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Microbial secondary metabolites (also called natural prod-ucts or 
specialized metabolites) play important roles in modulating 
biological systems and their host environ-
ments1–3. Their roles include intra- and inter-cellular communica-
tion4, host defence5 and pathogenicity6. Systematic discovery and 
characterization of secondary metabolites is therefore an essential 
step towards understanding diverse ecosystems and exploiting their 
chemical diversity for applications in health, food, agriculture and 
the environment7,8. Recent advances in computational tools (for 
example, antiSMASH9 and PRISM10) have provided researchers 
with unprecedented opportunities to mine massive sequence-data 
spaces and to identify biosynthetic gene clusters (BGCs) responsible 
for producing these secondary metabolites, and therefore a possible 
blueprint for characterizing the biosynthesis of chemically diverse 
secondary metabolites.

These genome analyses revealed that individual bacterial strains 
may possess 20 to 50 BGCs11,12. However, around 90% of BGCs are 
not usually expressed under standard conditions, and the regula-
tory triggers required to activate them are typically unknown13. 
Although synthetic biology can, in principle, uncouple BGCs from 
their native regulatory constraints8,14–18, current efforts have pri-
marily focused on transcriptional and translational optimization 

in model chassis strains. However, successful activation of BGCs 
also requires that all translated products fold properly and undergo 
appropriate post-translational modifications, all substrates and  
co-factors be available, and all intermediates and products be toler-
ated by the chassis strain used. Significant advances in host strain 
engineering are needed to meet these complex requirements.

Evolutionary studies have often guided scientists in develop-
ing successful strategies for designing biological function19,20. 
Large-scale comparative genome studies are revealing that BGCs 
are probably evolved through horizontal gene transfer and subse-
quent modifications among closely related bacteria21–26. These BGC 
exchanges are thought to be beneficial because they offer opportu-
nities to rapidly test the fitness effects of secondary metabolites21. 
This idea also implies that recipient bacteria could utilize the BGCs 
transferred from closely related bacteria more efficiently, as they 
may share physiological conditions suitable for BGC activation, 
but with greatly relaxed regulations27. Therefore, use of multiple 
closely related bacteria as chassis for BGC expression could, in the-
ory, improve the efficiency of BGC activation. Although a lack of 
systematic studies leaves some uncertainty, the general conclusion 
from empirical studies in natural product research also supports 
this assumption28,29.
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To enable the multi-chassis approach, genome engineering tools 
such as phage integrases30–33 can be useful. However, the utility of 
these tools is limited to a small group of bacteria (Supplementary 
Fig. 1). Additionally, integration efficiency significantly declines 
as insert size increases32. To address these issues, we attempted to 
develop chassis-independent recombinase-assisted genome engi-
neering (CRAGE) applicable to diverse bacterial species across 
multiple phyla (Fig. 1a). CRAGE is based on recombinase-assisted 
genome engineering (RAGE) technology34,35. Use of RAGE has 
allowed single-step integration of pathways comprising 48 kb 
directly into the Escherichia coli chromosome without compromis-
ing integration efficiency. After simple antibiotic counter-selection, 
the integration yield reached 100%. CRAGE extends RAGE by 

enabling researchers to domesticate previously undomesticated 
microbes, and substantially increases the chance of successful BGC 
expression and discovery of previously uncharacterized secondary 
metabolites.

Results
Developing a design principle for CRAGE. In RAGE, a landing 
pad (LP) containing two mutually exclusive lox sites is first inte-
grated into a chromosome. The DNA constructs flanked by these 
lox sites are then integrated into the LP, catalysed by Cre recombi-
nase. We modified RAGE34,35 in three major ways to establish the 
CRAGE design principle (Fig. 1a). First, we used transposon sys-
tems36,37 (mariner system for Proteobacteria and Tn5 system for 
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Fig. 1 | Chromosomal integration of BGCs mediated through CRAGE. a, Schematic for CRAGE, a genome engineering technology that allows complex 
biological systems to be implemented in a broad range of microbial strains. We primarily focused on formulating the design principle combining all existing 
technologies that have proven to work in a wide range of organisms. Step 1: A pW17 plasmid containing a mariner transposon and transposase was 
generated. The transposon contained a Cre recombinase gene and a kanamycin-resistant gene (KmR) flanked by two mutually exclusive lox sites (loxP and 
lox5171). In addition, a T7-RNA polymerase (T7RP) gene under the control of a lacUV5 regulon was incorporated into the transposon. The pW17 plasmid 
was conjugated from donor E. coli strain BW29427 into the panel of recipient bacterial strains (Supplementary Tables 1 and 2), and the transposon was 
integrated into their chromosomes. Step 2: A different plasmid, pW34 (R6Kr ori) or pW5 (BAC-based), encoding a BGC under control of the T7 promoter 
and an apramycin-resistant gene (AprR) flanked by the two mutually exclusive lox sites, was conjugated into the recipient strain containing the LP. BGC 
integration into the chromosome of these chassis strains was mediated through Cre recombinase activity. b, For 25 chassis strains containing only an LP 
(control) and luxCDABE, luminescence activity was induced with four different IPTG concentrations (0, 0.01, 0.1 and 1 mM) and measured. All data were 
generated from biological triplicates. The standard deviations were generally less than 10%. The colours used for b are coordinated to represent strains 
classified in the same phylogenetic branches. a.u., arbitrary units.



Actinobacteria) to insert the LP into recipient bacteria chromo-
somes. Because transposon systems are commonly used in engi-
neering of diverse species ranging from prokaryotes to eukaryotes, 
they are suitable for the first step of domestication. Although the 
transposon is randomly integrated into the chromosome of the 
recipient strain, we can screen and select the transformants with the 
LP integrated into the location minimally affecting the host strain’s 
physiology.

Second, we used a Lac-T7 expression system38 to control the 
expression of BGCs. This system is orthogonal to native transcrip-
tion; genes under the control of a T7 promoter are not transcribed 
unless a T7 RNA polymerase (T7RNAP) is present. Using this 
system, we can minimize the expression of BGCs whose prod-
ucts may be toxic to E. coli while we are assembling the BGC con-
structs. Additionally, although codon usage and ribosome binding 
sites may need to be redesigned for each chassis strain to obtain 
more optimal results, this design principle in general allows a high 
degree of flexibility, so that any single construct in any CRAGE 
strain can be expressed without re-cloning as long as the T7RNAP 
is expressed under the control of promoters that function in the 
recipient strains.

