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ABSTRACT
Beyond the rational construction of genetic determinants to encode target functions, complex phenotype engineering requires 
the contextualisation of their expression within the metabolic and genetic background of the host strain. Furthermore, wherever 
metabolic complexity is involved, phenotype engineering demands standard, reliable, plug-and-play tools. We introduce GENIO 
(GENome Integration and fitness Optimization platform for Pseudomonas putida), a framework to optimise genetic circuit perfor-
mance by means of (i) chromosome-location-based differential gene expression and (ii) subsequent fitness improvement through 
evolutionary engineering if needed. Using gene expression strength and cell-to-cell variation, we characterised 10 P. putida chro-
mosomal loci (ppLPS) to show that genome context rather than distance to ORI is the main factor driving differential expression 
performance. We further contextualised ppLPS gene expression against well-known chromosomal integration sites and plasmids 
displaying different copy numbers. GENIO supports comprehensive exploration of the gene expression space across P. putida's 
genome while unlocking performance optimization of complex heterologous metabolic pathways through evolutionary engineer-
ing. To demonstrate the usability of GENIO, we restored P. putida's aromatic hydrocarbon metabolism by (de)constructing the 
toluene/m-xylene catabolic pathway coded in the pWW0 plasmid. We also showed that engineering complex phenotypes requires 
accurate contextualisation of the synthetic pathways involved, a process that benefits from biological robustness.

1   |   Introduction

The soil bacterium Pseudomonas putida, particularly the 
KT2440 strain, is a premier chassis in the field of metabolic 
engineering and synthetic biology (Martínez-García and de 
Lorenzo 2024). Known for its remarkable adaptability and ro-
bustness (Belda et al. 2016), P. putida offers several advantages 
that make it a preferred host for a variety of biotechnological 

applications, including industrial biotransformation and envi-
ronmental remediation (Weimer et al. 2020). One of the most 
compelling reasons for using P. putida KT2440 is its versatile 
metabolism, which allows it to thrive in changing and often 
harsh environments (Manoli et al. 2022). This bacterium can 
metabolise a wide range of substrates, making it highly adapt-
able to different bioprocesses (Jimenez et  al.  2002). Its ro-
bust redox metabolism is particularly beneficial for reactions 
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requiring strong oxidising or reducing conditions, which 
are often challenging for other microbial platforms (Ebert 
et al. 2011). Another critical attribute of P. putida KT2440 is 
its tolerance to physicochemical stress. This resilience is es-
sential for maintaining the stability and efficiency of engi-
neered pathways under industrial operating conditions (Nikel 
et al. 2014).

The availability of advanced system biology (Nogales et al. 2020) 
and molecular tools for genetic manipulation (Torres-Bacete 
et al. 2021; Kozaeva et al. 2024) has further enhanced the appeal 
of P. putida KT2440 as a synthetic biology chassis (Martínez-
García and de Lorenzo 2024). Researchers have developed many 
tools for accurate genetic editing to enable integration and ex-
pression of complex metabolic pathways. Such tools include 
replicative plasmids, site-specific recombinases, transposon mu-
tagenesis, recombineering techniques and CRISPR-Cas systems 
(Cook et al. 2018; Martin-Pascual et al. 2021). These capabilities 
have opened new avenues for biotechnological innovations, in-
cluding the production of high-value chemicals, bioplastics and 
compounds with pharmaceutical applications (Nikel and de 
Lorenzo 2018).

Genomic editing tools for P. putida have revolutionised our 
ability to explore cellular fitness and generate diverse pheno-
types. Fitness landscape refers to the relationship between 
an organism's phenotype (observable traits) and its genotype 
(genetic makeup). Among other factors, the concentration 
of enzymes from synthetic genetic circuits plays a key role 
in influencing cellular fitness. This is crucial for maintain-
ing a balanced metabolic state and is dependent on the host 
(Tas et  al.  2021). Indeed, optimal fitness requires an enzy-
matic Goldilocks balance, that is, a situation where enzyme 
concentrations are neither too low nor too high (Agozzino 
et  al.  2020). Insufficient enzyme levels result in low meta-
bolic flux and hinder a cell's ability to perform specific tasks. 
Conversely, excessively high enzyme concentrations lead 
to energy wastage and make the cell less competitive com-
pared to other more energetically optimised cells (Eames and 
Kortemme 2012). Genome editing tools enable accurate mod-
ification of genes and/or regulatory elements, so it is possible 
to control gene functions and metabolic pathways to support 
cellular adaptation to changing environmental conditions and 
metabolic challenges. Such tools facilitate the rational engi-
neering of metabolic pathways, so ramping up their level of 
sophistication is critical to tackling increasingly complex proj-
ects successfully.

Complex phenotype engineering endeavours often demand 
a coupling of rational design and evolutionary engineering 
(Dragosits and Mattanovich 2013; Sauer  2001). Evolutionary 
approaches to engineer bacteria have proved themselves as a 
powerful tool to drive changes in fitness (positive or negative), 
thus reflecting the dynamic interplay between genetic variation 
and environmental pressures (Acerenza  2016). When bacteria 
are exposed to a specific selection pressure, such as an antibi-
otic or a nutrient-limited environment, mutations that confer 
a survival advantage are more likely to be propagated. These 
advantageous mutations enhance the bacteria's fitness in a 
particular context, allowing them to outcompete less adapted 
strains (Denamur and Matic  2006). However, this gain in 

fitness is often context-dependent, and mutations that enhance 
survival under one set of conditions may be detrimental under 
different circumstances. For instance, antibiotic resistance can 
incur a metabolic cost, slowing growth rates when the antibi-
otic is absent (Andersson and Hughes 2010; Melnyk et al. 2015). 
Similarly, bacteria might lose non-essential genes that are costly 
to maintain under specific conditions, resulting in a streamlined 
genome that enhances fitness in a given niche but reduces versa-
tility in other environments (Helsen et al. 2020).

Aside from the variability of tools for genome modification, full 
exploitation of P. putida's potential relies on the development of 
standardised, plug-and-play and high-throughput genome ed-
iting techniques. In this regard, recent studies have identified 
and characterised novel sites of genomic integration (Chaves 
et  al.  2020; Köbbing et  al.  2024). In this context, we present 
GENIO (GENome Integration and fitness Optimization plat-
form for Pseudomonas putida) a novel synthetic biology tool 
(synbiotool) that presents several advantages with respect to 
previous efforts. Specifically: (i) GENIO is a library of vectors 
based on the SEVA architecture (a sibling of pSEVA) contain-
ing integration loci uniformly distributed across the P. putida 
chromosome; (ii) its integration process preserves the functional 
structure of P. putida's chromosome, avoiding coding sequences; 
and (iii) the expression from its specific Landing Pad Sequences 
(LPSs) has been fully calibrated in terms of expression strength 
using both cis and trans reference systems. Moreover, GENIO 
offers a dual optimisation strategy for genetic circuits, leverag-
ing differential expression at different chromosomal loci and 
evolutionary improvement of cell fitness by navigating local 
crests and troughs until optimal peaks are found. In our re-
search, we deconstructed the toluene/m-xylene catabolic path-
way cluster (a complex system comprising 21 genes organised 
into three gene clusters, including two large catabolic operons 
(8.5 and 11.5 kb) and a complex regulatory module (3.1 kb) from 
the pWW0 plasmid) and reconstructed it at specific locations in 
P. putida KT2440's chromosome. Using GENIO, we were able 
to demonstrate successful adaptation of P. putida through the 
incorporation of new genetic material coupled to adaptive evo-
lution. GENIO supports exploration of different spatial arrange-
ments within the cell to achieve optimal performance of the 
toluene metabolism.

