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Abstract 1 

Polyketide synthases (PKS) and nonribosomal peptide synthetases (NRPS) comprise 2 

biosynthetic pathways that provide access to diverse, often bioactive natural products. Metabolic 3 

engineering can improve production metrics to support characterization and drug-development 4 

studies, but often native hosts are difficult to genetically manipulate and/or culture. For this 5 

reason, heterologous expression is a common strategy for natural product discovery and 6 

characterization. Many bacteria have been developed to express heterologous biosynthetic gene 7 

clusters (BGCs) for producing polyketides and nonribosomal peptides. In this article, we 8 

describe tools for using Pseudomonas putida, a Gram-negative soil bacterium, as a heterologous 9 

host for producing natural products. Pseudomonads are known to produce many natural products, 10 

but P. putida production titers have been inconsistent in the literature and often low compared to 11 

other hosts. In recent years, synthetic biology tools for engineering P. putida have greatly 12 

improved, but their application towards production of natural products is limited. To demonstrate 13 

the potential of P. putida as a heterologous host, we introduced BGCs encoding the synthesis of 14 

prodigiosin and glidobactin A, two bioactive natural products synthesized from a combination of 15 

PKS and NRPS enzymology. Engineered strains exhibited robust production of both compounds 16 

after a single chromosomal integration of the corresponding BGC. Next, we took advantage of a 17 

set of genome-editing tools to increase titers by modifying transcription and translation of the 18 

BGCs and increasing the availability of auxiliary proteins required for PKS and NRPS activity. 19 

Lastly, we discovered genetic modifications to P. putida that affect natural product synthesis, 20 

including a strategy for removing a carbon sink that improves product titers. These efforts 21 

resulted in production strains capable of producing 1.1 g/L prodigiosin and 470 mg/L glidobactin 22 

A. 23 
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1.  Introduction 1 

For most of the last century, natural products have been an essential source for the 2 

discovery of novel drugs for treating human diseases (Newman and Cragg, 2012). Natural 3 

products are secondary metabolites produced by living organisms that are often unnecessary for 4 

growth but provide advantages to the host organism in certain environments. These compounds 5 

evolved for specific interactions with biomolecules, and as a result, they often exhibit medically 6 

relevant properties, such as antibiotic or anti-cancer activities (Atanasov et al., 2021). Two of the 7 

most intriguing classes of natural products are polyketides and nonribosomal peptides. These 8 

compounds are often synthesized in an assembly line fashion by modular enzymes called type I 9 

polyketide synthases (PKS) and nonribosomal peptide synthetases (NRPS) (Keating and Walsh, 10 

1999). Multiple enzymatic domains are encoded in single large peptides, and chemical diversity 11 

is achieved through the addition, deletion, and modification of individual domains (Vanner et al., 12 

2013). The biosynthesis potential of these assembly-lines has long been touted as a panacea for 13 

accessing diverse molecular structures, but this potential remains mostly unrealized due to 14 

challenges in engineering enzymes to meet required synthesis metrics. 15 

Bacteria, particularly Actinomycetes, are a rich source of natural products, including 16 

polyketides and nonribosomal peptides. The number of putative biosynthetic gene clusters 17 

(BGCs) has accelerated with the rise of next-generation sequencing (Niu, 2018), as has the 18 

number without a validated product (Rutledge and Challis, 2015). Connecting putative BGCs to 19 

purified compounds requires several challenges to be overcome. Putative BGC-containing hosts 20 

can be difficult to cultivate in a laboratory setting, and even if cultivation is achieved, the 21 

conditions required for inducing production of the desired natural product may be unknown (Ren 22 

et al., 2017). Alternatively, BGCs can be transferred to a heterologous host and expressed from 23 
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modern synthetic biology vectors. This strategy by-passes growth and regulation problems 1 

associated with the native host by using a microorganism with well-characterized genetic tools  2 

that also grows robustly in laboratory conditions (Fu et al., 2012; Gaida et al., 2015; Pogorevc et 3 

al., 2019). Once a BGC is introduced into a heterologous host, novel compounds can be isolated 4 

for structure elucidation and titers can be improved with common metabolic engineering 5 

strategies to enable ex vivo bioactivity assays (Chen et al., 2017; Wang et al., 2019). Most 6 

heterologous BGC expression projects use Streptomyces species as hosts because actinomycetes 7 

are the most abundant source of bacterial natural products (Cook and Pfleger, 2019; Park et al., 8 

2020). However, Streptomyces hosts are more difficult to genetically modify than the synthetic 9 

biology workhorse, Escherichia coli. Several groups have developed E. coli strains for 10 

polyketide and nonribosomal peptide production (D’Agostino and Gulder, 2018; Pfeifer et al., 11 

2001). However, functional expression of these modular enzymes in E. coli is often difficult to 12 

achieve, so researchers have sought alternative hosts for producing heterologous polyketides and 13 

nonribosomal peptides (Bian et al., 2017; Liu et al., 2020; Mendez-Perez et al., 2011; Pogorevc 14 

et al., 2019).  15 

Pseudomonas putida KT2440, a Gram-negative soil microbe, has become a popular 16 

metabolic engineering chassis in recent years, mostly due to its ability to utilize lignin-derived 17 

compounds and its tolerance to organic solvents and stresses associated with industrial-scale 18 

cultivations (Nikel and de Lorenzo, 2018; Niu et al., 2020). P. putida also has several traits that 19 

make it an attractive alternative host for producing natural products. Its genome has a relatively 20 

high GC content (61.5%) similar to that of actinomycete-derived natural product BGCs. P. 21 

putida natively expresses a promiscuous phosphopantetheinyl transferase (PPTase) capable of 22 

activating heterologous acyl- and peptidyl-carrier proteins, and it has excellent growth properties 23 
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amenable to large-scale cultivations (Ankenbauer et al., 2020; Owen et al., 2011). There has also 1 

been an explosion in synthetic biology tools developed for P. putida, including genetic parts for 2 

expressing heterologous proteins and constructing genomic edits (Aparicio et al., 2018; Elmore 3 

et al., 2017; Martin-Pascual et al., 2021). Despite these advantages, P. putida has performed 4 

inconsistently in the literature as a heterologous host for producing polyketides and 5 

nonribosomal peptides, where it either achieves titers on par or greater than the native host (Li et 6 

al., 2010; Wenzel et al., 2005) or it performs poorly compared to alternative heterologous hosts 7 

(Chai et al., 2012; Wang et al., 2019). Most reports have investigated the effect of transcriptional 8 

control on heterologous BGC expression in P. putida (Domröse et al., 2017; Dudnik et al., 2013; 9 

Fu et al., 2008). Other variables that affect production titers, such as GC content of the BGC, 10 

translational efficiency, and specific activity of PKSs and NRPSs, have not been systematically 11 

explored in P. putida. 12 

We selected prodigiosin and glidobactin A, two natural products natively produced by 13 

Gram-negative bacteria, to serve as model products for exploring factors that influence 14 

biosynthesis in P. putida. The BGCs for prodigiosin and glidobactin A biosynthesis both contain 15 

PKS and NRPS components, and both compounds possess medically relevant properties, such as 16 

anti-cancer activity (Danevčič et al., 2016; Han et al., 2005; Oka et al., 1988; Stein et al., 2012; 17 

Zhang et al., 2005). Prodigiosin is a tripyrrole secondary metabolite synthesized by many strains 18 

of Serratia marcescens (Williamson et al., 2006). It is a red pigment, providing an easily 19 

detectable phenotype for screening libraries for factors that increase prodigiosin production. The 20 

highest reported production titer of prodigiosin from a heterologous host is 150 mg/L from P. 21 

putida (Domröse et al., 2017). BGCs for glidobactin synthesis have been identified and 22 

characterized from Schlegelella brevitalea DSM7029 and Photorhabdus luminescens subsp. 23 
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laumondii TT01 (Dudnik et al., 2013; Schellenberg et al., 2007). The two glidobactin BGCs 1 

differ in their GC content and in the presence of different genes required for biosynthesis, 2 

providing a case study that can reveal variables important for heterologous production in P. 3 

putida. The highest heterologous titer for this molecule was achieved after expression of the 4 

