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Pseudomonas putida is a microbial chassis of huge potential for industrial and environmental biotechnology,
owing to its remarkable metabolic versatility and ability to sustain difficult redox reactions and operational
stresses, among other attractive characteristics. A wealth of genetic and in silico tools have been developed to
enable the unravelling of its physiology and improvement of its performance. However, the rise of this microbe
as a promising platform for biotechnological applications has resulted in diversification of tools and methods
rather than standardization and convergence. As a consequence, multiple tools for the same purpose have been
generated, whilst most of them have not been embraced by the scientific community, which has led to
compartmentalization and inefficient use of resources. Inspired by this and by the substantial increase in
popularity of P. putida, we aim herein to bring together and assess all currently available (wet and dry) synthetic
biology tools specific for this microbe, focusing on the last 5 years. We provide information on the principles,
functionality, advantages and limitations, with special focus on their use in metabolic engineering. Additionally,
we compare the tool portfolio for P. putida with those for other bacterial chassis and discuss potential future
directions for tool development. Therefore, this review is intended as a reference guide for experts and new
‘users’ of this promising chassis.

1. Introduction

The quest for the optimal chassis in Synthetic Biology (SynBio) has
shown how utopian the idea of one single and perfect chassis is. Thus, it
is more realistic to consider a defined repertoire of characterized and
standardized chassis for specific scenarios (de Lorenzo et al., 2021).
Pseudomonas putida KT2440 is recognized as a qualified SynBio chassis
for metabolic engineering purposes due to its unique properties to adapt
to harsh environmental conditions, especially high concentrations of
organic solvents and oxidative stress. Additionally, its simple nutritional
requirements, fast growth, flexible metabolism, large volume of
knowledge, extensive genetic toolbox and genome-scale metabolic
models reinforce the implementation of P. putida as a platform for in-
dustrial biotransformations (Dos Santos et al., 2004; Nikel et al., 2016;

Poblete-Castro et al., 2012). Furthermore, the biosafety credentials of
P. putida make it suitable for a very large range of applications (Dos
Santos et al., 2004; Kampers et al., 2019b; Weimer et al., 2020). The
continuous and fast expansion of the repertoire of genetic tools since its
original sequencing in 2002 (Nelson et al., 2002), reflects the great
importance of P. putida for the scientific community and its potential for
the bioeconomy.

This review is envisioned as a reference guide, in which the thus far
published tools for regulatory genetic elements, genome editing, tran-
scriptional, post-transcriptional and post-translational regulation, as
well as genome-scale metabolic models and available databases are
included, with a main focus on the last 5 years. The aspects that make
this review attractive not only for experts in the field, but also for new
users are: (i) the principles and functionality of each tool, (ii) advantages
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and limitations for each of them, including a comparative analysis be-
tween different tools for the same purpose and, (iii) their applicability
with special focus on metabolic engineering. Additionally, we explore
future directions for the development of synthetic biology tools for
P. putida, by comparing its current toolbox with those from other
important bacterial chassis.

2. Genetic regulatory elements to tune bacterial gene expression

Fine-tuning gene expression is essential for constructing efficient
bacterial chassis with predictable behavior to elicit the desired output
upon implementing heterologous synthetic circuits. Different gene and
protein expression levels can be achieved by inferring regulation at
transcriptional and translational level (Freed et al., 2018). To such end,
we highlight gene copy number, promoters, ribosome binding sites
(RBS) and transcriptional terminators as crucial factors to tune expres-
sion (Fig. 1).

2.1. Replicative plasmids and gene copy number

Plasmids, extrachromosomal DNA with autonomous replication, are
crucial cloning vectors for genetic engineering (Jahn et al., 2016). They
are also important vehicles for transferring genetic information across
bacteria and play an important role in bacterial evolution and adapta-
tion (Shintani et al., 2015). With the advent of sequencing technology,
plasmid availability and diversification have increased considerably,
resulting in more than 13,000 annotated plasmid sequences (Galata
et al., 2019). A few of the most commonly used plasmids comprise the
pVLT and pBRR1MCS backbones (de Lorenzo et al., 1993; Kovach et al.,
1995).

However, during the last decade, new avenues in SynBio are directed
towards robustness and standardization to create controllable chassis
whose behaviors can be predicted. The first initiative came in 2003 with
the Registry of Standard Biological Parts (Biobrick platform: http://biob
ricks.org), followed by the Standard European Vector Architecture
(SEVA) platform in 2013 (Silva-Rocha et al., 2013). Later, in 2015 and
2020, SEVA 2.0 and SEVA 3.0 versions were respectively launched,
expanding and improving the plasmid collection and the web interface
(Martinez-Garcia et al., 2015, 2020b). Yet, the most updated version,
recently published, is SEVA 3.1, which enables compatibility between
the SEVA and the Biobrick platforms together with the type IIS assembly
method (Damalas et al., 2020). In the field of P. putida engineering,
numerous laboratories have chosen the SEVA platform as the way
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towards data reproducibility and interoperability. SEVA vectors are
composed of four functional variable modules: (i) antibiotic resistance
marker, (ii) origin of replication, (iii) cargo (DNA sequence with specific
function) and, (iv) gadget (DNA sequences that add new features to the
vectors, e.g. stabilization). Each vector receives a code, which is a multi-
digit cipher. Thus, each module has a specific position in the code; the
antibiotic resistance marker module is represented in the first position,
the origin of replication module is represented in the second position,
the cargo in the third position and the gadget in the fourth position
(Martinez-Garcia et al., 2015). For example, the SEVA231a is a back-
bone with the kanamycin Ab resistance gene, BBR1 ori, standard multi-
cloning site (MCS) and hok-sok gadget.

2.1.1. Origin of replication

The origin of replication (ORI) allows the multiplication and segre-
gation of plasmid molecules to daughter cells and determines the
plasmid copy number (PCN). This is an important characteristic for
biotechnological applications, being responsible for the cargo gene
dosage, which has a direct impact on protein production (Jahn et al.,
2016). In addition to replicative plasmids, suicide plasmids, also named
integrative plasmids, are used to integrate recombinant DNA in the
genome of P. putida (see Section 3.2 Integrative plasmids). They harbor
the ORI R6K, which needs the = protein for plasmid replication. The =
protein is encoded by the pirR6K, a 1370 bp DNA fragment present in
pir' bacteria, such as E. coli DH5a Apir (Roberto et al., 1978; Silva-Rocha
et al., 2013). Consequently, plasmids with this ORI cannot replicate in
pir~ bacteria, such as P. putida.

Of particular interest are temperature sensitive replicons, widely
applied in fast plasmid-curing strategies since the increase in tempera-
ture from 30 to 42 °C leads to plasmid instability and its final loss. To
date, there are some inconsistencies regarding their functionality in
P. putida. There are reports in which temperature sensitive replicons
based on the broad-host-range RK2 oriV are applied to P. putida (Choi
and Lee, 2020; Lauritsen et al., 2017; Sun et al., 2018a). However, a
recent publication has reported the absence of functionality of previ-
ously reported temperature sensitive replicons in P. putida (Volke et al.,
2020a). The major problem is the almost complete inability of P. putida
to survive at 42 °C. Besides, the functionality of RK2 strongly depends on
the species (Karunakaran et al., 1998).

2.1.2. Antibiotic resistance markers
The antibiotic (Ab) resistance marker module consists of the Ab
resistance gene and its native promoter (Silva-Rocha et al., 2013). There
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Fig. 1. Genetic regulatory elements in P. putida. A) Replicative plasmid with the cargo (pink), the antibiotic resistance gene (blue) and the origin of replication
(yellow). B) Library of promoters, ribosome binding sites (RBS) and transcriptional terminators. Gene of interest (GOI) (dark brown arrow). Bicistronic design
element (BCD) is comprised by two RBSs (RBS1 and RBS2) and encodes a small peptide (light brown arrow). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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are six different antibiotic markers: ampicillin, kanamycin, strepto-
mycin/spectinomycin, tetracycline, gentamycin, and apramycin widely
applied to P. putida (Table 1) (Martinez-Garcia et al., 2015). However, it
is important to notice that P. putida is natively resistant to chloram-
phenicol (Fernandez et al., 2012) and the apramycin gene aac(3)-IV
confers additionally resistance to gentamycin as it does for other
Enterobacteriaceae such as E. coli and Salmonella. Such cross-resistance is
due to the production of aminoglycoside 3-N-acetyltransferase, which
can use both apramycin and gentamicin as substrates, and inactivates
them (Chaslus-Dancla et al., 1991, 1986; Davies and O’Connor, 1978).
Moreover, ampicillin is needed in very high concentrations. Alterna-
tively, other B-lactams with lower intrinsic resistance might also be used
to select for B-lactamase bearing plasmid backbones, e.g. piperacillin
(Day et al., 1984; Martinez-Garcia and de Lorenzo, 2011).

2.2. Promoters

2.2.1. Constitutive promoters

Promoters are essential for gene expression and their difference in
strength allows to fine tune gene expression. Most of the native bacterial
promoters are cis-acting sequences with two functional sites, —35 and
—10 elements, upstream of the transcription start site (TSS), that are
recognized by the RNA polymerase (RNAP) (e Silva and Echeverrigaray,
2012). Several studies have shown the functionality of the same 6’0
promoter in both P. putida and E. coli, indicating a high conservation of
some regions involved in the interaction with the consensus —35 and
—10 elements (Zobel et al., 2015). Therefore, most of the constitutive
promoters initially tailored in E. coli, such as the lac family promoters
(without the lacI repressor), iGEM Anderson promoters or the PEM7, are
directly applied in P. putida (Batianis et al., 2020; Calles et al., 2019;
Damalas et al., 2020; Zhou et al., 2020; Zobel et al., 2015). When using
constitutive promoters as regulatory tools, two strategies can be pur-
sued: (i) characterization of native promoters and, (ii) engineering of
synthetic promoters. To date, two high degeneracy synthetic promoter
libraries have been developed in P. putida. The first was constructed by
fusing the monomeric superfolded GFP gene (msfGFP) to a library of
synthetic promoters and integrating it into a special attachment site
(attTn7) downstream of the glmS gene (Zobel et al., 2015). The design of
the synthetic promoters was based on the study published by Hammer
et al. (2006), in which the —35 (TTGACA) and —10 (TATAAT) elements
were maintained invariable while the surrounding nucleotides were
randomized, obtaining variations in promoter strength. As a result, nine
promoters with different gene expression levels, spanning three order of
magnitude in P. putida KT2440 were identified (Zobel et al., 2015). The
second library was based on the tac promoter, achieving different gene
expression levels by modifying the —35, —10 and UP-elements (up-
stream sequences to the —35 motif) in contrast with the previous library,
in which those were kept constant (Elmore et al., 2017). Six variants of
the —35 and —10 elements and four variants of the UP-elements were
included and the promoter strength was calculated by measuring
mNeonGreen production, once being integrated in the P. putida genome
using the BxB1 serine integrase. As a result, 36 constitutive ¢’° pro-
moters were generated by only combining all the —35 and —10 ele-
ments. From this library, three synthetic promoters with high and
medium-high strength were chosen to further increase the library vari-
ability by incorporating in each of them four distinct UP-elements from
native ribosomal RNA promoters of P. putida since the UP-elements are
known to increase transcription rates. In total, the library accounts for
72 different combinations with a ~150-fold range span (Elmore et al.,
2017). In an effort to elucidate how the genetic context influences the
activity of synthetic promoters, Kobbing et al. (2020) made different
libraries of two concatenated promoters based on the above-mentioned
library of Zobel et al. (2015) and analyzed their activity. Despite the
poor correlation of different tested factors with promoter activity, it was
concluded that the length of the spacer between the two promoters and
its position in single promoter-spacer combinations significantly affects
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protein expression, independently of the spacer sequence. Only with a
specific spacer length of 80 bp, the combination of two promoters
yielded higher transcript levels than the single promoters, but those
were lower than the sum of the activities of the individual promoters.
Further studies are needed for better understanding how the surround-
ing sequences affect genetic elements, such as promoters. This infor-
mation can improve the predictability and composability of genetic
element combinations, important parameters in SynBio (Kobbing et al.,
2020).

2.2.2. Inducible promoters

In contrast to constitutive promoters, inducible promoters turn a
cellular function or a chosen pathway on or off in response to an external
signal. Well-studied inducible systems for gene expression have been
proven to be efficient in P. putida (Table 2). Among them, the native
XylS/Pm expression system from P. putida mt-2 receives special atten-
tion, being the most widely used as it tightly controls gene expression
levels in a broad-host range of applications (Gawin et al., 2017). In
P. putida, it has been used for multiple purposes, including (i) genome
engineering, e.g. gene deletions via I-Scel (Martinez-Garcia and de
Lorenzo, 2011) or RecET (Choi et al., 2018), integrations by the mini-
transposon Tn5 (Nikel and de Lorenzo, 2013) or single-nucleotide mu-
tations by Ssr recombinase (Aparicio et al., 2016), (ii) transcriptional
and post-transcriptional regulation using CRISPRi and sRNAs, respec-
tively (Apura et al., 2020; Batianis et al., 2020), (iii) metabolic engi-
neering such as docosahexaenoic acid production (Gemperlein et al.,
2016) and, (iv) recombinant antibody fragments production (Dammeyer
et al.,, 2011). Nevertheless, when working with inducible expression
systems, the OFF state generally does not give the ideal zero basal
transcription or zero ’leakiness’ levels. The numerous factors contrib-
uting to the promoter leakiness levels (promoter architecture, PCN, the
locus of genome integration, genetic background of the organism, me-
dium composition, cell growth stage, among others) make the engi-
neering of non-leaky promoters challenging (Chen et al., 2018b;
Grossman et al., 1998; Reisbig, 2003). Regardless, some attempts to
tightly control gene expression levels in P. putida have resulted in two
different strategies. On one hand, the XylS regulatory element has been
physically decoupled from the Pm promoter and the product of the gene
of interest was subjected to conditional proteolysis (see Section 3.7 Post-
translational regulation). Leakiness levels close to zero were achieved,
independent of the PCN (Volke et al., 2020b). On the other hand, a
synthetic module was designed and placed downstream of the XylS/Pm
expression system, enabling tight control of the highly toxic colicin E3 in
P. putida as zero basal expression was achieved (Calles et al., 2019).

2.3. Ribosome binding sites

RBSs work independently of the promoter and are a vital part of
SynBio as they directly affect translation (Salis, 2011). Bacterial trans-
lation is divided in four phases: initiation, elongation, termination and
ribosome turnover, of which initiation is the most critical and often the
most rate-limiting step. Several factors can influence the formation of
the 30S initiation complex, including the secondary structure of the
mRNA, the RBS spacer and the distance between the RBS and the start
codon, being optimal at 5-6 base pairs (Salis et al., 2009). One of the
niftiest programs that tackles all these factors is the RBS calculator (Salis
et al., 2009). This program uses biophysical methods and computational
optimization algorithms to design RBS sequences with well-predicted
functions. Despite their essentiality in SynBio, only few studies have
reported the characterization of different RBSs in P. putida. In the first
study, ten different RBS sequences were generated by Elmore et al.
(2017), mutating four nucleotides within the core RBS sequence and
combined with three different promoters using mNeonGreen as readable
output. Protein production levels between the strongest and weakest
RBS reached up to 6-7-fold difference. Later, Damalas et al. (2020)
predicted six different RBS sequences, ranging from strong to weak,



M. Martin-Pascual et al.

Table 1

Antibiotic resistance genes and origins of replication applied in P. putida.
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Origin of replication

Ab resistance marker

Plasmid

Type

Size
(bp)

Features

References

pSEVAx1xx
pSEVAx2xx

pSEVAx3xx

pSEVAx4xx

pSEVAx5xx

pSEVAx6xx

pSEVAx8xx

R6K
RK2

pBBR1

pRO1600

/ColE1

RSF1010

plSA

389
2073

1435

3405

3664

732

929

Suicide vector

Broad-host-range plasmid
Composition: trfA.Rep protein and
oLV,

30 £ 10 copies

Broad-host-range plasmid from
Bordetella bronshisertica,
Composition: pBBR.Rep protein and
oV,

30 = 7 copies

Broad-host-range plasmid from
Pseudomonas aeruginosa
Composition: pRO1600 Rep protein
and QriV.