2   |   Materials and Methods

2.1   |   Bacterial Strains, Growth Conditions 
and Genetic Constructs

Bacterial strains and plasmids used in this study are presented 
in Table S1. Escherichia coli cells cultivated at 37°C in lysogenic 
broth (LB) medium were used as hosts for cloning and screening 
procedures. For solid cultivation, 1.5% (w/v) agar was added to 
the medium. Pseudomonas putida cells were cultivated at 30°C 
in M9 minimal medium (Abril et al. 1989) supplemented with 
2 mM MgSO4, 1× goodies and 34 μM EDTA. 20 mM glucose, 
6 mM toluene and 5 mM m-xylene were used as carbon sources. 
When needed, kanamycin (Km) 50 μg mL−1, ampicillin (Ap) 
100 μg mL−1, chloramphenicol (Cm) 30 μg mL,−1 and gentamy-
cin (Gm) 10 μg mL−1 for E. coli and 20 μg mL−1 for P. putida were 
added to the growth media.
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LPS DNA parts were synthesized by GenScript Biotech 
Corporation and cloned into the pSEVA611 vector using AscI-
SanDI restriction enzyme sites. LPS sequences used in ppLPS 
plasmids were cleaned of restriction enzyme sites present in 
the pSEVA backbone while maintaining codon usage for P. 
putida.

The heterologous DNA pem7-GFP from plasmid pSEVA2313G 
(https://​seva-​plasm​ids.​com/​find-​your-​plasm​id/​) was cloned into 
the cargo of the pTn7-M vector and the suicide plasmids ppLPS 
(ppLPS1 to 10) using the restriction sites available in the MCS. 
pem7GFP was digested with PacI and SpeI, and the gel-purified 
fragment was ligated into the ppLPS vectors. The resulting plas-
mids were named ppLPS1 pem7GFP, ppLPS2 pem7GFP and so 
on until ppLPS10 pem7GFP (Table S1). Sequencing with prim-
ers L3S5 and ECK3 was used to verify the integrity of the new 
constructions.

Operons from the toluene/m-xylene cluster were amplified from 
P. putida mt-2 by colony PCR. Primers xylR3 and xylS3 were 
used to amplify the xylRS regulatory node as a 3218 base pair 
(bp) PacI/SpeI fragment. The Upper operon was amplified as an 
8486 bp PacI/KpnI fragment with primers upper5 and upper3. 
Finally, the Meta operon was amplified as two separate frag-
ments: fragment 5969 bp PacI/BsrGI was amplified with primers 
meta5 and BsrGmeta3, and fragment 5609 bp BsrGI/SpeI was 
amplified with primers BsrGmeta5 and meta3. Clusters were 
cloned into different ppLPS vectors (Table S2).

Golden Standard (Blázquez et  al.  2023) was used to assemble 
transcriptional units (TUs) carrying a BG17 promoter, RBS con-
sensus, yfp or rfp reporter genes, and a T500 terminator. TUs 
were subcloned into a pTn7-M vector and integrated in the 
attTn7 region of strains mt-2 and SBG1084 (Table S1).

Plasmids and DNA were PCR-amplified with oligonucleotides 
purchased from Sigma–Aldrich (Table  S3) and purified with 
NZYkits supplied by NZYtech. DNA templates for colony PCR 
assays were obtained by picking a single fresh colony from an 
agar plate and transferring it to a PCR reaction tube. BLAST 
(https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi) was used to check 
DNA sequences against the Pseudomonas Genome Database 
(http://​www.​pseud​omonas.​com).

2.2   |   Genome Editing in Pseudomonas putida

ppLPS vectors were integrated into the chromosome at target 
locations using P. putida's native homologous recombination 
mechanism (a full description is provided in the Supporting 
Information). pTn7 vectors were transferred by conjugation fol-
lowing a previously described protocol (Zobel et al. 2015).

2.3   |   Flow Cytometry Assay

Overnight cultures of P. putida in M9 minimal medium sup-
plemented with 20 mM glucose were inoculated into 20 mL of 
fresh medium at 0.1 OD600 and grown for 3–5 h in an orbital 
shaker set to 30°C and 220 rpm. When cultures reached the ex-
ponential phase (0.4–0.6 OD600), they were diluted in filtered 

PBS and immediately subjected to flow cytometer analysis 
using a MACSQuant VYB cytometer (Miltenyi Biotec, Bergisch 
Gladbach, Germany). GFP was excited at 488 nm and the flu-
orescence signal was recovered with a 525 ± 40 nm band-pass 
filter. RFP was excited at 530 nm and the fluorescence signal 
was recovered with a 580 nm band-pass filter. The assay was 
run with two biological replicates, and 50,000 events gated by 
forward scatter height (FSC-H) and side scatter height (SSC-H) 
were collected. Flow cytometry data were analysed using FlowJo 
software (http://​flowjo.​com).

2.4   |   HPLC Analysis

HPLC was used to measure concentrations of aromatic com-
pounds. All samples were centrifuged and filtered using a 
0.2 μm cellulose nitrate syringe filter and mixed with an equal 
volume of methanol before being injected (1 mL/min gradient 
elution) into an Agilent 1260 Infinity II HPLC unit (Agilent 
Technologies, USA) fitted with an InfinityLab Poroshell 120 
EC-C18 (4.6 × 150 mm) column and precolumn (4.6 × 5 mm). 
Solvents A (formic acid 0.1% in water) and B (formic acid 0.1% in 
methanol) were used as eluents, and the operating protocol was 
as follows: 20 μL injection volume, 4 min equilibration (solvent 
A 50%: solvent B 50%) between injections, solvent B applied at 
a 50% to 95% linear gradient for 10 min followed by 95% solvent 
B for 2 min. Column temperature was set to 35°C with detection 
wavelengths of 230 nm for m-toluate, 210 nm for benzyl alcohol 
and 270 nm for benzoate. Said protocol was also used with stan-
dards at known concentrations to plot calibration curves for sub-
sequent quantification of compound concentrations.

