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Biosensors are used to detect and quantify chemicals produced in industrial
microbiology with high specificity, sensitivity, and portability. Most bio-
sensors, however, are limited by the need for transcription factors engineered
to recognize specific molecules. In this study, we overcome the limitations
typically associated with traditional biosensors by engineering Pseudomonas
putida for whole-cell sensing of a variety of chemicals. Our approach integrates
fluorescent reporters with synthetic auxotrophies within central metabolism
that can be complemented by target analytes in growth-coupled setups. This
platform enables the detection of a wide array of structurally diverse chemicals
under various conditions, including co-cultures of producer cell factories and
sensor strains. We also demonstrate the applicability of this versatile biosensor
platform for monitoring complex biochemical processes, including plastic
degradation by either purified hydrolytic enzymes or engineered bacteria. This

microbial system provides a rapid, sensitive, and readily adaptable tool for
monitoring cell factory performance and for environmental analyzes.

Industrial microbiology and metabolic engineering use the Design-
Build-Test-Learn cycle (DBTLc) to endow cell factories with specific
phenotypes suitable for production processes' . The rapid progress in
genetic*® and protein engineering®’, along with advances in automa-
tion protocols®, have accelerated the design and build phases of the
DBTLc. However, the test phase remains a major bottleneck owing to
its substantial time and labor demands. The intricacies inherent to
living organisms restrict the user’s ability to estimate the outcome of
engineering efforts (for example, a production phenotype) when
modifying multiple biological components’™, such as coding
sequences, promoters, and ribosome binding sites (RBSs). An engi-
neered system’s performance is commonly tested by determining
product concentrations. Classical screening methods, however,
remain relatively costly and time-consuming®, compounded by the
absence of universal high-throughput techniques that can be applied
to the detection of structurally unrelated chemicals®.

Biosensors have emerged as an alternative to facilitate screening
and selection of efficient cell factories, with multiple application
examples™ ", These analytical devices transform biological reactions
into quantifiable signals, with reactions executed by entire cells
(whole-cell biosensors, WCBs) or by their individual components, such
as enzymes, transcription factors (TFs), and aptamers'®, Detection of
chemicals by WCBs is often tied to the expression of fluorescent
reporter genes in transducer-based systems amenable to high-
throughput detection methods, such as flow cytometry. In these
cases, analyte recognition occurs through (i) allosteric TFs, which
control reporter expression through analyte-promoter recognition';
(ii) riboswitches, which trigger gene expression through structural
alterations upon ligand binding?; (iii) two-component systems, which
rely on kinase activation by analytes to initiate gene expression?*; or
(iv) fluorescent and color-based sensors, which alter their output upon
interacting with the analyte”. Each of these approaches must be
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assessed for each analyte on a case-by-case basis, as there is no one-fits-
all technique?. Analyte-binding sites are difficult to engineer and thus
limit the scope of detectable chemicals, since analyte-protein inter-
actions are very selective.

Growth-coupled WCBs offer several advantages over transducer-
based systems. In this case, metabolite detection is linked to cell via-
bility in growth-coupled experiments that correlate the presence of
the analyte of interest with biomass formation or the expression of
antibiotic resistance markers” .. The engineering of growth-coupled
WCBs is facilitated by the diverse repertoire of control elements that
bacteria have evolved for detecting and responding to a broad spec-
trum of chemicals in the environment®>*. Catabolism and assimilation
routes®* can be harnessed for chemical sensing, circumventing the
need for specific recognition elements, and enabling the detection of a
broad range of analytes. By implementing synthetic auxotrophies in
these pathways, a growth deficiency is created that can be restored
only by the metabolite to be tested**™*°, thereby coupling microbial
growth to analyte detection.

The field of growth-coupled WCB engineering is promising and
holds strong potential for further development to accelerate the DBTLc.
Growth-coupled approaches based on synthetic auxotrophies, however,
have been largely restricted to the detection of endogenous
metabolites”**. While TF-based biosensors have been implemented to
detect multiple analytes with high sensitivity, including heavy metals®
and aromatic hydrocarbons*®, additional strategies are required for the
detection of other complex chemical substrates and xenobiotics.
Examples of such analytes include synthetic pharmaceuticals (for
instance, fluoxetine) and toxic building blocks (such as bisphenol A),
which can only be detected by expensive HPLC, GC-MS, or LC-MS-based
analytics*’*%, Signal detection in industrial and environmental contexts is
particularly difficult due to interference stemming from the growth of
other organisms or non-biological turbidity in the medium.

In this work, we present a versatile WCB platform to detect and
quantify a variety of chemicals. We chose the non-pathogenic soil
bacterium Pseudomonas putida, known for its diverse and adaptable
metabolism*, as the starting point for WCB engineering. The ability of
P. putida to use structurally diverse molecules as substrates*~* facili-
tated the rewiring of carbon metabolism to create synthetic auxo-
trophies. A fluorescent output, proportional to the cell density, was
also integrated to broaden the limit of detection in growth-coupled
setups. The resulting WCB strains were used to sense and quantify
structurally diverse chemicals across a wide concentration scale, using
microbial growth and fluorescence as primary outputs. We were able
to detect value-added industrial products, including D-lactate and
aromatic compounds, and monitor environmental processes, such as
the enzymatic degradation of polyethylene terephthalate (PET). We
also adapted our system to fit different screening formats (Fig. 1A),
including analyzing culture supernatants, monitoring enzymatic
activities in vitro, and tracking plastic degradation in vivo within a
bacterial co-culture system. Our microbial WCB platform offers a
robust and adaptable solution for detecting a broad range of chemicals
and is suitable for multiple experimental setups, including high-
throughput screening.

Results

Rewiring sugar catabolism in P. putida to establish a platform
WCB strain

P. putida uses a broad spectrum of structurally diverse molecules as
carbon substrates, including aromatic compounds, volatile fatty acids,
sugars, and organic acids®. The diversity of biochemical pathways
involved in the assimilation of these substrates offers attractive
opportunities to create synthetic auxotrophies for growth-coupled
selection®, and a wide synthetic biology toolbox is available to facil-
itate metabolic rewiring in this bacterium® . P. putida can be engi-
neered to render an analyte of interest as an essential precursor for

bacterial growth, such that biomass formation correlates with the
availability of the essential molecule. Furthermore, we reasoned that
fluorescent reporters can be combined with synthetic auxotrophies to
facilitate analyte detection within the low concentration range.

We applied a combinatorial approach, without the use of specific
analyte-recognizing TFs common in transducer-based systems. We
aimed to generate a system with the ability to (i) easily detect biomass
formation with a fluorescence output over a broad range of cultivation
setups, from single-cell growth to high-cell-density cultures; (ii) readily
sense extracellular molecules, allowing for separate detection and
production in microbial co-cultures; (iii) adjust the operational range
through the strength of the growth-coupling dependency, by cali-
brating the concentration of a given metabolite needed to generate
biomass; and (iv) detect several compounds or even analyte families
for different applications with a single WCB design.

Building on these concepts, we first engineered a P. putida strain
designed as a sensor suitable for different applications (Fig. 1A). Since
most bioprocesses for chemical production use sugar feedstocks, such
as products derived from lignocellulosic substrates, glucose assimila-
tion was blocked as a requisite for growth-coupled detection of che-
micals. Using a series of in-frame gene knockouts (Supplementary
Table 1 and 2), we disrupted the uptake, oxidation, and downstream
catabolism of glucose’®*. These 10 gene deletions were expected to
deactivate the utilization of all three P. putida hexose substrates
(glucose, gluconate, and 2-ketogluconate; Fig. 1B). Additionally, an
msfGFP reporter gene, under transcriptional control of the constitutive
P14z promoter®, was integrated into the genome via Tn7-mediated
chromosomal insertion (Fig. 1B), allowing for monitoring growth
through fluorescence. We called this first-generation strain P. putida
SENS, the starting point for a family of WCB strains designed for che-
mical sensing (Supplementary Fig. 1 and Table 1).

We next phenotypically characterized this strain in batch culti-
vations using different carbon substrates in de Bont minimal (DBM)
medium. The parental strain (P. putida KT2440) could grow on all
three hexose substrates with doubling times between 0.8 and 1.5h,
whereas P. putida SENS was not able to metabolize any of these sugars
even upon prolonged incubation (Fig. 1C). The use of alternative car-
bon sources was unrestricted: P. putida SENS could metabolize gly-
cerol; other carbohydrates (fructose); organic acids feeding either the
tricarboxylic acid (TCA) cycle (succinate and citrate) or the lower
glycolysis pathway (pyruvate; Fig. 1D); and an aromatic substrate
(protocatechuate; PCA). We verified a linear relationship between the
fluorescence signal and biomass concentration during the exponential
growth phase with all substrates (Supplementary Fig. 2), indicating
that msfGFP fluorescence can be adopted as a proxy of bacterial
growth. Based on these results, we tested P. putida SENS for chemical
detection in a variety of processes.

