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ABSTRACT: Many studies have been done by metabolically modifying Escherichia coli to
produce elevated levels of xylitol. While there have been some positive results, the xylitol
yield is still not at par with that produced via the chemical route. This study employed GC-
MS, combined with multivariate analysis to qualitatively profile the metabolites found in
genetically modified E. coli (Apgi+xpdh) for xylitol production with glucose as substrate. It
was found that over time, xylitol level increased, with the peak intensity at 24h being the
highest. This was parallel with the optical density (OD) value, which also increased over time,
indicating that as the cell grew, more xylitol was generated. Top contributing metabolites
were identified and subjected to pathway analysis, revealing that amino acids may have a
significant role in xylitol production. The findings from this study provide initial
metabolomics input for enhancing recombinant E. coli strains in the biotechnological
production of xylitol, whereby glucose is employed as primary substrate.
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1. INTRODUCTION

Xylitol is a naturally occurring 5-carbon polyol mainly used in the food industry as sugar
substitute due to its similar sweetening power to sucrose but with lower caloric content among
other benefits [1]. Current commercial production of xylitol via the chemical route is an
extensive and unsustainable process requiring refining treatment for xylose which also makes
it costly [2]. As such, continuous research has been done to produce xylitol biotechnologically
by genetic modification of microorganisms, including Escherichia coli, which is a model
microorganism for producing target compounds in laboratory settings [3] and resulted in
positive outcomes [4, 5]. In terms of substrate, both xylose and glucose had been studied for
xylitol production with the latter being much preferable due its price and availability [6].
Nonetheless, despite various approaches taken to increase xylitol yield including improvisation
of immobilisation strategy and process parameters optimisation [7, 8], the amount of xylitol
yielded is still incomparable to that of the chemical route. The metabolomics approach has
proven to be successful in improving target compound production, specifically 1-butanol [9,
10, 11]. So far, none of the studies on recombinant E. coli producing xylitol has taken the
metabolomics approach to increase xylitol yield. Therefore, this study seeks to qualitatively
profile the metabolites present in recombinant E. coli (Apgi+xpdh) during xylitol production
using glucose as a substrate by using GC-MS and multivariate analysis, as the first step in the
metabolomics approach to improve xylitol production.
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2. MATERIALS AND METHODS

2.1. Bacterial Strain

E. coli BL21 strain from Novagen was deleted for phosphoglucose isomerase (Apgi) gene
to redirect the glucose catabolism from glycolysis to pentose phosphate pathway (PPP), and
xylitol phosphate dehydrogenase (xpdh) gene from Clostridium difficile was cloned into the
strain by using plasmid pET21 as vector. Insertion of xpdh gene was to enable the conversion
of D-xylulose-5-phopshate to xylitol in PPP.

2.2. Bacterial Culture

Xylitol production took place for 24 h in a 250 mL shake flask with 50 mL LB medium (5
g/L yeast extract, 10 g/L NaCl, 10 g/L tryptone) added with 34 ug/mL chloramphenicol,
induced by adding 0.1 mM isopropyl B-d-1-thiogalactopyranoside (IPTG) and 10 g/L glucose
and incubated in an orbital shaker at 200 rpm and 37 °C.

2.3. Cell Sampling and Metabolites Extraction

Cell sampling and metabolites extraction was done according to Hashim and Fukusaki [12]
with slight modification. 5 mL of culture media was transferred to a fresh tube at 0, 2, 5, and
24 h. The sample was centrifuged at 4 °C, 5000 rpm for 5 min to separate the cell pellet from
the media. The media which contained extracellular metabolites was transferred to a new tube
and kept at -20°C for further analysis. Meanwhile, the cell pellet was immediately added with
2 mL of pre-cooled (-20°C) single-phase extraction solvent (methanol/chloroform/water = 5/2/2
vIviv%) with 60 pL ribitol (0.2 mg/mL) as internal standards [12, 13]. The mixture was then
left for 30 min in an incubator shaker at 200 rpm, 4 °C. Afterwards, 1 mL of distilled water was
added into the mixture, vortexed and centrifuged at 4 °C, 16100 rcf for 3 min. Next, the upper
polar phase was transferred to a new tube via syringe filtration (0.2 um PTFE hydrophilic
membrane, Hawach Scientific, Shaanxi, China) and freeze dried. Derivatisation was done by
adding 75 uL of methoxyamine hydrochloride (Sigma-Aldrich, MO, USA) dissolved in
pyridine (Merck, Darmstadt, Germany) to the lyophilised extracts and left in thermomixer to
react at 30 °C, 1200 rpm for 90 min in a process called oximation, followed by silylation by
adding 50 uL of N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) (Sigma-Aldrich,
MO, USA) and the reaction was performed at 37 °C, 1200 rpm for 30 min [13]. The derivatised
samples were transferred to glass vials and analysed with GC-MS within 24 h.

