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代谢指纹分析筛选调节金橙黄微小杆菌 ATCC49676 乳酸产量的代谢物 
练荣伟 a,b    田晶*,a    高鹏*,b    王希越 b 

费旭 a    王一 a    许国旺 b 
(a大连工业大学生物工程学院  大连 116034) 

(b中国科学院大连化学物理研究所  分离分析化学重点实验室  大连 116023) 

摘要  金橙黄微小杆菌ATCC49676具有巨大的产乳酸潜力. 为筛查可能影响或调节乳酸产量的代谢物, 研究首先通过

全因子实验设计优化并确定了最大乳酸产量的培养基组成. 然后, 通过气相色谱质谱联用技术对在基础培养基和优化

培养基培养条件下的培养物进行代谢指纹分析. 显著性分析发现, 两种培养条件下胞内的谷氨酸变化最为显著. 当
ATCC49676 在外加谷氨酸培养时, 乳酸的产量随着谷氨酸浓度的增加而下降. 相对酶定量证实了谷氨酸可降低胞内乳

酸脱氢酶含量. 研究证实了代谢指纹分析在探究表型特异性胞内代谢物上的价值以及它在改进工业发酵效率上的潜在

作用.  
关键词  代谢指纹分析; 乳酸; 气相色谱-质谱联用; L-谷氨酸; 乳酸脱氢酶 

 

Screening of Metabolite Regulating Lactic Acid Production of Exiguobacte-
rium aurantiacum ATCC49676 by Metabolic Fingerprint Analysis 

Lian, Rongweia,b    Tian, Jing*,a    Gao, Peng*,b    Wang, Xiyueb 
Fei, Xua    Wang, Yia    Xu, Guowangb 

(a School of Bioengineering, Dalian Polytechnic University, Dalian 116034) 
(b CAS Key Laboratory of Separation Science for Analytical Chemistry, Dalian Institute of Chemical Physics, Chinese 
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Abstract  A strain of Exiguobacterium aurantiacum ATCC49676 was found to be of great potential to produce lactic acid 
(LA). In order to screen the metabolites that might regulate or affect the acid yield, a relative higher LA production condition 
was defined through full factorial experiment design. Fresh cultures harvested from the basic and the higher LA production 
conditions were subjected to metabolic fingerprint analysis by gas chromatography-mass spectrometry. Significance analysis 
indicated a distinct change of an intercellular metabolite-L-glutamic acid (Glu). When ATCC49676 was treated by Glu, LA 
yield declined with the increasing added Glu concentrations. Relative enzyme quantification confirmed that Glu decreased 
the intracellular lactate dehydrogenase content. This study proved the merit of metabolic fingerprint analysis in exploring the 
phenotype specific intracellular metabolite and its potential roles in improving industrial fermentation efficiencies. 
Keywords  metabolic fingerprint analysis; lactic acid; GC-MS; L-glutamic acid; LDH 

   
1  Introduction 

Extremophiles are organisms which can live in the ex-
treme environment, such as extreme pH, high temperatures 
(above 100 ℃ ), high salt concentrations or high 
pressure.[1] Nowadays, extremophiles create new opportu-
nities for novel industries owing to their unimaginable 
compatibilities to various harsh conditions.[2,3] For exam-
ple, the prototype of DNA polymerase adopted in poly-
merase chain reaction in vitro was isolated from an extre-
mophile called Thermus aquaticus. It is predictable that 
many other genes and functional molecules with desirable 

features can be found in extremophiles.[4,5] 
The Exiguobacterium aurantiacum ATCC49676 is an 

alkaliphile. Our previous study found it can excrete con-
siderable amount of lactic acid (LA). Unlike other widely 
used LA production strains in the industrial fields, the 
mechanism that regulates the LA generation in 
ATCC49676 remains elusive currently. Furthermore, in the 
context of LA generation, ATCC49676 has not been paid 
much more attention by both the industrial and scientific 
fields. Its basic biological metabolic process and the cor-
responding regulation mechanisms are scarcely reported. 
In common scene, an alkaliphile excreting acid to its envi-

DOI: 10.6023/A12110883



  
化 学 学 报 研究论文  

 
2514   http://sioc-journal.cn © 2012 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Acta Chim. Sinica 2012, 70, 2513—2517
 

ronment will not favorable to its survival. Thus, the acid 
production, especially the mechanism that modulates this 
process is worth exploring. The elucidation of its LA gen-
eration mechanism not only facilitates the LA yield control 
but also does a favor for scientist to know if there are some 
novel regulation mechanisms in the extremophiles com-
pared to the common microbes.  