2.5   |   Adaptive Laboratory Evolution Experiments

For adaptive laboratory evolution 1 (ALE1), a single colony of the 
strain SBG1390 was selected from solid LB medium, inoculated 
into 10 mL LB medium, and incubated overnight at 30°C, agi-
tated at 170 rpm. Then, the culture was transferred (final OD600 
of 0.15) to a 100 mL Erlenmeyer flask double sealed with para-
film containing 20 mL of M9 minimal medium supplemented 
with 5 mM glucose plus 4 mM toluene. The flask culture was in-
cubated at 30 °C, agitated at 170 rpm. After the culture reached 
the stationary phase, optical density was measured to record the 
number of generations, calculated using the formula: number 
of generations = ln (ODfinal/ODinitial)/ln(2) (Bentley et  al. 2020) 
and cells were transferred to fresh medium. This serial passage 
process was conducted 5 times (11.6 generations approximately) 
when the concentration of toluene was increased up to 6 mM. 
At approximately generation 28.5, glucose was removed from 
the media.

For adaptive laboratory evolution 2 (ALE2), a single colony of 
the strain SBG1071 was selected from solid M9 minimal me-
dium supplemented with 5 mM m-toluate. The colony was trans-
ferred to a 100 mL Erlenmeyer flask double sealed with parafilm 
containing 20 mL of M9 minimal medium supplemented with 
2 mM m-xylene. The flask culture was incubated at 30°C, agi-
tated at 170 rpm. After the culture reached the stationary phase, 
the optical density was measured and cells were transferred 
(final OD600 of 0.15) to fresh medium. After this first passage, 
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the concentration of m-xylene was increased up to 4 mM. At gen-
eration 3.6, m-xylene was increased up to 6 mM.

2.6   |   Competition Assay

SBG1084::YFP, MT2::RFP, SBG1084::RFP and MT2::YFP strains 
were grown overnight (30°C) in M9 minimal medium supple-
mented with 0.2% glucose and 1 mM toluene. Culture strains 
fitted with YFP-RFP (and vice versa) were diluted and mixed 
in M9 minimal medium with toluene 6 mM as the only carbon 
source. Single-cell flow cytometry was used to measure the 
composition of the population at T = 0 h and after 20 h (once cul-
tures had reached the stationary phase). At this point, cultures 
were diluted in fresh M9 medium with toluene.

2.7   |   Genome Sequencing

Whole-genome sequencing of the P. putida KT2440 and 
SBG1084 strains was conducted at MicrobesNG, University of 
Birmingham, Birmingham, UK. Libraries were built using the 
Nextera XT kit (Illumina, San Diego, CA, USA) and sequenced 
on the Illumina HiSeq platform (Illumina).

Circular diagrams of bacterial genome sequences with locus 
integration and GC content were generated using the Proksee 
online tool (Grant et al. 2023).

3   |   Results

3.1   |   Identification of LPS Integration Sites 
and ppLPS Vector Architecture Design

Assuming that the expression of genes in bacterial genomes is 
influenced by their distance to the origin of replication (Block 
et al. 2012), we made a conscious decision to choose specific lo-
cations across the chromosome of P. putida KT2440 as potential 

LPS. We first focused on intergenic regions longer than 100 bp 
between convergent genes. This selection criterion aimed to 
prevent interference with gene expression while maintaining 
the functionality of adjacent genetic elements, thereby avoiding 
polar effects on neighbouring genes. Overall, we analysed over 
150 regions, identifying unique sequences to prevent unspecific 
homologous recombination events. Regions with sRNA tran-
scripts were discarded to prevent potential post-transcriptional 
gene regulation events (Bojanovič et  al.  2017). Likewise, 
prophage regions (Martínez-García et al. 2015) were discarded 
to avoid spontaneous excision events (Quesada et al. 2012). From 
the 17 LPS that met these criteria, we selected 10 LPS evenly dis-
tributed across the chromosome of P. putida KT2440 (Figure 1C, 
Table S4).

Each LPS comprises an upstream region and a downstream 
region, each containing half of the intergenic region along 
with fragments of the adjacent genes (Figure 1A). LPS design 
was set to 600 bp in length to facilitate homologous recombi-
nation and chromosomal integration. LPS assembly followed 
the SEVA architecture (Martínez-García et al. 2023), thus ren-
dering ppLPS vectors SEVA siblings (Figure 1B). Specifically, 
the ppLPS vector structure comprises (i) an R6K origin of 
replication sandwiched by AscI-FseI restriction enzyme sites, 
(ii) a gentamycin gene for antibiotic resistance between SanD-
PshAI restriction enzyme sites, and (iii) a multicloning site 
(MCS) between PacI-SpeI restriction enzyme sites to facilitate 
cloning of exogenous DNA. To prevent unwanted transcrip-
tional interference with neighbouring genes, we positioned 
strong bidirectional transcriptional terminators (L3S3P41 and 
ECK120010858-R [Chen et al. 2013]) flanking the MCS. This 
arrangement ensured that an isolated environment was pro-
vided for the heterologous DNA. ppLPS vectors harbouring 
the R6K origin of replication are suicide plasmids for bacte-
ria lacking the pir gene-encoded π protein. Such is the case 
with P. putida. Consequently, upon antibiotic selection, these 
vectors integrate into the chromosome at the designated LPS 
region (LPS Up or Down) through homologous recombina-
tion (Figure S1). Finally, the I-SceI recognition sites flanking 

FIGURE 1    |    Overview of ppLPS structure and integration locus. (A) Schematic representation of LPS regions. (B) ppLPS vectors contain an inte-
grative region comprising LPS Up (red), a multicloning site (MCS) (green), LPS Down (light blue) and two strong bidirectional transcriptional termi-
nators flanking MSC (grey). (C) Map of P. putida KT2440 genome indicating the position of LPS loci and the attTn7 position. GC content illustrates 
the GC-Profile of P. putida.
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LPS regions support targeted editing of the bacterial genome 
(Martínez-García and de Lorenzo 2011). Initially, the collec-
tion of ppLPS vectors was designed for gentamicin resistance. 
However, it is possible to replace the antibiotic resistance cas-
sette with others available on the SEVA platform depending 
on specific experimental requirements.

