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Highlights
1. EG and GA were produced from xylonic acid by native E. coli
2.10.3 g/L of glycolic acid was produced by E. coli AyghD+aldA

3. E. coli AaldA+yqhD produced 8.0 g/L of ethylene glycol



Abstract

Ethylene glycol and glycolic acid are bulk chemicals with a broad range of applications. The ethylene
glycol and glycolic acid biosynthesis pathway has been constructed in microorganisms and used as a
biological route for their production. Unlike the methods that use xylose or glucose as carbon sources,
xylonic acid was used as a carbon source to produce ethylene glycol and glycolic acid in this paper.
Amounts of 4.2 g/L of ethylene glycol and 0.7 g/L of glycolic acid were produced by a wild-type E. coli
W3110 within 10 hours of cultivation with a substrate conversion ratio of 0.5 mol/mol. Furthermore, E.
coli strains that produce solely ethylene glycol or glycolic acid were constructed. 10.3 g/L of glycolic
acid was produced by E. coli AyghD+aldA, and the achieved conversion ratio was 0.56 mol/mol.
Similarly, the E. coli AaldA+yqhD produced 8.0 g/L of ethylene glycol with a conversion ratio of 0.71
mol/mol. Ethylene glycol and glycolic acid production by E. coli on xylonic acid as a carbon source
provides new information on the biosynthesis pathway of these products and opens a novel way of

biomass utilization.
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1 Introduction

Ethylene glycol is the simplest diol. It has broad applications, such as antifreeze and coolant in
automobiles, de-icing fluid for windshields and aircraft, desiccant for natural gas production, and a
precursor for the manufacture of polyesters and resins [1]. Traditionally, ethylene glycol is produced
from ethylene through a chemical route. Ethylene is a bulk chemical of the petroleum industry. The
utilization of renewable resources as feedstock for ethylene glycol production has recently become a hot
research point. After pretreatment, the hemicellulose from corn stalk can be converted to ethylene glycol
and 1,2-propylene glycol catalysts under hydrothermal conditions and a hydrogen atmosphere [2]. With
Pt-modified Ni catalyst, glycerol conversion to ethylene glycol and CH4 by hydrocracking had been
performed [3].

Beside chemical routes, biological routes for ethylene glycol production have appeared with the
development of synthetic biology. Wook-Jin Chung’s group from Myongji University first reported the
biological route for ethylene glycol synthesis with an engineered Escherichia coli. A heterologous D-
xylose dehydrogenase, originally from Caulobacter crescentus, was over-expressed in E. coli. D-xylose
dehydrogenase catalysed xylonic acid formation from xylose. Xylonic acid in the cell was then converted
to 2-dehydro-3-deoxy-D-pentonate, the later was cleaved to form pyruvate and glycolaldehyde. This
pathway was named Dahms pathway. Ethylene glycol and glycolic acid were obtained from
glycolaldehyde by reduction and oxidation reaction (Figure 1) [4]. Besides the Dahms pathway, a
pathway through serine as an intermediate was developed with Corynebacterium glutamicum and E. coli
as the host cell [5, 6].

Glycolic acid is the smallest two-carbon a-hydroxy acid with both alcohol and acid groups. It has been
used in the textile industry as a dyeing and tanning agent, as a flavour and preservative in the food
industry, and as a skincare agent in the pharmaceutical industry. Currently, glycolic acid in the market is
produced chemically from petrochemical resources mainly in a process where formaldehyde is
carbonylated by synthesis gas or treated with carbon monoxide and water [7]. Several biological routes
of glycolic acid production have been reported. Glycolic acid production from ethylene glycol or
glycolonitrile was a biotransformation process. Glycolic acid was obtained from ethylene glycol in the
biotransformation catalyzed by the resting cells of Gluconobacter oxydans [8)]. An Alcaligenes sp strain
can transform glycolonitrile to glycolic acid with high efficiency [9]. Besides biotransformation, glycolic
acid can be synthesized through Dahms pathway or glyoxylate pathway using glucose, xylose, or other

sugar as the feedstock. Using glucose as feedstock, glycolic acid can be synthesized by Saccharomyces



cerevisiae or Kluyveromyces lactis [10]. Glycolic acid can also be synthesized by engineered
Corynebacterium glutamicum and E. coli [11, 12]. A recent report from Wook-Jin Chung’s group shows
an increase of glycolic acid production by E. coli with overexpression of a membrane-bound pyridine
nucleotide transhydrogenase, the substrate used was xylose [13]. Followed the Wook-Jin Chung’s work,
an engineered E. coli with deleted the acetic acid biosynthesis pathway produced a high level of glycolic

acid on xylose as substrate [14].