Several studies suggest that genomic integration location can 
also affect the expression of integrated genes34,39–41. Therefore, inves-
tigating different integration locations is another viable approach 
for exploring the effect of different expression levels on BGC activ-
ity. However, our previous study, as well as others, suggested that 
the effect of different integration locations on enzyme and path-
way activity was generally small (at most less than about seven- to 
eightfold, usually two- to threefold for enzyme activity and less than 
two fold for pathway activity)34,39–41. In contrast, the Lac-T7 system 
allows us to explore a much wider range of pathway activity (10- 
to 1,000-fold) than we could if we explored according to integra-
tion location. Additionally, the approach of investigating different 
integration locations would complicate our workflow and make our 
approach less attractive. Therefore, we specifically chose to use the 
Lac-T7 system to explore the effect of different expression ranges 
on BGC activity.

Third, we incorporated the origin of transfer (oriT) into both 
the LP and BGCs carrying plasmids to use conjugation as a pri-
mary transformation method. Conjugation systems have been 
used for transformation of a wide spectrum of bacterial species 
including those in the Proteobacteria, Actinobacteria, Firmicutes, 
Bacteroidetes and Cyanobacteria phyla42–44. Although the present 
study focuses on γ-Proteobacteria, our preliminary results demon-
strate that CRAGE can engineer bacteria across multiple phyla (for 
example, α-Proteobacteria, β-Proteobacteria and Actinobacteria) 
(Supplementary Figs. 1–3).

Selecting model biosynthetic gene clusters. Members of the 
genus Photorhabdus, as well as the related genus Xenorhabdus, are 
endosymbionts of soil-borne nematodes and are known to have 
potent bioactivity toward a wide range of insects and insect larvae;  
some of these entomopathogenic complexes are used as biological 
insecticides in agriculture45,46. These bacteria also produce numer-
ous secondary metabolites to inhibit the growth of competing 
microbes within their hosts47,48. Genomes of ~50 Photorhabdus and 
Xenorhabdus species have been sequenced and are accessible in 
public databases. Computational analyses suggest that each of these 
genomes contains ~20 to 50 putative BGCs11,12, and that many BGCs 
divergently evolved among species within these two genera49,50. The 
combination of extensive genomic resources and rich metabolic 
potential makes these species ideal test cases for a purpose-engi-
neered multi-chassis strategy for BGC characterization.

We selected a model set of 10 NRPS and NRPS–PKS hybrid BGCs 
from Photorhabdus luminescens subsp. laumondii TTO1 (Table 1, 
Fig. 2 and Supplementary Fig. 4)18,51. Except for BGC6, these BGCs 
had been previously cloned and heterologously expressed in E. coli. 
However, only two of those nine BGCs had been successfully acti-
vated, making this study an ideal benchmark to test the efficacy 
of the multi-chassis approach mediated by CRAGE. The selected 
panel of pathways included four BGCs as controls that had been 
previously studied successfully by single-chassis approaches (BGCs 
4 and 9)18,52–56 or by promoter replacement approaches in a native 
strain (BGCs 1 and 6)50,57,58, as well as six putative BGCs that were 
not functional using conventional chassis approaches (BGCs 2, 3, 5, 
7, 8 and 10)18.

Preparing phylogenetically diverse chassis strain panels using 
CRAGE. We selected 31 species of γ-Proteobacteria representing 10 
different genera (Fig. 1, Supplementary Fig. 4 and Supplementary 
Tables 1 and 2). The panel consisted of several Xenorhabdus and 
Photorhabdus species (XPs) and many other species that are evolu-
tionarily slightly distant from XPs (other Enterobacteria (EB) and 
bacteria in the Aeromonas (AM) and Pseudomonas (PM) genera). 
The panel also allowed us to systematically investigate correlations 
between evolutionary relatedness and physiological compatibili-
ties of different chassis:BGC combinations. Selection criteria also 
included the availability of complete or draft genome sequences 
and classification as biosafety level 1. Furthermore, all the selected 
strains had EntD- and/or Sfp-type phosphopantetheinyl transfer-
ases (PPTases), required for modifying NRPS and PKS proteins to 
convert their inactive apo forms into the enzymatically functional 
holo forms59.

The LP on a transposon was first randomly integrated into the 
chromosome of each strain and the integration site was determined 

Table 1 | BGCs used in this study

BGC Gene(s) Genomic location Size (kb) Products Refs.

1 plu0897–plu0899 1021652–1035887 14.2 Known (7,8), Unknown (9,10) 50,57

2 plu1113–plu1115 1277282–1299002 21.7 Unknown

3 plu1210–plu1222 1392054–1414406 22.4 Unknown

4 plu1881–plu1877 2239952–2221617 18.3 Known (1–3) 18,53

5 plu2316–plu2325 2713457–2744350 30.9 Unknown (19–21)

6 plu2670 3173674–3124571 49.1 Known (kolossins A–C) 58

7 plu3123 3662492–3646119 16.4 Unknown (4–6)

8 plu3130 3688463–3678528 9.9 Unknown (22)

9 plu3263 3880777–3865127 15.6 Known (11–18) 18,54–56

10 plu3526–plu3538 4167664–4122969 44.7 Unknown



by whole genome sequencing. This purpose-engineering procedure 
was successful in 27 species representing all 10 genera selected. 
To demonstrate the general potential of this collection of chassis 
strains to efficiently integrate and express heterologous pathways, 
we selected a 7 kbp bacterial luciferase (lux) operon composed of 
five genes (luxCDABE) originally derived from P. luminescens60. The 
operon, flanked by mutually exclusive lox sites, was conjugated into 
the panel of recipient strains and stably integrated into the chro-
mosome. Following antibiotic counter-selection, successful inte-
gration and operon activity were assessed by quantifying luciferase 
activity. In 25 species from all 10 genera, chromosomal integration 
was successful and luciferase activity was inducible with isopropyl 
β-d-1-thiogalactopyranoside (IPTG; Fig. 1b). Importantly, antibi-
otic counter-selection resulted in an integration efficiency of 100% 
(Supplementary Table 2).