Inconsistency related to the PCN

Broad-host-range plasmid
Composition: epA, 1epB, teple and
oIV,

Hyper-promiscuous

130 + 40 copies

Narrow-host-range plasmid
Plasmids containing the p15A origin
of replication can be propagated in
E. coli cells that contain a second
plasmid with the ColE1 origin.
Copy number is not determined

Narrow-host-range plasmid
Composition: CAP binding site for
the E. coli catabolite activator
protein. CAP binding activates
transcription in the presence of
cAMP.

Copy number is not determined

Silva-Rocha et al., 2013
Cook et al., 2018

Cook et al., 2018

Jahn et al., 2016

Cook et al., 2018

Cook et al., 2018; Jahn
etal., 2016

Cook et al., 2018; Jahn
etal, 2016

pSEVAlxxx

pSEVA2xxx
pSEVA4xxx

pSEVASxxx

pSEVA6xxx
pSEVA8xxx

Ampicillin

Kanamycin
Streptomycin/

Spectinomycin

Tetracycline

Gentamycin

Apramycin

1039

927
989

1267

805
980

Working concentration is 600
pg/mL

Working concentration is 50 yg/mL
Working concentration is 100
pg/mL

Light sensitive Ab

Working concentration is 50 yg/mL
Working concentration is 10 yg/mL

Incompatible with the gentamycin
resistance gene
Working concentration is 50 yg/mL

Silva-Rocha et al., 2013

Martinez-Garcia et al.,
2020b
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Table 2
Inducible expression systems applied in P. putida.
Name Type Inducer TF Induction Features References
XylS/Pm Native 3-MB XylS Linear: Low basal expression. Inconsistence Calero et al. (2016)
0.05-0.1 mM related to the leakiness. High expression
Maximum: levels in exponential phase
0.5 mM
XylR/Pu Native 3-MBA XylR Maximum: 3 Leaky in stationary phase. Low Blatny et al. (1997)
mM expression levels in exponential phase
AlkS/PalkB Native DCPK AlKS Maximum: Low basal expression levels. Low Calero et al. (2016)
0.05 % leakiness. Low expression levels in
exponential phase
NahR/Psal Native SA acid NahR Maximum: 1 Low leakiness. High expression levels in Calero et al. (2016)
mM exponential phase
XylR/PxylA Native Xylose XylR Maximum: 2 ND Wang et al. (2018)
mM
Pvan Vallinic acid ND Maximum: 15 ND Lin et al. (2016)
mM
PR0x306 Native ODs75 = 1.5 - - Medium expression levels Meyers et al. (2019)
PRox3061 High expression levels
PRox132 Low expression levels
AraC/ParaB Heterologous Arabinose AraC Maximum: Low basal expression levels. No Calero et al. (2016)
100 mM leakiness. High levels of expression in
exponential phase
RhaRS/PrhaB Heterologous ~ Rhamnose RhaRS Linear: Low basal expression levels. Low Calero et al. (2016)
1-3.75 mM leakiness. High levels of expression in
Maximum: 10 exponential phase
mM
LacIQ/Ptrc, Plac, Ptac Heterologous IPTG LacIQ Maximum: 10 Strong basal expression High leakiness Bagdasarian et al.
mM (1983); Calero et al.
(2016)
TetR/Ptet Heterologous ~ ATC TetR ND Inconsistency related to its efficiency Cook et al. (2018)
MekR/PmekA Heterologous ~ MEK MekR Maximum: 90  Low basal expression levels. Graf and Altenbuchner
mM No leakiness. High levels of expression (2013)
in exponential phase.
MtIR/PmtIE Heterologous ~ Mannitol MtIR ND Low basal expression levels. Hoffmann and
Low leakiness. High levels of expression Altenbuchner (2015)
in exponential phase
PT5, PT7 Heterologous  Several Maximum: 10  High leakiness. Low expression levelsin  Calero et al. (2016)
mM exponential phase
ChnR/PchnB Heterologous Cyclohexanone ChnR Maximum: 1 Low basal expression levels. Benedetti et al. (2016)
mM Low leakiness. High levels of expression
in exponential phase
ClcR/PclcA Heterologous 3- or 4-chlorocatechol ClcR Maximum: ND Guan et al. (2000)
100 pM
NagR/PnagA Heterologous  SA acid NagR Maximum: 1 High levels of expression in exponential ~ Hiisken et al. (2001)
mM phase
CprK1/PDB3 Heterologous ~ CHPAA CprK1 Maximum: 1 ND Batianis et al. (2020);
mM Kemp et al. (2013)
cI857/PL Heterologous Temperature = 42 °C cI857 - Exposure time = 15-30 min Aparicio et al. (2019)
PpBBR1 (medium CPN) performs the best
at 42 °C with highest expression levels.
BC-cIPTG-Lacl/Ptac Heterologous ~ UV-A light exposure at Lacl - Exposure time = 30 min Hogenkamp et al.
365 nm (~1 mW cm™?) (2021)
ccaS-pcyA-hol-ccaR/ Heterologous  Green light ccaS-pcyA- - Exposure time = 8-16 h Hueso-Gil et al. (2019)
Pcpece-172 (mutated hol-ccaR

improved version)

ND (Not defined), TF (transcriptional factor), 3-methylbenzoate (3-MB), 3-methylbenzyl alcohol (3-MBA), Dicyclopropylketone (DCPK), Salicylic acid (SA), Isopropyl
p-D-1-thiogalactopyranoside (IPTG), Anhydrotetracycline (ATC), Methyl ethyl ketone (MEK), 3-chloro-4-hydroxyphenylacetic acid (CHPAA), 4,5-bis(carboxyme-

thoxy)-2-nitrobenzyl protecting group (BC, 10b) IPTG.

specifically for sfGFP translation in P. putida using the RBS calculator.
RBS strength was assessed using the BioBrick BBa_B0034 RBS as a
control and experimental data showed that three of the six predictions
were correct. Whereas the strongest predicted RBS showed a significant
higher production (2.5-fold) and the two weakest significant lower (3-
fold), the other three roughly gave the same output. Recently, Aparicio
et al. (2020) integrated a gfp into the genome of P. putida without a
functional Shine-Dalgarno (SD) sequence, which is needed for trans-
lation initiation. By using recombineering mediated by degenerated
oligos with six or nine nucleotides, a library of 33 RBS variants with a
20-fold difference was created. Moreover, the strongest RBS showed a
perfect match with the last 9 nucleotides of the 3’end of the 16S ribo-
somal RNA of P. putida, an interaction which is known to highly impact

ribosome stability and promote translation.

An alternative way to improve the heterologous protein expression is
with bicistronic design elements (BCD). In P. putida, the translational
coupler BCD2 has been used to significantly increased protein expres-
sion from heterologous genes inserted in the genome (Wirth et al., 2019;
Zobel et al., 2015). The BCD2 was positioned downstream of the pro-
moter, harboring two SD sequences and encoding a small peptide. The
first SD sequence mediates the translation of the small peptide, whereas
the second SD sequence is translationally coupled to the gene of interest
(GOD). In this way, the translation efficiency of the GOI significantly
increases by preventing the formation of inhibitory secondary structures
at the 5’ end of the mRNA, which otherwise would disrupt ribosome
binding (Mutalik et al., 2013).
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2.4. Transcriptional terminators

Whereas the promoter is the starting point for RNA synthesis, the
transcriptional terminator marks its end. Terminators are an essential
component of the transcription process as they affect mRNA stability
and can therefore have a severe impact on protein synthesis. As SynBio
comprises often complex circuits, the reusage of parts, e.g. terminators,
can lead to homologous recombination (Amarelle et al., 2019). There-
fore, a variety of wide-host terminators is required for a proper SynBio
genetic toolbox. Transcriptional termination within bacteria, including
P. putida occurs through two main mechanisms: intrinsic termination
and Rho-dependent termination. In intrinsic termination, the nascent
RNA forms strong secondary structures at the 3’end, detaching the
RNAP in the process. Rho-dependent termination requires the ATP-
dependent RNA translocase Rho, which binds to the RNA transcript
and dissociates the elongation complex (Ray-Soni et al., 2016). The
SEVA collection contains two standard predefined transcriptional ter-
minators: the T1 phage lambda terminator and TO terminator of the rrnB
operon of E. coli (Silva-Rocha et al., 2013). Whereas no data are avail-
able about the effectiveness of the TO terminator in P. putida, the T1
terminator has been reported as not fully functional and allowing
transcriptional readthrough when placed in broad host-range vectors
(Amarelle et al., 2019).

In general, terminators within P. putida have not been subjected to
broad research yet with only one case described so far by Amarelle et al.
(2019). Using a functional genomics approach, several soil microbial
communities were explored to find novel transcriptional terminators,
creating a metagenomic library. Terminator strength within this library
was determined by placing the terminators between the promoter and a
GFPlva reporter, a GFP with reduced half-life. Strong terminators were
quantified by their transcriptional readthrough, in which reduced or an
absence of GFP signal was detected. Of this database, four unique
terminator sequences significantly decreased GFP levels.

3. The current ‘wet’ genetic toolbox
3.1. Transposons

Transposon vectors are one of the oldest and most versatile tools for
genetically modifying P. putida (de Lorenzo, 1992). In recent years, they
have been deployed to integrate and express heterologous genes chro-
mosomally instead of plasmid born. Chromosomal integration of
expression modules ensures stable inheritance and production, tighter
transcriptional control and less burden on the strain (de Lorenzo et al.,
1998; Li et al., 2019). The two main modules used for this purpose are
the Tn5 and Tn7 mini transposon-vectors. Both have minimal re-
quirements for their functionality: (i) an antibiotic selection marker
between two specific flanking sequences and, (ii) their corresponding
transposase (Fig. 2). The selected cargo that is to be introduced into the
genome is cloned within the flanking sequences where the selection
marker is also located. Both the Tn5 and Tn7 transposon vectors have a
R6K origin of replication, unable to replicate in P. putida. The trans-
posases recognize their respective flanking sequences and transfer the
mini-transposon module containing the cargo and antibiotic selection
marker from the vector towards the genome. The Tn5 mini transposon
vectors integrate in random places in the chromosome, whereas the Tn7
mini transposon vectors integrate unidirectionally in attTn7 site (Zobel
et al.,, 2015). While the Tn5 transposons allow subsequent Tn5- in-
tegrations, Tn7- transposition can occur only once unless additional
attTn7 sites have been introduced. However, taking into account that the
Tn5- transposons can integrate everywhere and possibly disturb cell
vitality, integrations into the attTn7 locus are considered to be more
innocuous (Lambertsen et al., 2004; Tan et al., 2018). A limitation of
both approaches is the integration of an undesired antibiotic markers in
the chromosome. However, this marker can be excised from the genome
by any subsequent deletion strategies (see Section 3.4 Site-specific
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recombination).

The Tn5 mini transposon vectors have undergone a number of im-
provements over time in terms of standardization and modularity
(Table 3). In this way, first the pBAM1 plasmids were streamlined by
removing non-essential DNA sequences and restriction sites as well as by
incorporating non-frequent restriction sites between the functional
modules for their easy exchange (Martinez-Garcia et al., 2011). Suicide
delivery of the pBAM1 plasmids in P. putida was tested by either elec-
troporation or conjugation, in which transposon insertion frequencies
were 1.02 x 1077 and 1.8 x 1073, respectively, showing a preference for
conjugation. Later, the pBAM1 plasmids were eventually restructured to
create the pBAMD vectors, which have an architecture of the SEVA
format and still contain all the advantages of the pBAM1 plasmids. Using
the pBAMD vectors with different antibiotic markers, it was showcased
that three rounds of transpositions were possible, enabling accumulation
of several insertions in the same genetic background (Martinez-Garcia
et al., 2014). Another further development of the Tn5-transposons is
called TREX, which allows the transfer and expression of entire
biosynthetic pathways between bacterial hosts (Loeschcke et al., 2013).
When these large pathways are transferred to another bacterium, tran-
scription is not guaranteed as heterologous promoters associated with
the biosynthetic pathways might not be recognized by the RNA poly-
merases of the host-strain. Consequently, they are randomly integrated
into the genome through Tn5-transposition, where expression becomes
dependent on read-through from on chromosomal promoters. However,
if biosynthetic pathways often comprise complex genetic structures in
which genes are in bidirectional orientations, this will likely impede
expression. Therefore, the TREX system was developed as an expression
system, allowing transcription of biosynthetic pathways irrespective of
the hosts natural promoters by using T7 RNA polymerase (T7RP)-
dependent promoters. This polymerase is prone to ignore bacterial
termination sites and able to produce long transcripts. Thus, the
biosynthetic clusters are flanked by two T7RP-dependent promoters,
ensuring their bidirectional transcription, crucial when the genes within
such biosynthetic clusters are not unidirectionally organized. However,
it must be noted that these promoters can only be used by the intro-
duction of a T7RP-encoding plasmid.

With the TREX method, the zeaxanthin (6.9 kb) and prodigiosin
(21.9 kb) gene clusters were successfully integrated into P. putida’s
genome. Despite their size differences, transposition rates (10°t0107%
were similar for both clusters. Using the TREX-prodigiosin plasmid,
Domrose et al. (2019) located the most favourable loci for chromosomal
integration. A transposon-library of ~ 50.000 clones was created and 50
clones that showed strong expression of prodigiosin were subjected to
in-depth analysis. In all these 50 clones, integration occurred within the
rRNA- encoding operons of P. putida. This not only resulted in high
expression but also long term-stability after subsequent cultivation for
over 2 years. Recently, the TREX system was further improved to yTREX
by combining it with yeast recombinational cloning (Domrose et al.,
2017). Whereas the TREX method relied on conventional restriction/
ligation methods, the yTREX method allowed cloning and modification
of gene clusters in a single cloning step, overcoming the time-consuming
bottleneck of its predecessor. Rearrangements of existing gene clusters
like the violacein pathway, which yields different end products
depending on the combination of genes, were further achieved. Addi-
tionally, facile detection of clusters which do not give visible outputs
was demonstrated. To this end, a promoter-less lacZ reporter gene was
successfully implemented downstream of the gene clusters, allowing
identification of clones in which the whole cluster was transcribed.