3.2   |   Leveraging P. putida's Chromosome 
for Variable Gene Expression Control

The ppLPS system consists of a collection of 10 vectors (ppLPS1 
to ppLPS10) tailored to target specific loci along the P. putida 
chromosome (Figure  1C). To assess gene expression strength 
in the ppLPS library, the GFP reporter gene was first cloned in 
all 10 LPSs under the control of the pem7 constitutive promoter. 
The resulting plasmids were used to integrate the reporter TU 
in the corresponding genome locations. As a control, this same 
construct was introduced into the Pseudomonas chromosome 
using the Tn7 system (Zobel et al. 2015) (Table S1). Finally, the 
fluorescence intensity of the recombinant strains was measured 

using flow cytometry during mid-exponential phase in M9 min-
imal medium supplemented with 20 mM glucose (Figure  2A). 
Interestingly, we observed a wide range of expression profiles 
depending on the specific LPS used for integration. Comparing 
expression levels against the attTn7 reference, we identified 
three distinct groups (Figure 2B). The first group consisted of 
LPS positions with lower expression strength than attTn7, that 
is, LPS8, LPS1 and LPS10. The second group included LPS po-
sitions displaying expression strengths similar to the reference, 
that is, LPS7, LPS3, LPS6 and LPS5. The third group comprised 
LPS positions with more than double the expression strength of 
attTn7, that is, LPS4, LPS2 and LPS9. Interestingly, the strains 
harbouring this group of LPSs exhibited a reduced growth rate, 
likely due to the greater metabolic burden resulting from GFP 
expression, as previously reported (Zobel et al. 2015).

To thoroughly characterise the ppLPS library, we further 
assessed the levels of expression noise associated with each 
individual position in the genome. Noise correlates with fluc-
tuations in gene expression caused by factors other than dis-
tance to the origin of replication (oriC), such as DNA topology 

FIGURE 2    |    Expression performance at different loci and plasmids. (A) Expression distributions are characterised by their median and noise 
(normalised standard deviation, i.e., coefficient of variation). (B) Normalised expression of pem7GFP construction to Tn7 at different LPS positions 
(monocopy) and with plasmids harbouring RK2, RSF1010 and pBBR1 origin of replications (multicopy). The error bars show the standard deviation 
of at least 2 independent biological replicates. (C) Effect of chromosomal location on gene expression. (D) Correlation between the GC content (%) of 
2 kb fragments surrounding the integration position and the intensity of GFP fluorescence expressed at different positions.
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and/or promoter architecture. We subsequently measured the 
difference in gene expression between cells to define a coef-
ficient of variation (CV). Interestingly, regardless of their po-
sition in the chromosome and their expression strength, all 
LPSs displayed similar noise levels and no substantial differ-
ences were found in CV values (Figure  S2). Altogether, our 
data showed that the ppLPS vector collection exhibited a 
broad range of gene expression levels with negligible differ-
ences in expression noise.

3.3   |   ppLPS Expression Strength Is Determined 
Primarily by Genome Context Rather Than 
Distance to ORI

Previous studies have shown that gene expression levels can 
vary depending on genomic location. Specifically, positions 
closer to the oriC can result in high levels of expression, as 
observed in Bacillus subtilis (Sauer et  al.  2016) and E. coli 
(Goormans et al. 2020). However, we did not record such be-
haviour using our ppLPS device. Instead, our findings indi-
cated significantly lower levels of expression for several LPS 
positions close to the oriC, including LPS1, LPS8 and LPS10 
(Figure  2C). This apparent discrepancy could be attributed 
to the genomic context of each LPS and/or to recently high-
lighted physical constraints imposed by DNA bending (Shen 
and Landick  2019). We studied this in further detail and 
found an interesting correlation between the GC content in 
the vicinity of each LPS and GFP expression. Specifically, a 
higher GC content was associated with a greater degree of 
gene expression (R2 = 0.69, p = 0.0016) (Figure 2D). Therefore, 
LPSs with the lowest GC content (LPS1 45%, LPS8 50% and 
LPS10 52%) also exhibited the lowest expression levels. On 
the contrary, LPSs with moderate/high GC contents such 
as LPS9, LPS2 and LPS5 consistently showed high levels of 
gene expression irrespective of their position in the genome 
(Figure  2D). Interestingly, LPS9, which has a high GC con-
tent (62%) and is located near the oriC, exhibited the highest 
reporter activity. In contrast, position attTn7, with a lower GC 
content (53%) and commonly used as a reference for gene inte-
gration in P. putida, showed lower expression levels compared 
to most of the LPS positions in this study, despite also being 
near the oriC.

3.4   |   Contextualising the Expression Profile 
of the ppLPS System

It is widely accepted that multiple copies of plasmidic TUs typ-
ically yield higher levels of expression than if they were to be 
integrated as single copies into the chromosome. However, a 
thorough and standardised comparison of gene expression lev-
els between these systems has surprisingly garnered limited 
attention, therefore leading to the existence of a notable gap in 
quantitative measurements within this area of research. To ad-
dress this knowledge gap in P. putida, we conducted a study to 
quantify the expression profiles of a reference TU present in a 
collection of plasmids featuring different ORIs and copy num-
bers (pBBR1, RK2 and RSF1010). We subcloned the pem7GFP 
TU from ppLPS vectors into plasmids pSEVA221 (RK2 origin), 
pSEVA231 (pBBR1 origin) and pSEVA251 (RSF1010 origin). 

Fluorescence of the resulting strains was measured using flow 
cytometry under the same conditions as before and compared 
with the attTn7 position. As could be expected, we found that 
fluorescence correlated with the expected copy number, with 
plasmid pSEVA221-pem7GFP (RK2 origin) registering the low-
est levels of fluorescence. Nevertheless, even this RK2-based 
plasmid showed an expression level 10.6-fold higher than the 
reference attTn7 position. Notably, this plasmid's expression 
was in the same order as the strongest LPS (only 3.9-fold greater 
than the LPS9 position) (Figure 2B). Plasmids with RSF1010 and 
pBBR1 origins exhibited similar expression profiles, with fold 
expression values of 26.3 and 34.4 respectively when compared 
to attTn7. In resemblance to our findings for LPSs, no substan-
tial expression noise was observed for these plasmid systems. 
However, the plasmid RK2 presented a slightly higher CV, likely 
due to this plasmid having the lowest copy number, likely pro-
moting greater heterogeneity in gene dosage. In summary, using 
the expression of the attTn7 position as a benchmark, we demon-
strated that the expression strength for a heterologous TU in 
KT2440 can be fine-tuned to return 0.2–2.7-fold increases using 
the ppLPS system. Furthermore, this range can be significantly 
bolstered to 10.6–34.4-fold increases using replicative plasmids.

3.5   |   Rational and Spatial Redesign 
of the Metabolism of Aromatic Hydrocarbons in P. 
putida KT2440

Significant phenotype engineering requires the incorporation of 
multiple metabolic pathways/operons and their subsequent op-
timization in terms of expression and performance. However, 
challenges arise when multiple pathways/operons require iter-
ative integrations. Hence, we undertook the challenging task of 
validating our GENIO approach by (re)introducing a complex 
phenotype in P. putida KT2440, namely the ability to utilise ar-
omatic hydrocarbons as the sole carbon and energy source. It is 
worth noting that the KT2440 strain is a derivative of the toluene 
and m-xylene degrader P. putida mt-2 strain, and that this pheno-
type was lost during isolation (Regenhardt et al. 2002). The deg-
radation of toluene and m-xylene by mt-2 is facilitated by three 
clusters present in the pWW0 (TOL) plasmid (Figure 3A). These 
gene clusters comprise an 8.5 kb Upper operon (xylUWCMABN) 
which is responsible for the conversion of toluene/m-xylene to 
benzoate/m-toluate, an 11.5 kb Meta operon (xylXYZLTEG-
FJQKIH) involved in the subsequent conversion of these com-
pounds into TCA intermediates via catechol/3-methylcatechol, 
and a 3.1 kb regulatory node (xylR-xylS) supporting proper ex-
pression of the Upper and Meta operons. Therefore, the selection 
of this complex pathway for integration into the chromosome of 
P. putida serves as proper proof of concept to effectively validate 
the performance of our new method.

