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SUMMARY
Bacterial polyhydroxyalkanoates (PHAs) have emerged as promising eco-friendly alternatives to petroleum-
based plastics since they are synthesized from renewable resources and offer exceptional properties. How-
ever, their production is limited to the stationary growth phase under nutrient-limited conditions, requiring
customized strategies and costly two-phase bioprocesses. In this study, we tackle these challenges by em-
ploying a model-driven approach to reroute carbon flux and remove regulatory constraints using synthetic
biology. We construct a collection of Pseudomonas putida-overproducing strains at the expense of plastics
and lignin-related compounds using growth-coupling approaches. PHA production was successfully
achieved during growth phase, resulting in the production of up to 46%PHA/cell dry weight whilemaintaining
a balanced carbon-to-nitrogen ratio. Our strains are additionally validated under an upcycling scenario using
enzymatically hydrolyzed polyethylene terephthalate as a feedstock. These findings have the potential to
revolutionize PHA production and address the global plastic crisis by overcoming the complexities of tradi-
tional PHA production bioprocesses.
INTRODUCTION

Microorganisms are key players in industrial biotechnology, and

they have been widely used for the production of valuable bio-

products such as fine chemicals, polymers, and biofuels, among

others. However, to render a wild-type strain into an industrially

efficient microbial platform is costly and, in most cases, uncer-

tain.1 The design-build-test-learn (DBTL) cycle principles arose

in pursuit of this, facilitated by the increasingly improving capa-

bilities in the synthetic biology field and an exponentially adopted

metabolic engineering framework. DBTL represents a more effi-

cient and systematic approach to strain construction (Fig-

ure 1).2,3 In fact, over the last years, several efforts have been

focused on optimizing strain performance as far as it concerns

titer, rate, and yield of production.4

To achieve these ambitious objectives, a holistic approach is

needed for the final design of the microbial chassis. This is

because metabolic engineering and synthetic biology efforts

often face limitations due to the introduction of non-native

biochemical transformations into the host metabolic networks.

To address these challenges, genome-scale metabolic models
This is an open access article under the CC BY-
(GEMs) and constraint-based reconstruction and analysis

(COBRA) methods are commonly employed to predict the

optimal distribution of metabolic fluxes.5 These in silico tools

rely on a detailed understanding of the microorganism’s meta-

bolic network and the maintenance of a mass balance during

steady-state growth. GEMs and COBRA methods have proven

to be valuable in multiple applications, including the accurate

prediction of byproduct secretions in organisms such as Escher-

ichia coli and Saccharomyces cerevisiae.6,7

Over the past decade, one crucial design principle formetabolic

engineering and computational strain construction is to couple

cellular growth with the production of a desired functionality

(metabolite/growth).8 This approach ensures that the synthesis

of the target product occurs concurrently with cell growth, opti-

mizing overall productivity. This coupling can be achieved by inte-

grating the production pathway with essential cellular processes

that are required for growth. Therefore, growthof the organismbe-

comes a driving force of production.9 Overall, growth-coupled

overproducer microbial strains provide multiple advantages

such as increased productivity, enhanced substrate utilization,

reduced byproduct formation, increased strain stability, and
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Figure 1. Workflow used in this study

(A) Schematic representation of the funneling concept utilized in this study to connect a diverse range of lignin- and plastic-derived compounds to proto-

catechuate (PCA). The strategy involves utilizing PCA as a crucial intermediate that bridges the gap between recalcitrant compounds and the central metabolism

through the b-ketoadipate pathway.

(B) DBTL cycle design principles used in this work. The BioRender platform was used for figure designing.
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flexibility in strain optimization. In the context of GEMs, a large

number of algorithms have been developed to predict and engi-

neer growth-coupled chemical production.5,10 A variety of E. coli

mutant strains have successfully been constructed by using
2 Cell Reports 43, 113979, April 23, 2024
growth-coupling approaches for the production of lactic acid,11

ethanol,12 malonyl-CoA,13 and itaconic acid,14 among others.

In the context of the current climate crisis and the emerging

circular economy, a major goal is the replacement of current
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crude-oil-based plastics with more sustainable and biodegrad-

able alternatives. Polyhydroxyalkanoates (PHAs) are native

products of many bacteria and can be considered as an alterna-

tive to fossil-based plastics, with wide applications in medical

and material fields.15,16 PHAs are stored as intracellular reserve

storage granules, and they can play a role as sinks for carbon

and reducing equivalents.17,18 The hydrophobic granules are

coated by granule-associated proteins (i.e., synthases, depoly-

merase, phasins, and others) that are involved in PHA production

and its complex regulation.19,20 PHA production presents, how-

ever, a significant challenge due to their association with the sta-

tionary growth phase and the requirement for nutrient limitation,

typically nitrogen, phosphorus, or oxygen, combined with car-

bon excess.16 This key constraint is an important bottleneck in

the production of PHA, as it requires a two-step bioprocess. Dur-

ing the first phase, the bacteria are provided with an abundant

supply of nutrients, particularly carbon, to allow them to multiply

and accumulate biomass. This phase ensures that a substantial

population of bacteria is available for the subsequent production

phase. Once the desired cell density is achieved, the second

production phase begins by limiting the availability of certain

nutrients, particularly nitrogen, while still maintaining sufficient

levels of other nutrients necessary for PHA synthesis. While the

two-step bioprocess effectively produces PHA, it comes with

important challenges including the need for separate growth

and production phases, which results in energy-intensive and

resource-consuming processes.20,21

Several bacteriagenerahaveattractedmuch interestasefficient

biocatalysts for PHA production including halophiles due to their

ability to use cheap raw materials as feedstock, thus decreasing

fermentation costs.22 However, the absence of high-quality

GEMs for model halophilic bacteria and other promising PHA pro-

ducershinders theutilizationof thesemicroorganisms incomputa-

tional-driven growth-coupled strategies. In contrast, pseudo-

monad species are an interesting chassis for implementing such

strategies. Beyond interest due to their metabolic versatility,

adaptability to endogenous and exogenous stresses, fast growth,

genetic accessibility, and high productivities,23,24 model strains

such asPseudomonasputidaKT2440havebecomepromising or-

ganisms for biotechnological, environmental, and industrial appli-

cations.25 Furthermore, KT2440 is also a medium-chain-length

producer and has a high-quality GEM available.26

The PHA metabolism in Pseudomonas spp. is mediated

through the PHA synthases (PhaC) and the PHA depolymerase

(PhaZ) that synthesize and degrade the PHA, respectively.17,20

PhaZ continuously releases the 3-hydroxyfatty acids that are

either catabolized via fatty acid metabolism or reincorporated

into PHA granules by the action of the synthases. The PHAmeta-

bolic machinery is closely connected to the b-oxidation pathway

and de novo fatty acid biosynthesis for providing the precursors

of PHA synthases. Therefore, b-oxidation pathway performs the

conversion of fatty acids (i.e., PHA structure-related carbon

sources), and de novo fatty acid biosynthesis uses non-fatty

acids (i.e., glucose, glycerol) substrates to (R)-HA-CoAs precur-

sors for mcl-PHA production.27 PHA metabolism is additionally

controlled via a complex multilevel regulatory network driven

by global regulators linked to central carbon metabolism and

pha-specific regulators in the pha cluster.16
Despite the huge effort put forth so far for the production of PHA

using related20,28,29 and easily fermentable carbon sources,30,31

the new circular economy paradigm aims toward the production

of these bioplastics from recalcitrant material such as lignin and

petrol-based plastics like polyethylene terephthalate (PET) and

polyurethane.32,33 To overcome these limitations, the biological

funneling concept based on the ability of some bacterial species

toconvergeaplethoraof theseheterogeneouslyderivedaromatics

into a few central intermediates like catechol and protocatechuate

(PCA) could be an interesting strategy.34,35 These intermediates

are finally cleaved andmetabolized via the b-ketoadipate pathway

to access the central carbon catabolism (Figure 1).36,37

In this study, we addressed the challenge of developing a

more efficient method for single-step PHA production using

recalcitrant carbon sources as feedstock, including PET hydroly-

sates. For this, we employed a model-guided growth-coupled

strategy assisted by synthetic biology. By employing this innova-

tive approach, we successfully circumvented nutrient limitations

and effectively redirected the central metabolism to optimize the

carbon flux toward PHA biosynthesis during the growth phase.

Our findings highlight the potential of this strategy to revolu-

tionize PHA production processes, offering a sustainable and

streamlined solution to address the global plastic crisis.

RESULTS

Model setup and construction of a PET-reduced
metabolic model
P. putida KT2440 is not able to grow naturally either on PET or on

its aromatic monomeric constituents derived from its hydrolysis,

e.g., terephthalic acid (TPA) and ethylene glycol (EG) as the sole

carbon source. Therefore, we used an updated P. putida model

based on iJN141126,38 accounting for themetabolism of PET and

other plastics while harboring a reduced biomass objective func-

tion. The resulting model, iJNP4SB,26,33 has been successfully

used previously to assess the potential of this strain for plastic

upcycling. PET metabolism was simulated using a PET uptake

rate of 3.78 mmol gDW�1 h�1 that was equivalent to glucose up-

take in terms of carbon content.

