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GC-MS-based metabolic profiling of Escherichia coli exposed to
subinhibitory concentration of enoxacin
Enoksasin subinhibitör konsantrasyonu maruziyeti altında Escherichia
coli’nin GC-MS bazlı metabolomik profillemesi
Engin KOÇAK1 (ID), Ceren ÖZKUL2 (ID)
ABSTRACT

ÖZET

Objective: The rapid development of bacterial

Amaç: Antibiyotiklere karşı hızla gelişen bakteri

resistance to antibiotics is one of the most recent

direnci insan sağlığını etkileyen en önemli tehlikelerden

threats

the

biri haline gelmiştir. Patojenlerin metabolizmalarının

metabolism of pathogens is essential to gain insights

anlaşılması konak ortama karşı gerekli metabolik

into the adaptation strategies that are required to

adaptasyonların anlaşılmasında ve yeni antimikrobiyal

deal with the host environment during infection and

hedeflerin belirlenmesinde oldukça önemlidir. Son

to identify new drug targets. In recent years omics

yıllarda

technologies have offered new routes to understand

antibiyotiklere karşı adaptasyon ve direnç süreçlerinin

adaptation and resistance mechanisms of pathogens

moleküler

against antibiotics at molecular level. In present work,

sunmuştur. Bu çalışmada Escherichia coli’nin enoksasine

we analyzed the metabolic response of Escherichia coli

karşı verdiği metabolik cevabı araştırarak metabolik

during treatment with enoxacin to identify metabolic

adaptasyon süreçlerini belirlemeye çalıştık.

to

human

health.

Understanding

adapdation processes.

2

düzeyde

metabolomik

metabolomics analysis. Metabolites were extracted

ekstraksiyonunda

using

kullanılmıştır.

water

teknolojiler

incelenmesinde

patojenlerin
yeni

fırsatlar

gaz kromatografisi/kütle spektroskopisi (GC/MS) bazlı

(GC/MS) based metabolomics approach was used for
methanol:

omik

Yöntem: Bu çalışmada metabolomik analiz için

Methods: Gas chromatography/Mass spectroscopy

1

gelişen

co-solvent

system. After

yaklaşım

kullanılmıştır.

methanol:
Türevlendirme

su

Metabolitlerin

çözücü
işlemi

karışımı
sonrasında

derivatization process, Metabolites separated in GC

metabolitler önce GC kolonunda ayrışmış daha sonrasında

column and analyzed in MS. MS-DIAL metabolomics and

kütle spektroskopisinde analiz edilmiştir. Elde edilen

lipidomics platform was performed to analyze raw GC/

ham GC/MS verilerinin biyoinformatik analizleri için MS-

MS data. Metabolites were identified with retention

DIAL metabolomik ve lipidomik platform kullanılmıştır.

index database and quantified relatively between

Metabolitlerin yapıları alıkonma indeksi veri bankasına

control and enoxacin-treated groups. Statistically

göre yapılmıştır. İki grup arasında anlamlı olarak değişen
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significant altered metabolites were investigated via

metabolitler belirlendikten sonra yolak analizleri ile

pathway enrichment analysis.

değerlendirmeler yapılmıştır.

Results: Metabolite profile of control and enoxacin-

Bulgular: Bu çalışmada metabolik adaptasyonu

treated groups were compared to observe cellular

anlamak için kontrol ve enoksasin maruziyeti altında

adaptation against the antibiotic stress. Principal

bulunan

component analysis of GC/MS results showed that there

karşılaştırılmıştır. Temel bileşenler analizi (PCA) sonuçları

was a dramatic shift at general metabolome structure

enoksasin maruziyeti altında E. coli hücrelerinin metabolit

under antibiotic stress. We identified 92 metabolites

yapısının dramatik şekilde değiştiğini göstermiştir. Yapılan

and statistical analysis indicated 36 metabolites

analizlerde toplam 92 metabolitin yapısı aydınlatılmış ve

altered significantly between experimental groups.