Metabolites are the direct executors of metabolism and 
the configuration of metabolome is the functional trait of 
an organism. Metabolic fingerprint analysis[6-8] is the 
analysis of intracellular metabolome and has been widely 
used in phenotypic study of microbes. Monitoring the 
fluctuations of intercellular metabolites usually provides 
valuable clues to the corresponding phenotypic traits.[9] In 
microbiological field, the application of metabolic finger-
print analysis involves in elucidating the roles of genes 
with unknown functions,[10,11] differentiating 
phenotypes[9,12] and investigating the responses to external 
stimuli.[13,14] Currently, effective analytical techniques for 
metabolic fingerprint analysis include nuclear magnetic 
resonance (NMR), gas chromatography-mass spectrometry 
(GC-MS), liquid chromatography-mass spectrometry 
(LC-MS), capillary electrophoresis-mass spectrometry 
(CE-MS) and so on.[15-17] Among them, GC-MS is consid-
ered to be one of the most efficient tools for metabolic 
fingerprint analysis because of its high sensitivity, robust-
ness and the availability to a relatively comprehensive 
standard mass spectral library (NIST, http://www.nist.gov). 

In this study, a metabolic fingerprint analysis was em-
ployed to seek the key metabolite that might be involved in 
regulating LA production in strain ATCC49676. To this 
end, the basic and high LA production conditions were 
first defined to facilitate metabolic fingerprint comparison. 
Secondly, the intracellular metabolites of ATCC49676 
cultured in the optimized condition (relatively high LA 
production) and the basic condition (relatively low LA 
production) were profiled by GC-MS in view of me-
tabolomics. Lastly, the phenotypic difference of the iden-
tical strains under different culture conditions was explored 
via multivariate analysis and the phenotype specific me-
tabolites which might modulate the LA production was 
identified.  

2  Results and discussion 
2.1  Optimization of the culture medium by full facto-
rial design 

In order to elucidate the factors affecting LA generation, 
it was better to compare the organism’s metabolome re-
sponses under the conditions of lower and higher LA ex-
cretion status. Thus we firstly performed a full factorial 
design considering the potential candidate parameters of 
pH (x1, Na2CO3), glucose (x2), peptone (x3), yeast extract 
(x4) and beef extract (x5) (Table S1, Supporting Informa-
tion). Each run was performed in triplicate and the corre-
sponding extracellular LA concentrations were determined 
by high performance liquid chromatography (HPLC). As 
expected, LA production varied greatly with respect to 
different combinations of the studied factors. The final 
result indicated that only glucose positively affected the 
LA production (p＜0.001) statistically. The other factors 

had trivial impact on LA production (p＞0.05). This result 
was imaginable because, in most cases, LA was generated 
from pyruvate which was the end product of glycolysis. If 
the relevant competition pathways consuming pyruvate 
were not perturbed specifically, glucose was definitely the 
only constraint factor that dominated the generation of LA.  

In order to approach the maximal LA production point, 
we fixed the other parameters and changed the glucose 
concentrations by using the steepest ascent experiment 
(SAE).[18,19] Figure 1 shows that LA production ap-
proached to the maximum near the point of the added glu-
cose around 10 mL.  