In order to reduce the computational complexity of the analysis,

we proceeded to simplify the iJNP4SB model and obtain a

reduced knockout (KO) reaction list following the workflow

shown in Figure 2. Briefly, the reduced model was constructed

by applying two consecutive steps, e.g., model simplification

and model reduction (see "Model-driven design of growth-

coupledPHAstrains" in theSTARMethods).Theseapproachesal-

lowedus tosignificantlydecrease thenumberof reactions suitable

to be deleted. The reduced/simplified PETmodel contained 1,385

reactions and 1,033 metabolites, while the KO reaction list was

reduced to 233 reactions (https://doi.org/10.6084/m9.figshare.

23760606.v1). Next, this reduced PET model was the basis for

the identification of growth-coupled PHA designs using PET as

the carbon source.

Model-driven design of PHA-overproducing strains
using PET as carbon source
The identification of in silico growth-coupled overproducing PHA

designs using PET as the sole carbon source was addressed by
Cell Reports 43, 113979, April 23, 2024 3
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Figure 2. Schematic representation of the

strain-design computational workflow devel-

oped in this work

The updated iJNP4SB model was first simplified

and reduced as described in the STAR Methods,

resulting in the generation of a reduced model. The

generation of the reduced KO reaction list involved

the execution of OptKnock with varying KO and

carbon (C) limits. Iteratively following the steps

outlined within the yellow box, each parameter

combination resulted in a distinct candidate list.
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applying the gcFront algorithm following the established parame-

ters described in Table S2 (see "Model-driven design of growth-

coupled PHA strains" in the STAR Methods). The gcFront algo-

rithm is designed to explore KO strategies that simultaneously

maximize cell growth, product synthesis, and coupling strength

through tri-level optimization. Utilizing a genetic algorithm,

gcFront can efficiently generate numerous alternative optimal

and suboptimal designs on the Pareto surface in a single run.39

We successfully generated a total of 7,410 distinct strain designs,

thus comprehensively exploring the metabolic landscape for PHA

production from PET (Figures 2 and 3A). We next conducted a

thorough analysis to identify the most promising designs based

on three key criteria: (1) PHA yield, (2) biomass-coupled product

yield (BCPY), and (3) coupling strengths. From the pool of designs

with the highest design scores, we specifically focused on PET4.

This particular design exhibited outstanding performance, attain-

ing the highest BCPY score (0.17 mmol PHA gDW�1) while

enabling a growth rate above 0.10 h�1 and a PHA yield above
4 Cell Reports 43, 113979, April 23, 2024
1.00 mmol gDW�1 h�1 and displaying sig-

nificant coupling strength (Figure 3A).

Togaindeeper insights into themetabolic

potential andpractical applicability of PET4,

we assessed its performance growing on

PET through dynamic flux balance analysis

(Figure 3B). This computational simulation

provided valuable predictions, including

its theoretical growth curve, growth rate,

PHA production, and BCPY (Figures 3B;

Table S3). Notably, the model-based pre-

dictions indicated that the engineered

P. putida strain based on the PET4 design

could potentially accumulate over 50% of

its biomass as PHA, evenwithout a nitrogen

limitation (Table S3). Taking into account

the feasibility of PET degradation and the

advanced research on PET hydrolases, the

PET4 growth-coupled design represented

an encouraging starting point for further

in vivo implementation.32,40–42

Metabolic contextualization of PET4
design
The PET4 design involved the deletion

of 16 reactions, which required the removal
of 27 genes (Table S3). This extensive number of genetic

modifications posed a significant challenge for its in vivo

implementation. In order to identify the minimal number of

KOs still resulting in an efficient growth-coupled design, we

computationally evaluated the impact of each deletion in

terms of PHA production, coupling strength, and biomass pro-

duction (Figure 3C; Table S4). By this effort, we classified the

KOs into three major groups: (1) minimal deletions, those

essential for coupling PHA to growth (ORNCD, ICL, ICDHyr,

and MALS), (2) complementary deletions, which contribute

significantly either to coupling strength or to PHA production

(FORGLULH2, MCITL2, PPCSCT, and SUCOAS), and (3)

dispensable deletions, those providing only negligible improve-

ment on coupling strength and/or PHA production (UPPN,

ALATA_L, ALAR. RBK, OARGDC, ABUTD, PDHcr, and PDHbr)

(Figure 3C; Table S4).

Based on this analysis, it was feasible to identify three

possible growth-coupled designs accounting for an increasing



Figure 3. In silico manual curation for identi-

fying the best growth-coupled candidates

(A) Production envelopes of several in silico designs

depicted within the wild-type (WT) strain. The de-

signs are color coded based on our proposed

design score, which considers equally coupling

strength (as defined in the gcFront) and biomass-

coupled product yield (BCPY).

(B) Assessment of PET4 performance using dynamic

flux balance analysis (FBA), biomass (red), PET

consumption (green), and PHA production (purple).

(C) Clustered impact ranking of individual reactions

for PET4 performance evaluation.

(D) Production envelopes of WT strain and three

different designs derived from PET4/complete are

shown. For more details concerning the nomencla-

ture, please refer to Table S4.
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number of KOs: minimal, intermediate, and complete (Fig-

ure 3D; Table S3). The production envelope profiles of such

designs harbor 4, 8, and 16 KO reactions, respectively (Fig-

ure 3D). Despite the significantly lower number of KOs (8) of

the intermediate design, it retained the capability to produce

a significant amount of PHA. Remarkably, the intermediate

design achieved nearly 95% of the biomass-coupled product

(BPCY) observed in the complete design (Figure 3D). A com-

parison of the properties of the three proposed growth-

coupled designs is provided in Table S3.

The detailed carbon flux in silico analysis of the intermediate

PET4 design showed that, as expected, the TPA derived from

PET was further catabolized via PCA through the b-ketoadi-

pate pathway, yielding succinyl-CoA and acetyl-CoA (Fig-

ure S1). EG was predicted to be catabolized via glycolate

to yield L-serine. Then, it was completely oxidized to CO2

via the oxidative glycine cycle (Figure S1). Interestingly, this

non-conventional oxidation cycle replaced the oxidative

branch of TCA as a source of reducing power. Overall, the

model predicted that succinate and EG were mainly used as

biomass building blocks and energy sources, while the de

novo fatty acid biosynthesis pathway acted as the main

acetyl-CoA sink driving PHA production coupled to growth

(Figure S1). Given these promising properties, the intermedi-

ate design emerges as a favorable candidate for in vivo imple-

mentation (Table S3).
Construction of a PHA-
overproducing P. putida strain based
on PET4 design
In order to construct the PET4 design,

we sequentially deleted the gene(s) encod-

ing the reactions identified. We relied on

a system for individual gene deletions

(pK18mobsacB) and performed successive

rounds of gene deletions. A logical order

to delete the genes was planned based on

the predicted impact of each deletion on

PHA production and/or growth perfor-

mance (Table S4). To facilitate the under-

standing, a workflow of the mutants’ con-
struction and the information concerning the deleted reactions/

genes is shown in Figure 4.

The first three deleted reactions were those responsible for

blocking the succinate metabolism: 2-methylisocitrate lyase,

propionyl-CoA:succinate-CoA transferase, and succinyl-CoA

synthetase. The next knocked out reactions were isocitrate lyase

and malate synthase, responsible for the glyoxylate cycle, thus

avoiding the consumption of acetyl-CoA via this anaplerotic

pathway. The subsequent deletion was isocitrate dehydroge-

nase, which, when taken together with the previous five dele-

tions, was expected to eliminate a substantial portion of the car-

bon flux through the TCA cycle. It is worth mentioning here that

P. putida KT2440 has two isocitrate dehydrogenases, namely

the dimeric ICD (PP_4011) and the monomeric IDH (PP_4012).

Despite multiple attempts, the deletion of the monomeric

PP_4012 proved unfeasible. Interestingly, IDH could not be

deleted even in the wild-type strain despite the presence of

ICD, thus suggesting an unknown role of IDH in P. putida other

than its participation in TCA. This inability to delete IDHmay sus-

tain some carbon flux through the TCA cycle, potentially dimin-

ishing the coupling strength of our final strain, as illustrated

below.

The seventh reaction to be sequentially deleted was the

PHA depolymerase, PhaZ, which, although it was not part of

the intermediate PET4 designs, was expected to allow stable

PHA accumulation, as we have previously shown.20 The
Cell Reports 43, 113979, April 23, 2024 5



Figure 4. KO mutant strains and plasmid

used in this study

(A) Workflow of mutant strategy construction. The

outlined strategy involved constructing KO mutants

in the background of P. putida KT2440. These mu-

tants, denoted as MMx, targeted various metabolic

pathways, including succinate, glyoxylate shunt,

isocitrate dehydrogenase, PHA cycle, amino acids,

and EG metabolism. The blue letters represent

model reactions (refer to Table S4 for nomenclature

details). Mutants in WT and growth-coupled back-

grounds are differentiated by blue and pink colors,

respectively.