For several strains, we obtained two to three variants with the LP 
inserted into different genomic locations. To investigate the effect 
of different integration locations on BGC activity, we integrated the 
lux operon into these strain variants. As expected from our previous 
study and others34,39–41, we found that integration location had little 
effect on luminescence activity (Supplementary Fig. 5). Indeed, our 
strategy of using a Lac-T7 expression system covered a broader 
range of luminescence activity. Therefore, we decided not to con-
sider the effect of integration location on BGC activity further.

Genomic integration of BGCs across diverse chassis strains. To 
introduce the selected NRPS and NRPS–PKS hybrid BGCs (Table 1,  
Fig. 2 and Supplementary Fig. 4) into the phylogenetically diverse 
set of chassis strains, BGC constructs were assembled. This process 
was successful for 9 of 10 BGCs. We were unable to clone BGC6 
because it has extensive internal repeats reflected by its overall 

NRPS organization, which hampered homologous recombination 
in yeast. BGC6 was also not cloned in a previous study conducted 
by Fu and others18. The remaining nine BGCs were subsequently 
transferred to the panel of recipient strains via conjugation. This 
process was successful for almost all chassis:BGC combinations 
in 24 of 25 chassis strains, with an average integration efficiency 
of 57% as measured by simple antibiotics counter-selection and 
subsequent colony PCR to confirm successful BGC integration 
(Supplementary Tables 3 and 4). As expected, even the largest clus-
ters tested were integrated without compromising the success rate. 
Across the BGC size range evaluated in this series (10–48 kbp), 
integration efficiency remained nearly identical, demonstrating the 
efficacy of CRAGE technology.

Using the purpose-engineered multi-chassis approach to rapidly 
identify known products. We cultivated the panels of 24 chassis 
strains harbouring each BGC at four different IPTG concentra-
tions. We then used liquid chromatography–high resolution mass  
spectrometry (LC-HRMS) to measure secondary metabolites pro-
duced by each chassis:BGC combination. Controls included a con-
ventional heterologous expression system, the E. coli BL21(DE3) 
strain with a genome-integrated Bacillus subtilis PPTase (sfp)61 
(Supplementary Fig. 4).

Targeted analysis of LC-HRMS data for chassis strains express-
ing BGCs 1, 4 and 9 revealed successful production of every pre-
viously described metabolite in at least one of the chassis strains 
examined here18,50,52–57 (Fig. 3 and Supplementary Figs. 6–8). For 
example, BGC4 comprises five genes (plu1877–plu1881) encod-
ing NRPS and NRPS–PKS hybrid (Fig. 3a). Previous studies have 
implicated the expression of BGC4 in the production of luminmy-
cin A (1), glidobactin A (2) and cepafungin I (3), all of which show 
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strong cytotoxicity, proteasome inhibition and anti-fungal activ-
ity18,52,53,62,63. Although 1 and 2 have been produced by heterologous 
expression of BGC4 in model chassis strains18,52,53, 3 has only been 
detected upon release of wild-type P. luminescens into the haemo-
coel of insect larvae, and the molecular triggers for in vitro produc-
tion in native P. luminescens are unknown62.

Expression of BGC4 across the panel of CRAGE strains yielded 
1–3 (Fig. 3b–h). Consistent with a previous report18, BGC4 was 
inactive in its native strain (Fig. 3b), suggesting strict regulatory 
control of this potent bioactive pathway. Homologous expression of 
BGC4 in XP01 injected into wax moth larvae, where native regu-
lations are probably desensitized, resulted in production of 1 and 

2 (Supplementary Fig. 9). In contrast, most heterologous strains 
expressing BGC4 produced at least one of 1–3 while they were cul-
tured in synthetic media, indicating that this strict repression is not 
conserved in heterologous chassis strains, not even those closest to 
P. luminescens (for example, XP03–05).

Products 1–3 were also produced at different ratios depending
on the strain, indicating that product specificity is determined by 
the background physiology of each strain. Remarkably, extended 
quantification of products in the four strongest producers (XP03, 
XP05, EB03 and AM04) revealed that the ratio of 2 to 1 and 3 to 
1 production shifted by more than five and four orders of magni-
tude, respectively, among these strains (Fig. 3c–e). These results 
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suggest that XP05 had strengthened monooxygenase activity for 
conversion of 1 to 2 and increased iso-fatty acids in its fatty acid 
pool. Additionally, 2 production titre in culture reached as high 
as 177 mg l−1, which is more than 700-fold higher than the previ-
ously reported titre of 1 in E. coli where BGC4 was heterologously 
expressed53. Similar observations for BGCs 1 and 9 are reported in 
the Supplementary Results. The robust retrieval of all previously 

described metabolites for these pathways in a single experimental 
series demonstrates the power of the purpose-engineered multi-
chassis approach enabled by CRAGE.

Using a purpose-engineered multi-chassis approach to reveal 
previously uncharacterized secondary metabolites. We evalu-
ated the potential of CRAGE strains for discovering hitherto  
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[M+H]+) (g) and 6 (m/z 700.451 [M+H]+) (h).
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uncharacterized P. luminescens secondary metabolites. Untargeted 
metabolite searches by LC-HRMS tend to be challenging and yield 
high rates of false-positive findings because of the large number of 
compounds and their adducts present in cell culture extracts64,65. 
However, when the same pathway is expressed simultaneously in 
multiple heterologous hosts, we can use independent occurrence  
of the same feature under different physiological conditions to  
narrow down the search space considerably and identify compounds 
reproducibly associated with the same pathway (Supplementary  
Fig. 10). This concept is synergistic to the fungal artificial chromo-
somes and metabolic scoring, discussed by Clevenger and others66,  
where FAC score is defined as the likelihood of each feature to 
be uniquely associated with each FAC containing putative BGCs. 
Clevenger et  al.66 analysed 56 extracts of Aspergillus nidulans 
containing different FACs to filter out false positive features and 
successdully identified 15 previously uncharacterized second-
ary metabolites. The multi-chassis approach can further provide 
another criterion to filter out false positives and facilitate the untar-
geted analysis to identify unique features associated with each BGC.