BGC from P. luminescens in Xenorhabdus doucetiae, which yielded 177 mg/L glidobactin A 5 

while production from expression in P. putida was not detected (Wang et al., 2019).  6 

 In this work, we designed a genome editing pipeline for integrating and expressing 7 

heterologous BGCs in P. putida. The BGCs responsible for prodigiosin (from S. marcescens 8 

ATCC274) and glidobactin (from S. brevitalea DSM7029 and P. luminescens subsp. laumondii 9 

TT01) biosynthesis serve as models for investigating the effects of transcription and translation 10 

on production titers. Focusing on glidobactin A biosynthesis, we compare strategies for 11 

improving the functional expression of modular PKSs and NRPSs. We also take advantage of the 12 

visible phenotype associated with prodigiosin production to devise a screen for discovering 13 

mutants with improved production titers of heterologous products. Through these efforts, we 14 

demonstrate that P. putida is capable of heterologous production titers in 100 mg - 1 g/L 15 

quantities from all three BGCs. 16 

 17 

2.  Results 18 

2.1 Introducing heterologous BGCs into P. putida. 19 

We initially focused on engineering a strain of P. putida to produce prodigiosin because 20 

the visible pigmentation of production cultures would allow for rapid detection of heterologous 21 

production from early production strains. The BGC for prodigiosin biosynthesis, designated pig, 22 

in S. marcescens ATCC274 is 20,948 bp in length and contains 14 genes expressed in a single 23 

operon (Harris et al., 2004) (Fig. 1a). Prodigiosin biosynthesis occurs as a bifurcated pathway 24 
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where two precursors, 2-methyl-3-n-amyl-pyrrole (MAP) and 4-methoxy-2,2’-bipyrrole-5-1 

carbaldehyde (MBC), are synthesized independently and then condensed in the final reaction that 2 

yields prodigiosin (Fig. 1b). MAP is derived from 2-octenoyl-ACP/-CoA, and MBC is derived 3 

from L-proline, malonyl-CoA, and L-serine. L-proline is incorporated into the pathway by a 4 

NRPS (PigG and PigI), followed by the incorporation of malonyl-CoA by a PKS (PigJ and PigH) 5 

(Williamson et al., 2006). 6 

Replicative vectors in P. putida can sometimes induce a growth defect, which can have a 7 

negative effect on heterologous production (Cook et al., 2018; Mi et al., 2016). Therefore, we 8 

sought to optimize a genome editing protocol for integrating large DNA constructs into the P. 9 

putida chromosome. We previously developed a set of vectors for constructing scarless deletions 10 

in P. putida KT2440 using Cas9-assisted homologous recombination (Cook et al., 2018). A 11 

replicative vector using the RK2 origin, pCas9, expressed Cas9 from Streptococcus pyogenes 12 

and the genes encoding the λRed system from λ bacteriophage, Exo, Beta, and Gam. The single 13 

guide RNA (sgRNA) was expressed from pgRNA, a replicative vector containing the BBR1 14 

origin. The repair template was located in an integrative vector containing homology arms for 15 

the region to be deleted (Graf and Altenbuchner, 2011). The biggest difference between our 16 

needs and the existing genome editing method was the size of the required repair template, here 17 

containing a full BGC. Cloning BGCs can lead to large plasmid sizes and the introduction of 18 

genes that may be toxic to common E. coli cloning strains (Fu et al., 2012). Large plasmids are 19 

not as easily transformed by electroporation into P. putida, but conjugation is significantly more 20 

efficient  (Fu et al., 2008). To address these issues, we edited the integrative vector to replace the 21 

high-copy ColE1 origin with the medium-copy p15A origin and add a functional origin of 22 
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transfer (oriT) sequence for performing conjugations. Unnecessary genes in the original vector 1 

were also removed to reduce the plasmid size, resulting in the integrative vector pNVLTv2.  2 

Next, we deleted the endogenous BGC for pyoverdine biosynthesis to simplify the 3 

baseline strain, create a “neutral” integration site, and eliminate potential analytical challenges 4 

(Choi et al., 2018; Gomez-Escribano and Bibb, 2011; Ravel and Cornelis, 2003). We had already 5 

created a strain from previous work with one gene deleted, (P. putida ΔpvdL), so we introduced 6 

homology arms for deleting the remaining three genes, pvdIJD, into pNVLTv2, resulting in 7 

pNVLTv2-pvdIJD. We designed a sgRNA plasmid targeting pvdI, pgRNAtet-pvdI, and 8 

successfully constructed the 24,920-bp deletion using the two-step Cas9-assisted protocol that 9 

our group has described previously, resulting in strain P. putida pvd-.  10 

We selected two inducible promoter systems, the rha promoter (Prha, induced by L-11 

rhamnose) and the trc promoter (Ptrc, induced by IPTG), to drive expression of heterologous 12 

BGCs at the pvdIJD locus. BGCs expressed as a single operon can be refactored for heterologous 13 

expression by replacing the native sequence directly upstream of the initial gene with a synthetic 14 

promoter and ribosome binding site (RBS) optimized for the heterologous host. Inducible 15 

promoters are ideal for these types of projects because they reduce BGC expression during 16 

cloning protocols and enable two-phase production cultures, where cultivation is separated into a 17 

growth stage and a production stage (Raj et al., 2020). Prha is tightly repressed by carbon 18 

catabolite repression in E. coli, but not in P. putida, making it an appropriate promoter for 19 

cloning BGCs in E. coli before transferring them into P. putida (Jeske and Altenbuchner, 2010). 20 

Ptrc is one the strongest promoters that we have characterized in P. putida, which allowed us to 21 

maximize expression of heterologous BGCs (Cook et al., 2018).  22 
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 1 

Fig. 1. Establishing a prodigiosin production strain. (a) Map of prodigiosin BGC from S. marcescens ATCC274. 2 
Colored arrows indicate the enzyme class according to the legend. (b) Prodigiosin biosynthesis begins with 3 
intermediates in fatty acid metabolism and L-proline. 2-octenoyl-CoA/ACP is converted to MAP by PigDEB. L-4 
proline, serine, and malonyl-CoA are converted to MBC by PigIAJHMFN. The two intermediates are then fused by 5 
PigC to produce prodigiosin which generates a visible red color (inset) in culture. (c) Integration of BGCs into the 6 
chromosome of P. putida. A pNVLTv2 integration vector is introduced via conjugation into a strain of P. putida 7 
containing pCas9. The integration vector carries out a single-crossover recombination with the P. putida 8 
chromosome. The Cas9 counterselection is then enabled after electroporating pgRNA targeting the wild-type 9 
sequence to be replaced by the BGC. This selects for the double-crossover recombination of the integration vector 10 
and results in a markerless and stable integration of the BGC. (d) Prodigiosin production from cultures grown in 11 
glucose or glycerol-based media under control of Prha or Ptrc promoters. All cultures were supplied with dodecane as 12 
a product-sink. Error bars represent standard deviation, n = 3 biological replicates. Differences in values between all 13 
samples were found to be statistically significant (P<0.01) by the Student’s t-test. 14 
 15 
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Experiments with each promoter linked to a fluorescent reporter construct confirmed that 1 

Ptrc has higher basal and maximum expression than Prha (Fig. S2a). Next, we attempted to 2 

construct pig integration vectors with both promoters using RecET direct cloning (Fu et al., 3 

2012; Wang et al., 2016) in E. coli (Fig. 1c). We isolated correct clones with Prha only when 4 

transformation media was supplemented with glucose, conditions that silence Prha through 5 

catabolite repression. Consistently, we were unable to obtain a Ptrc version of the pig vector, 6 

presumably because leaky expression of the pig genes was toxic to E. coli. The expression 7 

construct including Prha and the pig BGC (23,247 bp total) was integrated into P. putida’s 8 

chromosome at the pvdIJD locus through the two-step protocol as described above, resulting in 9 

strain PIG01 (Fig. 1c). Upon addition of up to 0.5% (w/v) L-rhamnose to the growth media, 10 

cultures of PIG01 produced a visible red pigment characteristic of prodigiosin production (Fig. 11 