(B) Simplified plasmid structure for pha- and tph-

pha-optimized production.
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last deletions affected ornithine cyclodeaminase (PP_3190,

PP_3533, PP_4431; ocd genes) and formiminoglutamate deimi-

nase (PP_5036; hutF gene). These last iterationswere required to

avoid alternative metabolism of acetyl-CoA and acetate secre-

tion via amino acid (i.e., arginine and proline) metabolism. The

final strain, MM16, was subsequently used for PHA production.

Overall, in the MM16 background, we successfully managed to

sequentially delete seven out of the eight key reactions from

the PET4 intermediate design, and it is also likely that the flux

through the remaining reaction (i.e., isocitrate dehydrogenase)

was reduced.

PET4 designs overproduce PHA in the absence of
nutrient limitations
After implementation, the ideal scenario was to phenotypically

evaluate the growth and PHA production capacity of the con-

structed strains under similar conditions to those previously

simulated (PET). However, P. putida KT2440 cannot metabolize

PET or its hydrolyzed monomers, such as TPA. Following the

biological funneling concept (Figure 1), we selected PCA, a key

intermediate in the degradation of PET via TPA, as an optimal

surrogate carbon source. However, since PCA is highly unstable

and rapidly oxidizes under working conditions, we utilized

4-hydroxybenzoate (4HBz) as a proxy since it is metabolized
6 Cell Reports 43, 113979, April 23, 2024
via PCA. Finally, to facilitate the screening

process and the production of PHA from

PHA-unrelated carbon sources, we added

octanoate as a direct source of acetyl-CoA

for putative growth-coupled cells.30

Under this nutritional scenario, we pro-

ceeded with the phenotypic analysis of the

KO strains (Figure 5; Table S5). Notably,

we identified the deletion of succinyl-CoA

synthase, sucC-sucD (sucC,D), and isoci-

trate lyase, aceA, as the key KO reactions

that resulted in a significant increase in

PHA content (Figure 5A). The deletion of

sucC,D was especially important, as it led

to a substantial increase in PHA production

from 5% PHA/cell dry weight (CDW) in the

MM4 strain to 22% PHA/CDW in the MM6

strain (Figure 5A; Table S5). The deletion
of isocitrate lyase has previously been reported to improve PHA

production43; however, the lack of sucC,D genes has not, so far,

been related to improved PHA production. The remaining KOs re-

sulted in only slight improvements inPHAproduction compared to

theMM8strain (32%PHA/CDW). It is reasonable to speculate that

these KOs may contribute to increased coupling strength as pre-

dicted in silico.

Overall, we showed that the model-guided MM16 strain

was able to efficiently produce PHA, reaching up to 33.7% of

PHA/CDW production, under a balanced growth condition

(M63 minimal medium supplemented with 3 mM octanoate

5 mM 4HBz) without the implementation of nitrogen limitation.

b-Oxidation pathway is the predominant PHA pathway in
MM16 strain
PHA can be produced either via b-oxidation or de novo fatty acid

synthesis (see the introduction section for more details as well as

Figure 5C). Since 4HBz is a non-PHA-related carbon source, it

would be expected that the de novo fatty acid pathway serves

as the primary source of PHA precursors. However, in the nutri-

tional scenario analyzed, there is a mixture of carbon sources

(4HBz and octanoate); thus, it becomes challenging to determine

the specific pathway utilized for PHA production in the MM16

strain.



Figure 5. Growth-coupled mutants’ con-

struction and corresponding physiological

analyses

(A) The PHA (%CDW) content after 24 h of growth in

M63 minimal medium supplemented with 3 mM

octanoate (octa) and 5 mM 4-hydroxybenzoate

(4HBz; C/N ratio: 2 mol/mol) in the different dele-

tion mutant backgrounds is shown. The data

correspond to the mean values and standard de-

viations of three independent biological replicates

with two technical replicates for the methanolysis

process.

(B) Electronic microscopy pictures of KT2440 and

MM16 strains after 24 h of growth under the

abovementioned conditions. The scale bar of the

pictures represents 1 mm.

(C) Schematic representation of the real-time qPCR

experiments under M63 5 mM 4HBz, M63 5 mM

4HBz + 3 mM octa (4HBz-octa), and M63 15 mM

octa (control). Heatmap representation of the

expression levels in nM cDNA concentration of key

pha genes (i.e., phaG and phaF) in KT2440 and

MM16 strains. For more details concerning the

nomenclature, please refer to Figure 4 and Table S4.
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To assert the metabolic pathway supplying the precursors for

PHA production observed in MM16, we took advantage of the

fact that when a fatty acid is used as the carbon source in every

round of b-oxidation, an acetyl-CoA molecule is lost. This would

allow us to easily identify the monomeric composition of the re-

sulting polymer.28 Subsequently, we replaced octanoate with

the odd fatty acid 10-undecenoate and monitored the PHA

monomer patterns produced. If odd-chain monomers were ob-

tained, then this would unequivocally indicate that they came

from the b-oxidation; however, if even-chain monomers ap-

peared, then this would suggest that they came from the de

novo fatty acid synthesis.

Following this premise, the PHA content was quantified in

KT2440 and MM16 strains after 24 h of growth using 3 mM

10-undecenoic acid and 5 mM 4HBz as carbon sources

(Table S6). However, no significant differences were observed

as far as the PHAmonomeric pattern between the strains is con-

cerned. Therefore, since only odd monomers were observed, it

could be concluded that the pathway used for PHA synthesis

in MM16 strain was b-oxidation and not de novo fatty acid syn-

thesis, as was expected by design.

Complex regulatory constraints limit the PHA production
from the de novo fatty acid synthesis pathway
The above results strongly argued in favor of potential

regulatory constraints avoiding the synthesis of PHA via the
C

de novo fatty acid synthesis pathway.

To check the feasibility of this hypothe-

sis, we monitored the transcription levels

of the phaF gene as representative of the

pha cluster in KT2440 and MM16 strains

under balanced conditions using either

4HBz, 4HBz supplemented with small

amounts of octanoate, or only octanoate
as a control condition (Figure 5C). Since MM16 does not

grow in fatty acids due to its multiple deletions in the glyoxy-

late shunt (Figure 4), the expression of the phaF gene using

octanoate was monitored only in the control wild-type

strain. Completing the analysis, we monitored the expression

levels of phaG, which encodes for the (R)-3-hydroxydecanoyl-

acyl carrier protein (ACP):CoA transacylase, the key enzyme

connecting fatty acid biosynthesis and PHA production

(Figure 5).

We found that phaF was expressed in all the analyzed

strains, suggesting that pha genes are transcribed even in

the absence of nitrogen limitation. Remarkably, higher

expression levels were found growing at the expense of oc-

tanoate (Figure 5C), indicating that the presence of PHA-

related carbon sources promotes the expression of genes

related to the production of PHA. We also noticed only a

negligible expression of phaG in both strains, irrespective

of the carbon source used (Figure 5C). Altogether, these find-

ings were in agreement with previous observations regarding

the carbon-source-dependent induction of the pha genes44

and the need for a nitrogen limitation to optimally induce

the expression of phaG under non-fatty acid growth condi-

tions (i.e., glucose).45 Therefore, these results could explain,

to a great extent, the preponderance of the b-oxidation

pathway as a source of PHA precursors in the MM16 strain

(Table S6).
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Rational construction of a second-generation PHA-
overproducer P. putida strain
Growth-coupled designs often require evolutionary engineering

approaches to match the in-silico-predicted phenotypes and to

deal with the rising regulatory constraints not taken into consider-

ation by the GEMs.8 In this context, the combination of rational

growth-coupled designs followed by adaptive laboratory evolu-

tion (ALE) experiments has been shown to bea powerful approach

in bioengineering.7,46,47 Despite ALE advantages, we reasoned

that such an approach would be very compromised in our condi-

tions. Firstly, the inability to completely eliminate isocitrate dehy-

drogenase is likely limiting the strength of our growth-coupling

design, which could result in evolved strains fully bypassing the

production of PHA as a requirement for growth. Secondly, the

inherent nature of PHA as an intracellular metabolite that accumu-

lates in granules could potentially counter select the evolved

PHA-overproducer strains since the optimal condition for

PHA production favors large cell size rather than fast-growing

strains. Therefore, we addressed a complete rational strategy

for removing the regulatory constraints including (1) the deletion

of the whole pha cluster, (2) the expression of a synthetic PHA

operon, and (3) the rerouting of the carbon flux toward the de

novo fatty acid biosynthesis pathway (Figure 4).