First, we used an untargeted approach to identify possible 
additional metabolites produced by BGCs 1, 4 and 9. This analy-
sis re-identified all 13 previously characterized products. In addi-
tion, untargeted analysis also identified two additional previously 
uncharacterized products from BGC1, which we named mevalag-
mapeptides C (9) and D (10) (Supplementary Fig. 6). The LC-HRMS 
analysis suggests that while these products share a core amino-acid 
structure with mevalagmapeptides A (7) and B (8), they carry a 
terminal cadaverine instead of the usual agmatine and putrescine 
modifications. 10 is also extended by an additional N-methyl valine 
unit, suggesting the catalytic activity of BGC1 might have changed 
when it was expressed in some strains, for reasons unknown but 
in accordance with the flexible biosynthesis of this natural prod-
uct class50,67. Of note, an identical untargeted LC-HRMS analysis of 
extracts from E. coli alone confirmed only 3 of 13 previously charac-
terized products, and none of the previously uncharacterized com-
pounds (Supplementary Tables 5–7).

Next, we applied the same untargeted metabolite analysis 
approach to BGCs 2, 3, 5, 7, 8 and 10, whose products had not been 
previously characterized. This analysis identified six unique metabo-
lites from strains expressing BGCs 5, 7 or 8 (Fig. 4 and Supplementary 
Figs. 11–26). For example, we discovered three previously unchar-
acterized peptides (m/z 372.238 [M+2H]2+, m/z 243.238 [M+3H]3+ 
and m/z 350.730 [M+2H]2+), which we named ririwpeptides A–C 
(4–6) according to their peptide sequence produced by BGC7 
(Fig. 4, Supplementary Figs. 11–19 and Supplementary Table 8).  
A detailed MS/MS analysis of 4 (m/z 372.238 [M+2H]2+) and 5 (m/z 
243.238 [M+3H]3+) from BGC7 could confirm the composition 
and order (Supplementary Figs. 11–13) of amino acids, as suggested 
by the NRPS specificity of the adenylation domains as R-I-R-I-W 
and R-I-R-V-W. The presence of dual condensation/epimerization 
domains (Fig. 4a) suggested that all amino acids except the terminal 
Trp have d-configuration. However, chemical synthesis of a library 
of derivatives and co-injection of synthetic and natural derivatives 
(Supplementary Figs. 14 and 15) revealed that the E domain in the 
second C/E domain responsible for the epimerization of the first 
Ile is inactive, leading to this Ile appearing in the final peptide in 
l-configuration. The structure of 6 (m/z 350.730 [M+2H]2+) could
not be solved because of low production titres, but the HRMS data
suggest that an Arg is exchanged with an Ile, which is also suggested 
by the shift in retention time. Metabolites were not produced when
BGC7 was expressed in the native strain, suggesting complex regu-
latory controls over these pathways (Fig. 4b).

The results for expression of BGCs 5 and 8 are reported in the 
Supplementary Results. Together, these results demonstrate that 
the purpose-engineered multi-chassis approach using CRAGE is 
an effective strategy for activating BGCs and identifying previously 

uncharacterized metabolites produced from these pathways. The 
methods used to characterize these metabolites are summarized in 
Supplementary Table 11. For each BGC, we also examined secon-
dary metabolite production in both the cell pellet and superna-
tant samples from three to five top producers, looking for trends  
(Figs. 3 and 4, and Supplementary Figs. 6, 7, 20 and 26). These 
results are summarized in the Supplementary Results.

Examining the correlation between evolutionary relation and 
physiological compatibility of diverse chassis:BGC combina-
tions. The extensive matrix of BGCs and phylogenetically diverse 
hosts allowed us to examine the correlations between evolutionary 
distance and physiological compatibility of chassis:BGC combi-
nations. Experimental work performed to understand such rela-
tionships can give general guidance for choosing strains to use to 
characterize a given BGC. Because pathway efficiency could have 
been significantly compromised if even one reaction step were 
suboptimal, we compared the maximum attained production titre 
from a representative strain in each group with the strain’s genetic 
similarity to XP01 (Fig. 5 and Supplementary Fig. 28). Although 
we also explored the codon bias and GC content of each strain as 
alternatives, these parameters failed to provide high enough resolu-
tion between strains closely related and distantly related to XP01 
(Supplementary Fig. 29). In addition, we compared the number of 
products from each chassis strain with the strain’s genetic similarity 
to XP01. Because we can at least detect the products even if their 
production levels are suboptimal, we included all data points for 
this analysis. These results suggested some remarkable trends, as 
described in the following.

First, the native BGC strain (XP01) was, in general, a poor secon-
dary metabolite producer compared with other XP strains. Even 
after homologous expression of each BGC in XP01, production 
titres of secondary metabolites did not improve, except for that of 
BGC5. This might be because tight regulatory controls at other than 
the transcription level are probably present in XP01. Alternatively, 
the T7 expression platform might not work well in XP01, as XP01 
also showed poor luminescence activity (Fig. 1b). To test these 
ideas, we injected XP01 harbouring an extra copy of each BGC 
into wax moth larvae and measured the production titre of each 
metabolite68. Because XPs are entomopathogens, they can produce 
secondary metabolites when insect larvae are infected with them. 
In almost all cases, homologous expression of BGCs yielded 10-fold 
better production titres (Supplementary Fig. 9) than their control, 
suggesting that while transcriptional refactoring was working, there 
also exist other layers of regulatory mechanisms controlling second-
ary metabolite production in XP01.

Second, expression of BGCs in XPs (other than XP01) generally 
resulted in both substantially higher product yield and substantially 
higher number of products than did expression in the other strains. 
This result suggests that, with slightly increasing evolutionary dis-
tance from the native host, relaxation of regulatory restrictions tends 
to precede the enhanced physiological compatibility of chassis:BGC 
combinations. Both production yield and diversity of secondary 
metabolites dramatically decreased with further increased phyloge-
netic distance between chassis (EBs, AMs and PMs) and the native 
BGC strain. We interpreted these observations to mean that with 
increasing evolutionary distance from the XP family, the existence 
of optimal (that is, the native BGC strain’s) physiological conditions 
to support functional BGC expression and/or precursors required 
for secondary metabolite production declines.

