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There has been extensive research on the biological recycling of PET waste to address the issue of plastic waste
pollution, with ethylene glycol (EG) being one of the main components recovered from this process. Therefore,
finding ways to convert PET monomer EG into high-value products is crucial for effective PET waste recycling. In
this study, we successfully engineered Escherichia coli to utilize EG and produce glycolic acid (GA), expecting to
facilitate the biological recycling of PET waste. The engineered E. coli, able to utilize 10 g/L EG to produce 1.38
g/L GA within 96 h, was initially constructed. Subsequently, strategies based on overexpression of key enzymes
and knock-out of the competing pathways are employed to enhance EG utilization along with GA biosynthesis.
An engineered E. coli, characterized by the highest GA production titer and substrate conversion rate, was ob-
tained. The GA titer increased to 5.1 g/L with a yield of 0.75 g/g EG, which is the highest level in the shake flake
experiments. Transcriptional level analysis and metabolomic analysis were then conducted, revealing that
overexpression of key enzymes and knock-out of the competing pathways improved the metabolic flow in the EG

utilization. The improved metabolic flow also leads to accelerated synthesis and metabolism of amino acids.

1. Introduction

Polyethylene terephthalate (PET) is a widely used synthetic plastic,
obtained through the polymerization of terephthalic acid (TPA) and
ethylene glycol (EG) [1]. In the early 20th century, PET was initially
employed for producing disposable plastic bottles and rapidly popular-
ized worldwide, which had become an indispensable part of people’s life
[2]. Nevertheless, owing to inadequate treatment strategies and the
robust mechanical characteristics of PET plastic products, the wide-
spread utilization of PET has given rise to grave environmental chal-
lenges, including soil pollution and disruptions in marine ecosystems
[3-5]. Presently, conventional physical and chemical methods continue
to be prevalent, resulting in significant environmental harm and sub-
stantial energy consumption [6-8]. Hence, it becomes imperative to
explore a gentle and efficient approach for PET degradation. PET
biodegradation has attracted more and more attentions as an environ-
mentally friendly alternative, requiring mild temperature and low
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energy consumption [9-11]. Furthermore, PET degradation products
are readily recyclable, offering the potential for the biological recycling
of PET waste.

Certain wild or engineered strains have been proved to secrete PET-
degrading enzymes to degrade PET [12-15]. PET degradation mono-
mers can undergo further metabolism by other strains, ultimately
transforming into high-value chemicals. Our laboratory has constructed
an artificial microbial consortia system to degrade PET [16]. Our find-
ings reveal that EG, one of the products of PET degradation, exerts a
specific inhibitory effect on PET hydrolase. Related studies also reported
that EG was identified as one of the competitive inhibitors of PET hy-
drolase [17]. Additionally, EG exhibits toxicity to strains, thus impeding
microbial growth and adversely affecting degradation efficiency [18].
Consequently, developing engineered strains capable of utilizing EG can
effectively enhance the enzymatic hydrolysis of PET. Furthermore, the
conversion of EG into other high-value products via recombinant strains
contributes to PET recycling.
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Glycolic acid (GA), an alpha-hydroxy acid, is widely used in the
synthesis of plastics, polymers, cosmetics, and industrial detergents
[19-21]. Traditional chemical methods of producing GA suffer from
poor selectivity and excessive by-products, making the separation and
purification process challenging. Therefore, producing glycolate
through biological methods is a promising alternative that can address
these issues [22]. Conventional bio-based production methods rely
highly on sugar-based feedstocks, such as glucose and xylose. For
instance, Pereira et al. [23] successfully engineered E. coli to produce GA
using xylose as a carbon source, achieving a yield of 0.63 g/g xylose.
Alkim et al. [24] constructed an E. coli strain that produces GA via the
glyoxylate and synthetic xylulose-1 phosphate pathway from xylose-rich
sugar mixtures, with the GA yield on the xylose fraction of the sugar
mixture reaching 0.75 g/g. In another study, a synergetic system was
designed to simultaneously utilize acetate and glucose to produce GA,
glucose providing NADPH while acetate providing the main carbon
backbone, achieving a final GA yield of 73.3 g/L with a productivity of
1.04 g/(L-h) [25]. Deng et al. [19] balanced the flux distributions be-
tween the tricarboxylic acid (TCA) cycle and glyoxylate shunt in E. coli
to direct more carbon flux to GA, achieving a 0.504 g/g-glucose yield. In
another research utilizing glucose as carbon backbone for GA produc-
tion, a GA-responsive biosensor was established and agar plate- and
48-well deep-well plate-scale high-throughput screening methods was
developed for the rapid screening of superior GA producers from a large
library [26]. The optimum strain was obtained after rounds of screening,
achieving a titer of 40.9 + 3.7 g/L GA. Instead of using sugar-based
feedstocks, we propose utilizing EG, a main PET degradation product,
to produce GA. This approach is conducive to realize the conversion of
PET waste to high-value products, achieving the up-cycling of PET
waste. Another motivation in utilizing EG as a feedstock derives from
that it can be obtained from COj either through electrochemical
reduction or other conversion technologies [27,28]. Therefore, consid-
ering EG as a substrate can potentially sequester carbon.

