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ABSTRACT 
 
Soil microorganisms make up the second largest fraction of biomass on Earth. 
The soil microcosm is incredibly diverse and encompasses a vast diversity of 
species, often participating in complex interspecies interactions, even across 
kingdoms of life. These interactions are often facilitated through specialized 
metabolites, molecules of fascinating complexity and chemical diversity. 
Specialized metabolites are of great importance for modern society, for 
example as antibiotics, antifungals, anticancer compounds, or plant growth-
promoting agents. Of all soil bacteria, members of the genus Streptomyces were 
found to encode the largest biosynthetic potential by far. This biosynthetic 
potential is encoded in genes clustered on the genomes, and thus referred to 
as biosynthetic gene clusters (BGCs). However, under laboratory conditions, 
the majority of BGCs are not expressed, complicating the assignment of 
specialized metabolites to predicted BGCs. Activating, studying, and modifying 
BGCs, as well as strain engineering of production strains, relies heavily on our 
ability to efficiently engineer Streptomyces species. However, introduction of 
just one chromosomal modification can require months of laboratory work 
using classical methods. This Ph.D. thesis aimed to improve our metabolic 
engineering capabilities of Streptomyces species through the development of 
novel CRISPR-based tools, enabling engineering with unprecedented speed, 
efficiency, and throughput.  
 
As a contextual starting point, this thesis provides a review of the Design-Build-
Test-Learn cycle for metabolic engineering of Streptomyces species. For each 
cycle stage, important resources and considerations are highlighted. 
Furthermore, a protocol for all existing CRISPR tools for streptomycetes, 
including CRISPR-Cas9, CRISPRi, and CRISPR-BEST, is provided. Given the 
slow throughput of current engineering methods, multiplexed cytosine base 
editing was studied at various scales, revealing key performance parameters, 
and highlighting important bottlenecks. The system achieved the highest 
number of simultaneously edited targets in Streptomyces species using any 
technology, highlighting its great promise. Given the frequent need for full 
deletions of genomic regions, a novel CRISPR tool based on CASCADE-Cas3 
was developed with superior efficiency to CRISPR-Cas9. This tool, the first 
developed for Streptomyces based on a type I CRISPR system, was shown to 
work efficiently in several species and was used for the streamlined 
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construction of a genome-minimized expression host. Finally, the first 
CRISPR-Prime tool for Escherichia coli was developed, serving as a stepping 
stone towards the establishment of CRISPR-Prime editing in Streptomyces 
species. This tool enables the introduction of complicated mutations and 
represents a platform for further tool development. The developed tools 
greatly expand the engineering capabilities for Streptomyces species, bringing 
us one step closer to closing the gap between computationally predicted, and 
experimentally characterized BGCs. This will soon allow us to greatly expand 
our access to Nature’s biosynthetic potential, and ultimately urgently needed 
solutions for medicine, agriculture, and sustainability.  
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DANSK SAMMENFATNING 
 
Mikroorganismer i jord udgør den næststørste biomasse på jorden efter 
planter. Biotoper i jord er utroligt mangfoldige og besidder en enorm 
artsdiversitet, der ofte deltager i komplekse interaktioner, selv på tværs af 
livets tre riger. Disse interaktioner udgøres ofte af specialiserede metabolitter, 
molekyler af fascinerende kompleksitet og med stor kemisk mangfoldighed. 
Specialiserede metabolitter er af stor betydning for det moderne samfund, 
f.eks. som antibiotika, svampemidler, kræftmidler eller 
plantevækstfremmende stoffer. Blandt jordbakterier er det blevet 
dokumenteret, at medlemmer af slægten Streptomyces koder for langt større 
biosyntetisk potentiale end nogen anden slægt. Dette biosyntetiske potentiale 
er indkodet i gener, der er grupperet i klynger i genomerne og derfor kaldes 
biosyntetiske gen-clusters (BGC'er). Under laboratorieforhold udtrykkes 
størstedelen af BGC'erne imidlertid ikke, hvilket gør det vanskeligt at 
identificere hvilke BGC’er der er ansvarlige for produktionen af hvilke kemiske 
stoffer. Aktivering, eksperimentering og genmodifikation af BGC'er samt 
udvikling af produktionsstammer afhænger i høj grad af vores evne til effektivt 
at arbejde med arter af Streptomyces. Introduktion af blot én kromosomal 
modifikation kan imidlertid kræve måneders laboratoriearbejde ved hjælp af 
klassiske metoder. Denne ph.d.-afhandling har til formål at forbedre vores 
muligheder for metabolisk engineering af Streptomyces-arter gennem 
udvikling af nye CRISPR-baserede værktøjer, der muliggør engineering med 
en hidtil uset hastighed og effektivitet. 
 
Som et kontekstuelt udgangspunkt giver denne afhandling en gennemgang af 
Design-Build-Test-Learn-cyklussen for metabolisk engineering af 
Streptomyces-arter. For hver fase af cyklussen fremhæves vigtige ressourcer og 
overvejelser. Desuden gives en protokol for alle  
eksisterende CRISPR-værktøjer til streptomyceter, herunder CRISPR-Cas9, 
CRISPRi og CRISPR-BEST. Med afsæt i den langsomme hastighed som 
klassiske genmodificeringsmetoder har, blev multiplexed cytosinbaseediting 
undersøgt i forskellige skalaer, hvilket afdækkede vigtige 
præstationsparametre og fremhævede flaskehalse. Med metoder udviklet i 
denne afhandling har jeg opnået et større antal samtidige genmodifikationer i 
arter af Streptomyces end nogen tidligere metode har formået, hvilket viser det 
store potentiale for de udviklede  metoder.  



 V 

 
Da det i forbindelse med stammeudvikling ofte er nødvendigt at lave 
deletioner af hele genomiske regioner har jeg udviklet et nyt CRISPR-værktøj 
baseret på CASCADE-Cas3 med en effektivitet, der er bedre end CRISPR-Cas9. 
Dette værktøj, som er det første, der er udviklet til Streptomyces baseret på et 
type I CRISPR-system, viste sig at fungere effektivt i flere arter og blev anvendt 
til effektiv konstruktion af en genom-minimeret vært til heterolog ekspression. 
Endelig har jeg udviklet det første CRISPR-Prime-værktøj til Escherichia coli, 
hvilket har været et springbræt til etablering af CRISPR-Prime-redigering i 
arter af Streptomyces. Dette værktøj gør det muligt at indføre komplicerede 
mutationer og udgør en platform for yderligere værktøjsudvikling. De 
udviklede værktøjer udvider i høj grad de tekniske muligheder for 
Streptomyces-arter og mindsker afstanden mellem computerannoterede og 
eksperimentelt karakteriserede BGC'er. Dette vil i fremtiden gøre det muligt 
for os at øge vores adgang til naturens biosyntetiske potentiale og i sidste ende 
at finde løsninger indenfor medicin, landbrug og bæredygtighed, som der er 
presserende behov for. 
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AIM AND OUTLINE OF THIS THESIS 
 
The aim of this Ph.D. project was to develop novel CRISPR tools and 
perturbation technologies, which can accelerate the exploration of the 
biosynthetic space of streptomycetes by enabling engineering with 
unprecedented precision, throughput, and efficiency.  
 
Chapter 1 of the Ph.D. thesis provides a general introduction to specialized 
metabolites, Streptomyces, CRISPR, and challenges towards accessing the 
incredible microbial biosynthetic potential found in Nature. The chapter aims 
to provide the necessary background information needed for the following 
chapters.  
 
Chapter 2 builds on top of Chapter 1 and provides a comprehensive overview 
of the Design-Build-Test-Learn cycle for metabolic engineering of 
streptomycetes. Therefore, important resources for each of the stages of the 
cycle are described and highlighted. Finally, the chapter describes some of the 
existing challenges that have been hampering the widespread implementation 
of the Design-Build-Test-Learn cycle for metabolic engineering of 
streptomycetes. This chapter was published as a review in Essays in 
Biochemistry.  
 
Chapter 3 offers a detailed overview of the existing streptomycete CRISPR 
tools and protocols. The step-by-step instructions provide a great 
understanding of the complex workflows associated with engineering 
streptomycetes. This chapter was published as a protocol in Nature Protocols.  
 
In Chapter 4, multiplexed cytosine base editing is employed to demonstrate 
the simultaneous editing of the highest number of genomic targets in 
Streptomyces to date. Multi-omics technologies are used to investigate the 
editing performance of differently sized sgRNA arrays, to analyze the scale of 
off-target effects, and to determine the systems-wide consequences of such 
deep base editing mediated genomic perturbations. This chapter is currently 
under review at ACS Synthetic Biology. 
 
In Chapter 5, the first type I CRISPR system-based genome engineering tool 
for streptomycetes is described. The system, pCRISPR-Cas3, enables highly 



 XV 

efficient genome engineering through the introduction of random-sized 
deletions, targeted deletions, and substitutions. pCRISPR-Cas3 was applied in 
various Streptomyces strains of importance and shown to allow genome 
engineering with superior efficiencies compared to pCRISPR-Cas9. This 
manuscript was published as a preprint on biorxiv.  
 
In Chapter 6, the development of a CRISPR-Prime genome engineering tool 
for Escherichia coli is described. The tool, the first of its kind, highlights the 
capabilities of the next generation of multi-component CRISPR tools for 
sophisticated engineering of cell factories. Adaptation of CRISPR-Prime for 
Streptomyces is still ongoing, and likely to become a powerful tool in the 
growing toolbox. This chapter was published in Nature Communications.  
 
Finally, Chapter 7 provides a discussion of the previous chapters as well as an 
outlook into the future of specialized metabolite discovery and the exploration 
of Nature’s biosynthetic potential.  
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A MICROBIAL WORLD 
 
Biology operates in continuous cycles of life and death, synthesis and 
decomposition. All biological cycles are the result of intricate interactions 
between countless species, ecosystems, and all kingdoms of life. In these 
complex networks, microbial species play leading roles, and their functions 
are just as diverse as the ecological niches they occupy. Microbial life can be 
found all over Earth, from the barren polar regions to the dark and high-
pressure environments of the deep sea, from steaming hot hydrothermal vents 
to the moderate environments of forests. One of the most important 
ecosystems for microbial life on Earth is soil. An incredible diversity of life is 
present here, and it is estimated that at least a quarter of the total biodiversity 
on Earth can be found in soil 1. This biodiversity is made up of millions of 
species of prokaryotes, fungi, archaea, viruses, and microeukaryotes, such as 
protists, nematodes, and tardigrades 1,2. In fact, soil microorganisms make up 
the second largest fraction of biomass on Earth 3. This truly is a microbial 
world.  
 

THE SOIL MICROBIOME 
 
The soil microbiome is not only incredibly diverse but also plays a crucial role 
in most biogeochemical cycles. The major building blocks of life, namely 
hydrogen, carbon, nitrogen, oxygen, sulfur, and phosphorus, are all cycled in 
Earth’s biogeochemical cycles, which at least in part are catalyzed by microbial 
conversions 3,4. As such, soil represents one of the most important catalytic 
zones for Earth’s biogeochemical cycles.  
 
Important examples include nitrogen fixation, nitrification, denitrification, or 
phosphate solubilization 3,5,6. Fixation of atmospheric nitrogen is a crucial step 
for soil nitrogen availability and is performed by diazotrophs, either legume-
associated or other soil bacteria 7,8. Nitrification describes the stepwise 
conversion of ammonia to nitrate, whereas denitrification refers to the 
stepwise conversion of nitrate into molecular nitrogen, effectively closing the 
nitrogen cycle 9.  
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Given that most dead terrestrial organic matter eventually falls to the ground, 
many of the species present in soil are so-called saprophytes, which play an 
important role in breaking down dead organic matter into simple building 
blocks. These are then used for building up new organic matter, such as 
microbial, fungal, or plant biomass. Among the most important saprophytes 
are certain fungi and bacteria, which are well known for their ability to secrete 
enzymes to break down complex and recalcitrant biomass such as lignin or 
chitin and have hence been used as sources for many industrial enzymes 10. 
The complex soil environment, in which decomposition and synthesis are so 
closely intertwined, has resulted in and is equally made possible by, highly 
sophisticated interactions between species across all kingdoms of the tree of 
life. For example, the majority of nitrogen and phosphorus needed for plant 
growth is provided by soil microorganisms 3. The symbiosis between legumes 
and rhizobia represents one of the most well-studied such interactions. 
Rhizobia fix atmospheric N2 and secrete ammonia in return for energy and 
carbon in the form of dicarboxylic acids 11. An even more complex example is 
leaf-cutting ants which use soil-dwelling bacterial species to protect their 
fungus garden against other pathogenic fungi 12. However, given the 
abundance of substrates in soil, and the diversity of species therein, 
interactions between species can come in many different forms. In fact, 
mutualistic symbiotic interactions appear to be rather rare, and negative 
interactions, such as competition and exploitation are dominant 13. However, 
how are these complicated interactions coordinated, especially given their 
sophistication and specificity?  
 

CHEMISTRY IS THE LANGUAGE OF INTERACTION IN THE SOIL 
MICROBIOME 
 
Most complex interspecies interactions go far beyond simple competition for 
nutrients and are facilitated through the exchange of signals in the form of 
complex molecules 14–16. These chemical mediators can be both volatile and 
soluble and can thus act both proximally and distally. Especially volatile 
molecules can modulate species and communities beyond their direct 
proximity 16. Interestingly, isolates from the same location appear to be better 
at inhibiting each other compared to isolates from different locations, 
suggesting that these interactions are the result of and shaped by the local 



Chapter 1 ½ The Dawn of Synthetic Biology Powered Exploration of Nature’s Biosynthetic Potential 

 

4 

environment 17. Many of these chemically mediated interactions are highly 
specific and targeted at specific organisms within the shared environment. For 
example, many chemical mediators function as antibiotics, targeting 
competing species within the same ecological niche. Antibiotics are usually 
produced in response to signals indicating the presence of a competing species 
and allow the producing species to directly modulate the abundance of the 
competing species 18,19. Other molecules function as antifungals. The 
previously mentioned leaf-cutting ants protect their fungus garden from 
pathogenic fungi by employing symbiotic soil bacteria which produce the 
potent antifungal compound candicidin 12. This antifungal is highly specific 
and does not significantly affect growth of the desired farmed fungus, thus 
enabling a highly specialized symbiotic interaction. Chemical compounds 
produced by soil bacteria can further have direct beneficial effects on plants 
and plant growth. Certain strains of Bacillus subtilis, a rhizobacterium 
frequently found in soil, produce 3-hydroxy-2-butanone and 2,3-butanediol, 
which were shown to result in significant plant growth promotion in the model 
plant Arabidopsis thaliana 20. Finally, geosmin is a great example of the 
functional diversity of these complex molecules, but also of the intricate 
interkingdom interactions they facilitate. The molecule, responsible for the 
“after-rain soil” smell, was shown to act as an attractant for arthropods. These 
feed on the spores of the producing bacteria, and thus become a vehicle for 
spore dispersal both through excretion and by dispersing spores stuck to the 
arthropod’s cuticle 21. By producing a complex chemical mediator, these 
bacteria are essentially calling themselves an arthropod taxi. 
 
All these highly complex and specific interactions are enabled by the structural 
diversity and complexity of the employed molecules. These molecules, 
referred to as specialized metabolites, are the cornerstone of intricate 
interspecies interactions.  
 

SPECIALIZED METABOLITES  
 
All essential building blocks for an organism’s basic biological functions, such 
as amino acids or nucleotides, are products of its primary metabolism 22. In 
contrast, specialized metabolites, commonly also referred to as secondary 
metabolites or natural products, are complex metabolites not directly essential 
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for basic biological functions such as growth and replication 23. However, 
specialized metabolites allow species to adapt and persist in competitive 
ecological niches and can hence indirectly be very important for a species' 
survival in a given environment.  
 
Specialized metabolites have been used by humans for thousands of years, as 
they are the active ingredients in most plant extracts 24,25. In fact, this Ph.D. 
project was only made possible through the powerful contributions of 
caffeine, a potent specialized metabolite produced by plants of the genus 
Caffea. Other popular examples include the specialized metabolites produced 
by hops, giving beers their complex flavors, or those produced by species of 
the genus Cannabis, which have been used for thousands of years for 
recreational and medicinal purposes 26.  
 

 
Figure 1: Examples of specialized metabolites, their applications, structures, and 
compound classes. Specialized metabolites can display an astonishing structural diversity, 
which results in a wide range of complex bioactivities. All shown specialized metabolites are 
marked with their compound classes, and it must be highlighted that specialized metabolites 
can fall into many more compound classes. Compounds with applications besides 
antibiotics, anticancerous, and agricultural agents, are used for example as vaccine 
adjuvants and cosmetic ingredients (Squalene) 27, analgesics (morphine), or anti-diabetic 
drugs (acarbose) 28.  
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In bacteria, the genetic information needed to produce these specialized 
metabolites is typically encoded in genes clustered together in biosynthetic 
gene clusters (BGCs) 29. BGCs are made up of biosynthetic and accessory genes, 
encoding tailoring enzymes, transporters, or self-resistance mechanisms 
(Fig. 2). The biosynthetic enzymes responsible for the production of the 
molecular scaffolds are among the most fascinating and complex enzymatic 
machineries known 30,31. Common classes of compounds produced from BGCs 
include polyketides 30,32, nonribosomal peptides 33,34, or terpenes 35,36.  
 
 

 
Figure 2: Overview of the workflow from genomic DNA to functional annotation of 
biosynthetic gene clusters. A. Genomic DNA from isolates or metagenomic samples is 
isolated and sequenced using next-generation sequencing technologies such as Illumina or 
Oxford Nanopore sequencing. The genomes are subsequently assembled and annotated, 
assigning specific DNA sequences (putative) functions and products. B. Annotated genomes 
can subsequently be mined for biosynthetic gene clusters using software such as 
antiSMASH 50. Biosynthetic gene clusters typically consist of biosynthetic enzymes, 
transporters for the export of the product, regulators controlling the expression of the 
respective genes, and tailoring enzymes, which can install additional modifications on the 
compound scaffold. 
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Especially polyketide and nonribosomal peptide synthases are well known for 
their modular structure and biosynthetic logic, and therefore often referred to 
as biosynthetic assembly lines 30,34. In addition to biosynthetic genes, BGCs 
typically also encode for regulators controlling the lower BGC-specific levels 
of regulatory cascades 37. Following the advent of next-generation sequencing 
and the ability to sequence even complex organisms 38–40, the clustered 
organization of most specialized metabolite pathways, as well as the modular 
assembly-line logic of many, has allowed comprehensive bioinformatic 
analysis of diversity, distribution, and novelty of BGCs 41–45. Tools like 
antiSMASH for BGC prediction 46, MIBiG, a database of experimentally 
validated BGCs 29, BiG-SCAPE and CORASON for exploring BGC diversity 47, or 
the antibiotic target seeker ARTS 48, have since become standard tools. The 
increasing number of sequenced microbial genomes, together with 
sophisticated computational tools, has since helped to revitalize the 
investigation of specialized metabolites from natural origins as potential drug 
candidates 49. Performing bioinformatic analysis at large scale further allows 
to direct experimental work toward species or ecological niches with large 
untapped biosynthetic potential. One extensive bioinformatic analysis 
performed by Gavriilidou et al. in 2022 on around 170,000 bacterial genomes 
and 47,000 metagenome assembled genomes, identified members of the genus 
Streptomyces to encode the largest biosynthetic diversity by far 41. As it turns 
out, Streptomyces are Nature’s greatest chemists.  
 