To construct the second generation of strains, we first deleted

the whole pha cluster from MM16, yielding the MM19 strain. In a

second step, we addressed the expression of the minimal set of

genes required for optimal PHA production from PHA-unrelated

carbon sources (i.e., 4HBz) (Figure 4). Thus, by using one-pot

modular cloning, we overexpressed, under the control of the

constitutive medium-strength promoter SynPro16, the phaC1

synthase (PP_5003) required for PHA synthesis and the phasin

phaF (PP_5007) needed for proper granule formation and stabi-

lization. Additionally, we promoted the de novo fatty acid

pathway by overexpressing in the same plasmid the genes

phaG (PP_1408) and themedium-chain fatty acid-CoA ligase en-

coded by the gene alkK (PP_0763). The final plasmid (pMM55)

was transferred to MM19, resulting in the strain MM19

(pMM55). As a control strain, the PP05_01 strain was used,

which lacks the pha cluster over a wild-type background20,48

harboring the plasmid pMM55 (Figure 4).

The performances of MM19 (pMM55) and PP05_01 (pMM55)

were further evaluated and compared with those from the wild-

type KT2440, MM16, and the corresponding parental PP05_01

and MM19 strains, respectively (Figures 6A and 6B). As ex-

pected due to the lack of a native pha cluster, the PP05_01

and MM19 strains resulted in no PHA production under

balanced conditions using 3 mM octanoate and 5 mM 4HBz

(C/N = 2 mol/mol). In contrast, PP05_01 (pMM55) and MM19

(pMM55) strains yielded 26% and 46% PHA/CDW, respectively

(Figure 6A). Furthermore, we observed a more homogeneous

population, in terms of PHA granule size and distribution

among the cells, in MM19 (pMM55) compared to PP05_01

(pMM55) (Figure 6B). These findings underscore the impor-

tance of our growth-coupled design. Despite its probable

incompleteness stemming from the inability to fully delete iso-

citrate dehydrogenase, our approach resulted in a 2-fold in-

crease in PHA production compared to the control strain lack-

ing the growth-coupled strategy (Figure 6A). Notably, the PHA
8 Cell Reports 43, 113979, April 23, 2024
production of MM19 (pMM55) was higher compared to the

first-generation strain, MM16 (46% vs. 34% PHA/CDW). This

observation would suggest that an increased PHA fraction in

MM19 (pMM55) derived from the de novo fatty acid biosyn-

thesis was promoted by the removal of regulatory constraints

and the overexpression of phaG and alkK genes. To validate

this hypothesis, we look at the monomeric composition of

the resulting polymers, and a noteworthy aspect was the

higher amounts of C10 monomer observed in MM19 (pMM55)

(15.40%) and PP05_01 (pMM55) (9.79%) background strains

compared to MM16 (1.42%) and KT2440 (4.01%) strains (Fig-

ure 6B). Taken together, these results fully validated the func-

tionality of the synthetic operon since it led to an increased

flux through the de novo fatty acid PHA pathway.

Upcycling PET hydrolysates into PHA using P. putida

cells
After confirming the functionality of MM19 (pMM55) and

PP05_01 (pMM55) strains, we proceeded to evaluate their per-

formances in a practical PET upcycling scenario using PET hy-

drolysate and associated substrates. To enable growth on the

primary PET monomers, namely EG and TPA, we constructed

a series of new strains. On the one hand, EGmetabolismwas en-

gineered by deleting the GntR family transcriptional regulator

gclR (PP_4283)49 in the MM19 and PP05_01 strains. This re-

sulted in the creation of MM20 and PP05_18 strains, respec-

tively. On the other hand, TPA-degrading strains were con-

structed by expressing the tph operon from Pseudomonas

umsongensis GO16, which is included in the pBT’T plasmid.

This plasmid confers the capability to efficiently use TPA in engi-

neered P. putida KT2440 strains.50 Subsequently, for PHA pro-

duction assays, we subcloned into the pBT’T_ plasmid50 the

pha-optimized genes from pMM55 via NotI, generating the

pRK190 plasmid (Figure 4).

The resulting MM20 (pRK190) and PP05_18 (pRK190) strains

acquired the ability to use TPA and EG as sole carbon sources.

Afterward, they were evaluated for PHA production using both

an equimolar mixture of TPA and EG (20 mM) and enzymatically

hydrolyzed PET without nitrogen limitation (please refer to the

STAR Methods for more details; Figure 6C; Table S5). Remark-

ably, the putative growth-coupled strain exhibited superior per-

formance in this scenario as well. In fact, after 50 h of growth

with the synthetic TPA/EG mixture, MM20 (pRK190) achieved

up to 12.38% PHA/CDW, surpassing the 8.37% PHA/CDW

achieved by the control PP05_18 (pRK190) strain. Under these

conditions, EG was fully consumed after 24 h by both strains;

however, there remained 4 and 1 mM TPA for PP05_18

(pRK190) and MM20 (pRK190) strains, respectively.

The utilization of enzymatic PET hydrolysates does not signif-

icantly alter the trends observed thus far, with similar yields

found—11.06% and 7.14% PHA/CDW produced by MM20

(pRK190) and PP05_18 (pRK190) after 50 h, respectively (Fig-

ure 6C; Table S5). As anticipated, in all the conditions tested,

the monomeric PHA composition followed the de novo fatty

acid synthesis (Figure 6C). However, a slight decrease in growth

performance was noted in both strains, likely attributed to the

high phosphate content of the PET hydrolysate (Table S5). We

would like to emphasize that, likely owing to some hydrolysate



Figure 6. Phenotypic evaluation of the second-generation PHA-overproducer strains

(A) PHA production properties (i.e., %PHA/CDW and the monomeric %hydroxyacid composition) under 24 h using M63 minimal medium supplemented with

4HBz-octa (C/N ratio: 2 mol/mol).

(B) Electronic microscopy pictures of the second-generation strains grown under the abovementioned conditions. The scale bar of the pictures represents 1 mm.

(C) PHA production properties using Delft minimal medium supplemented with 20 mM TPA and 20 mM EG or PET hydrolysate, respectively, and grown over 24

and 50 h under balanced conditions.

The data of (A) and (C) correspond to the mean values and standard deviations of three independent biological replicates with two technical replicates for the

methanolysis process.
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variability among the biological replicates, we observed variable

behavior regarding the consumption of TPA and EG among the

strains. Notably, after 50 h of growth, both strains retained 14–

18 mM TPA, while one replicate of MM20 (pRK190) retained

19 mM EG, in contrast to PP05_18 (pRK190), which completely

consumed EG in all cases. These findings suggest that there is a

significant potential for improvement not only in terms of meta-

bolic rerouting in the producer strains but also in the context of

feedstock provision.
PET4 design exhibited superior PHA overproduction
abilities over a large array of carbon sources under
balanced conditions
In order to expand the applicability of the PET4 growth-

coupled design as a chassis for PHA production using alterna-

tive carbon sources, we conducted an in silico assessment of

its feasibility. Specifically, we evaluated the potential of the

PET4/complete design to overproduce PHA using the set of

carbon sources that support iJNP4SB growth. As expected,
Cell Reports 43, 113979, April 23, 2024 9



Figure 7. Strain phenotypic evaluation on

different carbon sources

(A) The in silico growth performance of PET4 strain

(depicted in orange) compared to the WT (shown in

blue) strain on 210 carbon sources is shown.

(B) The PHA yield was normalized to the flux pro-

duction from PET for each substrate used in this

analysis. From the carbon sources supporting PET4

growth, only a few allowed growth-coupled PHA

production. From these, phenylacetic acid catabo-

lism-like compounds (red) are the most promising

carbon sources. The lignin related (in orange),

b-ketoadipate pathway derived (in light yellow),

and other derivatives (in blue) are shown. The

uptake rate for all the carbon sources was 5 mmol

gDW�1 h�1.

(C) Experimental validation of PHA production un-

der different carbon sources: 4.4 mM phenylacetic

acid (PAC; light pink color), 3.9 mM p-coumaric acid

(Coum; light yellow color), 4.4 mM vanillic acid (Van;

brown color), 3.5 mM ferulic acid (Fer; light green

color), and 5 mM 4HBz (light blue color). The data

correspond to the mean values and standard de-

viations of two independent biological replicates

with two technical replicates for the methanolysis

process except PAC, which corresponds to one

biological replicate.

(D) %Hydroxyacid monomeric composition under

24 h of growth using M63 minimal medium supple-

mented with 5 mM 4HBz (C/N ratio: 2 mol/mol).
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the in silico PET4 strain exhibited a reduced metabolic versa-

tility compared to the wild-type model due to the large number

of gene deletions introduced (Figure 7A). For example, the

deletion of the glyoxylate shunt prevented the growth of

PET4 on fatty acids as carbon sources. Nevertheless, it was

noteworthy that from the carbon sources supporting growth,

a significant fraction of them, the majority being aromatic

compounds, allowed in silico growth-coupled PHA production

(Figure 7B). Overall, the most promising carbon sources as

feedstock for PHA production were metabolites catabolized

via acetyl-CoA and succinate/succinyl-CoA,51 for instance

metabolites belonging to (1) the phenylacetyl-CoA catabo-

lome,52 (2) lignin-related carbon sources such as phenylpro-

panoids, and (3) other aromatic compounds catabolized via

the b-ketoadipate pathway. Subsequently, we tested whether

MM19 (pMM55) and PP05_01 (pMM55) could overproduce

PHA using selected aromatic compounds as the sole carbon

source in the absence of PHA-related co-substrates (i.e., oc-

tanoic acid) and nitrogen limitation.