3.2. Integrative plasmids

Whereas transposons are deemed efficient for genetic insertions,
they cannot delete genes, only disrupt them. Instead, integrative plas-
mids are widely used to delete specific genes. The most established two-
step deletion method in P. putida is via homologous recombination with
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Fig. 2. Genome editing tools of P. putida. A) Transposon vector. The transposase encoded by the tnsA binds to the terminal inverted repeats (TIR), excises the element
(DNA to insert) surrounded by the TIRs and introduces it in the bacterial genome. The result is a genomic integration. B) Integrative plasmids. The key features are
the flanking regions TS1 (upstream the target locus) and TS2 (downstream the target locus) and the R6K origin of replication, which cannot replicate in P. putida.
Homologous recombination events of TS1 and TS2, will lead to genomic deletions or genomic integrations if a target gene would be between TS1 and TS2. C)
Recombineering. The recombinase gene rec2 and the mutL are under the control of the temperature-inducible cI857/pL system. At 42 °C, both genes are expressed,
promoting the incorporation of linear single-stranded DNA oligo in the replication fork during lagging-strand synthesis of DNA replication. In this scenario, the oligo
carries a nucleotide mutation (red nucleotides), which will be inherited and spread across the cell population, resulting in a genomic substitution. If the oligo would
bear other type of mutations, such as insertions or deletions, the editing outcome will be in accordance to those. D) CRISPR-Cas technology. The active Cas9 and the
sgRNA, directed by the spacer, bind to the target site and induce a double strand break (DSB) in the genome, causing bacterial death. CRISPR-Cas9 technology can be
used as counter selection tool allowing to select for rare genomic recombination events by eliminating wild-type sequences. Mutant cells with genome deletions,
integrations or substitutions can be selected depending on the DNA template.
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Table 3
Comparison of different mini-transposon and integrative vectors applied in P. putida.
Tool Purpose Limitations Applications Efficiency Time References
spent
Mini-Transposon vectors
pBAM1 Insertions Conventional cloning Engineering P. putida for Electroporation: 1.02 x ND Martinez-Garcia et al.
arsenic methylation. 1077 (2011)
Mating: 1.8 x 1073
PBAMD Insertions Conventional cloning Engineering P. putida to ND ND Dvordk and de
catabolize cellobiose Lorenzo, 2018;
Martinez-Garcia et al.
(2014)
TREX Insertions of large biosynthetic Conventional cloning Production of prodigiosin Mating 107> to 107 ND Loeschcke et al. (2013)
clusters with bidirectional (94 mg/L)
transcription
yTREX Construction of biosynthetic Production of prodiogisin, ND <2 Domrose et al. (2017)
clusters through yeast-based violacein, deoxyviolacein weeks
recombination and integration and phenazine
using TREX
Mini Tn7- Insertions Continuous rounds of  Synthetic promoter ND ND Bruckbauer et al.
transposon- integrations are not characterization (2015)
vectors possible
Integrative plasmids
PEMG Scarless deletions and insertions Heavy PCR screening Reducing the genome of Theoretically 50 % ~5 Martinez-Garcia et al.
of cointegrates KT2440 chance of knockout/ days (2011)
PGNW The expression of GFP  Insertion of fluorescent insertion ~5 Wirth et al. (2019)
is locus dependent markers days
PSNW Reducing the genome of ~5 Volke et al. (2020b)
EM42 days
pK18mobsacB Reducing the genome of ND Elmore et al. (2020);

KT2440.
Insertion of catabolic
pathways

Liang et al. (2020)

ND (Not defined).

the assist of the pEMG or pK18mobsacB integrative vectors (Martinez-
Garcia and de Lorenzo, 2011; Schafer et al., 1994). The loci of integra-
tion are dependent on the homology arms that are built in these plas-
mids. When deleting a gene, approximately 500 — 800 bp upstream and
downstream of the gene of interest are amplified and cloned into either
vector. The homology arms in the pEMG vector are flanked by two
unique I-Scel sites, which are recognized by the I-Scel endonuclease,
encoded on the pSW-1 plasmid under the XylS/Pm expression system.
Once the pEMG vector is integrated into the genome through homolo-
gous recombination over either one of the homology arms, the expres-
sion of the I-Scel endonuclease introduces a lethal double strand break in
the single crossover (SCO) recombinants. The resolution of the SCO can
eventually leave two possible outcomes: deletion of the gene of interest
or restoration of the wild-type genotype (Wirth et al., 2019). One of the
biggest highlights using the above mentioned protocol was the con-
struction of a genome-reduced variant of P. putida KT2440, in which a
span of 300 genes was deleted (~4.3 % of the entire genome) with the
largest single deletion stretching 69 kb (Martinez-Garcia et al., 2014).
This new strain, designated EM42, showed a net increase of ATP and
NADPH availability and superior growth properties with shorter lag
phases in rich and minimal media, and a higher final biomass yield.

As time developed, both the pEMG and pSW-I plasmids went through
several improvements (Table 3). The suicide vector pEMG was recently
improved and transformed into pGNW, which allow a fast and accurate
assembly of the homology arms. Additionally, a monomeric superfolded
GFP was incorporated, allowing direct visualization of successful in-
tegrations (Wirth et al., 2019). Using this method, not only fast deletions
were demonstrated, but also insertions. Recently, Volke et al. (2020b)
observed that GFP derived fluorescence of the pGNW vectors was highly
locus dependent. Consequently, these plasmids were enhanced by the
addition of a BCD in front of the GFP, which showed significantly higher
expression in low expression loci, compared to the pGNW plasmids and
were named pSNW vectors.

The first major transfiguration of the pSW-I plasmid was performed

by Aparicio et al. (2015). The plasmid was rebuilt to be coherent with
the SEVA format, adding several antibiotic markers and therefore
expanding its functionality and use. Aside from the inducible versions,
constitutive versions were also created (Wirth et al., 2019). Recently,
these plasmids were further improved for easy self-curing, one of the
most time-consuming steps in genome engineering (Volke et al., 2020a).
These plasmids, branded as pQURE, have the initiator protein TrfA
under the control of the XylS/Pm expression system, making plasmid
replication reliant on the presence of 3-MB. Cells that were cultured
without inducer for 24 h, lost in 92 % of the cases their plasmid. Both
newly developed plasmids pSNW and pQURE were recently deployed to
reduce the genome of P. putida strain EM42 even further (Volke et al.,
2020a).

Like the pEMG and its successors, the pK18mobsacB also integrates
through a single crossover event over either one of the homology arms.
However, this system does not require the help of an additional plasmid
for the second crossover event. The pK18mobsacB is equipped with the
sacB selection marker from Bacillus subtilis. This gene encodes a levan-
sucrase which hydrolyses sucrose and produces levans. This synthesis
exerts a toxic effect in primarily gram-negative bacteria, where an
accumulation of levans is hypothesized to obstruct the periplasm due to
their high molecular weight (Pelicic et al., 1996). Therefore, growing
colonies on a medium with sucrose will select for cells that excised the
plasmid through a second cross-over event. Unlike E. coli in which
counterselection is performed on plates containing 5 % sucrose, the
optimal working solution frequently used for Pseudomonas putida is 25 %
(Elmore et al., 2017; Khetrapal et al., 2015). Like the pEMG series, this
technique can be deployed for both deletions and insertions. Recently,
through this method, the catabolic pathways for xylose and arabinose
were introduced in KT2440, allowing this strain to grow on the five
major sugars of lignocellulosic biomass (Elmore et al., 2020). In general,
these suicide vectors are still a widely used concept, going through
several rearrangements in the last decade. They have constantly been
improved and remain a powerhouse for scarless deletions and insertions.
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3.3. Recombineering

Recombineering is an efficient and sophisticated bioengineering
technique for in vivo manipulation of genomes. Recombinase proteins
(also known as single-stranded DNA-annealing proteins, SSAPs) are the
methods core component promoting the incorporation of linear single-
stranded DNA (ssDNA) segments in the replication fork during DNA
replication (Ellis et al., 2001). Additional exonuclease activity is
required for double-stranded DNA (dsDNA) recombineering systems in
order to degrade one of the strands to generate the final ssDNA substrate
(Datsenko and Wanner, 2000). If that DNA segment was designed to
bear modifications, these would be inherited and spread across the cell
population. On that account recombineering enhances the frequency of
homologous recombination, allowing the generation of genomic de-
letions, insertions, and single nucleotide substitutions, as well as in vivo
cloning, mutagenesis of bacterial artificial chromosomes and phasmids,
and the construction of genomic libraries (Court et al., 2002; Marinelli
et al., 2012). For P. putida, recent years have been marked by a constant
search for an efficient recombineering system (Table 4). This exploration
was primarily motivated by the somewhat poor direct applicability of
the pioneer Redp recombinase and dsDNA A Red recombineering system
from the E. coli A phage (Martinez-Garcia and de Lorenzo, 2019). At-
tempts to establish this powerful option have been numerous but, alas,
the significant efficiency levels obtained in E. coli have been reached
only by using phenotypic selection. Luo et al. (2016) applied the A Red
recombineering system for markerless gene deletions that ranged from
1.1 to 9.3 kb. Their two-step method started with a 3-MB-induced A Red-
mediated replacement of the target gene with a targeting dsDNA frag-
ment that consisted of a kanamycin resistance gene flanked by loxP sites
and 500 bp homologous arms. Recombinant clones were then selected
on kanamycin and, subsequently, marker removal was conducted by
expressing Cre recombinase from a different plasmid that A Red and the
dsDNA fragment, achieving replacement efficiencies > 70 % (see Sec-
tion 3.4 Site-specific recombination). Shortly after, the same laboratory
published an improved gene deletion protocol that did not rely on Cre/
lox-mediated recombination anymore. In turn, I-Scel restriction sites
flanking the antibiotic resistance gene were incorporated (Chen et al.,
2016).

The previous studies inspired other authors to combine the A Red
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system with other selection methods such as CRISPR-Cas. Thanks to the
Cas cleavage of wild type cells’ chromosome, the yield of mutants ap-
proaches 100 % of the total remaining cells, which is translated into a
boost of the net efficiency of recombineering (Cook et al., 2018; Sun
et al., 2018a). CRISPR-Cas-mediated counter-selection will be thor-
oughly discussed later in the Section 3.5.1 CRISPR for gene editing.

Efforts with A Red-like counterparts from other prophages have also
been reported, namely the dsDNA recombineering RecET system from
the E. coli Rac prophage. While the Redf recombinase works more
efficiently with low GC content DNA (Rybalchenko et al., 2004), RecT
recombinase performs independently of this factor (Noirot and Kolod-
ner, 1998) which is advantageous for P. putida, given its high GC con-
tent. Consequently, a new method combining RecET and Cre/lox site-
specific recombination was presented (Choi et al., 2018; Choi and Lee,
2020). Mimicking the aforementioned study, the two-steps protocol
began with a 3-MB-induced RecET-mediated replacement of the target
gene with a dsDNA fragment consisting of a tetracycline resistance gene
flanked by lox sites and 100 bp homologous arms. Furthermore, a multi
cloning site was included between the homologous arms but outside of
the lox region to allow markerless insertion of heterologous genes. After
antibiotic selection, marker removal was performed correspondingly via
IPTG-induced Cre recombination using a two-plasmid system. Like in
the aforementioned two-step protocols, each plasmid of the two-plasmid
system contained the elements for each step: one included RecET and
the dsDNA fragment, and the other the Cre machinery. Though similar in
approach, better results were obtained with this method including: i)
100 % successful knock-outs of multiple genetic loci with lengths
ranging from 0.6 to 101.7 kb; ii) integration of different heterologous
genes (1.2 kb) with an efficiency >74 %; and, iii) integration of different
gene clusters (3.6-7.4 kb) with efficiencies ranging from 10 to 85 %.
Moreover, marker removal was also 100 % successful in every case.

The efficiency, accuracy and the markerless modifications make the
mentioned recombineering systems a competitive option over other
deletion and insertion methods. Additionally, authors stressed the
rapidness of the protocols which could be performed in 4-6 days.
However, we must bear in mind that these systems incorporate selection
methods (e.g. antibiotic resistance or cleavage of wild type cells) which
are needed to maintain the high recombineering capabilities and can be
a drawback for certain specific applications.

Table 4
Recombineering tools applied in P. putida.
Tool Purpose Recombinase Limitations Applications Efficiency Time References
induction spent
A Red - Deletions (1.1-9.3 3-MB (Preculture Antibiotic - 70-100 % 4-6 days Luo et al. (2016)
Cre/lox kb) from OD600 ~0.2 selection required,
to ~0.6) lox scar
A Red - Deletions 3-MB (Preculture Antibiotic Deletion of 16 drug 25-100 % 4-6 days Chen et al.
I-Scel (1.1-64.3 kb) from OD600 ~0.2 selection required exporter genes (2016)
to ~0.6) Strain LS3476 - 3.76 %
genome reduction
RecETRgac Deletions 3-MB (Preculture Antibiotic Insertion of biosynthetic 100 % (deletions), 10-85 % 5 days Choi et al.
- (0.6-101.7 kb), until OD600 ~2) selection required, gene clusters for (insertions) (2018); Choi and
Cre/lox insertions (1.2-7.4 lox scar bioproducts Lee (2020)
kb)
Redp Point mutations 3-MB (30 min) Low efficiency in - 0.0015-0.066 % 2 days (1 Ricaurte et al.
absence of cycle) (2018)
selection
Ssr Point mutations, 3-MB (30 min) Low efficiency in - 0.023-0.013 % (point 2 days (1 Aparicio et al.
small deletions, absence of mutations), 0.0043 % (small cycle) (2016); Ricaurte
small insertions selection deletions), 0.0088 % (small et al. (2018)
insertions)
Rec2 Point mutations, 3-MB (30 min) Moderate Determination of MMR 0.086-0.18 % (point 2 days (1 Ricaurte et al.
small deletions, efficiency in system single nucleotide mutations), 0.0047 % (small cycle) (2018)
small insertions absence of replacement hierarchy deletions), 0.041 % (small
selection insertions)
HEMSE Point mutations 42 °C (15 min) Low efficiency Diversification of RBSs ~10 % (single), ~2 x 107 % 11 days Aparicio et al.
(with when multiplexing (4 changes) and ~6 x 10 00 (10 (2020)
Rec2) (5 changes) cycles)
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Besides the heterologous E. coli phage systems, functional homologs
have been searched in the genomes of Pseudomonads. The quest for an
optimal recombinase that would work efficiently in P. putida in absence
of selection has so far resulted in two SSAP candidates: Ssr and Rec2.
They were identified through bioinformatic mining in the genomes of
P. putida strains DOT-T1E (Aparicio et al., 2016) and CSV86 (Ricaurte
et al., 2018), respectively, and have been experimentally validated in
multiple publications.

The ssDNA recombineering ability of Ssr was first demonstrated by
generating small changes in the pyrF gene using mutagenic oligonucle-
otides. These mutants are resistant to 5-fluoroorotic acid (5-FOA) which
allows an easy screening of the engineered cell population. The use of
Ssr controlled by the Pm promoter to mediate small deletions (100 bp)
and small insertions (9 bp) increased by ~6 x 10°-fold and ~2 x 102
fold, respectively, in respect to the basal 5FOA resistance rate. Alas,
these numbers of mutated cells still represented <0.1 % of the total
population (Aparicio et al., 2016). To overcome these low modification
frequencies, the authors brought counter-selection into play once again.
Hence, by merging Ssr-mediated recombineering with CRISPR-Cas9
technology, mutated clones were selected yielding higher efficiencies
(Aparicio et al., 2018). The exploration for a better recombinase resulted
in the discovery of Rec2. This enzyme first stood out among other Pm-
controlled putative recombinases for its ability to mediate single
nucleotide substitutions in the rpsL gene. The K43T amino acid substi-
tution derived from one-point mutation in this specific gene confers
streptomycin resistance facilitating the screening of mutants. While
Redp and Ssr exhibited a respective average of 0.066 % and 0.023 %,
Rec2 reached 0.18 % of recombineering efficiency. This superiority was
conserved while producing pyrF mutants: i) with single nucleotide
changes the obtained efficiencies were 0.086 % for Rec2, 0.013 % for Ssr
and 0.0015 % for Redp, ii) with small insertions (9 bp), 0.041 % for Rec2
and 0.0088 for Ssr and, iii) with small deletions (100 bp), 0.0047 % for
Rec2 and 0.0043 % for Ssr (Ricaurte et al., 2018). Thus, Rec2 surpassed
previous standards, and was postulated as the new archetype to develop
further.

Besides the two recombinases, these studies brought to light an extra
limitation for single nucleotide changes: the sensitivity to the host’s
mismatch repair (MMR) system. P. putida ensures fidelity during DNA
replication thanks to its native MMR machinery which comprises the
mutS and mutL genes. The hierarchy of recognition of different types of
base mispairings in P. putida was elucidated and described as follows: A:
G< C:C< G:IA< CA, AA, GG, TiT, T:G, A:C, C:T< G:T, T:C (Aparicio
et al., 2020). In order to overcome this obstacle during the recombin-
eering process, a strategy of transient disruption of the MMR was pro-
posed. The expression of a dominant negative E36K version of mutL
linked to the expression of the recombinase interrupts the MMR gener-
ating a time gap during which any kind of single nucleotide changes is
tolerated (Nyerges et al., 2016).

Convergence of Rec2 ssDNA recombineering and reversible disrup-
tion of the endogenous MMR machinery brought about the High-
Efficiency Multi-site Genomic Editing system (HEMSE) for P. putida.
Inspired by the MAGE platform (Gallagher et al., 2014; Wang et al.,
2009), though lacking the automation feature, HEMSE was proposed as
the way to go for entering multiple simultaneous changes in the chro-
mosome of P. putida. Both rec2 and mutLgsgx were located under the
thermo inducible control of the P;/cI857 system and were subjected to
multiple cycles of expression/mutagenic oligonucleotide trans-
formation. First, 5 different loci were targeted independently with effi-
ciencies ranging from 8.5 % to 21 %, after 10 cycles of recombineering.
Whereas these levels seemed promising, efficiency dropped dramatically
when multiplexing: ~2 x 1074 % and ~6 x 10~° % mutated population
after 10 cycles for four and five changes, respectively (Aparicio et al.,
2020).