1b). 12 

2.2  Optimizing prodigiosin production. 13 

Once we established prodigiosin production in P. putida, we then compared various media 14 

formulations and their effects on prodigiosin titers. Terrific Broth (TB) has been used previously 15 

to produce prodigiosin in P. putida cultures (Domröse et al., 2015). Alternatively, Riesenberg-16 

Korz (RK) medium is a minimal medium developed for high-cell density cultures of E. coli, and 17 

variations of this medium have been used for the production of other products from P. putida 18 

(Lee et al., 2000; Riesenberg et al., 1991). After determining the optimum L-rhamnose 19 

concentration for induction (0.2% w/v), we compared prodigiosin production in rich media and 20 

minimal media (Fig. S2b). In non-baffled shake flask cultures of P. putida PIG01, prodigiosin 21 

titers were less than 100 mg/L in TB media (Fig. S3a). Prodigiosin is insoluble in water, so we 22 

added an organic overlay to provide a product sink, which greatly improved prodigiosin 23 
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production in TB media to over 500 mg/L. Prodigiosin production in RK media with 2.5% 1 

glycerol reached approximately 500 mg/L without an organic overlay and over 600 mg/L with an 2 

overlay (Fig. S3a). Interestingly, using glucose as the carbon source in minimal media led to 3 

much lower prodigiosin titers of approximately 200 mg/L (Fig. 1d). 4 

After establishing optimal media and cultivation conditions for strain PIG01, we sought 5 

to further improve prodigiosin production through transcriptional control. In lieu of cloning a pig 6 

integration construct with Ptrc, we designed a chromosomal integration vector for replacing Prha 7 

with Ptrc in PIG01, pNVLTv2-pvdIJD-Ptrc-pigA. Integration of this construct resulted in strain 8 

PIG02, which produced a strong red pigment in cultures supplemented with IPTG, and 1 mM 9 

was the optimal inducer concentration (Fig. S2c). Introducing a stronger promoter for pig 10 

expression improved prodigiosin production, as P. putida PIG02 generated higher prodigiosin 11 

titers than PIG01 (Fig. 1d). This strain also produced more prodigiosin on minimal media with 12 

glycerol than with glucose. PIG02 cultures grown in RK media with glycerol generated 13 

prodigiosin titers around 1.1 g/L, whereas production on glucose was approximately 900 mg/L. 14 

2.3  Screening for mutants with improved prodigiosin biosynthesis.  15 

To identify strategies for improving prodigiosin production, we devised a screen based on 16 

the appearance of P. putida colonies producing prodigiosin. Tn5 mutagenesis was used to create 17 

mutant libraries of P. putida PIG01 and PIG02, which normally have a light-pink phenotype on 18 

solid media with a low concentration of inducer (Fig. 2a). Libraries of these strains were plated 19 

on LB agar or minimal agar with glycerol, and individual colonies with a strong red color, 20 

indicating increased prodigiosin production, were isolated and sequenced to determine the 21 
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location of the Tn5 insertion (Table S8). Surprisingly, the most common type of mutants were 1 

disruptions in components of the electron transport chain. 2 

The two operons containing Tn5 3 

insertions, cyo and ccm, encode production of 4 

the bo3 type oxidase (Cyo) and cytochrome c 5 

maturation, respectively (Fig. 2b). Cyo is the 6 

primary terminal oxidase used during 7 

exponential growth and has been shown to be 8 

involved in gene regulation in P. putida 9 

(Morales et al., 2006). Mutants with disruptions 10 

in the ccm operon had a drastic growth defect on 11 

minimal media and did not grow on rich media. 12 

Disruptions in the cyo operon led to only a slight 13 

growth defect, so we investigated this operon’s 14 

effect on prodigiosin production (Fig. S5). The 15 

cyo operon contains five genes, cyoABCDE, and 16 

we deleted the region containing the RBS and all 17 

five genes in this operon in both the L-18 

rhamnose- and IPTG-inducible prodigiosin 19 

producing strains (resulting in PIG07 and PIG08, 20 

respectively). Transcriptomic data available in 21 

the literature suggested that the cyo operon is 22 

upregulated during growth on glucose compared 23 

Fig. 2. Tn5 libraries highlight disruptions in 

electron transport chain. (a) Generalized workflow 

for generating and screening mutant libraries for 

improved prodigiosin production. (b) Components of 

electron transport chain, highlighting role of the bo3 

oxidase, Cyo. UQ – ubiquinones, UQH2 – ubiquinols, 

CIO – cyanide insensitive oxidase. Adapted from 

Ugidos et al. and Nikel et al. (c) Effect of deleting cyo 

operon on prodigiosin production on glucose and 

glycerol. Error bars represent standard deviation, n = 3 

biological replicates. Differences between samples 

marked with asterisks were found to be statistically 

significant by the Student’s t-test (** = P<0.01). 
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to glycerol (Nikel et al., 2014), so we compared prodigiosin production in RK media with 1 

glucose in addition to glycerol. No significant changes in production were observed from strains 2 

grown on glycerol, but PIG08 had improved production on glucose, making its performance 3 

equivalent to PIG02 on glycerol (Fig. 2c). 4 

2.4 Heterologous expression of two glidobactin A BGCs. 5 

The high titers of prodigiosin achieved from heterologous expression in P. putida were 6 

encouraging, but we also wanted to interrogate variables affecting the expression of PKSs and 7 

NRPSs with a canonical modular structure. Glidobactin A provided this opportunity, as its 8 

biosynthesis involves a hybrid PKS/NRPS that has three modules in total and is encoded by 9 

genes approximately 12.4 kb in length (Fig. 3a). The two homologous BGCs in S. brevitalea 10 

(glb) and P. luminescens (lum) both produce glidobactin A as the primary product (Bian et al., 11 

2012; Schellenberg et al., 2007). Glidobactin A biosynthesis starts with the acylation of an L-12 

threonine residue by GlbF/PLU1878p (Imker et al., 2010). The hybrid PKS/NRPS, 13 

GlbC/PLU1880p, then incorporates L-lysine, L-alanine, and malonyl-CoA before performing the 14 

final cyclization reaction (Wang et al., 2019). The most apparent difference between the two 15 

BGCs is that the glb and lum clusters have a GC content of 70% and 47%, respectively. The glb 16 

cluster also has three genes that are not present in the lum cluster: glbE, which encodes an MbtH-17 

like protein (MLP); glbA, a transcriptional regulator; and glbH, which has been shown to be 18 

involved in the hydroxylation of a lysine residue that is incorporated into glidobactin A (Table 19 

S5) (Fu et al., 2012; Schellenberg et al., 2007). Unlike the prodigiosin BGC, neither glidobactin 20 

BGC contains a gene encoding a dedicated PPTase. Expressing each BGC afforded us the 21 

opportunity to assess several factors in heterologous production of polyketides and nonribosomal 22 

peptides: the effect of MLP expression on the activity of a heterologous NRPS, interactions 23 
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between the host’s PPTase and heterologous PKSs and NRPSs, and the significance of 1 

similarities in phylogeny and GC content between P. putida and heterologous BGCs. 2 

 3 
Fig. 3. Identifying glidobactin A as primary product from expression of glb and lum clusters. (a) 4 

Gene maps of glidobactin BGCs from S. brevitalea DSM7029 and P. luminescens TT01. 5 

Colored arrows indicate the enzyme class according to the legend. The structure of 6 

glidobactin A is shown to the right. (b) Unique peak identified in HPLC analysis of extracts 7 

from glidobactin production strains. (c) LC-MS shows that the major peak has m/z value 8 

corresponding to glidobactin A + H+ (calculated m/z = 521.3334). (d) Effects of promoter 9 

and RBS strength on glidobactin production. All strains were grown in 25 mL of glycerol-10 

based media in 250-mL non-baffled shake flasks. SD=Shine-Dalgarno sequence. Error bars 11 

represent standard deviation, n = 3 biological replicates. Differences in values between all 12 

samples were found to be statistically significant (P<0.01) by the Student’s t-test. 13 