 
Figure 1  LA production (mean±s.d) under different glucose concen- 
trations determined by SAE 

2.2  Screening of the most important metabolite 
modulating LA production 

After defining the two LA production conditions, meta-
bolic fingerprint analysis was conducted. The intracellular 
metabolome configuration of ATCC49676 in GC-MS 
analysis was similar to that of the common bacteria to 
some extent.[9] The identifiable intracellular metabolites 
were listed in Table S2 (Supporting Information). It has 
been well established that it was not the absolute change 
but the significance of the change closely related to the 
phenotypic alteration.[20] In order to explore the critical 
metabolite dominating the phenotypic difference with re-
spect to LA production, the metabolomics data from the 
two culture conditions were subjected to significant analy-
sis.[21] In Figure 2, negatively changed metabolites occupy 
the left bottom whereas the positively changed ones 
emerge at the upper right corner. Apparently, one ion in 
the lower left corner negatively affected the production of 
LA. It was finally identified as a fragment from glutamate 
(Glu). 

For the purpose of further confirming the effect of Glu, 
by using 6-well plates, the bacteria were cultured in the 
optimized and basic media challenged by different concen-
trations of Glu separately. The result (Figure 3) showed 
that LA production was decreased along with the elevated 
Glu concentrations in both media. 
2.3  Glu suppressed the expression of lactate 
dehydrogenase (LDH) 

In most cases, LA is produced by LDH. The lowered LA 
production at the presence of Glu raised the question 
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Figure 2  Significance analysis result of the metabolic fingerprint data. 
The arrow indicated the most significantly changed fragment from Glu 

 

Figure 3  LA production (mean±s.d) affected by the Glu 

whether Glu could suppress the synthesis of intracellular 
LDH. Thus we measured the relative amount of the intra-
cellular LDH of ATCC49676 challenged by Glu and not. 
Figure 4 shows that extra Glu could decrease the intracel-
lular LDH content. Thus Glu was a negative factor regu-
lating LA production in ATCC49676. 

LA has a very long history for food and chemical indus-
try applications. Currently, many scientists are aiming at 
producing LA through microbial fermentation by using 
renewable resources.[22,23] LDH is the key enzyme that 
catalyzes the conversion of pyruvate to LA. The common 
LDH is usually inhibited by many metabolites such as cit-
rate, NAD, NADPH and so on. An isoenzyme of LDH-5 
isolated from the skeletal muscle of lizard Agama stellio 
was reported to be inhibited by Glu.[24] Of note, the above 
mentioned metabolites can only inhibit the enzymatic ac-
tivities. They do not suppress the synthesis of LDH. In 
bacteria, LDH usually expresses in constitutive manner. 
Our result (Figure 4) indicated that Glu could decrease the 
intracellular content of LDH. The finding that Glu nega-
tively affects LA production was seldom reported in bacte-
ria. As Corynebacterium glutamicum (C. glutamicum), 
ATCC49676 is also a Gram positive bacterium. Whereas, 
increased intracellular Glu did not affect production of LA 
in C. glutamicum. Disruption of LDH also did not exert 
great effect on its Glu synthesis.[25] Thus, our results 
(Figures 3, 4) implied that in ATCC49676, Glu did not 
directly inhibit the activity of LDH. The effects of Glu on 

LDH might be on the transcription, translation or degrada-
tion levels.  

 
Figure 4  Relative enzyme amount (REA, mean±s.d) of LDH in the 
control and glutamate (final concentration of 90 μg/mL) groups (p＝
0.003) 

3  Conclusions 
In this study, we used a metabolomic method to differ-

entiate the phenotypic traits of ATCC49676 cultured in 
different media, and found the crucial role of Glu in regu-
lating LA generation by decreasing intracellular LDH 
amount. Suppression of LA by extra Glu could be recap-
tured both in nutrient poor and rich media. Although the 
exact mechanism could not be deduced by solely me-
tabolomics analysis, this study did provide a parameter to 
be manipulated for LA production improvement. The ap-
proach described in this study could benefit the research on 
industrial fermentation and provide an alternative for 
anti-stress mechanism study. 

