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Abstract 

Glycolaldehyde (GA), the smallest sugar, has significant potential as a biomass-derived platform chemical and is a key metabolite 
in several synthetic pathways for one-carbon metabolism and new-to-nature photorespiration. This study introduces two metabolic 
schemes for engineering Escherichia coli into GA biosensors. Through creating GA-dependent auxotrophies, we link growth of these 
strains to GA-dependent biosynthesis of the essential vitamin pyridoxal-5-phosphate, and 2-ketoglutarate, respectively. We character-
ized and optimized these strains for the quantification of externally added GA from 2 μM to 1.5 mM. We also demonstrate the capability 
of these strains to detect GA that is produced intracellularly through different metabolic routes and from different substrates such 
as xylose, ethylene glycol, and glycolate. Our biosensors offer complementary sensitivities and features, opening up different appli-
cations in metabolic engineering and synthetic biology, which we demonstrate in a proof-of-principle by providing the first in vivo
demonstration of the reduction of glycolate to GA by a new-to-nature route using engineered enzymes.
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Introduction
Glycolaldehyde (GA), by definition the smallest sugar, holds 
promise as a future biomass-derived platform chemical. While 
directly used in the food industry as browning agent [1], GA is 
also the starting point for a variety of industrially relevant com-
pounds such as alkanol amines and ethylene diamines, which

showcases its versatility as chemical building block [2]. In 
addition, GA is an intermediate in the (bio)synthesis of valuable 
C2 and C4 molecules, such as ethylene glycol, glycolic acid, and
d-erythrose [3, 4].

GA can be generated from non-fossil sources like xylose [3, 4],
as well as through the breakdown of polyethylene terephthalate 
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(PET) plastics, where it is derived from the PET building block 
ethylene glycol [5]. In addition, several new-to-nature pathways 
for the formation of GA from carbon dioxide or methanol have 
been described recently, which rely on an engineered glycolalde-
hyde synthase [6, 7]. Beyond these pathways, GA has also been 
identified as a key metabolite in various alternative photorespi-
ration routes, where it is formed during recycling of glycolate, a 
photorespiratory waste product [8]. Four of the five most promis-
ing synthetic photorespiration pathways rely on the non-natural 
reduction of glycolate to GA via engineered enzymes, specifically a 
glycolyl-CoA synthetase (GCS) and a glycolyl-CoA reductase (GCR). 
These two enzymes showed activity in vitro and GCS was further 
improved in a follow-up study, recently [9].

The pivotal role of GA has raised the demand for sensing the 
compound in vivo. Prior work led to the development of a plasmid-
based Escherichia coli biosensor for aldehydes, including GA, by 
Frazão et al. This biosensor functions through the upregulation of 
a transcription regulator upon aldehyde exposure [10]. However, 
the broad sensitivity of the biosensor and the lack of GA specificity 
have increased the need for more targeted biosensor development.

Here, we combined metabolic engineering and synthetic biol-
ogy to develop two highly specific GA E. coli sensor strains [11]. 
The growth of these strains is linked to the GA-dependent biosyn-
thesis of the essential vitamin pyridoxal-5-phosphate (PLP), or the 
biomass precursors 2-ketoglutarate (2KG), respectively. We char-
acterized and optimized these strains for sensing GA and validated 
their capability to detect externally added GA, as well as GA that 
was produced intracellularly from various substrates, including 
xylose, ethylene glycol, and glycolate. We further demonstrate 
that these strains provide complementary sensitivity and features 
and can be used for different applications in synthetic biology and 
metabolic engineering.

Material and methods
Chemicals were ordered from Sigma-Aldrich (Steinheim, Ger-
many), Tokyo Chemical Industry (Eschborn, Germany), and Carl 
Roth (Karlsruhe, Germany).

Generation of sensor strains
For this study, we used E. coli K12 WT strains SIJ488 and their 
derivatives. The SIJ488 strain is engineered with inducible λ-Red 
recombineering genes (Red-recombinase and flippase) integrated 
into its genome, facilitating multiple gene deletions [12]. Gene 
deletions were performed using the RedE and RedT technique [13]. 
In this method, PCR was used to generate linear DNA fragments 
with 50-bp homology arms targeting the gene of interest, along 
with a selectable marker for Kanamycin (Kan) or Chlorampheni-
col (CAP) resistance. These fragments were created using either 
the FRT-PGKgb2-neo-FRT cassette (Gene Bridges, Germany) or the 
pKD3 plasmid [14] as templates.

Approximately 400 ng of these DNA fragments were introduced 
into freshly cultured parental strains at an OD600 of ∼0.3, following 
the induction of recombinase enzymes with 15 mM l-Arabinose 
for 45 min. Selection of strains with the new deletions was per-
formed by culturing on the appropriate antibiotics (Kan/CAP) and 
verifying through PCR to assess the size of the altered genomic 
locus.