In order to realize the upgrading and utilization of PET monomer EG,
engineered E. coli MGG capable of utilizing EG to produce GA was ob-
tained. Furthermore, different strategies were employed to enhance GA
biosynthesis. Among the engineered strains, the MGGA strain exhibited
the fastest full utilization of EG. Moreover, the FYGA strain was char-
acterized by the highest substrate conversion rate. To further understand
the mechanisms underlying the increased EG utilization rate and GA
production, transcriptional level analysis and metabolomic analysis of
the engineered strains were conducted.

2. Materials and methods
2.1. Culture conditions

The strains used in this study are shown in Table 1. Strains were
grown using lysogeny broth (LB) for all strain construction and
fermentation pre-cultures. Pre-cultures were grown in LB media in 5 mL
test tube cultures overnight at 37 °C, 220 rpm and transferred to fresh
250 mL shake-flaks containing 50 mL LB at the initial ODggg value of 0.2,
culturing to logarithmic growth stage under the same condition. Then
the cultures were transferred to fresh 250 mL shake-flaks containing 50
mL fermentation medium at the initial ODggg value of 0.2 under the
same condition. We used modified M9 media containing 10 g/L EG, 1 g/
L NH4Cl, 3 g/L KH,POy, 6.8 g/L NayHPO,, 0.5 g/L NaCl, 2 mM MgSO.,
0.1 mM CaCl,, 0.1% (V/V) trace metal solution and 2 g/L yeast extract.
Trace metal solution was prepared by dissolving 1.6 g FeClg, 0.2 g
CoCly-6 H30, 0.1 g CuCly, 0.2 g ZnCly-4H30, 0.2 g NaMoO4 and 0.05 g
H3BO3 in 1 L 0.1 M HCI solution. For all cultures, ampicillin was added
as appropriate at 100 pg/mL. During the fermentation of engineered
E. coli, when the ODgg value reached 0.6, 1 mM IPTG was added to
induce the full expression of heterologous genes.
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Table 1
Strains and plasmids used in this study.
Name Relevant genotype Reference
Strains
MG1655 Wild-type (DE3) Beijing Zoman
(DE3)
MG1655 Wild-type Beijing Zoman
MGE E. coli MG1655, pEc01001 This study
MGEQ E. coli MG1655, pEc01002 This study
MGO E. coli MG1655, pEc01003 This study
MGG E. coli MG1655; pEc01004 This study
MGGA E. coli MG1655; pEc01005 This study
FYG E. coli MG1655, AfucO, AyqhD, pEc01004 This study
FYGA E. coli MG1655, AfucO, AyghD, pEc01005 This study
GLCG E. coli MG1655, AGIcDEF, pEc01004 This study
GLCGA E. coli MG1655, AGIcDEF, pEc01005 This study
FYGLCG E. coli MG1655, AfucO, AyghD, AGIcDEF, This study
pEc01004
Plasmids
pET-28a (+) Expression plasmid of E. coli, T7, Kan® This
laboratory
pTrc99a Expression plasmid of E. coli, trc, Amp® This
laboratory
pKD46 araBp-gam-bet-exo, bla (Amp®), repA101 (ts), This
oriR101 laboratory
pEc01001 pET-28a (+): PedE This study
pEc01002 pET-28a (+): PQQ-PedE This study
PpEc01003 pTrc99a: fucO This study
pEc01004 pTrc99a: Gox0313 This study
pEc01005 pTrc99a: Gox0313-aldA This study