Third, although most distantly related strains were not as adapt-
able as closely related strains, some distantly related strains were 
highly adaptable. For example, Aeromonas piscicola (AM04) acti-
vated four BGCs and produced 14 different products, while other 
AMs did not perform as well. Some species of Enterobacteria such 
as Dickeya dadantii subsp. dadantii (EB03), Pantoea agglomerans 



(EB12), Erwinia oleae (EB15) and Yersinia aldovae (EB19) activated 
at least one BGC and produced metabolites to one of the highest 
levels among the suite of chassis strains. Additionally, some of the 
chassis strains, Serratia odorifera (EB10), EB12, Yersinia mollaretii 
(EB18) and EB19, produced a previously uncharacterized rhabdo-
peptide/xenortide peptide (10). Although the exact physiological 
features distinguishing versatile highly adaptive strains from other 
strains remain unknown, these physiological traits may be useful in 
further expanding chemical innovations.

Discussion
Host selection is one of the important design principles for suc-
cessful heterologous expression. However, domestication of non-
model strains is not the primary strategic choice in synthetic 
biology unless there is a specific interest, because this process is 
often extremely laborious and time-consuming. To standardize 
this effort, we developed CRAGE, a powerful and versatile strain 
engineering technology. We demonstrated that using CRAGE 
enabled the purpose-engineered multi-chassis approach and 
greatly facilitated function characterization of BGCs. Systematic 
characterization of diverse BGC:chassis combinations provided 
evidence that BGC expression may be more successful if the panel 
of chassis strains is selected from strains closely related to the 
native BGC strain; these strains are likely to share similar physiol-
ogy, but have much relaxed native regulations. A similar conclu-
sion may also be inferred from evolutionary studies, which have 
shown that horizontal gene transfer events occur significantly 
more frequently among closely related strains than among dis-
tantly related strains23–26.

Including our preliminary study, CRAGE technology has been 
extended to 30 species, including α-, β- and γ-Proteobacteria and a 
few species of Actinobacteria. However, we found that some strains 
(for example, Pectobacterium species) were resistant to CRAGE 
for reasons unknown (Supplementary Table 2). We are also testing 
CRAGE for four model Streptomyces species but have not yet suc-
ceeded, partly because we are not experienced with these microbes. 
Because both transposase and Cre work in many organisms includ-
ing those34,69–71, we believe CRAGE can be extended to them with 
careful adaptation. For example, we may need to optimize codons 
and refactor transposase and Cre. Each strain group may require 
unique transformation protocols. For some strains, circumvent-
ing host restriction barriers is extremely important. Using a donor  
E. coli strain that expresses a specific methylase improves transfor-
mation efficiency for these strains72. Additionally, we observed dra-
matic reduction of lux activity in strains outside γ-Proteobacteria
(Supplementary Figs. 2 and 3), suggesting that our expression strat-
egy needs to be carefully tailored for each strain group.

Although CRAGE needs further improvement to extend its util-
ity, the efficiency, accuracy and speed of CRAGE pave the way for 
an advanced design paradigm for stable and optimal integration 
of complex pathways into purpose-engineered diverse non-model 
bacteria. Although CRAGE may have the potential to provide excit-
ing opportunities to many scientists, we are also aware of its risks 
and the responsibility to consider ethical, legal, safety and environ-
mental aspects of this technology. The responsibilities that accom-
pany use of this innovation are discussed in the Supplementary 
perspectives.

Methods
Strains. E. coli TOP10 (Thermo Fisher Scientific) was used for plasmid assembly. 
Saccharomyces cerevisiae CEN.PK2 (Euroscarf) was used for assembly of the 
nine BGCs listed in Table 1. E. coli BW29427 (also known as WM3064, personal 
communication, W. Metcalf, University of Illinois at Urbana–Champaign) was 
used as a conjugal donor strain to transfer plasmids into the panel of the selected  
α-, β- and γ-Proteobacteria and Actinobacteria strains listed in Supplementary 
Table 1 and Supplementary Figs. 2 and 3. E. coli BL21(DE3) sfp73 was used as a 
control for the model chassis strain.

Plasmids. Construction of pW17. Plasmid pW17 (Supplementary Fig. 30) was 
assembled from three DNA fragments comprising (1) loxP, Cre, KmR, lox5171, 
mariner IR oriT and Marinar transposase; (2) parB, parA, repE, oriS, oriV and 
redF; (3) a marinar IR, T7 RNA polymerase and a lacUV5 regulon. These three 
DNA fragments were assembled using a Gibson Assembly HiFi kit (SGI-DNA) 
to yield pW17. The sequence for pW17 was verified using a PacBio RSII system 
(Pacific Biosciences).

Construction of pW34. Plasmid pW34 (Supplementary Fig. 31) was generated to 
express a lux operon in a panel of strains. pW34 was assembled from two DNA 
fragments comprising (1) the luxCDABE operon flanked by the T7 promoter and 
T7 terminator and (2) an apramycin resistance gene, R6K replication origin, and 
oriT flanked by two mutually exclusive loxP and lox5171 sites. These two DNA 
fragments were assembled using a Gibson Assembly HiFi kit (SGI-DNA) to yield 
pW34. The sequence for pW34 was verified using a PacBio RSII system (Pacific 
Biosciences).

Cloning of 10 BGCs into the pW5Y-AprR accessory plasmid. We cloned BGCs into 
a single-copy-number plasmid containing oriT for conjugal transfer using yeast 
TAR cloning. We first modified a single-copy vector, pBeloBac11 (New England 
Biolabs), to yield pW5Y-AprR. The pW5Y-AprR plasmid (Supplementary Fig. 32)  
was assembled from five DNA fragments comprising (1) AprR flanked by the 
mutually exclusive lox sites loxP and lox5171, (2) oriT amplified from plasmid 
pKMW274, (3) the lacUV5 regulon, (4) a Cre recombinase amplified from plasmid 
pSC101-BAD-Cre75 and (5) a plasmid backbone amplified from pBeloBAC11  
(New England Biolabs). These five DNA fragments were assembled using the Gibson 
Assembly HiFi kit (SGI-DNA) to yield pW5-AprR. The sequence for pW5-AprR was 
verified using the PacBio RSII system (Pacific Biosciences). The pW5-AprR plasmid 
was then linearized using Eco47III and inserted with a fragment consisting of  
CEN/ARS and a URA3 marker gene to yield pW5Y-AprR. The sequence of the  
pW5Y-AprR plasmid was verified by the PacBio RSII system (Pacific Biosciences).