Using the same strategy applied to prodigiosin, both BGCs were integrated into the 14 

pvdIJD locus of P. putida pvd- with Prha directly upstream of the first gene (glbB, plu1881), 15 

resulting in the strains P. putida GLB01 and LUM01. Glidobactin A production from these two 16 

strains was initially assessed by HPLC; based on peak area, LUM01 produced 15-fold more 17 

product than GLB01 (Fig. 3b). We verified that the primary compound was glidobactin A using 18 
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LC-MS and 1H-NMR (Fig. 3c, Fig. S9). Similar to prodigiosin, glidobactin A production was 1 

greater on glycerol compared to glucose (Fig. S8a). Before performing further modifications to 2 

strains GLB01 and LUM01, we confirmed by RT-PCR that both BGCs were fully transcribed in 3 

P. putida (Fig. S7). It has been shown that deleting the last gene in the glb cluster, glbH, does not 4 

abolish glidobactin A production but significantly reduces it (Schellenberg et al., 2007). The RT-5 

PCR results demonstrated that glbH was transcribed, so we did not interrogate GlbH activity as a 6 

limiting step in glidobactin production in strain GLB01. 7 

After determining the relative production titers between GLB01 and LUM01, we sought 8 

to improve production by modifying transcription and translation of the BGCs with the primary 9 

goal of determining why the glb cluster yielded less product than the lum cluster in P. putida. We 10 

continued to mirror our strategy with the pig cluster and swapped to the stronger promoter, Ptrc in 11 

both strains, resulting in strains GLB02 and LUM02. As expected, production of glidobactin A 12 

increased, with both strains producing approximately 2-fold more product (Fig. 3d). Production 13 

from GLB02 was still much lower than LUM02, so we investigated translation initiation as a 14 

potential factor. Using the RBS calculator (Farasat et al., 2014), we had designed the RBS 15 

sequences for the first gene in each BGC to have similar translation initiation rates (TIR) (glb: 16 

13,000 au; lum: 9,000 au). Coincidentally, the Shine-Dalgarno sequences upstream of the BGCs 17 

in strains PIG01 and LUM01 were the same (AAGGAG), whereas GLB01 had a different 18 

sequence (GATTAG). When we changed the Shine-Dalgarno sequence for glb to AAGGAG in 19 

the RBS calculator, the predicted TIR increased to 43,000 au. Therefore, we constructed strain 20 

GLB03 by simultaneously inserting Ptrc and the AAGGAG Shine-Dalgarno sequence upstream 21 

of the glb cluster. Changing the Shine-Dalgarno sequence upstream of the glb cluster increased 22 
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glidobactin A production by 2-fold compared to GLB02, which had Ptrc and the original RBS 1 

sequence, consistent with the increased RBS strength predicted in silico (Fig. 3d). 2 

2.5 Improving glidobactin A production through MLP and PPTase overexpression. 3 

Functional expression of large, multi-modular enzymes is often the greatest challenge in 4 

engineering natural product synthesis, so we identified the steps governed by PKSs and NRPSs 5 

as a possible bottleneck in glidobactin production. The presence of a cognate MLP in the glb 6 

cluster but not the lum cluster raised the question of whether MLP availability is affecting 7 

heterologous NRPS activity. NRPSs often require a complementary MLP for optimal solubility 8 

and activity, and homologs from different BGCs or strains are usually not interchangeable 9 

(Schomer and Thomas, 2017). Indeed, it has been demonstrated that soluble expression of the 10 

NRPS module, GlbF, in E. coli requires co-expression of its cognate MLP, GlbE (Imker et al., 11 

2010). The genome of P. putida KT2440 contains one gene (PP_3808) encoding an MLP 12 

specific for the NRPSs responsible for pyoverdine biosynthesis. Deleting the gene encoding P. 13 

putida’s native MLP in strain GLB03 (resulting in GLB04) did not significantly change 14 

glidobactin A production (Fig. 4c). To increase MLP availability, we inserted a second copy of 15 

glbE with a constitutive promoter in place of P. putida’s native MLP, resulting in strain GLB05 16 

(Fig. 4a). Overexpression of glbE resulted in greater than 2-fold increase in glidobactin A 17 

production compared to GLB03 and GLB04. In contrast, deleting PP_3808 or overexpressing 18 

glbE on a plasmid did not have a noticeable effect on glidobactin production for strain LUM01 19 

(Fig. S8b,c). 20 

After demonstrating that expression of glbE was non-optimal for glidobactin A 21 

production using only the glb cluster, we next investigated whether PPTase activity in P. putida 22 

could be limiting production. We initially modified the strains LUM01 and LUM02 by inserting 23 
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a strong constitutive promoter upstream of PP_1183, resulting in the strains LUM03 and 1 

LUM04, respectively (Fig. 4a). Both strains saw an increase in production, and specifically, 2 

strain LUM04 had about 50% higher glidobactin A production compared to the parent strain, 3 

LUM02 (Fig. 4d). However, these strains had a slower growth rate compared to the parent 4 

strains, and when we measured glidobactin production from these strains in 3-mL cultures in 5 

tubes instead of 25-mL cultures in flasks, we found that they produced less glidobactin compared 6 

to the parent strains (Fig. S8d).  7 

 8 

Fig. 4. Improving functional expression of PKS/NRPS enzymes in glidobactin pathway. (a) Strategies for 9 
overexpressing MLPs and PPTases in production strains. The MLP gene, glbE, was integrated in place of PP_3808, 10 
the gene encoding P. putida’s native MLP, along with a constitutive promoter from the Anderson promoter library. 11 
A constitutive promoter from the Anderson library was integrated upstream of PP_1183, the gene encoding P. 12 
putida’s native PPTase. The inducible promoter, Ptac, and sfp were integrated in place of pvdL. (b) Cas9-assisted 13 
ssDNA oligo recombination scheme for introducing ATG start codons in glbC/plu1880. To select for start codon 14 
mutations, an sgRNA targets the PAM sequence immediately downstream of the start codon. A mutagenic oligo 15 
contains mutations in the PAM and the start codon, and Cas9 activity selects against cells that don’t incorporate 16 
mutations from this oligo. PAM=protospacer adjacent motif. (c) and (d) Effects of MLP overexpression, PPtase 17 
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overexpression, and start codon mutagenesis on glidobactin production strains. Charts are labeled and split into 1 
sections to emphasize genetic changes made (e.g. “PPTase” samples have modifications to PPTase expression). All 2 
cultures were in 25-mL of glycerol-based media in 250-mL non-baffled flasks. Error bars represent standard 3 
devitaion, n ≥ 3 biological replicates. Differences between samples marked with asterisks were found to be 4 
statistically significant by the Student’s t-test (n.s. = not significant, * = P<0.05, ** = P<0.01, *** = P<0.001). 5 
 6 

To avoid any deleterious effects on native metabolism from over-producing P. putida’s 7 

native PPTase, we introduced a heterologous PPTase as an orthogonal alternative. Sfp is a 8 

promiscuous PPTase from Bacillus subtilis that has enabled the production of functional PKS 9 

and NRPS enzymes in E. coli (Pfeifer et al., 2001). We designed an expression construct for 10 

integrating sfp into the pvdL locus with the tac promoter, enabling induction by the addition of 11 