2.2. Plasmids construction

All plasmids used in this study are shown in Table 1. The codon was
optimized with E. coli MG1655 as the chassis, and the heterologous
genes PedE, PQQ and Gox0313 were synthesized. The RBS sequence was
added before the synthesis of the heterologous genes, and the restriction
sites were introduced at both ends of the synthetic fragment. The gene
sequences are shown in Supplementary Table 1. The PedE gene and
plasmid vector pET-28a (+) were assembled by Xbal and Sall double
digestion and T4 connection to obtain the engineered plasmid
pEc01001. The PQQ gene and plasmid pEc01001 were digested by Xbal
and HindIIl and combined with T4 to obtain the engineered plasmid
pEc01002. During the construction of the engineered plasmid
pEc01003, fucO (I7L/L8V) fragment was obtained from the E. coli
genome by designing the primer front-end sequence, as well as adding
RBS sequence and restriction endonuclease site. The fragment and
plasmid vector pTrc99a were assembled by BamHI and EcoRI double
restriction endonuclease and T4 connection to obtain the engineered
plasmid pEc01003. The Gox0313 gene and plasmid vector pTrc99a were
digested by BamHI and EcoRI and combined with T4 to obtain the
engineered plasmid pEc01004. The aldA gene fragment was obtained
from the E. coli genome by PCR. RBS sequence and restriction endonu-
clease sites Xbal and Sall were added when designing the primer
sequence. The engineered plasmid pEc01005 was obtained by
combining the aldA gene fragment with the plasmid vector pEc01004
through BamHI and EcoRI double restriction endonuclease and T4
connection.

2.3. Strains engineering

A-Red recombination [29] was used for the deletion of fucO, yghD
and GIcDEF in E. coli MG1655. The fucO, yghD and GIcDEF gene frag-
ments were obtained from the E. coli genome by PCR. The plasmid
pKD46 was transferred into E. coli MG1655 firstly. The upper and lower
500 bp homologous arms of target gene to be knocked out were obtained
by PCR. The homologous arm was connected with the resistance label
through overlap homologous recombination, obtaining the target frag-
ment. Then, the target fragment was transferred into E. coli MG1655
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(DE3) expressing the A-Red recombinase from pKD46 induced by 10 mM
arabinose. To obtain the colonies in which the target genes were
replaced by the resistance label, colony PCR was performed using the
verified primers. The resulting mutant strains were confirmed by colony
PCR with the verified primers. As pKD46 has temperature sensitive or-
igins of replication, it was propagated at low temperature (30 °C), and
eliminated at high temperature (37 °C). All the transformations were
performed by electroporation.

2.4. Analysis of EG and GA

In order to detect the concentration of metabolites, the strain culture
was centrifuged for 5 min at 12,000 rpm, and the supernatant was then
filtered through a 0.22 pm syringe filter. The concentrations of EG and
GA were measured via high performance liquid chromatography (HPLC)
with an HPX-87H ion exchange column (7.8 mm x 300 mm; Bio-Rad,
Hercules, CA, USA) using a refractive index and UV detectors. The
mobile phase was 5 mM sulfuric acid at a flow rate of 0.6 mL/min, and
the HPLC column was operated at 60 °C.

2.5. Transcription level analysis

Engineered strains MGG, MGGA, FYG, FYGA, GLCG, GLCGA in the
middle log-phase were harvested for mRNA isolation. The harvested
strains were treated according to the manufacturer’s manual using a
Column Viral RNAOUT Kit (TianDZ, Beijing, China). cDNA was syn-
thesized using a SPARKscript II RT Kit. Subsequently, qPCR was per-
formed using 2 x SYBR qPCR Mix. Taking the endogenous gene gapA of
E. coli MG1655 as the reference gene, the transcriptional level difference
of genes involved in the pathway of utilizing EG to produce GA in the
engineered strain was analyzed.