Alternatively, single gene deletion strains from the “Keio collec-
tion” [15] were used to create phage lysates and transduce desired 
deletion combinations [16].

To chromosomally integrate C. crecentus genes Cc_xylX and 
Cc_xylA into the 2KG-aux strain. We first constructed single gene 

carrying vectors for propagation: pNiv-B-Cc_xylX and pNiv-B-
Cc_xylA. We then constructed via Gibson assembly a vector con-
taining the operon pNiv-B-Cc_xylX-B-xylA preceded by a strong 
promotor using plasmid pKD3 as template for backbone. This was 
followed by creating a linear integration cassette consisting of the 
full operon flanked with upstream and downstream overhangs, of 
the intended insertion site, which was added with overlap PCR. 
For the integration of S-B-Cc_xylX-B-Cc_xylA into safe spot #9 
(SS9) [17], the left and right integration overhang were ampli-
fied from pKD3 rbsB xylX rbsB xylA using primers pKD_knock-
in_SS9_F + pKD_knock-in_SS9_R, respectively. The Knock-In cas-
sette obtained was then used electroporated as described before 
for deletions by λ-Red recombineering.

Similarly, for thrB integration in SS9 of PLP-aux strain, we 
created an integration cassette using a plasmid containing 
the expression unit of thrB flanked by upstream and down-
stream overhangs of SS9 as template (pDM4-SS9-S-C-thrB) with 
primers pDM4-Linear-SS9_F + pDM4-Linear-SS9_R. We then pro-
ceeded same as described earlier for deletions by λ-Red recom-
bineering.

Resistance genes for kanamycin or chloramphenicol were inte-
grated into the genome, flanked by FRT sites in place of the target 
gene (in case of deletions), or downstream of the expression unit to 
be integrated. To excise the selectable marker before further engi-
neering of the strains, flippase was induced in a culture at an OD600

of ∼0.2 by adding 50 mM l-rhamnose and incubating for ∼4 h at 
30∘C. The removal of antibiotic resistance was confirmed by isolat-
ing colonies that could only proliferate on LB medium without the 
respective antibiotic and by PCR analysis of the genomic locus.

All strains used in this study are listed in Supplemen-
tary Table 1. NEB5α cells were utilized for cloning. For 
overexpression purposes, plasmids described in the follow-
ing section were introduced into the relevant strains through
electroporation.

Expression vectors
Primers were synthesized by Eurofins (Ebersberg, Germany) and 
Sigma-Aldrich (Steinheim, Germany). PCR reactions were per-
formed using PrimeSTAR GXL DNA Polymerase (Clontech, Hei-
delberg, Germany), Phusion DNA Polymerase (Thermo Fisher 
Scientific, Dreieich, Germany), and DreamTaq DNA Polymerase 
(Thermo Fisher Scientific, Dreieich, Germany). Restrictions were 
carried out using FastDigest enzymes and ligations using T4 DNA 
ligase, all purchased from Thermo Fisher Scientific (Dreieich,
Germany).

For plasmid-based gene overexpression, the pZ-AS(S or M) plas-
mid (p15A origin of replication and strong or medium promoter 
[18] were used. Gene coding for the CoA-transferase (abfT) from 
Clostridium aminobutyricum (UniProt ID Q9RM86) and each gene 
of the xylose utilization operon (xylBCDXA, C. crescentus NA1000) 
were codon optimized for E. coli (strain K12) via Jcat [19] and 
synthesized by Twist Bioscience (USA). Escherichia coli enzyme l-
1,2-propanediol oxidoreductase (FucO) was amplified from the 
genome with the introduction of two mutations (I7L and L8V) 
that were reported to increase its resistance to metal-catalyzed 
oxidation [20]. Operons were then constructed according to previ-
ously described method [18]. After cloning steps were completed, 
NEB5α cells were transformed with the product for cryopreser-
vation. Successful plasmid assembly was confirmed by whole-
plasmid sequencing (Plasmidsaurus, USA) or Sanger sequencing 
(Microsynth Seqlab GmbH, Germany).
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Figure 1. Glycolaldehyde-dependent biosynthesis of essential metabolites. Alternative PLP biosynthesis. Aldol condensation of GA and glycine is 
catalyzed by the low-specificity threonine aldolase (LtaE). 4-Hydroxythreonine is phosphorylated by homoserine kinase (ThrB). 4-Hydroxythreonine-4P 
is intermediate of canonical PLP biosynthesis (dashed line) which leads to essential metabolite PLP. Alternative 2KG biosynthesis. 
2-Dehydro-3-deoxy-d-pentonate (YagE) drives the aldol condensation of GA and pyruvate. 2-Keto-3-deoxy- d-xylonate is converted by C. crescentus 
Cc_xylX and Cc_xylA to 2KG.