We tested GENIO by optimally (re)constructing the toluene/m-
xylene pathway in P. putida KT2440. Specifically, we delivered a 
fully performing (re)construction of the toluene/m-xylene path-
way in two iterative phases. First, we constructed a synthetic 
hybrid pathway for toluene catabolism using the Upper operon 
and the native Ortho pathway for benzoate catabolism present 
in P. putida (Figure 3A). The second phase focused on the inclu-
sion of the Meta operon to expand the metabolic versatility of P. 
putida towards methyl benzoate, and thus m-xylene.
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3.5.1   |   Engineering a Synthetic Hybrid Pathway 
for Toluene Catabolism in P. putida

Considering that the catabolism of catechols is a well-known 
bottleneck in the degradation of aromatic compounds (George 
and Hay  2012, 2011; Jiménez et  al.  2014; Muñoz et  al.  2007), 
we strategically integrated the Upper operon into the LPS6 site. 
This particular genomic location provides a moderate level of 
expression; therefore, preventing excess accumulation of cate-
chol in the engineered strains (Figure  3B). To ensure optimal 
dosage of regulatory elements without inducing any detrimental 
effects on the cell, we then integrated regulatory node xylR-xylS 
into the high and low expression sites LPS9 (high) and LPS8 
(low). Notably, successful integrations of the regulator operon 
occurred exclusively at the LPS8 position (strain SBG1390, 
Figure 3B). This suggests that high-rate expression of xyl regula-
tors may have a negative effect on the cells, as occurs with other 
regulators due to their intrinsic insolubility and their tendency 
to form inclusion bodies. This result greatly enhances the value 
of the ppLPS platform by supporting a wide range of expression 
rates to deliver accurate control over the expression of poten-
tially toxic genes.

The engineered hybrid pathway involves toluene metabo-
lism to benzoate through the Upper pathway and subsequent 

metabolism of benzoate via the ben, cat and pca genes from 
the Ortho pathway encoded in the chromosome of P. putida 
(Jimenez et  al.  2002). The theoretical model supports that 
SGB1390 grows on toluene as the sole carbon source. However, 
strain SBG1390 was unable to grow directly on toluene at 6 mM. 
This could be partly attributed to the fact that P. putida KT2440 
lacks the inherent capability to metabolise toluene and, instead, 
perceives this hydrocarbon as a stressor rather than as a nutrient 
despite the presence of the Upper operon (Domínguez-Cuevas 
et al. 2006). However, the possibility that suboptimal expression 
of the Upper operon and/or the potential toxicity of intermediate 
metabolites might have hindered growth could not be dismissed. 
Hence, we decided to use adaptive evolution as a potentially vi-
able solution to tackle a scenario where the initial integration 
of heterologous operons in the genome yielded suboptimal out-
comes (Agozzino et al. 2020). We set up an adaptive evolutionary 
experiment to culture multiple generations of strain SBG1930 in 
the presence of glucose while gradually increasing the concen-
tration of toluene (ALE 1, Figure 3C). After 30 generations, cells 
acquired the ability to grow efficiently on toluene (6 mM) as the 
sole carbon and energy source. We isolated and phenotyped 10 
individual cells from this adapted culture and singled out the 
strain showing the most promising performance in terms of bio-
mass production from toluene (strain SBG1049) for further study 
(Figure 3B and Figure S3).

FIGURE 3    |    (A) Schematic representation of the TOL pathway for toluene catabolism encoded in the TOL plasmid, P. putida's Ortho pathway for 
benzoate catabolism and the hybrid pathway. (B) Engineered strains construction workflow. The Upper operon is marked blue, the regulatory node 
is marked yellow and the Meta operon is marked green. (C) Adaptive laboratory evolution (ALE 1) experiment with strain SBG1390 using glucose 
and toluene as carbon sources. (D) Adaptive laboratory evolution (ALE 2) experiment with strain SBG1071 using m-xylene as carbon source. Optical 
density was measured after 24 h of incubation.
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3.5.2   |   Reconstruction of the m-Xylene Pathway in P. 
putida KT2440

The Meta operon is required to degrade m-xylene because the na-
tive Ortho pathway cannot catabolise m-toluate. We thus cloned 
the Meta operon in the mid and high expression level plasmids 
ppLPS5 (medium) and ppLPS9 (high). Subsequently, these plas-
mids were integrated into the chromosome of strain SBG1049. In 
order to trigger the second recombination event to obtain recom-
binant strains, cells were plated on M9 minimal medium with 
m-toluate at a concentration of 5 mM (m-toluate serves as both an 
inducer for the I-SceI system and a carbon source for cells harbour-
ing the Meta operon). Colonies were observed only when the Meta 
operon was integrated at the LPS9 position, which corresponds 
to the position with the highest expression level, that is, almost 
twice that of the LPS5 position (Figure 1B). A high flux through 
the Meta pathway is essential to avoid the accumulation of m-
toluate and its further transformation to 2-methyl-2-enelactone, 
a non-degradable and lethal compound for P. putida (de Lorenzo 
and Joshi 2019). On the whole, our data suggest that the expression 
of the Meta pathway at the LPS5 position results in a suboptimal 
flux that is incompatible with cell survival. This called for LPS9's 
potential ability to deliver a greater flux.

The resulting strain (P. putida SBG1071), which harbours the 
regulatory node and the Upper and Meta operons, was able to 
grow directly on m-xylene as the sole carbon source. These ex-
periments highlighted the importance of adequately balancing 
the levels of expression of the operons responsible for a complex 
phenotype. We then moved on to a second adaptive evolutionary 
experiment designed to further optimise m-xylene metabolism 
in P. putida (ALE2, Figure 3D). This resulted in the final strain 
SBG1084, which improved biomass production at the expense of 
a high concentration of m-xylene (Figure 3D).

3.6   |   GENIO Enables Optimal Hydrocarbon 
Catabolism in P. putida KT2440

P. putida mt-2 is fitted with an efficient m-xylene and toluene metab-
olism optimised through extensive cultivation on said compounds 
as sole carbon and energy sources (Worsey and Williams 1975). 
Consequently, comparing the growth performance of strains mt-2 
and SBG1084 on aromatic hydrocarbons should not only return 
valuable insights into their growth and metabolic abilities, but also 
serve as an ideal approach to contextualise the GENIO workflow.