In view of the above, recombineering already represents a powerful
tool for genome editing in P. putida, with available protocols for large
deletions, insertions and single nucleotide changes. However, much
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remains to be done to reach the yields reported in E. coli with Redp.
Despite the successful cases reported here, and next to what seems as an
intrinsically rather poor ability of P. putida to capture exogenously
provided DNA, the efficacy of the core recombinase remains the main
bottleneck of the technique. A better enzyme is still required for optimal
multiplexing of the technique and to stop depending on selection
methods.

3.4. Site-specific recombination: site-directed recombinases

In contrast to homologous recombinases, which promote the
recombination between similar sequences, site-specific recombinases
only promote recombination between specific recognition sites. These
recombinases are found across many different hosts regulating key
functions, but the most typically used are those found in phages (e.g.
Cre, )\ integrase, ¢C31 integrase, Bxbl integrase) and in the yeast
Saccharomyces cerevisiae (Flippase recombinase, FLP) (Gaj et al., 2014).
They are classified into tyrosine and serine recombinases, depending on
the active residue in the catalytic domain. These two types differ in the
mechanism by which the recombination occurs. Briefly, tyrosine
recombinases promote the recombination through a Holliday junction
intermediate while serine recombinases cleave and religate the two
molecules of DNA (Chen and Rice, 2003; Grindley et al., 2006). While
some tyrosine recombinases (e.g. Cre, FLP) are bidirectional, other
tyrosine recombinases (e.g. A integrase) and all the serine recombinases
(e.g. ¢C31 integrase, Bxbl integrase) show recombination only in one
direction (Wang et al., 2011).

In particular, the site-specific recombinases used for synthetic
biology applications show a precise sequence specificity, which gives to
the researchers a tight control over desired DNA reorganizations. Their
recognition sites are short, usually ranging from 21 to 48 nucleotides,
and similar in structure, consisting of two inverted repeats surrounding a
spacer sequence where recombination occurs (Gaj et al., 2014).

Researchers have designed different strategies for the use of these
recombinases in genome engineering that have allowed the insertion of
heterologous DNA, and the inversion or deletion of a targeted DNA se-
quences (Table 5). In all these strategies, the specific recognitions sites
must be previously inserted in the desired location of the genome. This is
accomplished by other genetic manipulation tools, usually homologous
recombination or transposition.

A remarkable example was the streamlining of P. putida KT2440
genome using a combinatorial deletion method based on mini-
transposon insertion and the FLP-FRT recombination system (Leprince
et al., 2012a, 2012b). This method combines random insertions of the
mini-Tn5 derivative transposon vectors and the site-specific FLP-FRT
recombination system to generate successive random deletions in a
single strain in which parts of the genome are excised via the action of
the cognate FLP. These mini-Tn5 transposons carry different selectable
markers and each has a Flippase Recognition Target (FRT) site. Mapping
of the position of both mini-Tn5 transposons in the chromosome of
P. putida was conducted by Arbitrary Primed-PCR (AP-PCR). Subsequent
sequencing of the PCR fragments led to the identification of the co-
ordinates of the transposons and the orientation of both FRT sites. Under
specific laboratory conditions, both FRT sites were recognized by the
FLP, and the deletion of a nonessential intervening genomic segment
along with the transposon backbones occurred without inheritance of
any marker genes. Based on these libraries, they generated single-
deletion mutants lacking ~4.1 % of the genome (~3.7 % of the gene
repertoire). A cyclical application of the method generated four double-
deletion mutants of which a maximum of ~7.4 % of the chromosome
(~6.9 % of the gene count) was excised. This procedure demonstrates a
new strategy for rapid genome streamlining and enabled to gain of new
insights into the molecular interactions and regulations in P. putida
(Leprince et al., 2012a, 2012b, 2012c).

More recently, the Cre recombinase from bacteriophage P1 has been
used in combination with recombineering to produce scarred markerless
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Table 5
Site-directed recombinases applied in P. putida.
Tool Purpose Limitations Applications Efficilency = Time References
spent
FLP Deletions (1) Random insertion of FRT sites. Genome streamlining 100 % 2 days Leprince et al. (2012a)
FRT (41-253.9 kb) (2) Active FRT scar
Cre Marker excision (1) Active lox scar Markerless deletions 100 % 2 days Luo et al. (2016)
loxP-loxP (2) Continuous rounds of deletions are
not possible
Cre Marker excision (1) Inactive lox Markerless deletions 100 % 2 days Choi et al. (2018)
lox71-lox66 (2) Continuous rounds of deletions are
not possible
Cre Marker excision (1) Inactive lox scar Markerless insertions 100 % 2 days Choi et al. (2018)
lox71-lox66 (2) Continuous rounds of integrations
are not possible
Cre Insertions (10-49.1 (1) Antibiotic marker Insertion of BGCs 33% 2 days Wang et al. (2019)
loxP-loxPlox5171- kb) (2) Continuous rounds of integrations
lox5171 are not possible
Bxb1l Insertions (> 6kb) (1) Insertion of whole plasmid; Rapid insertions, 100 % 2 day Elmore et al. (2017); Peabody
attP-attB antibiotic marker screenings et al. (2019)

(2) Continuous rounds of integrations
are not possible

gene deletions in P. putida (Choi et al., 2018; Luo et al., 2016). Using this
strategy, the gene of interest was replaced by a selectable marker
flanked by loxP sites by homologous recombination using A Red (Luo
et al., 2016) or RecET (Choi et al., 2018). In both cases, the selectable
marker was removed upon Cre recombination through the lox sites,
which showed a 100 % efficiency in both works.

Luo et al. (2016) used the natural loxP sites from bacteriophage P1 to
excise the antibiotic resistance marker. Cre-mediated recombination
through natural loxP sites is bidirectional and, more importantly, leaves
an active loxP scar in the genome after the excision. The presence of
multiple active loxP scars causes genome instability and hinders the
accumulation of mutations using the same system (Arakawa et al., 2001;
Lambert et al., 2007). To prevent this situation of genome instability,
few years later Choi et al. (2018) used the engineered lox71-lox66
recognition sites instead of the natural loxP sites, enabling a quasi-
irreversible recombination while maintaining 100 % efficiency on
marker excision. This recombination leaves a lox72 scar in the genome,
which is poorly recognized by Cre recombinase and therefore, is
considered inactive. This is an advantage over the use of native loxP sites
as it allows reusing the system several times in the same cells (Arakawa
et al., 2001). As stated before, this technology was only used in com-
bination with recombineering to perform scarred markerless deletions
(up to 101.7 kb) and insertions (up to 7.4 kb). However, Wang et al.
(2019) used, for the first time, the Cre recombinase to directly integrate
larger biosynthetic gene clusters (BGCs) by recombinase-mediated
cassette exchange (RMCE). This strategy was based on the introduc-
tion of a landing pad that contained two heterospecific lox sites unable
to recombine together (loxP and lox5171) flanking the Cre recombinase
and the kanamycin resistant marker, in the genome of the target bacteria
by transposition. The same lox sites were also introduced in a plasmid
surrounding the desired BGC and an apramycin resistant marker. Upon
transformation of this plasmid, Cre promoted recombination between
the two loxP and the two lox5171 sites independently, which produced a
cassette exchange integrating the BGC in the genome and removing the
kanamycin marker. In a high-throughput way, 9 BGCs from Photo-
rhabdus luminescens ranging from 10 kb to 49.1 kb were introduced in 25
diverse y-Proteobacteria. In particular, the integration of these BGCs in
P. putida ranged from 8 % to 75 % of the transformed cells, indepen-
dently of the size of the BGC (Wang et al., 2019).

Serine integrases have also been used to introduce heterologous DNA
into the genome of P. putida. These integrases promote recombination
between attP (from the original Phage) and attB sites (from the original
Bacterium). This recombination was used to integrate whole plasmids
containing an attP site into a genome where an attB site has been pre-
viously introduced by homologous recombination. The efficiency of
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several serine integrases has been tested in P. putida, from which the
integrase of phage Bxb1 of Mycobacterium smegmatis showed the highest
efficiency reaching 2.28 x 10* CFU/ug of plasmid, in comparison with
RV, ®BT1 and ®C1, which reached 2.45 x 10® CFU/pg, 2.8 CFU/pg and
0.6 CFU/ug, respectively (Elmore et al., 2017). The authors tested this
method to integrate plasmids of 6 kb and was applied in a high-
throughput experiment to test a library of promoters in P. putida
(Elmore et al., 2017). This approach was further used by Peabody et al.
(2019) to express a heterologous GalP transporter at different levels and
analyze the effect on growth of this bacterium using galactose as carbon
source.

In summary, all site-specific recombinases leave scars in the final
mutant strain, which is a downside when compared with other marker-
less gene deletion strategies. However, the high efficiency of site-specific
recombinases makes them amenable for high-throughput applications
(Luo et al., 2016), especially for integrating different DNA fragments
into the same location of the chromosome and construct libraries.
Strategies such as RMCE have been extensively adapted for high-
throughput engineering experiments of different eukaryotic cell lines
(Bouwman et al., 2013; Ebinuma et al., 2015; Krebs et al., 2014; Turan
et al., 2013). Although these site-specific recombinase-based experi-
ments are still very limited in bacteria, including P. putida, they repre-
sent a robust alternative to integrate multiple variants of complex
synthetic pathways in these cells (Peabody et al., 2019; Urtecho et al.,
2019; Wang et al., 2019).

3.5. CRISPR tools

3.5.1. CRISPR for gene editing

The ever-expanding CRISPR-Cas systems have become an unprece-
dented molecular tool with endless possibilities, revolutionizing
biotechnology, medicine and agriculture research fields. Owing to its
simplicity, efficiency, flexibility and robustness, this powerful technique
has propelled the genome editing technology throughout all kingdoms
of life (Choi and Lee, 2016; Jaganathan et al., 2018; Schuster and
Kahmann, 2019; Wang et al., 2016). The site-specific DNA-targeting and
cleaving of the Cas endonuclease protein is reprogrammed by simply
designing the spacer region of a short guide RNA molecule. The spacer
sequence has to be complementary to a specific target region, denoted as
protospacer, in the genome of interest. Additionally, a short protospacer
adjacent motif (PAM) must be present upstream or downstream of the
protospacer in the target DNA. Type-II CRISPR-Cas9 and type V CRISPR-
Casl2a (or CRISPR-Cpf1) are the most widely adopted systems for pre-
cise genome engineering of both eukaryotes and prokaryotes (Adli,
2018; Pickar-Oliver and Gersbach, 2019). The Cas9 RNA-guided
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nuclease is characterized by the two conserved HNH and RuvC nickase
domains conferring the endonuclease activity. Cas9 requires two RNA
elements, the CRISPR RNA (crRNA) and trans-activating RNA
(tracrRNA). To gain simplicity, both RNAs have been fused together into
a chimeric, single-guide RNA (sgRNA). The most widely used Cas9 is
from Streptococcus pyogenes (SpCas9) and needs the PAM sequence 5’-
NGG-3’" downstream of the 20-nt long-spacer sequence (Jiang and
Doudna, 2017). SpCas9 recognizes the target DNA via Watson-Crick
base pairing by the complementary sgRNA, and introduces a primarily
blunt, but occasionally a staggered double-stranded DNA break (DSB)
(Gisler et al., 2019; Molla and Yang, 2020; Moon et al., 2019). Alter-
natively, the three Casl2a varieties (AsCasl2a, LbCas12a and FnCas12a
from Acidaminococcus sp., Lachnospiraceae bacterium and Francisella
novicida, respectively) have the RuvC domain, but lacks the HNH
domain, having a putative nuclease (Nuc) domain instead. Differently to
Cas9, Casl2a only requires of the RuvC domain to cut both, the template
and the non-template strands. As well, only the crRNA, containing the
20-nt long spacer and the PAM sequence 5°-TTN-3’or 5°-TTTN-3’
located upstream of a target protospacer is necessary to introduce
staggered 5’-overhangs in the cleavage site (Moon et al., 2019). The DSB
is lethal for most bacteria since the non-homologous end joining (NHEJ)
repair machinery is absent or not functional, a feature that makes Cas
proteins extraordinarily powerful counter-selection tools. Only in the
presence of a homologous recombination template, the desired modifi-
cations can be introduced in the genome by homology-directed repair
(HDR) usually catalyzed by the RecA protein, assuring survival. It is
noteworthy, however, that the native bacterial HDR is generally sub-
optimal for efficient and high-throughput applications. Consequently,
heterologous recombinases are often simultaneously introduced with
the donor template, boosting recombination efficiencies (Selle and
Barrangou, 2015) (Tables 6 and 7).

The CRISPR-Cas technology reached the P. putida field in 2017 when,
for the first time, a ThermoCas9-sgRNA tool for genome engineering of
obligate thermophiles was additionally proven to be efficient as a
counter-selection system in P. putida KT2440, despite its mesophilic
nature (Mougiakos et al., 2017). A one-plasmid strategy, consisting of a
two-step process, was pursued. During the first step, a suicide plasmid,
carrying the ThermoCas9 under the XylS/Pm expression system, the
sgRNA under the P3 constitutive promoter and the homologous
recombination regions, was integrated in the bacterial genome. The
ThermoCas9 was induced during the second step, introducing a DSB
within the gene sequence to be deleted, in this case, pyrF. The only
requirement of this Cas9 is the presence of the PAM sequence, 5'-
NNNNCNRA-3', in the targeted gene. Comparing non-induced with
induced conditions, the knockout efficiency increased from 2 % to 50 %,
though the strategy was still dependent on the native recombination
efficiencies (Mougiakos et al., 2017). Later, the wild type SpCas9-
crRNA-tracrRNA system was employed also as counter-selection
method, but in this case, in combination with Ssr-mediated ssDNA
recombineering as an effort to increase the recombination efficiency
(Aparicio et al., 2018). Besides this, the SpCas9’s 5-NGG-3' PAM
sequence is notably simpler than the one recognized by ThermoCas9,
increasing the number of potential target sites. In this particular study,
different parameters for alternative goals were analyzed: (i) the deletion
efficiency of different genes (pyrF, endA-1 and figM) individually and
multiplexed targeted, (ii) the deletion efficiency of different DNA frag-
ment sizes (1.9, 4.9 and 69.1 kb) and, (iii) the single nucleotide mutation
efficiency depending on the nucleotide change and its position related to
the PAM (2, 6 and 17 nt distant from the PAM). The results showed that
~50 to ~80 % of the colonies had the expected deletion when single
genes (pyrF, endA-1 and figM) of less than 1 kb were targeted. However,
when endA-1 and figM were simultaneously deleted, the achieved effi-
ciency decreased to 3 %. Similarly, with the increase of DNA fragment
length to 4.9 and 69.1 kb, the deletion efficiency dramatically dropped
to 13 % and 1 %, respectively. Additionally, the counter-selection of
single-nucleotide substitutions within the pyrF gene showed that 97 % of
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Table 6
Technical specifications of CRISPR-based Cas9 editing strategies applied in
P. putida.