Sensing protocatechuate production in Pseudomonas co-
cultures
We next tested whether we could use the SENS strain to detect and
quantify an extracellular molecule, PCA, in microbial co-cultures. PCA is
a valuable precursor for pharmaceuticals, flavors, and fragrances, and
biotechnological production of this aromatic compound has gained
interest in reducing our dependence on petrochemistry®.. Because the
SENS strain is unable to use glucose but grew efficiently on PCA as the
sole carbon source, we paired it with a P. putida producer strain that
grows on glucose and synthesizes PCA from sugars (P. putida PCA). We
have engineered this producer strain to overexpress genes encoding
rate-limiting enzymes in PCA biosynthesis, and also is also engineered
to suppress feedback inhibition, PCA degradation, and the rerouting of
precursors away from competing pathways™.

To verify that the growth and fluorescence of P. putida SENS can
be used as a proxy for sensing PCA, we incubated this strain in the
presence of varying concentrations of PCA (0.075 to 75 mM, Fig. 2A).
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While growth rates did not substantially vary with the PCA con-
centration up to 50 mM, the end-point normalized fluorescence values
(derived from measurements of the msfGFP fluorescence and the
optical density at 600 nm, ODgo0) showed a linear correlation with the
initial PCA concentration up to 50 mM (R? = 0.98; Fig. 2B), even at the
lowest concentrations tested (0.075, 0.15, and 0.3 mM; Fig. 2B, inset).
At high substrate concentrations, microbial growth on aromatic

substrates could be limited by oxygen transfer, especially in microtiter
well plates. At 75mM PCA, the cell density remained low even after
40 h of cultivation, probably due to substrate toxicity®>.

Motivated by these results, we cultured P. putida SENS and the
P. putida PCA producer strain strains in DBM medium supplemented
with 20 mM glucose in different formats (Fig. 2C). Growth and msfGFP
fluorescence were continuously recorded in a microtiter plate reader.

Nature Communications | (2024)15:8316


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52755-y

Fig. 1| Engineering P. putida as a broadly applicable sensor for structurally
diverse chemicals. A General concept underlying whole-cell chemical detection by
sensor strains. Rewiring the metabolism of P. putida enables selective assimilation
of specific analytes (gray symbols), allowing for growth-dependent detection. The
applications in this study (testing the efficiency of in vitro enzymatic activities,
detecting industrially relevant metabolites produced by cell factories, and char-
acterizing plastic breakdown by engineered bacteria in a co-culture system) are
indicated in the diagram. B Metabolic rewiring of P. putida KT2440 to develop the
first-generation SENS strain. Assimilation of glucose and its oxidized derivatives,
gluconate and 2-ketogluconate (2KG), was blocked by eliminating genes encoding
sugar transporters (gtsABCD, glucose transporter; gntT and PP_0652, gluconate
transporters; and kguT, 2KG transporter), sugar kinases (glk, glucose kinase; gnuk,
gluconate kinase; and kguK, 2KG kinase), and specific dehydrogenases (gcd, glu-
cose dehydrogenase; and gad, gluconate dehydrogenase). Isocitrate lyase (aceA)

and a key gene of the type VI secretion system (tssAI) were deleted in derivatives of
the first-generation SENS strain for specific applications. The reporter module
comprises a constitutively expressed msfGFP gene, inserted in the genome at the
Tn7 attachment site (attTn7). Abbreviations: TCA cycle; tricarboxylic acid cycle;
G6P, glucose-6-phosphate; 6PG, 6-phosphogluconate; 2K6PG, 2-keto-6-phos-
phogluconate; OAA, oxaloacetate; AKG, a-ketoglutarate; and CoA, coenzyme A.

C Growth profile of wild-type (WT) P. putida KT2440 and the sensor SENS strain on
different sugars. Both strains were incubated in de Bont minimal medium supple-
mented with either glucose, gluconate, or 2KG; cell density was estimated as the
optical density at 600 nm (ODg00). Specific growth rates are indicated.

D Fluorescence profile of strain SENS grown on different carbon sources supple-
mented at 10 mM. Cultures were prepared as indicated for panel (C); abbreviations:
PCA, protocatechuate; AU, arbitrary units. In all cases, results represent average
values + standard deviations from three independent experiments.
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Fig. 2 | Sensing protocatechuate in a bacterial co-culture. A P. putida SENS was
grown in DBM minimal medium with varying concentrations (conc.) of proto-
catechuate (PCA). The msfGFP fluorescence was continuously monitored during
growth and is plotted in semi-logarithmic scale. Abbreviation: AU, arbitrary units.
B Correlation between final fluorescence signals and supplemented PCA. The inset
shows the regression at low PCA concerns. (50 uM to 1 mM, R? = 0.97). C Principle of
the co-culture for detection of PCA produced by cell factories. A P. putida strain
engineered for PCA biosynthesis (P. putida PCA) consumes glucose and produces
PCA, while the sensor strain is unable to utilize sugars, but grows on the PCA
secreted by the producer strain. P. putida PCA has several competing pathways
knocked out (ppc, pyk, pykA, pcaG, and pcaH), rate-limiting enzymes are over-
produced (TKTA, AroQ, and QuiC), and the aroF-/ gene was modified to remove
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feedback inhibition. Abbreviations: 6PG, 6-phosphogluconate; PEP, phosphoe-
nolpyruvate; Pyr, pyruvate; E4P, erythrose 4-phosphate; DAHP, 3-deoxy-D-
arabinoheptulosonate 7-phosphate; DHQ, 3-dehydroquinate; DHS, 3-dehy-
droshikimate; CMA, B-carboxy-cis,cis-muconate; EDP, Entner-Doudoroff pathway;
PPP, pentose phosphate pathway; TCA cycle, tricarboxylic acid cycle. D msfGFP
fluorescence in co-cultures of the producer strain (P. putida PCA) and the sensor
strain (P. putida SENS) in DBM medium with 20 mM glucose. In control experi-
ments, the producer strain and wild-type P. putida KT2440 were individually grown
in the same conditions. Wild-type P. putida KT2440 was also co-cultured with the
SENS strain, which could not grow under these conditions. In all cases, results
represent average values + standard deviations from three independent
experiments.

Individual cultures of P. putida KT2440 (wild-type strain) and P. putida
PCA, and a co-culture of P. putida KT2440 with P. putida SENS; all
showed similar, low, fluorescence values (<5000 arbitrary units,
Fig. 2D). The fluorescence background is expected because P. putida is
known to display autofluorescence in the minimal medium due to
siderophore excretion®. These control experiments show that P.
putida does not excrete any metabolites that can be used by the sensor

strain as a growth substrate. As expected, P. putida SENS did not grow
as a pure culture under these conditions.

When P. putida PCA was co-cultured with P. putida SENS, we
observed a fluorescence value > 3-fold higher than that of the P. putida
PCA producer strain alone. The fluorescence profile ramped up shortly
after the producer strain started growing, indicating that P. putida
SENS can grow on PCA as soon as it is produced. TF-based biosensors
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for this aromatic compound®*** exhibit a logarithmic response (the

output signal roughly doubles upon a 10-fold increase in the analyte
concentration). In contrast, the growth-coupled approach illustrated
here displayed a linear response. Our system is therefore a promising
alternative to screen for high-titer producing strains in a high-
throughput fashion as smaller differences in output can be detected.
These results encouraged us to test the system for sensing metabolites
produced by a different bacterial species.

Sensing D-lactate production by engineered E. coli with P.
putida SENS-L

D-Lactate, a top value-added chemical with multiple industrial appli-
cations, can be produced by cell factories from a variety of
feedstocks®. Screening methods to select high-level producers often
involve measuring the concentration of the acid in culture super-
natants by chromatography®, which limits the screening throughput.
Hence, we explored if P. putida SENS could facilitate the detection and
quantification of D-lactate produced by cell factories from glucose.

We first engineered P. putida SENS to be compatible with an E.
coli-based production system for D-lactate. Since E. coli secretes
acetate as an overflow metabolite when grown on sugars, the assim-
ilation of this organic acid by P. putida SENS was blocked by deleting
the isocitrate lyase gene (aceA, Fig. 1B). The resulting strain (Supple-
mentary Table 1 and Fig. 1) was unable to grow on acetate as the only
carbon substrate, whereas growth in DBM medium containing a per-
missive, gluconeogenic carbon source (succinate) was unaffected
(Supplementary Fig. 3). We also disarmed P. putida’s type VI secretion
system, used to attack other Gram-negative bacteria such as E. coli, by
knocking-out tssA1, a gene essential for the system’s activity®’ (Fig. 1B).
We dubbed this new strain SENS-L.