Xylose has been used as a substrate for ethylene glycol synthesis by engineered Escherichia coli, and
xylonic acid is an intermediate of the process [4]. Many microorganisms, including Acetobacter sp.,
Pseudomonas aeruginosa, Pseudomonas fragi, and Gluconobacter oxydans, have the ability to convert
xylose to xylonic acid [15]. In the previous research, we developed a technology for the production of
xylonic acid by Klebsiella pneumoniae, and this technology was highly efficient [16]. Xylonic acid can
be used as a carbon source for ethylene glycol and glycolic acid production by wild type Enterobacter
cloacae. Using this technology, high substrate conversion ratio and high productivity were achieved. [17].
E. coli was commonly used host for the construction of ethylene glycol producing strains. Here, ethylene
glycol and glycolic acid production from xylonic acid by wild type and engineered E. coli was

investigated in detail.

2 Materials and methods

2.1 Strains, plasmids, and primers

Bacterial strains and plasmids used in this study are listed in Table 1. Primers used for PCR are listed in
Table 2.

2.2 Xylonic acid preparation.

Xylonic acid (Ammonium salt) was produced from xylose by K. pneumoniae, as described previously
[16]. The sterilized fermentation broth was centrifuged to eliminate cells and other insoluble impurities.
1% of activated carbon was added to the supernatant and paper filtrated. The discolored liquid was
concentrated to 700 g/L with a rotary evaporator at 70 °C. The xylonic acid crystals were formed after
keeping the liquid at room temperature for 1 week. This xylonic acid obtained was used in the following
experiments.

2.3 Construction of mutants of E. coli

Mutants of E. coli were grown in Luria—Bertani (LB) medium at 37 °C. The antibiotics used in the

selective medium were kanamycin (50 pg/mL), apramycin (50 pg/mL) and streptomycin (25 pg/mL).



Construction of mutants of E. coli was generated by the method of Red recombinase associated gene
replacement [19]. E. coli AaldA construction was described in detail as an example.

Right fragment of ald4 was amplified from genome of E. coli W3110 using the primer pair aldA-F
and loop-aldA-FRT-F. Left fragment of aldA was amplified in the same way using the primer pair aldA-
R and loop-aldA-FRT-R. Apramycin resistance gene aac(3)IV was amplified with plasmid plJ773 as a
template using the primer pair aldA-FRT-F/aldA -FRT-R. Right and left fragments of a/dA4 and apramycin
resistance gene fragment were mixed together with the molecular ratio of 1: 1: 1 and linked together
using the kit of PrimeSTAR ® (TaKaRa Code: DR040A). The linked lincar DNA (2ug/mL) was
transformed into electrocompetent cells of E. coli W3110, which already hosted the plasmid pDK6-red.
Homologous recombination between the linear DNA and the chromosome was facilitated by Red
recombinase and led to aldA4 deletion in the E. coli. The colonies grown on the selective medium plates
were confirmed by PCR, and primer pair aldA-check-F and aldA-check-R were used.

2.4 Construction of E. coli /aldA and other protein over-expression strains

The ORF of aldA4 in E. coli W3110 was amplified using the primer pair OE-aldA-F and OE-aldA-F,
which both contain 21 nt homologous sequence of the pRNA. pRNA is an expression plasmid that
contains a Phya promoter for continuous expression of the target protein. Phya promoter was a
hydrogenase promoter of E. coli. The ORF of ald4 was ligated into pRNA to generate pRNA-aldA.
pRNA-aldA was transformed into E. coli W3110 to generate E. coli +aldA. E. coli +yghD was
constructed using the same approach.

2.5 Physiological characterizations of strains

The wild-type and the constructed strains were inoculated in 250 ml flasks containing 50 ml fermentation
medium or M9 medium (either 5 g/L of xylose or 5 g/L of xylonic acid used as carbon sources) and
incubated on a rotary shaker at 37 °C and 120 rpm for 1 day. All experiments were done in triplicate, and
data are expressed as the mean =+ standard error. Chemical compounds in the broth were quantified by a
Shimadzu 20AVP high performance liquid chromatograph system (HPLC) equipped with a RID-20A
refractive index detector and a SPD-M20A photodiode array detector. An Aminex HPX-87H column
(300x7.8 mm) (Bio-Rad, USA) was used and the column temperature was set at 65 °C. The mobile phase
was 0.005 mol/L H>SOj solution with a flow rate of 0.8 ml/min.

2.6 Culture conditions

Stirred tank bioreactors were used to optimize the culture parameters. For the seed culture, 250-mL flasks

containing 50 mL of LB medium were incubated on a rotary shaker at 37 °C and 200 rpm overnight. The



seed culture was inoculated into a 5-L bioreactor (BIOSTAT-A plus Sartorius) with a working volume of
3 L and air flow rate of 2 L/min. Culture pH and the stirring rate were optimized individually.
Experiments with different culture pH were done once at the time. Experiments with different stirring
rates were done in triplicate, and data were expressed as the mean + standard error.

The fermentation medium contained: xylonic acid 30 g/L, corn steep liquor 4 g/L, (NH4)>SO4 5 g/L,
KC10.4 g/L, and MgS04 0.1 g/L.