Growth media
Escherichia coli strains were routinely cultured in LB medium (com-
prising 5 g/l yeast extract, 10 g/l tryptone, and 10 g/l NaCl), at a 
temperature of 37∘C and a shaking speed of 220 − 250 rpm. Antibi-
otics were added as necessary at the following concentrations: 
kanamycin at 50 μg/ml; chloramphenicol at 30 μg/ml (prepared 
as a 1000X stock solution in 70% ethanol); and streptomycin 
at 100 μg/ml. Antibiotics were omitted for growth experiments, 
with the exception of their use in precultures. Growth assays 
utilized M9 minimal medium (containing 47.8 mM Na2HPO4, 
22 mM KH2PO4, 8.6 mM NaCl, 18.7 mM NH4Cl, 2 mM MgSO4, 
and 100 μM CaCl2), enriched with trace elements (134 μM EDTA, 
31 μM FeCl3 ⋅ 6H2O, 6.2 μM ZnCl2, 0.76 μM CuCl2 ⋅ 2H2O, 0.42 μM 
CoCl2 ⋅ 2H2O, 1.62 μM H3BO3, and 0.081 μM MnCl2 ⋅ 4H2O). Carbon 
sources and additional supplements were added based on the spe-
cific requirements of each strain and the nature of the experiment. 
Precultures for growth assays were cultivated in M9 medium 
under identical conditions and using the same carbon source as 
would later be employed for the control group under “positive con-
trol”. Cells from these precultures were washed three times in M9 
medium devoid of carbon sources and then inoculated into M9 
media with selected carbon sources at a starting OD600 of 0.005. 
Nunc 96-well microplates (Thermo Fisher Scientific) were utilized 
for the growth experiments, with each well containing 150 μl of 
culture and overlaid with 50 μl of mineral oil (Sigma-Aldrich) to 
prevent evaporation.

The growth experiments were conducted using either a Tecan 
Infinite 200 Pro plate reader (Tecan, Switzerland) or a BioTek Epoch 
2 plate reader (BioTek Instruments), maintained at 37∘C. Growth 
(OD600) was monitored following a kinetic cycle consisting of 12 
shaking steps, alternating between linear and orbital movements 
(with 1 or 2 mm amplitude), each lasting 60 s. OD measurements 
obtained from the plate reader were calibrated to correspond with 
those from a standard cuvette, establishing a correlation where 
ODcuvette = ODplate/0.23. All growth experiments were carried 
out in duplicate or triplicate when indicated.

Adaptive laboratory evolution of pre-2KG-aux 
strain
In growth experiment testing 2KG production via alternative 2KG 
biosynthesis, some strains grew after 80 h under conditions where 

ethylene glycol was present at >50 mM concentration (Supple-
mentary Fig S3 and S4). These strains were re-inoculated 1:100 
dilution in selective M9 minimal media with 14 mM pyruvate, 
10.5 mM succinate, and 50 mM ethylene glycol. After growth was 
observed on the following day, the strains were re-inoculated 
in the same media. The procedure was repeated three times. 
The DNA of the resulting cultures was isolated and sent for 
whole-genome sequencing analysis together with the DNA of their 
respective parental strains.

Whole-genome sequencing and analysis
NucleoSpin Microbial DNA kit (MACHERY-NAGEL, Düren, Ger-
many) was used for genomic DNA extraction following manu-
facturer’s instructions. Library construction used Nextera XT kit 
(Illumina) and genome sequencing was on a paired-end Illumina 
sequencing platform MiSeq. Raw reads have been deposited at the 
NCBI Sequence Read Archive (SRA) and can be accessed under 
BioProject PRJNA1133637. The sequencing data were first passed 
through quality trimming using BBduk (v38.84), then mapped to 
a MG1655 in silico modified with genomic insertion of Cc_xylXA
as reference genome using breseq (v0.36.1) or Genious Prime 
(v20231.2).

Results
Design of auxotrophic strategies for 
GA-biosensing in E. coli
In our study, we aimed to use E. coli as platform to establish our 
GA biosensors. Given that GA is a non-essential metabolite, we 
thought of creating artificial metabolic dependencies, i.e. auxotro-
phies that would allow us to couple GA detection to growth of in 
E. coli. In a first approach, we chose PLP, one of the vitamin B6 vita-
mers, as target molecule to create an artificial auxotrophy. PLP 
is an essential cofactor utilized by at least 60 enzymes in E. coli, 
including transaminases and amino acid decarboxylases. Notably, 
PLP can be derived from GA via an alternative PLP synthesis path-
way [21–23] (Fig. 1). This pathway, present in E. coli, begins with 
the aldol condensation of GA and glycine, catalyzed by the low-
specific threonine aldolase (LtaE), to produce 4-hydroxythreonine 
[23]. This compound is then phosphorylated by homoserine kinase 
(ThrB) to generate l-4-phospho-hydroxythreonine, an interme-
diate metabolite in canonical PLP biosynthesis pathway. Finally, 
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Figure 2. Glycolaldehyde biosensors constructed in this study. (a) PLP-aux strain. ΔserC causes an auxotrophy for essential metabolite PLP (highlighted 
in yellow), whereas ΔserA avoids intracellularly produced glycolaldehyde. (b) 2KG-aux strain. ΔaceAB, ΔglcB, ΔgltA, ΔsucAB, and ΔprpC deletions 
isolate 2KG segment of TCA cycle from rest of metabolism and create 2KG auxotrophy. GA sinks are indicated under “oxidation” caption).

three further enzymatic steps lead to PLP production (Supplemen-
tary Fig. S1).