Next, we asked if D-lactate can be quantified with P. putida SENS-L.
We grew strain SENS-L without D-lactate, as a control, and with
D-lactate at concentrations up to 20 mM. The maximum msfGFP signal
increased up to 60-fold compared to the background fluorescence in
the control experiment (Fig. 3B). We also identified a reproducible
increase in the fluorescence signal (3-fold) at low D-lactate con-
centrations (0.15 mM, Fig. 3C), even when the sensitivity of the fluor-
escence detector was set to its lowest detection level. These results
indicate that P. putida SENS-L can be used for detection of the acid over
a 200-fold concentration range, with the msfGFP output linearly cor-
relating with D-lactate concentration (R*=0.98).

To implement P. putida SENS-L as a D-lactate-sensor strain in a
biotechnology-relevant setup, we engineered E. coli for glucose-
dependent D-lactate production. We first deleted the catabolic
D-lactate dehydrogenase (dld) gene®® to prevent D-lactate degradation
(Fig. 3D). We then generated a combinatorial expression library com-
prising nine different constitutive promoters and nine regulatory ele-
ments (RBSs and bicistronic designs, BCDs*’) hooked up to the
D-lactate dehydrogenase gene of P. putida KT2440 (IdhA PP, PP 1649),
in a low-copy-number vector’® (Supplementary Tables 1 and 3). As a
positive control strain, a highly active mutant of the LdhA dehy-
drogenase from Bos taurus (*IdhAM*%)", expressed under the con-
stitutive Py, promoter (Supplementary Table 1), was introduced in E.
coli Adld. As a negative control strain, we transformed the same E. coli
Adld strain with an empty vector.

We next tested individual clones from our E. coli library for
D-lactate production. We cultured P. putida SENS-L for 24 h in super-
natants from E. coli clones grown in glucose-containing media,
including supernatants from negative- and positive-control E. coli
strains. The positive control experiment yielded an msfGFP signal
2-fold higher than background levels, while the negative control
experiment yielded a fluorescence output within the background. The
assays with supernatants from the E. coli library strains, in turn, yielded
msfGPF levels above the background for all promoter and RBS com-
binations, over a 26-fold range (Fig. 3E). Seven IdhA PP designs led to

msfGFP levels >10-fold higher than the negative control (Fig. 3E); the
combination of the constitutive Pg\;; promoter and the strong BCD1
translation coupler [Pgy7(BCD1)~>IdhA _PP] yielded the strongest fluor-
escence signal.

To validate these results with an independent analytical
method, the D-lactate concentration in the supernatants was mea-
sured by HPLC (Supplementary Table 4). D-Lactate could not be
detected in cultures of the negative control strain, whereas the
positive control strain produced up to 0.7 mM D-lactate. The strain
harboring the Pgyv7(BCD1)->IdhA_PP design produced D-lactate to
4.7 mM, the highest titer among all the variants (Supplementary
Table 4). A poor linear correlation between msfGFP fluorescence of
P. putida SENS-L and HPLC quantification of D-lactate was observed
(R*=0.48, Fig. 3E). We note that D-lactate detection by HPLC was
challenging due to the presence of other compounds that eluted
closely with the target metabolite. The poor producer strains had a
low fluorescence output, apart from three variants that yielded a
higher fluorescence signal than expected for the low D-lactate levels
detected. In contrast, the four best D-lactate producers gave the
highest fluorescence signal among all variants. These results indi-
cate that the sensor strain can be applied for screening of high-level
D-lactate producers (>1.5mM), which prompted us to further
explore other potential applications, including monitoring plastic
degradation processes.

Engineering the SENS strain to detect PETase activity through
terephthalate assimilation

Plastic pollution is a major environmental concern of our modern
society. Polyethylene terephthalate (PET), for instance, accounts for
ca. 12% of global solid waste and is predominantly managed through
incineration. The potential for biological upcycling of PET materialized
with the discovery of Ideonella sakaiensis, the first bacterium known to
degrade PET’>”. In a biological process for PET degradation, the initial
depolymerization is catalyzed by either PETases or cutinases; the
hydrolysis products are bis(2-hydroxyethyl) terephthalate (BHET),
mono(2-hydroxyethyl) terephthalate (MHET), terephthalate (TPA),
and ethylene glycol (EG) (Fig. 4A). These biological processes for
plastic degradation are promising, but testing engineered and newly
discovered hydrolytic enzymes and microbial strains remains tedious
and time-consuming, since current methods have a limited throughput
and capacity’*”’. We explored if WCB approaches have the potential to
screen both enzymes and microbial strains for plastic degradation
more effectively under different conditions.

The first step was to enable growth of the SENS strain on TPA, a
PET hydrolysis product. To this end, we engineered the SENS strain to
express the tph operon of P. umsongensis, a strain isolated from soil
exposed to PET granules’®”. This operon encodes the genes that
convert TPA into PCA and another intermediate (1,2-dihydroxy-3,5-
cyclohexadiene-1,4-dicarboxylic acid) (Fig. 4B); PCA can be assimilated
by P. putida KT2440, with succinate and acetyl-coenzyme A as the final
products®. The engineered strain, bearing the pBT-T_tph plasmid, was
dubbed P. putida SENS-T, and it grew on a minimal medium containing
2 g L' TPA (Fig. 4C) with a high correlation between biomass formation
and fluorescence output (R*=0.99, Supplementary Fig. 4).

Since our WCB approach relies on biomass formation, faster
growth would benefit the speed of screening based on P. putida
SENS-T. Therefore, P. putida SENS-T was submitted to adaptive
laboratory evolution with TPA as sole carbon and energy source. The
specific growth rate doubled after only one week of evolution (up to
0.55h™) and improved slightly in the following seven weeks to finally
reach 0.64 h™ (Fig. 5A). The evolved TPA-sensor strain was termed P.
putida SENS-TE (Supplementary Fig. 1).

Sequencing of the evolved strains revealed mutations in both the
chromosome and the pBT-T_tph plasmid (Supplementary Table 5). The
mutations in the chromosome of the evolved strain appear to be
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general adaptations for faster growth in minimal medium®, with no
direct association with TPA utilization (Supplementary Table 5).The
evolved pBT-T_tph plasmid (pBT-T_tph*) contained two mutations: one
in an intergenic region of the backbone, and the other was a adenine-
to-guanine transition at the -16 position upstream of iclR, an isocitrate
lyase regulator (IcIR)-type gene®’. We predicted that this mutation
affects the RBS upstream iclR (Fig. 5B), and in silico analysis® estimated

msfGFP fluorescence [AUx10-°]

a24% increase in the translation initiation rate of ic/R. Elevated levels of
IcIR likely increase transcription of the tph genes. The adenine-to-
guanine transition was reverse-engineered into the original sequence,
giving rise to plasmid pBT-T_tph", which was introduced into the pre-
evolved SENS strain. In parallel, the evolved pBT-T_tph* plasmid was
isolated and likewise introduced into the SENS strain. Both strains,
carrying the evolved or reverse-engineered plasmid, grew on TPA with
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Fig. 3 | Testing a library of E. coli strain engineered for D-lactate production
with a P. putida sensor strain. A Screening high-titer D-lactate producers with a
whole-cell biosensor. E. coli engineered for D-lactate production can grow on glu-
cose, which cannot be utilized by the sensor strain (P. putida SENS-L). Assimilation
of acetate by strain SENS-L, a major by-product of E. coli, was prevented by deleting
aceA. D-Lactate is used by the sensor strain as the only growth substrate, coupling
the D-lactate concentration (concn.) secreted by engineered E. coli to the fluor-
escent (msfGFP) output by P. putida SENS-L. Abbreviations are as indicated in the
caption of Fig. 1. B Calibrating the growth and fluorescence output of the sensor
SENS-L strain with respect to the D-lactate concn. The sensor strain was incubated
in DBM medium supplemented with D-lactate at different concns.; the msfGFP
signal was normalized to the cell density and plotted in semi-logarithmic scale over
time. C Relationship between maximum msfGFP fluorescence by P. putida SENS-L
and the D-lactate concn. The lowest range of analyte concns. (<1 mM) is zoomed-in
in the inset; the maximum D-lactate concn. quantifiable within the linearity range is
highlighted in orange. D Engineering E. coli for D-lactate production from glucose.