STREPTOMYCES: NATURE’S GREATEST CHEMISTS 
 
Streptomyces are members of the phylum Actinomycetota (formerly 
Actinobacteria). The name, loosely translating to “twisted fungus”, was 
originally given in confusion over the correct classification as filamentous 
fungal or bacterial species 51. However, Streptomyces are Gram-positive, 
aerobe, non-motile, and primarily soil-dwelling bacteria 52,53. This clash of 
bacterial and seemingly fungal features already hints at the complex biology 
of these fascinating bacteria.  
 
Their most striking feature is the filamentous lifestyle (Fig. 3). Starting from 
single germinated spores, substrate mycelium is formed. In the next phase, 
aerial hyphae start to develop, which expand to form reproductive aerial 
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mycelium, which gives Streptomyces their intriguing phenotypes 54,55. 
Specialized metabolites, especially antibiotics, are primarily produced during 
the formation of aerial mycelium. During this phase, streptomycetes undergo 
programmed cell death of the vegetative mycelium to provide substrates for 
the formation of the aerial mycelium. Classically, it has been hypothesized that 
antibiotics are produced during this stage of the life cycle to fend off motile 
competitors from feeding on this nutrient pool 54,56,57. 
 
During the following phase, chromosome segregation and cell septation 
premediate spore maturation. Once these are fully matured, they can be 
dispersed to complete the life cycle 54,55. Unlike textbook unicellular bacteria, 
Streptomyces do not replicate through fission, that is the division of one 
parental cell into two daughter cells. Instead, Streptomyces grow through tip 
extension and branching of their hyphae 53,58.  
 
Another striking feature of Streptomyces is their large linear chromosomes 
(Fig. 3C). These are typically between 6 and 12 Mb in size, have a high GC 
content of around 72 %, and feature on average around 30 BGCs 59,60. Another 
feature of Streptomyces genomes is their high plasticity, with extensive 
deletions and rearrangements being rather common 61. 
 
Given their incredible biosynthetic potential, Streptomyces are extensively 
studied and screened for bioactive compounds. This started with the discovery 
of the antibiotic streptomycin from Streptomyces griseus in 1944 by Selman 
Waksman, Albert Schatz, and Elizabeth Bugie 62, a discovery that would lead to 
a Nobel Price for Selman Waksman in 1952. During the following “Golden Age” 
of antibiotic discovery, Streptomyces, along with other Actinobacteria as well as 
fungal species, were extensively screened for new antibiotics, leading to a 
wave of new compounds entering the clinics 63–65.  
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Figure 3: Schematic overview of the life cycle, growth characteristics, and genome 
organization of streptomycetes. A. The life cycle of streptomycetes. Starting from a single 
spore, complex colonies form through spore germination and the formation of substrate and 
aerial mycelium. Following chromosome segregation and septation, spores mature and are 
finally dispersed, closing the life cycle. Figure adapted from Barka et. al 54. B. Growth 
characteristics of streptomycetes. Growth of streptomycetes is characterized not by fission, 
but by filamentous growth along hyphae. These grow through branching and tip extension, 
accompanied by migration of the nucleoids. Figure adapted from Flärdh 58. C. Streptomycetes 
have a linear chromosome with terminally inverted repeats. The majority of BGCs are 
present on the chromosomal arms, and essential genes are concentrated in the core region. 
Chromosome instability increases towards the termini. 

 
Following the sequencing of the first whole genomes of Streptomyces in the 
early 2000s, namely Streptomyces coelicolor A3(2) 66, Streptomyces avermitilis 67, 
and Streptomyces griseus 68, it became apparent that despite decades of research 
and screening, a majority of the biosynthetic potential of streptomycetes had 
not yet been explored. For all analyzed species a large number of BGCs was 
identified, surpassing that of identified specialized metabolites from these 
species significantly 69. This large untapped biosynthetic potential has since 
revitalized the search for novel bioactive compounds from natural sources 49. 
But why, despite decades of research, has so much of the biosynthetic potential 
of streptomycetes remained unexplored?  
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BREAKING THROUGH THE BARRIER OF ECOLOGICAL 
CONTEXT LOSS 
 
Historically, strains were isolated from diverse environments by growing 
samples on complex media and picking individual colonies for propagation 
and analysis. This sampling approach has resulted in strain collections of 
incredible size and diversity. It is estimated that up to 20 million isolates were 
analyzed for readily produced specialized metabolites between 1950 and 
2000 23. To screen for new bioactive compounds, isolates were typically 
cultivated under few conditions and screened for bioactivity against target 
strains 23. While this approach initially yielded many clinically used antibiotics, 
it managed to capture only a fraction of the existing biosynthetic diversity. This 
was mainly due to the inability to culture the majority of species 63, and due to 
what I will refer to as the barrier of ecological context loss.  
 
Isolated species are sampled from highly complex ecological contexts in terms 
of abiotic and biotic parameters. These environments represent complex 
microbial consortia, with intricate interspecies interactions shaping these 
ecological niches. Here, the expression of BGCs for the production of 
specialized metabolites is tightly controlled and activated by specific 
environmental triggers. Upon sampling, isolates are usually cultivated in the 
laboratory in monocultures in complex media that do not mimic the natural 
environment. In this context, most environmental triggers are absent, leading 
to BGCs remaining unexpressed, so-called silent BGCs 69. During the golden 
age of antibiotic discovery, which started decades before the development of 
recombinant DNA technology or next-generation sequencing, variations in 
culture conditions and untargeted mutagenesis were among the only tools 
available to access a broader breadth of the biosynthetic potential of 
Streptomyces species. But how can we access the so far inaccessible 
biosynthetic potential of streptomycetes under laboratory conditions, almost 
80 years after the discovery of streptomycin?  
 
Accessing the Biosynthetic Potential of Streptomycetes 
 
The ultimate problem towards accessing more of the biosynthetic potential of 
streptomycetes can be described as a challenge to overcome the often very 
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tight and complex transcriptional regulation controlling the expression of 
BGCs (Fig. 4). While advances in metabolomics have allowed the identification 
and characterization of previously undetectable compounds produced in very 
low amounts, most BGCs remain virtually silent until today, either because 
they are not expressed, or because the product titers are below the level of 
detection.  
 
Given the low dimensionality of most cultivation setups, one simple way to 
activate more BGCs is to systematically diversify the culturing conditions. This 
approach has been termed ‘One Strain Many Compounds’ (OSMAC) and relies 
on the alteration of parameters such as media composition, aeration, 
cultivation vessels, pH, or temperature, to activate the production of 
previously cryptic specialized metabolites 70. While this approach allows the 
identification of a much higher number of compounds from individual strains, 
the scalability of this approach is certainly limited. Another widely used 
method is elicitor screening. Here, libraries of small molecules are screened 
for their ability to activate silent BGCs 71. However, both OSMAC and elicitor 
screening represent untargeted approaches, with no control over which BGCs 
are activated.  
 
The ever-increasing number of whole genome sequences of Streptomyces 
species allows extensive characterizations and in silico predictions with regard 
to the potential novelty of compounds produced from silent biosynthetic gene 
clusters. Therefore, targeted approaches have become increasingly popular.  
 
These were made possible by the development of recombinant DNA 
technology in the 1970s, which opened up the possibility to directly engineer 
strains of interest. This can mean both the wild isolates, as well as heterologous 
expression hosts. Important advancements for genetic engineering of 
Streptomyces were for example the establishment of plasmid vector 
systems 72,73, the characterization of promoters 74, or the development of 
efficient conjugation methods 75,76. Cloning of bacterial artificial chromosome 
(BAC) libraries is a classical (semi-)targeted method and allows the capturing 
of large chromosomal fragments, including entire BGCs 77. These can then be 
transferred to other, well-characterized and established Streptomyces hosts, 
such as S. coelicolor or S. albus, for heterologous expression 78–80.  
 



Chapter 1 ½ The Dawn of Synthetic Biology Powered Exploration of Nature’s Biosynthetic Potential 

 

12 

 
Figure 4: The challenge of ecological context loss for exploration of the biosynthetic 
potential of streptomycetes. Strains isolated from soil are usually isolated from highly 
complex environments, shaped by a diverse array of biotic and abiotic parameters. On top of 
that, many ecological niches are characterized by intricate interspecies interaction across 
the tree of life. Upon cultivation of isolates in the laboratory, normally done in monocultures, 
most BGCs remain silent due to the absence of environmental triggers normally controlling 
the expression of the respective biosynthetic gene clusters. Within the laboratory context, 
several methods can be deployed alone or in combination, to overcome the barrier of 
ecological context loss and to activate silent biosynthetic gene clusters. 
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Unfortunately, obtaining and verifying BACs is not only tedious and time-
consuming, but their expression in heterologous hosts is often plagued by low 
or no expression of the encoded BGCs. This can be due to necessary higher-
level regulators missing in the heterologous host, repressors on the BAC that 
are transferred as well, or missing precursors the heterologous host cannot 
provide. Nonetheless, by randomly trying different heterologous hosts, the 
expression of entire BACs has been shown to lead to the activation of silent 
BGCs and the identification of the corresponding products in many cases 81,82.  
 
Advancements in genetic engineering tools have since enabled entirely new 
possibilities to access the hidden biosynthetic potential of streptomycetes, 
such as refactoring of entire BGCs, promoter knock-in, or inactivation of 
repressor genes 69,83,84. Direct engineering of native producers and 
heterologous hosts thus represents the only targeted approach, which allows 
not only activation of BGCs but also pathway elucidation and modification. 
However, most classical engineering methods in streptomycetes take 
substantial time, require ordered cosmid, fosmid, or BAC libraries, and remain 
very tedious, with experimental timeframes easily stretching over several 
months. Therefore, tools that would allow highly precise and high throughput 
engineering of domesticated as well as previously genetically inaccessible 
streptomycetes were urgently needed. In 2012, such a tool published in the 
journal Science would usher in a new era, not just for streptomycetes, but for 
life science in general.  
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CRISPR: A NEW ERA 
 
In 2012, a team of scientists led by Jennifer Doudna and Emmanuel 
Charpentier published a paper titled “A Programmable Dual-RNA–Guided 
DNA Endonuclease in Adaptive Bacterial Immunity” 85, work which just ten 
years later would win Doudna and Charpentier the Nobel Prize in chemistry. 
Their paper described for the first time how a bacterial adaptive “immune 
system” called CRISPR-Cas could be reprogrammed to cut and edit any DNA 
sequence. In the almost 11 years since, CRISPR-Cas has revolutionized 
biomedical research, diagnostics, strain engineering, treatments for inherited 
diseases, and crop breeding, to name just a few application areas. 
 
The term CRISPR was first coined by Francisco Mojica in 2001 and stands for 
Clustered Regularly Interspaced Short Palindromic Repeats 86,87. The first 
observations of CRISPR sequences were made as early as 1987 88, but their 
functions remained unknown until 2003, when Mojica identified CRISPR-Cas 
as an adaptive bacterial “immune system”, results that were published in 
2005 89. In 2002, Ruud Jansen also coined the term “CRISPR-associated” 
genes/enzymes, or Cas, together making up CRISPR-Cas. But how does 
CRISPR-Cas work and why has it become such a game changer?  
 
Viruses are the most abundant biological entity on Earth, and those attacking 
bacteria are called bacteriophages. Bacteria and bacteriophages have been 
battling each other for billions of years 90,91. It is therefore not surprising that 
complicated systems evolved to provide an edge over the respective foe. 
CRISPR-Cas is such a system that allows bacteria (and archaea) to fight off 
invading bacteriophages.  
 
By storing genetic sequences from attacking bacteriophages, bacteria can keep 
a genetic memory, so-called protospacers, in their CRISPR locus. By using the 
stored memory as a guide, bacteria can fight off the same bacteriophages in 
the future by using the Cas enzymes to cut and destroy the genetic material of 
the invading bacteriophage (Fig. 5). To target a sequence, a protospacer 
adjacent motif (PAM) must be present, e.g. NGG for Cas9 85. These PAM motifs 
enable the scanning of long DNA sequences for potential target sequences and 
play an important role in activation of the catalytic activity of the Cas 
enzyme 92. 
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Figure 5: Overview of the natural function of CRISPR-Cas and its application for genome 
engineering. A. Bacteria and phages are in a constant battle. Without defense systems such 
as CRISPR, bacteria are infected by phages, which use the hosts' machinery for propagation, 
which finally results in lysis of the host cell. Using CRISPR, bacteria can store a genetic 
snippet of the phage DNA, called the protospacer, in their CRISPR locus, and use it to guide 
CRISPR effectors such as Cas9 to cut the invading phage DNA. B. Type I CRISPR systems 
require multiple CRISPR effectors to recruit the crRNA and to bind and cut the target 
sequence. This complex is called CASCADE. The hallmark effector of type I systems, Cas3, 
furthermore is of processive nature and starts degrading the DNA usually in a directional 
matter after introduction of a double-strand break. Type II CRISPR systems, such as Cas9, 
require only a single effector to bind and cut the target sequence. For genome engineering, 
double-strand breaks can be either repaired through non-homologous end joining, 
frequently resulting in random integrations and deletions (indels), or through homology-
directed repair utilizing a repair template. 

 
Utilizing this find-and-cut mechanism, Doudna and Charpentier showed that 
by providing rationally designed protospacers, this machinery could be 
reprogrammed to target any DNA sequence and hence be potentially applied 
for genome engineering. Furthermore, it was demonstrated that a synthetic 
chimera of the CRISPR RNA (crRNA), which carries the protospacer sequence, 
and the trans-activating crRNA (tracrRNA), the two RNA molecules making up 
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the guiding complex, could be used to direct the Cas complex, and was referred 
to as single guide RNA (sgRNA).  
 
CRISPR systems are classified based on their structures, functional 
components, and mechanisms, and the associated Cas genes are usually 
simply numbered. In type II CRISPR systems, only a single Cas protein is 
needed to recruit the crRNA:tracrRNA or sgRNA, and cut the target sequence. 
All the ground-breaking experiments by Doudna and Charpentier were carried 
out using the CRISPR-Cas9 system from Streptococcus pyogenes, the most 
prominent member of type II CRISPR systems, and the most widely used 
CRISPR system in general. In contrast, in type I CRISPR systems, instead of a 
single Cas protein, a so-called CASCADE made up of several effectors facilitates 
the processing, recruiting, and targeting of the target locus. The hallmark 
nuclease in type I systems, Cas3, usually is of processive nature and starts 
degrading the DNA in a directional manner after the introduction of a double-
strand break (DSB) 93,94. In recent years ever-increasing numbers of new 
CRISPR systems and effectors have been identified, characterized, and utilized 
for genome engineering, and several reviews have summarized these 
advances in great detail 95,96.  
 
Based on the mechanisms of CRISPR systems, a plethora of genome 
engineering approaches were developed. Classically, CRISPR-Cas9 (or a 
CRISPR-CASCADE) can be directed to introduce a DSB at a specific locus in the 
genome, which the cell can then either repair through non-homologous end 
joining (NHEJ) or homology-directed repair (HDR) (Fig. 5B). By providing a 
repair template made up from flanking homologous sequences from the 
genome and potentially additional modification, instructions for how to repair 
the DSB can be given to the cell, enabling site-directed genome engineering. 
Without a repair template, the cell is forced to either repair the double-strand 
break through NHEJ, usually resulting in integrations or deletions of small 
sequences (indels), or cell death in the absence of a NHEJ pathway 97,98.  
 
CRISPR-Cas9 has since been turned into an incredibly versatile platform on top 
of which new genome engineering tools can be developed. By inactivating the 
two nuclease domains of Cas9, RuvC and HNH, with single amino acid 
mutations (D10A and H840A), Cas9 was turned into a catalytically dead 
nuclease. This mutated enzyme, referred to as dCas9, can still recruit sgRNAs 



Chapter 1 ½ The Dawn of Synthetic Biology Powered Exploration of Nature’s Biosynthetic Potential 

 

17 

and target the target locus, but will not cut DNA. This allows dCas9 to be used 
to block the transcription of a target gene by sterically blocking the RNA 
polymerase, a method referred to as CRISPR interference 99. Furthermore, 
proteins such as transcriptional activators can be guided to a specific target 
locus by fusing them to dCas9 100,101. 
 
Innovative technologies out of the David Liu Lab at the Broad Institute of 
Harvard University and the Massachusetts Institute of Technology took this 
approach even one step further. Combining a nicking Cas9, that is a Cas9 
version with only one inactivated nuclease domain, and fusing it to a cytosine 
deaminase or an evolved adenosine deaminase, the team created base 
editors 102,103. These allow the modification of single nucleotides within a 
specific editing window, without the introduction of potentially detrimental 
DSBs. A similar approach was used for the establishment of Prime editing, 
which utilizes a reverse transcriptase fused to a nicking Cas9 to enable 
modification or introduction of longer sequences without the need for DSBs 104. 
These tools far surpass the capabilities of classical tools, and have since 
opened up entirely new possibilities for engineering of cellular systems.  
 

THE DAWN OF SYNTHETIC BIOLOGY POWERED EXPLORATION 
OF NATURE’S BIOSYNTHETIC POTENTIAL 
 
The last two decades have seen incredible advances in the field of synthetic 
biology, largely driven by enormous technological leaps. Synthetic biology 
describes a methodology rooted in the view of biology as an engineering 
discipline 105. As such, synthetic biology relies heavily on standardization in the 
form of well-characterized genetic parts and modules, experimental 
workflows centered around iterations of the Design-Build-Test-Learn (DBTL) 
cycle, and the use of these methods and tools for forward engineering of 
cellular systems 106. Synthetic biology has resulted in remarkable 
achievements in model organisms such as Escherichia coli and Saccharomyces 
cerevisiae 107–110. However, despite a strong tradition of microbiology and 
molecular biology, widespread adaptation of synthetic biology methodologies 
has been very slow within the Streptomyces community, and synthetic biology 
applications in Streptomyces remain sparse. Still, the few applications using 
methodologies of synthetic biology in Streptomyces, especially modular designs 
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based on standardized parts and the DBTL cycle, demonstrated great 
promise 84,111–113. More importantly, most enabling technologies of synthetic 
biology were first developed for and demonstrated in well-established and 
domesticated organisms such as E. coli and S. cerevisiae. The slow modification 
and adoption of these tools and technologies for complex Streptomyces species, 
as well as the trend to work with strain collections instead of single species, 
has delayed the widespread adoption of synthetic biology methodologies for 
Streptomyces research.  
 