In an alternative approach, we selected 2KG as target for aux-
otrophy in the development of a second type of GA biosensor. 
2KG is an essential metabolite for amino acid biosynthesis and 
is intricately involved in the tricarboxylic acid cycle (TCA) within 
E. coli. This choice marks a significant divergence from the PLP 
biosensor, primarily due to the increased amounts of 2KG required 
for bacterial growth compared to PLP. The challenge then lies in 
connecting the production of 2KG using GA as a precursor. We 
combined elements of Dahms and Weimberg pathways, utiliz-
ing three enzymatic steps, to bridge this gap. The final reaction 
of the Dahms pathway involves the aldolase cleavage of 2-keto-
3-deoxy-d-xylonate into pyruvate and GA [24]. We reasoned that 
this reaction could be reversed to synthesize the C5 compound 
from GA and pyruvate, which could then be converted to 2KG via 
the last two steps of the Weimberg pathway [25], achieving an 
alternative biosynthesis pathway for 2KG (Fig. 1).

Beyond expanding the range of sensitivity over a range of GA 
concentrations, establishing two types of GA biosensors with con-
trasting GA requirements also allows to use these strains in selec-
tion schemes with increasing selection pressure for GA producing 
pathways.

Construction and optimization of the E. coli
GA-biosensors
To realize the auxotrophic schemes, we engineered the metabolic 
network of E. coli to rely on the two different biosynthetic 
routes, creating two distinct biosensors for GA detection. The 
first approach involved truncating canonical PLP biosynthesis 
(Supplementary Fig. S1) by deleting the gene-encoding phos-
phoserine/phosphohydroxythreonine aminotransferase (ΔserC). 
This deletion prevented the formation of the PLP precursor (4-
hydroxythreonine-4P) from erythrose 4-P. Additionally, to decrease 
endogenous GA production through other pathways, which could 
potentially interfere with sensitivity of the biosensor, we removed 
phosphoglycerate dehydrogenase (ΔserA). The absence of this 
enzyme prevents the formation of 3-phosphohydroxypyruvate, a 
precursor to 3-hydroxypyruvate, which can spontaneously decar-
boxylate into GA [23].

We tested the resulting PLP-auxotrophic strain (PLP-aux; 
Fig. 2a) for growth with externally added pyridoxine or GA on 
minimal medium, which validated growth dependency on these 
two compounds. We also assessed the growth responses of PLP-
aux across a gradient of GA concentrations, from micromolar to 
millimolar levels, which revealed a clear correlation between the 
maximum optical density (OD600) of the culture and the GA con-
centration of the medium, establishing the PLP-aux strain as GA 
biosensor (Fig. 3). 

For our second GA biosensor, we engineered a strain of 
E. coli to become auxotrophic for 2KG by selectively target-
ing and deleting genes linked to the tricarboxylic acid (TCA) 
cycle and related metabolic routes. These deletions included 
enzymes that contribute to 2KG consumption (ΔsucA and ΔsucB), 
citrate synthase activity (ΔgltA and ΔprpC), and glyoxylate 
metabolism (ΔglcBDEFG, ΔaceK, ΔghrA, ΔghrB, and ΔaceB), making 
the strain dependent on external 2KG sources (Supplementary Fig.
S2).

To facilitate the synthesis of 2KG from GA and pyruvate, we 
incorporated elements from the Dahms and Weimberg pathways, 
which are naturally absent in E. coli. We identified two E. coli
genes, yagE and yjhH, capable of catalyzing the initial aldolase 
reaction required for GA and pyruvate condensation [3]. For the 
subsequent steps, we tested different candidate genes reported 
in the literature (Supplementary Fig. S3), and employed genes 
from the Weimberg pathway operon (xylXABCD) from C. crescentus
(Stephens et al., 2007). Specifically, we introduced Cc_xylX (2-keto-
3-deoxyxylonate dehydratase) and Cc_xylA (2-ketoglutarate semi-
aldehyde dehydrogenase) into the genome of one of the strains 
that underwent a short adaptive laboratory evolution (Supple-
mentary Fig. S4). The strain obtained exhibited a truncated xynR
gene, which has been previously reported to act as a repressor 
of the yagE gene [26]. This genetic modification resulted in the 
2KG-aux strain. This strain is able to relieve its auxotrophy by the 
conversion of GA to 2KG (Fig. 2b).