Product degradation was prevented by deleting dld, and a combinatorial library of
constitutive promoters and ribosome binding sites (RBS), regulate the expression
of I[dhA_PP, a D-lactate dehydrogenase gene from P. putida, was introduced in the E.
coli Adld strain. E Exploiting P. putida SENS-L to screen for high-titer D-lactate
producers. E. coli Adld, carrying the combinatorial [dhA_PP library, was grown on
M9 minimal medium with 20 mM glucose; individual culture supernatants were
transferred to a new microtiter plate, inoculated with P. putida SENS-L and incu-
bated for 24 h. Normalized fluorescence signals by strain SENS-L are shown for
selected promoter and RBS combinations. The culture supernatant of E. coli Adld
carrying a plasmid with constitutive expression of a mutant version of the IdhA
from Bos taurus was used as a positive control (+); the negative control (-) consisted
of the same E. coli strain carrying an empty plasmid. In all cases, results represent
average values + standard deviations from three independent experiments. The
inset shows the relationship between D-lactate quantification via msfGFP fluores-
cence with the sensor strain and HPLC for all experimental samples.
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Fig. 4 | Engineering TPA assimilation in P. putida SENS. A Polyethylene ter-
ephthalate (PET) can be degraded by hydrolytic enzymes (for instance, PETases and
cutinases). Metabolites resulting from these enzymatic reactions are BHET, bis(2-
hydroxyethyl) terephthalate; MHET, mono(2-hydroxyethyl) terephthalate; TPA,
terephthalate; and EG, ethylene glycol. MHET can be converted into TPA and EG by
MHETase; this enzyme also displays residual activity on BHET, yielding MHET and
EG. Abbreviations: CoA, coenzyme A; DCD, 1,6-dihydroxycyclohexa-2,4-diene-
dicarboxylate. B The tph operon from P. umsongensis, encoded in plasmid
pBT-T_tph, enables TPA transport and catabolism in P. putida SENS-T. The tph
operon encodes an IcIR-type regulator (regulating the expression of the remaining
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genes in the cluster), the TPA 1,2-dioxygenase subunits a (¢phA2) and B (¢phA3), a
reductase (tphAl), a dehydrogenase (tphB), and a TPA transporter (¢phK). These
activities convert TPA into protocatechuate (PCA). PCA is assimilated by P. putida
through its conversion into succinate and acetyl-CoA. C Assessing TPA assimilation
by the sensor P. putida SENS-T strain. P. putida SENS was transformed with either
the pBT-T_tph plasmid or an empty vector (pSEVA221). The resulting strains were
incubated in DBM medium supplemented with 2 g L™ TPA as the only carbon
substrate. Growth and msfGFP fluorescence profiles are shown as average values +
standard deviation of three independent experiments. Abbreviations: AU, arbi-
trary units.

n=0.57h™ (Fig. 5C), similarly to the evolved strain. Furthermore, a
reduction in the lag phase was apparent with both strains, likely caused
by a higher basal expression of the ¢tph operon.

We next tested the capacity of the evolved strain P. putida
SENS-TE to sense TPA. The strain grew quickly on varying concentra-
tions of TPA and gave a stable fluorescent output (Fig. 5D), which
correlated linearly with the TPA concentration. Even though the sen-
sitivity of the plate reader was set at low gain, a 2-fold signal increase
over the background was verified at concentrations as low as 156 pM
TPA (Fig. 5E). The response of SENS-TE was linear over the entire
concentration range (R*=0.97, Fig. SE), with an 80-fold change in the
msfGFP fluorescence, indicating a wide sensitivity and operational
range. These results compare favorably with TF-based biosensors
reported in the literature. One such biosensor, for instance, had a
maximum 7-fold increase in fluorescence when exposed to 10 mM
TPA®“. Our results prompted us to explore other formats for sensing
PET degradation.

Engineering the SENS-T strain to quantify enzymatic PET
depolymerization
We reasoned that the sensor P. putida strain could be applied to assess
enzyme activity, offering an opportunity for high-throughput screen-
ing of variants and treatment conditions®**°, The major products of
most PET-degrading enzymes are MHET and BHET, which slowly
degrade to TPA and EG by the enzymes themselves or MHETases (a
MHET hydrolase from /. sakaiensis, Fig. 4A). To enhance the sensitivity
of our WCB setup, we sought to engineer the evolved SENS-TE strain to
degrade MHET (Fig. 6A). To this end, we inserted a codon-optimized
version of the MHETase from [. sakaiensis together with its native
secretion signal® into the genome of P. putida SENS-TE using a mini-
Tn5 transposase (Supplementary Table 1and 6). The strain variant with
fastest growth on MHET (Supplementary Table 1 and Fig. 5) was dub-
bed P. putida SENS-TM and selected for further engineering.
Enabling EG assimilation in the sensor strain would further
increase the amount of accessible carbon substrate (Fig. 6A) and
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Fig. 5 | Adaptive laboratory evolution improves TPA detection by the sensor P.
putida SENS-T strain. A Growth profile of the sensor P. putida SENS-T strain and its
derivatives isolated at different points during adaptive laboratory evolution (ALE)
in DBM medium with 1g L™ TPA. The naive (pre-evolution) SENS strain was

retransformed with plasmid pBT-T_tph", isolated from the strain that underwent 7
weeks of ALE (indicated as evolved plasmid). B Physical map of the iclR locus of P.
umsongensis, highlighting the mutation detected in the evolved plasmid pBT-T_tph®
upon sequencing after ALE. C Growth profile of the sensor P. putida strain before
(SENS-T) and after ALE (SENS-TE), compared to the naive strain transformed with
the evolved and reverse-engineered plasmid pBT-T_tph", carrying an A-to-G
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transition at -16 nt of ic/R (indicated as engineered plasmid). All strains were grown
in DBM medium supplemented with 2 g L! TPA. D msfGFP fluorescence profile of
the sensor P. putida SENS-TE strain grown in DBM medium with increasing TPA
concentrations (concn.). E Relationship between maximum msfGFP fluorescence
by the sensor P. putida SENS-TE and the TPA concn. in the medium. The lowest
range of analyte concns. (<1mM) is zoomed-in in the inset; the maximum TPA
concn. quantifiable within the linearity range is highlighted in light blue. In all cases,
growth and msfGFP fluorescence profiles are shown as average values + standard
deviation of three independent experiments. Abbreviations: AU, arbitrary units.

reduce glycolaldehyde accumulation as a toxic intermediate resulting
from partial EG catabolism®®. Hence, we generated a SENS-TM strain
capable of assimilating EG. The only essential modification needed in P.
putida to awaken EG utilization is blocking the activity of the GcIR
regulator®®, which represses the gcl operon responsible for glyoxylate
catabolism” (Fig. 4A). We inactivated gcIR by CRISPR base-editing** in
the SENS-TM strain, enabling growth on EG (Supplementary Fig. 6).
The fully engineered strain (termed P. putida SENS-P), expressing
MHETase and able to utilize EG, should more sensitively detect PET
breakdown. The assimilation of EG and MHET by P. putida SENS-P was
explored by incubating the strain with 10mM TPA and varying
amounts of each substrate; strain SENS-TE was included as a control.
While the growth of P. putida SENS-TE was not affected by the presence
of either PET degradation product, strain SENS-P showed anincrease in
biomass and fluorescence depending on the amount of EG and MHET
supplemented (Fig. 6B).

We implemented P. putida SENS-P to quantify enzymatic PET
degradation by the leave and branch compost cutinase (LCC)” in a
two-stage process. In the first stage, PET particles were incubated with
LCC under a range of conditions to be screened for optimal degrada-
tion. We tested varying temperatures (50 or 60 °C), treatment times
(7 or 24 h), and enzyme concentration (0.1 or 0.5 uM). In the second
stage, P. putida sensor strains were incubated on the supernatant of

the enzymatic reactions. We quantified all potential degradation pro-
ducts by inoculating strain SENS-P (TPA, MHET, and EG) and strain
SENS-TE (TPA). We observed a 3-fold higher msfGFP signal across all
assays when using the fully engineered SENS-P strain as compared to
strain SENS-TE, which can only assimilate TPA (Fig. 6C).

We found that increasing the temperature during enzymatic
treatment of PET roughly doubled plastic hydrolysis in all conditions
(Fig. 6C), whereas a higher LCC concentration boosted degradation by
4-fold at 24 h. Extending the incubation time increased PET degrada-
tion across all conditions. Assessing PET degradation with our sensor P.
putida strains correlated well with the TPA and MHET concentrations
measured in the samples by HPLC (Fig. 6D). Using the two sensor
strains allowed us to distinguish the different degradation products;
MHET was the main product in all conditions, followed by TPA and
BHET (Supplementary Fig. 7 and 8).

The sensor strains had a sensitivity sufficient to detect enzyme
activity under all the conditions tested, even when TPA and MHET were
released at very low ( < 50 pM) concentrations. Hence, the WCB system
is suitable for in vitro screening of multiple conditions and enzyme
variants. This setup has the potential to facilitate the assessment of
variant libraries that previously could only be analyzed through time-
consuming measurement of metabolites by HPLC. We next asked
whether this approach could be extended to an in vivo setup.
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Fig. 6 | Construction of the sensor P. putida SENS-P strain for detecting PET-
degradation products. A Enabling ethylene glycol (EG) and monohydroxyethyl
terephthalate (MHET) assimilation to construct the sensor P. putida SENS-P strain.
The growth of strain SENS-T was improved through adaptive laboratory evolution,
yielding SENS-TE; subsequent genomic integration of a MHETase module enables
constitutive production and secretion of this hydrolytic enzyme (P. putida
SENS-TM). Deletion of the gcIR regulator gene lifted the repression of the catabolic
pathway that transforms glyoxylate into pyruvate, allowing for complete assim-
ilation of PET-breakdown products; these modifications gave rise to strain SENS-P.
B Combinatorial titration of MHET and EG for the sensor strains SENS-TE, which can
only consume TPA, and SENS-P, engineered for MEHT and EG consumption. The
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msfGFP fluorescence profile of the sensor strains was evaluated in DBM medium
with 10 mM TPA and increasing MHET and EG concentrations (concn.). C A sus-
pension of 20 g L™ PET was treated with the leaf and branch compost cutinase
(LCC) at different enzyme concentrations (concn.), incubation times, and tem-
peratures. After enzymatic treatment, the supernatant was inoculated with the
sensor strain P. putida SENS-TE (left) or SENS-P (right). The msfGFP fluorescence
signal was recorded after 24 h. D Relationship between the concentration of PET
degradation products (TPA and MHET, independently quantified by HPLC) and the
msfGFP fluorescence signal by sensor strain SENS-TE (left) and SENS-P (right). In all
cases, results represent average values + standard deviation of three independent
experiments. Abbreviations: AU, arbitrary units.