Fed batch cultures were performed under optimal conditions, with culture pH=6.5, culture temperature
37 °C and agitation rate of 600 rpm. Experiments were done in triplicate, and data were expressed as the
mean + standard error.

3 Results

3.1 E. coli strain selection.

W3110 and BW25113 are commonly used E. coli strains in biotechnology and both have been used for
the construction of ethylene glycol producing strains. The wild-type strains were selected to test the
ability for ethylene glycol and glycolic acid production using xylonic acid as the feedstock. The cells
were cultured in shake flasks with fermentation medium for one day, and the metabolic products obtained
in the fermentation broth are shown in Table 3.

Both wild-types of E.coli W3110 and BW25113 could synthesize ethylene glycol and glycolic acid
using xylonic acid as the substrate. E. coli W3110 produced higher amount of ethylene glycol and
glycolic acid, thus this strain was selected for further investigation.

3.2 Role of AldA and YqhD in ethylene glycol and glycolic acid synthesis

A pathway for biosynthesis of ethylene glycol and glycolic acid that uses xylose as the sole carbon source
had been constructed. In this pathway, the genes for lactaldehyde dehydrogenase and aldehyde reductase,
encoded as aldA and yqhD, were found responsible for the synthesis of glycolic acid and ethylene glycol
from glycolaldehyde [4]. The two genes were individually knocked out in E. coli W3110 to obtain E.
coli AaldA and E. coli AyqhD, respectively. A strain with double gen deletion - E. coli AaldA-AyghD
was also constructed. Thus constructed strains were further used as producers of ethylene glycol and
glycolic acid in shake flasks, and the results are shown in Figure 2. Wild type E. coli W3110 was used
as a control. Minimal M9 medium with xylonic acid as the sole carbon source was used.

As shown in Figure 2, the xylonic acid can be used as the sole carbon source for the growth of wild
type E. coli. It was exhausted after 10 hours of cultivation, and 0.5 g/L of ethylene and 0.8 g/L of glycolic

acid were produced. The growth rate of £. coli AyghD was similar to the wild type strain when compared



to other engineered strains. However, the differences in xylonic acid consumption rates were significant,
and 1.6 g/L of xylonic acid remained in the fermentation broth after 12 hours of cultivation of E. coli
AyqghD. The ethylene glycol synthesis ceased in E. coli AyghD, while glycolic acid synthesis also
decreased compared to the wild-type strain. In contrast, E. coli AaldA could not grow at the basic medium
with xylonic acid as the sole carbon source. E. coli AaldA-AyghD also could not grow at this basic
medium.

To further investigate the roles of yghD and aldA on the growth of E. coli, the strains were cultured in
shake flasks with the basic medium using xylose as the sole carbon source, and the results are shown in
Figure 3.

All the strains were able to growth on xylose as the sole carbon source. The main products of these
strains were lactic acid and acetic acid. The growth rate and xylose consumption rate of E. coli AyqghD
were almost the same as that of the wild type strain. The xylose consumption rates of E. coli AaldA and
E. coli AaldA-AyghD had an 8 h delay compared to that of the wild type strain. However, the final cell
densities of E. coli AaldA and E. coli AaldA-AyqhD reached 3.8 and 3.2, which were higher than that of
wild type and E. coli AyghD (2.0 and 1.8).

3.3 Ethylene glycol and glycolic acid production by strains with overexpression of aldA

AldA is a key enzyme in glycolic acid synthesis. The open reading frame (ORF) of aldA4 was ligated to
overexpression plasmid and transformed into wild type E. coli W3110 and E. coli AyghD to generate E.
coli +aldA and E. coli AyghD+aldA. These strains were cultured in shake flasks with fermentation
medium and the results are shown in Figure 4.

After 10 hours of cultivation, the wild-type strain consumed 6 g/L of xylonic acid and synthesized 0.8
g/L of ethylene glycol and 0.4 g/L of glycolic acid. Furthermore, xylonic acid was exhausted by E. coli
+aldA after 10 hours of cultivation, with 2.3 g/L of glycolic acid synthesized. Amount of 0.03 g/L of
ethylene glycol was detected after 2 hours of cultivation; however, it was reused by the cells. Xylonic
acid consumption by E. coli AyghD was weaker than that of the wild-type strain, and only 0.9 g/L of
glycolic acid was synthesized after 18 hours of cultivation. As expected, no ethylene glycol was
synthesized by E. coli AyghD. The amount of glycolic acid synthesized by E. coliAyghD-+aldA was
higher than that of E. coli AyghD but lower than amount produced by E. coli +aldA. Xylonic acid was
not exhausted in the culture of E. coli AyghD and E. coliAyghD+aldA. The cell growths coincided with
the xylonic acid consumption, with highest cell density achieved by E. coli+aldA. The largest conversion

ratio of xylonic acid to glycolic acid of 0.41 mol/mol was obtained by E. coli AyghD+aldA, while E.



coli+aldD accomplished lower conversion ratio (0.2 mol/mol). Thus E. coli AyghD+aldA was selected
for the following experiments in bioreactor.