 

 
Figure 6: The innovation gap of Streptomyces metabolic engineering. The highest 
throughput of strain engineering experiments can be achieved by combining the engineering 
tools allowing the highest number of perturbations and variations with the appropriate 
readout technologies. Approximations for the highest number of variants for each tool and 
technology are shown. While BAC cloning and transfer is not a classical technique, it is of 
great importance for Streptomyces research and was therefore added to the plot. The 
underlying numbers for BACs are based on Libis et al. 112. For model organisms, both the 
engineering tools and readout technologies were established allowing high throughput 
experiments. For Streptomyces, most experiments rely on both low throughput engineering 
and readout experiments, as indicated by the blue rectangle. Higher content experiments 
would be possible (indicated by the lower dashed line) but still fall short of the possibilities 
in model organisms. This reveals a large innovation gap for metabolic engineering of 
Streptomyces. The numbers in the figure were adapted from Yilmaz et al. 114. 
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Arguably the biggest bottleneck however remains the inability to engineer 
Streptomyces and their pathways at scale. Their slow growth results in slow 
iterations of the DBTL cycle, and the filamentous growth hampers widespread 
adoption of automated workflows. Therefore, engineering tools that enable 
highly efficient, high content or multiplexed engineering of Streptomyces 
species are urgently needed (Fig. 6). As the discrepancy between engineering 
capabilities, readout technologies, and the number of computationally 
identified BGCs keeps growing, our limited engineering capabilities are 
increasingly turning into the major bottleneck.  
 
Once such engineering tools are established for Streptomyces and synthetic 
biology methodologies are applied, the combination of the incredible 
advances in sequencing and synthesis of DNA, computational tools, analytical 
and screening methods, automation, cultivation setups, and most importantly, 
our ability to edit DNA at scale and with unprecedented efficiency, even in 
previously inaccessible strains, will usher in a new era for specialized 
metabolite discovery.  
 
This will come just in time, as the antimicrobial resistance crisis threatens the 
foundations of modern medicine 115–117, as climate change exacerbates the 
spread of fungal infections 118, as agriculture faces increased pressure to move 
towards biobased & sustainable solutions 119,120, as the increased risk for future 
pandemics requires novel antivirals 121,122, and as biobased production of 
complex chemicals becomes increasingly necessary 123. If we can develop and 
establish the technologies needed, and deploy them at scale, nature’s large 
untapped biosynthetic potential will be a hoard full of solutions to many of 
these problems.  
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ABSTRACT 
 
Streptomycetes are producers of a wide range of specialized metabolites of 
great medicinal and industrial importance, such as antibiotics, antifungals, or 
pesticides. Having been the drivers of the golden age of antibiotics in the 50s 
and 60s, technological advancements over the last two decades have revealed 
that very little of their biosynthetic potential has been exploited so far. Given 
the great need for new antibiotics due to the emerging antimicrobial resistance 
crisis, as well as the urgent need for sustainable biobased production of 
complex molecules, there is a great renewed interest in exploring and 
engineering the biosynthetic potential of streptomycetes. Here, we describe 
the Design-Build-Test-Learn cycle for metabolic engineering experiments in 
streptomycetes and how it can be used for the discovery and production of 
novel specialized metabolites.   
 
 

SUMMARY POINTS 
• Streptomycetes are prolific producers of complex specialized 

metabolites with great importance for modern society 
• Their biosynthetic space has not yet been fully explored and exploited, 

as revealed by recent technological advancements 
• Here, we described the most important technologies and methods of the 

synthetic biology Design-Build-Test-Learn cycle in streptomycetes 
• In the future, tight integration of the described technologies and 

methods with laboratory automation is likely to rapidly increase the 
number of newly discovered bioactive compounds and Streptomyces cell-
factories 
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INTRODUCTION 
 
Streptomyces are ubiquitous Gram positive bacteria that produce a broad 
diversity of specialized metabolites (also referred to as natural products or 
secondary metabolites) which are widely used as antibiotic, antifungal, anti-
cancer, and immunosuppressant drugs, or pesticides, and herbicides [1]. 
Members of this genus are slow-growing, filamentous organisms with a 
complex life cycle including spore germination, vegetative and aerial hyphae 
formation, and spore maturation [2]. Their genomes are rich in G+C and 
organized in linear chromosomes often displaying genomic instability. The 
functions required for the production of specialized metabolites, including 
biosynthesis, regulation, transport, and self-resistance, are encoded in genes 
that are usually found clustered in the genome, and consequently referred to 
as biosynthetic gene clusters (BGCs) [3]. 
 
The emerging antimicrobial resistance (AMR) crisis has revitalized the natural 
products discovery field, propelled by recent technological advances such as 
next generation sequencing and sophisticated genome mining. Since the 
golden age of antibiotics in the 60s and 70s, the antibiotics development 
pipeline has slowly dried out, resulting in a critical discovery void [4]. Analysis 
of the first whole genome sequences (WGS) from streptomycetes in the early 
2000s revealed that their biosynthetic potential remained largely 
underexplored [5,6]. Traditional chemical screening approaches were 
insufficient to capture the entire potential, as only a small fraction of the BGCs 
are readily expressed under standard laboratory conditions [7]. 
 
Therefore, much of the engineering efforts are focused on pathway activation, 
elucidation, and linking compounds to BGCs and vice versa. Further 
developments that have revitalized the natural products discovery field are 
advances in synthetic biology, gene synthesis, advanced cultivation, 
automation and co-Adaptive Laboratory Evolution setups [8–12].  Other widely 
used methods to induce or optimize the expression of silent or poorly 
expressed known BGCs are media optimization [13]  and elicitor screening [12]. 
These methods are relatively simple to implement as they do not require 
genetic manipulation of the native producer strains. However, to access the 
vast biosynthetic repertoire found in ever growing genomic databases without 
dependence on strain collections, or from earth's microbiomes [14] for which 
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isolates might not even  be available, natural product research largely relies 
upon synthetic biology approaches. 
 
The Design-Build-Test-Learn (DBTL) cycle is a key concept of synthetic biology 
borrowed from traditional engineering disciplines. By repeated iteration of the 
DBTL cycle, initial designs can be improved until the desired outcome or 
phenotype is achieved. So far, the synthetic biology DBTL cycle has been 
successfully applied in a number of important industrial microorganisms [15–
18]. Furthermore, an increasing number of commercial and non-commercial 
biofoundries are being established based on the DBTL cycle coupled with 
extensive laboratory automation [19] . 
 
In this review, we describe the DBTL cycle for metabolic engineering of 
streptomycetes with a focus on its application to discovery and production of 
novel specialized metabolites as well as the refactoring of biosynthetic 
pathways. 
 

THE DESIGN-TEST-BUILD-LEARN CYCLE 
 
The DBTL cycle (Figure 1) starts with the Design stage, in which the 
engineering target is defined and translated into cellular designs. This stage 
involves genome mining for bioparts and genome-scale metabolic model 
(GEM) analysis for strain engineering. In the Build stage, the cellular designs 
are implemented by engineering the target strains and pathways to obtain the 
desired output. During the Test stage, the performance of the prototypes is 
evaluated, typically using omics, biosensors and bioactivity screenings. In the 
Learn stage, the collected data are analysed, compared to the expected 
outcomes, and used to refine the cellular design for the next iteration. While 
the cycle is conceptually separated into four stages, in practice assignment of 
certain steps to a single stage is not always possible, and overlaps and sub 
iterations between different stages are common. 
 
The Design Stage 
 
The Design stage starts by defining the engineering goal. For streptomycetes, 
the goal usually is (over)production of a specialized metabolite, pathway 
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activation and elucidation, production of derivatives, or construction of de 
novo pathways and assembly lines (Figure 2). Based on the engineering goal, 
bioinformatic analysis and models are used to identify engineering targets in 
native or host strains and to mine for required parts. The Design stage also 
involves planning the later stages and designing the required experiments. 
Importantly, considerations about the amount and kind of data that will be 
gathered and how it will be analyzed need to be taken into account, e.g. 
through Design of Experiments [20].  The Design stage heavily relies on 
computational tools for parts mining, metabolic model analysis, pathway 
prediction and optimization, as well as for modelling gene cloning, genome 
editing and pathway assembly strategies [21–24]. 
 

 
Figure 1: Overview of the DBTL-cycle for metabolic engineering of streptomycetes. The 
cycle starts with the Design stage and continues until the Learn stage, where bottlenecks and 
potential improvements are identified and subsequently used as the basis for the next 
iteration of the cycle.  

 
The rapidly decreasing cost and increasing throughput of next generation 
sequencing has resulted in an ever growing number of available high quality 
streptomycete genomes (there are 2138 draft and complete genomes in the 
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RefSeq database as of Feb. 9, 2021) that can be mined for BGCs and parts using 
tools such as antiSMASH [25] and PRISM 4 [26], and databases such as MIBiG 
[22], IMG-ABC [27], and Streptome DB [28]. The antiSMASH database contains 
over 147.000 BGCs precomputed from over 25.000 unique species [29]. Both 
antiSMASH and the antiSMASH database link to entries in the MIBiG database, 
which contains curated BGCs with known function [30]. Many other tools for 
part identification and analysis are based on antiSMASH data, such as ARTS 
[31] or ClusterCAD, a database and web tool for molecular  design using type I 
modular polyketide synthase [32]. The large number of predicted BGCs 
available in public databases has further given rise to tools to analyze BGC 
diversity, hence adding another method to identify promising BGCs and parts 
(Table 1). Such tools and databases include BiG-SCAPE and CORASON 
[33],  BiG-SLiCE [34], and BiG-FAM [35].  
 
If the desired output of a DBTL cycle is production of a given specialized 
metabolite, four options are available after BGC selection: (i) direct alteration 
of the BGC in the producer strain, (ii) engineering of the producer strain, (iii) 
expression of the native BGC in a heterologous host, and (iv) heterologous 
expression of a refactored BGC. 
 
Over the years, streptomycete host strains for heterologous BGC expression 
have been developed by deletion of the native BGCs and introduction of 
mutations known to favor production of antibiotics [36]. These strains have low 
endogenous metabolic background, high precursor pools for production of 
target compounds, genomic stability, fast and dispersed growth, and are easy 
to engineer with established methods (Table 1) [36,37]. Commonly used 
engineered hosts include derivatives of S. coelicolor A3(2) [38,39], S. albus J1074 
[40,41], as well as S. lividans [42,43], S. venezuelae [44–46], and S. avermitilis 
strains [47,48]. Like S. avermitilis, S. fradiae, S. ambofaciens, and S. roseosporus 
are important industrial producer strains of polyketide compounds and non-
ribosomal peptides [49,50]. Therefore, engineering these strains into 
production hosts for heterologous BGC expression, as well as for 
combinatorial biosynthesis, has also proved promising [51,52] 
 
Given that the potential biosynthetic space of streptomycetes can be directly 
explored using genome mining tools, genome-scale metabolic models (GEMs) 
represent a promising tool for the design of metabolic engineering 
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experiments in streptomycetes. GEMs can be used to predict strain 
engineering targets through constraint-based flux analysis and have been 
applied to multiple important industrial microorganisms [53].  In recent years, 
an increasing number of streptomycete GEMs were constructed (Table 1) [54], 
including for model strains such as S. coelicolor  [55] and S. lividans [56], and for 
some non-model streptomycetes [57–59]. GEMs can be used for a wide range 
of predictions for metabolic engineering, summarized comprehensively by 
Kim et al. [53]. For host engineering, a typical strategy is to enforce the flux 
into the target pathway by overexpression of precursor pathways and by 
blocking flux into competing pathways. This can be predicted in silico using 
GEMs with tools such as OptKnock and OptFlux [60,61]. 
 
Other omics, such as transcriptomics, translatomics, interactomics, 
proteomics, and metabolomics can also provide valuable insights for synthetic 
biology experiments, as summarized extensively by Lee et al. [62], and can 
help in the identification of engineering targets for production of specialized 
metabolites [63]. In recent years, an increasing amount of omics data for 
streptomycetes has been published, further fueling systems biology-based 
insights and engineering approaches [62,64–67]. 
 

Table 1: A selection of commonly used resources for the Design stage. 

Tool/Resource/Database Description Reference 

BGC prediction / Parts Mining: 

antiSMASH  Tool for identification, annotation and analysis of biosynthetic gene 
clusters. Interlinks with many other bioinformatic tools such as the 
antiSMASH or MIBiG databases 

[25] 

antiSMASH database Database with approximately 147.000 putative BGCs precomputed 
from over 25.000 unique species 

[29] 

MIBiG database Database containing approximately 2000 manually curated BGCs [30] 

ClusterCAD Webtool and database to guide combinatorial biosynthesis of type I 
polyketide synthases 

[32] 

BiG-SCAPE / CORASON Tools for the analysis and exploration of BGC diversity through 
clustering based on sequence similarity networks and definition of 
gene cluster families 

[33] 
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BiG-SLiCE Tool for clustering and grouping into gene cluster families of massive 
numbers of BGCs 

[34] 

BiG-FAM Database containing information on approximately 30.000 gene 
cluster families computed from over 1.2 million BGCs 

[35] 

Genome Scale Metabolic Models 

Streptomyces coelicolor 
iKS1317 

GEM including 1317 genes, 2119 reactions, and 1581 metabolites [55] 

Streptomyces lividans 
iJV710 and iJV1220 

Based on earlier models for S. lividans ( iIL708 and web-published 
model from SurreyFBA),and integration of more recent data for S. 
coelicolor (iMK1208). iJV1220 includes 1220 genes, 1446 reactions, and 
1867 metabolites  

[56] 

Streptomyces clavuligerus 
iLT1021 

GEM including 1021 genes, 1494 reactions and 1360 metabolites [57] 

Streptomyces tsukubaensis 
NRRL 18488 

Initial GEM integrated 865 reactions and 621 metabolites, and was 
later updated by integration of 199 additional reactions.  

[58,59] 

Computational Design Tools 

RetroPATH 2.0 Workflow for automated retrobiosynthesis for identification of 
alternative biosynthetic route designs 

[68] 

ClusterCAD Web-based tool for retrosynthetic design of polyketide synthase 
design. It proposes  domain exchanges and bioparts given a small 
molecule target 

[27] 

GEM-Path Pathway prediction tool that combines searching the biochemical 
space, thermodynamic calculations, and feasibility analysis for each 
reaction by integration into a GEM. 

[69] 

PathPRED Tool for prediction of possible pathways leading to a target 
compound using data from the KEGG RPAIR database.  

[70] 

OptKnock Tool for identification of gene knockouts for overproduction of a 
target compound by decoupling growth and production.   

[61] 

OptFlux Modular software platform combining several existing methods, 
including identification of engineering targets, OptKnock, or 
phenotype predictions.  

[60] 

Fluxer Web based tool for computation, visualization, and analysis of 
genome scale metabolic model flux networks 

[71] 

CRISPy-web Automatic CRISPR protospacer prediction for Cas9 and C2C2/Cas12a, 
also supports predictions of protospacers suitable for base editing 

[21,72] 

J5 / DIVA  Device Editor A web-based tool, which automates the design of multipart DNA 
assembly protocols including SLIC, Gibson, CPEC, and Golden Gate 

[24,73] 
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Host Strains 

Streptomyces coelicolor 
M145, M1146, M1152, 
M1154 

S. coelicolor M145: Plasmid free S. coelicolor A3(2). Most, widely 
studied and used laboratory strain. 
S. coelicolor M1146: Deletion of the actinorhodin, undecylprodigiosin, 
Coelimycin P1, and the calcium-dependent antibiotic gene clusters 
S. coelicolor M1152: Derivative of S. coelicolor M1146 with insertion of 
antibiotic production enhancing mutation rpoB[C1298T] 
S. coelicolor M1154: S. coelicolor M1152 rpsL[A262G] 

[38,39] 

Streptomyces albus J1074 , 
DEL14, B4 

Streptomyces albus J1074: a tractable strain with a naturally small BGC 
repertoire  
S. albus Δpfk+Crp: engineered strain with a pfk deletion and 
expression of the global regulator crp gene from S. coelicolor  
S. albus DEL14: cluster-free S. albus J1074 with 15 deleted BGCs, 
resulting in a genome minimization by 500 kb 
S. albus B4: derivative of S. albus DEL14 with a total of four canonical 
attB integration sites 

[40,41,74] 

Streptomyces lividans  S lividans Tk24: A stable, plasmid-free strain derived from S. lividans 
1326 with low endogenous production of specialized metabolites that 
accepts methylated DNA 
S. lividans LJ1018: derivative of S. lividans SBT5 with a wblA deletion 
and integration of three global regulatory genes and two multi-drug 
efflux pump genes  
S. lividans ΔYA11: derivative of S. lividans TK24 with 11 deleted 
clusters (180 kb) and three attB sites 

[42,43,75] 

Streptomyces avermitilis S. avermitilis SUKA22: genome reduced derivative of the SAP2 
plasmid free S. avermitilis K139, with almost 20 % of the genome 
removed 

[47,48] 

Streptomyces venezuelae S. venezuelae has a doubling time below 1 h and grows dispersedly, 
making it a very interesting host. In recent years, great focus on cell 
free systems 

[44,46,76] 

 

The Build Stage 
  
During the Build stage, the cellular design is implemented by assembly of 
genetic constructs and engineering of the target strain. In biofoundries, many 
different construct versions can be easily assembled by means of 
automation. Production of specialized metabolites involves high metabolic 
costs and toxicity, and their biosynthesis is controlled by complex regulatory 
systems. Therefore, heterologous expression or activation of BGCs requires 
orthogonal regulatory elements that can be induced or that are constitutively 
expressed. 
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The most widely used promoters for BGC heterologous expression in 
Streptomyces are natural:  kasOp from the coelimycin P1 BGC in S. coelicolor [77], 
ermE*p from the erythromycin BGC in Saccharopolyspora erythraea [78], and 
SF14p from the i19 phage [79]. Early efforts to develop a broad range of 
promoters exploited some of these classic elements. kasOp was engineered to 
produce kasOp*, one of the strongest promoters known to date [80]. ermEp was 
used to generate conveniently short semisynthetic promoters (41 bp) [81]. In a 
similar fashion the promoter for ACTII-orf4, the actinorhodin positive 
regulator in S. coelicolor, was used to generate and select semisynthetic strong 
constitutive promoters [82]. 
 
The mining of transcriptomes for strongly expressed house-keeping genes 
represents an alternative approach to procure new promoters. This rather 
simple method has yielded strong constitutive promoters from S. coelicolor 
[83]  and S. albus. Promoters with 200-1300 % strength increase compared with 
ermE*p were identified in S. albus and shown to be functional in multiple 
streptomycetes [84]. This approach has the disadvantage that the DNA 
sequences obtained can be long (100s of bp) and are often not well 
characterized, but they are usually easy to PCR-amplify from common 
laboratory strains.  
 
Shorter, synthetic regulatory RBSs and promoters have been developed using 
selection systems for sequences with randomized  RBS, and bases flanking the 
-10 and -35 regions, as well as in the spacer region between them [85,86]. 
Recently, a panel of short constitutive and divergent promoters of various 
strengths has been obtained using this approach. Among them, A26 is the 
strongest promoter reported so far. Some of these promoters have been used 
to refactor and express the actinorhodin BGC in S. albus [87]. 
 
For inducible expression, classic systems such as the thiostrepton inducible 
tipA promoter are widely used, however these systems are not efficient and 
depend on toxic molecules. Expression systems that can be strictly controlled 
have been developed, such as the RolR-based Resorcinol inducible system 
from C. glutamicum, the Cumate inducible CymR system from Pseudomonas 
putida [88] and the tightly controlled xylose responsive XylR system from S. 
avermitilis, which has been successfully implemented in various Streptomyces 
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hosts [89]. Furthermore, theophylline-dependent riboswitches were 
successfully implemented in S. coelicolor for inducible gene expression [90].  
 