We obtained 10 synthetic DNA fragments (Thermo Fisher Scientific), each 
containing a T7 promoter followed by a lac operator, a ribosome binding site 
(RBS), 400–500 bp of flanking sequences of each BGC (Table 1 and Supplementary 
Table 13) and a T7 terminator (Supplementary Fig. 32). The flanking sequences 
of each BGC were used as hooks to clone the rest of the BGC using yeast TAR 
cloning. These 10 synthetic DNA fragments were cloned into the NotI site of 
the pW5Y-AprR plasmid using the Gibson Assembly HiFi kit (SGI-DNA). The 
sequences of the resulted plasmids were verified using the PacBio RSII system. The 
RBS sequences were generated by the RBS calculator76. The first 40 bases of the left 
boundary and the last 40 bases of the right boundary of the 10 BGCs are shown  
in Supplementary Table 13.

All BGC constructs were assembled and cloned into pW5Y-AprR, a bacterial 
artificial chromosome (BAC)-based accessory plasmid, using yeast transformation-
associated recombination (TAR) cloning77. The 10 plasmids containing the 
left and right boundary sequences of the targeted BGCs were amplified using 
the pair of hook primers listed in Supplementary Table 14. The rest of the 
BGCs were amplified as 3–6 kb fragments from P. luminescens genomic DNA 
using the fragment primer pairs (frag01, frag02, frag03 and so on), also listed 
in Supplementary Table 14. All of these amplified DNA fragments contain at 
least 70 bp of overlap with their flanking pieces as well as with the left and right 
boundary hooks. All amplified DNA fragments were gel purified. Approximately 
50 ng of the plasmid DNA were mixed with the rest of the BGC fragments in 1 to 
2 molar ratios and transformed into S. cerevisiae CEN.PK2 using the PEG-LiAc 
method (Merck). The resulting URA3-positive colonies (100–1,000) were pooled 
together, and plasmids were harvested using the lysis buffer and beads from a 
GeneArt High-Order Genetic Assembly kit (Thermo Fisher Scientific). The lysed 
cells were directly used to transform into E. coli DH10B electrocompetent cells 
(New England Biolabs). Colonies were picked and screened using a pair of primers 
amplifying the internal fragment, and DNA from positive colonies was sequence-
verified using the PacBio RSII system. We were able to clone and sequence-verify 
9 of the 10 BGCs. The exception was BGC6 plu2670, which contained multiple 
long repeats; we could not assemble that entire BGC using the yeast TAR-cloning 
approach. Given that the function of plu2670 was recently characterized as kolossin 
A–C synthase58 by promoter replacement in the native strains, we decided not to 
pursue cloning of this BGC further.

Chromosomal integration of the LP. We used conjugation to transform pW17 
into a panel of the diverse bacterial strains. E. coli BW29427 harbouring pW17 was 
used as a conjugal donor strain. This donor strain was inoculated in Luria–Bertani 
(LB) medium containing 0.3 mM diaminopimelic acid (DAP) and 50 μg ml−1 
kanamycin and was grown at 37 °C in an incubation shaker at 200 r.p.m. overnight. 
All recipient bacteria were inoculated into LB medium and were grown at 28 °C in 
an incubation shaker at 200 r.p.m. until they reached the late log phase. Donor and 
recipient cells were washed three times with LB medium containing 0.3 mM DAP 
and were mixed 4:1 by optical density at 600 nm (OD600). This mixture was then 
pelleted and transferred on a nitrocellulose filter membrane on top of an LB agar 
plate containing 0.3 mM DAP, and was incubated at 28 °C for 5–12 h. The bacterial 
mixture grown on the membrane was scraped off, resuspended into the LB liquid 



medium, and spread on an LB agar plate containing an appropriate concentration 
of kanamycin (see Supplementary Table 1 for the concentration of kanamycin 
used for each strain). Chromosomal integration of the LP into Actinobacteria 
species was performed using electroporation of the PCR-amplified LP (flanking 
Tn5 IR sequences were added during the PCR amplification) following the Ez Tn5 
transposase protocol (http://www.epibio.com/docs/default-source/protocols/ 
ez-tn5-transposase.pdf?sfvrsn=4).

Chromosomal integration of the LP was confirmed by colony PCR using two 
pairs of primers; pair 1 was 99_pW17detection and SBP0572_pW17detection, and 
pair 2 was 202_LPdetection and 203_LPdetection (Supplementary Table 14). The 
first and second pairs of primers can amplify sequences in the LP and backbone, 
respectively. Transformants positive to only the first pair of primers were selected 
for additional confirmation using whole genome sequencing. In some cases, pW17 
remained as a plasmid. In these cases, we repeatedly cultured the transformants 
and screened them for successful LP integration.

Confirmation of integration location of the LP. Insertion location of the LP in 
each chromosome was confirmed by low-coverage whole genome sequencing  
using an Illumina MiSeq platform (Illumina). The raw sequencing reads were 
mapped to the LP sequence using Geneious software (Biomatters). The sequences 
flanking the LP were searched in the bacterial chromosome to identify the 
insertion location (these results are summarized in Supplementary Table 2 and 
Supplementary Figs. 2 and 3).

Chromosomal integration of BGCs. We used conjugation to transform both 
pW34-based and pW5Y-AprR-based BGC constructs into a panel of the chassis 
strains. Either E. coli BW29427 harbouring pW34 or each of the pW5Y-AprR-
based BGC constructs were used as a conjugal donor strain. This donor strain was 
inoculated in LB medium containing 0.3 mM DAP and 10 μg ml−1 apramycin and 
was grown at 37 °C in the incubation shaker at 200 r.p.m. overnight. All recipient 
bacteria were inoculated in LB medium containing 10 μg ml−1 kanamycin and were 
grown at 28 °C in the incubation shaker at 200 r.p.m. until the late log phase. Donor 
and recipient cells were washed three times with LB medium containing 0.3 mM 
DAP and were mixed at a ratio of 4:1 by OD600. The mixture was then pelleted and 
placed on a nitrocellulose filter membrane on top of an LB agar plate containing 
0.3 mM DAP and was incubated at 28 °C for 5–12 h. The bacterial mixture grown 
on the membrane was scraped off, resuspended into the LB medium and spread 
on an LB agar plate containing the appropriate concentration of apramycin 
(see Supplementary Table 1 for the concentration of apramycin used for each 
strain). Because successful integration of a BGC makes the recipient strains also 
sensitive to kanamycin, we counter-selected using an LB agar plate containing the 
appropriate concentration of kanamycin to screen for successful BGC integrants. 
We performed colony PCR on three integrants to confirm successful integration 
of the BGCs into the LP in the genome using primers 230 to 249 (Supplementary 
Tables 4 and 14).