Agreeing with the model predictions, while the wild-type

strain was unable to accumulate PHA using 4HBz as a

sole carbon source, the recombinant strains did. Indeed,

the PP05_01 (pMM55) strain, in which the regulatory con-

straints hampering PHA production were removed while

harboring the pMM55 plasmid, resulted in more than 5%

PHA/CDW (Figure 7C). Notably, emphasizing again the syn-

ergistic effect of the growth-coupled designs and the

removal of regulatory constraints, the MM19 (pMM55) strain

accumulated up to 17.65% PHA/CDW (Figure 7C). As ex-
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pected, the PHA monomeric compositions in both strains

showed profiles compatible with the use of the de novo fatty

acid pathway, with C10 monomers representing more than

80% (Figure 7D).

We further explored the suitability of other recalcitrant carbon

sources derived from the hydrolysis of complex polymers (i.e.,

coumarate, ferulate, vanillate, phenylacetic acid). As expected,

the wild-type strain produced only negligible amounts of PHA

when using p-coumarate, ferulate, or vanillate as the carbon

source. However, the PP05_01 (pMM55) strain exhibited PHA

accumulation ranging from 4% to 8% of the total biomass (Fig-

ure 7C). The MM19 (pMM55) strain produced significantly

higher amounts of PHA reaching up to 19.68%PHA/CDW using

ferulate as the sole carbon source. Furthermore, we continued

by testing the PHA production using phenylacetate since it was

proposed as a promising carbon source for PHA production by

providing up to 2 acetyl-CoA molecules. Once more, validating

the in silico predictions, the MM19 (pMM55) strain was able to

produce up to 14.7% of PHA/CDW after 72 h of cultivation

compared to the negligible amounts produced by the wild-

type strain (Figure 7C).

In summary, we presented a collection of PHA-overpro-

ducer mutant strains able to produce PHA under balanced

growth conditions in terms of C/N ratio by using a variety

of recalcitrant carbon sources as the sole carbon and en-

ergy sources. The growth-coupled designs, even likely

incomplete in vivo, proved to be a critical tool for rerouting

the carbon flux toward PHA production by using the PCA as

a key metabolic hub.
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DISCUSSION

In the last years, there has been increasing interest in PET upcy-

cling and plastics revalorization into higher-value-added prod-

ucts. In this context, substantial efforts have been directed

toward enhancing the enzymes involved in the polymer degrada-

tion such as PETases, cutinases, etc.53–55 However, it is surpris-

ing that a significantly smaller workforce has been dedicated to

the further revalorization of enzymatic hydrolysates.56,57 Here,

we faced the demanding transformation of recalcitrant mono-

meric constituents derived from the hydrolysis of complex poly-

mers (i.e., PET, lignin) into bioplastics, PHAs.

Growth-coupling overproducing approach is a valuable
strategy even at reduced coupling strength
In the new era of synthetic metabolism, metabolic fluxes can be

rewired by employing rationally designed selection strains in the

context of well-structured DBTL cycles as an alternative to tradi-

tional metabolic engineering strategies.8 However, this large cell

refactoring usually places a burden on the organism often result-

ing in reduced growth performance. In this way, without coupling

the functionality that is needed for production during the bacte-

rium’s growth, the implemented synthetic function could be lost

from a production strain, which adapts to a higher growth rate at

this functionality.9,58 In fact, growth coupling is a highly desirable

trait, as (1) it minimizes the effect of undesirable regulatory con-

straints, (2) alleviates the genetic instability and selection prob-

lems that can result from classical metabolic engineering, and

(3) enables the use of ALE to further increase the production

rate.59

Here,we in silicoevaluated thePHAgrowth-coupling landscape

of P. putida using computational approaches and in vivo imple-

mented one of the most promising designs. Nevertheless, we

faced several challenges to completing this in vivo validation.

Initially, the challenge of fully deleting isocitrate dehydrogenase

likely restricted the efficacy of our growth-coupling strain.

Additionally, the intrinsic nature of PHA, acting as an intracellular

metabolite accumulating in granules, could pose a counterselec-

tion pressure on evolved PHA-overproducer strains. Taken

together, these limitations hindered the utilization of ALE

experiments to enhance the growth coupling of PHA production.

Consequently, our constructed strain likely displays a weak

growth-coupling phenotype. Furthermore, we cannot rule out the

possibility that the MM16 strain exhibits a non-growth-coupled

phenotype similar to that shown in the minimal PET4 design (Fig-

ure 3D). This hypothesis gained support from the absence of

observed growth deficiencies in this strain in the absence of PHA

accumulation.

Nevertheless, we significantly overcame this limitation by

rationally constructing second-generation strains that lacked

the regulatory constraints responsible for the poor performance

of PHA production using precursors derived from the de novo

fatty acid biosynthesis pathway. The new strains demonstrated

superior PHA production rates not only by co-feeding with

PHA-related carbon source (e.g., octanoate) but also at the

expense of unrelated feedstocks as the sole carbon source. An

increased flux was also observed through the de novo fatty

acid synthesis pathway. More importantly, the advantage of
the growth-coupled metabolic background was thoroughly

demonstrated, despite its incompleteness and/or reduced

coupling strength. For instance, the MM16 strain, harboring the

growth-coupled intermediate design, accumulated significantly

higher PHA than the wild-type strain using 4HBz and octa-

noate—33.70% (0.2 g/L) compared to 7.09% PHA/CDW (0.05

g/L). Additionally, the second generation of growth-coupled

strains (MM19 and MM20) harboring either pMM55 or pRK190

significantly surpassed the production of their counterpart

strains lacking the design (PP05_01 and PP05_18) using also un-

related carbon sources and in the absence of nitrogen limitation

(Figures 5 and 6). Notably, we observed that themere elimination

of regulatory constraints in the PP05_01 (pMM55) strain proved

to be an effective approach to overcome nutrient limitation for

PHA production. However, our findings demonstrated that

achieving optimal PHA production required the synergistic effect

of regulatory removal and carbon flux rerouting, as exemplified

by the MM19 (pMM55) strain.

Overall, we have demonstrated to a great extent that our engi-

neered strains (1) exhibit improved PHA production capability,

(2) overcome nutrient limitations for PHA production, and (3) har-

bor carbon flux rerouting based on a growth-coupling design

that yields superior PHA production.

Improving PET upcycling with P. putida KT2440
The enzymatic degradation of PET to enhance its biodegrad-

ability has been an ongoing and prominent topic capturing the

attention of a significant workforce in the last decade.54,55 How-

ever, the upcycling of the subsequent PET hydrolysates using

microbial factories have been addressed only very recently. In

a valuable pioneer work, bioupcycling of PET was addressed

using P. umsongensis GO16.57 This strain is a natural TPA-

degrader strain, and it was engineered to further use EG. The re-

sulting strain was able to efficiently co-utilize EG and TPA and

convert them into mcl-PHA. The main drawback of this prom-

ising work was the low PHA yields obtained: approximately 7%

PHA/CDW by applying the conventional nitrogen-limited condi-

tions.57 By dual engineering of EG and TPA metabolisms within

the framework of a growth-coupled design, we demonstrated

here that the P. putida MM20 (pRK190) strain is a great candi-

date for further implementation in plastic revalorization strate-

gies. In fact, this strain reached up to 12.5% of PHA/CDW

(0.10–0.17 g/L) using a synthetic mixture of TPA and EG or

PET hydrolysate without nitrogen limitation. Therefore, as indi-

cated by the growth deficiencies observed in the context of

PET hydrolysate upcycling, there is still a substantial opportunity

for improvement in both strain design and feedstock supply.

Expanding the scope of PHA-overproducer strains
toward recalcitrant feedstocks
Taking advantage of the metabolic funneling concept, in this

work, we further expanded the applicability of our engineered

strain toward the upcycling of a range of aromatic compounds,

including lignin-related carbon sources (Figure 7; Table S5).

Lignin and lignin-related compounds have already been

explored as suitable feedstocks for PHA production through

increasing levels of engineering in Pseudomonas strains

(Table S7).36,60–64 In this vein, Salvachúa and collaborators
Cell Reports 43, 113979, April 23, 2024 11
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demonstrated the efficiency of combining synthetic biology/meta-

bolic engineering strategies and optimizing culture growth condi-

tions to improvePHA yields fromkey lignin-relatedcomponents.65

Specifically, fed-batch cultures of the engineered P. putida

KT2440 strain combined with high cell densities reached up to

0.95 g/L PHA production after 85 h of growth. Despite this high

yield, such large cell refactoring was unable to uncouple PHA pro-

duction from nitrogen limitation, and nitrogen-limited conditions

(C/N ratio: 55.6mol/mol; Table S7) were required for production.65

Notably, a recentattempt todecouplePHA fromnitrogen limitation

has been successful using the non-model P. putidaA514 strain. In

this study, a library of engineered P. putida A514 strains overex-

pressing the PHA pathway using different inducible expression

systems was constructed. When the library was tested for PHA

production at different C/N ratios supplementedwith 15mMvanil-

lic acid (high: 98.4 mol/mol and low: 6.5 mol/mol), productions of

up to 34.4% were reported.66,67 Remarkably, nitrogen limitation

could be overcome due to the fact that the key genes involved in

the de novo biosynthesis pathway (i.e., including 3-hydroxyacyl-

ACP thioesterase [phaG] and long-chain fatty acid-CoA ligase

[alkK]) were significantly expressed under both high and low nitro-

gen (N) conditions, contrary to what occurs in the KT2440 strain.