Using the SENS-P strain to characterize in vivo PET degradation
by engineered P. putida
We next explored the application of the SENS-P strain to detect in vivo
plastic breakdown in a co-culture system. In this setup, a plastic-
degrading strain utilizes glucose as carbon and energy source, while
the sensor strain grows on the degradation products released from
PET by the PETase hydrolase (Fig. 7A). We engineered P. putida to
constitutively express the PETase gene from . sakaiensis” and secre-
tion of the hydrolytic enzyme was established by fusing it to the porin F
signal peptide, giving raise to P. putida PET-D (Fig. 7B). The PET-
degrader strain was tested qualitatively by growing on minimal med-
ium agar plates supplemented with BHET. P. putida PET-D generated
clear halos surrounding the colonies after 7 days (Fig. 7B).

We next cultivated the PET-degrader strain together with P. putida
SENS-P (Fig. 7C). No growth was detected in control experiments
inoculated with the sensor strain alone, highlighting its dependence on a

plastic-degrading strain to release growth substrates. When co-cultured,
the two strains had comparable growth rates and achieved similar cell
densities. A significant increase in the msfGFP signal was observed when
the co-culture was incubated with BHET, displaying a ca. 22-fold higher
fluorescence level than the control experiment after 80 h (Fig. 7D). This
fluorescence output was not observed in monocultures or in cocultures
using glucose. The fluorescence began to increase around 18 h and
continued to rise throughout the 80 h of incubation. The protracted
msfGFP signal reflects the time needed for P. putida PET-D, the plastic-
degrading strain, to grow first and provide the substrates for P. putida
SENS-P, the sensor strain. Taken together, these results validate the use
of WCB approaches for characterizing plastic degradation in vivo.

Discussion
In this work, we engineered P. putida as a widely applicable WCB by
rendering several analytes of interest essential for growth through
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Fig. 7| Characterizing microbial PET degradation by engineered bacteria with a
growth-coupled, whole-cell P. putida sensor in a co-culture system. A Principle
of the co-culture system for characterizing microbial PET degradation. The engi-
neered PET-degrader strains (P. putida PET-D) secrete hydrolytic enzymes needed
for PET breakdown into MHET, BHET, TPA, and EG; these metabolites can be uti-
lized by the sensor strain (P. putida SENS-P) as carbon sources, yielding a fluor-
escent output proportional to the PET depolymerization capability of the
corresponding degrader P. putida strain. B Genetic construct used to engineer PET-
degrader strains. Microbial PET degradation was qualitatively tested by incubating
wild-type (WT) P. putida KT2440 carrying an empty vector, and P. putida PET-D on
AB medium agar plates supplemented with BHET for 14 days; clear halos around the

bacterial colonies are indicative of polymer breakdown. Three independent bio-
logical replicates are shown. C Growth profile of co-cultures performed with PET-
degraders and the sensor strain. As control, P. putida PET-D and P. putida SENS-P
were each cultivated alone. The AB medium was supplemented with 5.5 mM glu-
cose with or without 2 mM BHET; the dashed gray line represents the background
absorption by BHET in the medium. D msfGFP fluorescence profile of the co-
cultures. The mean fold-change in fluorescence levels in the co-culture setup was
calculated with respect to the control culture (PET-degrader only) at 80 h. In all
cases, results represent average values + standard deviation of four independent
experiments. Abbreviations: AU, arbitrary units.

metabolic rewiring. We demonstrated the versatility of the system by
detecting structurally diverse molecules, including PCA, D-lactate, and
PET-degradation products, by dedicated P. putida WCB strains across a
range of operating conditions. The modular nature of this microbial
sensing platform facilitates the future customization of WCB strains to
detect additional target chemicals with only minimal genetic mod-
ifications. The general strategy mitigates several constraints inherent
to conventional methods, which typically require redesigning a bio-
sensor for each new analyte. Since the measurable outputs of the
system are cell density (ODggo) and fluorescence, this approach does
not require sophisticated equipment and simplifies implementing the
test phase of the DBTLc. Our platform can also be exploited for high-
throughput screening. A recent report outlines the implementation of

droplet-based screening using Lactococcus lactis, engineered to detect
specific amino acids’, for selecting strains of lactic acid bacteria with
enhanced glutamate and leucine production. Detection of molecules
by transducer-based biosensors has also been demonstrated in a
microdroplet format®, expanding the potential applications of our
system to ultra-high-throughput setups.

The sensitivity and selectivity of WCB strains can be tuned as
needed. The desired sensitivity of a sensor strain depends on how
much analyte is needed for building a certain amount of biomass™**>.
For example, the target metabolite could act as the sole carbon or
nitrogen source or replenish an essential-but low-demand—metabo-
lite in the biochemical network (for instance, dihydroxyacetone
phosphate or succinyl-coenzyme A). The demand is markedly different

Nature Communications | (2024)15:8316

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52755-y

in these cases. The boundaries for each auxotrophy can be defined by
partitioning the metabolism into a node that is only fed by the target
analyte and another node that can be replenished by another sub-
strate, enabling control over the sensitivity of the WCB.

The selectivity of a WCB is likewise adjustable. Again, any given
metabolic node can be isolated from the rest of the metabolism to
allow influx of one or more substrates that complement the synthetic
auxotrophy. In general, having a larger auxotrophic node, where
multiple pathways converge, will allow for more substrates to com-
plement the auxotrophy. Unwanted complementation can be pre-
vented by blocking either the uptake or metabolism of these
substrates, as shown in this study for the hexose substrates of P.
putida. Another option to avoid an unwanted complementation is to
disconnect the metabolism of the substrate such that it can no longer
complement the auxotrophy. In this case, the substrates can still be
metabolized but cannot recover growth of the sensor strain. In our
study, this approach is exemplified through the aceA deletion in P.
putida SENS-L, such that acetate still served as an energy source but
could not be used for synthesizing building blocks for biomass.

Three cases can be differentiated in the implementation of
growth-coupled WCBs. Firstly, the chemical of interest can comple-
ment the auxotrophy through the native metabolism of the host. Thus,
no engineering of the host is necessary, as illustrated in our study with
PCA. Secondly, complementation of the auxotrophy can occur
through expression of heterologous genes, shown here for detecting
PET-degradation products through functional expression of the tph
cluster. Thirdly, the chemical of interest could be a xenobiotic (vir-
tually foreign to life, for example, polycyclic aromatic hydrocarbons).
In this case, our WCB technology can be applied to identify and isolate
catabolic pathways™ (for instance, from metagenomes of con-
taminated sites) or engineered enzymes, thus wiring xenobiotics into
the native metabolism. Two recent examples of this scenario are the
degradation of fluoxetine”” and Tris [2-amino-2-(hydroxymethyl)pro-
pane-1,3-diol]*®. Some of these examples are illustrated in Fig. 8, where
the hierarchy of exogenous and endogenous metabolites of P. putida is
used to show the potential of sensing structurally complex substrates.
Engineering efforts are greatly aided by the growth-coupling nature of
our approach, as evolution and selection help establish catabolic
pathways, as long as they can be connected to biomass formation.

Existing resources can be harnessed to extend our approach to
other microbial hosts and target analytes. Genome-wide knockout
libraries, such as the Keio collection of E. coli mutants’®, can be sourced
to establish synthetic auxotrophies. For the design of more complex
synthetic auxotrophies, genome-scale metabolic reconstructions can
be employed®'°*'!, For example, 213 essential metabolites have been
identified for E. coli'®, offering possibilities for coupling the presence
of multiple analytes to bacterial growth. Moreover, databases on
functional and molecular information of enzymes, predictive tools for
protein function, and a wealth of in silico approaches for enzyme
engineering'®% are available to ease the design of metabolic shunts
that wire any target analyte into the metabolism of sensor strains.
While these prospects for implementation are attractive, the system
displays some inherent limitations for specific sensing applications.
Biologically inert chemicals, for instance, may only be detectable by
other analytical means and remain unviable for this system. Also,
samples containing a broad range of structurally similar compounds,
such as lignocellulosic hydrolysates'®, might present a challenge for
selectively sensing individual chemicals. Furthermore, sensing with
bacterial WCBs can only occur under physiological conditions.
Therefore, sensing chemicals in samples that require working at high
temperatures (for instance, to ensure solubility’”’) or containing high
concentrations of toxins'® either requires specialized microbial
chassis' or is outside the functional range of this platform. Also, in co-
culture production setups, the WCB could consume the product(s) it
detects, potentially changing the behavior of the system. To avoid this

limitation, a delayed co-culture might be suitable, where the sensor
strain is inoculated at a very low density to allow the production phase
to proceed to almost completion before significant growth of the
sensor strain is formed.