3.4 Ethylene glycol and glycolic acid production by strains with overexpression of yghD

Similarly to aldA, yqhD is a key enzyme of ethylene glycol synthesis. The yghD gene was overexpressed
in the wild type E. coli W3110 and E. coli AaldA to generate E. coli +yqhD and E. coli AaldA+yghD.
These engineered strains were cultured in shake flasks with fermentation medium and the results are
shown in Figure 5.

Xylonic acid consumption by E. coli AaldA, E. coli +yqhD, and E. coli AaldA+yqhD were all slower
than that of the wild-type strain. The cell growth coincided with xylonic acid consumption, and the wild-
type strain grew quickly during the beginning 4 hours of cultivation. Ethylene glycol synthesis by E. coli
+yghD was the highest among all tested strains, as well as the production of glycolic acid. In contrast,
the production of glycolic acid was blocked in E. coli AaldA and E. coli AaldA+yqhD. However, the
production of ethylene glycol by these two strains was not increased.

3.5 Culture parameters optimization

Based on the shake flasks data E. coli W3110 was further cultured in 5L stirred tank bioreactor to improve
ethylene glycol and glycolic acid production. The culture pH was controlled at 6.0, 6.5, 7.0 and 7.5,
respectively while the stirring rate was maintained constant at 500 rpm. The cell growth and
concentrations of metabolic products are presented in Figure 6.

The cell growth was very weak at pH 5.5, and the xylonic acid was not consumed by the cells. The
final cell density and the xylonic acid consumption at pH 7.5 were also very low. The cells grew rather
well in the culture media at pH range 6.0-7.0. The fastest xylonic acid consumption rate was achieved at
culture pH 6.5 and ethylene glycol and glycolic acid productivity was the highest accordingly. Thus, pH
6.5 was selected as an optimal culture pH.

Oxygen supplementation is a key parameter for cell growth and product synthesis. Appropriate mixing
conditions are enabling good mass transfer of microbial substrates and products as well as an adequate
oxygen transfer rate. The stirring rate was varied from 200, 400, 600 up to 800 rpm to provide micro-
aerobic conditions at the lowest rate, up to fully aerobic conditions at the highest rate, while the culture
pH was kept constant at 6.5. Fermentation results of E. coli W3110 at different stirring rates are presented
in Figure 7.

The cell growth rate-had a positive correlation with the stirring rate. The highest cell densities were

achieved at stirring rates of 600 rpm and 800 rpm, while the lowest cell density (OD 5.6) was obtained



at the stirring rate of 200 rpm. The trend of xylonic acid consumption was similar to that of the cell
growth, the cells grown at 600 rpm exhibited the fastest xylonic acid consumption rate, and those grown
at 200 rpm had the lowest xylonic acid consumption rate. Ethylene glycol and glycolic acid production
increased with an increase of stirring rate from 200 to 600 rpm. However, at the lowest stirring rate of
200 rpm, the products were not synthesized. Xylonic acid consumption and ethylene glycol and glycolic
acid production were rather close at 600 rpm and 800 rpm. Therefore, 600 rpm was selected as an optimal
stirring rate. Under the optimal conditions, 4.2 g/L of ethylene glycol and 0.7 g/L of glycolic acid were
produced by the wild type strain with 23 g/L of xylonic acid consumed. The total substrate conversion
ratio for ethylene glycol and glycolic acid synthesis from xylonic acid was 0.50 mol/mol.

3.6 Individual production of ethylene glycol or glycolic acid by engineered strains in batch
fermentation

The engineered strains E. coli AaldA and E. coli AaldA+yghD solely synthesized ethylene glycol. On the
other hand, E. coli AyghD and E. coli AyghD+aldA solely synthesized glycolic acid. These strains were
cultured in bioreactors under the optimal conditions and the results are shown in Figure 8.

After 6 hours in lag phase, E. coli AaldA transitioned into the exponential phase and xylonic acid was
quickly consumed by the cells. The substrate - xylonic acid was exhausted after 12 hours of cultivation
and 5.3 g/L of ethylene glycol was synthesized. The lag phase was extended to 11 hours in the culture of
E. coli AaldA+yqhD. Xylonic acid was exhausted after 22 hours of cultivation by this strain, and 8.0 g/L
of ethylene glycol was produced. The conversion ratio of ethylene glycol synthesis from xylonic acid
was 0.71 mol/mol.

E. coli AyqhD cell grew slowly during the first 9 hours of cultivation and then transitioned into the
exponential phase. Xylonic acid consumption by the cell started at 12 hours of cultivation, which was 3
hours later. The substrate consumption stopped after 21 hours of cultivation, and 4.3 g/L of glycolic acid
was produced. The cell growth and xylonic acid consumption were delayed up to 12 and 15 hours of
cultivation in the culture of E. coli AyghD+aldA. Xylonic acid was exhausted after 27 hours and 10.3
g/L of glycolic acid was produced. Achieved conversion ratio of glycolic acid synthesis from xylonic

acid was 0.56 mol/mol.