2.6. Untargeted metabolomics analysis

The fermentation broth of strains MGG, MGGA and FYGA was
centrifuged at 5000 rpm, 4 °C for 10 min to obtain the strains, and the
supernatant was discarded. PBS buffer was added to blow and suck for
cleaning the strains, and the cleaned strains were obtained by centri-
fugation at 5000 rpm, 4 °C for 10 min, and the supernatant was dis-
carded (repeat this operation). Quickly store the strains in a —80 °C
refrigerator. The samples were thawed slowly at 4 °C 25 mg strains were
weighed. 800 pL extract and 10 pL internal standard were added. The
mixed samples were ground for 5 min. Then, the ultrasonication was
performed at 4 °C for 10 min. And the obtained sample were refrigerated
at —20 °C for 1 h. The samples were centrifuged at 25,000 rpm, 4 °C for
15 min 600 pL supernatant was taken and 200 pL complex solution
(methanol: water = 1:9) was added. After ultrasound, the mixed solution
was centrifuged at 25,000 rpm, 4 °C for 15 min. The obtained super-
natant was transferred to the sample bottle.

BEH C18 column (2.1 x 100 mm) was used. Liquid A of mobile phase
in positive ion mode is 0.1 % formic acid solution, and liquid B is
methanol solution containing 0.1 % formic acid. Liquid A of mobile
phase in negative ion mode is 10 mM ammonium formate solution, and
liquid B is 95 % methanol solution containing 10 mM ammonium
formate. The flow rate of mobile phase was set at 0.35 mL/min, the
column temperature was set at 45 °C, and the single injection volume
was set at 5 pL. The gradient program was as follows: 0-1 min, 2 % liquid
B; 1-9 min, 2%-98 % liquid B; 9-12 min, 98 % liquid B; 12-12.1 min,
98%-2% liquid B; 12.1-15 min, 2 % liquid B.

3. Results and discussion
3.1. Construction of the primary strains for EG utilization

To construct a strain that could utilize EG, E. coli MG1655 was
chosen as a suitable chassis strain, which possesses the metabolic
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pathway of endogenous utilization of glycolic aldehyde. The endoge-
nous glyoxylic acid pathway in MG1655 is shown in Fig. 1a.

While MG1655 possesses an endogenous glyoxylic acid pathway that
allows glycolic aldehyde to enter the tricarboxylic acid cycle, it lacks the
oxidase that can catalyze the conversion of EG to glycolic aldehyde. It
suggests that wild E. coli MG1655 may be unable to utilize EG. Subse-
quently, to verify whether MG1655 can utilize EG, MG1655 was culti-
vated in M9 medium with 10 g/L EG as the major carbon source. As
depicted in Fig. 1b, after 104 h of cultivation, the concentration of EG in
the medium exhibited minimal change, and the ODg( value of MG1655
remained below 2. These results indicate that wild E. coli MG1655
cannot directly use EG as a sole carbon source for growth, consistent
with the research of Boronat et al. [30]. The slight initial increase in the
ODgpp value may be attributed to that E. coli utilized other nutrients in
the culture medium during the initial growth stage.

Therefore, the key to construct engineered E. coli capable of utilizing
EG and producing GA lies in achieving the conversion of EG to glycolic
aldehyde. In this study, three different genes including the alcohol de-
hydrogenase gene PedE from Pseudomonas putida KT2440, along with
the corresponding cofactor pyrroloquinoline quinone gene (PQQ), the
Gox0313 gene from Gluconobacter oxydans, and the fucO variant fucO
(I7L/L8V) from the E. coli gene fucO were chosen as oxidases to catalyze
the conversion of EG into glycolic aldehyde. E. coli MG1655 served as
the chassis for constructing the EG utilization pathway, as illustrated in
Fig. 2a. MGE, MGEQ, MGO and MGG strains were obtained by
expressing PedE, PedE and cofactor PQQ, fucO variant fucO (I7L/L8V)
and Gox0313 genes in E. coli MG1655, respectively.