bunlardan 36 tanesinin istatistiksel olarak anlamlı şekilde

Pathway enrichment analysis showed that amino

değiştiği belirlenmiştir. Miktarı değişen metabolitler

acid biosynthesis, glycine, serine, and threonine

yolak

metabolism,

Aminoacyl-tRNA

metabolism,

E.

coli

analizleri

ile

hücrelerinin

metabolit

değerlendirilmiş

ve

profilleri

enoksasin

purine

maruziyeti altında aminoasit biyosentezi, aminoaçil-

metabolism, galactose metabolism was induced in

tRNA metabolizması, pürin metabolizması, glisin, serin

E.

ve treonin metabolizması ve galaktoz metabolizması gibi

coli exposed to subinhibitory concentration of

enoxacin.

hücresel süreçlerin farklılaştığı tespit edilmiştir.
In present study, we investigated

Sonuç: Elde edilen sonuçlar enoksasin maruziyeti

metabolic adapdation of E. coli against enoxacin-

Conclusion:

altında E. coli’de meydana gelen metabolik değişiklikleri ve

induced stress. Our findings may contribute to current

antibiyotik kaynaklı stres koşullarında nasıl adapte olduğu

literature to expand the understanding of bacteria-

hakkında bilgi sunmaktadır. Yapılan çalışmanın sonuçları

antibiotic interactions at metabolome level.

antibiyotik-bakteri ilişkisinin anlaşılması ile ilgili olarak
literatüre ve gelecek çalışmalara katkıda bulunacaktır.

Key Words: Enoxacin, Escherichia coli, GC/MS,
Metabolomics

Anahtar Kelimeler: Enoksasin, Escherichia coli,
GC/MS, Metabolomik

INTRODUCTION
Antibiotic resistance is one of the most critical
problems

worldwide.

Overpopulation,

age, the discovery rate was decreased, along with

increasing

an increase in the number of multi drug resistance

use of the antibiotics in clinical settings and animal

strains. Today there is a great effort to discover new

production, wildlife spread are major causes of

antibiotics. Many researches analyze antimicrobial

antibiotic resistance. World health organization (WHO)

properties of semi-synthetic and synthetic molecules.

centers for disease control and prevention (CDC)

Moreover, target (gene)-based screening and cell-

estimate 700.000 deaths annually worldwide and every

based screening techniques have been used to find new

country is potentially affected. Moreover, economic

antimicrobial targets in cells and discover candidate

impact of resistant bacteria infections is a big challenge

molecules (2, 3). However, these strategies have not

for each country. In the USA alone, the total economic

been sufficient to find realistic solution for antibiotic

burden is estimated $20 billion in a year (1).

resistant problem. Antibiotic-pathogen interaction

After the successes of the antibiotic golden
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understand mode of action of antibiotics, adaptation

concentration (MIC) value of enoxacin against E.

and resistance mechanisms of pathogens. The post-

coli, standard broth microdilution was performed

genomics technologies (proteomics, transcriptomics

according to the method reported by the Clinical

and metabolomics) have offered great opportunity to

Laboratory Standards Institute (CLSI). The MIC value

respond to this challenge (4-7). This growing trend

of enoxacin was determined and compared with the

could lead to find new routes to overcome resistance

latest breakpoint tables of EUCAST. For metabolomics

problem.

experiments, subinhibitory concentration (half of
broad-spectrum

the MIC) enoxacin was used. E. coli ATCC 25922 was

antibiotics that have been used in clinical practice

cultured on Mueller Hinton Broth (MHB) and incubated

for the treatment of infections since 1980s. Their

under 37oC until the log phase was achieved. The

effect over wide range of gram negative and positive

bacterial suspension was prepared using MHB that

bacteria has led to widespread use worldwide.

contained the MIC/2 value of enoxacin to obtain a

However,

have

bacterial concentration of 5x105 cfu/ml bacteria.

emerged and increased dramatically in recent years

The same concentration of bacterial culture under

(8, 9). Metabolomics, proteomics and transcriptomics

same conditions was also prepared without adding

techniques have been used to understand the effect of

any antibiotic. Flasks were incubated at 37°C for 20

various members of fluoroquinolones (ciprofloxacin,

h. Experiments were performed with three replicates.