Study Strategy Strain Elements
Mougiakos One-plasmid system: P. putida wild (1) XylS/Pm-
et al. type ThermoCas9
(2017) (1) pEMG-suicide (2) P3 constitutive
plasmid- promoter-sgRNA
ThermoCas9- (3) Homologous
sgRNA-homology recombination
template flanks (0.5 kb)
Aparicio Three-plasmid P. putida wild (1) Native
et al. system: type constitutive
(2018) promoter-SpCas9

(1) pSEVA42- (2) Native
SpCas9-tracrRNA constitutive

(2) pSEVA23-crRNA promoter-

(3) pSEVA65-Ssr tracrRNA

(3) Leader-crRNA
(4) XylS/Pm-Ssr
(5) ssDNA oligos
Cook et al. Three-plasmid P. putida wild (1) Constitutive
(2018) system: type promoter-SpCas9
(2) Constitutive

(1) pRK2-SpCas9 promoter-sgRNA

(2) pBBR1-UP- (3) AraC/ParaB- afih
sgRNA operon

(3) pJOE-Suicide (4) Homologous
plasmid- recombination
homology flanks (0.5-1 kb)
template

Sun et al. Two-plasmid system: P. putida wild (1) Constitutive
(2018a) type with promoter-

(1) pCas-RK2K SpCas9 or SpCas9/Cas12a
plasmid-sgRNA Casl2a and L (2) Constitutive
targeting the ori Red promoter-aBA
of pSEVA64- recombinase operon
gRNA (3) RhaRS/PrhaB-

(2) pSEVA64-sgRNA- sgRNA-sp
homology targeting the ori
template of pSEVA64-

gRNA
(4) Constitutive
promoter sgRNA
(5) Homologous
recombination
flanks (0.5 kb)
Zhou et al. One-plasmid system: P. putida wild (1) Pmin constitutive
(2020) type with promoter-

(1) Plasmid-sgRNA SpCas9n and A SpCas9n
targeting a Red (2) PxylA-oaB) operon
palindromic recombinase (3) Ptrc-sgRNA
sequence in the (4) Pvan-sgRNA
plasmid-sgRNA targeting a
with the target- palindromic
ing spacer- sequence in the
homology plasmid
template (5) Homologous

recombination
flanks (0.5 kb)

the cells incorporated the right nucleotide swap only when the changed
nucleotide was hardly recognized by the endogenous MMR of P. putida
and it was located 2-nt distance to the PAM. On the contrary, if the
changed nucleotide was either easily recognized by the MMR or located
6 or 17 nt far away from the PAM, all the cells lacked the expected
mutation (Aparicio et al., 2018). Similar to the previously published
systems, Cook et al. (2018) published 1 month later a strategy of three
plasmids based on the SpCas9-sgRNA and the dsDNA A Red recombin-
eering system. First, a suicide plasmid was integrated in the genome of
P. putida, constitutively expressing the SpCas9 from an additional
plasmid. Next the A Red recombinase was induced with L-arabinose, and
the plasmid bearing the sgRNA was electroporated, cleaving the genome
in the targeted locus. In comparison with the work of Aparicio et al.
(2018) in which ssDNA oligos were used as substrate of the Ssr
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dsDNA RedB

recombinase

(One-plasmid
system)

genes: icd, tesA, tesB, ferR and
tesBII

(2) Deletion of several
fragments: vanAB & fcs-ech-
vdh

(3) Multiplex deletions: testB &
testBII

(4) Replacements of 2 genes:

- pyrF substituted by Cas9n &
gam-bet-exo genes
- ferR substituted by fcs-ech-vdh

(5) Insertion of individual genes/
fragments: mutated phaC1,
vanAB, fcs-ech-vdh, two
copies of fcs-ech-vdh &
PPROBE-GT DNA sequence
(15 kb)

Cas9n

13

PHA production
using ferulic acid as
substrate

Table 7
CRISPR editing tools applied in P. putida.

Tool Purpose Limitations Applications Efficiency Time spent References

ThermodCas9- Deletion of pyrF gene (1) The recombination - pyrF (702 bp) 50 % ~ 3-4 days Mougiakos
sgRNA (One- efficiency of the plasmid co- et al. (2017)
plasmid system) integration in the genome

of P. putida

(2) Decreased the number of
potential target sites due to
the relatively larger PAM in
compared with the needed
PAM of SpCas9 (5’-NGG-3)

SpCas9-crRNA- (1) Deletion of pyrF, endA-1 and (1) Low efficiency for multiplex - (1) 50-80 % for single ~ 4-5 days Aparicio
tracrRNA and Ssr flgM genes gene deletions deletions et al. (2018)
ssDNA (2) Multiplex deletion of endA-1 (2) Low efficiencies when the (2) 3 % for multiplex
recombinase and figM genes deleted fragment is larger deletions
(Three-plasmid (3) Deletion fragments in the than 5 kb (3) 51 % (Deletion
system) flgM gene with different DNA  (3) Nucleotide changes length 1.9kb)

lengths recognized by the MMR or 13 % (Deletion
(4) Point mutations in the pyrF located in any position length 4.9 kb)
gene within the spacer sequence 1 % (Deletion
except in the first two bases, length 69.1 kb)
will not be implemented. (4) 97 % (nt change is
(4) Plasmid curing not recognized my
MMR and it is
located 2nt away
from the PAM

SpCas9-sgRNA and Deletion of IvaA, pvdJ, fpvA and Plasmid curing - IvaA (1032 bp) 90 % ~ 4 days Cook et al.
dsDNA RedB gcvP-1 genes pvdJ (1848 bp) 100 % (2018)
recombinase fpvA (2391 bp) 96.7 %

(Three-plasmid gcvP-1 (2844 bp) 87 %
system)

SpCas9-sgRNA and (1) Deletion of 8 genes (nicC, Multiplex gene deletions was - (1) 80-100 % for ~ 5 days Sun et al.
dsDNA RedB PP_0552, PP_3361, PP_3733, not possible deletions shorter including (2018a)
recombinase PP_ 3889, PP_3846, PP_1706 than 3 kb plasmid
(Two-plasmid and PP_5301) and 2 DNA (2) 85-100 % for curing
system) fragments (PP_3947-PP_3948 deletions larger
FnCas12a-crRNA and PP_3939-PP_3940) with than 3 kb
and dsDNA Red8 SpCas9 (3) 70 % Insertion
recombinase (2) Replacement/Insertion of length of 4.5 kb
(Two-plasmid rhla, dCas9 and T7-RNA 100 % Insertion
system) polymerase genes length of 4.1 kb

(3) Single nucleotide 95 % Insertion
substitutions in the nicC gene length of 0.8 kb

(4) Deletion of 2 genes (PP_3361, (4) 100 % for gene
PP_5301) with Cas12a substitutions

ratAPOBEC1-Cas9n Cytidine mutations within cadR - 90-100 % ~ 2 days Chen et al.
(One-plasmid and ompR genes (2018a)
system)

ratAPOBEC1-Cas9n (1) Cytidine mutations within Enhancing the (1) 80-100 % ~ 2 days Sun et al.
(One-plasmid and hmgA, pobA, quiC and ttgA protocatechuic acid (2) Double loci: (2020)
two-plasmid genes production 80-100 %
systems) (2) Multiplex base editing: Triple loci:

25-35 %
— Double loci: pobA and quiC
— Triple loci: pobA, quiC and
TrpE
SpCas9n-sgRNA and (1) Deletion of 5 individual The constitutive expression of Enhancing the mcl- 100 % ~ 4 days Zhou et al.

(2020)

(continued on next page)
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Table 7 (continued)
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Tool Purpose Limitations

Applications Efficiency Time spent References

(6) Multiplex insertions: fcs-ech-
vdh & vanAB

(7) Multiplex deletions and
insertions

- phaZ was deleted and phaC1
inserted

- ferR was deleted and fcs-ech-vdh
together with vanAB inserted

- ferR was deleted and fcs-ech-vdh
together with two copies of
vanAB inserted

Disruption of nirC, nirD, bdhA and

PP_3889 genes

INTEGRATE Plasmid curing

Vo et al.
(2020)

~ 2 days

recombinase to create the desired mutations, here, after the DSB, a linear
DNA fragment was created and used by the A Red recombinase to boost
recombination efficiencies. Four genes between 1 and 8 kb were deleted
with efficiencies ranging from 85 to 100 %. Per contra, when the suicide
vector and the plasmid carrying the sgRNA were electroporated
together, the knockout efficiencies dramatically dropped to less than 10
% (Cook et al., 2018).

Expectedly, Cas12a was further proven an efficient genome editing
tool in P. putida. The functionality of the staggered cutting style of
FnCas12a (from Francisella novicida) was preliminary demonstrated by
deleting two genes with 100 % efficiency with assistance of the A Red
recombinase (Sun et al., 2018a). It is, however, important to take into
account that the required AT-rich (5’-TTN-3") PAM for FnCas12a is less
abundant in the GC-rich genome of P. putida than the 5’-NGG-3’ of
SpCas9. In contrast with the previous studies, the employed two-plasmid
strategy additionally incorporated novel features to speed up the
plasmid-curing process. To such end, a self-curing plasmid was
designed, incorporating the SacB gene, but also, conditionally express-
ing a sgRNA (RhaRS/PrhaB) directed to the origin of replication of the
additional plasmid. Therefore, induction with sucrose and L-rhamnose
forced the cell to lose both plasmids. In this study, the high efficiency of
the system was also demonstrated with SpCas9 generating short and
large deletions, single-nucleotide mutations and for the first time, gene
insertions up to 4.5 kb (Sun et al., 2018a).

An alternative purpose of CRISPR as counter-selection tool for
recombineering-mediated base editing is the use of base editors fused to
a Cas9 nickase or dead Cas9 (dCas9). The nickase variant of Cas9 has
been developed by mutating only the RuvC (D10A) or HNH (H840A or
N863A) nuclease domain (Rees and Liu, 2018). Each individual silent
mutation inactivates the endonuclease activity of the corresponding
previously mentioned domain while retaining the DNA binding speci-
ficity, generating the Cas9n (D10A) or the CasH840A (H840A), both
causing single-stranded DNA breaks (SSB) (Ran et al., 2013). When the
mutations are present in both domains, the dCas9 is catalytically inac-
tive (see Section 3.5.2 CRISPR for transcriptional regulation section).
Two types of base editors have been developed: cytosine base editors
(CBEs) and adenine base editors (ABEs), both catalyzing deamination
reactions. CBEs convert cytidine into uridine (read as thymidine by the
polymerase), whereas ABEs convert adenosine into inosine (read as
guanine by the polymerase). Collectively, four different DNA alterations
are possible: Cto T, Ato G, G to A and T to C. In bacteria, in which NHEJ
repair mechanisms for DSB are typically absent, base editors coupled to
a Cas9 nickase or dCas9 catalyze specific nucleotide mutations within
the ssDNA editable window without the need of homologous recombi-
nation system nor a repair template, rendering a useful tool by cir-
cumventing DSB lethality (Standage-Beier et al., 2015; Zhang et al.,
2020b; Zheng et al., 2018). In this regard, Chen et al., 2018a used the
cytidine deaminase (ratAPOBEC1) fused to the N terminus of the Cas9n
together with the sgRNA, editing cytosine bases in P. putida. All the C(s)
at positions 3-8 (counting the PAM as positions 21-23) were efficiently
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mutated to T(s). Specifically, the tool was proven 90-100 % efficient for
the introduction of stop codons in the cadR and ompR gene coding se-
quences of P. putida KT2440. Additionally, the sacB gene was incorpo-
rated in the plasmid as a fast curing approach (Chen et al. (2018a)).
Recently, Sun et al. (2020) developed an efficient multiplex base editing
system in P. putida by using the uracil DNA glycosylase inhibitor and by
engineering both the ratAPOBEC1 domain and the PAM specificity of
the Cas9n. As result, the base editing efficiency on single genes was
increased from 40-60 % to 80-100 %, the editable window was signif-
icantly narrowed and the PAM specificity was modified from 5’ -NGG-3’
to 5°-NG-3’, increasing the number of target sites. Moreover, the system
was used to multiplex editing two genes pobA and quiC with an effi-
ciency of 90-100 % and three genes pobA, quiC and TrpE with 25-35 %
efficiency. Ultimately, the production of protocatechuic acid was
improved, demonstrating the utility of the tool with metabolic purposes
(Sun et al., 2020).

In the Section 3.3 Recombineering or the previously mentioned work
of Aparicio et al. (2018), single-nucleotide substitutions are also ach-
ieved via recombineering alone or in combination with CRISPR, instead
of using base-editors. In spite of the high efficiency of the base-editors
accomplished in a short period of ~2 days, some factors to consider
are (i) the inability to make some nucleotide substitutions, limited by the
mechanism of action of the available base-editors, (ii) the absence of a
PAM in the desired locus and, (iii) the lack of discrimination between the
bases that can potentially be used as substrate by the base-editor within
the editing window (Rees and Liu, 2018).

The most recent publication uses Cas9n to edit the genome of
P. putida and overcomes limitations from the above-mentioned publi-
cations (Zhou et al., 2020). Zhou et al. (2020) designed a strategy, in
which a module comprised of the Cas9n and the A Red recombineering
system under the control of a constitutive minimum promoter (Pmin)
and the inducible xylose promoter (PxylA), respectively, was initially
integrated in genome of P. putida, replacing the pyrF gene. In that way,
only one plasmid was necessary to edit P. putida’s genome with un-
precedented efficiency levels (100 %). This plasmid had 5 crucial ele-
ments: (i) the pyrF gene between the upstream and downstream
homologous regions of the target site, (ii) the gfp gene under control of
the Ptac promoter, (iii) the sgRNA together with a spacer directed to the
target site, expressed from the Ptrc promoter, (iv) a palindromic
sequence and, (v) the sgRNA under the control of Pvan promoter, tar-
geting the palindromic sequence. Consequently, once the pyrF gene was
integrated in the genome of P. putida, the second sgRNA was induced for
self-curing of the plasmid, which was easily screenable due to the loss of
GFP signal. The pyrF gene was next deleted, therefore used as selection
and counter-selection marker. In this way, continual rounds of genome
editing were possible as well as impressive efficiencies for single and
multiplex gene deletions, insertions and replacements, highlighting the
editing of large DNA fragments (> 5 kb). Furthermore, for the first time,
Zhou et al. (2020) used their developed Cas9n tool, for a metabolic
engineering application, going beyond the proof of concept. Multiple
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editing rounds of P. putida KT2440 enhanced production of medium-
chain length polyhydroxyalcanoates (mcl-PHA) using ferulic acid as
carbon source (Zhou et al., 2020).

Recently, two novel CRISPR-associated transposons have been
characterized from two different organisms, Scytonema hofmanni and
Vibrio cholerae, expanding the possibilities of genome engineering for
prokaryotes and eukaryotes. They consist of Tn7-like transposases sub-
units, and nuclease-deficient type V-K and type I-F CRISPR-Cas systems,
respectively (Klompe et al., 2019; Strecker et al., 2019). The Tn7-like
transposons are guided by the crRNA to the target site, where the
transposon cargo is integrated. In particular, the insertion and trans-
posable elements of the Tn7-like transposon from Vibrio cholerae have
been optimized and applied as a genome editing tool, called INTE-
GRATE, in various bacteria, including P. putida. One-plasmid system, in
which all the different elements (tniQ-cas8-cas7-cas6 operon, tnsA-tnsB-
tnsC operon and the donor DNA) are under the control of the J23119
constitutive promoter, was transformed in P. putida and efficiently tar-
geted nirC, nirD, bdhA and PP_3889 genes, flanked by a 5’-CC’-3° PAM
(Vo et al., 2020). This new CRISPR technology opens new possibilities
for genome engineering without the need of homologous recombination,
selectable markers or transposon attachment sites, such as the attTn7.

In conclusion, the CRISPR technology alone or in combination with
ss- or ds-DNA recombineering systems is currently the most efficient and
high throughput tool for genome editing of P. putida. Probably, almost
any type of CRISPR-Cas system can be easily deployed in this bacterium.
The current limiting factor is the presence of the PAM near the target
site, though, the SpCas9 relies on the simple PAM 5’-NGG-3’, highly
abundant in the GC rich P. putida genome. Besides, Cas9 orthologs with
more flexible PAMs have been described (Hu et al., 2018; Nishimasu
et al., 2018; Walton et al., 2020). However, the greatest limitation is the
multiplex editing efficiencies of this organism. Considering that the
maximum multiplexed edited genes achieved in P. putida is currently
three, we are far from the numbers achieved in E. coli (4 deletions and 3
insertions) (Ao et al., 2018; Feng et al., 2018), and S. cerevisiae (6 de-
letions) (Zhang et al., 2019).
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Challenges related to high efficiencies of multiplexing CRISPR/
Recombineering systems can be due to: (i) the efficiency of the guide
RNA, (ii) the recombineering efficiency, (iii) the editing conditions, such
as the status of the cells and, (iv) the plasmid design in combination with
the regulatory elements controlling the CRISPR and recombineering
components. Besides, the potential of CRISPR-Cas technology goes
beyond tool development as a proof of concept and applications need to
be further implemented in P. putida, such as construction of genetic
circuits to control cellular behavior or phenotype (sugar utilization,
phage resistance, chemotaxis) (Nielsen and Voigt, 2014) as well as
metabolic engineering strategies to increase yield and productivity of a
target compound.