PedE enzyme is a pyrroloquinoline quinone dependent alcohol de-
hydrogenase (PQQ-ADH), whose function relies on the presence of PQQ
cofactors. It has been proved that E. coli cannot produce PQQ by itself,
but it can effectively express PQQ-ADH by adding exogenous PQQ or
modifying E. coli to produce PQQ by genetic engineering. Therefore, the
strain MGE needs to add 1 mM PQQ cofactor when fermenting to ensure
the realization of enzyme function. The shaking flask fermentation
experiment was conducted in M9 medium with 10 g/L EG as the major
carbon source (Fig. 2b). Compared with the control strain MG1655, the
strains MGE, MGEQ and MGO can utilize a small amount of EG, whereas
MGG demonstrated complete utilization of 10 g/L EG for growth within
96 h. The ODggy value and GA production of strain MGG during
fermentation were determined. The strain MGG could not only grow
with 10 g/L EG as the major carbon source, but also convert it into GA.
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Fig. 1. The endogenous pathway and EG utilization of E. coli MG1655. (a) The
endogenous glyoxylic acid pathway in E. coli MG1655 (b) Cell growth and EG
utilization of E. coli MG1655.
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The engineered strain MGG can completely convert 10 g/LEG to 1.2 g/L
GA within 96 h.

3.2. Enhancement of GA biosynthetic pathway

The engineered strain MGG successfully facilitated the conversion of
EG to GA. The following step is to enhance GA biosynthetic pathway to
increase the EG conversion efficiency and the production of GA.

In the process of constructing microbial cell factories, overexpression
of key enzymes and knock-out of the competing pathways are commonly
used to enhance the yield of products [31-34]. Accordingly, three
strategies were employed to enhance GA biosynthetic pathway. The first
strategy involved the overexpression of the glycolic aldehyde gene
(aldA) to enhance the efficiency of EG conversion into GA. The second
strategy focused on knocking out the endogenous glycolic aldehyde
reductase genes, fucO and yqhD, to prevent the conversion of glycolic
aldehyde into EG in E. coli, thereby improving its ability to utilize EG.
The third strategy entailed knocking out the endogenous GA oxidase
gene GIcDEF, which inhibits the GA utilization pathway, resulting in an
increased accumulation of GA. These strategies were combined to obtain
strains with varying levels of EG conversion efficiency and different
levels of GA production (Fig. 3). In total, six strains were obtained. The
FYG, MGGA and GlcG strains were constructed by knocking out the fucO
and yghD genes, overexpressing the aldA gene and knocking out the
GIcDEF genes on the basis of MGG, respectively. The FYGlcG strain was
developed by knocking out the GIcDEF genes on the basis of FYG. The
FYGA strain was obtained by knocking out the fucO and yghD genes on
the basis of MGGA. The GlcGA strain was constructed by overexpressing
the aldA gene on the basis of GlcG.

Strains were cultivated with 10 g/L EG as the major carbon source.
The results are presented in Fig. 4. As shown in Fig. 4a, compared with
the wild E. coli MG1655, strains MGG, MGGA and FYGA could effec-
tively utilize EG for growth. Among them, strain MGG and MGGA fully
utilized 10 g/L EG within 120 h, with strain MGGA exhibiting a faster
rate of EG utilization than MGG. The strain FYGA utilized 6.8 g/L EG
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within 120 h. Compared with the strains MGG and MGGA, FYGA
exhibited a faster EG utilization rate than MGG and MGGA in the first 48
h, but this rate decreased between 48 h and 120 h (Fig. 4b). Fig. 4c il-
lustrates that when EG served as the major carbon source, strains MGG,
MGGA, and FYGA exhibited robust growth, whereas other strains dis-
played minimal growth. Within the initial 48 h, the ODggp values of
strains MGG, MGGA, and FYGA steadily increased, followed by a sta-
bilization phase. During this stable period, the ODgq values consistently
remained around 6-7, indicating that strains MGG, MGGA, and FYGA
effectively utilized EG for growth (Fig. 4c). Comparing the GA produc-
tion capabilities of different strains, it is evident that strain FYGA ach-
ieved the highest GA yield, reaching 5.1 g/L with a yield of 0.75 g/g EG.
Notably, it’s the current highest level in the shake flake experiments.
Within the first 24 h of culture, the GA production increased rapidly. Its
maximum productivity reached 0.158 g/L/h during the initial 24 h,
which is higher than the latest research [35]. In the subsequent 24 h, the
strain FYGA produced GA slower, and the concentration of GA changed
little after 48 h (Fig. 4d). Compared with strain MGG and MGGA, strain
FYGA exhibited the ability to rapidly utilize EG to produce GA. It could
be attributed to the knock-out of endogenous genes fucO and yghD in
FYGA, which can promote the conversion of EG to GA. It is worth noting
that the reaction catalyzed by fucO from EG to glycolic aldehyde is
reversible. In previous studies, fucO or its mutants were overexpressed to
realize the utilization of EG [35,36]. Differently, in this study, fucO and
another reductase enzyme yghD were deleted to ensure that glycolic
aldehyde does not reverse back to EG, while a heterologous gene
Gox0313 replaced fucO for the utilization of EG. The results demonstrate
that this system we developed can more effectively utilize EG and pro-
duce GA. However, as the fermentation process continued, strain FYGA
ceased utilizing EG to produce GA, whereas strains MGG and MGGA
could fully utilize all available EG in the culture medium. This change
may be attributed to the high concentration of GA produced by strain
FYGA during the initial stages of fermentation, which inhibited the
conversion of EG to GA.