Given that BGCs usually include all genes required for biosynthesis of the 
corresponding specialized metabolite, cloning of entire BGCs is of great 
interest for heterologous expression. However, this is still challenging, due to 
the high G+C content, high sequence similarities, and the size, in many cases 
reaching over 100 kb. Therefore, several methods were developed for targeted 
and untargeted BGC cloning (Table 2), already comprehensively summarized 
elsewhere [91,92]. Selection of the right method is crucial and depends on the 
size and complexity of the BGC, whether refactoring is desired, and the host 
selection. Combining BGC cloning and heterologous expression frequently 
results in the detection of new BGC encoded compounds [93–96] 
 
The most common method for the stable introduction of heterologous BGCs in 
streptomycetes is the use of phage-derived serine integrases. An advantage of 
this strategy over CRISPR-Cas9 is that the latter is inefficient for manipulating 
large DNA fragments such as full BGCs [97]. In recent years, the integrase 
genetic toolkit has incorporated methods for multiplex integration of up to 
three loci using plasmids carrying orthogonal integrases [98]. Alternatively, a 
single locus can be integrated up to 4 times using a single plasmid with multiple 
orthogonal integrases [99] or five times by introducing multiple integration 
sites in the host strain for a single integrase [100].  Important considerations 
are the presence of integration sites, their location, and the fidelity of the 
integration. It has been shown that integrases can target pseudo sites [101] 
leading to off-target events and that some integration events may have negative 
effects, as in the case of PhiC31 mediated integration in S. ambofaciens, which 
targets the conserved pirA gene and causes significant changes in primary and 
secondary metabolism [102]. 
 
BGCs can be refactored in the native producer or for production in a 
heterologous host, typically either by engineering regulation, catalytic 
domains, or tailoring enzymes. A CRISPR-Cas9 mediated knock-in of the 
kasOp* was shown to be an efficient method for activation of silent BGCs in 
several streptomycetes [103]. Shao et al. successfully heterologously expressed 
the spectinabilin BGC using a set of heterologous promoters in a plug-and-play 
scaffold [104]. PCR and Gibson Assembly-based cloning and refactoring of a 
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streptophenazine BGC resulted in detection of over 100 streptophenazines 
upon expression in S. coelicolor M1146 [93]. Several comprehensive reviews 
cover the pathway refactoring workflow, available tools, as well as recent 
advances [105,106]. 
 
Engineering of streptomycetes benefited immensely from the development of 
CRISPR (Clustered regularly interspaced short palindromic repeats) tools for 
streptomycetes, enabling and simplifying an unprecedented level of 
engineering [107]. CRISPR-Cas9 was adapted by several groups for application 
in streptomycetes [108–111]. A nuclease deficient Cas9 further enables CRISPR 
interference experiments [109]. CRISPR-Cas9-based base editing systems were 
developed for streptomycetes, allowing double strand break-free editing of 
base pairs in single or multiplexed experiments [112]. Comprehensive 
protocols for these tools were recently published [113]. Besides CRISPR-Cas9, 
other nucleases have been utilized for genome engineering as well, such as 
Cpf1 (Cas12a) [114]. 
 
Fast and cheap methods to read and write DNA have been a major driver of 
synthetic biology. The applications of DNA synthesis for synthetic biology 
applications are manifold, ranging from synthesis of libraries, codon 
optimized genes, to synthesis of coding sequences for de novo designed 
proteins [115]. Given the high GC content of streptomycetes and the high 
number of repeats in biosynthetic genes, synthesis of large and complex genes 
for streptomycetes still remains challenging for many companies. Recent 
advances in enzymatic DNA synthesis are likely to allow synthesis of larger and 
more complex genes, possibly greatly benefiting synthetic biology in 
streptomycetes [116]. 
 
 
 
 
 
 
 
 



Chapter 2 ½ The Design-Build-Test-Learn Cycle for Metabolic Engineering of Streptomycetes 
 

41 

Table 2: Commonly used parts and methods used for the Build section.  

Parts/ Tools / Methods Description Reference 

Promoter 

ermE*p Promoter from S. erythraea. Was used for the construction of a panel 
of shorter semi-synthetic promoters 

[81] 

kasOp From S. coelicolor. Engineered derivative kasOp* represents one of 
the strongest constitutive promoters 

[80] 

tipAp Widely used thiostrepton inducible promoter from S. lividans [117] 

Synthetic promoters Short, synthetic elements of variable strength with randomized 
RBS, and bases flanking the -10 and -35 regions, as well as in the 
spacer region in between them  

[85,86] 

Transcriptomics-mined 
promoters 

Natural promoter elements located upstream of genes which 
transcriptional strength is assessed by transcriptomics 

[83,84] 

RolR RolR-based Resorcinol inducible system from C. glutamicum, 
reaches maximum expression when induced with 400nM of 
Resorcinol 

[88] 

CymR CymR-based inducible system from P. putida, responds linearly to 
induction with Cumate 

[88] 

XylR Tightly controlled XylR system from S. avermitilis, strictly repressed 
and induced by xylose  

[89] 

Integrases 

PhiC31, PhiBT, PhiVWB Most widely used serine integrases with broad host specificity, and 
conserved integration sites 

[102,118,119]  

Multiplexed integration 
of multiple plasmids 

Multiplexed conjugation and integration using three plasmids with 
orthogonal integrases PhiOZJ, PhiC31, and PhiBT1 

[98] 

Multicopy integration of 
the same plasmid 

MSGE: multiplexed site-specific genome engineering, requires 
introduction of multiple PhiC31 integration sites into the genome, 
integration of up to five copies 
aMSGE: advanced MSGE, integration of up to four plasmid copies 
using four different integrases 

[99,100] 

Cloning 

Cosmid / BAC libraries Method for cloning of complete BGCs. Average BAC sizes are often 
around 100 kb 

[120–124] 

DiPAC BGC cloning method based on long amplicon high fidelity PCR and 
Hifi DNA Assembly. Allows simultaneous refactoring and assembly 
into any vector. Suitable for BGCs of up to 55 kb 

[125] 
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TAR cloning Method utilizing high homologous recombination levels in S. 
cerevisiae for cloning of up to 300 kb. Efficiencies can be improved 
by pretreatment with CRISPR-Cas9 

[126,127] 

LLHR/RecE Highly efficient linear-linear homologous recombination mediated 
by full-length RecE and RecT. For BGCs of up to 52 kb.  

[128] 

ExoCET LLHR/RecE-based cloning which additionally utilizes the 3’ 
exonuclease activity of T4 polymerase. For BGCs of up to 100 kb 

[129] 

CATCH Cloning of fragments of up to 100 kb by targeted in-gel in vitro Cas9 
digestion of lysed bacterial cells and subsequent Gibson Assembly 
into a cloning vector.  

[130] 

iCATCH Introduction of homing endonuclease sites I-SceI and PI-PspI 
flanking the target BGC, digestion of gDNA in a low-melting agarose 
plug, followed by ligation and transformation in E. coli.  

[131] 

Integrase-based cloning Flanking of a target BGC with integration sites and integrase 
catalyzed excision of the BGC, resulting in an extrachromosomal 
plasmid. A BGC can be knocked out by temperature-based plasmid 
curation.  

[132] 

CAPTURE Cas12a-assisted precise targeted cloning using in vivo Cre-lox 
recombination. Uses Cas12a digestion followed by T4 polymerase 
exo+fill-in DNA assembly and subsequent Cre-lox mediated in vivo 
circularization.  

[94] 

ANT cloning Automatic natural transformation cloning utilizing the natural 
competence of Acinetobacter baylyi ADP1. Demonstration of 
automated cloning of 21 small sized BGCs of up to 19 kb  

[133] 

CRISPR-based genome editing 

CRISPR-Cas9 pCRISPR-Cas9: pSG5 replicon, codon optimized spcas9, one sgRNA 
expression cassette, up to 100 % efficiency 
pCRISPR-Cas9-ScaligD: plasmid version carrying the ligase D ligD 
gene for NHEJ experiments   
pCRISPR-dCas9: nuclease inactivated version for CRISPRi 
experiments 
pCRISPomyces-2: pSG5 replicon, codon optimized spcas9, two 
sgRNA cassettes, efficiencies between 70 % to 100 % 
pCMU-4 and pCM4.4 : Plasmids based on pCRISPomyces-2 with 
fine-tuned Cas9 expression 
pKCcas9dO: pKC1139 based, codon optimized spcas9, one sgRNA 
cassette, editing efficiencies between 45 % and 54 % 

[108–111] 

CRISPR-BEST CRISPR-cBEST: Cytosine deaminase mediated base editing 
CRISPR-aBEST: Adenine deaminase mediated base editing 
CRISPR-mcBEST: Csy4-based multiplexed cytosine base editing 
using a single synthetic sgRNA array 

[112] 
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CRISPR-Cas12a / Cpf1 pKCCpf1: plasmid carrying a codon-optimized cpf1 gene for single 
or double gene deletions. Addition of ligD and KU allows NHEJ 
experiments 
pSETddCpf1: nuclease deficient version for single or multiplexed 
CRISPRi experiments 

[114] 

 
 
 
The Test Stage 
 
During the Test stage of a DBTL cycle focused on specialized metabolites, the 
performance of the cellular designs is analyzed. Strains are commonly tested 
for increased production of a target metabolite, activation of a BGC, or 
detection of metabolite derivatives. Testing can also include bioassays and 
basic strain characterizations (Table 3).  
 
For metabolomic analysis, the engineered strains are grown under the target 
conditions, followed by extractions for metabolomic analysis. Since the 
methods involved can differ greatly depending on the properties of the target 
compound, we will refer to several reviews here, which cover metabolomics 
of specialized metabolites in depth [62,134]. Manual data dereplication 
remains a big challenge in metabolomics. In recent years, many 
computational tools have become available that allow automatic annotation 
and dereplication of metabolomics data, such as DEREPLICATOR+ [135], 
CSI:FingerID [136], ZODIAC [137], SIRIUS 4 [138], or CliqueMS [139]. 
Commercial databases such as AntiBase or the Dictionary of Natural Products 
contain tens of thousands and hundreds of thousands of entries, respectively 
[140,141]. Comparing metabolomics results against these databases is of great 
value for dereplication efforts, especially for specialized metabolite discovery. 
Open access databases such as GNPS, a community driven resource for 
sharing, annotation, and knowledge dissemination of MS/MS data, as well as 
for direct analysis and dereplication of raw data; StreptomeDB, a database for 
specialized metabolites produced by streptomycetes; or the Natural Products 
Atlas will likely become invaluable resources as more data are deposited 
[28,142,143]. A comprehensive overview of relevant databases was recently 
published by Sorokina et al. [144].  
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Besides metabolomics, biosensors can be used for testing of engineered 
strains. Given the structural diversity of specialized metabolites and the 
complex regulatory networks controlling biosynthesis, the number of 
available biosensor systems remains limited, but several groups reported 
functioning biosensors [145–148].  
 

 
Figure 2: Exemplary engineering workflows for different experiments. After each 
iteration, the DBTL cycle can be repeated using the results from the Learn stage as input for 
the next iteration. The shown workflows are simplified examples and can differ greatly from 
real experiments depending on the goal. 

 
Especially for antibiotics and other bioactive compounds, bioassays and co-
cultivations are well established methods that date back to the early days of 
antibiotic discovery. Bioactivity-guided fractionation is also common. Here, 
chromatographic fractions are tested for bioactivity, followed by further 
analysis and purification of active fractions. An emerging technology for 
biosynthetic pathway prototyping is cell free protein synthesis (CFPS) through 
in vitro transcription and translation (TX-TL). CFPS systems were developed 
for S. venezuelae [45,46], S. lividans and S. coelicolor [149], and further expanded 
to species such as S. rimosus B2659, S. roseosporus NRRL11379, and S. sp. F4474 
[150].  
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The Learn Stage 
 

A typical DBTL project involves multiple rounds of experimentation until the 
desired specifications are achieved. Due to the large gaps in knowledge about 
the physiology, natural roles, regulation, and biosynthesis of natural products, 
as well as the inherent issues with reproducibility in experimental biology this 
stage is widely de-emphasized and the rationalization of subsequent DBTL 
cycles (e. g. learning) is rather limited to obvious adjustments to methods and 
experimental design [152]. 
Machine learning holds the promise of data-driven empirical calculations to 
guide the design step in subsequent cycles, even without deep mechanistic 
understanding of the biological systems. Tools such as the Automated 
Recommendation Tool (ART) use machine learning with a Bayesian approach 
with the assumption that the inputs of an experimental set up (genetic 
makeup, promoter combinations, etc) is predictive of the response 
(production of a metabolite, titer). ART can take the results form a typical 
synthetic biology experiment (100’s of data points) and generate 
recommendations useful for the design stage of a subsequent cycle iteration 
[153]. 
 
The advent of automation has allowed the development of pipelines that 
integrate large genomic datasets, genome scale metabolic model simulations, 
fast construction of genetic parts at low cost and high throughput platforms for 
analytical chemistry. Rationalization of such large experimental outputs can 
be efficiently done by taking advantage of machine learning, an excellent 
guide for the use of multi-omics datasets to analyze, learn and improve the 
performance of bioengineered strains using machine learning has been 
recently published [152]. Furthermore, a recent example of the amalgamation 
of mechanistic and machine learning models in a large synthetic biology 
experiment was applied to the engineering of the tryptophan production in 
Saccharomyces cerevisiae leading to significant increase in production [154], 
application of such methods in streptomycetes is yet to be done.  
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CHALLENGES AND CONCLUSIONS 
 
In practice, the implementation of the DBTL cycle to streptomycetes has been 
rather challenging. Their life cycle hampers the pace of experiments, their 
genetic instability and phenotypic diversity impacts reproducibility, 
filamentous growth complicates the establishment of automated workflows, 
while complex regulation hinders in silico predictions and modelling. Tackling 
these serious hurdles is a major challenge as they are traits intimately linked 
to the outstanding ability of streptomycetes to produce complex metabolites 
[155–158]. Nevertheless, the desire to exploit this ability, which has driven 
about 80 years of fundamental and applied research by industrial and 
academic scientists [159], is still fueled by the antimicrobial resistance crisis 
and the need for sustainable production methods for increasingly complex 
chemicals and materials. Finally, recent advances in the understanding of the 
biology of Streptomyces, genome editing, automation, machine learning and 
analytical chemistry as well as the exponential growth of high quality entries 
in publicly available genetic and chemical databases will eventually lead to 
better automated pipelines for the design and construction of heterologous 
pathways, host engineering and analytical methods to put molecules into vials 
at an unprecedented pace. 
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ABSTRACT 
 
Streptomycetes are prominent sources of bioactive natural products, yet the 
metabolic engineering of natural products from these organisms is heavily 
hindered by relatively inefficient genetic manipulation approaches. New 
advances in genome editing techniques, particularly CRISPR-based tools have 
revolutionized genetic manipulation for many organisms, including 
actinomycetes. We have developed a comprehensive CRISPR toolkit, which 
includes several variants of “classical” CRISPR-Cas9, along with CRISPRi and 
CRISPR-base editing systems (CRISPR-BEST) for streptomycetes. Here, we 
provide step-by-step protocols for designing and constructing the CRISPR 
plasmids, transferring these plasmids into the target streptomycetes, and 
identifying correctly edited clones. Our CRISPR toolkit can be utilized to 
generate random-sized deletion libraries, introduce small indels, generate in-
frame deletions of specific target genes, reversibly suppress gene 
transcription, and substitute single base pairs in streptomycete genomes. 
Furthermore, the toolkit includes a Csy4-based multiplexing option to 
introduce multiple edits in a single experiment. The toolkit can easily be 
extended to other actinomycetes. With our protocol, it takes less than 10 days 
to inactivate a target gene, which is much faster than alternative protocols. 
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INTRODUCTION 
 
Bacteria of the genus Streptomyces and relatives have served as the most 
promising source of antimicrobials for more than 70 years. They provide more 
than 70% of our current in-use antibiotics1,2. However, the current natural 
products-based antibiotics discovery and development pipeline is suffering 
from diminishing returns. No new classes of antibiotics have been developed 
over the past decades3, which worsens the global health threat of multidrug-
resistant infectious diseases.  
 
Fortunately, modern genome mining4 reveals that the genomes of 
streptomycetes and other related actinomycetes still possess a very large 
unexploited potential of encoding novel natural products5. In order to unlock 
this potential genetically, advanced technologies to efficiently manipulate and 
engineer the genomes of the producer strains are required5,6. However, it is 
more difficult to edit their genomes than in other unicellular model 
microorganisms like Escherichia coli or Saccharomyces cerevisiae, due to their 
mycelial growth, intrinsic genetic instability, and very GC-rich (>70%) genome. 
Moreover, only a few genetic manipulation methods are available for 
actinomycetes. 
 

The recent availability of Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR)/CRISPR-associated (Cas)-based genome editing technologies 
have been revolutionizing the whole biotechnology field. CRISPR-Cas-
mediated genetic manipulation approaches have been successfully applied to 
organisms across all domains of life7,8 relatively quickly, efficiently, and with 
no scarring. 
 
In order to develop advanced genetic manipulation methods for exploiting 
new bioactive natural products from streptomycetes, we first developed a 
toolkit using the “classic” DNA double-strand break (DSB) based CRISPR-Cas9 
and its relatives9. Along with similar tools established by others10-12, CRISPR-
Cas9 dramatically increased the ease of genetically manipulating 
streptomycetes9,13,14. However, concerns of DSB-mediated genome instability 
and Cas9-related toxicity remained13,14. Accordingly, we then established a 
nearly single base pair resolution CRISPR base editor system, CRISPR-BEST15, 
that provides comparable editing efficiency to the “classic” CRISPR-Cas9 



Chapter 3 ½ CRISPR-Cas9-Based, CRISPRi, and CRISPR-BEST-Mediated Genetic Manipulation in Streptomycetes 
 

66 

systems without involving DSBs, with editing resolutions reaching up to single-
nucleotide level9,15,16. To further simplify the sgRNA cloning step, we 
established an efficient single strand DNA (ssDNA) oligo bridging method (Fig. 
1) and optimized the conjugation protocol. To meet the increasing demands of 
introducing multiple mutations in one single experiment, we included a 
multiplexing option15, which uses Csy4 (also known as type I-F CRISPR-
associated endoribonuclease Cas6f17)-based sgRNA self-processing machinery. 
Together with the protospacer finder CRISPy-web18, the CRISPR-Cas9 based 
toolkit9 and the CRISPR-BEST toolkit15 provide a versatile genetic manipulation 
system for streptomycetes (Fig. 2). 
 