IPTG in strains expressing LacI (Fig. 4a). Introducing this construct to the IPTG-inducible 12 

production strains, LUM02 and GLB05, resulted in LUM05 and GLB06. Co-expression of sfp 13 

improved glidobactin production by 30% in both strains (Fig. 4c,d). These strains also did not 14 

have a noticeable growth defect and did not have a significant drop in production in smaller 15 

cultures (Fig. S8d). 16 

2.6  Modifying translation of hybrid PKS/NRPS via Cas9-assisted mutagenesis.  17 

While analyzing GC content and codon usage of the BGCs described in this work, we 18 

noticed that the genes encoding the hybrid PKS/NRPS (glbC, plu1880) in both glidobactin 19 

clusters each used the alternative start codon, GTG, which lowers translation initiation rates 20 

compared to the canonical ATG start codon in prokaryotes, including P. putida (Elmore et al., 21 

2021; Hecht et al., 2017). This realization provided the opportunity to further engineer 22 

glidobactin production through the simple strategy of generating a point mutation in the start 23 

codon of both genes. We hypothesized that this change would improve translation initiation for 24 

these genes and increase glidobactin A production. 25 

To generate strains with these start codon mutations, we adapted our genome editing 26 

vectors for introducing point mutations via oligo recombineering. Wu and colleagues recently 27 
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reported the generation of knockouts in P. putida using only one λ phage recombinase, Beta (Wu 1 

et al., 2019). We constructed a derivative of pCas9, pCas9-beta, and were able to construct small 2 

chromosomal deletions using 80-nt oligos (Table S6). However, it has been shown in the 3 

literature that P. putida can efficiently repair mismatches in its chromosome, and G to A changes 4 

are much more sensitive to mismatch repair compared to other mutations (Aparicio et al., 5 

2020b). We accounted for this potential issue by incorporating a strategy developed by Aparicio 6 

et al. to temporally inhibit mismatch repair in P. putida. We constructed a second plasmid for 7 

oligo recombineering, pCas9-beta-mmr, which co-expresses beta and a defective mutant of mutL 8 

from P. putida, mutLE36K. Expression of the mutL mutant inhibits mismatch repair in P. putida, 9 

allowing for the generation of point mutations that would normally be repaired by the host. 10 

We identified sgRNA targets 18-24 bp downstream of the start codon in glbC and 11 

plu1880 (Fig. 4b). The single-stranded DNA oligos (125 nt) designed for each BGC contained 12 

two point mutations: the desired G to A start codon mutation and a synonymous point mutation 13 

in the PAM site of the sgRNA target. Attempts to introduce these mutations with pCas9-beta 14 

resulted in most mutants having only the PAM mutation (Table S7). Repeating the 15 

recombineering protocols with pCas9-beta-mmr resolved this problem, and most mutants 16 

sequenced contained both the start codon and PAM mutations. We initially introduced these 17 

mutations into IPTG-inducible strains without sfp overexpression (LUM02 and GLB05), 18 

resulting in strains LUM06 and GLB07, which have the PAM mutation only (designated as 19 

SNP), and strains LUM07 and GLB08, which have both mutations (designated as ATG). The 20 

ATG derivatives of both strains produced about 20% more glidobactin A (Fig. 4c). Notably, 21 

GLB07 produced 20% less glidobactin A than GLB05, suggesting that the synonymous PAM 22 

mutation in glbC had a negative effect on expression, even though the mutated codon, TCG, is 23 
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more common in P. putida than the native one, TCC. Next, we introduced the ATG mutation to 1 

strains containing sfp overexpression, resulting in strains LUM08 and GLB09. LUM08 did not 2 

have a significant increase in glidobactin A production compared to its parent strain, LUM05, 3 

but GLB09 produced 20% more glidobactin A than GLB06 (Fig. 4c,d).  4 

The best glidobactin A production strain resulting from modifications mentioned above 5 

was LUM08, which had an approximately 3-fold increase in production compared to the initial 6 

production strain constructed with the lum cluster. GLB09 produced 30 times more glidobactin A 7 

than GLB01. After purifying a glidobactin A standard that we verified by 1H-NMR, we used LC-8 

MS to determine the titer from LUM08 and GLB09, which we found to produce approximately 9 

390 mg/L and 270 mg/L glidobactin A, respectively. 10 

2.7 Engineering metabolism and gene regulation for improved natural product titers. 11 

After establishing robust production of both prodigiosin and glidobactin A, we set out to 12 

identify metabolic engineering strategies that would improve production of both compounds. 13 

Despite differences in the PKS and NRPS components in prodigiosin and glidobactin 14 

biosynthesis, both compounds are synthesized from similar primary metabolites. Aided by the 15 

visible phenotype of prodigiosin production, we screened for metabolites that could be limiting 16 

prodigiosin production in P. putida. We hypothesized that results from these experiments could 17 

apply to improving glidobactin A production as well. 18 

We grew cultures of P. putida PIG01 in RK media supplemented with compounds related 19 

to the metabolites directly incorporated into prodigiosin, including octanoic acid and amino acids 20 

(Fig. 5a). Octanoic acid was the only supplement that improved specific prodigiosin production, 21 

suggesting that the availability of 2-octenoyl-ACP/CoA could be limiting prodigiosin production 22 

in P. putida. This effect was only apparent when glycerol was the carbon source, and not on 23 



22 

 

glucose (Fig. S3b). These results suggested to us that polyhydroxyalkanoate (PHA) biosynthesis 1 

was a potential carbon sink competing with the heterologous pathways for metabolites. Early 2 

reactions in both heterologous pathways incorporate an acyl-ACP or acyl-CoA into the natural 3 

product. P. putida synthesizes medium-chain-length PHAs (C8-C12) in order to store carbon and 4 

energy when an excess of carbon source is available (Prieto et al., 2016). Two PHA polymerases, 5 

PhaC-I and PhaC-II, are encoded in a single operon, phaC1ZC2, and incorporate 3-6 

hydroxyalkanoates directly from fatty acid metabolism (Fig. 5b). 7 

 8 

Fig. 5. Identification of fatty acyl precursors as a metabolic engineering target. (a) Supplementing various 9 
precursors in minimal media (RK 2.5% glycerol) affects prodigiosin production. Cultures were grown in 3 mL 10 
media without dodecane overlay. (b) Metabolites from fatty acid metabolism that are incorporated into PHA, 11 
prodigiosin, and glidobactin A biosynthesis. P. putida incorporates mostly C8-C12 3-hydroxyalkanoates into PHAs. 12 
2-octenoyl-ACP or CoA is incorporated into prodigiosin, and dodecanoyl-CoA or 2-dodecenoyl-CoA is 13 
incorporated into glidobactin A. (c) PHA composition from P. putida strains with and without ΔglpR and 14 
ΔphaC1ZC2 genotypes. Cultures were grown in RK media with glycerol and extractions were completed at 24h of 15 
growth. (d) Prodigiosin production from P. putida strains with and without ΔglpR and ΔphaC1ZC2 genotypes. 16 
Cultures were grown in 25 mL RK glycerol with dodecane overlay for 48h.  (e) Effect of ΔglpR ΔphaC1ZC2 17 
genotype on glidobactin A production. Cultures were grown in 25 mL RK glycerol for 48h. Error bars represent 18 
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standard deviation, n = 3 biological replicates. Differences between samples marked with asterisks were found to be 1 
statistically significant by the Student’s t-test (n.s. = not significant, * = P<0.05, ** = P<0.01, *** = P<0.001). 2 
 3 

We initially deleted phaC1ZC2 in strain PIG01, resulting in PIG03, which successfully 4 

abolished PHA biosynthesis from P. putida (Fig. 5c). However, PIG03 had lower prodigiosin 5 

production than the parent strain on RK media with glycerol (Fig. 5d). Based on reports in the 6 

literature, we had also identified glpR, which encodes the transcriptional regulator that represses 7 

the expression of genes involved in glycerol uptake and catabolism in P. putida (Fig. S4a) 8 

(Escapa et al., 2013). Escapa et al. found that deleting glpR decreased the length of lag phase 9 

during growth on glycerol as well as increased PHA production, so we hypothesized that this 10 

mutation could be beneficial for prodigiosin production as well. Deleting glpR alone in P. putida 11 

PIG01, resulting in PIG04, did not increase prodigiosin production, but introducing this mutation 12 

to PIG03, resulting in PIG05, slightly improved the prodigiosin titer to approximately 750 mg/L 13 