Therefore, the optimal combination described by the engineered

strain of P. putida A514 resembles that of the PP05_01 (pMM55)

strain, where the intrinsic regulatory constraints were synthetically

removed. Notably, in our case, PHA productionwas achieved at a

significantly lower C/N ratio scenario (1.12 mol/mol using 4.4 mM

vanillic acid). Therefore, with the construction of MM19 (pMM55)

and MM20 (pRK190) strains, we take a significant step forward

by additionally rerouting central metabolism toward PHA produc-

tion. An interesting question that arises iswhether the implementa-

tion of a similar growth-coupling design inP. putidaA514 could in-

crease PHA production in this strain at a similar rate to P. putida

KT2440. If so, the resulting strainwoulddefinitelybeofgreat indus-

trial value.

Limitations of the study
Here, we take a valuable step forward toward the long-term goal

of the cost-effective conversion of recalcitrant polymers into

sustainable and more degradable bioplastics. Notably, it is

important to emphasize that, in pursuit of this ambitious objec-

tive, we faced both foreseen and unforeseen challenges.

Firstly, several limitations encountered relied on the feasibility

of the accurate in vivo implementation of model-driven designs.

Our study highlights intrinsic limitations, such as the nature of

PHA, which complicates ALE experiments, as well as the un-

known effects on cell viability due to deleting IDH, as the main

reasons preventing the successful construction of overproduc-

ing strains exhibiting high-strength growth coupling. However,

we cannot discard additional unknown effects derived from the

high number of genetic modifications and/or metabolic knowl-

edge missing in the GEM of P. putida as additional sources of

this infeasibility. Taken together, our data verify that the lack of

metabolic/physiological knowledge regarding the microbial cell

factory is still an important limitation in rational bioengineering.

Therefore, efforts toward the system-level understanding of

overproducer strains, such as that we present here, becomes

of high value for the community.
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Secondly, we have realized that raw material supply, often

underestimated, is not a trivial issue when it comes to recalci-

trant compounds. PET hydrolysates were generated using a

very high buffer capacity, therefore providing challenging growth

conditions for P. putida and thus contributing to decreased

growth and PHA production performance. Similar behavior

was observed when using lignin hydrolysates, which implies

that it is a common limitation in polymer upcycling and needs

to be taken into account. Whether the use of more friendly poly-

mer pre-processing steps and/or the use/engineering of more

robust microbial hosts could successfully address this limitation

is something that needs to be explored in the near future.
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Biorender N/A https://www.biorender.com/
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gcFront Legon et al.39 https://github.com/lLegon/gcFront
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straindesign N/A https://github.com/klamt-lab/straindesign

Jupyter Notebook N/A https://github.com/jupyter/notebook
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Plasmids generated in this study are available from the lead contact with a completed Materials Transfer Agreement. This study did

not generate unique reagents. Please refer to key resources table for the reagents and data generated in this work.

Data and code availability
d All the data that support the findings of this study is available in the data folder within the PET2PHA repository at https://doi.org/

10.6084/m9.figshare.23760606.v1. These data were derived from the resourcesmentioned in theDeposited data andSoftware

and algorithms section in the key resources table and from the in-house software developed.

d All the original code has been deposited through a figshare repository, including in-house software specifically developed for

this study. Everything is available in the code folder within the PET2PHA repository at https://doi.org/10.6084/m9.figshare.

23760606.v1.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The experimental model used in this work are bacterial strains of E. coli and P. putida, please refer to key resources table section:

Experimental models: Organisms/strains.

Bacterial strains, media and culture conditions
Bacterial strains and plasmids used in this work are listed in Table S1. E. coli and P. putida strains were grown routinely for DNA ma-

nipulations and pre-cultures in lysogeny broth (LB)medium at 37�Cand 30�C, respectively.68 The appropriate selection of antibiotics,
ampicillin (Amp, 100 mg/mL), chloramphenicol (34 mg/mL), kanamycin (Km, 50 mg/mL), streptomycin (75 mg/mL), IPTG (0.5–1mM) and

Xgal (40 mg/mL) were added where needed.

Standard growth experiments of P. putida in the defined mediumwere performed in M63minimal medium (13.6 g/L KH2PO4, 2 g/L

(NH4)2SO4, 0.5 mg/L FeSO437 H2O, adjusted to pH 7.0 with KOH), supplemented with the carbon source needed in each case

for 24 h at 30�C under vigorous shaking at 200 rpm.17 The medium was supplemented with 1 mM MgSO4 and 1X solution of trace

elements (Goodies) (composition 1000X dissolved in 1NHCl: 2.78 g/L FeSO437H2O, 1.98 g/LMnCl234H2O, 2.81 g/L CoSO437H2O,

1.47 g/L CaCl232H2O, 0.17 g/L CuCl232H2O, 0.29 g/L ZnSO437H2O).

For TPA and EG co-feeding experiments, we followed the Tiso and collaborators assay with some modifications.57 For this, the

Delft minimal medium was used (3.88 g/L K2HPO4, 1.63 g/L NaH2PO4, 2 g/L (NH4)2SO4, adjusted to pH 7.0 with KOH) supplemented

with a synthetic mixture of 20 mM TPA and 20 mM EG. The medium was supplemented with 1X solution of Delft trace elements dis-

solved in 1N HCl and pH adjusted to 4 and filtered (composition of 100X: 0.5 g/L FeSO437H2O, 0.1 g/L MnCl232H2O, 0.04 g/L

CoCl236H2O, 0.1 g/L CaCl232H2O, 0.02 g/L CuSO435H2O, 0.2 g/L ZnSO437H2O, 10 g/L MgSO436H2O, 1 g/L EDTA, 0.02 g/L

Na2MoO432H2O).

For PET hydrolysate assays, concentrated 1000X PET hydrolysate from Tiso and collaborators57 was used and supplemented with

2 g/L (NH4)2SO4 and 1X solution of Delft trace elements. This synthetic mix was properly diluted to 1X with water by adjusting the pH

to 7.3 with 1N NaOH and filtered. To avoid TPA precipitations, this synthetic mix was properly prepared the date of experiment and

resulted to final concentration of 17–22 mM EG and 18–33 mM TPA.

METHOD DETAILS

Physiological studies and parameters calculation
For P. putida growth experiments, LB pre-culture cells were washed twice with 0.85% saline solution and adjusted to an optical den-

sity of 600 nm of 0.3 M63 minimal medium supplemented with 5 mM sodium 4-hydroxybenzoate (C/N = 1.12 mol/mol) and with the

presence of 3 mM octanoate (C/N = 2 mol/mol). Culture growth (50 mL) was monitored in Erlenmeyer shaking flasks (200 rpm) of

250 mL using a portable spectrophotometer (Fischer Scientific, Pennsylvania, USA) at 600 nm for 24 or 48 h.

In all the experimental approaches, the cultures occupied no more than 20% of the volume of the flask and special care was taken

to control the C/N ratio in order to compare the different growth conditions when several carbon sources were applied. For balanced

conditions (without nitrogen limitation), the C/N ratio was between 1 and 3 mol/mol, whereas for the traditional PHA accumulation

experiments (including nitrogen limitation), the C/N ratio was maintained at 40 mol/mol.

Construction of P. putida engineered strains
Standard molecular biology techniques were performed.68,69 The genes of interest were inactivated by allelic exchange homologous

recombination using the mobilizable plasmid pK18mobsacB.20,70 Briefly, PCR primer pairs (Table S8) were designed to amplify

approximately 800 bps regions upstream (Z1) and downstream (Z3) of the deleted gene to serve as homology recombination

arms. Appropriate restriction enzyme sites were added upstream of Z1 and downstream of Z3 to clone the fragment Z1Z3 into

pK18mobsacB. The resulting pK18mobsacB-Z1Z3 construction was introduced into P. putida KT2440’s genome by using the
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triparental filter-mating technique.71 For the first recombination selection process, cetrimide agar plates supplemented with

50 mg/mL kanamycin were used, allowing only the selection of Pseudomonas strains.72 The resulting recombinant strains were

confirmed by PCR and selected colonies were grown in LB for 6 h and then plated on M63 minimal medium plus 20 mM glucose

selective plates supplemented with 5% sucrose. Transconjugants sucrose-resistant and kanamycin-sensitive were isolated and

the second recombination event was confirmed by PCR using external primers of the arms of homology region, and DNA sequencing

(Table S8).