To verify whether GA has inhibitory effect on strain FYGA, subse-
quent experiments were conducted. Strain FYGA was cultured using 10
g/L EG as the carbon source, and 1 g/L, 2 g/L, 3 g/L, 4 g/L and 5 g/L GA
were added, respectively. The ODgoo value was measured every 12 h,
and the results are depicted in Supplementary Fig. 1. Compared with the
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control group, the growth of E. coli could be inhibited by exogenous GA,
and the higher the concentration of GA, the more obvious the inhibition
effect. When the addition of GA reached 4 g/L, E. coli hardly grew.
However, in the actual fermentation process of strain FYGA, the con-
centration of GA already reached 3.8 g/L after 24 h fermentation, while
the ODggp value continued to increase. It may be due to the gradual
increase of the concentration of GA during fermentation. When the
growth limit concentration was reached, the strain had already grown,
so the inhibitory effect was not as evident. The experiment of exogenous
addition of GA indicates that high concentration of GA can inhibit the
growth of strain FYGA, potentially explaining why the strain FYGA
cannot fully use 10 g/L of EG in the culture medium. We also conducted
fermentation experiments using FYGA strain at higher EG concentra-
tions of 15 g/L and 20 g/L, respectively. There was no significant in-
crease in the production of GA and the utilization of EG (Fig. S4). This
indicated that the strain was sensitive to GA. When GA reached a certain
high concentration, it inhibited the further utilization of EG, thereby
limiting the further increase in acetic acid production. The results were
consistent with the research of Wei et al. [37] that high concentration of
GA will inhibit the biotransformation process. Another study also
revealed that the accumulation of GA inhibits the activity of glyoxylate
oxidase, thereby impeding the glyoxylate metabolism [38]. It may lead
to insufficient energy supply and affect the growth of strains. Based on
this, laboratory adaptive evolution [39,40], discovering
tolerance-related genes via systems biology tools [41,42] or other
methods [43] can be employed in subsequent experiments to alleviate
the inhibitory effects of GA on strain FYGA, ultimately obtaining the
mutant strain that can fully utilize EG to produce GA.

Besides, the strains GlcG, GlcGA and FYGIlcG, which deleted the
GIcDEF genes, all exhibited a low GA yield. It may be attributed to that
the deletion of GIcDEF can affect the growth of strains. This finding
aligns with the research conducted by Deng et al. [19] that the deletion
of GIcDEF resulted in a lower yield of GA and weak cell growth. As
shown in Fig. 6b, all strains that knock out GIcDEF, hardly grew on the
culture medium with 10 g/L of EG as substrate.