Similar to the first biosensor, we assessed growth of the 2KG-
aux strains across a range of GA concentrations (20 μM—1.5 mM) 
in minimal medium supplemented with glycerol and succinate. 
Again, maximal OD600, correlated well with the GA concen-
tration (Fig. 3). Compared to the PLP-aux strain, the 2KG-aux 
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Figure 3. Sensitivity of glycolaldehyde biosensors. Maximal OD600 as function of concentrations of glycolaldehyde tested in the PLP-aux and 2KG-aux 
strains. Gene deletions for GA oxidation deleted individually (ΔaldA) or combined (with ΔgshA). Improvement in sensitivity via amino acid 
supplementation was also tested in the 2KG-aux strain (see text for details). Values shown for each data point represent the average of the technical 
replicates (n = 2).

strain reached lower maximal OD600 and showed a slightly lower 
dynamic range across the range of concentrations tested.

To enhance the sensitivity of our GA biosensors, we searched 
for internal metabolic pathways that could divert GA, which would 
negatively affect its detection. We identified several routes, includ-
ing the oxidation of GA to glycolate by aldehyde dehydrogenase 
(AldA), GA scavenging by glutathione, and reduction of GA to ethy-
lene glycol primarily by aldehyde reductase (YqhD), among other 
aldehyde reductases [27–29]. Having identified these potential GA 
sinks, we proceeded with combinatorial gene deletions targeting 
these routes. Starting with the PLP-aux strain, we executed dele-
tions of ΔaldA, ΔgshA (which encodes glutamate-cysteine ligase 
and was targeted to prevent the creation of glutathione), ΔyqhD
and the combined deletion of aldehyde reductases: ΔyahK, ΔgldA, 
ΔdkgA, ΔyghA, ΔfucO, ΔeutG, ΔybbO, ΔadhE, ΔyjgB, ΔadhP, and 
ΔadhE. Collectively, these gene deletions aimed to enhance the 
responsiveness of the strain to GA.

Upon testing the modified PLP-aux strain across a range 
of GA concentrations (2 μM—1.2 mM) in minimal medium sup-
plemented with glycerol and glycine, we observed significant 
improvements in sensitivity. The deletion of ΔaldA notably 
enhanced the maximal OD600 of the strain in response to GA. 
An additive effect was observed, when ΔaldA was combined with 
ΔgshA (Fig. 3). However, deleting ΔyqhD and other reductases 
yielded minimal to no sensitivity improvements (Supplementary 
Fig. S5).

Building on these findings, we applied the most impactful 
deletion, ΔaldA, and its combination with ΔgshA, also to the 
2KG-auxotrophic strain. Assessing growth across various GA con-
centrations (20 μM—1.5 mM) in minimal medium with glycerol 
and succinate confirmed improved GA sensitivity for both strains 
(Fig. 3). Additionally, to alleviate selection pressure on the 2KG-
aux strain, we explored supplementing amino acids derived from 
2KG, which would not relieve the auxotrophy [30]. Our experi-
ments included alanine, aspartate, isoleucine, leucine, pheny-
lalanine, serine, tyrosine, and valine, none of which alleviated 
the auxotrophy, but some (aspartate, isoleucine, phenylalanine, 
and serine) enhanced final biomass yield or doubling time (Sup-
plementary Fig. S6). When comparing the maximal OD600 of the 
amino acid-supplemented strains (aspartate, isoleucine, pheny-
lalanine and serine), with the non-supplemented strain, we saw 
an increased maximal OD600 below GA concentrations of 600 μM
(Fig. 3).

Based on these results, we decided to continue our experiments 
with the PLP-aux ΔaldA strain. This strain reached its maximal 

optical density at a GA concentration of ∼20 μM, reflecting its 
high sensitivity to GA, as it responded robustly to lower concen-
trations compared to other strains, while maintaining a func-
tional glutathione biosynthesis operon. While knocking out glu-
tathione biosynthesis seemed not to be lethal and even increased 
GA sensitivity slightly in PLP-aux ΔaldA (Fig. 3), the advantages 
did not seem to outweigh the potential drawbacks. Glutathione 
plays critical roles beyond the scope of this experiment, such as 
regulating intracellular pH through potassium (K+) concentrations 
and providing protection against a variety of toxic compounds 
[31]. Therefore, we concluded that maintaining its biosynthesis 
would benefit the overall robustness and efficiency of the strain. 
In addition, we also engineered the strain to constitutively over-
express homoserine kinase ThrB, which catalyzes an irreversible 
step in PLP synthesis. The rationale behind increasing ThrB expres-
sion was to not bottleneck the aldolase reaction and increase flux 
through the system.

Having established a highly sensitive biosensor with PLP-aux 
ΔaldA, we opted for a less sensitive 2KG-aux GA sensor, for which 
we returned to the initial strain design (without ΔaldA and ΔgshA). 
This allowed us to operate selection at very high fluxes and 
demand for high GA concentrations for OD600 readout.