When toluene was used as a carbon source, strain SBG1084 ex-
hibited a shorter lag phase compared to strain mt-2 (Figure 4A). 
This suggests that strain SBG1084 has a more efficient and rapid 
response to toluene as a carbon source. Additionally, strain 
SBG1084 displayed a slightly lower accumulation of intermedi-
ates with faster depletion of benzyl alcohol and negligible ben-
zoate secretion (Figure 4A). This finding supports the notion of 
an increased metabolic flux through the Meta/Ortho pathways 
in the engineered strain. When m-xylene was used as the carbon 
source, both strains exhibited a similar phenotype, including 
identical duration of the lag phase and parallel accumulation of 
m-toluate in the medium (Figure 4B). This could indicate that 
the growth performance and metabolic capabilities of the two 
strains had similarities in this nutritional scenario.

To assess the relative fitness and competitive advantage of the 
engineered SBG1084 strain over the native mt-2 strain, if any, 
we conducted a series of competition experiments using tolu-
ene as a carbon source. Both strains were labelled with specific 
reporter proteins to enable accurate tracking and differentia-
tion within the mixed population. To rule out potential biases 
caused by the metabolic burden attached to protein expression, 
we cross-labelled the strains with RFP and GFP (Figure  4C). 
Finally, mixed cultures starting with equal proportions of both 
strains (~50% of each) were grown on toluene, and we used 
flow cytometry to monitor the population's growth dynamics. 
These competition experiments showed that strain SBG1084 
had a significant growth advantage over strain mt-2. SBG1084 
was able to rapidly adapt and utilise toluene as a carbon source 
more efficiently. Over several generations, an increase in the 
proportion of SBG1084 could be observed in the mixed popu-
lation. Eventually, despite reaching an equilibrium state where 
the two strains coexisted, SBG1084 accounted for over 90% of 
the population's total cells irrespective of the reporter protein 
used (Figure 4C).

3.7   |   Optimal Aromatic Hydrocarbon 
Metabolism Is Supported by a Large Chromosomal 
Rearrangement in Strain SBG1084

To gain deeper insight into the genotype–phenotype relationship 
of strain SBG1084, we sequenced its genome and analysed it in 
depth to identify any potential changes or alterations in the chro-
mosome arising from the evolutionary process. Interestingly, 
this analysis revealed an important chromosome rearrangement 
that was likely responsible for the evolved strain's efficient tol-
uene and xylene metabolism. Specifically, we found a deletion 
event spanning 46,326 bp in close proximity to a region with a 
high number of sequencing reads (Figure 5A, Table S5). Upon 
closer analysis, we established that this region was a large ge-
nomic duplication of 422,448 bp spanning positions 3,316,840 to 
3,730,589 (Figure 6A, Table S6). The fragment was not only du-
plicated but also inverted, and it took up the vacant space left by 
the deletion (Figure 5A). The identical fragments were separated 
by a region of 5449 bp.

The mechanisms underlying gene duplication can vary depend-
ing on their specific genomic context (Reams and Roth 2015). 
In this case, we could not determine the relevant recombina-
tion mechanism. However, one of the borders of the duplicated 
region encoded several transposases and integrases, as well as 
a phage recombinase at islands 56 and 57 (Weinel et al. 2002). 
Functional analysis of the duplicated fragment encoding 432 
genes revealed a wide range of COG functions (Figure  S4A). 
Notably, duplicated functions included several aromatic path-
ways, including part of the toluene hybrid pathway (toluene 
Upper operon and ben genes), phenylacetic acid and trinitrotol-
uene. Cytosine, putrescine/spermidine and hydroxybutanoate 
pathways, among others, were also present.

Regarding functional losses as a result of the deletion event af-
fecting the region between 3,736,040 and 3,782,365, we iden-
tified up to 46 locus tags, a significant portion of which were 
associated with COGs related to inorganic transport and metab-
olism (Figure S4B). Given that many of these transporters lack 
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known functions, further identification of specific functions 
was challenging. However, we did observe an operon likely en-
coding an ABC transport system for nickel located on genomic 
island 66.

Finally, we found an interesting single nucleotide insertion 
in the Upper operon's gene xylN which encodes for the outer 
membrane's xylene porin. This mutation introduces an ad-
ditional cytosine, leading to a frameshift mutation that intro-
duces premature stop codons and renders the resulting porins 
non-functional. Similar mutations have been associated with 
increased resistance to m-xylene by reducing the permeability 
of the aromatic compound across the outer membrane (Kasai 
et al. 2001).

To trace the evolutionary trajectory of strain SBG1084 
(Figure 5B) we analysed the intermediate strains using PCR to 
correlate genomic changes with specific evolutionary scenarios. 
Interestingly, we found that the large chromosomal rearrange-
ment was present in SBG1049 but not in SBG1390, indicating 
that it occurred during the ALE 1 experiment (where toluene 

was the sole carbon source). This is consistent with the dupli-
cation of part of the hybrid toluene pathway promoting efficient 
toluene metabolism. Whether the remaining duplicated and/or 
deleted genes contribute to the improvement of toluene metabo-
lism or they are a consequence of the mechanisms driving dupli-
cation remains unknown and challenging to address.

On the other hand, the mutation affecting xylN was only found 
in SBG1084. This indicates that it appeared during the ALE 2 
experiment, where xylene was the carbon source, since a trun-
cated XylN likely contributes to limiting the entry of xylene into 
the cell, avoiding toxicity.

3.8   |   The Acquisition of Aromatic Hydrocarbon 
Metabolism Has a Negligible Impact on Fitness in 
Alternative Growth Scenarios

Alongside the advancement of evolutionary engineering in 
bacteria, there is a growing acceptance that the fitness gain 
in response to evolutionary pressure may lead to reduced 