 
Figure 1: A mechanistic overview of the all-in-one pot ssDNA bridging method for sgRNA 
cloning. a. Linearize the plasmid with NcoI. b–f, Illustration of ssDNA bridging. b, The 5′ 
exonuclease included in the NEBuilder mix digests the 5′ ends of the double-stranded DNA 
(dsDNA), making the 3′ complementary ends available. c, The nondigested ssDNA 
oligonucleotide anneals to the exposed 3′ end of the plasmid backbone; the DNA polymerase 
extends the 3′ end, using the oligonucleotide as the template. d, The 5′ exonuclease then 
removes the original protospacer containing the ssDNA oligonucleotide. e, The other nicked 
strand of the plasmid anneals to the newly synthesized 3′ end of the complementary strand 
and then is extended by the DNA polymerase. f, The DNA ligase included in the NEBuilder 
mix then seals the nicks to form the desired protospacer-cloned CRISPR plasmid. PermE*, a 
widely used constitutive promoter; PtipA, thiostrepton-inducible promoter; t0, terminator. 
Blue arrows represent one of the key components of CRISPR plasmids; ‘others’ represents 
dCas9 or Cas9n–deaminase.  
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Comparison with other currently available genetic manipulation methods  
 
Traditional mutagenesis methods were established in 1978, when for the first 
time external DNA was successfully transferred into streptomycetes19. For 
example, plasmids with temperature sensitive and unstable replicons were 
used for classical double-crossover based mutagenesis20, which relies on 
natural occurring homologous recombination events. Later, PCR-targeting21 
became popular, which relies on identifying the editing target in a 
cosmid/fosmid library, followed by a λ-Red-mediated gene disruption or 
deletion of the target encoded on the cosmid/fosmid in E. coli, introducing the 
modified cosmid/fosmid into the native producer strain and, finally, screening 
for double-crossover events20,21. In order to recycle the resistance marker, it 
can be removed by Cre/lox, though that leaves a 81-bp scar21. However, this 
method is relatively intricate, since it requires a fully characterized genomic 
library of all target strains.  
 
Besides the PCR-targeting method, a Saccharomyces cerevisiae meganuclease I-
SceI based gene deletion method for streptomycetes was established in 201422. 
The use of this method requires two conjugations, the first one is to integrate 
the 18-bp I-SceI recognition site together with the homologous recombination 
templates (editing templates) into the genome of the target strain by a single 
crossover event. In a second conjugation, the meganuclease I-SceI is 
introduced, which upon expression will cut the 18-bp I-SceI recognition site 
leading to a DSB in the chromosome. Subsequently, homologous 
recombination based DSB repair leads to either the desired deletion without a 
scar or the wild type genotype. Due to the selection pressure introduced by the 
DSB, the editing (double crossover) efficiency of this method is higher than 
PCR-targeting method. However, the protocol for this meganuclease I-SceI 
based method is still relatively difficult and time-consuming.  
 



Chapter 3 ½ CRISPR-Cas9-Based, CRISPRi, and CRISPR-BEST-Mediated Genetic Manipulation in Streptomycetes 
 

68 

 
Figure 2: An overview of the CRISPR-based genetic manipulation system included in this 
protocol. a, The components of the CRISPR-based streptomycetes/actinomycetes genetic 
manipulation toolkit. The toolkit includes six plasmids (listed inside the plasmid map) and 
an sgRNA design tool, CRISPy-web. ‘Available for other elements’ means that there is space 
in this plasmid system that can be used for cloning additional elements, for example, the 
editing templates or Csy4. ‘Cas9/others’: represents the Cas9 component of the CRISPR 
plasmids; ‘others’ can include dCas9, Cas9n–adenosine deaminase, or UGI–Cas9n–cytidine 
deaminase; this part varies with the different plasmids in the toolkit. b, A simple mechanism 
of action for each type of Cas9 used in the CRISPR system is provided. pCRISPR–Cas9 and 
pCRISPR–Cas9–ScaligD: sgRNA binds to Cas9, forming a Cas9–sgRNA complex, and then 
guides the complex to find and bind to the target DNA region; then Cas9 cleaves the target 
DNA to introduce a DSB, and the DSB can be repaired by different ways, leading to the 
genome-editing events. pCRISPR–dCas9 (CRISPRi): The dCas9–sgRNA complex preserves 
DNA binding ability but has no DNA cleavage activity. It therefore blocks the transcription 
process mediated by the RNA polymerase when guided to the target sequence by the sgRNA. 
pCRISPR–aBEST, pCRISPR–cBEST, and pCRISPR–McBEST: A deaminase is fused to Cas9n, 
and then the whole complex is guided by sgRNA to the target DNA region, where adenosine 
deaminase can convert A•T pairs to G•C pairs, and cytidine deaminase can convert C•G pairs 
to T•A pairs, which are shown in c. c, The applications of different CRISPR tools within the 
CRISPR-based genetic manipulation system are summarized. PAM, protospacer- adjacent 
motif (in this protocol, all CRISPR plasmids use the same PAM, 5′-NGG-3′); RNAP, RNA 
polymerase; UGI, uracil glycosylase inhibitor.  
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Development of the protocol 
 
The initial protocol for using our CRISPR-Cas9-based toolkit was described in 
Tong et al16. With years of practical usage and continuously extending the 
toolkit, the protocol has been updated accordingly for better output, which will 
be described further here. There are, however, some remaining concerns and 
challenges with this technology13,14 including, for example, the problem that 
overexpression of active Cas9 is toxic in many streptomycetes, and may lead 
to unwanted off-target effects13,14. Moreover, most streptomycetes have a 
linear chromosome that is relatively unstable and susceptible of large-scale 
chromosomal deletions and rearrangements23. DSBs in the terminal inverted 
repeats of the chromosomes are speculated to be the main triggers of genome 
instability15,24. To address to the above-mentioned concerns, we then also 
developed a highly efficient, DSB-free, precise, and multiplex genome editing 
toolkit for streptomycetes, CRISPR-BEST15, based on the deaminase-mediated 
base editing technology25-27.  
 
Given the complexity of intracellular metabolic networks, it is often necessary 
to engineer multiple genes simultaneously for both basic and applied studies.  
 
With classical actinomycete genetic engineering methods, only one single 
genetic modification can be introduced per round of genetic manipulation. 
However, due to its simplicity and modularity, CRISPR inherently provides the 
capability for multiplexing. The current multiplexing applications in 
streptomycetes are still limited by the efficacy of individual sgRNA generation. 
This requires an independent promoter and terminator for each individual 
sgRNA transcription unit, increasing the risks of plasmid instability and 
uneven distribution of each sgRNA, along with the potential of triggering 
unwanted mutagenesis28-30. To address the aforementioned concerns, we 
therefore designed a Golden Gate Assembly-compatible Csy417-based sgRNA 
self-processing system, which only requires a single promoter and terminator 
pair for multiple sgRNAs separated by the Csy4 recognition sites. A simple 
example of a three sgRNA multiplexed plasmid design and construct is shown 
in Fig. 3. 
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Overview of the procedure 
 
A summary of all approaches is depicted in Fig. 4. The overall procedure can 
be divided into four (optionally, five) main stages: once the task (e. g. 
inactivation of a gene-of-interest) is chosen: Stage I) in silico design of sgRNA, 
primers, and (optional) editing templates (Steps 1-7, 8(C)); Stage II) Construct 
and validate the designed CRISPR plasmid (Step 8-20); Stage III) Conjugate the 
correctly constructed CRISPR plasmid into the target streptomycetes (Steps 
21-33); Stage IV) Validate the correctly edited target streptomycetes (Step 34); 
Stage V) (optional) Removal of the CRISPR plasmids (in the following referred 
to as curing) from the correctly edited streptomycete strains to make a clean, 
CRISPR-plasmid free mutant that is ready for a second round of genetic 
manipulation (Steps 35-39). 
 
Applications of the method  
 
Primarily, we demonstrated the use of the CRISPR toolkit presented in this 
protocol in S. coelicolor and S. collinus9,15, but over time it was also applied in 
many other streptomycetes, like S. albus31, S. sp. SD8532, and a series of 
environmental Streptomyces isolates33. Moreover, the application of this toolkit 
was extended to other actinomycetes, such as Micromonospora chersina34, 
Corynebacterium glutamicum35, Saccharopolyspora erythraea36, and 
Verrucosispora sp. MS10013737. We furthermore believe that this toolkit can 
reach more species with minimal efforts, for example, by exchanging the 
replicon and/or related promoters.  
 
Applications with CRISPR-Cas9 based plasmids 
 
In previous work, we demonstrated that by using the plasmid pCRISPR-Cas9 
from the CRISPR-Cas9 toolkit in a wildtype S. coelicolor A3(2) strain and many 
other streptomycetes9, a library of differently sized deletions around the target 
site can be generated lacking the LigD component, due to the “incomplete” 
NHEJ pathway. 
 
When adding a ~2 kb editing template composed of 1 kb each up- and down-
stream of the gene-of-interest to pCRISPR-Cas9, we can obtain an in-frame 
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deletion event with nearly 100% editing efficiency9. By including other DNA 
sequences, such as gene(s)-of-interest or promoters into the editing template, 
the system can also provide highly specific chromosomal insertions. This 
concept was reported by Zhang et al38. 
 
As all CRISPR plasmids described in this protocol follow the same design 
principle, the Csy4-mediated sgRNA multiplexing strategy15 initially 
established for CRISPR-BEST can also be integrated into the original CRISPR-
Cas9 toolkit. However, one needs to keep in mind that if multiple DSBs are 
simultaneously introduced into the genome of streptomycetes, the genomes 
may become unstable and thus the genome structure analysis and a genome-
wide off-target evaluation (Step 34(C)) should be carried out for positive clones. 
 
Applications with CRISPR-BEST based plasmids 
 
Here, we provide a protocol for one application of CRISPR-BEST, the 
inactivation of coding genes by introducing a STOP codon in streptomycetes. 
The application of CRISPR-BEST toolkit can of course be easily extended to do 
in vivo protein engineering by customized amino acid substitutions. 
 
Strengths and limitations of the presented methods 
 
The protocols facilitate highly efficient, precise, and rapid generation of 
desired genetic modifications in streptomycetes, showing the following 
advantages over the conventional double crossover-based methods, including 
PCR-targeting-based strategies21: i) the protocol is easy to operate, in most 
cases only one highly efficient cloning step is required to construct a functional 
CRISPR plasmid; ii) the protocol does not require genome-mapped cosmid 
clones of the strain to be engineered (which is normally required by the PCR-
targeting approach); iii) the protocol is relatively fast (approximately 10 days 
for inactivation of a gene); iv) the protocol is versatile and covers varied 
genetic manipulations including in-frame-knockout, in-frame-knockin, 
introduction of indels, single amino acid exchange and target gene 
knockdown; v) the protocol is capable of multiplexed genome editing with a 
single plasmid targeting multiple genes-of-interest simultaneously. This has 
been only demonstrated so far in base editing applications using pCRISPR-
cBEST15, but it can be easily applied to CRISPRi applications.  
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Similar to any other protocol using Cas9-based CRISPR genome editing 
technologies, there are certain limitations: the primary concern is off-target 
effects. There are two typical off-target effects, one causes visible phenotype 
changes, which can therefore be easily ruled out. The other does not link to 
any phenotype changes, which requires additional effort (for example, whole 
genome sequencing) to identify. As the Cas9 protein is an endonuclease, it is 
important to bear in mind that the expression of active nuclease proteins such 
as Cas9 or Cas12a (Cpf1) has been reported to be toxic39,40 to some organisms. 
The toxicity would increase the off-target frequency in streptomycetes41. This 
problem can be addressed in different ways, for example, by using CRISPR-
based approaches that don’t require full endonuclease activity (i. e., CRISPR-
base editing25-27, and CRISPR-prime editing42).  
 
In addition to these issues affecting CRISPR applications in general, several 
specific features of streptomycetes need to be considered: for example, the > 
70% GC content makes routine molecular biological operations more difficult 
than for other organisms with lower GC content. Their linear chromosome is 
relatively unstable and can tolerate large deletions and genome 
rearrangements without displaying severe phenotypic effects under 
laboratory conditions. Therefore, any genetic engineering method involving 
DNA double-strand breaks (e.g. introduced by I-SceI or CRISPR-Cas9), can 
cause severe off-target effects, such as genome deletions and 
rearrangements15,23,24, which need to be thoroughly investigated after the 
genome editing procedure by whole genome sequencing.  
Most streptomycetes are compatible with the CRISPR plasmids presented 
here, meaning the plasmids can replicate, the resistance genes successfully 
confer antibiotic resistance in the target strain, and the promoters used to 
control Cas9/Cas9-variants and sgRNA are compatible with the machinery of 
the target strain. However, there may be individual strains or closely related 
genera, which may not accept the pSG5 replicon and/or the tipA promoter 
used. In these specific cases a simple solution is to exchange the plasmid 
backbone and/or promoter. 
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Figure 3: A three-sgRNA multiplexed example. a, PCR-amplify all sgRNA fragments; for 
detailed sgRNA design15, refer to Step 8B(i) and Box 1. b–d, An overview of the two-step 
Golden Gate assembly. b, Preparation of the sgRNA fragments by BsaI digestion. c, 
Preparation of the plasmid backbone by NcoI and NheI digestion. d, Ligation of the prepared 
fragments from b and c to obtain the final, ready-to-use CRISPR plasmid. e, Illustration of 
the mechanism of action of Csy4-based RNA processing. SP19, synthetic promoter19 (ref. 51); 
Csy4 site, Csy4 recognition and cleavage site; sgRNA-BLUE, the sgRNA targets the SCO5087 
gene of the actinorhodin biosynthetic gene cluster; sgRNA-CDA, the sgRNA targets the 
SCO3230 gene of the calcium-dependent antibiotic (CDA) biosynthetic gene cluster, sgRNA- 
RED: the sgRNA targets the SCO5892 gene of the undecylprodigiosin (RED) biosynthetic gene 
cluster.  
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Experimental design 
 
Plasmid design  
 
Given the lack of efficient replicons and selection markers for 
streptomycetes20, we assembled all essential components into a single pSG5 
replicon43-based plasmid backbone, making an “all-in-one” system. Depending 
on the specific protocol (Fig. 4), these components include the 
Cas9/dCas9/Cas9n protein, deaminases, sgRNA, DNA repair components, 
editing templates, and sgRNA processing machinery. Only one cloning step, to 
achieve sgRNA assembly, is required to use most of the CRISPR plasmids 
presented in this protocol (an additional step for editing template assembly is 
however also required with in-frame deletion/insertion applications). Initially, 
a NcoI-SnaBI (Eco105I) based digestion-ligation protocol and a USER-cloning 
protocol were established for sgRNA assembly9,16. To further simplify the 
protocol and increase the cloning efficiency, an easy scalable PCR- and 
digestion-free single strand DNA oligo bridging system was set up and used for 
all described protocols here (Fig. 1). As the used pSG543 replicon is thermo-
instable, the plasmids can be cured relatively easily by increasing the 
incubation temperature and re-used repetitively.  
 
Multiplexed editing 
 
To further extend the ability of multiplexed editing with the CRISPR toolkits, a 
Csy417 based sgRNA self-processing machinery was cloned into the “all-in-one” 
CRISPR plasmids15. Although the prototype multiplexing system was only 
successfully demonstrated in S. coelicolor and S. griseofuscus with pCRISPR-
cBEST15, it is reasonable to assume that it would be possible to extend this 
system to applications using the CRISPRi tool, but it would be more difficult to 
apply to the active Cas9 based tools due to the challenges associated with 
introduction of one, yet alone multiple DSBs. A Golden Gate assembly method 
was established for assembling multiple sgRNAs, the rules of primer design 
are: the overhang of the forward primers needs to consist of (from 5’ to 3’): 
random 5-nt adapter (e.g. GATCG), the BsaI recognition site (GGTCTCN), CATG 
which after digestion matches with the NcoI restriction of the plasmid 
backbone (only for the first sgRNA), 28-nt Csy4 recognition site (only for the 
first sgRNA), 20-nt spacer (from Step 7); the overhang of the reverse primers 
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needs to consist of (from 5’ to 3’): random 5-nt adapter (e.g. GATCG), the BsaI 
recognition site (GGTCTCN), first 4-nt of the next downstream sgRNA or CTAG 
for the last sgRNA in the array which after digestion matches with the NheI 
overhang of the plasmid backbone (an example is presented in Box 1). 
 
sgRNA design 
 
In order to provide a flexible sgRNA design platform, we developed the 
protospacer identification program CRISPy-web 
(https://crispy.secondarymetabolites.org)18 that offers a user-friendly web 
interface and the possibility to upload user-specific genome sequences in 
which to find targets. In order to support the applications of the CRISPR-BEST 
toolkit, the software recently was updated15 and now provides additional 
options to specifically design sgRNAs for base editing applications. 
 
Modifications to increase efficiency 
 
In order to reduce the experimental burden, we further established an easy 
method for Streptomyces colony PCR to avoid massive genomic DNA 
preparation, improved the classical spore conjugation method to increase the 
transformation efficiency, and modified the traditional protocol for making 
highly electro-competent E. coli ET12567/pUZ8002 cells44, which to our best 
knowledge are not commercially available to date. 
 
Controls 
 
We recommend including two sets of controls: one is the empty plasmid 
control (no 20-bp spacer was cloned upstream of the sgRNA scaffold), involved 
in the interspecies conjugation (Steps 21-33); and the other one is the wild type 
strain control, involved in the editing evaluation (Step 34, Sanger sequencing 
and Illumina sequencing). The empty plasmid control indicates conjugation 
efficiency, and the editing efficiency of the selected spacers. The wild type 
strain control can be used to determine both on-target editing and off-target 
effects. 
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On-target evaluation of CRISPRi applications 
 
Unlike the other CRISPR applications described in this protocol, the use of 
CRISPRi45 / CRISPR-dCas9 will not cause chromosomal genetic changes, it will 
only block the transcription process, via preventing either of transcription 
initiation or transcription elongation steps by a road block effect of the 
nuclease activity defective Cas9 (dCas9):sgRNA:target-DNA complex (Fig. 2). 
Therefore, Sanger sequencing or whole genome sequencing cannot evaluate 
its effects. It requires validation from the transcriptional level and/or endpoint 
product level of a pathway. As the protocol presented here aims to affect the 
endpoint production quantity, i. e., the final molecule that is synthesized by a 
metabolic pathway, we describe the protocol for actinorhodin detection in S. 
coelicolor9. 

 
Figure 4:	 An overview of the entire protocol. Shown is a schematic representation of 
processes for using different CRISPR plasmids within this protocol to complete desired 
genetic manipulation in the target streptomycete strain.  
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MATERIALS 
 
Biological materials 
 

• One Shot™ Mach1™ T1 Phage-Resistant Chemically Competent E. coli, F– 
φ80(lacZ)ΔM15 ΔlacX74 hsdR(rK

–mK
+) ΔrecA1398 endA1 tonA (Thermo 

Fisher Scientific, cat. no. C862003). 
• !CAUTION Competent cells should be stored at –80 °C before use. 
• E. coli DH5α, F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
–mK

+), λ–. 
(Thermo Fisher Scientific, cat. no. 18265017). It is used for maintaining 
the pJET1.2-sgRNAhandle. 

• Escherichia coli ET12567/pUZ8002 (ref. 44), F– dam-13::Tn9 dcm-6 hsdM 
hsdR zjj-202::Tn10 recF143 galK2 galT22 ara-14 lacY1 xyl-5 leuB6 thi-1 
tonA31 rpsL136 hisG4 tsx-78 mtl-1 glnV44, Cmr/Kmr. (Life Science 
Market, cat. no. S0052). 

• !CAUTION Maintaining ET12567/pUZ8002 requires both 
chloramphenicol and kanamycin, as ET12567 has a chloramphenicol 
resistant marker and the carrying pUZ8002 has a kanamycin resistant 
marker.  

• Streptomyces coelicolor A3(2) (ref. 46) (DSMZ, DSM no. 40783). 
• !CAUTION Over the years, the S. coelicolor WT maintained in our lab has 

accumulated several SNPs and a deletion of an integrated plasmid9,15. 
Therefore, we highly recommend users to sequence their own 
WT/parental strain when evaluating the genome editing results. 