4 Discussion
4.1 Ethylene glycol and glycolic acid synthesis by E. coli on xylonic acid as a carbon source.

In the first report of ethylene glycol production by biological route, E. coli was used as the producer on
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the xylose as a carbon source [4]. There are a few reports of ethylene glycol synthesis by E. coli using
other pentoses as carbon sources [20, 21]. All of these studies report using genetically modified E. coli
strains that block the D-xylose metabolism through the pentose phosphate pathway. In wild-type E. coli,
the xylose was metabolized through the pentose phosphate pathway where the final products were lactic
acid and acetic acid (Figure 3).

In our previous research, xylonic acid production by K. pneumoniae was developed, and this process
had a high conversion ratio and productivity. Glucose dehydrogenase was identified as the enzyme that
catalyzes the reaction in K. pneumonia. It is located in the inner membrane of the periplasmic space and
uses pyrroloquinoline quinine (PQQ) as a cofactor [16]. The xylose obtained from the hydrolysis of
bamboo can also be used as a feedstock for xylonic acid production [22]. In the present study, ethylene
glycol and glycolic acid could be synthesized by E. coli W3110 and BW25113 on xylonic acid as a
carbon source. (Table 3). It is confirmed that the xylonic acid can be transferred into E. coli cell and
catabolized through Dahms pathway for ethylene glycol and glycolic acid production. This is a novel
route of xylose utilization and it prevents the xylose catabolism through the pentose phosphate pathway.
4.2 Role of AldA and YqhD in xylose and xylonic acid catabolism
aldA and yqhD have been pointed responsible for glycolic acid and ethylene glycol synthesis from
glycolaldehyde in many reports exploring biological routes of ethylene glycol production [4]. The aldA
encodes lactaldehyde dehydrogenase. This enzyme catalyzes the conversion of lactaldehyde to lactic acid,
and also the conversion of glycolaldehyde to glycolic acid. The enzyme is a key enzyme for catabolism
of 1,2-propanediol and ethylene glycol in E. coli [23]. E. coli AaldA was grown with xylose as the sole
carbon source but without xylonic acid (Figure 2, 3). The results indicated that the critical reaction for
glycolic acid formation from glycolaldehyde is utilization of xylonic acid, since there was not aldA
isoenzyme in E. coli. The amount of lactic acid produced by E. coli AaldA and E. coli AaldA-AyghD was
increased, compared with the wild-type strain (Figure 3). This indicated that the lactic acid synthesized
in the processes was not from lactaldehyde. It has been recorded that the substrate of AldA was not very
strict, and AldA appeared to function as a detoxifying enzyme converting various aldehydes into their
corresponding carboxylic acids [24]. The delay of xylose utilization by a/dA4 inactivated strains might be
due to the fact that the detoxifying ability of these strains was weak, as inactivity of ald4 was not directly
related to enzymes responsible for xylose catabolism. The increase of final cell density in the culture of
E. coli AaldA and E. coli AaldA-AyghD shown in Figure 3, indicates that the function of AldA in the cell

was not straightforward; it has also other important functions in cell metabolism.
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The yghD is encoding an aldehyde reductase, also called alcohol dehydrogenase. This enzyme use
NADPH as the cofactor and its substrates are very broad in range. The YqhD has been used to catalyze
the reaction of 1,3-propanediol formation from 3-hydroxypropionaldehyde in an engineered E. coli strain
[25]. This enzyme also catalyzes isobutanol formation from isobutyraldehyde in K. preumoniae [26].
Inactivity of yghD lead to losing the cell ability to synthesize ethylene glycol in M9 medium and therefore
a very low level of ethylene glycol was present in the fermentation broth (Figure 2, 8). Thus, YghD is the
main enzyme that catalyzes the ethylene glycol formation in E. coli. This is in agreement with the report
of Alkim et. al, that the ethylene glycol production by yqhD knockout strain was decreased to 30% of the
wild type strain [21]. However, some reports pointed out that fuco encoded lactaldehyde reductase was
responsible for ethylene glycol synthesis from glycolaldehyde [20]. In a report on glycolic acid
production on glucose as the substrate, glycolic acid was synthesized from glyoxylate via glyoxylate
cycle [12]. The glyoxylate was synthesized from pyruvate. In this report, the pyruvate obtained from 2-
dehydro-3-deoxy-D-pentonate was all consumed by the cell. If the pyruvate can be converted to glycolic
acid by overexpressing glyoxylate pathway enzymes, the total conversion ratio of glycolic acid from
xylonic acid would increase.

4.3 Effect of the culture pH and oxygen supplementation on ethylene glycol and glycolic acid
synthesis

Xylonic acid is a kind of organic acid, and ammonium xylonate was used in this study With xylonic acid
consumption, the pH values of the culture broth will increase. The effect of buffer in the broth of the
flasks culture was very weak, so xylonic acid had not been exhausted in most of the flask cultures (Figure
4,5).