FIGURE 4    |    Growth performance of strains SBG1084 and mt-2. (A) Growth curves of strains SBG1084 and mt-2 on toluene (5 mM) as the sole 
carbon source. Accumulation of metabolites in the culture was measured by HPLC at the times indicated. (B) Growth curves of strains SBG1084 
and mt-2 on m-xylene (5 mM) as the sole carbon source. (C) Relative abundance of SBG1084 and mt-2 cells in a mixed population growing on toluene 
5 mM as the sole carbon source. Population distribution was determined by flow cytometry. Aggregated cells registering both fluorescence signals 
were ~1.1% ± 0.6%, while dead cells were 2.4% ± 0.8% (data not shown). Results show the average values of data collected from two independent 
experiments.
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fitness in alternative nutritional conditions (Jerison et al. 2020). 
Nevertheless, the impact on fitness ultimately depends on the 
balance between the benefits and costs associated with the op-
timisation of the new metabolic trait. Therefore, we set out to 
understand the impact of strain SBG1084's genetic rearrange-
ment by growing it in selected environmental scenarios and 
comparing its performance to that of its parental strain P. putida 
KT2440 (Figure 6). Remarkably, we observed no significant dif-
ferences in fitness when utilising conventional carbon sources 
not affected by genome changes, such as glucose, succinate, ci-
trate and 4-hydroxybenzoate (Figure 6A–D). This indicates that 
the chromosomal rearrangement resulted in a neutral outcome 
despite the increased metabolic burden caused by genome ex-
pansion (≈8%). We then became interested in evaluating poten-
tial positive effects on fitness due to increasing gene dosage. To 
investigate this, we tested the performance of strain SBG1084 
on phenylacetate and 3-hydroxybutyrate, compounds whose 
catabolic pathways were either totally or partially duplicated. 
Similarly, we found negligible effects on fitness as a result of 
pathway duplication (Figure 6E,F). This suggests that the native 
configuration may already deliver optimal performance, thus 
rendering gene duplication for increased enzyme production 

unnecessary. However, the higher metabolic load that ensued 
from pathway duplication coupled with overexpression did not 
seem to have a negative effect. Altogether, our results strongly 
suggest that P. putida exhibits high robustness against in-
creased metabolic burden as a result of genome expansion and/
or overexpression.

One of the intermediates in the degradation pathway of tolu-
ene is benzoate, which KT2440 metabolises with its ben cluster. 
Despite having a duplicate ben cluster, SBG1084 did not show 
improved growth performance on benzoate. Instead, it regis-
tered impaired growth compared to KT2440 (Figure 6G). This 
apparent contradiction could be broadly explained by the fact 
that duplication of the ben cluster is not followed by duplication 
of the cat cluster responsible for catechol degradation, poten-
tially leading to the accumulation of toxic levels of catechol in-
side the cell (Jiménez et al. 2014). On the other hand, strain mt-2, 
which metabolises benzoate through the ben cluster present in 
its genome and the Meta operon contained in the TOL plasmid, 
also showed impaired growth on benzoate, although to a lesser 
extent than SBG1084, which harbours two copies of the ben clus-
ter and the Meta operon in the chromosome (Figure 6G).

FIGURE 5    |    (A) Read coverage of SBG1084's genome sequencing from chromosome position 3–4 Mb. A duplicated region is shaded in light blue 
with 3-fold higher sequencing coverage. The gap represents a deleted region with no reads replaced with the duplicated fragment (shaded in light 
orange). (B) Genome map of strain SBG1084 displaying GC content. The duplicated native region is shaded in light blue and the duplicated/inverted 
region is shaded in light orange.
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Cardiolipin biosynthesis genes (PP_3263–3266) were also pres-
ent in the duplicated region. Cardiolipin is an important com-
ponent of the bacterial membrane and plays a role in different 
stress responses (Bojanovič et  al.  2017). Previous research 
showed that a P. putida cardiolipin synthase mutant exhibited 
increased sensitivity compared to the wild-type strain when 
exposed to toluene or chloramphenicol (Bernal et al. 2007). We 
implemented growth experiments using glucose as a carbon 
source supplemented with chloramphenicol at 20 μg/mL to as-
sess the potential impact of the duplicated cardiolipin biosyn-
thesis genes in SBG1084 (Figure 6H). SBG1084 performed better 
than KT2440 in the presence of chloramphenicol, suggesting 
that increased levels of cardiolipin may contribute to stress re-
sistance. Additionally, SBG1084's enhanced performance on tol-
uene (Figure 4A) could also be supported by the duplication of 
cardiolipin synthesis genes.

Finally, we investigated the impact on fitness caused by the de-
letion event. Considering that it was the only gene cluster with 
a well-known function, we focused on PP_3341–3344, which is 
involved in nickel transport. Since nickel is an obligate micro-
nutrient but is toxic at high concentrations (Ray et al. 2012), we 
used growth on glucose amended with 75 μM nickel as a proxy to 
assess the effect of the deletion (Figure 6I). SBG1084 performed 
better than KT2440, which suggests that deleting the nickel ABC 
transporter provides the cell with extra protection against nickel 
toxicity by preventing its entry into the cytoplasm.

4   |   Discussion

The ppLPS system enabled rapid and marker-free integration 
of genetic constructs, making it an efficient genome expansion 

FIGURE 6    |    Growth performance of P. putida KT2440, SGB1084 and mt-2. Logarithmic representation of cells grown in minimal medium M9 
supplemented with glucose 0.2%, succinate 0.2%, citrate 0.2%, 4-hydroxybenzoate 10 mM, phenylacetate 10 mM, 3-hydroxybutyrate 10 mM, benzoate 
10 mM, glucose 0.2% amended with chloramphenicol 20 μg/mL, or glucose 0.2% amended with nickel 75 μM. Growth curves are the average of at 
least two independent experiments.
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tool for P. putida KT2440. With 10 well-characterised integration 
sites, ppLPS additionally offers an extra layer of transcriptional 
regulation control. This approach provides a means to explore 
the fitness landscape and identify optimal locations for gene 
expression. Moreover, we demonstrated that this rational ge-
nome integration system followed by evolutionary engineering 
(GENIO approach) supports the optimisation of genetic deter-
minants and their contextualisation within the metabolic and 
genetic background of the host strain. Therefore, GENIO allows 
for multidimensional optimisation to fine-tune suboptimal con-
figurations for optimal fitness. GENIO was fully validated by ra-
tionally (re)designing P. putida's complex aromatic hydrocarbon 
metabolism, a process that involved (de)constructing the path-
way and finely balancing the expression levels of its basic compo-
nents. Overall, GENIO delivers a significant advancement in the 
field of synthetic biology with P. putida, offering researchers solid 
ground to explore genome integration and the fitness landscape. 
An additional significant outcome of our study is that, while 
previous studies only compared the loci expression patterns be-
tween themselves (Chaves et  al.  2020) and/or Tn7 attachment 
site (Köbbing et al. 2024), we have compared and contextualised 
heterologous expression in terms of cis (at different locations in 
the chromosome) and trans configurations using several differ-
ent plasmids and copy numbers (Figure  3B). Interestingly, the 
comparison of strength expression space between our system 
and Köbbing's library, which share the identical reference (Tn7 
site), showed a broader expression range in GENIO (Figure S5), 
potentially offering a wider range of solutions.

4.1   |   Expression of the ppLPS System Is Primarily 
Governed by Intrinsic Genome Constraints Rather 
Than Spatial Patterns

Among the multiple factors affecting gene expression, the phys-
ical location of a gene in the chromosome has been identified as 
a major contributor. Many reports have shown that both gene 
expression and gene dosage are increased near the origin (Block 
et al. 2012; Couturier and Rocha 2006; Lato and Golding 2020; 
Sauer et al. 2016). Moreover, a recent systematic study covering 
all protein-coding genes from E. coli, B. subtilis and Streptomyces 
identified a positive correlation between gene expression and 
distance to the ORI. Therefore, for most replicons, genes closer 
to the origin of replication exhibit higher expression levels (Lato 
and Golding 2020).