(Fig. 5d). In contrast, introducing the ΔglpR ΔphaC1ZC2 genotype to P. putida PIG02 did not 14 

improve production (Fig. S4b). However, measuring prodigiosin titers at earlier time points did 15 

reveal that strains with both deletions had increased initial specific productivity of prodigiosin 16 

compared to strains without (Fig. S4b). To test our hypothesis that metabolic modifications 17 

improving prodigiosin production can be applied to other natural products, we deleted glpR and 18 

phaC1ZC2 in LUM01, creating strain LUM09. This mutation had a more noticeable positive 19 

effect on glidobactin A production, resulting in a 30% increase in titer at 48h of growth as 20 

determined by HPLC (Fig. 5e). There was a similar benefit to production in the best glidobactin 21 

production strain, LUM08, resulting in a strain capable of producing 470 mg/L glidobactin A 22 

(LUM10). 23 

 24 

3.  Discussion 25 
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This work establishes several tools for rationally engineering natural product biosynthesis 1 

using P. putida as a heterologous host. After optimizing production through various genetic 2 

modifications, we achieved production titers greater than any previously reported values for 3 

heterologous production for both prodigiosin (1.1 g/L) and glidobactin A (470 mg/L) (Bian et al., 4 

2014; Domröse et al., 2017; Wang et al., 2019). A major strength of our expression and 5 

production strategies is that all initial strains (i.e. strains with rha promoter and zero 6 

modifications to the BGC or host) were able to produce significant amounts of prodigiosin or 7 

glidobactin A, with titers that were on par or greater than values reported in the literature. 8 

Applying this approach to the heterologous expression of uncharacterized BGCs in P. putida 9 

could be a viable strategy for drug discovery. Combined with the simple metabolic background 10 

of P. putida, achieving functional expression of heterologous BGCs using a single integration 11 

provides a rapid workflow for building strains to analyze for novel compounds. 12 

In cases where the initial heterologous production titers are lower than desired, there are 13 

multiple options for well-characterized promoters in P. putida (Lee et al., 2011). We have shown 14 

that in the case of chromosomal expression, increasing the promoter strength provides an 15 

expected increase in heterologous production (Fig. 1d, Fig. S2). In contrast, a recent paper that 16 

attempted to express the lum BGC in P. putida using T7 RNA polymerase (T7 RNAP) did not 17 

detect production of glidobactin A (Wang et al., 2019). Even though the T7 promoter is stronger 18 

than other bacterial promoters, transcription of long transcripts with T7 RNAP in P. putida may 19 

lead to poor mRNA stability because T7 RNAP, unlike bacterial RNAPs, is uncoupled from 20 

translation in bacteria (Fan et al., 2017; Iost et al., 1992; Iost and Dreyfus, 1995). 21 

In contrast to transcription, translational control is rarely investigated in articles 22 

describing heterologous BGCs in bacteria. Here, we only tested two RBS sequences guided by in 23 
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silico predictions for expressing the glb cluster (Fig. 3d). A systematic analysis of RBS libraries 1 

in future studies would reveal the extent to which translational control can affect heterologous 2 

expression of BGCs (Reis and Salis, 2020). Translation initiation of internal genes in 3 

heterologous BGCs also needs to be optimized, as demonstrated by the introduction of ATG start 4 

codons into the lum and glb clusters (Fig. 4b-d). With the availability of mutagenic 5 

recombineering techniques for P. putida, it would be feasible to optimize pathway expression by 6 

mutating the 5’ untranslated regions (UTRs) for individual genes (Aparicio et al., 2020a). 7 

Indeed, this strategy has been used recently to improve production of the natural product, 8 

violacein, in E. coli (Zhang et al., 2021).  9 

GC content is often cited as a concern when designing heterologous BGCs, but the GC 10 

content of the two glidobactin BGCs did not appear to be a major factor in heterologous 11 

production. After accounting for issues in translation initiation and MLP expression in the glb 12 

cluster, glidobactin A production in P. putida was still higher with the low-GC lum cluster (47% 13 

GC) compared to the glb cluster (70% GC) (Fig. 4c,d). For comparison, the native BGC for 14 

pyoverdine biosynthesis in P. putida is 66% GC (Ravel and Cornelis, 2003). It is worth noting 15 

that P. putida and P. luminescens are both γ-proteobacteria while S. brevitalea belongs to the 16 

class β-proteobacteria, so the phylogenetic relationship between the native host and the 17 

heterologous host may have a greater influence on heterologous production than GC content and 18 

codon usage. Furthermore, codon optimization has been shown in the literature to be detrimental 19 

to heterologous gene expression in P. putida (Incha et al., 2020). For now, there is not enough 20 

knowledge on codon optimization for P. putida and other heterologous hosts to consistently rely 21 

on it for improving PKS and NRPS expression. Glidobactin A production with the lum cluster 22 

suggests that P. putida could be an alternative host for expressing BGCs from lower GC bacteria, 23 
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such as cyanobacteria, which are becoming a more prevalent source for novel natural products 1 

(Blunt et al., 2018). 2 

The results presented here also demonstrate how P. putida’s native metabolism affects 3 

heterologous production. For instance, media that elicited a strong carbon catabolite repression 4 

(CCR) response in P. putida, such as glucose-based or rich media (Kim et al., 2013), resulted in 5 

lower production titers compared to glycerol-based media (Fig. 1d, Fig. S8a). Bacteria use CCR 6 

to alter their metabolism to maximize growth rate and consumption of a preferred carbon source, 7 

which could prevent the diversion of metabolites needed for the production of a heterologous 8 

product (Stülke and Hillen, 1999). An alternative hypothesis is that the carbons in glycerol are 9 

more reduced than those in glucose and increase the availability of NAD(P)H for biosynthesis of 10 

the acyl-ACP/acyl-CoA substrates incorporated into the heterologous products (Villadsen et al., 11 

2011). For example, P. putida has a higher composition of PHAs when grown on glycerol 12 

compared to glucose (Eggink et al., 1992), suggesting that P. putida has higher fluxes through 13 

fatty acid metabolism during growth on glycerol. Furthermore, the absence of the cyo operon in 14 

PIG08 improved prodigiosin production on glucose to be on par with production from PIG02 on 15 

glycerol (Fig. 2c). Inactivation of the cyo operon has been shown to alleviate CCR in P. putida 16 

(Dinamarca et al., 2002; Petruschka et al., 2001), and deleting a major component of oxidative 17 

phosphorylation could heavily impact the availability of reducing equivalents (Ebert et al., 18 

2011). Improvements in prodigiosin production observed from Δcyo strains could be attributed to 19 

a partial disruption of CCR or an increased availability of NAD(P)H.  20 

 Another benefit to using P. putida as a heterologous host is that it is amenable to 21 

metabolic engineering for improved production of targeted molecules (Banerjee et al., 2020). 22 

Deleting PHA production in P. putida demonstrated that fatty acid metabolism can affect 23 
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heterologous product titers and potentially established a general chassis strain for producing 1 

natural products containing fatty acid precursors (Fig. 5d,e). Strategies for overproducing fatty 2 

acids in P. putida have recently been reported in the literature and could be applied towards 3 

metabolic engineering efforts for natural products (Guss et al., 2021; Salvachúa et al., 2020). In 4 

addition, combinatorial engineering of enzymes in glidobactin A biosynthesis enabled the 5 

targeted production of derivatives with different chain lengths for the lipid tail, which can 6 

modulate the potency of glidobactin derivatives as an anti-cancer drug (Zhong et al., 2021). P. 7 

putida would be an ideal platform for furthering this work and engineering strains to produce 8 

novel derivatives of glidobactin A and other compounds. 9 

4. Conclusions  10 

The wealth of synthetic biology tools available to P. putida is its primary strength as a 11 

heterologous host. We generated multiple chromosomal deletions, insertions and point mutations 12 

in P. putida using a generalized genome editing toolkit. These methods enabled rational 13 

engineering of P. putida production strains to improve heterologous titers for both products, 14 

primarily through improving transcription and translation of the heterologous BGCs and 15 

overexpressing auxiliary proteins (MLPs and PPTases). Our efforts highlight simple and rational 16 

steps to improve heterologous production that could be applied to other heterologous hosts for 17 

improving expression and activity of PKSs and NRPSs. We also identified a carbon sink 18 

negatively affecting heterologous production and discovered a regulatory change required for 19 

improving productivity of prodigiosin and glidobactin A. As knowledge of metabolism and 20 

regulatory networks in P. putida continues to improve, increasing heterologous product titers 21 

from P. putida by engineering its native metabolism will be more common. In future studies, our 22 

methodology described here could be applied towards uncharacterized BGCs or enzymes 23 
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engineered to synthesize natural product derivatives, establishing P. putida as a platform for 1 

producing novel drug candidates. 2 

  3 
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5.  Materials and Methods 1 