The culture pH in bioreactor experiments was kept constant by automatically feeding HCl. When the
culture pH value was maintained at 7.5, the growth of cell was very weak and the xylonic acid was not
consumed. At the culture pH 5.5, the cell grew to a high density. However, xylonic acid was not consumed
(Figure 6). It indicated that the enzymes responsible for xylonic acid catabolism were not expressed or
were not active under these culture conditions.

Ethylene glycol and glycolic acid synthesis from glycolaldehyde were obtained by reduction and
oxidization reactions, respectively. Therefore; the levels of both ethylene glycol and glycolic acid
production increased under the conditions of high oxygen supplementation. In a report of ethylene glycol
production from xylose via xylulose-1P as an intermediate by E. coli, the ethylene glycol production

achieved under fully aerobic conditions was higher than that under microaerobic conditions. However,
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glycolic acid production was in a reversed relationship, a high level of glycolic acid was produced under
microaerobic conditions [21]. Ethylene can be synthesized from glucose through serine as an
intermediate; the fermentation was also facilitated under high aerobic conditions [6]. Similarly, glycolic
acid production from xylose through Dahms pathway by E. coli was an aerobic process [14].

4.4 The metabolic pathway of xylonic acid catabolism and ethylene glycol and glycolic acid
synthesis

Under lower oxygen supplementation, some xylonic acid was consumed without the production of
ethylene glycol or glycolic acid (Figure 7). The conversion ratio of the produced ethylene glycol plus
glycolic acid from xylonic acid by the wild type strain under the optimal culture conditions was 0.5
mol/mol (Figure 7). The conversion ratios of the individual productions of ethylene glycol or glycolic
acid from xylonic acid in the culture of E. coli AyghD+aldA and E. coli AaldA+yghD were 0.56 and 0.71
mol/mol (Figure 8). All conversion ratios were less than 1, suggesting that a fraction of intermediates of
the ethylene glycol and glycolic acid synthesis from xylonic acid might be converted to other products.
This is different from ethylene glycol and glycolic acid production by wild-type Enterobacter cloacae,
which has a total conversion ratio of nearly 1 mol/mol [17]. It has been mentioned that glycolic acid can
be converted to glyoxylate into the glyoxylate cycle [20]. The reaction of conversion of glycolic acid to
glyoxylate is reversible, and this reaction has been used to improve the glycolic acid production from
glucose or xylose [14, 27]. However, this cannot explain the conversion ratio of ethylene glycol
production from xylonic acid by strain E. coli AaldA+yqhD, in which no glycolic acid was produced.
Thus, it was suspected that xylonic acid or intermediates of the Dahms pathway were catabolised through
unknown pathways, or that some glycolic acid was synthesized by isoenzymes of AldA.

There are numerous reports on ethylene glycol production using xylose as a substrate and E. coli as
the producer. The conversion ratios were in the ranges of 0.93-0.94 mol/mol, and the final titers obtained
in bioreactors were in the ranges of 7.72-108.18 g/L [28]. A conversion ratio for glycolic acid production
from xylose reached 1.24 mol/mol [20]. The conversion ratios of ethylene glycol or glycolic acid
production from xylonic acid obtained in this research were lower than most of these previous reports.
However, the unknown metabolic pathway that divided carbon flux and reduced the conversion of
ethylene glycol production was not mentioned in these previous reports. This is interesting for further
investigation, and it would be beneficial to reveal the unknown pathway of all biological routes of
ethylene glycol and glycolic acid production.

E. coli is a model bacterium in biotechnology and it is commonly used to study various metabolic
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mechanisms and possibilities. Prevent xylonic acid or intermediates of the Dahms pathway catabolized
through other pathways would increase the conversion ratio. However, E. coli might not be the best
workhorse for ethylene glycol and glycolic acid production. In our recent research, Enterobacter cloacae
has shown higher efficiency in ethylene glycol and glycolic acid production on xylonic acid than the E.
coli here [17]. The traditional way of biological utilization of biomass includes the hydrolysis of biomass
to monosaccharides, which are further used as a carbon source by microorganisms for their growth and
production of various products. The biomass pretreatment and hydrolysis is a high cost step and limits
the whole process of biomass utilization. If the xylonic acid can be obtained directly from biomass,
pretreatment and hydrolysis could be avoided. This would be a novel way of biomass utilization and
have challenges different from the traditional way of biomass hydrolysis and pretreatment.