4  Experimental 
4.1  Materials  

Methanol and chloroform were of the HPLC purity 
grade products from Tedia (Fairfield, OH). L-lactic acid 
(LA), pyridine, N,O-bis(trimethylsilyl) trifluoroacetamide 
(BSTFA) containing 1% trimethylchlorosilane (TMCS), 
L-glutamate (Glu) were purchased from Sigma-Aldrich 
(Shanghai, China). Water used in the experiments was 
produced by a Milli-Q Water System (Millipore, Bedford, 
MA). 
4.2  Bacterial strain and culture conditions 

Exiguobacterium aurantiacum ATCC49676 was pro-
vided by VASTEC (Beijing China). The strain was acti-
vated in seed culture medium with the following ingredi-
ents: glucose (20 g/L), NaCl (40 g/L), tryptone (4 g/L), 
yeast extract (10 g/L), beef extract (3 g/L), K2HPO4 (2 
g/L), MgSO4•7H2O (0.2 g/L), MnCl2 (0.006 g/L) and 
(NH4)2SO4 (2 g/L). The culturing condition was 35 ℃ for 
16 h with constant agitation of 160 r/min. The strain was 
then subcultured in a shake flask containing 100 mL of 
basic medium which contained glucose (20 g/L), NaCl (40 
g/L), peptone (8 g/L), MgSO4•7H2O (0.2 g/L), MnCl2 
(0.006 g/L) and (NH4)2SO4 (2 g/L). The pH of all media 
was adjusted to 9 with Na2CO3 (10 wt%). For LA fermen-
tation, 2 mL subculture was added to 100 mL fresh me-
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dium. All the culture performance was conducted aerobi-
cally. 
4.3  Quantification of LA 

The LA standard solution was prepared in ultrapure wa-
ter. Serial diluted standard solutions with concentrations 
ranging from 10 to 10000 μg/mL were prepared to deter-
mine the linear ranges by high performance liquid chro-
matography (HPLC). Fermentation culture (ca. 4 mL) was 
transferred to a centrifuge tube and then centrifuged at 
9000 g for 10 min at 4 ℃. about 300 μL of the upper liq-
uid phase was transferred to a new centrifuge tube and 
mixed with 2.7 mL methanol, then centrifuged at 9000 g 
for another 10 min at 4 ℃. The upper liquid phase was 
withdrawn and filtered through a 0.22 μm Teflon filter 
membrane for HPLC assay.  

HPLC analysis was performed on a Shimadzu HPLC 
system (Kyoto, Japan) coupled with a Prominence 
SPD-20A/20AV UV-VIS detector. A Hypercarb column 
(4.6×150 mm, 5 µm particle size) from Thermo (Runcorn, 
UK) was used with temperature of 40 ℃. The mobile 
phase was 20 mmol/L KH2PO4 solution (pH＝2.5) con-
taining 1% methanol. The sample injection volume was 10 
µL and the flow rate was 0.5 mL/min in isobaric mode. 
Under the above mentioned condition the quantitative re-
gression equation of LA was y＝715.17x＋35569.98 (y: 
the peak area of LA, x: concentration of LA in mg/L) with 
R2＝0.9994. The method recovery varied from 95% to 
104% with RSD of 0.6% to 1.2%. The LA production was 
normalized against cell density at OD600. 
4.4  Metabolic fingerprint analysis 
4.4.1  Metabolite quenching and extraction 

Metabolism quenching and metabolite extract was based 
on our newly developed method (unpublished result). 
Briefly, bacterial suspension (ca. 100 mL) was rapidly 
poured into a sample tube containing a 75 mL physiologi-
cal saline (PS) ice block with temperature of －80 ℃. 
Subsequently, the ice block was crashed into pieces and 
the contents were mixed even upside down several times. 
About 90 mL liquid was dispensed into three 50 mL cen-
trifugation tubes immediately and centrifuged at 9000 g for 
2 min. The cell pellet was firstly washed by 30 mL of cold 
PS for three times and then resuspended in 3 mL cold PS 
in a 5 mL tube. After centrifugation, the supernatant was 
discarded completely. Then a fixed volume of 2 mL chlo-
roform was added, sonicated for 5 s in triplicate, and 1 mL 
mixture of methanol and water (methanol∶water＝21∶
79, volume ratio) was added for metabolite extraction. Af-
ter centrifugation, the upper phase was lyophilized and 
then silylated for GC-MS analysis. The dried extracts were 
dissolved in 50 μL pyridine, and then under ultrasound 
treatment for 15 min to dissolve as many metabolites as 
possible. Subsequently, metabolites were silylated for 45 
min with 65 μL of BSTFA (1%TMCS) in water bath at 75 
℃ . Intercellular metabolite intensities were normalized 
against cell density at OD600. All the performance was 
conducted at 4 ℃ unless otherwise indicated. 
4.4.2  GC-MS analysis 

