/z 40–600, a scan
interval of 0.5 s, a scan speed of 1000 �m/s, and a detector volt-

◦
age of 0.9 kV. The ion source temperature was set at 200 C, and
the interface temperature was 280 ◦C. The solvent cut time was
6 min.

2.6. GC-FID analysis

GC-FID analysis was accomplished on an Agilent 6890 GC-FID
system. The detector temperature was 300 ◦C. The other analytic
conditions including the column type and column temperature, the
injectior temperature, split ratio, carrier gas and the linear velocity
were the same as those of GC–MS analysis.

2.7. Data processing

Peaks with signal to noise ratios (S/N) higher than 10 in the GC-
FID data set were selected, and their areas were quantitated against
the internal standard through dividing corresponding areas by the
internal standard area. The processed data were fed to SIMCA-P
software (Umea, Sweden) for multivariate data analysis using the
algorithm of principal component analysis (PCA). Variables playing
key roles in the pattern recognition model were extracted and then
identified via GC–MS assay utilizing commercial compounds.
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Fig. 1. Growth and the residual glucose curves of the three strains. Dashed line
indicated the sampling point at 6 h.

3. Results and discussion

3.1. Growth characteristics of the three strains

Under the aerobic conditions, the growth curves of three strains
were investigated. The wild-type and the DC101 shared with the
similar growth features (Fig. 1), but the strain of DC100 was char-
acterized of lower yield of biomass, nearly half of the wild-type
after 30 h cultivation. The residual glucose concentrations in the

fermentation liquid of the three strains changed similarly. This phe-
nomenon indicated that deletion of sdh gene severely compromised
the growth of E. coli. According to Fig. 1, these three strains were
all approached to exponential growth phase during the period of
5–8 h, so the sampling time was fixed to the time point of 6 h.

3.2. Analytical characteristics of the GC-FID method developed

In order to evaluate the applicability of the adopted strategy,
methodological appraisal of the GC-FID platform was conducted
briefly using some commonly found compounds in bacterial cells.
The linearity of response was determined by using serial stan-
dard solutions ranging from 5 to 1000 �g/ml for amino acids and
1–1000 �g/ml for organic acids and other compounds. Calibration
curves for the tested compounds were adjusted using the internal
standard. For most of the investigated chemicals, the correlation
coefficients of determination (r2) were generally satisfied (Table 1).
Limit of detection was defined as the concentration of a compound
resulting in a peak with a signal-to-noise ratio (S/N ratio) higher
than 3, corresponding to the range of 0.2–12.5 ng for different indi-
viduals (Table 1).

Fig. 2. Intracellular metabolite GC-FID chromatograms of wild-type E. coli (A), DC101 (B) a
(e) pentaerythritol; (f) proline; (g) aspartic acid; (h) phenylalanine; (i) glutamate; (j) urac
871 (2008) 220–226

Table 2
Recoveries determined by spiking standards to E. coli cell suspension

Compounds Recoveries (%)

Average R.S.D. (n = 3)

l-Alanine 71.2 5.1
l-Threonine 72.3 5.4
l-Proline 68.7 1.3
l-Aspartic acid 77.4 12.5
Phosphate 122.7 1.7
Malate 79.8 1.2
Succinate 73.4 1.7
Myristic acid 83.6 1.8
Palmitic acid 85.0 1.6

At the same time, the serial standard solutions were used to
investigate the reproducibility. After corrected with internal stan-
dard, the relative standard deviations (R.S.D.s) of peak areas for the
standards of different concentrations were acceptable, the R.S.D. of
peak areas varied from 0.7 to 6.2%. To study the extraction recov-
eries of the metabolites from cellular samples, known amounts
of compounds were spiked to cell suspensions of E. coli prior to
extraction and lyophilization at the concentration of ∼15 ng/�l
for each. Determined by the quantitation results from the spiked
and unspiked samples, the recoveries varied from 68.7 to 122.7%
(Table 2). These parameters ensured that the data acquired from
GC-FID were acceptable for further analysis. Fig. 2 showed the typ-
ical GC-FID chromatograms of intracellular metabolites of the three

strains.

3.3. Metabolic fingerprint PCA analysis

GC-FID data were used to compare the phenotypic differences
amid the three strains by using PCA. Processed data showed that
the three strains could be easily differentiated from each other
(Fig. 3). The PCA scores plot and loading plot of the wild-type
to �ackA-pta strains and the wild-type to �sdhAB strains were
shown in Figs. 4 and 5. In the loading plot, the farther the com-
pounds (variables) locate from the origin, the more important
they are for the differentiation pattern. These metabolites were
taken out for further identification by GC–MS. After t-test, it was
found that all compounds in Tables 3 and 4 were of p-value ≤ 0.05,
showing a significant difference between the wild-type and the
genetically modified strains. Obviously, the metabolite pools of
succinic acid, proline and aspartic acid were affected in both
mutants.

Owning to the advantages of GC–MS and GC-FID individu-
ally, combining using these two platforms is more preferable in

nd DC100 (C). (a) Lactic acid; (b) phosphoric acid; (c) succinic acid; (d) pyrimidine;
il (peak identification was confirmed by GC–MS using commercial standards).
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Fig. 3. PCA scores plot (a) and loading plot (b) of the wild-type (©),

analytical biochemistry. Many types of samples and many endoge-
nous or exogenous compounds had been analyzed by this strategy
[18–21]. This could balance the quantitative and qualitative con-
cerns in most circumstance.