Bioluminescence assay. For each strain, a single colony was inoculated in 1 ml 
of LB medium with appropriate antibiotics and grown at 28 °C in an incubation 
shaker overnight. This culture was inoculated into fresh LB medium containing 
appropriate antibiotics to a final OD600 of 0.1–0.2 and was aliquoted into a 
96-well black plate with a clear bottom. IPTG was added to these cultures at 
final concentrations of 0, 0.01, 0.1 and 1.0 mM (n = 3 biologically independent 
experiments for each IPTG concentration), and these cultures were incubated 
using a Synergy H1 microplate reader (Biotek). Bioluminescence of these cultures 
was measured at intervals of 12 min for 8 h.

Production of secondary metabolites. For each strain, a single colony was 
inoculated into 2 ml of LB medium containing 10 μg ml−1 apramycin. This culture 
was grown overnight. An aliquot of this culture was washed with M9-based 
medium78 and inoculated into 25 ml of the medium to a final OD600 of 0.1. These 
cultures were then incubated for 4–5 h and distributed as four aliquots of 5 ml each. 
The aliquots were induced by IPTG at final concentrations of 0, 0.001, 0.1 and 
1.0 mM, respectively. The cultures were grown at 28 °C in an incubation shaker at 
200 r.p.m. for three days.

Extraction of secondary metabolites. For 5 min, 2 ml of each culture was 
centrifuged at 10,000 r.p.m. The supernatant was transferred to another tube  
and the pellet was resuspended in 1 ml acetone. This suspension was sonicated  
for 15 min, vortexed at 1,500 r.p.m. for 20 min, and centrifuged at 10,000 r.p.m.  
at 4 °C for 5 min. The supernatant was collected and dried using a SAVANT 
SPD111 SpeedVac concentrator (Thermo Scientific). The pellet was again 
resuspended, this time with 1 ml of ethyl acetate. This suspension was processed 
as described above. The collected supernatant was combined with the dried 
acetone extract and again dried using a SAVANT SPD111 SpeedVac concentrator 
(Thermo Scientific). Finally, the dried solid was resuspended in 150 µl of methanol 
containing 1 µg ml−1 of an internal standard (2-amino-3-bromo-5-methylbenzoic 
acid (ABMBA)), and was filtered through a 0.22 µm PVDF membrane (Millipore 
Ultrafree-MC) to prepare a sample for LC-MS analysis. The culture supernatant 
was freeze-dried using FreeZone 12 plus (Labconco). The secondary metabolites 

were extracted from the dried powder following the same protocol used for 
extracting from pellets.

Production of secondary metabolites in the haemocoel of Galleria mellonella 
larvae. Last-instar Galleria mellonella larvae weighing between 200 and 300 mg 
were used in all experiments within seven days of shipment. The larvae were 
kept at room temperature in darkness before use. The single colonies of XP01 
harbouring the LP and BGCs were inoculated into 2 ml LB medium and were 
grown overnight at 28 °C. These cultures were diluted with 0.9% NaCl to a 
cell density of 8 × 107 cells ml−1. Aliquots of these cultures were centrifuged at 
3,200 r.p.m. for 10 min and then re-suspended in 1 ml 0.9% NaCl solution.

An automated syringe pump (Cole-Parmer) was used to precisely control the 
volume injected into the haemocoel of the larvae. The pump was set to a volume 
of 11 μl and an injecting rate of 66 μl min−1. A 1 ml BD syringe (Becton Dickinson) 
was filled with 300 μl bacterial solution for injection into three larvae. Bubbles were 
removed by carefully tapping the syringe and ejecting the air. A 30-gauge 1/2 BD 
needle (Becton Dickinson) was then attached to the syringe. After the syringe was 
placed in the injector, 10 μl was discarded. Each cell suspension was then injected 
into the haemocoels of the larvae. After injection, larvae were incubated in Petri 
dishes at 25 °C in the dark for 72 h, then stored at −80 °C. Mortality was monitored 
daily. Larvae were considered dead when they did not move when touched.

LC-MS analysis. Reverse-phase chromatography was performed using an Agilent 
1290 LC stack with a C18 column (Agilent ZORBAX Eclipse Plus C18, Rapid 
Resolution HD, 2.1 × 50 mm, 1.8 µm) at a flow rate of 0.4 ml min−1 with a 2–3 µl 
injection volume. To detect compounds, samples were run on the C18 column at 
60 °C and equilibrated with 100% buffer A (100% H2O with 0.1% formic acid) for 
1 min, diluting buffer A down to 0% with buffer B (100% ACN with 0.1% formic 
acid) over 8 min, followed by isocratic elution in 100% buffer B for 1.5 min. MS1 
and MS2 data were collected using a Q Exactive Orbitrap mass spectrometer 
(Thermo Scientific). Full MS spectra were collected from m/z 80 to m/z 1,200  
or m/z 135 to m/z 2,000 at 70,000 resolution, with MS2 fragmentation data 
acquired using 10, 20 and 30 V collision energies at 17,500 resolution. The exact 
mass and retention time coupled with MS2 fragmentation spectra were used to 
identify compounds.

Untargeted and targeted metabolite analyses. Untargeted metabolite analysis was 
performed using MAVEN, as described previously79. The minimal peak height was 
set to 107 or 106 for MS1 and the minimal ratio of peak height between MS1s for 
the culture extracts of engineered and control strains was set to 100, 50 or 10. We 
subsequently used MAVEN, MZmine and Thermo Xcalibur (Thermo Scientific) 
to extract the peak height for all identified/targeted MS1s and created heatmaps. 
We accepted MS1 features as metabolite ions unique to BGC expression only when 
those MS1 features appeared on extracts from strains expressing BGCs except for 
cases in which the genome analysis suggested that chassis strains contained the 
BGC homologues (Supplementary Table 12). The high-resolution MS2 data for 
the identified MS1 features were manually curated using MZmine80 and Thermo 
Xcalibur (Thermo Scientific).