The

fluoroquinolones

are

fluoroquinolone-resistant

strains

ofloxacin) over pathogens and also resistance and
adaptation mechanisms against the fluoroquinolones

Extraction of Metabolites

(10-12). However, these studies were early steps and

After centrifugation the cell pellets were washed

there is long way to understand fluoroquinolone-

by phosphate buffer saline (PBS) twice. In present

bacteria relationship at molecular level. Enoxacin

work, we used enzymatic lysis procedure, we used

that is a member of fluoroquinolone family has been

lysozyme for enzymatically disruption. Incubation

used for especially urinary tract infections. There is

time was set to 30 minutes. Methanol:Water ( 9:1 v/v)

any detailed study about the metabolic adapdation of

co-solvent system was used for metabolite extraction

pathogen against the enoxacin.

from cellular lysate. 850 μL extraction solvent added

In present work, we used gas chromatography/

to 150 μL sample and mixed in a vortex for 1 min.

mass spectroscopy (GC/MS) based metabolomics

Samples were centrifuged at 15.000 g for 10 minutes.

approach to analyze the change of metabolome

Supernatant were taken and carefully evaporated

structure of E. coli under enoxacin stress conditions.

under vacuum centrifuge.

Result showed that there was a dramatic shift in

In

derivatization

process,

firstly

20μL

metabolome structure and various cellular pathways

methoxyamine solution in pyridine (20 mg/ml) (Sigma)

altered with the effect of enoxacin. We believe that

was added to the dried extract and incubated at 70oC

our findings will contribute to understand bacteria-

for 90 min. In second step, 100 μl of MSTFA (sigma)

antibiotic relationship and further experiments

was added and incubated at 37oC for 30 minutes.

regarding with fluoroquinolone resistance.

After derivatization, samples were transferred to
auto sampler vials for GC/MS analysis.

MATERIAL and METHOD
Bacterial Culture

GC/MS conditions
Gas

chromatography-mass

spectrometry

(GC–

E. coli ATCC 25922 was subcultured on Tryptic

MS)-based metabolomics analysis was performed as

Soy Agar. In order to confirm the minimum inhibitory

described previously (13). Metabolites were analyzed

Turk Hij Den Biyol Derg
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using GC–MS (Shimadzu GCMS-QP2010 Ultra) with a DB-

In metabolomics analysis, extracted metabolites

5MS stationary phase column (30 m + 10 m DuraGuard ×

were

0.25 mm i.d. and 0.25-µm film thickness). Helium was

chromatograms of control and enoxacin treated groups

used as the carrier gas at 1 ml/min flow rate. Samples

were given in supplementary information. Raw GC/MS

were injected in non-split mode. Injection volume was

data was processed in MS-DIAL software. We detected

adjusted at 2 μl. The injector temperature was held

930 features and identified 92 metabolites. Peak

at 250oC. In gradient system, oven temperature was

intensities were calculated and normalized according

fixed at 70 C for one minute, then increasing up to

to total ion chromatogram (TIC). Metaboanalyst 4.0

325oC by 10oC/min gradient and held for 10 minutes at

platform was used for statistical analysis.

o

325 C. Total separation time was 37.5 minutes. The MS
o

detector was performed at EI mode. Data acquisition
was performed in full scan mode with mass range
between 50-650 m/z.

analyzed

in

GC/MS

system.

Base

peak

We focused on principal component analysis (PCA)
to observe general metabolic changes with the effect
of enoxacin and results showed that there was a
dramatic shift in metabolome structure under stress