3.5.2. CRISPR for transcriptional regulation

Besides the Cas9 genome editing methods, another CRISPR method
based on the dCas9, called CRISPR interference (CRISPRi), has been
employed for regulating gene expression in P. putida (Table 8) (Qi et al.,
2013). The dCas9 can be simply directed to the promoter region of a
gene of interest in order to block the RNA polymerase from transcribing
it (Fig. 3). In this way, CRISPRi enables targeted gene repression in a
short period and with minimal effort, as it requires only an available
PAM and the assembly of the corresponding gRNA in the target plasmid.
Repression levels can be fine-tuned by either placing the gRNA in
different positions of the target gene (Bikard et al., 2013) or by con-
trolling the expression of dCas9 or gRNA with an inducible promoter.
Specifically, when dCas9 binds to the promoter region, the down-
regulation is the most effective and is gradually decreased by changing
its position into the coding sequence (Qi et al., 2013; Tan et al., 2018).
Additionally, within the coding sequence, targeting the non-template
DNA strand, specifically close to the ATG, is responsible for high
repression levels, while targeting the template DNA strand is proven to
be less effective (Larson et al., 2013). Of particular interest is the
effectiveness of CRISPRi when targeting essential genes, which is not
possible with traditional deletion strategies. Unlike deletion strategies,
CRISPRI enables temporary and partial depletion of the gene expression

Table 8
Regulation tools applied in P. putida.
Tool Purpose Regulation mode Limitations Advantages Efficiency Max
targets
Transcriptional regulation
Tan et al. (1) Downregulation of pvdH, ftsZ (1) Ptrc-SpasdCas9 (1) Leakiness up to 50 % Easy cloning 90-300 fold 2
(2018) (2) Multiplex downregulation of (2) Ptet-sgRNA (2) Specific PAM
pvdH, figB requirements
Sun et al. Downregulation of plasmid encoded (1) Native constitutive (1) Low transformation Easy cloning 75 % 1
(2018a) egfp promoter-SpdCas9 efficiency
(2) RhaRS/PrhaB -sgRNA
Kim et al. Downregulation of plasmid encoded (1) RhaRS/PrhaB-SpdCas9 (1) Low leakiness 11-fold 1
(2019) gfp and GIpR regulator (2) J23119-sgRNA (2) Easy cloning
Batianis (1) Downregulation of (1) XylS/Pm-SpdCas9 (1) Decreased growth rates (1) Tunable repression 55-88 % 3
et al. chromosomal expressed msgfp, (2) PEM7-sgRNA or native from the GC-rich (up to 5 levels)
(2020) pyrF, ftsZ constitutive promoter- SpdCas9 (2) Low leakiness
(2) Multiplex downregulation of crRNA (3) Easy cloning
chromosomal expressed yfp,
mCherry, ftsZ
Banerjee Multiplex downregulation of 14 (1) lacUV5- FndCasl2a Unequal downregulation (1) Short repetitive 50 % 9
et al. genes (2) tRNA ligase levels per target gene crRNA sequences
(2020) promoter/terminator-gRNA
Post-transcriptional regulation
Apura et al. (1) Downregulation of XylS/Pm-sRNA Undefined design principles (1) No heterologous 20-40 % 1
(2020) chromosomal expressed acnB, protein expression down-
sdh, gfp, yfp (2) Modular regulation regulation
(2) Upregulation of chromosomal (down- or 35-40 % up-
expressed gfp upregulation) regulation
Post-translational regulation
Volke et al. Minimize the basal expression of XylS/Pm-NIa protease Individual gene engineering ND ND 1
(2020b) Xyls/Pm




M. Martin-Pascual et al.

Biotechnology Advances 49 (2021) 107732

TOOLS FOR GENE REGULATION

A

DNA
(adibdacdbias
? e

1000066883004 1 —
sl @y

29999999900900"

mRNA

29990900000000000

PP PPPRPP0P000? —D $0000000000000000000000060 ™

Transcription inhibition

%
RE2EIPIPE

Sheseoebiiisse®

mRNA degradation
—>

YT YYYYY YY) 006000000
90000000

Translation inhibition

L 0oia‘ooooocaooooocab;o-otu&ooooc

Protein activation

.

Protein

N,H COOH

Protein degradation

0 Inactive Cas protein (dCas)

v RNA polymerase
ﬁ Ribosome

O

. Nla degradation tag

. SsrA degradation tag

8 ClpXP/CIAP proteases

sRNA

L

* Nla protease

Fig. 3. Tools for gene regulation in P. putida. A) Dead Cas9 (dCas9) and sgRNA, directed by the spacer, bind to the target, without inducing DSB. The presence of the
dCas9 in the promoter region or the beginning of the gene, blocks the DNA polymerase to transcribe the target gene, resulting in transcription inhibition and
therefore, gene downregulation. B) sSRNAs. The sRNAs are complementary to regions of the mRNA. When dsRNA molecules are created two possible effects can occur:
post-transcription inhibition by blocking the ribosome to translate the mRNA into proteins or mRNA degradation induced by the cell machinery. C) Protein sequence
with NIa and SsrA degradation tags. In presence of degradation tags, the protein is cleaved. In presence of CIpXP/CIAP proteases, the degradation tag is removed,

resulting in protein activation.

allowing downregulation of essential loci without being lethal to the
host. Especially important are the inducible CRISPRi systems because
they offer the possibility of controlling the repression timing, crucial for
modulating the central metabolism to increase fluxes towards a target
compound or to uncouple growth from production. Another notable
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feature of this method is that multiple genes can be simultaneously
repressed by co-expressing several gRNAs at the same time (Hawkins
et al., 2015). Given all these features, CRISPRi has been exploited as a
powerful tool for metabolic engineering approaches or high-throughput
gene characterization studies.
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In P. putida, the first CRISPRi tool was presented by Tan et al. (2018).
They developed a one-plasmid CRISPRi system based on the type II
dCas9 homologue of Streptococcus pasteurianus. In this study, the
S. pasteurianus dCas9 gene was integrated into the genomic attTn7 site of
P. putida, while the sgRNA was placed in a broad-host range pBBR1
plasmid. To enable dynamic regulation, the expression of dCas9 and
sgRNA was controlled by the Lacl/Ptac expression system and the
constitutive Ptet promoter, respectively. At first, they repressed the ftsZ
gene, essential for cell division, and the pvdH gene, which is involved in
the production of the fluorescent siderophore pyoverdine. The system
functioned effectively, resulting either in filamentous cell morphology
instead of the WT rod-shape or in 300-fold reduced pyoverdine fluo-
rescence compared to the non-induced conditions. However, in the case
of pvdH, ~50 % repression was observed in the absence of inducers
indicating leaky expression of the dCas9 from the Ptac promoter. The
ability of dCas9 to interfere with multiple genes simultaneously was
demonstrated by repressing both, the figB (encodes the flagellar basal
body rod protein) and the pvdH genes. Cells harboring the double figB-
pvdH sgRNAs exhibited reduced swimming radius on soft agar plates and
90-fold reduction in pyoverdine fluorescence levels compared to the
non-induced cells. This contrasts with the 300-fold reduction detected in
the single repression of pvdH indicating the reduced efficiency of mul-
tiplexing. Moreover, even though tunable repression was achieved as a
function of the inducer concentration (IPTG) in Pseudomonas aeruginosa,
this was not tested in P. putida. At last, it is important to note that the
S. pasteurianus dCas9 requires highly specific PAM sequences (5’-
NNGTGA-3’ or 5’-NNGCGA-3’) which are considerably less abundant in
the genome of P. putida compared with the simpler PAM motif 5’-NGG-
3’ of the commonly used SpCas9.

This system was rapidly followed by another one-plasmid CRISPRi
tool developed by Sun et al., 2018a. This time the standard SpdCas9 was
utilized under the control of its native Sp promoter, while the sgRNA was
placed under the inducible control of the PrhaB promoter. The system
was simply tested against a plasmid-encoded eGFP protein resulting in
~75 % repression of fluorescence levels. However, this study lacked any
further characterization or applications of the system.

Recently, Kim et al. (2019) applied CRISPRi for metabolic engi-
neering in P. putida. Using a one-plasmid system, in which the SpdCas9
was tightly expressed by the inducible PrhaB promoter and the sgRNA
by the constitutive BBa_J23119 promoter, they repressed the GIpR
regulator to increase the glycerol-dependent production of mevalonate.
This regulator is known to repress the expression of two enzymes (GlpK
and GlpD), responsible for the utilization of glycerol in P. putida KT2440
(Nikel et al., 2015). It was shown that the repression of the GIpR regu-
lator resulted in a significantly reduced lag-phase and therefore in 1.9-
fold higher biomass and 3.3-fold increased mevalonate production. In
addition, to quantify the repression levels of their system, a plasmid-
encoded GFP was targeted showing an 11-fold reduction in fluores-
cence levels.

Although these systems showed high repression levels against target
genes, they are all afflicted by either leaky expression or the inability to
fine-tune repression. Therefore, these bottlenecks may hinder their po-
tential in advanced engineering approaches. To achieve a more robust
CRISPRI tool, Batianis et al. (2020), presented two new variants of a one-
plasmid CRISPRi system (either sgRNA-based or crRNA-based). Their
system relied on the inducible expression of the SpdCas9 via the XylS/
Pm expression system which proved to be the most efficient compared to
two other promoters (ChnR/PchnB, CprK1/PDB3). At first, the perfor-
mance of the sgRNA-based plasmid was tested against a chromosomally
expressed msgfp and the native ftsZ gene. By using different concentra-
tions of 3MB (0, 0.01, 0.1, 0.5 and 1 mM), the msfGFP fluorescence was
decreased up to 15 % (leakiness), 55 %, 63 %, 66 % and 88 %, high-
lighting the tunable activity of the system. In the case of the ftsZ gene,
the low CRISPRI leakiness did not result in visible filaments indicating
the tight control of the dCas9. Next, three chromosomal targets (yfp,
mCherry, ftsZ) were simultaneously repressed with both the sgRNA- and
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crRNA-based plasmids. It was shown that both plasmids performed
similarly against the chosen targets resulting in synthetic filamentation
and decreased fluorescence intensities of 55-65 % for mCherry and
55-60 % for yellow fluorescent protein (YFP). Another notable finding
of this study was that downregulation of essential genes is more efficient
in a P. putida strain lacking the main component of the homologous
recombination machinery, RecA. By downregulating the essential pyrF
gene, in both the WT and RecA- strains, growth was arrested for 10h and
20h, respectively. It was hypothesized that this phenomenon is due to
the increased genetic stability of the CRISPRi system under stressful
conditions (such as depletion of essential genes) in strains with reduced
ability of homologous recombination.

Recently, a newly developed CRISPRi system has been used to
optimize the production of indigoidine in P. putida (Banerjee et al.,
2020). This system was specifically designed for efficient simultaneous
repression of multiple genes. The greatest challenge of the multiplex
CRISPRI is the instability of the crRNA caused by the repeated se-
quences. Taking this into account, they used the endonuclease deficient
FnCas12a (FndCas12a) since its crRNA is 19 bp long compared to the 76
bp of the Cas9. The FndCasl2a was expressed from the placUV5 pro-
moter, while each crRNA was under the control of different P. putida
tRNA ligase promoter/terminator pairs. After some computational pre-
dictions for increase the growth coupled production of indigoidine, 14
genes were simultaneously targeted. The efficiency of the multiplex
downregulation was evaluated by RNAseq showing that 9 out of the 14
genes had decreased mRNA levels with a 50 % reduction at best. These
modest reduction levels of the multiplex CRISPRi are consistent with the
efficiencies presented by Tan et al. (2018) and Batianis et al. (2020).
Nevertheless, the engineered strain carrying the multiplex CRISPRi
plasmid had 2.5- and 28-fold improved titers of indigoidine when grown
in glucose and galactose, respectively.

This system is a significant advancement of the CRISPRi technology,
regardless the target host, as so far only a few studies have shown the
applicability of such long gRNA arrays in metabolic engineering.

3.6. sRNAs for post-transcriptional regulation

Small RNAs (sRNAs) are regulatory RNAs of about 40-500 nucleo-
tides that bind to mRNAs and are involved in post-transcriptional
regulation in response to stress conditions, in biofilm formation or
virulence (Waters and Storz, 2009). They can down-regulate or even up-
regulate the expression of the targeted genes, by interfering with their
mRNA stability and/or translation. In bacteria, they are classified as cis-
encoded sRNAs and the extensively applied trans-encoded sRNAs (Vaz-
quez-Anderson and Contreras, 2013; Villa et al., 2018). Cis-encoded
sRNAs, such as the sRNA-responsive toehold switches, are based on base
pairing to fully complementary regions in the RNA transcript of the
regulated gene. The trans-encoded sRNAs, are typically 50 — 400
nucleotide long and present imperfect complementarity to their target
mRNAs. They frequently bind with global RNA chaperones, such as Hfq,
for their annealing and stability to the target mRNA. Typically, the trans-
encoded sRNAs bind to the RBS to constrain translation initiation or to
trigger mRNA degradation. Otherwise, SRNAs may prompt translation or
prevent mRNA degradation by base pairing to the 5 or 3’ untranslated
region resulting in gene upregulation (Storz et al., 2011; Updegrove
et al., 2016; Waters and Storz, 2009).

sRNAs-based tools are widely applied in synthetic biology and
metabolic engineering as they do not require additional heterologous
proteins to function (Gottesman, 2004). In this way, and in contrast with
other gene regulators (e.g. dCas9), any metabolic burden to the host cell
is limited (Gaida et al., 2013). Moreover, due to its trans-acting modular
base-pair complementation, tunable regulation and interference with
multiple genes simultaneously is possible (Copeland et al., 2014). Also,
similarly with the CRISPRi technologies, sSRNAs enable the depletion of
essential genes where deletion strategies are lethal.

Although sRNAs-based strategies have been employed extensively in
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several non-model bacterial chassis (Chaudhary et al., 2015; Liu et al.,
2014; Sun et al., 2018b), only two studies have been currently presented
in P. putida (Table 8). The first SRNA-based genetic device was presented
by (Calles et al., 2019). The authors developed a genetic circuit for
minimizing the basal expression of strong inducible promoters in the
absence of inducer. A key part of this genetic circuit is a cis-encoded
SRNA composed by the target-binding sequence (‘seed sequence’) and
the E. coli scaffold sequence, MicC. MicC recruits the host’s RNA chap-
erone Hfq, known to facilitate the binding of the ‘seed sequence’ with
target mRNA resulting in mRNA degradation (Na et al., 2013).

Although it was proven that cis-repressing SRNAs are functional in
P. putida, indicating the ability of the MicC scaffold to interact with the
native P. putida Hfq, no additional technical details (e.g. repression
levels, tunability) were provided.

Recently, the first SRNA tool for a la carte targeted gene down- or
upregulation was developed by Apura et al. (2020). This tool relies on
the inducible expression of a small target specific SRNA “seed sequence”
(20-30 nt) along with the MicC scaffold followed by a transcription
terminator. The expression of both elements was driven by the XylS/Pm
expression system. After experimentally proving that the P. putida Hfq
was able to recognize and bind with the E. coli MicC scaffold, the system
was utilized to downregulate the expression of four chromosomal
expressed genes (acnB, sdhB, gfp, yfp). “Seed sequences” complementary
to the acnB (targeting the RBS and the start codon) and sdhB (targeting
the coding sequence) mRNAs were designed and introduced upstream of
the MicC scaffold. After induction with 3MB, the activity of the aconitase
and succinate dehydrogenase decreased by ~40 % and ~20 %,
respectively, compared to the control. In addition, it is noteworthy that
they managed to up-regulate the expression of target genes by simply
changing the seed complementary to a different position of the target
mRNA. “Seed sequences” complementary to the 3’-end or an internal
region of the gfp transcript increased by 40 % and 35 % the GFP fluo-
rescence, respectively. With these results they proved the modular
function of this sSRNA-based gene regulator to either down- or upregulate
target genes in P. putida. However, due to the mechanistic and structural
complexity of sSRNAs, it was not possible to determine design principles
for optimal “seed sequences”. Thus, the researchers had to test various
interaction regions to achieve the desired output.