Biosensing intracellular GA-producing pathways
We next evaluated our GA biosensors for detecting intracellular 
GA produced through various metabolic pathways. We selected 
three different pathways that utilized different starting substrates 
and involved different natural and new-to-nature enzymes: (I) 
ethylene glycol oxidation to GA facilitated by overexpressing the 
native l-lactaldehyde dehydrogenase (fucO) of E. coli; (II) xylose 
catabolism into GA and pyruvate via the Dahms pathway with an 
overexpressed heterologous operon from C. crescentus; and (III) a 
new-to-nature glycolate reduction route that provides GA via two 
engineered enzymes (Fig. 4).

We first assessed a pathway naturally occurring in E. coli that 
can produce GA using endogenous genes. To that end, we exam-
ined l-1,2-propanediol oxidoreductase (FucO), an Fe2+-dependent 
enzyme known for its role in l-fucose or lL-rhamnose fermenta-
tion pathways, which is documented to facilitate the oxidation of 
ethylene glycol to GA in E. coli [32]. As all of our assays were per-
formed aerobically, we used a mutant FucO variant (I7L L8V) that 
shows higher oxygen-tolerance compared to the wild-type [20]. 
Overexpressing FucO indeed allowed the bacteria to sense the con-
version from ethylene glycol toward GA, illustrating its capability 
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Figure 4. Biosensor workflow. After constructing vectors expressing elements for a glycolaldehyde producing pathway, they can be tested in one of the 
engineered strains from this study. Bacterial growth is used as read out for pathway operation. Enzymes used in this study: l-1,2-propanediol 
oxidoreductase (fucO) from E. Coli; Engineered enzymes glycolyl-CoA synthetase (GCS) and glycolyl-CoA reductase (GCR) [8].

Figure 5. Ethylene glycol oxidation detected in glycolaldehyde biosensors. (a) Growth of the PLP-aux ΔaldA strain with the overexpression of
l-1,2-propanediol oxidoreductase fucO in M9 minimal media with 20 mM glycerol, 4 mM glycine (NC), or with the addition of 0.1 mM glycolaldehyde or 
varying ethylene glycol concentrations. (b) Evolved pre-2KG-aux strain relieves auxotrophy via the oxidation of ethylene glycol to glycolaldehyde with 
overexpression of fucO and C. crescentus genes Cc_xylXA for its subsequent conversion to 2KG in M9 minimal media with 14 mM glycerol, 10.5 mM 
succinate (NC), or with the addition of 1 mM 2KG or varying ethylene glycol concentrations. Lines represent mean values of technical replicates. (n = 2).

to detect intracellularly produced GA (Fig. 5a), while the empty 
vector did not exhibit growth in ethylene glycol (Supplementary 
Fig. S7a).

Similarly, we aimed to evaluate the ability of the alternative 
GA biosensor (with 2KG auxotrophy) to detect GA produced in 
vivo by overexpressing FucO and utilizing ethylene glycol as the 
GA source. The initial tests for this purpose employed a prede-
cessor of the 2KG-aux strain (pre-2KG-aux). This strain anteceded 
the genomic integration of the Cc_xylXA genes. Instead, they were 
overexpressed alongside with fucO from a plasmid. The initial 
experiment demonstrated that the strain exhibited sporadic relief 
from its auxotrophy following a lag phase, and only under high 
ethylene glycol concentrations (>35 mM) (Supplementary Fig. S3c). 
This result indicated that some adaptation was required before 
growth could be achieved. Consequently, the growing strain was 
re-isolated and subjected to a further short adaptive laboratory 
evolution. Following three re-inoculations of the strain in minimal 
containing ethylene glycol, a mutation was identified within the 
DNA-binding domain of the transcriptional repressor of the yagEF
operon (xynR) (Supplementary Fig. S4a). Overexpression of FucO 
also enabled the pre-2KG-aux strain to detect intracellularly pro-
duced GA from externally added ethylene glycol (Fig. 5b). Plasmid 

curing again abolished growth of the strain in presence of ethy-
lene glycol, confirming the dependency on FucO (Supplementary 
Fig. S7b).

While both GA biosensor strains, PLP-aux and 2KG-aux, were 
principally suited to detect intracellularly produced GA, the 
PLP-aux strain was more sensitive at lower ethylene glycol con-
centrations (Fig. 5).

Dahms and Weimberg pathway in biosensors
After successfully demonstrating the capability of our strains to 
sense single-step enzymatic conversions to GA, we explored the 
feasibility of more complex, multistep reactions producing GA 
in vivo. We focused on the Dahms pathway, which is known for 
converting xylose into GA [24]. This pathway has been previously 
introduced in E. coli to produce various chemicals such as glycolic 
acid, lactic acid, and 1,4 butanediol [33–37].