GC/MS Data Processing

conditions (Figure 1A). Volcano plot analysis was

Raw GC/MS data was processed in MS-DIAL
(version 3.96) metabolomics and lipidomics platform
(http://prime.psc.riken.jp/Metabolomics_Software/
MS-DIAL/). In MS-DIAL settings, mass range was
between 0-1000 Da. Minimum peak height for peak
detection was 1000 amplitude. Retention time
tolerance was 1 min. Identification score cut off was

applied to find altered metabolites (Fold change >1.5
and p vaue<0.05) (Figure 1B). We observed that 36
differentially expressed metabolites were detected
between control and enoxacin treated groups including
22 upregulated and 16 downregulated metabolites,
respectively (supplementary information).
Altered

metabolites

were

evaluated

in

60%. We used GC/MS all public Kovats retention index

Metaboanalyst 4.0 (pathway analysis module) and

database (15302 records)(http://prime.psc.riken.jp/

KEGG mapper platform to understand systematic

Metabolomics_Software/MS-DIAL/)

effect of enoxacin over E. coli (Figure 2).

for

metabolite

identification. Peak areas of metabolites were
calculated in MS-DIAL and normalized according to

DISCUSSION and CONCLUSION

total ion chromatogram. Metaboanalyst 4.0 platform
was used for statistical analysis. Volcano plot analysis
was applied to find altered metabolites (Fold change
>1.5 and p vaue<0.05). Altered metabolites were
analyzed in pathway module in metaboanalyst 4.0
(https://www.metaboanalyst.ca) and KEGG database
(https://www.genome.jp/kegg/pathway.html).

In present work, extracted metabolites from
control and enoxacin treated groups were analyzed
with GC/MS based metabolomics analysis. PCA
analysis showed that there is a dramatic shift in
metabolome structure of E.

coli under enoxacin

stress. Metabolome structure is very dynamic and
environmental stress could trigger many biological

RESULTS

processes simultaneously and PCA indicated that
antibiotic induced stress leads deep impact over

The MIC value of enoxacin against E. coli ATCC

cellular metabolism.

25922 was 0.12 μg/ml, which was within the expected

Statistical analysis showed that 36 metabolites

susceptibility range. Thus the half of the MIC value

altered between two experimental groups (p value

(0.06 μg/ml) was used for further metabolomics

< 0.05 and fold change > 1.5). Altered metabolites

studies.

were evaluated in pathway analysis in metaboanalyst
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Figure 1. A) Principal component analysis of control and enoxacin treated groups.
B) Volcano plot analysis of features (Pink dots indicate significantly altered features between two experimental groups)

Figure 2. Induced pathways under enoxacin stress.
A) Pathway analysis module in Metaboanalyst 4.0
B) KEGG mapper database.
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4.0 and KEGG database to explain metabolic changes.
Changes in metabolic pathways within E. coli
Amino acids, referred to as the building blocks
of proteins, are compounds that play many critical
roles in cells. Studies showed that amino acid
biosynthesis is one of the key parameter for cell
growth, pathogenicity, biofilm-formation (14, 15).
Moreover, various proteomics, metabolomics and
transcriptomics studies revealed that this pathway
is changed dramatically under antibiotic stress
(10, 16-18). Zampieri et. al. showed that amino
acid biosynthesis is the most affected pathway
in E. coli at early phase of antibiotic stress and it
has direct connection to general antibiotic- stressresponse. In present work, we observed that amino
acid metabolism was changed under enoxacin stress
condition. Most of the altered metabolites were up
regulated in enoxacin treated group (Figure 3A). This
biological process could be one of the key steps in
adaptation process.
Glycine, serine, and threonine metabolism was
also one of the most significant pathways. Cheng.
et al., showed that glycine, serine and threonine
pathway altered between resistant and sensitive
strains of E. coli isolates (19). Also Ye et al, used

Figure 3. Fold changes of metabolites in
A) Amino acid biosynthesis,
B) glycine, serine, and threonine metabolism
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LC/MS based proteomics approach and showed that
glycine, serine and threonine pathway was one of the
most important regulatory mechanisms (20). Schelli
et al, used comparative metabolomics analysis to
understand metabolic adaptation in Staphylococcus
aureus under the effect of various antibiotics and
they observed that glycine, serine, and threonine
metabolism was significantly different (21). In present
work, we found similar results with this pathway
(Figure 3B). There is no detailed mechanistic study
role of glycine, serine and threonine metabolism
with metabolic adaptation process. In further
experiments, targeted studies could response to this
question.
Aminoacyl-tRNA metabolism is very important
in protein biosynthesis and cell envelope. Previous
studies have indicated that some antibacterial
quinolones

induce

bacterial

aminoacyl-tRNA

synthetase (ARS) (10, 22). In pathway analysis, we
observed that glycinine (downregulated), L-alanine
(upregulated),
L-threonine

L-tryptophan
(upregulated)

and

(upregulated),
phosphoserine

(downregulated) were involved in Aminoacyl-tRNA
biosynthesis (Figure 3). Changes in Aminoacyl-tRNA
metabolism could demonstrate differentiation in
translation process.