3.7. Post-translational regulation

The simplest approach for controlling the activity of a protein is to
regulate its concentration by changing the rate of transcription or
translation as described above. However, post-translational regulation
can make the cellular processes even more predictable by reducing the
impact of gene expression noise (Acar et al., 2010; Ghim and Almaas,
2008). In general, interfering at the post-translational level directly
controls the protein concentration but is more energy demanding as the
protein is produced only to be degraded (Tan and Prather, 2017).
Several methods have been developed to control the abundance of
proteins at post-translational level into bacteria. Often, these methods
rely on the insertion of a signal peptide in the sequence of the protein of
interest and the inducible expression of the corresponding degradation
machinery.

The only post-translational synthetic tool for regulation of protein
levels in P. putida is the FENIX system (Table 8). FENIX was initially
developed in E. coli (Durante-Rodriguez et al., 2018) and later applied in
P. putida (Volke et al., 2020b). This system employs a double protease
mechanism for the post-translational activation of protein function. The
protein of interest is engineered to carry the NIa and SsrA protein
degradation tags at the C terminus (Fig. 3). As a result, the endogenous
ClpXP and CIpAP proteases recognize the SsrA tag and constitutively
degrade the protein, while after induction of the heterologous Nla gene,
the SsrA tag is cleaved allowing the accumulation of the target protein
(Fig. 3). Within E. coli, FENIX was used to increase the production of
poly-3-hydroxybutyrate by de-coupling production from growth
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(Durante-Rodriguez et al., 2018) whereas in P. putida it was employed to
minimize the basal expression of target proteins from the strong Pm
promoter (see Section 2.2.2 Inducible promoters). To such end, the
heterologous module comprised by the xylS gene under the control of its
native promoter and the nia protease encoding gene under the control of
the XylS/Pm expression system, were integrated into the attTn7 site in
the genome of P. putida. Additionally, the hybrid NIa/SsrA proteolytic
tag was added at the C-terminal of the GOI, which in turn is expressed
from the Pm promoter in replicative vectors. Consequently, upon the
addition of 3-methylbenzoate (3-MB), the GOI with the hybrid tag as
well as the Nla protease are induced. Thus, only when the simultaneous
expression of both genes surpassed a threshold, the NIa protease relieved
the degradation SsrA tag, followed by a stable production of the target
gene (Volke et al., 2020b).

4. In silico metabolic models and databases

Advancements in DNA sequencing, and therefore the identification
of enzymes associated with their corresponding reactions, have facili-
tated the evolution of in silico metabolic networks. Metabolism can be
defined as the entire reaction set which occurs in cells in order to
maintain life (Stephanopoulos et al., 1998). Thus, the correspondence
between enzymes and reactions can be used for the reconstruction of a
network resulting in a metabolic model. Of the many available class of
metabolic models, the constraint-based genome-scale metabolic models
(GEMs) and the kinetic metabolic models are the most widely applied in
metabolic engineering. A GEM consists of a stoichiometric reconstruc-
tion of all reactions retrieved from an organism’s genome annotation
and literature, along with an accompanying set of constraints on the
fluxes of each reaction in the system. This class of models can be
employed to better understand, describe and predict biological phe-
nomena as well as for computer-assisted metabolic engineering.
Furthermore, they can be used in combination with computational
strain optimization methods (CSOMs) to solve a practical problem (or
set of problems) relevant to strain design. Powered by phenotype pre-
diction methods such as flux balance analysis (FBA) (Burgard et al.,
2003; Orth et al., 2010; Varma and Palsson, 1994), the CSOMs can
automatically search for answers in particular metabolic questions such
as: (i) which reactions should be removed from the model to couple the
production of specific compound to growth or, (ii) which heterologous
reactions could be added to achieve a desirable functionality in a given
host. The most common tasks for these methods are gene deletion, gene
over expression, heterologous insertion, and, more recently, cofactor
specificity swapping (Maia et al., 2016). However, GEMs are unable to
describe regulation at the enzymatic and post-translational level as they
incorporate only stoichiometric constraints (Miskovic et al., 2015). This
limitation can be overcome by integrating kinetic information resulting
in a new class of metabolic models: the kinetic metabolic models. Kinetic
models are based on information of the enzyme mechanisms and can
describe changes on metabolites concentration over time. To such end,
they comprise values for metabolite concentrations, reaction rate
equations and kinetic parameters. This kind of modelling is often
applied to simulate small-scale metabolic pathways such as the tricar-
boxylic acid (TCA) cycle of glycolysis. Dynamic representations of large-
scale systems are also possible; however, their construction remains
challenging due to the lack of experimental kinetic information to build
proper reaction rate equations.

4.1. Constraint-based metabolic models

So far, seven P. putida KT2440 GEMs have been developed aiming to
further understand and ultimately re-wire the strain’s metabolism
(Table 9). In 2008, Puchalka et al. (2008) reconstructed and manually
curated a (at the time) complete GEM on the basis of annotated genome
sequence, information from biochemical databases and literature data.
The model (iJP815) consisted of 815 gene products, 824 intracellular
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Table 9
Comparison of the different GEMs available for P. putida.
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Model Genes Reactions Metabolites

Carbons supporting growth

Growth rate accuracy Gene essentiality accuracy

iJN746
iJP815
PpuMBEL1071
iJP962

i JP962extended
PpuQY1140
iJN1462

746 (14 %)
815 (15 %)
900 (16 %)
962 (17 %)
1050 (19 %)
1140 (21 %)
1462 (27 %)

950

877

1071
1070
1256
1171
2929

911
888
1044
992
1122
1104
2155

61\)
41°
ND
43"
51°
631»
226

57 %"
64 %
ND
69 %
65 %"
63 %"
85 %

73 %°
92 %"
51 %*
82 %"
62 %"
91 %

91 %

ND (Not defined).
@ As summarized by Yuan et al. (2017).
b As summarized by Nogales et al. (2020).

and 62 extracellular metabolites connected by 877 reactions. It was
experimentally validated with data from continuous cell cultures, high-
throughput phenotyping (BIOLOG) data, '3C-measurement of internal
flux distributions, and specifically generated knock-out mutants. Among
other, the model predicted auxotrophies, which were correctly in 75 %
of the cases and was used to explore the metabolic potential of P. putida.
Moreover, systematic analyses revealed that the metabolic network
structure is the main factor determining the accuracy of predictions,
whereas biomass composition has negligible influence. Additionally, the
model was used in combination with and OptKnock strategy (Burgard
et al., 2003) to predict deletion strategies for increasing the availability
of acetyl-CoA and therefore the production of PHAs. A double-mutant
lacking the 6-phosphogluconolactonase (PGL) and periplasmatic
glucose dehydrogenase (GCD) was predicted to produce 29 % more
acetyl-CoA than the wild type growing on glucose as a carbon source.

The model iJN746, by Nogales et al. (2008) was built in a similar
manner. The model contains 746 genes, 950 reactions, and 911 me-
tabolites including biodegradation reactions of aromatic compounds
and PHA metabolism. Its predictive ability was assessed by comparison
with experimental data, such as growth rates on glucose and gene es-
sentiality (Nogales et al., 2020. Note: as there was no experimental gene
essentiality study at that time, the authors used a study carried out in
P. aeruginosa as a proxy). In addition, using FBA, the production effi-
ciency of PHAs from different carbon sources was evaluated, showing
fatty acids as the most prominent substrate. This model has been utilised
in several metabolic studies mainly to provide information about
metabolism or to describe metabolic flux distributions (Fig. 4).

Another reconstruction, PpuMBEL1071, built by Sohn et al. (2010)
quickly followed these models. In contrast with the two previous GEMs,
in which the biomass equation was acquired from E. coli models, the
researchers experimentally determined the biomass composition and the
maintenance energy of P. putida to create a new strain-specific biomass
equation. After validating the model using experimental data, in silico
metabolic analysis was performed to elucidate the capability of P. putida
to produce PHA as well as to degrade various aromatic compounds.
Finally, the model was utilised to develop a strategy to enhance the
survival rate under anaerobic conditions. The predictions resulted in
several conclusions such as the expression of the oxygen-independent
ATP-forming reaction acetate kinase (AckA).

Noteworthy, 3 years later, a model-driven metabolic engineering
application using both iJP815 and PpuMBEL1071 models was presented
by Poblete-Castro et al. (2013). In combination with the FluxDesign
CSOM, they identified candidate gene deletions which increase the
synthesis of PHAs in P. putida grown on glucose. In agreement with
Puchalka et al. (2008), the deletion of the glucose dehydrogenase
(encoded by gcd) was also predicted as the target with the highest po-
tential for increasing PHA synthesis. Following this prediction, they
managed to increase the PHA content by 60 % in shake flask and 100 %
in bioreactors compared to parental strain. The great performance of the
engineered strain highlights the potential of model-driven strategies for
metabolic engineering.

A fourth GEM, iJP962 (Oberhardt et al., 2011), along with the
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Fig. 4. Heat map of studies that have employed the P. putida GEMs. Colours in
the heat map indicate the number of studies. References for each model in the
figure are as follows: iIJN746 (Chavarria et al., 2012; Escapa et al., 2012; Finley
et al., 2010; Koehorst et al., 2016; Kruyer and Peralta-Yahya, 2017; Molina-
Henares et al., 2010; Sudarsan et al., 2016, 2014), iJP815 (Hintermayer and
Weuster-Botz, 2017; Koehorst et al., 2016; Kremling et al., 2012; Molina-
Henares et al., 2010; van Duuren et al., 2013), PpuMBEL1701 (Beckers et al.,
2016; Poblete-Castro et al., 2013), iJP962 (D’Arrigo et al., 2019; Kampers et al.,
2019a; Koehorst et al., 2016; Occhipinti et al., 2018) and, iJN1462 (Banerjee
et al., 2020; Bator et al., 2020b; Blank et al., 2020; La Rosa et al., 2015; Molina
et al., 2019a, 2019b; Niu et al., 2020; Sanchez-Clemente et al., 2018)

P. aeruginosa model iMO1056 (Oberhardt et al., 2008), was built via a
proposed pipeline called ‘model reconciliation’ whereby non-biological
differences were removed from genome-scale reconstructions while
keeping such reconstructions as true as possible to the underlying bio-
logical data on which they were based. This GEM, which comprises 197
more reactions than its ancestor, was validated based on experimental
data and compared with the iJP815 GEM. Both models presented equal
accuracy in predicting growth in various carbon sources, however
iJP962 was slightly more accurate in predicting gene essentiality. Later,
the model was updated based on the genome reannotation of the strain
and further experimental data (Belda et al., 2016) resulting in a new
extended version (iJP962°*™ed) with 186 additional reactions.
Recently, (Kampers et al., 2019a) used iJP962 in combination with
comparative genomics to address key O,-dependent processes in order
to identify the requirements for the strain to grow under anoxic condi-
tions. The predictions suggested the heterologous expression of the ac-
etate kinase from Escherichia coli for Oz-independent ATP production, a
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class I dihydroorotate dehydrogenase and a class III anaerobic ribonu-
cleotide triphosphate reductase from Lactobacillus lactis for the synthesis
of essential metabolites. Driven by these predictions and through
adaptive laboratory evolution, the researchers made the strictly aerobic
P. putida able to grow under micro-oxic conditions.

Even though five P. putida KT2440 GEMs were available to this point,
as shown in Table 9, the simulations among them were considerably
inconsistent. Motivated by this fact, Yuan et al. (2017) built model
PpuQY1140 aiming to provide a more reliable reconstruction. At first,
all available GEMs were compared to identify the discrepancies leading
to contrary calculations. Mistakes were corrected based on literature so
that all the calculated synthesis and uptake rates were similar. Subse-
quently, they built a pathway-consensus model and further updated it
with the latest genome annotation data. To assess the accuracy of the
PpuQY1140 model, in silico growth rates from all models were compared
with the experimentally measured values of the wild type strain as well
as of several mutants. The results showed the high accuracy of the
model, compared to the other reconstructions, in predicting growth
rates.

The latest and most complete GEM, iJN1462, was constructed by
Nogales et al. (2020). iJN1462 represents a significant expansion
compared to the previous P. putida GEMs and is just as comparable to
other high-quality E. coli models. iJN1462 was manually enhanced with
in-depth bibliographic information related to P. putida metabolism. In
particular, the model contains 410 unique citations related to its content
while 2048 reactions are supported with at least one citation. Its main
advantages are: i) the strain-specific metabolism: new catabolic path-
ways were included, supporting the diverse growth sources for both
carbon and nitrogen, ii) a new detailed P. putida-specific biomass
objective function based on existing experimental data and, iii) signifi-
cant expansion of the cell envelope biosynthesis and cofactor, and
prosthetic group biosynthesis. The model was validated using experi-
mental data including viability on various nutrient sources, growth
rates, 13C carbon flux analysis, as well as gene essentiality determined by
knockout libraries generated independently. It was shown that iJN1462
presented considerably higher correlation between the experimental
data and in silico predictions, compared to previous P. putida GEMs.
Recently, the capabilities of iJN1462 model in metabolic engineering
were showcased by Banerjee et al. (2020). The model was used in
combination with the MCS algorithm (von Kamp and Klamt, 2017) to
identify a minimal set of reactions which elimination would increase the
growth-coupled production of indigoidine. Following the predictions,
they managed to significantly increase both titer and yield of indigoi-
dine, demonstrating the usefulness of thoroughly validated constraint-
based models in metabolic engineering.

Despite of the various reconstructions available to date, only a few
studies have actually employed them to address a specific problem. A
summary of the number of investigations and the applications in which
each GEM has been used is represented in Fig. 4. Noteworthy, only three
of these studies demonstrated experimentally their usefulness in pre-
dicting and proposing solutions to a metabolic problem. The establish-
ment of GEMs as a reliable and effective tool for metabolic engineering
in P. putida requires their further improvement. To increase reliability
and decrease the solution space, additional information such as omics
data, should be included. Omics data have been used extensively to
validate model predictions and to further constrain the calculated
metabolic fluxes. Data sets derived from transcriptomics and proteomics
studies can be integrated into GEMs using a variety of algorithms
(Koehorst et al., 2016, Dahal et al., 2020). In this way, context-specific
models are generated by determining the subset of genes that are
expressed and translated under a specific metabolic state. Similarly,
metabolomics and fluxomics data have been used (in other organisms)
to accurately constrain and predict the internal flux distributions as well
as substrate uptake rates (Rienksma et al., 2014; Dahal et al., 2020; @yas
et al., 2020).
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4.2. Kinetic models

A series of dynamic models have been deployed for P. putida with the
goal of elucidating specific part of metabolism. Notably among those are
the models by Koutinas et al. (2011, 2010) and Tsipa et al. (2018), which
linked biomass growth and substrate consumption rates to the gene
regulatory programmes that control these processes. Silva-Rocha et al.
(2011) and Silva-Rocha and de Lorenzo (2013) developed an approach
based on Boolean formalisms and logic-gate like analogies to described
catabolic and regulatory event as well as the layout of biodegradation
networks in P. putida-mt2. These models, which were experimentally
validated in independent experiments, contributed to disentangle the
complex structure of the circuits underlying the functioning of the TOL
plasmid and pathways involved in metabolism of aromatic compounds.
Of importance as well are the works of Kremling et al. (2012) and Wolf
et al. (2015), who developed detailed kinetic models of the phospho-
transferase transport systems (PTS) in P. putida and thereby contributed
to elucidate the interplay between specific transporters and the central
metabolism. Chavarria et al. (2016) modelled the fructose uptake in
P. putida KT2440 considering transcriptional regulation, enzymatic ac-
tivity and intracellular and extracellular metabolite concentrations. The
fructose transport simulation revealed that fructose uptake requires an
additional supply of PEP which is maintained even when fructose is
depleted from the medium. In the same year, Sudarsan et al. (2016)
developed a kinetic model of the p-ketoadipate (ortho-cleavage)
pathway to evaluate benzoate degradation in P. putida KT2440. The
model includes enzymes and transport mechanistic rate expressions
which were experimentally validated by a benzoate-limited continuous
culture. Predictions on the in vivo operations indicated flux regulation by
the benzoate transporter and the enzymes forming and cleaving
catechol.