Importantly, considering that our approach links microbial
growth with enzyme and pathway performance, high-throughput set-
ups can be leveraged for the self-optimization of biocatalysts though
adaptive laboratory evolution®", Implementing this strategy could
enhance the utility of growth-coupled WCBs, extending its application
beyond testing to also support the build phase of the DBTLc.

Methods

Bacterial strains, plasmids, and culture conditions

The bacterial strains and plasmids used in this study are described in
Supplementary Table 1. £. coli strains were routinely cultivated at 37 °C,
P. putida-derived strains were incubated at 30 °C. Lysogeny broth (LB,
containing 10 g L™ tryptone, 5 g L™ yeast extract, and 5g L™ NaCl) was
used for overnight (16 h) cultures and pre-cultures; these were culti-
vated in a MaxQ™ 8000 incubator (Thermo Fisher Scientific Co.,
Waltham, MA, USA) with constant agitation at 250 rpm. For substrate-
dependent growth and sensing experiments, P. putida strains were
cultivated in de Bont minimal (DBM) medium'”, containing 3.88 g L™
K,HPO,, 1.63gL? NaH,PO,, 2gL? (NH,),S0, and 0l1glL?
MgCl, « 6H,0, with the initial pH adjusted at 7.0. DBM medium was
added with a trace elements solution™ [10 mg L™ ethylenediaminete-
traacetic acid (EDTA), 2mgL™ ZnSO4+7H,0, 1mgL™ CaCl,+2H,0,
SmgL? FeSO,+7H,0, 0.2mgL' Na,MoO,+2H,0, 0.2mgL™
CuSO, « 5H,0, 0.4 mg L™ CoCl, « 6H,0, and 1 mg L™ MnCl, « 2H,0] and
carbon sources at the concentrations indicated in the text. In vivo PET
hydrolysis experiments were carried out in AB medium™, containing
2g L (NH,),S04, 6 g L™ Na,HPO,, 3g L' KH,PO,, 3gL " NaCl,0.2gL™
MgS0,, 11 mgL™ Na,SO,, 10mgL™ CaCl,, and 5mgL™ FeCl;:7H,0,
with the carbon sources at the concentrations indicated in the text.
When required, filter-sterilized antibiotic solutions were added at the
following final concentrations (ug mL™): ampicillin, 100; gentamicin,
10; kanamycin, 50; and streptomycin, 100. Bacterial growth was
assessed by measuring the ODgq0; specific growth rates (p) and other
relevant kinetic growth parameters were calculated with the QurvE

software'.

General DNA manipulations and plasmid construction

DNA spacers and oligonucleotides used in this study are listed in
Supplementary Table 2. Commercial kits and enzymes were used
according to the recommendations given by the corresponding
manufacturers. Plasmid DNA and PCR amplicons were purified using
the NucleoSpin™ plasmid EasyPure and NucleoSpin™ gel and PCR
clean-up kits, respectively (Macherey-Nagel, Diiren, Germany). PCR
amplifications were performed using Phusion™ HotStart Il high-
fidelity or, in case the primers contained deoxyuracil residues,
Phusion™ U Hot Start DNA polymerase (Thermo Fisher Scientific
Co.). The OneTag™ master mix (New England Biolabs, Ipswich, MA,
USA) was used to perform colony PCRs. The USER enzyme (New
England Biolabs) was used to carry out USER-cloning procedures.
The Dpnl restriction enzyme and T4 DNA ligase (Thermo Fisher
Scientific Co.) were used according to standard protocols™.
Mix2Seq™ kits (Eurofins Genomics GmbH, Ebersberg, Germany)
were employed for routine Sanger sequencing.

Genomic DNA purification, library construction, and whole
genome sequencing (WGS)

DNA of isolated clones was purified using the DNeasy™ Blood & Tissue
Kit (Qiagen, Hilden, Germany) from 2 mL overnight cultures in LB. DNA
was randomly sheared into short fragments of ca. 350 bp using ultra-
sonic interruption. Short and large DNA fragments were removed
using magnetic bead size selection and subsequently verified by
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Fig. 8 | Examples of analytes amenable for growth-coupled sensing by engi-

neered P. putida. All substances that can be metabolized to supply essential bio-
mass precursors can theoretically be sensed. The diagram illustrates examples of
chemicals that can serve as carbon and/or energy sources through their processing
as sugars, organic acids, or aromatic molecules. Other essential nutrients could also
be sensed using growth-couple WCBs, such as primary nitrogen and sulfur sources

Bisphenol A

or specific biomass components, for instance, amino acids. While native metabo-
lites can be incorporated into the host metabolism without additional engineering,
the range and chemical nature of analytes that can be sensed could be extended to
exogenous or even complex substances, such as xenobiotics and complex poly-
mers, through the metabolic engineering of the sensor strain.

capillary gel electrophoresis. The obtained DNA fragments were sub-
jected to library construction using the NEBNext™ DNA Library Prep
Kit (New England Biolabs), following the supplier's specifications.
Libraries quality control was performed with a Qubit 2.0 fluorometer
and an Agilent™ 2100 BioAnalyzer. Subsequent sequencing was per-
formed using the Illumina NovaSeq™ 6000 PE150 platform. The ori-
ginal sequencing data acquired by high-throughput sequencing
platforms recorded in image files were transformed to sequence reads
by base calling with the Illumina’s CASAVA software. Sequences and
associated quality information were stored in a FASTQ file. For quality-
control purposes, paired reads were discarded when: (i) either read
contained adapter contamination, (ii) uncertain nucleotides (V) con-
stituted >10% of either read, or (iii) low quality nucleotides (base
quality < 5) constituted >50% of either read. The effective sequencing

data were aligned with the P. putida KT2440 reference sequence
(GenBank, NC_002947), after error correction, trimming, and nor-
malization through Geneious (Biomatters, New Zealand), and the
mapping rate and coverage were counted according to the alignment
results. Single nucleotide polymorphisms (SNPs) and InDels were
detected in Geneious. Variant calling of single nucleotide poly-
morphisms (SNPs) and small insertions and deletions (indels) was
performed with a variant frequency threshold of 0.4 on all samples.
Additionally, a variant calling with a threshold of 0.1 was performed on
a negative control sample (i.e., not subjected to base editing) to
identify existing nucleotide polymorphisms in the parental strain. The
construction of libraries, sequencing, and subsequent data quality
control was performed by Novogene Co. Ltd. (Cambridge, United
Kingdom).
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Gene deletions and functional knockouts in P. putida
Well-established protocols were followed to perform the different
genome and gene manipulations in P. putida KT2440 described in this
study®. In-frame, targeted gene deletions were carried out via homo-
logous recombination or insertion of premature STOP codons by
CRISPR base-editing®*. 1-Scel-mediated recombination was used to
perform gene deletions related to glucose uptake and processing (gcd,
gad, gtsABCD, glk, gntT, PP 0652, gnuK, kguT, and kguK) and aceA. The
corresponding suicide plasmid to eliminate each of these functions,
derived from pGNW2 (Supplementary Table 1), was delivered into the
cells by electroporating around 300 ng of plasmid DNA into 80 pL of a
freshly prepared suspension of electrocompetent P. putida cells. These
were prepared by washing four times (by centrifugation and resus-
pension) the biomass resulting from 4 mL of an overnight culture with
a 300 mM sucrose solution™. Electroporations were performed with a
Gene Pulser XCell (Bio-Rad Laboratories Inc., Hercules, CA, USA) set to
2.5kV, 25 pF capacitance and 200 Q resistance in a 2-mm gap cuvette.
Individual colonies displaying positive co-integration events were iso-
lated and transformed with the helper pQURE6-H plasmid®. Cells were
recovered in 1 mL of LB supplemented with 2 mM of 3-methylbenzoate
(3-mBz) and incubated for at least 2 h at 30 °C; the suspension was then
plated onto LB agar containing the corresponding antibiotic(s) and
3 mM 3-mBz to induce both plasmid replication and I-Scel expression.
Positive clones were identified by colony PCR and verified by Sanger
DNA sequencing. Finally, the auxiliary plasmid was cured from the
resolved co-integrant by omitting 3-mBz in subsequent passages of the
culture in LB with no selective pressure.