We assessed whether one of our PLP-aux strains could detect 
GA produced through the heterologous expression of enzymes 
from this pathway. We constructed an expression vector contain-
ing the C. crescentus operon (Cc_xylBCD) responsible for converting 
xylose into 2-keto-3-deoxy-d-xylonate, and introduced it into the 
PLP-aux ΔaldA strain. This vector, combined with endogenous E. 
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Figure 6. Dahms and Weimberg pathway restores growth in biosensors. (a) Growth of PLP-aux ΔaldA strain overexpressing Cc_xylBCD from a plasmid 
in M9 minimal medium containing 20 mM glycerol and 4 mM glycine (NC), or with the addition of 80 μM pyridoxine or varying concentrations of 
xylose. Irreversible reaction by homoserine kinase (ThrB) overexpression from genome to drive PLP biosynthesis. (b) Growth of 2KG-aux strain 
harboring all genes for Weimberg’s pathway from C. crescentus in M9 minimal medium with 14 mM glycerol and 10 mM succinate (NC), or with the 
addition of 1 mM 2KG or varying concentrations of xylose. Lines represent mean values of technical replicates. (n = 2).

coli genes yagE and yjhH, effectively replicated the Dahms path-
way, and enabled growth of the biosensor with xylose as GA 
source. Growth characterization in minimal medium confirmed 
that xylose could alleviate PLP auxotrophy similar to the response 
with pyridoxine (Fig. 6a). To elucidate which endogenous gene 
from E. coli primarily drives the final reaction of the Dahms path-
way, we repeated the experiment using strains with additionally 
deletions of ΔyagE or ΔyjhH. The strain lacking yagE exhibited no 
growth in the presence of xylose, indicating that YagE catalyzes 
the final reaction of the Dahms pathway in E. coli (Supplementary 
figure S8).

For the 2KG-aux strain, we additionally explored the possi-
bility of direct (i.e. GA-independent) sensing of xylose through 
the Weimberg pathway that converts xylose into 2KG [25]. This 
pathway, previously introduced in E. coli for production of poly-
3-hydroxybutyrate [38], does not involve GA as intermediate, but 
still provides 2KG as end product. The Weimberg pathway shares 
the initial three catalytic steps with the Dahms pathway, which 
yield 2-keto-3-deoxy-d-xylonate, and which we had already con-
firmed in vivo (see above). The remaining enzymatic steps in the 
Weimberg pathway consist in the dehydration and oxidation of 
2-keto-3-deoxy- d-xylonate to 2KG. These are precisely the steps 
we employed in this study to convert the 2KG-aux into a GA 
sensor (Cc_xylXA; Fig. 1). We introduced the plasmid for xylose 
utilization (Cc_xylBCD) into the 2KG-aux strain with Cc_xylXA
genomically integrated. Testing different xylose supplementation 
showed xylose-dependent (and GA-independent) growth of 2KG-
aux biosensor (Fig. 6b), demonstrating a general flexibility of the 
2KG-aux strain for additional biosensing applications.

New-to-nature glycolate reduction to GA restores 
growth in PLP-aux strain
We finally progressed to using our biosensors to confirm the in 
vivo functionality of a new-to-nature enzyme cascade constructed 
from engineered enzymes. As mentioned earlier, Trudeau et al. 
recently conceived a new-to-nature route for the reduction of gly-
colate into GA, employing two engineered enzymes, GCS and GCR. 

To date, these enzymes had been exclusively utilized in vitro to 
assess their catalytic efficiencies and substrate specificities, but 
so far not confirmed in vivo [8,9].

We expressed GCS GCR in the PLP-aux strain, but initially failed 
to observe growth on minimal medium with glycolate supple-
mentation (data not shown), indicating that the activity of GCS 
and/or GCR was not sufficient to provide sufficient GA for growth. 
We thus switched to the PLP-aux ΔaldA strain with constitutively 
expressed thrB, which has a higher GA sensitivity (Fig. 3). We fur-
ther noted that GCS is post-translationally inactivated through 
acetylation of an active site lysine by E. coli lysine acetylase [9]. 
We deleted the gene-encoding lysine acetylase (ΔpatZ) to pre-
vent inactivation of the GCS enzyme and also knocked out isoc-
itrate lyase (ΔaceA) to block glycolate production from glyoxylate 
(Fig. 7a).

These genetic modifications indeed restored glycolate-
dependent growth, confirming the in vivo functionality of the gly-
colate reduction pathway (Fig. 7b). We next sought to replace GCS 
by a promiscuous CoA transferase (abfT) from C. aminobutyricum. 
This also supported growth upon the addition of glycolate, albeit 
with an extended lag phase compared to the GCS variant of the 
pathway (Fig. 7b). In contrast, the strain without an expression 
vector was not able to relief its auxotrophy in presence of glycolate 
(Supplementary figure S9). Overall, this data did not only provide 
proof for the reductive conversion of glycolate to GA in vivo, but 
also allowed to directly assess performance of different pathways 
designs (glycolyl-CoA synthetase versus CoA transferase) within 
the cell. Efforts to extend these findings to our second GA biosen-
sor, failed, as the flux through either cascade was insufficient to 
feed the high biomass demand of the 2KG biosensor (data not 
shown).