GC-MS analysis was carried out on a Shimadzu 
QP2010 GC-MS system (Shimadzu, Japan) according to 

our routine strategy.[9] The sample injection volume was 1 
μL and injector temperature was 280 ℃ with split ratio 
10∶1. A DB5-MS capillary column (J&W Scientific, 
Folsom, CA) was adopted to separate the analytes. Helium 
was the carrying gas with the linear speed of 40 cm/s and 
the column flow rate was 1.19 mL/min. The separation 
program was initiated at 70 ℃ and kept for 5 min. Then 
column temperature was ramped to 280 ℃ at the rate of 5 
℃/min and held at 280 ℃ for 5 min. Ionization voltage is 
70 eV, the interface temperature was adjusted to 280 ℃ 
and the ion source was set to 200 ℃. Detector voltage was 
1.1 kV, the solvent delay was set to 7 min. Mass spectrum 
data were recorded at 2 scan/s with scanning range of 33—
600 (m/z).  
4.5  Glu suppression test 

Each 10 mL fresh medium and 200 μL (original concen-
tration of 2.0Mcf) fresh culture was pipetted into one well 
of a 6-well plate. The control wells were added with 1 mL 
ultrapure water and the test wells were added with 1 mL 
Glu aqueous solutions of different concentrations. After 
aerobic culture (ca. 16 h), the liquid was centrifuged and 
the supernatant was subjected to LA quantitation as de-
scribed above.  
4.6  Lactate Dehydrogenase (LDH) relative quantifi- 
cation 

For LDH quantification, the culture system was 6-well 
plates as mentioned above but the added Glu concentration 
was fixed to 1 mg/mL for each. The cell pellet was washed 
by 10 mL of cold PS for three times and then resuspended 
in 3 mL PS in a 5 mL tube. Cells were subjected to ultra-
sonication in ice bath several times and centrifuged at 9000 
g for 2 min. The upper liquid phase was withdrawn and 
filtered through a 0.22 μm Teflon filter membrane to re-
move any debris. Filter liquid was kept under －80 ℃ 
for protein analysis. Each sample was analyzed for at least 
9 biological replicate. 

Total protein was quantified by Coomassie brilliant blue 
Protein Assay Kit (Shanghai, China). Standard curve for 
total protein determination was made by using bovine se-
rum albumin. The detection wave length was 595 nm. The 
quantitative regression equation of total protein was y＝
0.0084x＋0.3194 (y: optical density at 595 nm, x: the con-
tent of protein in μg/mL) with R2＝0.9993. 

The content of LDH was measured by Bacterium Lac-
tate Dehydrogenase ELISA Kit (Shanghai, China). All the 
operation was performed in accordance with the instruction 
provided by the manufacturer. The quantitative regression 
equation of LDH standard curve was y＝1.634－0.564x＋
0.086x2－0.004x3 (y: optical density at 450 nm, x: concen- 
trations of standard sample in ng/mL) with R2＝1.000. 
4.7  Data handling 

Design of experiments for medium optimization was 
accomplished by using Minitab Ver.14 (State College, PA) 
software. GC-MS data were exported into CDF format, 
and then processed as described previously.[26] The proc-
essed data were fed to MultiExperimentViewer 
(MEV)4.5.1 (Boston, USA) for multivariate data analysis 
using the algorithm of significant analysis of microarray 
(SAM).[21] The fragments with most significant changes 
were chosen and subjected to identification by comparing 
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their mass spectra with the NIST library and verified by 
commercial standards. 
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