Reagents 
 

• ddH2O (Milli-Q filtered water) 
• FastDigest BsaI/Eco31I (Thermo Fisher Scientific, cat. no. FD0294) 
• FastDigest NcoI (Thermo Fisher Scientific, cat. no. FD0573) 
• FastDigest NheI (Thermo Fisher Scientific, cat. no. FD0973) 
• FastAP Thermosensitive Alkaline Phosphatase (Thermo Fisher 

Scientific, cat. no. FD0652) 
• T4 Ligase (5U) (Thermo Fisher Scientific, cat. no. EL0014) 
• Lysozyme from chicken egg white (Sigma-Aldrich, cat. no. L6876-10G) 
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• Protease K (>600 U/mL (~20 mg/mL; Thermo Fisher Scientific, cat. no. 
EO0491) 

• Phusion High-Fidelity PCR Master Mix with HF Buffer (Thermo Fisher 
Scientific, cat. no. F531L) 

• Phusion High-Fidelity PCR Master Mix with GC Buffer (Thermo Fisher 
Scientific, cat. no. F532L) 

• OneTaq® 2× Master Mix with Standard Buffer (New England Biolabs, cat. 
no. M0482L) 

• NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs, cat. 
no. E2621L) 

• Q5® High-Fidelity 2× Master Mix (New England Biolabs, cat. no. M0492L) 
• KAPA HyperPlus kit (Roceh, cat. no. 07962428001) 
• NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, cat. no. 

740609.250)  
• NucleoSpin® Plasmid EasyPure Kit (Macherey-Nagel, cat. no. 740727.250) 
• QIAamp DNA Blood Midi Kit (Qiagen, cat. no. 51183) 
• Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific, cat. no. Q32853) 
• Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific, cat. no. Q32854) 
• Mix2Seq Kit OVERNIGHT (Eurofins Genomics)  
• Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich, cat. no. 472301-500ML) 
• Ethanol Absolute (VWR, cat. no. 20821.310)  
• !CAUTION Absolute ethanol is highly flammable. Store it in a fireproof 

cabinet and use it with caution and away from open flame. 
• Ethanol ≥ 70% (v/v) (VWR, cat. no. 83801.290) 
• Glycerol (≥ 99.5% (wt/vol); Sigma-Aldrich, cat. no. G9012-1GA) 
• Isopropanol (Sigma, cat. no. I9516)  
• !CAUTION Absolute isopropanol is highly flammable. Store it in a 

fireproof cabinet and use it with caution and away from open flame. 
• Ampicillin sodium salt (Sigma-Aldrich, cat. no. A0166-25G) 
• Apramycin sulfate salt (Sigma-Aldrich, cat. no. A2024-5G) 
• Chloramphenicol (Sigma-Aldrich, cat. no. C1919-25G) 
• Kanamycin sulfate (Sigma-Aldrich, cat. no. K1377-25G) 
• Nalidixic Acid (Sigma-Aldrich, cat. no. N8878-5G) 
• Thiostrepton (Sigma-Aldrich, cat. no. T8902-1G) 
• LB Broth (Lennox) (Sigma-Aldrich, cat. no. L3022-1KG) 
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• LB Broth with agar (Miller) (Sigma-Aldrich, cat. no. L3147-1KG) 
• ISP2 agar (ISP Medium 2, BD Difco, cat. no. DF0770-17-9) 
• 6x DNA Gel Loading Dye (Thermo Fisher Scientific, cat. no. R0611) 
• DNA stain (RedSafe™; iNtRON Biotechnology, cat. no. 21141) 
• !CAUTION Though this product is claimed to be without mutagenesis 

concerns, we highly recommend using proper protection when 
handling it. 

• GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific, cat. no. SM0311) 
• GeneRuler 100 bp DNA Ladder (Thermo Fisher Scientific, cat. no. 

SM0242) 
• 50x and 1x TAE buffer (in-house made, see Reagents Setup) 
• Trizma base (Sigma-Aldrich, cat. no. 93362-1KG) 
• 10x NEBuffer 2 (New England BioLabs, cat. no. B7002S) 
• Sodium hydroxide (NaOH; pellets; Honeywell, cat. no. 30620-1KG) 
• Sodium chloride (NaCl; Honeywell, cat. no. 13423-1KG-R) 
• Acetic acid (Honeywell, cat. no. 33209-4x2.5L-M) 
• !CAUTION Acetic acid is flammable, corrosive, and volatile. Use it inside 

a chemical fume hood with caution and away from open flame. 
• Hydrochloric acid (HCl; VWR, cat. no. 20252.290) 
• !CAUTION HCl is highly corrosive and volatile. Use it inside a chemical 

fume hood with caution. 
• Magnesium chloride (MgCl2; Sigma-Aldrich, cat. no. M4880-100G) 
• OXOIDTM Yeast Extract Powder (Thermo Fisher Scientific, cat. no. 

LP0021B) 
• Malt Extract (Sigma-Aldrich, cat. no. 70167-500G) 
• Dextrose (D-Glucose; Sigma-Aldrich, cat. no. D9434-1KG) 
• Agar (Sigma-Aldrich, cat. no. 05040-1KG) 
• D-Mannitol (≥ 98%; Sigma-Aldrich, cat. no. M4125-1KG) 
• Hensel® Organic Soy Flour (Fat reduced; Violey, product no. 02004307) 
• Standard Agarose – Type LE (BioNordika, cat. no. BN50004) 
• Trizma® hydrochloride (Tris-Cl; Sigma-Aldrich, cat. no. T3253-500G) 
• Trizma® base (Tris-base; Sigma-Aldrich, cat. no. 93362-500G) 
• EDTA (Ethylenediaminetetraacetic acid disodium salt dihydrate; Sigma-

Aldrich, cat. no. E5134-500G) 
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• Tween® 20 (for molecular biology, viscous liquid; Sigma-Aldrich, cat. no. 
P9416-100ML) 

• Triton™ X-100 (Thermo Fisher Scientific, cat. no. AC215682500) 
• Guanidine Hydrochloride (Guanidine HCl; Sigma-Aldrich, cat. no. 

G3272-500G) 
• Buffer B1 (for streptomycetes genomic DNA isolation; in-house made; 

ingredients: Na2EDTA·2H2O, Trizma base, Tween-20, and Triton X-100; 
see Reagents Setup for details) 

• Buffer B2 (for streptomycetes genomic DNA isolation; in-house made; 
ingredients: guanidine HCl and Tween-20; see Reagents Setup for 
details) 

• CloneJET PCR Cloning Kit (Thermo Fisher Scientific, cat. no. K1231) 
• pCRISPR-Cas9, RRID: Addgene_125686 
• pCRISPR-dCas9, RRID: Addgene_125687 
• pCRISPR-Cas9-ScaligD, RRID: Addgene_125688   
• pCRISPR-cBEST, RRID: Addgene_125689 
• pCRISPR-aBEST, RRID: Addgene_131464 

 

Equipment 
 

• Sartorius mLINE® Pipettes (0.1-3 µL, 0.5-10 µL, 5-100 µL, and 100-1000 µL, 
Sartorius, cat. nos. 725010, 725120, 725130, and 725070, respectively) 

• Sartorius Optifit Refill Tips (10 µL, 200 µL, and 1000 µL, Sartorius, cat. 
nos. 790012, 790202 and 791002, respectively) 

• Sartorius Minisart® syringe filter (0.2 µm; single use; non-pyrogenic; 
Sartorius, cat. no. 50192103) 

• Sartorius Quintix® Lab Scale (Sartorius, cat. no. QUINTIX213-1S) 
• Pipetboy acu2 (Integra Biosciences, item no. 155017) 
• Serological pipette, sterile, CELLSTAR® (1 mL, 10mL, and 25mL; Greiner 

bio-one, cat. nos. 604181, 608180, and 760180, respectively) 
• Bacteriological Petri dish (94 mm × 16 mm; not tissue culture treated, 

without vents, aseptic; LabSolute, cat. no.7696401) 
• Shake flasks (250 mL; wide-mouth flasks; VWR, cat. no. 214-1132) 
• Bio-Rad C1000 Touch Thermal Cycler (Bio-Rad, cat. no. 1851148) 
• Bio-Rad S1000 Thermal Cycler (Bio-Rad, cat. no. 1852196) 
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• Bio-Rad MicroPulserTM Electroporator (Bio-Rad, cat. no. 1652100) 
• Molecular Imager® Bio-Rad Gel DocTM XR+ Gel Documentation System 

with Image LabTM Software (Bio-Rad, cat. no. 1708195) 
• Gel electrophoresis tank and power source (Bio-Rad Mini-Sub and Wide 

Mini-Sub Cell GT Cells; Bio-Rad, cat nos. 1704466 and 1704468EDU; Bio-
Rad PowerPac Basic Power Supply; Bio-Rad, cat. no. 1645050) 

• Invitrogen Safe ImagerTM 2.0 (Invitrogen cat. no. G6600EU) 
• Floor centrifuge Thermo Scientific® Heraeus Multifuge X3 FR centrifuge 

(Thermo Fisher Scientific, cat. no. 75004500)  
• Rotors (Thermo Fisher Scientific; Fiberlite F14-6x250 LE, cat. no. 

75003661 and Fiberlite F13-14x50cy LE, cat. no. 75003662) 
• Benchtop centrifuge (Thermo Scientific® Heraeus Fresco17 centrifuge; 

Thermo Fisher Scientific, cat. no. 75002420) 
• Desktop centrifuge (Micro Star 17; VWR, cat. no. 521-1646P) 
• Desktop Microcentrifuge (VWR Microcentrifuge Mini Star Silverline; 

VWR, cat. no. 521-2845P) 
• Labnet 311DS incubator (Labnet International, cat. no. I5311-DS) 
• New Brunswick™ Innova® 42/42R shaker (Eppendorf, cat. no. M1335-

0002) 
• Polypropylene centrifuge bottles (250 mL; Corning, cat. no. 431841) 
• Heating Block (Eppendorf Thermomixer Comfort MTP & 1.5 mL; 

Eppendorf, cat. no. 5355 000.011) 
• UV spectrophotometer (NanoDrop; Thermo Fisher Scientific, model no. 

2000)  
• Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, cat. no. Q32866) 
• Qubit™ Assay Tubes (Thermo Fisher Scientific, cat. no. Q32856) 
• Gene Pulser® Cuvette/E. coli® Cuvette (0.1 cm electrode; Bio-Rad, cat. no. 

165-2089) 
• Magnetic stirrer (RCT basic; IKA, item. no. 0003810000) 
• Magnetic stirring bar (IKAFLON® 155; IKA, item. no. 0001129000) 
• Benchtop autoclave (Certoclav Multicontrol autoclave; CertoClav 

Sterilizer GmbH, cat. no. 8510298) 
• Eppendorf Safe-Lock microcentrifuge tubes (1.5 mL; Eppendorf, cat. no. 

0030120086) 
• 50 mL Falcon tube (polypropylene; 50 mL; Sarstedt, cat. no. 62547254) 
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• 15 mL Falcon tube (CELLSTAR® Centrifuge tubes; polypropylene; 15 mL; 
Greiner Bio-One, cat. no. 188271) 

• 8-strip PCR tubes (Sarstedt, cat. no. 72.985. 002 ) 
• Flat Cap Strips (Cell Projects, cat. no. FC-08-CC/CP) 
• Inoculating Loop (loop size 10 µL; Sigma-Aldrich, cat. no. I8388-500EA) 
• Inoculation spreader (Sarstedt, cat. no. 86.1569.005) 
• pH meter (827 pH lab; Metrohm, cat. no. 2.827.0214) 
• Laminar flow hood (Biological Safety Cabinets Class 2; LaboGene, Mars-

900, cat. no. 9.001.023.000; Mars-1200, cat. no. 9.001.020.000) 
• Heratherm incubator (Thermo Fisher Scientific, item no. WZ-38800-16) 
• Vortex-Genie® 2 (Scientific Industries, cat. no. SI-0236) 
• CryoPure Tube 1.8 mL white (Sarstedt, non-pyrogenic, non-cytotoxic, 

non-mutagenic, cat. no. 72.379) 
• Ultrospec 10 Classic (OD meter; Biochrom, cat. no. 84-741) 
• OD Cuvettes (Semi-micro cuvette, PS, minimum filling volume 1,5 mL; 

Brand, cat. no. 759015) 
• Cotton Swabs (Matas, item no. 732634) 
• Cotton Pads (Matas, item no. 731144) 
• Wooden toothpicks (Wooden Cocktail Sticks; Plastico, item code 304) 
• Sera-Mag Select (GE healthcare, cat. no. 29343045) 
• 5300 Fragment Analyzer System (Agilent Technologies, item no. 

M5311AA) 
• Ice machine (Scotsman, item no. MISTERNAC176) 
• Milli Q water system (Purelab flex2, Elga, cat. no. PF2XXXXM1-KIT) 
• BlueCap bottle with blue GL45 lid (Buch-Holm, item nos. 100 mL, 

9072331; 250 mL, 9072332; 500 mL, 9072334; 1000 mL, 9072335) 
• Parafilm (Sigma-Aldrich, item no. P7793-1EA) 
• Aluminum foil 
• Paper towels 
• Autoclave tape 
• Tweezers 
• Scissors 
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Software  
 

• NEB Tm calculator (NEB), RRID:SCR_017969, 
https://tmcalculator.neb.com/#!/main 

• CRISPy-web18, RRID:SCR_017970, 
https://crispy.secondarymetabolites.org  

• CLC Main Workbench, RRID:SCR_000354, (QIAGEN Bioinformatics), 
https://www.qiagenbioinformatics.com/products/clc-main-workbench/ 

• Image Lab Software (Bio-Rad, version 6.0.1), RRID:SCR_014210, 
https://www.bio-rad.com/en-us/product/image-lab-
software?ID=KRE6P5E8Z 

• merge-gbk-records: RRID:SCR_017968, 
https://github.com/kblin/merge-gbk-records 

• AdapterRemoval v247, RRID:SCR_011834, 
https://github.com/MikkelSchubert/adapterremoval  

• breseq48 (version 0.33.2), RRID:SCR_010810, 
https://code.google.com/archive/p/breseq/  

• FastQC, RRID:SCR_014583, 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/  

• SnapGene, RRID:SCR_015052, https://www.snapgene.com  
 
Reagent setup  
 
MS agar plates  
 
Make MS agar plates (also known as SFM or MSF plates) by mixing well (with 
a magnetic stirrer) 20 g/L D-mannitol, fat-reduced soya flour 20 g/L, and agar 
20 g/L in normal tap water. Adjust pH to 8 prior to autoclaving with 1 M NaOH. 
After autoclaving at 121 °C for 20 min, add pre-autoclaved MgCl2 to a final 
concentration of 10 mM, then using a magnetic stirrer to mix until the 
temperature lowers to around 50 °C for pouring into Petri dishes. The MS plates 
can be stored at 4 °C for one month. 
!CAUTION Tap water from different suppliers might affect the efficiency of 
conjugation and/or sporulation of some streptomycetes; different fat 
composition of the soya flour might also affect the efficiency of conjugation 
and/or sporulation of some streptomycetes. 
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ISP2 plates for exconjugants screening 

 
As all plasmids described in this protocol share the same selection maker of 
apramycin, we used the same type of antibiotic-containing ISP2 plates for 
screening and maintaining the exconjugants. Dissolve BD Difco pre-mixed 
ISP2 powder into normal tap water and adjust pH to 7.4 prior to autoclaving 
with 1 M NaOH. After autoclaving (121 °C, 20 min), add 50 µg/mL apramycin 
and 50 µg/mL nalidixic acid (optional, 0.5 µg/mL thiostrepton for induction) 
and mix well until the temperature drops to around 50 °C for pouring into Petri 
dishes. Plates can be stored at 4 °C for up to one month.  
!CAUTION Thiostrepton is not always required for induction, as the tipA 
promoter is leaky in many strains, and the leaky expression of its controlled 
components normally is enough for achieving the desired genome editing 
events.  
!CRITICAL STEP As streptomycetes have a relatively low growth speed, 
nalidixic acid is used for counterselecting the E. coli used for interspecific 
conjugation. 
 
ISP2 broth for routine maintenance of streptomycetes 
 
Make ISP2 broth by mixing 4 g/L of Bacto yeast extract, 10 g/L of Malt extract, 
and 4 g/L of Dextrose in normal tap water using a magnetic stirrer. Adjust pH 
to 7.4 prior to autoclaving (121 °C, 20 min) using 1 M NaOH. Autoclaved ISP2 
broth can be stored at 4 °C for up to three months. 

 
Ampicillin stock solution (100 mg/mL) 
 
Use an electronic scale to weigh 500 mg apramycin sulfate salt, dissolve it in 10 
mL ddH2O. Filter the solution with a 0.2 µm filter in a laminar flow hood, then 
aliquot into sterilized 1.5 mL Eppendorf tubes. The stock can be stored at −20 
°C for up to one year.  
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Apramycin stock solution (50 mg/mL) 
 
Use an electronic scale to weigh 500 mg apramycin sulfate salt, dissolve it in 10 
mL ddH2O. Filter the solution with a 0.2 µm filter in a laminar flow hood, then 
aliquot into sterilized 1.5 mL Eppendorf tubes. The stock can be stored at −20 
°C for up to one year.  
 
Chloramphenicol stock solution (20 mg/mL) 
 
Use an electronic scale to weigh 200 mg kanamycin sulfate, dissolve it in 10 mL 
absolute ethanol. Filter the solution with a 0.2 µm filter in a laminar flow hood, 
then aliquot into sterilized 1.5 mL Eppendorf tubes. The stock can be stored at 
−20 °C for up to one year.  

 
Kanamycin stock solution (50 mg/mL) 
 
Use an electronic scale to weigh 500 mg kanamycin sulfate, dissolve it in 10 mL 
ddH2O. Filter the solution with a 0.2 µm filter in a laminar flow hood, then 
aliquot into sterilized 1.5 mL Eppendorf tubes. The stock can be stored at −20 
°C for up to one year.  

 
Nalidixic acid stock solution (50 mg/mL) 
 
Use an electronic scale to weigh 500 mg nalidixic acid, dissolve it in 10 mL 0.1 
N NaOH. Filter the solution with a 0.2 µm filter in a laminar flow hood, then 
aliquot into sterilized 1.5 mL Eppendorf tubes. The stock can be stored at −20 
°C for up to one year.  
!CAUTION NaOH is corrosive. Use it with caution. 

Thiostrepton stock solution (5 mg/mL) 
 
Use an electronic scale to weigh 10 mg apramycin sulfate salt, dissolve it in 2 
mL DMSO. Filter the solution with a 0.2 µm filter in a laminar flow hood, then 
aliquot into sterilized 1.5 mL Eppendorf tubes. The stock can be stored at −20 °C 
for up to one year.  
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SOC broth for E. coli transformation 
 
Make SOC broth by mixing 20 g/L of Bacto Tryptone, 5 g/L of Bacto yeast 
extract, 4.8 g/L of MgSO4.7H2O, 3.603 g/L of Dextrose, 0.5 g/L of NaCl, and 0.186 
of g/L KCl in normal tap water using a magnetic stirrer. Adjust pH to 7.0 prior 
to autoclaving (121 °C, 20 min) with 1 M NaOH. Autoclaved SOC broth can be 
stored at 4 °C for up to three months. 