Functional knockouts of gclR and tssA1 were created by introducing
premature STOP codons in the corresponding reading frames via CRISPR
base-editing. The relevant spacers were selected using the software
CRISPy-web', available online; sgRNAs were prepared by PCR amplifi-
cation of the gRNA-Csy4 cassette of plasmid pEX128-gRNA using oligo-
nucleotides targeting either gclR or tssAl. Once the PCR products had
been verified by gel electrophoresis, the CRISPR base-editing plasmid
was constructed using Golden Gate cloning, assembling together the
different sgRNAs and the base-editing vector pMBEC6 as described
elsewhere®™. Chemically competent E. coli cells were transformed with
3 L of the resulting mixture; non-fluorescent colonies were selected and
screened via colony PCR. PCR fragments of the correct size were Sanger-
sequenced to verify the correctness of the DNA assembly procedure, and
the corresponding bacterial colonies were inoculated in selective LB for
plasmid DNA isolation. Next, 200 ng of the purified plasmid were
transformed into 80 pL of freshly prepared electrocompetent P. putida
cells; cells were recovered in1 mL of LB for 3 h at 30 °C. In the case of gclR
mutants, after recovery of the cells, all the biomass was washed and
transferred into DBM minimal medium supplemented with 200 mM EG
for mutant screening. After 48 h, or else once bacterial growth was
visually detected, the cultures were streaked into LB agar plates. Colony
PCR and DNA sequencing were performed to verify the integration of the
desired mutation. Next, plasmid curing was performed by restreaking
the cells on LB agar plates supplemented with 5% (w/v) sucrose; the
curing procedure was repeated four times™. For the screening of tssAl
mutants, cells were directly plated onto selective LB agar plates, per-
forming serial dilutions to isolate singles colonies. Then, colony PCR and
DNA sequencing of the amplicons were performed to verify the inte-
gration of the STOP codon into the tssAI gene. Plasmid curing was per-
formed by restreaking one of the isolated colonies onto LB agar plates
supplemented with 5% (w/v) sucrose as described above.

Engineering E. coli for D-lactate production

E. coli Adld2::Km® (Supplementary Table 1) was obtained from the Keio
collection’; single colonies were grown overnight in 5mL of LB at
37 °C and 250 rpm. An aliquot of 100 pL of this pre-culture was used to
inoculate 10 mL of LB and grown under the same conditions until an
ODgoo=0.5 was reached. Then, cells were washed three times by

centrifugation at 4°C and 1500 xg and resuspending in 1mL of
300 mM sucrose. In the final wash, the pellet was resuspended in 400
KL of 300 mM sucrose, and electroporated with 100 ng of the helper
pE-FLP plasmid at 1.8 kV. Cells were recovered at 30 °C for 1h to be
further plated on LB with ampicillin and incubated overnight at 30 °C.
Singles colonies were streaked in duplicate on LB with or without
antibiotics. After incubation overnight at 37 °C, kanamycin-sensitive
colonies were selected and re-streaked in LB with ampicillin plate to
confirm loss of the pE-FLP plasmid. A kanamycin- and ampicillin-
sensitive colony (E. coli Adld) was isolated for further manipulations.

A library of plasmids was constructed for producing D-lactate by
cloning the IdhA gene from P. putida together with different promoter
sequences and RBSs. Golden Gate DNA assembly used equimolar
amount of pre-assembled Level O plasmids (pMCO-xx, Supplementary
Table 1) with nine RBS motifs, nine promoter sequences, a kanamycin-
resistance marker (pMCO0-8-18), a strong transcriptional terminator
(pMCO-5-Terminator), oriV(pMB1) (pMCO-Ori-MBI1), and connectors
(pMCO-1-Connector and pMCO-6-connector)'°. The IdhA gene from P.
putida was amplified from genomic DNA extracted from strain KT2440
with primers 35 and 35 (Supplementary Table 2) and cloned into a
Level O plasmid. Competent cells of E. coli DH5a Apir were transformed
by heat-shock with the assembly mixture, recovered for 1 h at 37 °C in
LB medium, and plated onto LB agar with kanamycin followed by an
overnight incubation. Colony PCR was performed in single colonies
with primers 38 and 39, and the resulting PCR amplicons were sent for
sequencing. Among all the variants found in the library, 25 were ran-
domly chosen for plasmid purification and were transformed into E.
coli Adld. Plasmid pCJO15, carrying a mutant version of the IdhA gene
from Bos taurus™, was used as a positive control. Next, single clones of
E. coli Adld carrying the library were grown overnight in LB medium
with kanamycin in 24-well plates. These cultures were washed twice
with DBM medium without any carbon source by centrifuging the
whole plate at 1500 x g for 10 min, discarding the supernatant, and
resuspending the cells in the same medium'”. Fresh DBM medium
supplemented with 20 mM glucose and 5g L™ 3-(N-morpholino)pro-
panesulfonic acid (MOPS) was then inoculated at an initial ODggg = 0.1.
The different clones were grown at 37 °C and 180 rpm in 24-well plates
containing 2 mL of medium per well in triplicates. After 16 h of incu-
bation, the cultures were centrifuged. An aliquot of 0.3 mL of the
supernatant was used as the medium to incubate P. putida SENS-L in
96-well plates at 30°C with continuous msfGFP fluorescence and
ODg¢oo monitoring (Synergy H1 BioTek, Agilent Technologies Inc.,
Santa Clara, CA, USA). In parallel, the concentration of D-lactate in a
0.1-mL aliquot of supernatant was quantified by HPLC To this end,
10 uL of the sample were injected into a Dionex Ultimate 3000 HPLC
equipped with an Aminex™ HPX-87X lon Exclusion (300 x 7.8 mm)
column (BioRad, Hercules, CA) as well as an UV detector. For analysis,
the column was maintained at 50 °C and a 5 mM H,SO, solution was
used as the mobile phase at a flow rate of 0.6 mLmin™. Lactate was
quantified through its peak area at 205 nm through comparison to
authentic standards. HPLC data were processed using the Chromeleon
7.1.3 software (Thermo Fisher Scientific), and compound concentra-
tions were calculated from peak areas using calibration curves with five
different standard concentrations.

Transposon-mediated genome integration in P. putida

Genes were stably integrated into the genome of P. putida KT2440
following different procedures as follows. The reporter msfGFP gene
was inserted into the unique attTn7 site of strain KT2440 with a Tn/
transposon borne by the pBG42 vector®®. The recipient strain was co-
transformed with 200 ng of pBG42-msfGFP and 100 ng of the pTnS2
helper plasmid'. The transformed cells were plated onto selective LB
agar plates, and fluorescent colonies were verified by colony PCR and
amplicon sequencing. For the integration of the gene encoding the
MHETase enzyme (Supplementary Table 6) in strain SENS-TE, Tn5-
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mediated chromosomal insertion was achieved with plasmid pBAMDI-
4-MHETase. For construction of the plasmids pBAMD1-4-MHETase, the
codon optimized MHETase gene from I. sakaiensis (ISF6_0224; Twist
Bioscience, San Francisco, CA, USA) was amplified with oligonucleo-
tide 17 and 18, while pPBAMDI1-4 was amplified with primers 19 and 20
(Supplementary Table 2). The fragments were fused by USER cloning.
Subsequently, the T, primer from the pSEVA collection was added in a
similar fashion with primers 21-24. The plasmid pBAMDI1-4-MHETase
was introduced into P. putida by conjugation, mixing 500 pL each of an
overnight culture of the recipient P. putida strain, E. coli DH5a Apir
containing plasmid pBAMDI1-4-MHETase, and the helper E. coli
HB1O01 strain carrying plasmid pRK600 (Supplementary Table 1). The
bacterial mixture was washed three times with non-selective LB, and
the biomass was recovered by centrifugation. The resulting pellet was
resuspended in LB and the suspension was spotted onto LB agar plates,
which were left open for 5 h in a laminar flow cabinet. After this incu-
bation, cells were streaked onto selective LB agar plates containing
50pug mL?' streptomycin and 25pg mL? 5-chloro-(2,4-dichlor-
ophenoxy)phenol (Irgasan™). These conjugation plates were incu-
bated at 30 °C for 24 h for a second streaking procedure onto selective
LB agar plates. Positive transconjugants were selected by growth on
the selective solid medium and growth in liquid DBM medium con-
taining 5 mM mono(2-hydroxyethyl)terephthalate (MHET).