3.3. Transcript levels analysis in the engineered strains

In order to further analyze the impact of knockout and
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overexpression of endogenous genes on the conversion of EG to GA, the
transcription level of MGG, MGGA, FYG, FYGA, GLCG and GLCGA
strains were analyzed. At the fifth hour of shake flask fermentation, total
RNA of six strains were extracted. Subsequently, the cDNA was obtained
through reverse transcription of RNA. Then qPCR reaction was per-
formed. Using the endogenous gene gapA of E. coli MG1655 as the
reference gene, the transcription level difference between exogenous
and endogenous genes involved in the pathway of converting EG to GA
was analyzed (Fig. 5).
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As shown in Fig. 5a, the transcriptional level of the exogenous gene
Gox0313 in strain FYGA is significantly higher than that in strain MGGA,
indicating that the deletion of the endogenous genes fucO and yghD can
promote the expression of the heterologous gene Gox0313. This
conclusion can also be drawn by comparing the transcriptional level of
Gox0313 in strain FYG and strain MGG. The transcription level of the
heterologous gene Gox0313 is the highest in the strain FYGA, signifi-
cantly exceeding that in the other six strains. Since the heterologous
gene Gox0313 encodes the alcohol oxidase, which catalyzes the con-
version of EG to glycoldehyde, the strain FYGA is expected to utilize EG
at the fastest rate at the 5th hour, consistent with the results shown in
Fig. 4a. In addition, the transcription level of the gene Gox0313 in the
strain FYGA is about 72 times higher than that in the strain FYG. The
result indicates that overexpression of the gene aldA can also enhance
the expression of the gene Gox0313, thus promoting the conversion of
EG to glycolic aldehyde. The transcription level of gene Gox0313 in
strain GLCG and GLCGA is higher than that in strain MGG and MGGA,
respectively, revealing that the deletion of endogenous gene GIcDEF can
facilitate the expression of gene Gox0313.

Besides, as a result of the overexpression of the aldA gene in strains
MGGA, FYGA, and GLCGA, there was an enhancement in the tran-
scription level of the aldA gene in these strains (Fig. 5b). The tran-
scriptional level of gene aldA in strain FYGA was approximately 80 times
higher than that in strain MGGA. It demonstrats that the deletion of
genes fucO and yghD can not only boost the expression of exogenous
gene Gox0313 but also promote the expression of endogenous gene aldA,
thus accelerating the conversion of EG to GA. Consequently, strain FYGA
exhibited improved GA production compared to strain MGGA. Addi-
tionally, the transcriptional level of the aldA gene in strain FYG was
notably higher than that in strain MGG, showing an approximate 737-
fold increase. This finding reinforces the idea that the deletion of
endogenous genes fucO and yqghD can effectively enhance the expression
of the endogenous aldA gene.

The transcription level of genes GIcDEF in FYGA and FYG strains was
significantly higher than that in MGGA and MGG strains, respectively
(Fig. 5¢). This phenomenon suggests that the deletion of endogenous
genes fucO and yqhD promotes the expression of GIcDEF. Additionally,
the transcription level of genes GIcDEF in strain FYGA and MGGA was
markedly higher than that in FYG and MGG strains, respectively. The
result indicates that the overexpression of the aldA gene can also stim-
ulate the expression of the endogenous GIcDEF. Furthermore, when
combined with the differences in GA production, as illustrated in Fig. 4c,
it can be concluded that the increase in GA production will further
stimulate the expression of the downstream GIcDEF, thus enhancing the
metabolism and utilization of GA.

3.4. Intracellular metabolomics analysis of the engineered strains

In this study, the strain MGG was obtained to efficiently utilize EG
through introducing the gene Gox0313. Subsequently, the MGGA strain,
exhibiting the fastest full utilization of EG, was obtained by over-
expressing the aldA gene on the basis of MGG. Additionally, the FYGA
strain, characterized by the highest substrate conversion rate, was ob-
tained through the overexpression of the aldA gene and the deletion of
the fucO and yghD genes on the basis of MGG. To investigate the
mechanisms underlying the increased EG utilization rate and GA pro-
duction, intracellular metabolomics analysis of the strains MGG, MGGA,
and FYGA strains were conducted. The results of metabolomic analysis
were shown by volcano maps and cluster heat maps of differential me-
tabolites among MGG, MGGA and FYGA strains (Fig. S2, Fig. S3).
Compared with MGG strain, a total of 376 differential metabolites were
detected in MGGA strain, with 180 metabolites upregulated and 196
metabolites downregulated. In comparison to MGGA strain, a total of
413 differential metabolites were detected in FYGA strain, with 191
metabolites upregulated and 222 metabolites downregulated. Further-
more, to elucidate the mechanisms contributing to the enhanced EG
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utilization rate and GA production, we conducted a detailed analysis of
differential metabolites related to the EG utilization pathways (Fig. 6).
In the figure, the red numbers represented the fold change of metabolites
in FYGA compared to those in MGGA, while the green numbers repre-
sented the fold change of metabolites in MGGA compared to those in
MGG.