It can be anticipated that the concentration of succinic acid
would be elevated in the genetic modified strains compared to the
wild-type because of the blockage of branch pathways consum-
ing pyruvic acid and succinic acid. The enlargement of intracellular
metabolite pool of succinic acid was more significant in DC100 than

Table 3
Metabolites with statistical difference in the wild-type and DC101 (�ackA-pta)

Metabolites Concen

Retention time (min) Compounds E. coli 1.

11.82 Alanine –
18.11 Glycerol 9.24 × 1
19.48 Succinic acid 6.16 × 1
20.15 Pyrimidine 1.30 × 1
25.89 Proline 5.77 × 1
26.03 Aspartic acid 6.50 × 1
26.37 Phenylalanine –
48.27 Uracil 1.98 × 1

“–”: undetected.
�ackA-pta (�) and �sdhAB (�) strains based on GC-FID data.

in DC101 (p < 0.05), because the deletion of sdhAB might be a sub-
stantially direct signal to interrupt the consumption of succinic
acid.

Interestingly, the deletion of sdhAB gene severely compromised
the growth property of E. coli compared to the destruction of
ackA-pta gene. Under the aerobic condition, succinate is only an
intermediate of the tricarboxylic acid (TCA) cycle or the glyoxalate
shunt metabolism [22]. Destruction of sdhAB gene would result
in destruction of the integrity of TCA circle and cause the activa-

trations (g/g CDW) p

1566 DC101 (�ackA-pta)

5.98 × 10−4 1.94 × 10−6

0−4 6.28 × 10−4 3.48 × 10−3

0−4 1.87 × 10−3 9.18 × 10−10

0−4 5.08 × 10−4 3.64 × 10−19

0−4 3.82 × 10−4 3.05 × 10−10

0−4 3.04 × 10−4 2.15 × 10−5

4.30 × 10−5 1.07 × 10−8

0−4 3.97 × 10−4 5.24 × 10−14
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Fig. 4. PCA score plot (a) and loading plot (b) of the wild-typ

tion of glyoxylate shunt which is usually not active in common
circumstances. For 1 mol of succinate generation, the net pyruvate
consumption of glyoxylate shunt is two times of TCA circle [23].
Intracellular succinate concentration was found elevated greatly
in DC100. The interrupted TCA circle brought about the deficiency
of energy generation; the higher content of succinate caused the
excessive consumption of pyruvate. Thus, the lower biomass for-
mation was observed in DC100.

Acetate is usually excreted by E. coli as an end product and E.
coli cannot endure higher concentration of acetate in most circum-
stances. Acetate excretion is controlled by acetate switch. When
cultured in glucose medium, the switch is triggered following the
onset of stationary phase, at which point the primary carbon source

Table 4
Metabolites with statistical difference in the wild-type and DC100 (�sdhAB)

Metabolites Conce

Retention time (min) Compounds E. coli

18.02 Phosphoric acid 1.03 ×
19.48 Succinic acid 6.16 ×
20.15 Pyrimidine 1.30 ×
25.89 Proline 5.77 ×
26.03 Aspartic acid 6.50 ×
26.37 Phenylalanine –
28.97 Glutamic acid 4.45 ×
35.06 Cadaverine 8.00 ×
48.27 Uracil 1.98 ×
“–”: undetected.
e (�) and �ackA-pta (�) strains based on GC-FID data.

is fully consumed and acetate will be assimilated as carbon source
[24]. So destruction of acetate production might not severely affect
the growth of E. coli. Despite the accumulation of intracellular suc-
cinate, we were not able to observe signs of its over-production in
the fermentation liquid. So it could be postulated that metabolism
of succinate and the relevant metabolites was under stringent regu-
lation in E. coli. Furthermore, in E. coli cell, succinate dehydrogenase
broadly interacted with other enzymes taking part in DNA replica-
tion (e.g. DNA polymerase II), protein synthesis (e.g. 30S ribosomal
protein S2 and tyrosyl-tRNA synthetase), lipid metabolism (e.g.
long-chain-fatty-acid–CoA ligase) and transcriptional regulators
(e.g. transcriptional regulatory protein rtcR), etc. (www.ecocyc.org)
compared to ackA-pta gene product. So we could conclude that SDH

ntrations (g/g CDW) p

1.1566 DC100 (�sdhAB)

10−3 8.42 × 10−4 5.00 × 10−3

10−4 2.39 × 10−3 8.39 × 10−13

10−4 2.72 × 10−4 3.29 × 10−7

10−4 1.08 × 10−3 7.95 × 10−12

10−4 1.03 × 10−4 2.46 × 10−6

5.25 × 10−5 6.44 × 10−10

10−4 1.61 × 10−3 3.76 × 10−14

10−5 3.83 × 10−5 3.45 × 10−6

10−4 1.46 × 10−4 2.59 × 10−6

http://www.ecocyc.org/
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ild-ty
Fig. 5. PCA score plot (a) and loading plot (b) of the w

also played a crucial role in keeping the biological stabilization of
E. coli.

4. Conclusions
In conclusion, the recently introduced functional genomics tech-
nology, especially metabolomics, is revolutionizing research in the
biological sciences. Although still in its infancy, metabolomics is a
convenient tool to understand bacterial functioning in microbiol-
ogy. Using GC-FID and GC–MS platform, the phenotypic difference
among three strains of E. coli could be easily discerned. Deletion of
sdhAB gene brought about a much more complex perturbation on
E. coli cell than deletion of ackA-pta gene. The most profound effect
stemming from deletion of sdhAB gene might be the perturbation
on broad interactions amid the cellular components and, poten-
tially, the involved metabolic pathways. This research work proved
again that metabolomics analysis is indeed a good approach for
phenotype differentiation.
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