Adaptive laboratory evolution

Overnight LB cultures of P. putida SENS transformed with plasmid
pBT-T_tph” were washed and diluted 1:100 in DBM medium without
any carbon source. This bacterial suspension was inoculated in 10 mL
of DBM medium supplemented with 2g L™ TPA and 50 pg mL kana-
mycin at an initial ODgoo = 0.05. Upon an extra overnight incubation at
30 °C, this pre-culture was used to start an adaptive laboratory evo-
lution experiment by inoculating 10 mL of DB medium supplemented
with the same additives at an initial ODggo = 0.05. The working culture
was serially passed at the same ratio into 10 mL of fresh medium with
the same composition in 50-mL Falcon™ tubes (Thermo Fisher Sci-
entific Co.) every 2 days during the first 4 weeks of evolution. After
4 weeks, the cultures were transferred daily into fresh medium until
the end of the evolution experiment (by the 7th week of cultivation,
when no further phenotypic changes were recorded). In all cases, the
cultures were grown at 30 °C and 250 rpm. Glycerol stocks were per-
iodically prepared from the corresponding bacterial populations, and
individual colonies were isolated from the evolved populations by the
end of the experiment by plating the bacterial suspension onto
selective LB agar plates. Upon confirming the relevant phenotypes,
plasmid DNA purification and sequence analysis were used to identify
mutations linked to enhanced TPA catabolism. Plasmid pBT-T_tph" was
created by site-directed mutagenesis through USER cloning with the
primer pair 1 and 2 (Supplementary Table 2) on the original plasmid
pBT-T_tph.

Enzymatic PET hydrolysis in vitro

The leaf-branch compost cutinase (LCC, E.C. 3.1.1.74, 293 amino acids)
was employed as the hydrolytic enzyme for experiments involving
in vitro PET degradation. The synthetic gene encoding LCC was het-
erologously expressed in Bacillus subtilis, and the recombinant
enzyme was purified to homogeneity as described by Arnling Baath
et al.”® The LCC concentration in purified preparations was estimated
by measuring the absorbance at 280 nm and correlating these values
with the actual enzyme concentration using £'¢, the theoretical
extinction coefficient calculated for this enzyme'*. The substrate used
in these assays consisted of a semicrystalline PET powder'”, purchased
from Goodfellow Cambridge Ltd. (Huntingdon, UK; catalog #
ES306031), with a reported molecular weight of 33 kDa and crystal-
linity of 38%. The PET powder was suspended in 50 mM sodium
phosphate buffer (pH=8.0) prior to the assays, and enzymatic

reactions were performed in triplicates in protein LoBind™ tubes
(Sigma-Aldrich Co., St. Louis, MO, USA) with 0.1 or 0.5 uM LCC and
20 g L™ PET in a final volume of 500 pL. The enzymatic reactions were
incubated at either 50 or 60 °C with constant agitation (1100 rpm) inan
Eppendorf Thermomixer™ C platform (Eppendorf Nordic A/S,
Hgrsholm, Denmark) over 7h or 24 h. Samples were removed at
selected times and rapidly quenched by centrifugation; a 250 pL ali-
quot of the corresponding supernatants was stored at —20 °C for fur-
ther analysis.

Engineering a P. putida strain (P. putida PET-D) for in vivo PET
degradation

The gene encoding the PETase hydrolase from 1.”> was synthesized de
novo by Twist Bioscience (San Francisco, CA, USA). The synthetic gene
was cloned into the expression pSEVAb237 plasmid (Supplementary
Table 1), bracketed with an N-terminal signal peptide from the porin F
(PP 2089, oprF-SP) from P. putida KT2440 to facilitate secretion and a
C-terminal Hisq. tag (Supplementary Table 6); a synthetic transcrip-
tional element composed of Pgg; 123105 and RBS20 was used to drive the
constitutive expression of the PETase construct. The resulting plasmid
was termed pSEVA-PET (Supplementary Table 1). All cloning steps were
carried out by PCR assembly with the oligonucleotides specified in
Supplementary Table 2 by using the NEBuilder™ HiFi DNA assembly
master mix (New England Biolabs) and KAPA™ HiFi PCR master mix
(Roche Molecular Systems Inc., Indianapolis, IN, USA) following the
specific manufacturer’s instructions.

Analytical procedures

The products of PET enzymatic hydrolysis were analyzed using a
Dionex UltiMate 3000 HPLC (Thermo Fisher Scientific Co.) equipped
with an ZORBAX Eclipse AAA Cl18 reverse-phased column
(4.6 x150 mm, 3.5 um; Agilent Technologies Inc., Santa Clara, CA, USA)
as well as RI-150 refractive index and UV (210, 260, 277 and 304 nm)
detectors. For the analysis of metabolites, the column was maintained
at 30 °C and the mobile phase consisted of a gradient from 0.05% (v/v)
acetic acid to 45% (v/v) acetonitrile at a low rate (ImLmin™); the
starting pressure was 100 bar. D-Lactate detection was carried out
under similar conditions, but an Aminex HPX-87H column
(7.8 x300 mm, 9 um; Bio-Rad Laboratories Inc.) was used for separa-
tion instead. The column was maintained at 50 °C, with a typical run-
ning time of 30 min and using 5 mM H,SO, as the mobile phase. In all
cases, raw HPLC data were processed using the Chromeleon™
7.1.3 software package (Thermo Fisher Scientific Co.), and metabolite
concentrations were calculated from peak areas using calibration
curves with eight different standard concentrations.

Concentration-dependent fluorescence assays

Growth of sensor P. putida strains on different carbon sources was
assessed by incubating the cells in a Synergy H1 microtiter plate
reader (BioTek Instruments Inc., Winooski, VT, USA). In the case of
growth on TPA (both for titration assays and for evaluating fitness
improvement after evolution), 10 mM TPA was supplemented to
DBM medium, either alone or together with variable concentrations
of EG and MHET. Overnight cultures were prepared with the corre-
sponding strains incubated in DBM medium supplemented with
5mM (1gL™) TPA and 50 pg mL™ kanamycin; these cultures were
diluted 1:100 and distributed in 96-well microtiter plates. When
assessing D-lactate-dependent growth; overnight cultures were
prepared in DBM medium supplemented with 20 mM D-lactate. In all
cases, bacterial cultures were incubated at 30°C with constant
orbital agitation. Measurements of OD¢oo and msfGFP fluorescence
(Aexcitation = 485 nm and Acmission = 528 nm) in microtiter plate reader
were taken every 10 min over 24 h (BioTek Synergy Hl, Agilent
Technologies Inc., Santa Clara, CA, USA) unless specified otherwise
in the text. The sensitivity of the plate reader was adjusted to a gain
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between 50 and 100, depending on the expected maximum
fluorescence.

Co-culture experiments for online monitoring PET hydrolysis by
engineered P. putida

BHET medium was prepared by adding a filtered (0.22 um) stock
solution of 5% (w/v) glucose to AB medium (previously autoclaved)
at a 1:10 ratio. A 10 mM BHET solution was prepared by grinding
BHET flakes into small particles and heating at 70 °C for 1 h to pas-
teurize the resulting powder; posterior weighing was performed
under aseptic conditions before adding the BHET powder to the AB
medium®’. Next, co-cultures of P. putida SENS-P and P. putida PET-D
were set as follows. Overnight cultures of the engineered strains
were grown from isolated colonies from selective medium plates as
indicated in the text. The overnight cultures were diluted to an initial
ODgoo 0f 0.2, and a fresh culture in LB supplemented with kanamycin
was incubated at 30 °C with shaking at 250 rpm until the ODggo
reached 0.8-1 (mid-exponential phase). Then, the cells were washed
four times with AB medium with no carbon substrate, and the ODggo
of the bacterial suspension was adjusted to 0.5. The two suspensions
(i.e., P. putida SENS-P and P. putida PET-D) were mixed at a 1:1 ratio
(initial ODggo of 0.025) in AB medium supplemented with 5mM
glucose, 2mM BHET, and kanamycin, and the resulting bacterial
culture was distributed in 96-well plates. Cultures were incubated at
30 °C with constant orbital agitation; ODgoo and msfGFP fluores-
cence (Aexcication=485nm and Agpission =528 nm) were measured
every 30 min over a total cultivation time of 80 h. Three biological
replicates with four technical replicates were performed for each
experiment. A control experiment, used to quantify auto-
fluorescence levels for normalization, was performed using the
sensor strain (P. putida SENS-P) inoculated as a monoculture.

Data and statistical analysis

All the experiments reported were independently repeated at least
three times (as indicated in the corresponding figure or table legend),
and the mean value of the corresponding parameter + standard
deviation is presented unless indicated otherwise. In some cases, the
level of significance of the differences when comparing results were
evaluated by means of the Student’s ¢ test with a=0.01 or a=0.05 as
indicated in the figure legends. Data analysis was performed with MS
Excel™ (Microsoft Corp., Redmond, WA, USA) and Prism 8 (GraphPad
Software Inc., San Diego, CA, USA) unless differently specified.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets generated and analyzed in the current study are included
in the paper and its Supplementary Information. The plasmids created
in this work can also be requested through Addgene [https://www.
addgene.org/Pablo_Nikel/]. The raw microbial sequencing data
derived from this study has been deposited in the NCBI SRA database
under accession number SRR30677106. Genome assembly data has
been deposited in NCBI under accession number CP167163.1 [https://
www.ncbi.nlm.nih.gov/nuccore/CP167163]. Source data are provided
with this paper.
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