5 Conclusions

Here, an ethylene glycol and glycolic acid production method with a wild type E. coli as a producer was
established. Furthermore, ethylene glycol solely producing strain was constructed by knockout the aldA
and was combined with overexpression of yghD to further increase the ethylene glycol level. Accordingly,
the ethylene glycol synthesis was ceased by knockout of yghD and this strain synthesized glycolic acid
only. Similarly, overexpression of ald4 enhanced the glycolic acid production. In this paper, combined
or individual production technology of ethylene glycol and glycolic acid were provided. Analysis of the
achieved conversion ratios obtained with engineered E. coli strains and its comparison with well known
metabolic pathway indicated that the intermediates of ethylene glycol and glycolic acid biosynthesis
pathway could be catabolised through still unknown routes.
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Table 1 Strains and plasmids

Strains or plasmids Relevant genotype and description Reference or source
F+ supE44 AlacU169 (AlacZAM15) hsdR17
E. coli DHS5a Lab stock
recAl endAl gyrA96
E .coli W3110 F- A-rph-1 INV (rrnD, rrnE) Lab stock
A(araD-araB) 567, AlacZ4787 (::rrnB-3), A-,
E. coli BW25113 Lab stock
rph-1, A(thaD-rhaB) 568, hsdR 514
E. coli AaldA E. coli W3110 AaldA, Apr" This work
E. coli AyghD E. coli W3110 AyghD, Str* This work
E. coli AaldAAyqhD E. coli W3110 AaldA, Apr', AyghD, Str* This work
E. coli +aldA E. coli W3110, carries pPRNA-aldA, Kan" This work
E. coli +yqhD E. coli W3110, carries pPRNA-yghD, Kan" This work
E. coli W3110, AaldA, Apr", carries pRNA- )
E. coli AaldA+yghD This work
yqhD, Kan"
E. coli W3110, AyghD, Str", carries pRNA- .
E .coli AyghD+aldA This work
aldA, Kan’
Apr', aac(3)IV
plI773 P ® [18]
with FRT sites 4334 bp
plJ778 Str' , aadA FRT sites, 4337 bp [18]
Kan', carries A-Red genes (gam, bet, exo),
pDK6-red [19]
7.1 kbp
pRNA Kan', carries, 3975bp Lab stock
pRNA-yqghD Kan', carries yqhD genes, 4679bp This work
pRNA-aldA Kan', carries aldA genes, 4934bp This work
Table 2 Primers
Primer name Sequence (5°-3”)

GTTACCTGGCGTGGAGACGCATGGATTGATGTGGTAATGATTCCG

aldA-FRT-F
GGGATCCGTCGACC
AFRIR GTGAAAACAGGTTCGGTCACTGAACTGGTATCGATTCTCATGTAG
AEATRE GCTGGAGCTGCTTC
aldA-F ACTACAACACTATCCGCACCAC
aldA-R GCTTTTATACCTCCGCCGAGA
GAAGCAGCTCCAGCCTACATGAGAATCGATACCAGTTCAGTGACC
loop-aldA-FRT-F
GAACCTGTTTTCAC
GGTCGACGGATCCCCGGAATCATTACCACATCAATCCATGCGTCTC
loop-aldA-FRT-R
CACGCCAGGTAAC
aldA-check-F GCCATAAATGTTATCGGACAGT
aldA-check-R ACGGAAGATTCACTTATCGTTG
yqhD-F ATCTGTTTGCCGAGAATACGC

yghD-R ATGCCTTTCCATGCTTCGAC
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yqhD-FRT-F

yqhD-FRT-R

loop-yghD-FRT-F

loop-yghD-FRT-R

yqhD-check-F
yqhD-check-R
OE-aldA-F

OE-aldA-R

OE-yqhD-F

OE-yghD-R
OE-check-F
OE-check-R

ATTTTGTAGCATTTCTCCAGCACTCTGGAGAAATAGATGATTCCGG
GGATCCGTCGACC
GAACTTAAGTCTGGACGAAATGCCCGAAAACGAAAGTCATGTAG
GCTGGAGCTGCTTC
GAAGCAGCTCCAGCCTACATGACTTTCGTTTTCGGGCATTTCGTC
CAGACTTAAGTTC
GGTCGACGGATCCCCGGAATCATCTATTTCTCCAGAGTGCTGGAG
AAATGCTACAAAAT

CGATACGCTCATGTTGGCTT

CAATTTCGCCGAGTTCGTCT
GGAGGAGAGACGTGCCATATGATGTCAGTACCCGTTCAACATCC
ATGAGCGGATACATACTCGAGTTAAGACTGTAAATAAACCACCTG
GG
GGAGGAGAGACGTGCCATATGATGAACAACTTTAATCTGCACACC
C

ATGAGCGGATACATACTCGAGTTAGCGGGCGGCTTCGTA
TGTGCAAAAGTTTCACTACGC

TTCTCACCGGATTCAGTCGTC

Table 3. Ethylene glycol and glycolic acid production by E. coli strains

Strains Cell density (OD Metabolic products (g/L)
600 nm) Ethylene glycol Glycolic acid
BW25113 5.1+ 04 1.0+ 0.2 0.2+0.2
W3110 49+ 0.6 2.2+ 0.6 3.1+ 0.7
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Figure captions

Figure 1. Metabolic pathway of ethylene glycol and glycolic acid synthesis in E. coli

Figure 2. Ethylene glycol and glycolic acid synthesis by E. coli strains in M9 medium with xylonic acid
as the sole carbon source.