Compared to MGG strain, EG metabolic pathway of strain MGGA
were enhanced. There were two downstream metabolic pathways of EG
utilization in E. coli, including the pathways from glyoxylic acid to shi-
kimic acid and the TCA cycle, respectively. As shown in Fig. 6, both
metabolic flows of EG utilization in MGGA strain were improved, indi-
cating that the overexpression of Gox0313 gene enhanced the EG utili-
zation pathway. Additionally, the TCA cycle was one of the major
biochemical hubs of the cell, primarily responsible for energy generation
[44-46]. The enhanced TCA cycle accelerates energy generation, thus
promoting the growth of strains, which may be one of the contributing
factors to the improved EG utilization.

In comparison to MGGA strain, metabolic flows of EG utilization in
FYGA strain were significantly improved. The two most substantially
changed metabolites, 3-phospho-p-glycerate and phosphoenolpyruvate,
increased to 37.984 times and 19.722 times than that in MGGA,
respectively. The significant improvement in both metabolic flows of EG
utilization may account for the rapid increase in EG utilization rate and
GA production.

Furthermore, as depicted in Fig. 6, it was evident that the enhance-
ment of metabolic fluxes into both the TCA cycle and the shikimic acid
pathway in the MGGA and FYGA strains robustly reinforces the synthesis
and metabolic pathways of amino acids. Notably, the content of various
amino acids underwent substantial changes, including r-tryptophan, t-
phenylalanine, L-tyrosine, L-aspartic acid, .-homoserine, 1-threonine, -
lysine, p-alanine, 1-glutamic acid, and r-proline. Additionally, metab-
olomic results also indicated the production of a new compound ros-
marinic acid. Rosmarinic acid was also a high value-added product,
exhibiting various biological activities, such as anti-inflammatory,
antioxidant, antibacterial and antiviral properties [47-49]. And with
the overexpression of Gox0313 genes and the knockout of fucO and yghD
genes, the production of rosmarinic acid increased by 2.179-fold and
2.804-fold, respectively. The result underscored the potential of the
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engineered strains for efficient rosmarinic acid production. Moreover,
these engineered strains were promised for modification to produce
other high value-added products linked to the TCA cycle and the shi-
kimic acid pathway, such as malate [50], shikimate [51], a-ketoglutaric
acid [52], p-coumaric acid and other aromatic chemicals [53].

4. Conclusions

In this study, the PET monomer EG was utilized as the substrate for
E. coli MG1655 to grow and produce GA. By screening genes from
diverse sources to construct EG utilization pathway in E. coli MG1655,
engineered E. coli to utilize EG and produce GA was successfully con-
structed. Subsequently, by reinforcing the GA production pathway and
knocking-out of the competing pathways, the GA titer increased to 5.1
g/L with a yield of 0.75 g/g EG, which is the highest level in the shake
flake experiments. Transcriptional level analysis and metabolomic
analysis of the engineered strains were then conducted to further un-
derstand the mechanisms underlying the increased EG utilization rate
and GA production. The results reveal that overexpression of key en-
zymes and knock-out of the competing pathways improved the meta-
bolic flow in the EG utilization, ultimately enhancing the bioconversion
of EG to GA. The improved metabolic flow also leads to accelerated
synthesis and metabolism of amino acids. In conclusion, the research
shows promise to use engineered E. coli for biological recycling of PET
waste, and the engineered strains developed here can efficiently utilize
PET monomer EG to produce GA. These engineered strains also hold
promise as a platform for the production of other high-value-added
products.
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