 
2×YT broth 
 
Make 2×YT broth by mixing 16 g/L of Bacto Tryptone, 10 g/L of Bacto yeast 
extract, and 5 g/L of NaCl in normal tap water using a magnetic stirrer. Adjust 
pH to 7.0 prior to autoclaving (121 °C, 20 min) with 1 M NaOH. Autoclaved 2xYT 
broth can be stored at 4 °C for up to three months. 
 
Glycerol, 50% and 10% (vol/vol) 
 
Mix 100 mL glycerol with 100 mL ddH2O, autoclave it at 121 °C for 20 min. 10% 
Glycerol is made by mixing 100 mL of 50% glycerol with 400 mL of ddH2O.Both 
glycerol solutions can be stored at room temperature up to one year. 
 
0.5 M EDTA (pH 8.0) 
 
Use an electronic scale to weigh 93.05 g EDTA, dissolve it in approximately 
400 mL ddH2O, and adjust the pH using NaOH pellets to 8.0. Top up the solution 
to a final volume of 500 mL, autoclave it at 121 °C for 20 min. Autoclaved EDTA 
solution can be stored at 4 °C for up to three months. 
 
50×TAE buffer 
 
Use an electronic scale to weigh 242 g Trizma base (Tris-base), dissolve it in 
approximately 700 mL ddH2O, carefully add 57.1 mL 100% acetic acid and 
100 mL of 0.5 M EDTA (pH 8.0), adjust the solution to a final volume of 1 L. pH 
does not need to be adjusted and should be about 8.5. 1×TAE buffer can be 
made by mixing 20 mL of 50×TAE buffer (vol/vol) with 980 mL of ddH2O. Both 
TAE buffers can be stored at room temperature up to six months. 
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Buffer B1  
 
Make Buffer B1 by dissolving 18.61 g Na2EDTA·2H2O and 6.06 g Trizma base in 
800 mL ddH2O. Then add 50 mL 10% Tween-20 solution and 50 mL 10% Triton 
X-100 solution. Adjust the pH to 8.0 with 1M HCl. Adjust the volume to 1 L with 
ddH2O. Filter the solution with a 0.2 µm filter in a laminar flow good. It can be 
stored at room temperature up to one month. 

 
Buffer B2  
 
Make Buffer B2 by dissolving 286.59 g guanidine HCl in 700 mL ddH2O. Add 200 
mL of 100% Tween-20. Adjust the volume to 1 L with ddH2O. pH does not need 
to be adjusted. Filter the solution with a 0.2 µm filter in a laminar flow hood. It 
can be stored at room temperature up to one month. 

 
pJET1.2-sgRNAhandle 
 
Clone the 82-nt sgRNA handle followed by a 28-nt Csy4 recognition site 
(GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTG
AAAAAGTGGCACCGAGTCGGTGCTTTTTTGTTCACTGCCGTATAGGCAGCTAA
GAAA) into pJET1.2 (from CloneJET PCR Cloning Kit).  
!CRITICAL 100 µg/mL ampicillin is used to maintain the pJET1.2-sgRNAhandle 
carrying DH5alpha E. coli. 
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Figure 5: An overview of CRISPR–Cas9 plasmid construction for in-frame deletion or 
insertion of foreign DNA. a, Design primers and then PCR amplify ~1 kb up- and downstream 
DNA fragments of the target gene (SCO5087 gene is used as an example9). For Gibson 
assembly, the PCR product of the upstream fragment contains 20-bp overhangs from the 
CRISPR–Cas9 plasmid (shown in black) and the downstream fragment; the PCR product of 
the downstream fragment contains a 20-bp overhang from the CRISPR–Cas9 plasmid9 (shown 
in yellow). b, Linearize the desired CRISPR–Cas9 plasmid correctly assembled to contain the 
sgRNA cassette (from Step 19) by StuI digestion. c, Design primers and then PCR-amplify the 
DNA of interest together with ~1 kb up- and downstream DNA fragments of the knockin site. 
For Gibson assembly, the PCR products of the up- and downstream fragments each contain 
a 20-bp overhang from the CRISPR–Cas9 plasmid (shown in black and yellow, respectively), 
whereas the PCR product of the DNA of interest contains 20-bp overhangs from the up- and 
downstream fragments. d, Use Gibson assembly to assemble fragments from a and b to 
construct the desired CRISPR–Cas9 plasmid for in-frame deletion9, or from b and c for DNA-
of-interest knockin. Primer sets of inter1_F and inter1_R and StuI-F and StuI-R are used for 
assembly validation. PtipA, thiostrepton-inducible promoter; PermE*, a widely used 
constitutive promoter; t0, terminator; StuI site: the restriction enzyme StuI recognition and 
cleavage site.  

  



Chapter 3 ½ CRISPR-Cas9-Based, CRISPRi, and CRISPR-BEST-Mediated Genetic Manipulation in Streptomycetes 
 

89 

PROCEDURE 
 
An overview of the entire procedure is shown in Fig. 4. 
!CRITICAL All reagents and equipment are used according to the instructions 
provided by their manufacturers, unless the specific modifications are 
indicated. DNA oligos were synthesized by IDT, custom DNA fragments that 
were codon optimized (optional) were synthesized by Genscript. Diligently 
follow all waste disposal regulations of your institute/university/local 
government when disposing of waste materials. Living bacteria-related 
operations are carried out in a laminar flow hood to avoid contamination. All 
primer solutions are 20 µM in this protocol, unless the specific concentrations 
are indicated. 
 
sgRNA design 
 
Timing 30 min 

1. Upload the genome-of-interest. Genome data can be uploaded to 
CRISPy-web at https://crispy.secondarymetabolites.org/ in GenBank 
format containing CDS feature annotations for the genes-of-interest. 
This can be achieved manually using option A, or directly via 
combination of the CRISPy-web and the antiSMASH genome mining 
tool49, using option B. 
A. Submit genome data to CRISPy-web manually 
i. Use the “browse” button to find the input file on your local 

machine and hit “Start” to submit the file to the CRISPy-web 
server.  

ii. Directly import genome data into CRISPy-web using antiSMASH 
B. Directly fetch files using the antiSMASH job ID via the “Get 

sequence from antiSMASH” tab. 
!CAUTION Gene annotations are required to predict the codon 
changes introduced during CRISPR-BEST editing, so genome data 
in FASTA format or without gene annotations is not supported.  
!CAUTION CRISPy-web is designed to work on single-chromosome, 
single-contig bacterial genomes. In order to properly detect off 
target matches on multi-contig draft genomes, merge all contigs 



Chapter 3 ½ CRISPR-Cas9-Based, CRISPRi, and CRISPR-BEST-Mediated Genetic Manipulation in Streptomycetes 
 

90 

into a single record (using a tool like 
https://github.com/kblin/merge-gbk-records). 
?TROUBLESHOOTING 

2. Select the region-of-interest. After a few seconds, CRISPy-web will 
load the genome data and present the region selection screen, which 
accepts genomic coordinates, locus tag names, or antiSMASH region 
numbers (if antiSMASH has found and annotated any biosynthetic 
regions-of-interest) as input. Genomic coordinates are the most 
flexible form of input. For example, if the region you want to edit 
spans 20 kb from the base 100,000 bp, you would enter a range of 
“100000-120000”.  
!CRITICAL STEP The “Expert settings” panel allows you to tweak the 
editing window size and offset from the PAM, but unless you have 
evidence of the edit window properties being different in your strain-
of-interest, it is recommended to keep the defaults.  
?TROUBLESHOOTING 

3. Click the “Find targets” button to start the protospacer identification 
process. Depending on the size of your uploaded genome and the 
current server load, the scan for protospacers will take several 
minutes. Once the scan is complete, your selected region is shown on 
top of a table with detailed protospacer descriptions. Genes are 
denoted as arrows pointing right for genes on the forward strand and 
pointing left for genes on the reverse strand. Protospacers are 
indicated by red boxes above and below the gene arrows, depending 
on the strand of the protospacer. If your region of interest is relatively 
large, it might be hard to visually distinguish different protospacers 
on a single gene. You can zoom into genes of interest by left-clicking 
on a gene arrow and selecting “Show results for this gene only”. You 
can always go back to the overview by using the “Go back” button on 
the top left of the screen.  

4. Select appropriate CRISPR spacers for the desired application. 
Initially, CRISPy-web shows all potential protospacers. Since these 
protospacers are scored by potential off-target calculation, one can 
directly select the desired spacers here for non-base editing 
applications. Click the “CRISPR-BEST mode” button to restrict the 
view to protospacers that can be used for CRISPR-BEST applications. 
This filters for protospacers that introduce amino acid changes when 
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used in CRISPR-BEST. Click the “Show only STOP mutations” button 
to further restrict the results to only show the protospacers that can 
be used to introduce stop codons. 

5. To select a protospacer for download, simply click on its table row. 
The text color will change to blue and the counter on the “shopping 
cart” button on the upper right will increase by one. More than one 
protospacer can be selected this way.  

6. Once you finish your selection of protospacers, click the “shopping 
cart” button on the top right. You will be shown an overview of 
selected protospacers.  

7. Hit the “Download CSV file” to download the selected protospacers in 
a format compatible with spreadsheet applications. The 20 
nucleotides in the “Sequence” column will be used for sgRNA 
assembly in Step 8. 
?TROUBLESHOOTING 
!CRITICAL STEP In general, low numbers of off-target hits represent 
good protospacers. In general, it is advised to select protospacers with 
no “0 bp mismatches”, and if possible, with no 1 bp and 2 bp 
mismatches for maximum specificity. However, for introducing stop 
codons, good protospacers strike a balance of a low number of off 
target hits and a location as close to the start codon as possible.  
!CRITICAL STEP Mutations are displayed as wildtype amino acid, 
coordinate in the protein sequence, and amino acid after mutation. 
For example, if the mutation is “L29F”, the leucin at position 29 of the 
protein will be mutated to a phenylalanine. An amino acid code of “*” 
indicates a stop codon.  
!CRITICAL STEP Please note that CRISPy-web predicts protospacers 
that target both DNA strands. CRISPRi, however, only works with 
sgRNAs binding to the non-template DNA strand (coding strand or 
sense strand) when targeting within an open reading frame (ORF), or 
sgRNAs binding to both strands of the promoter region9,45. This makes 
protospacer selection for CRISPRi application a critical step. We 
recommend selecting protospacers in CRISPy-web that can bind to the 
non-template DNA strand (also known as coding strand, and sense 
strand), either binding to promoter or binding to an ORF region that 
is close to the start codon. 
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Construction and validation of the desired CRISPR plasmid  
 
Timing 7-16 days 
 

8. Prepare sgRNA cassettes and editing templates (optional). Follow 
option A if single-target CRISPR plasmids are going to be constructed, 
and option B if multiple-target CRISPR plasmids are going to be 
constructed. Construction of an editing template (option C), is only 
required for in-frame insertions or deletions.  
A. Preparing 20-bp protospacer containing ssDNA oligos for single 

target CRISPR plasmid construction. 
i. Design ssDNA oligos for the single-target CRISPR plasmid 

construction from the protospacer sequences obtained in Step 
7. To facilitate the ssDNA oligo design for protospacer 
integration in all single target CRISPR plasmids, use the 
following template: CGGTTGGTAGGATCGACGGC-N20-
GTTTTAGAGCTAGAAATAGC, N20 is the place to insert the 
custom 20-nt protospacer from Step 7.  

ii. Directly order the ssDNA oligo from the supplier, for example 
IDT with standard desalting protocol.  

iii. Resuspend the oligos into 100 µM stocks using 1x NEBuffer 2. 
iv. Before starting Step 13(A) dilute the oligos to a working 

concentration of 0.2 µM using 1x NEBuffer 2.  
¡PAUSE POINT 
The prepared solutions, together with the stocks, can be stored 
at −20 °C for up to 6 months. 

B. Preparing sgRNA cassettes for multiple-target CRISPR plasmid 
construction. 
i. sgRNA cassette preparation for multiplexing-compatible 

CRISPR plasmids requires PCR to obtain the cassettes. Firstly, 
design and order primers for each sgRNA fragment according 
to the design rules described in the Experimental design section 
(an example is presented in Box1).  

ii. Carry out the PCRs for each sgRNA unit in a 50 µL reaction 
system using pJET1.2-sgRNAhandle (see materials section) as 
template with the following set up and conditions: 
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Component Amount (µL) Final 
concentration 

Forward primer (from Step 8(B)(i)) 1 400 nM 
Reverse primer (From Step 8(B)(i)) 1 400 nM 
Template DNA 0.5 (~50 ng)  
2×Phusion High-Fidelity PCR Master 
Mix with HF Buffer 

25 1× 

ddH2O 22.5  
Total 50 (one 

reaction) 
 

!CRITICAL STEP We obtained equal efficiency by using NEB Q5® 
High-Fidelity 2× Master Mix kit and the 2×Phusion High-Fidelity 
PCR Master Mix with HF Buffer. 

Cycle 
number 

Denature Anneal Extend Final 

1 98 °C, 20 s    
2-31 98 °C, 10 s 60 °C (from Tm 

calculator), 30 s 
72 °C, 10 s  

32   72 °C, 5 min  
33    10 °C, hold 

!CRITICAL STEP The annealing temperature (Ta) in this work 
is calculated with a Tm Calculator from NEB 
https://tmcalculator.neb.com/#!/main. Other similar available 
Tm Calculators can also be used. 
!CAUTION The extension time is calculated according to the 
used DNA Polymerase, i.e., 15-30 s/kb for Phusion High-Fidelity 
polymerase. 

iii. Analyze 5 µL of each PCR reaction (add 1 µL of 6x DNA gel 
loading dye) along with the GeneRuler 100 bp DNA Ladder on 
an agarose gel (1%) with 1×TAE buffer. Run the gel at 100 V for 
30 min and visualize the bands using a Bio-Rad Gel Doc XR+ Gel 
Documentation System. A band with approximately 150 bp is 
expected.  

iv. Purify the positive fragments using NucleoSpin® Gel and PCR 
Clean-up kit, according to manufacturer’s instructions.  

v. Measure the concentration of each fragment using a NanoDrop 
2000. 
?TROUBLESHOOTING  
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vi. Pool all fragments, calculate the volume required of each 
fragment based on the measured concentrations (from Step 
8(B)(v) and a desired molar ratio of 5:1 (insert:vector).  
!CRITICAL STEP This equation is used for pmol-ng conversion.  
Pmols = (weight in ng) x 1,000 / (base pairs x 650 daltons) 

vii. Digest the sgRNA fragments using FastDigest Eco31I (BsaI). Set 
up a 20 µL reaction using a mix of 1 µL FastDigest Eco31I and 1 
µL FastAP thermosensitive alkaline phosphatase and incubate 
for 30 min at 37 °C. Heat inactivate for 10 min at 65 °C.  
!CRITICAL STEP This reaction can be directly used for the 
following ligation, however, we recommend firstly purifying 
the fragments using NucleoSpin® Gel and PCR Clean-up kit, 
according to the manufacturer’s instructions.  
!CRITICAL STEP The amount of FastDigest Eco31I (BsaI) needs 
to be calculated based on the number of fragments, we 
recommend using 0.2 µL FastDigest BsaI for each fragment in a 
20 µL reaction. In total, the amount of FastDigest Eco31I should 
not exceed 1 µL. If one has more than 5 fragments, we 
recommend using a NEB BsaI-HF®v2 kit to assemble the sgRNA 
array into the pGGA vector included in the kit, then apply a 
NcoI-NheI double digestion to isolate the pre-assembled sgRNA 
array. 
!CRITICAL STEP As there are many BsaI sites in the pSG5 
plasmid backbone, a two-step Golden Gate Assembly reaction 
needs to be set up to assemble the sgRNA fragments into the 
multiplexing-compatible CRISPR plasmids. Therefore, at this 
stage, removal of all restriction enzymes by proper heat 
inactivation or clean up of the fragments is of great importance. 
¡PAUSE POINT 
The prepared sgRNA fragments can be stored at −20 °C for up to 
6 months. 
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Box 1: An example of a three-sgRNA array design15. 

 
 
 
 

The three-spacer sgRNA array was designed to simultaneously target the three key enzymes from three 

biosynthetic gene clusters (BGCs) in S. coelicolor A3(2), SCO5087 from the actinorhodin gene cluster (BLUE), 

SCO3230 from the calcium-dependent antibiotic gene cluster (CDA), and SCO5892 from the undecylprodigiosin 

gene cluster (RED). The sgRNA array is organized by the order of BLUE-CDA-RED. The RE handle is in black, 

the BsaI RE site is in lowercase letters, the 28-nt Csy4 recognition site is in blue, the 82-nt sgRNA handle is in 

red, the 20-nt spacer is in green, and the 4-nt overhang is underlined. All sequences are in 5’ à 3’.  

• sgRNA-BLUE: 

GATCGggtctccCATGGTTCACTGCCGTATAGGCAGCTAAGAAACCGTTCACAGGTCGCGGCGGGTTTTAGAGC

TAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT

GTTCACTGCCGTATAGGCAGCTAAGAAAGCGGtgagaccCGATC 

• sgRNA-CDA: 

GATCGggtctcaGCGGCGAACCAGCCCATCATGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCG

TTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTGTTCACTGCCGTATAGGCAGCTAAGAAACCCCt

gagaccCGATC 

• sgRNA-RED: 

GATCAggtctcaCCCCCAGGACGTGGAACAGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCC

GTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTGTTCACTGCCGTATAGGCAGCTAAGAAACTA

GcgagaccTGATC 

• sgRNA-BLUE-F: 

GATCAGGTCTCGCATGGTTCACTGCCGTATAGGCAGCTAAGAAACCGTTCACAGGTCGCGGCGGGTTTTAGA

GCTAGAAATAGCAAGT 

• sgRNA-BLUE-R: 5’- GATCGGGTCTCACCGCTTTCTTAGCTGCCTATACGG -3’ 

• sgRNA-CDA-F: 5’- GATCGGGTCTCAGCGGCGAACCAGCCCATCATGTTTTAGAGCTAGAAATAGCAAGT -3’ 

• sgRNA-CDA-R: 5’- GATCGGGTCTCAGGGGTTTCTTAGCTGCCTATACGG -3’ 

• sgRNA-RED-F: 5’-GATCAGGTCTCACCCCCAGGACGTGGAACAGAGTTTTAGAGCTAGAAATAGCAAGT -3’ 

• sgRNA-RED-R: 5’- GATCAGGTCTCGCTAGTTTCTTAGCTGCCTATACGG -3’ 
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C. Preparing editing templates (optional). 
Timing 5-12 d 
CRITICAL: This step is required only for creating in-frame 
deletions/insertions. The Gibson Assembly in this step needs 
CRISPR-Cas9 plasmids constructed with sgRNAs in Step 13(A), 
however, the editing template preparation in this step can be 
carried out in parallel with CRISPR plasmid construction (Steps 9-
19) to save time. 
i. Design and order primer sets that can amplify two ~ 1kb DNA 

fragments flanking the DNA sequence of interest, (optionally, 
include the DNA sequence to be inserted) with a 20-nt overhang 
at the ends of each fragment for later Gibson Assembly purpose. 

ii. Use direct Streptomyces colony PCR (see Step 34(B)) or a genomic 
DNA PCR for amplification of each of the required DNA 
fragments. In the latter case, a 50 µL PCR reaction is carried out 
as follows: 

Component Amount (µL) Final concentration 
Forward primer (from Step 
8(C)(i)) 

1 400 nM 

Reverse primer (from Step 
8(C)(i)) 

1 400 nM 

Template DNA 1 (~100 ng)  
2×Phusion High-Fidelity PCR 
Master Mix with GC Buffer 

25 1× 

DMSO 1.5 3% 
ddH2O 20.5  
Total 50 (one 

reaction) 
 

!CRITICAL STEP We recommend adding 3% DMSO if pure 
genomic DNA is used as the PCR template. 