For the pha cluster deletion, the pEMG knockout system was used, with some modifications.73,74 P. putida transconjugants of the

first recombination event were transformed with pSW-I via electroporation. The selection plates were LB + 500 mg/mL Amp and

15 mM 3-methylbenzoate (3MB), and incubated at 30�C for 16 h. We should note here, that KT2440 is naturally resistant to ampicillin

but such concentration allows plasmid selection. Additionally, the I-Sce-I endonuclease expression is dependent on a 3MB inducible

promoter system. Single colonies were picked on LB + 500 mg/mL Amp and LB + Km to screen for kanamycin-sensitive clones.

Similar to pK18mobsaB strategy, several kanamycin-sensitive clones were checked for the knockout phenotypes, using external

primers to the homology region (FdPHA and RdPHA, Table S8). To confirm, the integrity of the homology region, DNA sequencing

of the PCR product was performed. Under non-selective cultivation Pseudomonas lose the pSW-I plasmid quite fast. For this pur-

pose, several single colonies were checked for 500 mg/mL Amp sensitivity to verify pSW-I plasmid loss.

For TPA growth cultures the pRK190 plasmid was generated. This derives from the pBT’T_tph plasmid harboring the tph operon

codifying the pcaRtphA2A3B1A1pcaK genes for TPA degradation from Pseudomonas umsongensis GO16.50 Briefly, the synthetic

tph operon and expression vector (pBT’T, kanamycin resistance, constitutive expression, low copy number) were amplified by

PCR and joined via Gibson assembly. The full assembly reaction was transformed in E. coli DH5a. Plasmid constructs, extracted

from positive transformant colonies, were used for subcloning of the pha synthetic operon derived from pMM55 via NotI, generating

pRK190 plasmid. The confirmed plasmid constructs were electroporated in electrocompetent P. putida engineered strains prepared

as described previously.75

Golden gate/MoClo plasmid construction
Golden gate cloning method is based on the use of type IIS restriction enzymes combined with restriction-ligation, which allows high

cloning efficiency using a single one-pot step.76–78 Golden gate/MoClo plasmids (Table S1) were constructed following the Weber

et al. protocol with some modifications.76,78,79 Briefly, for Level 0 plasmid construction, every part was PCR amplified with oligonu-

cleotides designed with the Benchling platform (www.benchling.com) with the following characteristics: a tail containing the BpiI

recognition site followed by the corresponding 4-nt fusion site, 21 bp of minimal length for target complementarity, 50�C of minimal

Tm for that region and a maximal Tm difference of ±1.5�C between both oligonucleotides. If a part contained a BpiI/BsaI recognition

site, it would be eliminated introducing by PCR amplification silent same sense point mutations in the restriction site sequences.

The position and orientation of each gene in a final construct determines which level 1 destination vector has to be chosen for the

assembly of a transcription unit. These level 1 vectors differ only by the sequence of the fusion sites. The two external fusion sites (BpiI

cleavage sites) of each vector are designed to be compatible with the fusion sites of the vectors from the position before and after.

Level 2 vectors contain two inverted BpiI recognition sites for insertion of level 1 modules. The upstream fusion site (TGCC) is

compatible to a gene cloned in a level 1 vector, whereas the downstream fusion site consists of a universal sequence (GGGA).

This design allows the cloning of two to six genes in the same vector. The last gene is fused to the vector by using a compatible linker.

During each step of the part construction, apart from the control digestion process, sequencing of all the included parts was realized.

The correct level 2 plasmids with compatible origin of replication were transformed into P. putida strains following the Choi et al.

protocol with some adaptations.75 Briefly, P. putida strains were grown overnight in 10 mL of LB at 30�C and vigorous shaking at

200 rpm. These cultures were pelleted at 3,200 3g for 10 min, washed five times with 300 mM sucrose and resuspended in

300 mL of 300 mM sucrose. 100 mL of cell suspension were mixed with 100 ng of the desired plasmid and transferred to a 2 mm

gap electroporation cuvette. After a pulse of 25 mF, 2.5 kV and 200 U; 900 mL of room temperature LB was added and transferred

to a 1003 16 mm round-bottom polypropylene tube, and incubated for 1 h at 30�C, 200 rpm. 100 mL of the 1/10 diluted transforma-

tion cultures were plated on LB agar plates containing the corresponding antibiotic for the plasmid maintenance, and grown at 30�C.
For the purpose of this work, the SynPro16 promoter was used with an upstream lT0 terminator which was introduced into the

Golden gate-MoClo pL0-PU plasmid.79,80 Genes encoding PhaC1, PhaF, PhaG, and AlkK enzymes from P. putida KT2440 were

cloned into the pL0-SC plasmid from the Golden gate-MoClo kit. The terminators lT1, rnpB-T1, and rpoC-term were cloned into

the pL0-T plasmid from the Golden gate-MoClo kit.

RNA extraction and real-time qPCR experiments
For the RNA extraction process, standardmolecular biology techniques were followed.20,81 The RNA samples were obtained after 6 h

of growth (at mid-exponential phase), and 7 mL were harvested by centrifugation at 3000 xg for 10 min at 4�C. The cell pellets were

rapidly frozen in dry ice and stored at �80�C until further use. Pellets were resuspended in TE buffer (10 mM Tris-HCl pH 7.5, 1 mM

EDTA) containing 5 mg/mL of lysozyme. RNA was extracted using the High Pure RNA Isolation kit (Roche) following the manufac-

turer’s instructions. Extracted RNA was additionally treated with DNase (Ambion) following the manufacture�rs instructions. RNA

integrity was checked by agarose gel electrophoresis and was quantified with NanoDrop 2000 Spectrophotometer (Thermo Scien-

tific, Massachusetts, USA).
20 Cell Reports 43, 113979, April 23, 2024
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cDNA synthesis was performed using the Transcriptor First Strand cDNA Synthesis kit (Roche), following the manufacturés

recommendations. cDNA was synthesized from 1 mg of purified RNA using random hexamer-primed reactions. For the real-

time qPCR reaction, 1 mg of transcribed cDNA was used and a standard curve of differential dilutions (from 10�1 to 10�5) of

P. putida genomic DNA was plotted. The sequence of the primers used for this study is listed in Table S8. For the data anal-

ysis, the absolute quantification was chosen, showing the expression levels in nM concentration of cDNA. This analysis was

performed in three technical replicates from two independent biological samples and the size of each amplified gene was

considered.

PHA determination by methanolysis and GC-MS analysis
For composition and total cellular PHA content quantification, standard GC-MS approaches of the methanolized polyester were

used.20,79 In each condition, at least two independent biological replicates were performed. Where the statistical error was higher

of 10%, three biological replicates were performed. During the methanolysis process, two technical replicates were included for

each biological sample. Briefly, 2–5 mg of lyophilized samples (culture pellets) were resuspended in 2 mL of methanol containing

15% sulfuric acid and 2mL of chloroform containing 0.5 mg/mL 3-methylbenzoic acid (3MB) as internal standard and then incubated

using a screw-capped tube at 100�C for 5 h. After cooling, a two-phase extraction process was performed, followed by the addition

of a small amount of Na2SO4 powder to completely remove thewater phase. The organic phase containing the resultingmethyl esters

of monomers was analyzed by GC-MS.

An Agilent (Waldbronn, Germany) series 7890A gas chromatograph coupled with a 5975C MS detector (EI, 70 eV) and a split–

splitless injector were used for the analyses.20 During this work, the DB-5HTDB-5HT column (400�C: 30 m 3 0.25 mm x 0.1 mm

film thickness) was used. The retention time for each methyl ester monomer obtained in this work was 3.5 min (C6), 7.2 min (C8)

(C7:1), 7.2 min (C8), 9.3 min (C9:1), 12.0 min (C10), 14.1 min (C11:1), 16.2 min (C12:1), 16.6 min (C12), 20.9 min (C14) and 6.1 min

(3MB, internal standard).

TPA quantification using HPLC-MS
TPA samples were collected after culture centrifugation at 15,000 xg for 10 min. Then, supernatants were diluted 10 times before

being injected in the HPLC Agilent 1260 series apparatus (Agilent, USA) equipped with SQ mass spectrometer. The related metab-

oliteswere separated on aC18 LC column (Agilent Poroshell 120 EC-C18 column (34.6mm3 100mm; particle size 4 mm) at 30�Cand

a flow rate of 1 mL/min. The following gradients of buffer A (water acidified with 0.1% formic acid) and buffer B (20% acetonitrile

acidified with 0.1% formic acid) were used: starting with a mobile phase of 100 of A, the B concentration was ramped linearly to

40% in 12 min, then returned back to 100% of A and maintained constant at 100% for 2 min. The TPA was detected at 230 nm

with the quantifications being realized using external standards and by mass spectroscopy. The standard curves were generated

by measuring 1–100 mM TPA.