Although these small-scale models are useful to describe particular
metabolic and/or regulatory processes for a specific purpose of a small
subset of metabolism, they are unable of reliably predicting the dynamic
behaviour of larger networks and their use for large-scale metabolic
engineering is therefore limited (Diez et al., 2009). Nevertheless, well-
curated large-scale kinetic models are potentially very useful to such
problems. The first and only large-scale kinetic model for P. putida was
recently developed by Tokic et al. (2020). For its construction, the
iJN1462 GEM was thermodynamically curated by first estimating the
standard Gibbs energy of formation of metabolites, second adjusting
these values for ionic strength and pH in the studied physiological
condition, and finally using these values together with the concentra-
tions of metabolites to calculate the transformed Gibbs free energy of
reactions. Standard Gibbs free energies were determined for all reactions
and metabolites included in pathways of the central metabolism (TCA
cycle, glycolysis, pentose phosphate pathway, gluconeogenesis). After
several rounds of curation using literature data and advanced compu-
tational approaches, the size of the model was reduced to obtain three
different-complexity core models of increasing scale and complexity
(D1, D2, D3). In this way, modellers can trade-of between the accuracy
of the models and the model complexity. Using the D2 reduced model,
they evaluated its computational accuracy against experimental data to:
i) simulate the metabolic responses of several single-gene knockouts
growing in glucose and, ii) improve the response of P. putida to the stress
conditions of increased ATP demand.

4.3. Databases

Comprehensive genetic and metabolic information of P. putida
KT2440 is easily accessible for any researcher through numerous online
databases. These databases provide a wide range of knowledge related
to the strain’s genome, enzymes and metabolic pathways, and various
computational or visualisation tools. They enable easy navigation to the
genes and metabolism of the strain with parallel reference to the
respective literature. In addition to the standard databases such as
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KEGG, NCBI, UniProt and BRENDA, P. putida’s genome and annotation
are also included in the Pseudomonas Genome database (pseudomonas.
com) as well as in BioCyc (BioCyc.org). The re-annotated data from
Belda et al. (2016) can also be explored and downloaded using the Mi-
croScope platform (https://www.genoscope.cns.fr/age/microscope).

The Pseudomonas Genome database is continually updated with
curated genome re-annotations and metadata of multiple Pseudomonas
strains while provides tools for large-scale comparative analysis and
visualization among them. This database relies on high-quality updates
of gene annotations through regular review of the literature via a
community-based approach.

BioCyc (BioCyc.org) is a collection of 17,000 organism-specific
Pathway/Genome Databases (PGDBs), each containing the full
genome and predicted metabolic network of one organism, including
metabolites, enzymes, reactions, metabolic pathways, predicted op-
erons, transport systems, and pathway-hole fillers. The BioCyc databases
are organized in: (i) Tier 1 PGDBs that have received at least 1 year of
manual curation (5 available Tier 1 PGDBs), (ii) Tier 2 PGDBs that have
received moderate (less than a year) amounts of review and are usually
not updated on an ongoing basis (51 available Tier 2 PGDBs) and, (iii)
Tier 3 PGDBs that were created computationally and received no sub-
sequent manual review or updating (16976 available Tier 3 PGDBs).
Noteworthy, the P. putida KT2440 PGDB was recently upgraded (Feb.
2020) from Tier 3 to Tier 2. The specific upgrades are summarized in htt
p://pathwaytools.blogspot.com/2020/02/a-new-tier-2-pgdb-for-pse
udomonas.html. This remarkable upgrade adds value to the available
genetic and metabolic information of the strain by providing further
detailed and reliable data. Moreover, it clearly highlights the increased
popularity of P. putida KT2440, given that only 51 out of the 17,000
strains are included in Tier 2 status.

5. Conclusions and future directions

Significant advances in the SynBio toolbox of P. putida have been
made recently, especially with the incorporation of novel tools such as
CRISPR-based, recombineering and sRNAs. With this comprehensive
review, we map and assess the extensive genetic toolbox that this bac-
terium currently has. However, the scientific community still relies on
traditional methods for genome editing of P. putida with industrial
application purposes. So far, these novel developed tools, although ad-
vantageous, have barely reached the application stage (Fig. 5). The
arrival of such novel tools in the field of P. putida seems to have lagged
behind other important SynBio chassis, such as E. coli, Bacillus, Strepto-
myces, Clostridium or cyanobacteria. Consequently, the unexplored po-
tential of these recent tools lies ahead, with very substantial room for
improvement.

Although different synthetic libraries of genetic regulatory elements
are currently available in P. putida, they have not yet been further
exploited for modulating gene expression levels, which is necessary for
proper functioning of metabolic pathways. Besides, the number of bio-
sensors applied to P. putida is very limited in comparison to other bac-
terial chassis like E. coli, B. subtilis or cyanobacteria, which have a wide
variety of transcriptional factors-based biosensors, riboswitches or
riboregulators (Liu et al., 2017; Till et al., 2020). In this regard, the
implementation of biosensors will help to monitor concentrations of
different metabolites, and thus, optimize metabolic pathways, whereas
riboswitches and riboregulators enable to fine-tune gene expression
levels with a tight control and dynamic ranges in response to ligand
concentrations. Ultimately, programming synthetic genetic circuits as it
has been done for E. coli (Nielsen et al., 2016), will be a powerful
addition as we could control multiple cellular functions of P. putida in
response to the environment.

Additionally, progress in the P. putida recombineering field should be
done towards new ways to search for new recombinases. High-
throughput methods such as Serial Enrichment for efficient Recombin-
eering, SEER (Wannier et al., 2020) provide a new avenue for discovery
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Genome editing tools

Traditional homologous recombination
with sacB/5-FU/I-Scel for counterselection
Integrative plasmid-pEMG

Integrative plasmid-pK18mobsacB
Transposon vectors

BxB1 site-specific recombination
Recombineering
CRISPR-Cas

Fig. 5. Heat map of studies published in 2020 using genome editing tools for
gene deletions and integrations in P. putida KT2440. Colours in the heat map
indicate the number of studies. The studies do not include the first original
paper, in which the tool was developed. Studies using traditional homologous
recombination and different strategies for counterselection such as sacB, 5-FU
(5-fluorouracil) or I-Scel: Cha et al., 2020; Garcia-Hidalgo et al., 2020; Henri-
quez et al., 2020; Incha et al., 2020; Ma et al., 2020; Mohamed et al., 2020;
Nitschel et al., 2020; Poblete-Castro et al., 2020; Williamson et al., 2020.
Studies using the pEMG integrative plasmid: Algar et al., 2020; Bator et al.,
2020b, 2020a; van Duuren et al., 2020; Hobmeier et al., 2020; Hueso-Gil et al.,
2020; Li et al., 2020; Martinez-Garcia et al., 2020a; Mikkel et al., 2020; Rose-
ndahl et al., 2020; Tiso et al., 2020. Studies using the pK18mobsacB integrative
plasmid: Bentley et al., 2020; Liang et al., 2020; Niu et al., 2020; Park et al.,
2020; Sumi et al., 2020; Upadhyay et al., 2020. Studies using transposon vec-
tors: (Algar et al., 2020; Batianis et al., 2020; Bator et al., 2020b; Fedeson et al.,
2020; Hobmeier et al., 2020; Incha et al., 2020; Kobbing et al., 2020; Mikkel
et al., 2020; Sumi et al., 2020; Thompson et al., 2020; Tiso et al., 2020; Volke
et al., 2020b; Wehrmann et al., 2020; Zhang et al., 2020a). Study using the
BxB1 site-specific recombinase: Elmore et al., 2020.

of recombinases among hundreds of proteins. This technology allows the
screening of large libraries, increasing the changes of identifying new
promising candidates. Alternatively, better recombinases could be ob-
tained without the need of further mining if the current ones were
optimized. For example, recombinase protein engineering is still a
poorly explored option, but it begins to take shape in synthetic bi-
ologists’ minds. So far, sequence optimization has been performed only
in native RBSs to strengthen recombinase protein expression (Wannier
et al., 2020), but the time will soon come when the own enzyme will be
the fine-tuned. Furthermore, studies have shown that functionality can
be established and enhanced by co-expression of recombinases with
certain single-stranded DNA-binding proteins (SSB) (Wannier et al.,
2020). Interactions between SSAPs and exogenous SSBs can stimulate
recombinases to work in previously recalcitrant species (Filsinger et al.,
2020). This approach could present a valuable opportunity for heterol-
ogous systems that have been previously shown to be ineffective in
P. putida. Ultimately, improved protocols with efficient recombinases
will jumpstart the long-awaited use of recombineering as the genome
editing tool of choice in P. putida. Overcoming current challenges such as
multiplexing and automation will enable streamlining of the genome
engineering processes, facilitating fast undirected randomized evolution
and rational directed mutagenesis. Consequently, this will accelerate
substantial biotechnological endeavors such as genome mining (Bor-
rero-de Acuna and Poblete-Castro, 2020) or genome recoding (Isaacs
et al, 2011) along a myriad of metabolic and environmental
applications.

Similarly, the potential of CRISPR-Cas technology goes beyond tool
development as a proof of concept. Applications such as construction of
genetic circuits to control cellular behavior or phenotype (sugar
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utilization, phage resistance, chemotaxis) (Nielsen and Voigt, 2014) as
well as metabolic engineering strategies to increase yield and produc-
tivity of a target compound, need to be further implemented in P. putida.
While there is thus far only a single study on CRISPR for metabolic en-
gineering applications in P. putida (Zhou et al., 2020), various studies in
other bacteria, including E. coli, Clostridium, Streptomyces, Synechocystis
and Synechococcus species have demonstrated the usefulness of CRISPR
for the production of industrial relevant compounds, ranging from al-
cohols, amino acids, terpenoids, organic acids, fatty acids to antibiotics,
anti-tumors or phytochemicals, summarized by Mougiakos et al. (2018).

Regarding tools for transcription regulation, different CRISPRi-based
tools with small variations have been used in P. putida as a proof of
concept. Recently, the first work was published combining in silico
predictions with CRISPRi to control metabolic fluxes towards a com-
pound of interest (Banerjee et al., 2020). The application of CRISPRi as a
metabolic pathway engineering tool as well as its deployment as a
genome-wide perturbation screening method, in combination with
bioinformatic tools, will put a step forward towards high-throughput
genome-scale analysis of P. putida. Works on different bacteria have
taken advantage of this powerful tool, by creating gene repression
CRISPRI libraries to study the downregulation effect of essential genes
on growth rates, gene morphology, chemical phenotypes and modes of
action of antibiotics (Peters et al., 2016; Yao et al., 2020) as well as to
increase fluxes towards L-lactate in Synechocystis sp. PCC 6803 (Yao
et al, 2020), 3-hydroxybutyrate (3HB) in Clostridium ljungdahlii
(Woolston et al., 2018), rapamycin in Streptomyces rapamycinicus (Tian
et al., 2020) or malate in E. coli (Gao et al., 2018). Notably, CRISPRIi is
additionally utilized as regulatory element in advanced DNA-encoded
devices such as genetic circuits (Dinh and Prather, 2019; Moser et al.,
2018). Especially in P. putida, in which the native gene repressors are not
well characterized, CRISPRi would provide an additional option for the
design and construction of genetic circuits. Similarly to CRISPRi, SRNAs
have been published very recently in P. putida as alternative tool for
post-transcriptional control. Due to the very recent development of the
tool in P. putida, the application stage has not arrived yet. In contrast,
sRNAs have been used for the engineering of synthetic circuits as well as
of metabolic pathways in microorganisms such as E. coli (Kang et al.,
2014), B. subtilis (Yang et al., 2018), Synechocystis sp. PCC 6803 (Sun
et al., 2018a) or in C. acetobutylicum (Cho and Lee, 2017). In the near
future, we expect a significant increase in the implementation of the
above-mentioned technologies, which will highlight a new era of high-
throughput metabolic  engineering and functional genetic
characterization.

Lastly, the available tools for regulating protein abundance at post-
translational level are still limited in P. putida. Even though FENIX has
proven to be an efficient tool, it needs further application as in E. coli, in
which it has been utilized to effectively downregulate competing en-
zymes for increasing the production of glucaric acid (Brockman and
Prather, 2015) and medium-chain fatty acids (Torella et al., 2013).
Although FENIX enables inducible post-translational protein activation,
over the last decades proteases have been proven suitable regulators for
post-translational protein inactivation. However, native protease sys-
tems are not well-characterized in P. putida. Therefore, future work
might shed light into it. Alternatively, the protein degradation system
from Mesoplasma florum (mf-Lon) could be adapted for P. putida, in a
similar way that was done for E. coli, in which mf-Lon allowed regulating
protein levels regardless the native proteases (Cameron and Collins,
2014).

Similar to the genetic tools, the metabolic and regulatory models of
P. putida keep increasing in number. However, their application in
metabolic engineering still lags significantly behind those for other
microbes, which reflects either either e their low quality (unto large
extend due to the insufficiently accurate annotations available) or or the
inability of the researchers to exploit them easily due to lack of a user-
friendly interface. GEM of P. putida’s require the incorporation of
additional biochemical and genetic information which will increase
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their reliability and accuracy. For example, GECKO (Sanchez et al.,
2017) is a recent approach to integrate quantitative measurements of
metabolites and protein levels into GEMs. GECKO uses data such enzyme
abundance to further constrain each metabolic flux, securing that fluxes
do not overdraw the maximum capacity. GECKO-like models have been
developed with great success for several microbial chassis such as
Streptomyces coelicolor (Sulheim et al., 2020), E. coli (Ye et al., 2020) and
Bacillus subtilis (Massaiu et al., 2019). In addition to GEMs, further
development of the P. putida’s dynamics models of for different parts of
metabolism is required as only one large scale kinetic model is currently
available. Major challenges for developing accurate genome-scale dy-
namic models are the lack of experimental datasets (metabolomics,
proteomics and comparative fluxomics) for both the wild type strain and
a series of mutants, as well as the scarcity of experimentally determined
parameters.

In summary, most of the genetic tools that are nowadays used in
SynBio for different purposes have reached P. putida as well. However,
their applications are not yet very widespread. Advances in the
deployment of in vivo biosensors and novel tools, such as CRISPR or
recombineering need to be made to overcome the development barrier,
reaching an application stage with high throughput and genome-scale
studies. In this regard, it might be possible to generate comprehensive
datasets at a short term, paving the way for the successful imple-
mentation of the design, build, test and learn (DBTL) cycle for the pro-
duction of any compound of interest (Carbonell et al., 2018). The DBTL
cycle is an engineering framework that enables to systematize strategies
for the development of tailor-made microbes and biological systems.
Therefore, it is crucial the combination of the “wet” and “dry” synthetic
biology tools to accelerate the delivery of tailored strains with an
optimal titer, rate and yield, as well as to increase their robustness for
use in industrial settings. Furthermore, once a cycle is completed, the
acquired knowledge can be used to make better predictions on how the
next strain should be engineered. On top of that, the rational engineered
strain can be subjected to adaptive laboratory evolution; a powerful tool
that enable to evolve strains, overcoming physiological barriers (Car-
bonell et al., 2018; HamediRad et al., 2019; Opgenorth et al., 2019). The
genome of the evolved strain can be then sequenced to identify the
mutations that may improve the performance of the strain under the
desired conditions. This newly acquired knowledge is then fed back into
the DBTL cycle to refine designs with better accuracy and efficacy,
leading ultimately to an optimized strain for subsequent use in a scaled-
up process. We see this engineering workflow as determinant to
empower P. putida as a flexible, robust SynBio platform to accelerate the
development of biotechnology products and thereby to contribute
significantly to shift from the current dominant linear economy to a
more circular one.
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