5.1 Plasmids, bacterial strains, and growth conditions.  2 

The bacterial strains and plasmids used in this study are shown in Supplementary Table 3 

S1 and S2. Plasmid sequences are provided as supplementary material in Genbank format. 4 

Vectors constructed for various genome editing methods are available through Addgene. All E. 5 

coli strains were grown in LB medium at 37°C. P. putida KT2440 and its derivative strains were 6 

grown in LB medium at 30°C. LB medium was supplemented with kanamycin (50 µg/mL, 7 

Kan50), gentamycin (30 µg/mL, Gent30), tetracyline (10 µg/mL, LB Tet10 for E. coli, 25 8 

µg/mL, Tet25 for P. putida), and irgasan (25 µg/mL, Irg25) when necessary. Serratia 9 

marcescens ATCC274 and Photorhabdus luminescens subsp. laumondii TT01 were grown in LB 10 

medium at 30°C. Schlegelella brevitalea sp. nov. DSM7029 was grown at 30°C on CY-Agar 11 

(3g/L casitone, 1.4g/L CaCl2 • 2H2O, 1.0g/L yeast extract, 15g/L agar) and in CYCG medium 12 

(6g/L casitone, 1.4g/L CaCl2 • 2H2O, 2.0g/L yeast extract, 25g/L glycerol) (Tu et al., 2016). All 13 

liquid cultures were shaken at 250 rpm during incubation. 14 

For secondary metabolite production, P. putida was grown in RK medium (Riesenberg et 15 

al., 1991). The medium was prepared by mixing 13.3g potassium phosphate monobasic 16 

(KH2PO4), 4.0g ammonium phosphate (NH4)2PO4, 1.7g citric acid, 0.1g Fe(III) ammonium 17 

citrate, and 25g glycerol or 25g D-glucose to 800mL deionized/distilled water. To this solution, 18 

10mL of sterile 100X RK batch trace minerals and 10mL of  sterile 120g/L MgSO4 • 7H2O were 19 

added. The pH was adjusted to 6.7 with 5M NaOH and the volume was adjusted to 1L. The 20 

100X trace minerals solution was prepared by adding 0.42g EDTA, 0.125g CoCl2 • 6H2O, 0.75g 21 

MnCl2 • 4H2O, 0.06g CuCl2, 0.15g H3BO3, 0.125g Na2(MoO4) • 2H2O, and 0.65g Zn(CH3COO)2 22 

• 2H2O (zinc acetate) to 300mL deionized/distilled water and adjusting to a final solution volume 23 
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of 500mL. All media components and the final media formulation were sterilized by filtration. 1 

RK medium was supplemented with kanamycin (25 µg/mL, Kan25) when necessary. Early 2 

production experiments also used Terrific Broth, supplemented with 5 g/L glycerol or 25 g/L 3 

glycerol. 4 

5.2 Plasmid construction.  5 

Most plasmids described in this work were constructed using Gibson assembly as 6 

described previously (Gibson et al., 2009). The plasmids pNVLTv2-pvdIJD-Prha-pig, 7 

pNVLTv2-pvdIJD-Prha-lum, and pNVLTv2-Prha-glb were constructed using RecET direct 8 

cloning (Fu et al., 2012; Wang et al., 2016). Genomic DNA was purified from S. marcescens, P. 9 

luminescens, and S. brevitalea using phenol:chloroform:isoamyl alcohol extraction as reported 10 

previously (Cook et al., 2018; Lee et al., 2006). Pure genomic DNA was prepared from 10mL of 11 

liquid culture, and the extraction protocol was scaled up accordingly. To “release” the BGC of 12 

interest from genomic DNA, 20μg of genomic DNA was digested with up to two restriction 13 

enzymes in 400-μL reactions and then purified by ethanol precipitation. Capture vectors were 14 

linearized by restriction digest in 100-μL reactions containing 2μg of plasmid DNA and then 15 

purified by gel extraction. Restriction digest reactions were incubated at 37°C for 2 hours. To 16 

prepare DNA for construction of pNVLTv2-pvdIJD-Prha-pig, S. marcescens genomic DNA was 17 

digested with AflII and the capture vector, pNVLTv2-pvdIJD-Prha-prepig, was digested with 18 

KpnI-HF. For pNVLTv2-pvdIJD-Prha-lum, P. luminescens genomic DNA was digested with 19 

PacI and MluI and the capture vector, pNVLTv2-pvdIJD-Prha-prelum, was digested with BsaI-20 

HFv2. For pNVLTv2-pvdIJD-Prha-glb, S. brevitalea genomic DNA was digested with DraI and 21 

AvrII, and the capture vector, pNVLTv2-pvdIJD-Prha-preglb, was digested with BsaI-HFv2. 22 



31 

 

To prepare competent cells for RecET direct cloning, 5 mL of fresh LB were inoculated with 150 1 

μL of overnight culture of E. coli GB05-dir. Cultures were incubated at 37°C for about 2 hours, 2 

and then induced with 100μL 20% (w/v) L-arabinose. Growth continued for another 45 minutes 3 

and then the cultures were placed on ice. For every aliquot of competent cells needed, 1mL of 4 

culture was centrifuged for 30 seconds at 11,000g and washed with 1mL 10% (v/v) glycerol. The 5 

samples were washed with 1mL 10% glycerol two more times, and then resuspended in 20μL 6 

10% glycerol. At least 500ng of linearized vector and 5μg digested genomic DNA was added to 7 

each aliquot of competent cells to a total approximate volume of 50μL. The competent cells were 8 

then added to chilled 1-mm electroporation cuvettes and electroporated with a voltage of 1.8kV. 9 

After electroporation, cells were immediately mixed with 1mL SOC media and incubated at 10 

37°C for 90 minutes. All of the recovered cells were plated on LB Kan25 supplemented with 11 

0.5% (w/v) D-glucose. Plates were incubated overnight at 37°C. 12 

5.3 Genome editing in P. putida.  13 

For the 2-step λRed/Cas9 recombineering protocol, pNVLTv2 integration vectors were 14 

introduced into P. putida containing pCas9 by tri-parental conjugation, as described previously 15 

(Choi and Schweizer, 2006). The helper strain was E. coli HB101 containing pRK600 and the 16 

donor strain was E. coli DH5α or GB2005 containing pNVLTv2. Conjugations were plated on 17 

LB Gent30, Kan50, Irg25. Conjugants were inoculated in LB Gent30, Kan50 and grown 18 

overnight at 30°C. The next day, the λRed genes on pCas9 were induced by adding 0.6% w/v L-19 

arabinose to the cultures and incubating for another 45 minutes. To prepare electrocompetent 20 

cells, 500 μL of culture was washed twice with 1mL 10% glycerol and resuspended in 50μL 10% 21 

glycerol. About 100ng pgRNAtet was added to each sample and the samples were added to 22 

chilled 1-mm electroporation cuvettes. Samples were electroporated with a voltage of 1.8kV and 23 
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allowed to recover in 1 mL LB for 3 hours at 30°C. The recovered cells were selected on LB 1 