Wt: E. coli W3110; AaldA: E. coli AaldA; AyqhD: E. coli AyghD; AaldA-AyghD: E. coli AaldA-AyghD
Cultures were done in 250 ml flasks containing 50 ml medium and at 37 °C and 120 rpm. Data points

are the average of n = 3; error bars represent standard error about the mean.

Figure 3. Cultivation of E. coli strains in M9 medium with xylose as the sole carbon source.
Wt: E. coli W3110; AaldA: E. coli AaldA; AyqhD: E. coli AyghD; AaldA-AyghD: E. coli AaldA-AyghD
Cultures were done in 250 ml flasks containing 50 ml medium and at 37 °C and 120 rpm. Data points

are the average of n = 3; error bars represent standard error about the mean.

Figure 4. Ethylene glycol and glycolic acid synthesis by ald4 overexpression strains in fermentation
medium.

Wt: E. coli W3110; WttaldA: E. coli +aldA; AyqhD: E. coli AyghD; AyghD+aldA: E. coli AyghD+aldA
Cultures were done in 250 ml flasks containing 50 ml medium and at 37 °C and 120 rpm. Data points

are the average of n = 3; error bars represent standard error about the mean.

Figure 5. Ethylene glycol and glycolic acid synthesis by overexpression of yghD E. coli strains in the
fermentation medium.

Wt: E. coli W3110; Wt+yqhD: E. coli +yqhD; AaldA: E. coli AaldA; AaldA+yqhD: E. coli AaldA+yqhD
Cultures were done in 250 ml flasks containing 50 ml medium and at 37 °C and 120 rpm. Data points

are the average of n = 3; error bars represent standard error about the mean.

Figure 6. Ethylene glycol and glycolic acid synthesis by E. coli W3110 at different culture pH.

Cultures were performed in 5-L bioreactors with a working volume of 3 L, air flow rate of 2 L/min and

stirring rate of 500 rpm.
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Figure 7. Ethylene glycol and glycolic acid synthesis by E. coli W3110 at different stirring rates.
Cultures were done in 5-L bioreactors with a working volume of 3 L and air flow rate of 2 L/min and

culture pH 6.5.

Figure 8. Solely production of ethylene glycol or glycolic acid by engineered strains of E. coli.

AaldA: E. coliNaldA; AaldA+yghD: E. coliAaldA+yqhD; AyqhD: E. coli AyghD; AyghD+aldA: E. coli
AyghD+aldA

Cultures were done in 5-L bioreactors with a working volume of 3 L and air flow rate of 2 L/min with

culture pH 6.5 and agitation rate of 600 rpm.
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Figure 4

=Wt
74 ) 1.0 3.0 4 —e— WitaldA
1594 _ + —&— Ayghd
6 -
g 6 B 0] 254 T.ﬁthd raldA
54 s = ] 3 / —_ !
S S ¥ ) H ‘,§ 'gj 2.0 / t i
o 50 A 1T - =064 28 | B
o4 = 7 ﬂ.* L X2 S f = . §
< E B 8 ift e '} L A
231 2 o] iE, AEELE Doy 2 *
g 5 %i’h%ir-f T B ] g 101
224 B [ = | =
= X34 \ =024 0“5
S 5
3] . I
<4 A I
i 0 ° 0.0 Mﬂ 004
T T T T T T T T T T T T T T T T T T T  F T T T
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h) Time (h) Time (h)
Figure 5
=Wt
7 16 1.5 - 1.0 —o— Wi+yghD
—A— AaldA
6+
- } 124 08 4 —w— AaldA+yqhD
g 54 c" 3 g :f
! . 2 0
2 \;f §§ 2 =09 Bo6
87 AMiyes 2 g 3
< iy ] = 2
Z | f 2 © 0.6 .2 04
@ { = it S
=] ) 4 ) © o
3 f = = 2
5 > = 034 © 0.2
&)
i 1
0.0 4 0.0
T T T T T T T T T T T T T  F T T T
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h) Time (h) Time (h)
Figure 6
—m—pH 5.5
25 - 20 - 51 1.5 e pH 60
- i
. i —A—pH 6.5
=204 / 41 [ —v—pH 7.0
g 15 -~
S =y g 3104 ¢ pHTS
2 B 234 E] e
a5 = E z v ||
9 g 1 %B 2 4 8 Y |‘ “"
2 o 2 u 2 0.5 4 /A
g S o S / 1 i
g = 5 Bk S y Al @
= o £ 5 N
3} o T
O 54 \ < | | 0 [ |I
\ Par” | E 1 % 7 0.0 c‘“mm-
<+t 1 = vvh ®¢
0 T T T T T T 1 T T T T T T 1 =1 T T T T T T 1 T T T T T T 1
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h) Time (h) Time (h)

22



Figure 7
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