Discussion
Here, we present two new GA sensors with different metabolic 
architectures and sensitivities. The PLP-aux strain detects GA by 



8 Gómez-Coronado et al.

Figure 7. New-to-nature glycolate reduction in PLP-aux strain. (a) Schematic illustration of the PLP-aux strain with an expression vector coding for 
enzymes required for glycolate reduction: GCS: glycolyl-CoA synthetase or abfT: 4-hydroxybutyrate CoA-transferase from Clostridium aminobutyricum
and GCR: glycolyl-CoA reductase. ΔserA and ΔserC cause an auxotrophy for pyridoxal-5P. ΔaldA and ΔaceA were introduced in order to avoid 
undesired sinks or sources of pathway intermediates. ΔpatZ was introduced to avoid GCS repression. thrB is constitutively overexpressed from the 
genome. (b) In vivo new-to-nature reduction of glycolate to glycolaldehyde via different enzymes. M9 minimal medium containing 20 mM glycerol and 
4 mM glycine with different concentrations of glycolate. Lines represent mean values of technical replicates. (n = 3).

growth dependence on GA-dependent biosynthesis of the essen-
tial cofactor PLP. The 2KG-aux strain reverses the last reaction 
of the Dahms pathway, followed by the last two steps of the 
Weimbergs pathway, establishing a new pathway leading to GA-
dependent biosynthesis of 2KG.

Our study showcases the power of metabolic engineering in 
crafting innovative biosensors, in particular the designing of aux-
otrophic strategies for detecting non-essential metabolites. In 
contrast to the limited operational range of 1–10 mM from the pre-
viously reported promiscuous aldehyde biosensors [10], our sensor 
strains exhibit a substrate-specific (i.e. GA-specific) response, cov-
ering a sensitivity range spanning three orders of magnitude (μM-
mM) toward GA. The most sensitive variant of the PLP-aux strain 
here presented shows a growth phenotype with concentrations as 
low as ∼4 μM of GA.

By introducing additional knock outs (e.g. aldA, gshA) and sup-
plementing different amino acids in the medium, we further 
improved sensitivity of the GA biosensors. In case of 2KG, sup-
plementation of serine, asparte, isoleucine, and phenylalanine 
decreased the amount of 2KG required for growth. Note that 
these amino acids have been reported to serve as (alternative) 
ammonium sources to glutamate (and glutamine), which is typ-
ically the main source for ammonium and serves as nitrogen 
acceptor/donor in transaminase reactions [30, 39]. Since gluta-
mate is directly derived from 2KG, addition of abovementioned 
amino acids might reduce the glutamate requirements to meet 
this demand and thus alleviate the selection pressure.

Importantly, as growth of the strain is the read out signal 
of the biosensor, no specialized equipment, such as fluores-
cence detection is required, which makes our strains convenient 
tools for assessing and fine-tuning natural or synthetic pathways 
that produce GA, as well as for detecting intermediates of the 
GA-dependent pathways that alleviate the engineered auxotro-
phies. Potential challenges, such as contamination by wild-type 
strains, can be effectively mitigated by including antibiotics in 
the media, leveraging the resistance cassette used during genetic 

manipulation of the strain. Furthermore, our biosensors offer 
additional advantages. Given that all modifications were done 
at the genomic level, their plasmid-free nature ensures stability 
and reduces the risk of genetic drift, which makes them ideal 
platforms for adaptive laboratory evolution experiments [18]. By 
providing two sensor strains with varying degrees of GA depen-
dence, a broader dynamic range of detection is achieved compared 
to a single sensor. For example, in our ethylene glycol experiments, 
the highly sensitive PLP-auxotroph may saturate quickly and fail 
to distinguish between different ethylene glycol concentrations, 
while the 2KG-auxotroph can still detect variations. On the con-
trary, for our synthetic glycolate reduction pathway, the (modified) 
PLP-aux strain was just sensitive enough to pick up GA forma-
tion in vivo, while the 2KG-aux strain was too insensitive at this 
stage. Overall, this multisensor approach ensures coverage of a 
wide range of GA levels, which becomes crucial and helpful, when 
the output of new pathways or enzyme variants is unknown.

Other studies have effectively made use of auxotrophy-based 
biosensors for other metabolites such as glycerate, formaldehyde, 
oxaloacetate, aspartate, intermediates of the pentose phosphate 
pathway, or even other cofactors such as NADH [40–44] and 
their importance is highlighted for optimizing novel activities in 
vivo [45]. By expanding the repertoire of engineered biosensors, 
this study lays the groundwork for prospective applications in 
biotechnology and synthetic biology.
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