Gent30, Tet25 plates covered with aluminum foil to limit light exposure. Some electroporations 2 

were completed by washing and resuspending cells with 300 mM sucrose instead of 10% 3 

glycerol. 4 

For oligo recombineering, P. putida containing pCas9-beta or pCas9-beta-mmr was used 5 

to prepare electrocompetent cells as described above. These cells were transformed with ~100 ng 6 

pgRNA plasmid DNA and 1 μL of 100 μM oligo by electroporation. Cells were recovered in 7 

1mL LB for 3 hours and selected on LB Gent30, Kan50 or Gent30, Tet25. Transformants from 8 

all methods were screened for the desired knockout using colony PCR with primers flanking the 9 

gene of interest. 10 

5.4 Prodigiosin production and extraction.  11 

Prodigiosin production cultures were prepared by inoculating 25mL of fresh media to 12 

OD650 = 0.05 using overnight cultures. Pre-cultures were prepared in LB media and were 13 

washed with PBS before inoculation. Production cultures were incubated at 30°C and while 14 

shaking at 250 rpm until they reached an OD650 = 0.5. Prodigiosin production was then induced 15 

by adding either 0.2% (w/v) L-rhamnose or 1mM IPTG. For samples requiring a dodecane 16 

overlay, 10mL of dodecane was added at this time. The cultures were incubated at 30°C until up 17 

to 48 hours after inoculation. 18 

At the end of cultivation, cultures were transferred to 50-mL conical tubes of a known 19 

weight. Samples were then centrifuged for 15 minutes at 3000g. If a dodecane overlay was used, 20 

then the upper dodecane layer was aspirated and transferred to a 15-mL conical tube of a known 21 

weight. The aqueous supernatant was decanted into a fresh 50-mL conical tube of known weight. 22 

The remaining pellet was resuspended in 10mL acidified ethanol (4% (v/v) 1M HCl in ethanol). 23 
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The volume and weight of aqueous supernatant and dodecane was determined for each sample. 1 

The pellets resuspended in acidified ethanol were then centrifuged for 15 minutes at 3000g. The 2 

ethanol supernatant, the aqueous supernatant, and the dodecane were then diluted in acidified 3 

ethanol until the absorbance at 535nm (A535) for each sample was within the linear range of 4 

prodigiosin quantification. The molar extinction coefficient of prodigiosin (ε535 = 139,800 M-5 

1cm-1, as determined previously) was used to quantify the concentration of prodigiosin in the 6 

dodecane overlay, the supernatant, and the pellet for each culture (Domröse et al., 2015). The 7 

total prodigiosin production was calculated from the recorded volumes and weights of the 8 

samples. The pellets were washed with 20mL sterile water and lyophilized overnight to 9 

determine the dry cell weight for each culture. 10 

Smaller prodigiosin cultures without a dodecane overlay were analyzed for production by 11 

adding two volumes acidified ethanol directly to the culture. The extraction was mixed well by 12 

pipetting and 1 mL was collected. The samples were vortexed for 10 minutes at 1500 rpm and 13 

then centrifuged at 17,000g for 5 minutes. The supernatant was diluted in acidified ethanol and 14 

prodigiosin was quantified by absorbance at 535 nm. 15 

5.5 Tn5 knockout library of prodigiosin producers.  16 

Tn5 transposition was used to create libraries of random knockouts in the genomes of P. 17 

putida strains engineered to produce prodigiosin. The mini-transposon vector, pBAM1, was 18 

introduced into these strains via bi-parental conjugation. The donor strains were E. coli S17-1 19 

λpir containing pBAM1 or E. coli BW29427 containing pBAM1 (Martínez-García et al., 2011) 20 

Transposon libraries were created in P. putida PIG01 and P. putida PIG02. The selection media 21 

for conjugation was LB Kan50 supplemented with 0.002-0.02% (w/v) L-rhamnose or RK Kan50 22 

agar with 25g/L glycerol. In conjugations where E. coli S17-1 λpir was the donor strain, the 23 
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selection media was supplemented with Irg25. The screens were designed so that the majority of 1 

transformants would appear light pink on the selection media, and colonies of interest were 2 

screened visually for an increase in pigmentation. Candidate colonies were re-streaked on 3 

selection media to confirm their altered phenotype. The transposon location for each mutant was 4 

determined by arbitrary priming PCR, as described previously (Das et al., 2005; Martínez-García 5 

et al., 2011). 6 

5.6 Glidobactin A production and extraction.  7 

Strains that were engineered to produce glidobactin A were cultivated in RK medium 8 

with glycerol or glucose. Production cultures were prepared by inoculating 25mL of fresh media 9 

to OD600 = 0.05. The cultures were incubated at 30°C while shaking at 250 rpm until they 10 

reached an OD600 = 0.5. Glidobactin A production was then induced with 0.2% (w/v) L-11 

rhamnose or 1mM IPTG. The cultures continued to grow for up to 48 hours after inoculation. 12 

Glidobactin A was extracted by adding 1 volume butanol to whole production cultures. 13 

After briefly shaking the culture/butanol mixtures by hand, solids were removed from the sides 14 

of the flask/tube using a spatula. The samples were shaken for 1 hour at 20C, creating a butanol-15 

water emulsion. 1 mL of the emulsion was collected from each sample immediately after 16 

swirling by hand and then transferred to centrifuge tubes. Samples were left on ice for at least 10 17 

minutes and centrifuged for 10 minutes at 10,000g and 4C. The butanol phase was transferred to 18 

a fresh tube and diluted 1:2 in butanol. This extract was filtered with a 0.22 μm nylon membrane 19 

in preparation for HPLC and LC-MS analysis. A second extraction protocol was initially used 20 

until we observed that glidobactin A was depositing on the inside of the glassware used for 21 

production cultures (Supplementary Methods). 22 

5.7 HPLC and LC-MS analysis of glidobactin A.   23 
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HPLC analysis was completed with a Shimadzu HPLC system (Shimadzu Co., Columbia, 1 

MD, USA) equipped with a quaternary pump, autosampler, vacuum degasser, and fluorescence 2 

detector. HPLC separations were performed with an Agilent Eclipse Plus C18 column 3 

(2.1x50mm, with guard column). The injection volume was 2µL and the flow rate was 4 

0.4mL/min. Samples were eluted with a gradient elution; mobile phase A was H2O with 0.1% 5 

formic acid and mobile phase B was 100% acetonitrile with 0.1% formic acid. For each 6 

injection, column was equilibrated with 95% mobile phase A and 5% mobile phase B for 1 7 

minute, then switching over to 25% mobile phase B over 2 minutes. Mobile phase B was 8 

increased to 75% over 12 minutes, and then increased to 100% over 2 minutes. The solvent was 9 

held to 100% mobile phase B over the next 3 minutes before re-equilibrating the column in 95% 10 

mobile phase A.  11 

Samples were analyzed by LC-MS with a Vanquish UPLC coupled via electrospray 12 

ionization operating in positive mode to a Q-Exactive orbitrap high-resolution mass spectrometer 13 

(ThermoScientific).  Separation was conducted on a 2.1 x 100mm Acquity UHPLC BEH C18 14 

column with 1.7µm particle size with a flow rate of 0.2ml/min. Solvent A was 95:5 H2O-15 

acetonitrile with 0.1% formic acid. Solvent B was acetonitrile with 0.1% formic acid.  The 16 

following gradient was used: 0 to 2 min, 0% B; 2 to 14 min, linear gradient from 0 to 100% B; 17 

14 to 16 min, 100% B; 16 to 17 min, linear gradient from 100 to 0% B; 17 to 22 min, 0% B. The 18 

mass spectrometry parameters were: full MS-SIM (single ion monitoring) scanning between 450 19 

and 600m/z at a resolution of 140000 full width at half maximum (FWHM), automatic control 20 

gain (ACG) target of 1e6, and maximum injection time (IT) of 40ms. The MAVEN software 21 

suite was used for data analysis (Clasquin et al., 2012; Melamud et al., 2010). 22 

23 
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