Quantification of product titre. Because Glidobactin A (2) and GameXPeptide 
A (11) are the most abundantly produced metabolites from BGC4 and BGC9, 
respectively, 2 and 11 were chosen as standards for quantification. The standard 
compounds were prepared at different concentrations (100, 50, 25, 12.5, 6.25, 
3.125, 1.56, 0.78, 0.39, 0.039 and 0.19 mg l−1) and these samples were measured 
by LC-MS. The peak area for each compound at different concentrations was 
calculated using the Bruker Compass Data Analysis program and was plotted 
against the concentration. Standard curves for 2 and 11 are given by:

y ¼ 3 ´ 107x � 1 ´ 107 R2 ¼ 0:996
� �

ð1Þ

y ¼ 8 ´ 107x R2 ¼ 0:994
� �

ð2Þ

where y and x represent the peak area and concentration, respectively. The culture 
supernatants (1.5 ml) were freeze-dried and re-suspended in 200 μl of methanol. 
Then, 50 μl of the re-suspended solution was diluted to 150 μl for LC-MS analysis. 
The peak area of each compound was obtained by extracting an ion chromatogram, 
and the corresponding production titre was calculated using the standard  
curve equation.

Synthesis and purification of ririwpeptides. 2-Cl trityl-resin was reactivated with 
3 equiv. SOCl2 in dichloromethane (DCM). Tryptophan was loaded onto the resin 
overnight with the addition of DIPEA in DCM. Reactive groups were deactivated 
with 17:2:1 DCM/MeOH/DIPEA. All possible pentapeptides (15 total) that had 
l-configurations instead of the expected d-configurations at the α-carbons were 
automatically synthesized with a SYRO peptide synthesizer using Fmoc-protected 
amino acids, as described previously55,81,82.

To compare retention times of synthetic and natural ririwpeptide A (4), 
HPLC-MS analysis of both synthetic and natural peptides was performed. For 

http://www.epibio.com/docs/default-source/protocols/ez-tn5-transposase.pdf?sfvrsn=4
http://www.epibio.com/docs/default-source/protocols/ez-tn5-transposase.pdf?sfvrsn=4


the natural peptide, 1 ml of the cell culture was mixed with the same amount of 
methanol and centrifuged for 15 min at 17,000 r.p.m. The supernatant was directly 
analysed on an UltiMate 3000 LC system (Dionex) coupled to an amaZon X ion 
trap with electrospray ionization (Bruker Daltonics). A water/acetonitrile gradient 
with 0.1% formic acid as mobile phase with 0.4 ml min−1 flow separated the 
compounds on a C18 column (ACQUITY UPLC BEH, 1.7 mm, Waters). Data were 
analysed using DataAnalysis 4.3 (Bruker). The identities of synthetic and natural 
derivatives were confirmed by coinjection and HPLC-MS analysis.

Large-scale production of a metabolite with m/z 307. The metabolite with m/z 
307 was produced at the 10 l scale using the protocol described in the Production 
of secondary metabolites section. The culture of XP04 containing BGC5 was 
induced with 1.0 mM IPTG when the culture reached an OD600 of 0.6. The cells 
were harvested by centrifugation at 5,000 r.p.m. for 10 min, and the cell pellet was 
frozen at −80 °C.

Approximately 12 g of wet cell pellet was extracted with 200 ml of acetone using 
sonication for 15 min. This suspension was centrifuged for 10 min at 3,700 r.p.m. 
at 4 °C. The supernatant was dried using a rotary evaporator to yield ~200 mg of 
extract. The extract was dissolved in 5 ml of methanol, and 1 ml was injected on 
an LC-8A Shimadzu preparative liquid chromatograph equipped with a SPD-20A 
UV–vis detector (Shimadzu Scientific Instruments) fitted with a C18 Pinnacle II 
column (5 µm, 50 × 21.2 mm (Restek)). The mobile phase for the preparative run 
consisted of water with 0.1% acetic acid (mobile phase A) and acetonitrile (mobile 
phase B), and the flow rate was 30 ml min−1. The column was held at 5% mobile 
phase B for 2 min, increased to 95% B over 38 min, and held at 95% B for 3 min. 
Conditions were returned to 5% B over 2 min, and held at these conditions for 
5 min to give a total run time of 50 min. The chromatogram was monitored by UV 
detection at 215 nm and 228 nm, and fractions were collected containing the peak 
of interest. Fractions were analysed by LC-MS using a Shimadzu 2010 EV LC-MS 
with a SPD-M20A diode array detector (Shimadzu Scientific Instruments). Pure 
fractions of the target compound (m/z 307) were pooled, dried, purged with N2 and 
stored at −20 °C. This preparative procedure was repeated twice to obtain 2.1 mg  
of purified material.

Sample preparation for NMR analysis. After the compound with m/z 307 was 
isolated from the bacterial cell extract, 0.5 mg of it was dissolved in 180 µl D2O with 
20 mM phosphate buffer and 0.5 mM DSS (4,4-dimethyl-4-silapentane-1-sulfonic 
acid). The sample was transferred to a 3 mm tube for NMR measurement.

NMR experiments and data processing. The NMR spectra of the sample were 
collected on a Varian (VNMRS) 600 MHz solution state NMR spectrometer (Agilent 
Technologies) equipped with a Varian z-gradient triple resonance HCN cold probe. 
2D 13C-1H heteronuclear single quantum coherence (HSQC)83 was collected with 
a spectral width of 160 and 12 ppm along the indirect and direct dimensions, with 
N1 = 256 and N2 = 1,437 complex points. The number of scans per t1 increment was 
64. 2D 13C-1H heteronuclear multiple bond correlation (HMBC)84 was collected with 
a spectral width of 240 and 12 ppm along the indirect and direct dimensions, with 
N1 = 128 and N2 = 1,024 complex points. The number of scans per t1 increment 
was 512. By setting up the total correlated spectroscopy (TOCSY)85 mixing time to 
90 ms, a 2D 13C-1H HSQC-TOCSY86 was collected with a spectral width of 160 and 
12 ppm along the indirect and direct dimensions, with N1 = 128 and N2 = 1,024 
complex points. The number of scans per t1 increment was 192. Finally, a 2D 1H-1H 
COSY87 was collected with a spectral width of 12 ppm along the indirect and direct 
dimensions, with N1 = 512 and N2 = 1,024 complex points. The number of scans 
per t1 increment was 32. All spectra were collected at 25 °C. All data were zero-
filled, Fourier transformed, and phase and baseline corrected using NMRPipe88.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request.
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