Cilt 78  Sayı 3 2021
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Purine and pyrimidine nucleotides are major
energy carriers, subunits of nucleic acids and

metabolites in purine metabolism were altered under
enoxacin stress (Figure 4A).

precursors for the synthesis of nucleotide cofactors. In

The cellular antioxidant mechanism plays critical

literature, there has been growing evidence regarding

role in antibiotic resistance against the reactive

with alteration of purine metabolism under antibiotic

oxygen species (ROS). Glutathione metabolism is the

stress. Zampieri et al, showed that purine metabolism

key system in defense system against ROS species

was one of the most affected cellular process in early

and very important for cell growth and survival. In

phase of antibiotic stress for E. coli (18). Dorries et

previous studies, it was showed that glutathione

al, observed similar results for Staphylococcus aureus

metabolism

with metabolomics analysis. They found that most of

resistance process (24). In present work, we found

the metabolites purine metabolism was up regulated

that various metabolites altered in enoxacin-treated

under ciprofloxacin stress but they found purine

group (Figure 4B). Moreover, we observed that

metabolism was down regulated under vamcomycin

expression level of spermin increased dramatically.

and ampicillin treated groups (23). All these data

Spermine, which is in glutathione metabolism, is

suggested that purine metabolism play important

a member of polyamines, which are polycationic

role in resistance and adaptation process. Various

molecules, produced through complex pathways.

plays

important

role

in

antibiotic

Figure 2. Fold change of metabolites in
A) Purine metabolism,
B) Glutathione metabolism,
C) Galactose metabolism,
D) Alanine, aspartate and glutamate biosynthesis
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Polyamines involve in a wide range of biological

under doxycycline stress (29). They showed that

processes. The interactions between polyamines and

expression level of genes in galactose metabolism

porins were defined in recent years. Porin proteins are

were significantly different from control group. In

main regulators for overall permeability of the outer

present work, we found that three metabolite in this

membrane. Lyer et al, showed that four polyamines

pathway altered under enoxacin stress (Figure 4C).

(spermine, spermidine, cadaverine and putrescine)

Alanine, aspartate and glutamate biosynthesis is

were very effective on the activity of porin proteins

another important metabolic pathway. In previous

(25). These polyamines suppress channel opening and

studies showed that this pathway altered under

promote the inactive state. Sarathy et al, showed

antibiotic stress conditions (30, 31). In present work,

that polyamines induced membrane permeability

we observed that various metabolites in this pathway

via affecting porin proteins. (26). They found that

altered significantly (Figure 4D).

polyamines decreased membrane permeability of the
outer membrane, which leads to decreased intake
of fluoroquinolones in Mycobacteria. In our work,
increasing level of spermine may lead to membrane
based-resistance against enoxacin.

In conclusion, antimicrobial resistance is one of
the most important global problems. Understanding
of antibiotic-pathogen relationship at molecular level
could give opportunity to discover new antibiotics and
treatment methods. In present work, we investigated

Galactose metabolism, is also known as Leloir

altered metabolome structure of E. coli with GC/MS

pathway, is very important for energy production,

based metabolomics approach. Results showed that

protein glycosylation, LPS biosynthesis and virulence

various metabolic pathways altered simultaneously

(27). Chai. et al, showed that galactose metabolism

under enoxacin stress. We believe that our results

played essential role n biofilm formation (28). Yang

will contribute to understand antibiotic-pathogen

et al, analyzed general carbon metabolism of E. coli

relationship.
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