Extracellular metabolites identification by HPLC
The presence of residual 4-hydroxy benzoate (4HBz; Sigma-Aldrich, Merck, Germany) was quantified by HPLC (Agilent Series 1260

Infinity II, Agilent, CA, USA), on a ZORBAXEclipse Plus C18 (Biorad, Hercules, CA, USA, Agilent, CA, USA) at room temperature with a

flow rate of 0.5 mL min�1 and an injection volume of 25 mL. The mobile phase was 0.1% trifluoroacetic acid in water (A) and 0.1%

trifluoroacetic acid in methanol (B). The following elution program was used as follows: at the start, 85% A and 15% B; after

11 min, the percentage of B was linearly increased to 50%. After that, it was ramped to the original composition in 2 min and then

equilibrated for 8 min. The retention time of 4HBz was 13.5 min. A standard curve of 4HBz was done (1–5 mM). As a control, the me-

dium without 4HBz was injected.

For EG quantification, the same liquid chromatography technique was used, but in this case with an ion exchange column Aminex

HPX-87H (Bio-Rad, Hercules, CA, USA) at 50�C with a 0.6 mL/min flow rate and a 25-mL injection volume. The mobile phase was

5 mM of sulfuric acid applied on an isocratic regimen, and compounds were detected by means of a refractive index detector.

For the standard curve 1–100 mM EG was used. The retention time of EG was of 14.5 min.

Microscopy assays
Cultures were routinely visualized with a 100X phase-contrast objective (Nikon microscope) and images were taken with an attached

camera (Leica DFC345 FX).

For transmission electron microscopy (TEM) assays, P. putida cells previously grown under PHA production conditions for 24 h

were harvested and washed twice in 1X PBS as previously described.79 Briefly, the cells were fixed for 1 h in 3% glutaraldehyde

in PBS and then washed twice with PBS. Samples were post-fixed in 1% osmium tetroxide and 0.8% potassium ferricyanide for

1 h at 4�C. Samples were washed with PBS prior to dehydration with an increasing gradient of ethanol (30%, 50%, 70%, 80%,

90% and 100%) of 10 min per step. Samples were embedded in LX112 resin and were polymerized for 48 h at 60�C. 60–80 nm sec-

tions were placed in copper grids of 75 mesh and stained with 5% uranyl acetate for 15 min and lead citrate for 3 min. Samples were

viewed in a JEOL 1230 TEM and images were taken with a CMOS TVIPS 16 mp camera. For pictures schematic representation Im-

ageJ software was used for analysis.82
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Constraint-based flux analysis
P. putida models26,51 were analyzed with the COBRA Toolbox v3.0 within the MATLAB environment (The MathWorks Inc.)83 and

COBRApy package (version 0.25.0).84 TomlabCPLEX and theGNULinear Programming kit were used for solving linear programming

problems. The constraint-based model consists of an m x n matrix containing all the stoichiometric coefficients in the models of m

metabolites and n reactions (S).

Flux balance analysis (FBA) is a widely used approach for studying biochemical networks, in particular GEMs. FBA calculates the

flow of metabolites through the given metabolic network, making it possible to analyze the phenotypes and capabilities of organisms

with different environmental or genetic perturbations, to predict the growth rate of an organism or the rate of production of a metab-

olite of interest.

Model-driven design of growth-coupled PHA strains
Weaddressed the identification of growth-coupled in silico overproducing PHA designs using PET as the sole carbon source by using

gcFront,39 presenting several advantages over previous methods. First, it is an algorithm that explores knockout (KO) strategies that

simultaneously maximize cell growth, product synthesis, and coupling strength (tri-level optimization). The incorporation of this last

optimization parameter significantly reduces the search time compared to other widely used strain designing algorithms such as

OptKnock85 thus, speeding up the discovery of KO strategies.39 In addition, gcFront selects strategies by using a genetic algorithm,

therefore it is able to generate many alternative optimal and suboptimal designs on the pareto surface during a single run, efficiently

exploring the available metabolic design space, and leaving the user flexibility in selecting t87he designs to be applied in the

laboratory.

In order to reduce the computational complexity of the analysis, before applying gcFront, we proceeded to construct a simplified

version of iJNP4SB, following the workflow shown in Figure 2. The reduced model was constructed by applying two consecutive

simplification steps e.g., model simplification and model reduction. This simplified model version included a less complex biomass

equation and a reduced PHA and alginatemetabolism, e.g., only the final production of mcl-PHA containing 8 carbon atoms (C8), and

a specific single alginate (alginate with 3 units of acetylated D-mannuronate and 2 units of L-guluronate) were considered. Lumped

reactions corresponding to pyruvate dehydrogenase, 2-oxoglutarate dehydrogenase, and TOL plasmid reactionswere also removed

from the simplified model. To avoid unrealistic acetate secretion, the boundaries of the reactions ALDD2x (aldehyde dehydrogenase

acetaldehyde), CYSS (cysteine synthase), and NACODA (N-acetylornithine deacetylase), which produce acetic acid from acetalde-

hyde, O-acetyl-L-serine andN-acetyl-L-glutamate 5-semialdehyde, respectively, were set up to 0. Additionally, the boundaries of the

reactions PHADPC80 (poly-3-hydroxyalkanoate depolymerase C80) and RHACOAE80 (R-hydroxyacyl-CoA thioesterase C80)

involved in the production of R-hydroxy acids were also set up to 0.

In the following step, the blocked reactions when using PET as a carbon sourcewere identified bymeans of Flux Variability Analysis

(FVA) using up to 20%of themaximal growth rate and removed from the simplifiedmodel.86 For clarification, the blocked reaction in a

metabolic network refers to a reaction that does not participate in any optimization solution and can be defined with a minimum and

maximum theoretical flux lower than 10�6 mmol$gDW�1$h�1. Finally, the list of target reactions to be deleted (KO reaction list) was

constructed by applying four additional and iterative reduction steps including the removal of: (i) reactions encoded by essential and/

or nearly-essential genes, (ii) all reactions without associated genes in the model, (iii) peripheral and transport reactions, and (iv) the

sets of flux-coupled reactions were aggregated as a single reaction (Figure 2).87 To further increase the searching speed of gcFront,

we run the strain designing algorithmOptKnock using the KO reaction list allowing a maximum number of deletions between 3 and 5.

From the more promising OptKnock strategies, key reactions were collected to construct a more reduced target reactions list

(reduced KO reaction list).

The generation of the reduced KO reaction list involved the execution of OptKnock with varying KO and carbon limits (C). Iteratively

following the steps outlined within the yellow box (Figure 2), each parameter combination resulted in a distinct candidate list. The KO

limit controlled the maximum number of deletions applied to the model, while the C limit excluded reactions within peripheral path-

ways from the KO reaction list due to their minimal impact on growth-coupled (GC) strategies. Subsequently, strategies were eval-

uated based on the flux of the target reaction and model growth. Strategies yielding less than 10% of initial growth and/or less than

0.05 mmol/DW/h of flux in the target reaction were filtered out. From the remaining strategies, a reaction ranking was generated, ul-

timately resulting in the creation of the final candidate list referred to as the reduced KO reaction list. Finally, gcFront set themaximum

number of knockouts to 30. The rest of parameters used to configurate gcFront are shown in Table S2.

In silico manual curation for candidate’s selection
The performance of growth-coupled strain designs obtained through our in-house pipeline for the bioproduction task proposed in

this study is depicted within the production envelope of the wild-type (WT) strain (Figure 3). The designs are color-coded based

on our proposed design score, which equally considers coupling strength (as defined in the gcFront) and biomass-coupled product

yield (BCPY). From this analysis, the PET4 design stands out as the most promising candidate for further in silico evaluation (please

also refer to the corresponding results section).

For the assessment of PET4 performance dynamic Flux Balance Analysis (FBA) analysis was performed. PET4 demonstrates the

capability to produce a significant amount of PHA from PET within a reasonable time frame (50 h).
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Upon selecting PET4 as our target design, we conducted a clustered impact ranking of individual reactions within PET4 to evaluate

its performance. Reactionswithmore negative impacts (ORNCD, ICL, ICDHyr, andMALS) are essential for coupling the production of

PHA to growth (minimal design). Another group of KO reactions, including FORGLUH2, MCITL2, PPCSCT, and SUCOAS, has amod-

erate Impact Score but lacks decoupling capability, forming together the previous reactions the intermediate design. The remaining

KO reactions in the PET4 design have a negligible impact on PHA (see Table S4 for reaction nomenclature).

To evaluate the designs derived from PET4, the production envelopes of the WT strain and three different designs derived from

PET4/complete are shown. It is noteworthy that theminimal design is not growth-coupled, indicating the necessity of those additional

reactions included in the intermediate impact score cluster to couple PHA production with growth. As expected, the inclusion of the

last group of KO reactions only slightly improves the PHA production performance.

For the generation of the metabolic map for the visualization of the distribution of metabolic fluxes, the web application Escher

(https://escher.github.io) was used (Figure S1). The resulting map was saved in json format. Models used in this work are accessible

through the figshare repository of the project (https://doi.org/10.6084/m9.figshare.23760606.v1).

QUANTIFICATION AND STATISTICAL ANALYSIS

In each condition, at least two independent biological replicates were performed. Where the statistical error was higher of 10%, three

biological replicates were performed. During the methanolysis process, two technical replicates were included for each biological

sample. The mean values and the standard deviation of these replicates is represented in the Figures and Tables of the manuscript.
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