Despite being based on the degree of expression of selected 
genome locations instead of a systematic analysis, our results 
suggest that, at least for the ppLPS system, gene expression 
strength in the P. putida genome is primarily driven by factors 
other than spatial patterns. The expression profile observed in 
our study (Figure 2B) could instead be attributed to structural 
constraints such as DNA bending and/or nucleoid-associated 
proteins (Histone-like Nucleoid-Structuring proteins H-NS). 
These proteins play an important role in gene expression by 
transcriptionally repressing AT-rich regions in bacterial ge-
nomes (Dorman  2004; Navarre et  al.  2007; Qin et  al.  2019). 
In P. putida, with an average GC content of 61.6% (Weinel 
et al.  2002), TurA (H-NS-like MvaT class of transcription reg-
ulators) acts as a repressor for genes with atypically lower GC 
contents (Renzi et al. 2010). Therefore, TurA could be primarily 

responsible for downregulating the expression of LPS1, LPS8 
and LPS10 irrespective of their proximity to the ORI. This reg-
ulatory mechanism may also explain the low expression levels 
observed for the mKate construct at the PP_5388 insertion locus, 
which has the lowest GC content (53%) among the tested posi-
tions (Chaves et  al.  2020). Furthermore, recent research with 
E. coli has demonstrated a correlation between flanking GC 
content and modifications in canonical cis regulatory elements, 
thus supporting an influence of GC content on gene expression 
regulation (Scholz et al. 2022). Evidence suggests that the spe-
cific location of a gene within the genome, along with its sur-
rounding genetic elements and regulatory sequences, has a more 
significant impact on its expression level than its distance to the 
origin of replication. This underscores the intricate relationship 
between genomic architecture and gene expression regulation.

4.2   |   Engineering Complex Phenotypes Requires 
Synthetic Pathway Contextualisation Facilitated by 
Metabolic Robustness

Restoration of aromatic hydrocarbon metabolism in P. putida 
KT2440 has been a long-pursued goal in metabolic engineering. 
The very first attempts already revealed the potential of syn-
thetic biology as it was beginning to emerge over 20 years ago. 
Ultimately, they resulted in the successful reconstruction of P. 
putida's toluene and xylene metabolisms by reintroducing the 
Upper (Panke et al. 1998) and Meta (Williams et al. 1997) oper-
ons. These gene cassettes were extracted from the TOL plasmid 
and randomly integrated into the chromosome of P. putida using 
the Tn5 transposon, with strains selected based on their abil-
ity to grow on aromatic hydrocarbons. Although the resulting 
strains were not systematically analysed, neither genotypically 
nor phenotypically, these elegant studies demonstrated the fea-
sibility of implanting complex phenotypes encoded by a large set 
of genes in P. putida. Here, we take over from pioneering au-
thors to restore the toluene and m-xylene metabolism in KT2440 
while systematically tracing the set of events required to deliver 
its optimal performance. Powered by GENIO, we have been suc-
cessful in reaching far beyond a simplistic coupling of catabolic 
and regulatory genes.

While the ppLPS system enables spatial exploration for optimal 
performance, merely possessing the genetic blueprint proved in-
sufficient. Additional genetic contextualisation of the synthetic 
pathway proved critical to ensuring cell survival (Figure  5A). 
Indeed, we documented a significant genome rearrangement 
in strain SBG1084 involving a large duplication (≈420 kb) and a 
more modest deletion (≈45 kb). Notably, the evolved strain ex-
hibits enhanced competitiveness compared to its ancestral mt-2 
strain when using toluene as a sole carbon source. This superior 
phenotype was likely driven, at least, by the duplication of the 
Upper operon and the native ben genes. Additionally, it seems rea-
sonable to assume that the duplication of the cardiolipin biosyn-
thesis pathway made SBG1084 more tolerant to toluene (Bernal 
et al. 2007; Ramos et al. 2015). Nevertheless, we cannot dismiss 
the possibility that some of the remaining duplicated and/or de-
leted genes may also contribute to this enhanced growth fitness.

Gene duplications, such as we observed in strain SBG1084, often 
arise due to positive selection. While the exact mechanism of 
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recombination driving this duplication and inversion event re-
mains undefined (Moss et  al.  2020), these duplications play a 
crucial role in the evolution of metabolic pathways, and they 
have been well documented in aromatic compound degradation 
(George and Hay 2011; van der Meer et al. 1992). Specifically, 
the amplification of particular alleles provides a selective ad-
vantage in certain environmental scenarios, even surpassing 
the cost of duplication itself (Maisnier-Patin and Roth 2015), as 
recently reported where a duplication in P. putida of 118,079 bp 
shows a positive effect on xylose utilisation (Dvořák et al. 2024). 
However, it is important to note that a genotype exhibiting high 
fitness under specific conditions may not sustain the same level 
of fitness outside of the selective environment. Indeed, studies 
have shown that the cost of carrying extra gene copies is sub-
stantial, with an estimated fitness reduction of 0.15% for each 
additional kilobase of DNA (Adler et al. 2014). Interestingly, our 
findings suggest a different scenario for P. putida. Firstly, the 
expansion of its genome by 424 kb did not impair fitness when 
using carbon sources unrelated to this rearrangement (e.g., glu-
cose, succinate, citrate and 4-hydroxybenzoate). Secondly, du-
plicating or partially duplicating metabolic pathways not under 
selection, for example, phenylacetate and 3-hydroxybutyrate, 
resulted in neutral outcomes. This implies that the native con-
figuration was likely already optimised, with minimal fitness 
costs due to extra gene dosage and overexpression. Our results 
strongly suggest that P. putida is highly robust against large ge-
nome expansions, thus enhancing its already excellent potential 
for biotechnological applications.

5   |   Conclusion

GENIO facilitates ALE experiments in P. putida, and it addi-
tionally supports exploration of a more diverse genotypic space, 
thus reducing the likelihood of becoming trapped in local fit-
ness maxima. By allowing researchers to choose from a variety 
of selected chromosomal locations, each associated with distinct 
local peaks of fitness, GENIO increases the odds of arriving at 
the desired phenotype. While GENIO may not provide an imme-
diate solution to escaping local fitness peaks, it is a valuable tool 
to navigate the genotypic space until an optimal peak is found. 
Furthermore, we provide new insight into the intricate orches-
tration governing gene expression strength of the P. putida ge-
nome, strongly suggesting that it is primarily driven by intrinsic 
genome constraints rather than spatial patterns. Finally, GENIO 
has revealed P. putida's high resilience against genome expan-
sions, thus bolstering its biotechnological value.
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