2.4. Analytical Methods

2.4.1. Cell Growth

The cell growth was observed by measuring the optical density at 600 nm (ODsoo) using a
UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan) at 0, 1, 2, 3, 4, 5, and 24 h. Measured
values of ODsoo were plotted on the growth curve.

2.4.2.  GC-MS Analysis

GC-MS analysis was performed using GCMS-QP2010 Ultra (Shimadzu, Kyoto, Japan). The
samples were separated using a BP5MS capillary column coated with 5%
phenylpolysilphenylene-siloxane (30 m x 0.25 mm i.d. x 0.25 um film thickness). One uL of
sample was injected in split mode with a split ratio of 1:25. The injector, transfer line, and ion
source temperature were set at 230, 250, and 200 °C, respectively. The column flow rate was
1.12 mL/min (linear velocity 39 cm/s). The column temperature was held at 80 °C for 2 min,
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raised by 15 °C/min to 330 °C for 12 min. Electron ionisation (EI) was performed at 70 eV. The
mass range of the detector was set to m/z 35 to 800 and the detector voltage (set by auto-tuning)
was at 0.80 kV.

2.5. Multivariate Analysis and Statistical Analysis

The amount of each metabolite (peak intensity) was normalised to the internal standard
(ribitol), mean centred and scaled to unit variance. Multivariate data analysis, such as principal
component analysis (PCA), and pathway analysis was performed using MetaboAnalyst 5.0
[14].

3. RESULTS AND DISCUSSION

3.1. Bacterial Cell Growth

To determine bacterial cell growth, ODesoo was measured using a UV-1601
spectrophotometer (Shimadzu, Kyoto, Japan). Fig. 1(a) shows the plotted growth curve for E.
coli (Apgi+xpdh). It was observed that the exponential growth phase of the cell was between 1
to 4 h, with the maximum specific growth rate (umax) of 0.0.0459 ht. The cell continued to
grow until the 24th hour albeit slower, indicating that the cell was starting to enter the stationary
phase past 24 h.
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Fig. 1. (a) Growth curve of modified E. coli during 24 h xylitol production, and PCA
score plot showing metabolite profile in (b) intracellular extracts, (c) extracellular
extracts collected at 0, 2, 5, and 24 h.

3.2. Time-course Metabolite Profiling

Fig. 1(b) and 1(c) show time-course metabolite profiles of E. coli (Apgi+xpdh) at 0, 2, 5,
and 24 h post-induction for intracellular and extracellular extracts respectively. It can be seen
that the metabolites at 24 h are distinctly separated from the rest especially in the intracellular
samples. This pattern corresponds to xylitol production which reach its peak at 24 h post-
induction as can be observed in Fig. 2(a) and 2(b). The increase of xylitol is parallel with the
decrease of glucose in the extracellular extracts in Figure 2(c), which tallies with the
information in Fig. 1(a). It can be concluded that the genetically modified E. coli consumed
glucose for growth and generated more xylitol as it grew.
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Fig. 2. Peak intensity of (a) xylitol in intracellular extracts, (b) xylitol in extracellular
extracts, and (c) glucose in extracellular extracts
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Fig. 3. Pathway analysis for top 20 most contributing metabolites in (a) intracellular
samples, (b) extracellular samples

3.3. Metabolome Analysis Reveals Impacted Amino Acids Metabolisms

The most contributing metabolites in the separation of the samples were determined from
the list of metabolites identified using GC-MS library and subjected to pathway analysis. The
results show that in both intracellular and extracellular samples, amino acid metabolisms are
mainly affected (Figure 3). This result suggested that amino acids may play a prominent role
in xylitol production. This outcome is supported by a study done by Fuzi et al. [15] which
demonstrated that individual supplementation of certain amino acids was able to increase the
xylitol titer by nearly 50% in genetically modified E. coli (Axy1AB+P21XR) whereby xylose
was the main substrate and glycerol was used as carbon source. The study also concluded that

amino acids may play a critical role in the production of xylitol.

4. RESULTS AND DISCUSSION

From this study, it was found that amino acid metabolisms were mainly affected in xylitol
production. Further research should be done to understand the relationship between amino
acids and xylitol production by comparing the metabolic profile of E. coli (Apgi+xpdh) when
different amino acids were to be added to the fermentation media to learn how the amino acids

affect xylitol production.
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