Cycle number Denature Anneal Extend Final 
1 98 °C, 20 s    
2-36 98 °C, 10 s 72 °C (from Tm 

calcu
lator)
, 30 s 

72 °C, 30 s  

37   72 °C, 5 min  
38    10 °C, hold 

iii. Analyze 5 µL of each PCR reaction (add 1 µL of 6x DNA gel 
loading dye) along with the GeneRuler 1 kb DNA Ladder on an 
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agarose gel (1%) with 1×TAE buffer. Run the gel at 100 V for 30 
min and visualize the bands using a Bio-Rad Gel Doc XR+ Gel 
Documentation System.  

iv. Purify successfully amplified fragments either by PCR clean-up 
(if the bands are unique and sharp) or gel purification (if 
unspecific bands are observed) using a NucleoSpin® Gel and 
PCR Clean-up kit, according to the manufacturer’s instructions.  

v. Measure the concentration of each purified fragment using a 
NanoDrop 2000. 
¡PAUSE POINT 
The purified fragments can be stored at −20 °C for up to 3 
months. 
?TROUBLESHOOTING 

vi. Digest the CRISPR-Cas9 plasmid bearing the desired sgRNA 
from Step 13(A), with FastDigest Eco147I (StuI). Ideally, use a 50 
µL reaction system containing 2 µg plasmid DNA, 5 µL 10× 
FastDigest Buffer, 2 µL FastDigest Eco147I, and 1 µL FastAP 
thermosensitive alkaline phosphatase (1 U/µL). Incubate at 37 
°C for 30 min.  

vii. Analyze 2 µL of the reaction (add 1 µL of 6x DNA gel loading dye 
and 4 µL of ddH2O) along with the GeneRuler 1 kb DNA Ladder 
on an agarose gel (1%) with 1×TAE buffer. Run the gel at 100 V 
for 30 min and visualize the bands using a Bio-Rad Gel Doc XR+ 
Gel Documentation System.  

viii. Clean-up the gel confirmed linearized plasmid using 
PCR clean-up protocol with a NucleoSpin® Gel and PCR Clean-
up kit, according to the manufacturer’s instructions.  

ix. Measure the concentration using a NanoDrop 2000. (Optionally, 
a gel purification step can also be used for getting the linearized 
plasmid fragment, however, it will normally give a much lower 
yield.) 
¡PAUSE POINT 
The linearized plasmids can be stored at −20 °C for up to 3 
months. 

x. Assemble the 2 (3, if the application is in-frame insertion) 
fragments obtained from Step 8(C)(v) into the StuI linearized 
CRISPR-Cas9 plasmid (from Step 8(C)(ix)) by Gibson Assembly 
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using NEBuilder® HiFi DNA Assembly Master Mix. The required 
volume of each fragment is calculated based on the Nanodrop 
2000 measured concentrations and a recommended molar ratio 
of 3:1 (insert:vector). Use a 10 µL reaction system with 100 ng of 
the linearized plasmid for this Gibson Assembly reaction.  

xi. Flick the tube 3-5 times with a fingertip, spin down the reaction, 
and incubate at 50 °C in a thermocycler for 60 min. 
!CRITICAL STEP This equation is used for pmol-ng conversion.  
Pmols = (weight in ng) x 1,000 / (base pairs x 650 daltons) 
¡PAUSE POINT 
The Gibson reaction can be stored at −20 °C for up to 3 months. 

xii. Transform 50 µL of One Shot® Mach1™ T1 Phage-Resistant 
competent E. coli cells with the complete 10 µL reaction from 
the above step using the 42 °C heat shock transformation 
protocol (see step 13(B)(ii))  

xiii. Screen the positive clones by E. coli colony PCR (see the 
procedures in steps 14-17) with a primer set of StuI-F (5’- 
GACAATGACAACAACCATCGCC-3’) and StuI-R (5’- 
GGGAAGTCGTCGCTCTCTGG-3’), which flank the editing 
template.  
!CRITICAL STEP Amplification of a > 2 kb high GC DNA 
fragment is relatively challenging. Therefore, we recommend 
using a custom primer set flanking a ~500 bp region of the joint 
site of the up-stream and down-stream homologous 
recombination templates. 

xiv. Confirm the positive clones identified by colony PCR by 
Sanger sequencing using the same procedures from Step 19. 
Normally, both StuI-F and StuI-R and an additional sequencing 
primer that can bridge the reads of StuI-F and StuI-R are used to 
make sure the in-frame deletion/insertion can be read out. 

xv. Make a 25% glycerol stock using the same procedure described 
in step 20. 

9. Linearize the CRISPR plasmids by restriction enzyme digestion. 
Follow option A if non-multiplexing-compatible CRISPR plasmids are 
constructed, and option B for construction of multiplexing-
compatible CRISPR plasmids.  
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!CRITICAL STEP As Thermo Fisher Scientific provides a compatible 
buffer system, both FastDigest restriction enzymes and FastAP 
thermosensitive alkaline phosphatase can be added at the same time 
for a total reaction time of 30 min. Instead of a 20 µL volume digestion, 
one can enlarge the volume to yield more linearized plasmid that can 
be stored at −20 °C for up to three months for future use.  
A. Digesting non-multiplexing-compatible CRISPR plasmids. 
i. Prepare a single digestion of the selected CRISPR plasmids 

(pCRISPR-Cas9; pCRISPR-Cas9-ScaligD; pCRISPR-dCas9; 
pCRISPR-cBEST; and pCRISPR-aBEST) (Fig. 1) for single editing 
applications with FastDigest NcoI in a 20 µL digestion system 
containing the following components: 

Component Amount (µL) Final concentration 
Plasmid DNA 10 40 ng/µL 
FastDigest NcoI 1  
10× FastDigest buffer  2 1× 
dd water 7  
Total volume 20  

Ideally, digest 800 ng of plasmid DNA. Incubate at 37 °C for 30 
min. Then add 1 µL of FastAP thermosensitive alkaline 
phosphatase to the reaction and incubate for additional 10 min at 
37 °C.  
¡PAUSE POINT 
The linearized plasmids can be stored at −20 °C for up to three 
months. 

B. Digesting multiplexing-compatible CRISPR plasmids. 
i. Use NcoI and NheI to digest the multiplexing compatible CRISPR 

plasmids (Fig. 3). Prepare a double digestion of the multiplexing-
compatible CRISPR plasmid (pCRISPR-McBEST) with FastDigest 
NcoI and FastDigest NheI in a 20 µL digestion system containing 
the following components: 

Component Amount (µL) Final concentration 
Plasmid DNA 10 40 ng/µL 
FastDigest NcoI 1  
FastDigest NheI 1  
10× FastDigest buffer  2 1× 
dd water 6  
Total volume 20  
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Ideally, digest 800 ng of plasmid DNA. Incubate it at 37 °C for 30 
min, the add 1 µL of FastAP thermosensitive alkaline 
phosphatase to the reaction and incubate for additional 10 min at 
37 °C. following an inactivation step at 75 °C for 10 min.  
¡PAUSE POINT 
The linearized plasmids can be stored at −20 °C for up to three 
months. 

10. Analyze 2 µL of the above digestion reaction (add 1 µL of 6x DNA gel 
loading dye and 4 µL of ddH2O) along with the GeneRuler 1 kb DNA 
Ladder on an agarose gel (1%) with 1×TAE buffer. Run the gel at 100 V 
for 30 min and visualize the bands using a Bio-Rad Gel Doc XR+ Gel 
Documentation System.  

11. Clean-up the gel confirmed linearized plasmid with a NucleoSpin® Gel 
and PCR Clean-up kit, according to the manufacturer’s instructions. 

12. Measure the concentration using a NanoDrop 2000. (Optionally, a gel 
purification step can also be used for getting the linearized plasmid 
fragment, however, it will normally give a much lower yield. The gel 
purification step can be carried out with a NucleoSpin® Gel and PCR 
Clean-up kit, according to the manufacturer’s instructions.) 

13. To assemble the sgRNA cassettes (and optionally the editing template) 
into the digested CRISPR plasmid of choice, follow option A for 
construction of non-multiplexing-compatible CRISPR plasmids, or 
option B for construction of multiplexing-compatible CRISPR 
plasmids.   
A. Construction of non-multiplexing-compatible CRISPR plasmids  
i. To clone the ssDNA oligo containing the 20-nt spacer from Step 

8(A)(iv) into the linearized single-target CRISPR plasmid using 
the PCR-free ssDNA oligo bridging method18, firstly prepare a 20 
µL reaction mix containing 30 ng of the linearized plasmid from 
Step 9(A)(i), 5 µL of the 0.2 µM oligo from Step 8(A)(iv), 10 µL of 
2 x NEBuilder® HiFi DNA Assembly Master Mix and ddH2O to 20 
µL. Incubate the reaction for 1 h at 50 °C.  
!CRITICAL STEP The reaction volume can be reduced 
proportionally to 10 µL in order to save reagents.  
¡PAUSE POINT 
The reaction can be stored at −20 °C for up to three months. 
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ii. Transfer 2 µL of the above reaction mixture into 50 µL in-house-
made (or commercial) electroporation competent Mach1 E. coli. 
cells (see Box. 2 for making high-efficient electroporation 
competent E. coli) by the following procedures: take the 50 µL 
electroporation competent E. coli cells containing tubes out of –
80 °C and thaw on ice (approximately 10 min). In the meantime, 
take the 1 mm electroporation cuvettes out of −20 °C and place 
them on ice. Carefully pipette the competent cells into the 
cuvettes. Mix the competent cells with 2 µL of the ssDNA oligo 
bridging from Step 13(A)(i) reaction by flicking with a fingertip 
3-5 times (avoid bubble formation). Use the Ec1 program of a Bio-
rad MicroPulser (alternatively, a similar electroporation 
program of 1.8 kV with a 1 mm electroporation cuvette of one 
time of pulse can be used). Immediately add 200 µL SOC into 
each cuvette, transfer the reaction into a sterilized 1.5 mL 
Eppendorf tube. Incubate it in a heating block at 37 °C and 800 
rpm for 1 h.  

iii. Plate 100 µL of the reaction onto a selective LB plate 
supplemented with 50 µg/mL apramycin. Incubate the plate 
overnight at 37 °C.  
!CAUTION The transformation efficiency may differ with home-
made competent cells. Therefore, we recommend using the 
commercial products if they are available.  
!CRITICAL STEP Chemically competent cells can also be used in 
this step with a 42 °C heat shock protocol from Step 13(B)(ii). 

B. Assemble the sgRNA cassettes into the multiplexing compatible 
CRISPR plasmids by a two-step Golden Gate Assembly. 
i. Set up a 10 µL ligation reaction using T4 Ligase (5U), 100 ng of 

pre-digested plasmids from step 9(B) and the required volume of 
the prepared sgRNA fragments from step 8(B) (5:1 molar ratio, 
use directly the heat inactivated digestion reaction). Supplement 
the reaction with 2 µL of 50% PEG-4000 (included in the T4 Ligase 
kit) and incubate for 1 h at 22 °C. 
¡PAUSE POINT 
The reaction can be stored at −20 °C for up to three months. 

ii. Transfer 5 µL of the above reaction into 50 µL One Shot™ Mach1™ 
T1 Phage-Resistant Chemically Competent E. coli using a heat 
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shock protocol as follows: take 50 µL aliquots of the chemically 
competent E. coli cells out of –80 °C and thaw on ice 
(approximately 10 min). Mix it with 5 µL of the reaction obtained 
from the above step by flicking with a fingertip (3-5 times). 
Incubate on ice for 20 min, followed by a 60 s heat shock at 42 °C 
using a water bath, steadily transfer the tubes into ice and 
incubate for another 5 min. Add 200 µL SOC into the tubes, 
incubate in a heating block under conditions of 37 °C, 800 rpm 
for 1 h.  

iii. Plate all of the reaction on a selective LB plate supplemented 
with 50 µg/mL apramycin. Incubate the plate overnight at 37 °C.  
!CRITICAL STEP Electroporation competent cells can also be 
used in this step with an electroporation transformation protocol 
from step 13(A)(ii). 

14. Screen the clones using an E. coli colony PCR as follows: in the 
morning following Step 13, pick 12-24 E. coli colonies of each assembly 
into a 96-deep-well plate containing 300 µL LB broth supplemented 
with 50 µg/mL apramycin in each well using sterilized wooden 
toothpicks.  

15. Incubate the plate at 37 °C at 300 rpm for 2 hours.  
16. Directly use 1 µL of the culture as templates for colony PCR with the 

following set up and conditions: 
Component Amount (µL) Final concentration 
sgRNA-TEST-F 0.5 500 nM 
sgRNA-TEST-R 0.5 500 nM 
Template DNA 1  
OneTaq® 2× Master Mix 
with Standard Buffer 

10 1× 

ddH2O 8  
Total 20 (one reaction)  

Primer sequences: 
sgRNA-TEST-F: 5’- AATTGTACGCGGTCGATCTT-3’  
sgRNA-TEST-R: 5’-TACGTAAAAAAAGCACCGAC-3’ 

Cycle 
number 

Denature Anneal Extend Final 

1 94 °C, 3 min    
2-31 94 °C, 30 s 50 °C, 30 s 68 °C, 30 s  
32   68 °C, 5 min  
33    10 °C, hold 
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17. Analyze 5 µL of the above PCR reactions (add 1 µL of 6x DNA gel 
loading dye) along with the GeneRuler 1 kb DNA Ladder on a long (10 
cm) agarose gel (3%) with 1×TAE buffer. Run the gel at 100 V for 60 
min and visualize the bands using a Bio-Rad Gel Doc XR+ Gel 
Documentation System.  
!CRITICAL STEP As the size differences of the positive and the control 
is only 20 bp, it needs a > 2% agarose gel with 60 min to distinguish. 
We recommend using a 10 cm 3% agarose gel, and run the gel at 100 
V for 60 min.  
¡PAUSE POINT 
The E. coli culture in the 96-deep-well plate can be stored at 4 °C for up 
to one week. 

18. Prepare overnight cultures of the above-obtained positive colonies in 
cultivation tubes containing 5 mL of LB broth supplemented with 50 
µg/mL apramycin. Inoculate 50 µL of culture directly from the 96-
deep-well plate.  

19. Perform plasmid isolation using the NucleoSpin® Plasmid EasyPure 
Kit following the manufacturer’s instructions the following day and 
submit the plasmids for Sanger sequencing using the sgRNA-TEST-F 
primer (5’- AATTGTACGCGGTCGATCTT-3’) and Cas9-C-terminal-
TEST primer (5’-GACCCTGATCCACCAGAGCA-3’).  
!CRITICAL STEP 2×YT broth supplemented with 50 µg/mL apramycin 
performs better than LB broth, in general. We recommend isolating 
plasmids from a 5 mL overnight culture. 
!CRITICAL STEP We have observed some unknown factors that can 
trigger the instability of the pSG5 replicon-based shuttle plasmid in E. 
coli. Therefore, it is critical to confirm the integrity of the CRISPR 
plasmids. We observed several cases where the “hot region of 
instability” lies downstream of the tipA-fd fragment. Therefore, we 
recommend running an additional Sanger sequencing with 
sequencing primer Cas9-C-terminal. Alternatively, a NdeI-BglII 
double-digestion mapping can also indicate the integrity of the 
plasmids.  

20. Freeze the E. coli strains with correct plasmids (ready-to-use CRISPR 
plasmids) confirmed by Sanger sequencing in 25% glycerol at −80 °C 
for long-term storage.  
¡PAUSE POINT 



Chapter 3 ½ CRISPR-Cas9-Based, CRISPRi, and CRISPR-BEST-Mediated Genetic Manipulation in Streptomycetes 
 

104 

The E. coli glycerol stock can be stored at −80 °C for at least 5 years. 
 

Box 2: A modified electroporation competent cell preparation protocol.  

 

TIMING 2 DAYS 
 
!CRITICAL All reagents and equipment that will directly contact the E. coli cells need to be pre-sterilized by 
autoclaving at 121 °C for 20 min. 
 
Day1  
1. Put all required reagents and equipment (the centrifuge rotor, 2 L ddH2O, 100 mL 10% glycerol (v/v), 500 

mL LB broth, four 250 mL centrifuge bottles, four 50 mL canonical tubes and 50 1.5 mL Eppendorf tubes) 
to 4 °C cold room for overnight cooling.  

2. Inoculate a fresh single colony of the required E. coli strain into a 250 mL shake flask containing 50 mL LB 
broth , incubate at 37 °C 200 rpm overnight.  

 
Day2 
3. Inoculate 5 mL of the overnight culture into a 2 L shake flask with 500 mL LB broth. Incubate it at 37 °C 

with 200 rpm shaking. Measure OD600 every hour and every 10 min once the OD600 reaches 0.2. After the 
inoculation, turn on the floor centrifuge and set up a 4 °C mode with the pre-chilled centrifuge rotor.  
!CRITICAL STEP Ensure that the centrifuge is properly cooled down to 4 °C. It is recommended to start 
cooling down the centrifuge around one hour before using it.  

4. Once an OD600 of around 0.4 is observed, bury the whole shake flask (the part with culture) into ice to 
chill for 30 min with occasional swirling. Also bury the four 50 mL canonical tubes, four 250 mL centrifuge 
bottles, ddH2O, and 10% glycerol into ice in this step.  
!CRITICAL STEP It is important not to let the OD get any higher than 0.4. 

5. Subsequently, divide the culture equally into the four centrifuge bottles and then harvest cells by 
centrifugation at 1000×g for 20 min at 4 °C. (!Spin No. 1)  
!CRITICAL STEP If conditions permit, carry out the following operations at 4 °C cold room. Otherwise, 
keep all operations as fast as possible, and transport E. coli containing bottles/tubes on ice. 

6. Carefully decant the supernatant without disturbing the cell pellets, and gently resuspend each pellet in 
100 mL of ice-cold ddH2O. Combine two resuspensions and then centrifugate again with the same 
condition of Step 5. (!Spin No. 2)  
!CRITICAL STEP Because the cells are becoming more and more competent and fragile, no pipetting is 
allowed to mix or suspend. The time that cell pellets spend out of ice needs to be as short as possible.  

7. During the centrifugation time, rinse each of the 50 mL canonical tubes using 10 mL ice-cold 10% glycerol. 
Carefully decant the supernatant without disturbing the cell pellets, and gently resuspend each pellet in 
40 mL of ice-cold 10% glycerol. Then transfer the resuspensions to the 50 mL canonical tubes and 
centrifugate again with the same conditions as of Step 5. (!Spin No. 3).  

8. Repeat Step 7. to wash the cell pellets once more with ice-cold 10% glycerol to make sure the competent 
cells are ion-free. (!Spin No. 4). 

9. During the centrifugation time, place a required number of pre-chilled Eppendorf tubes on ice. Prepare 
liquid nitrogen at this stage as well. Carefully remove and discard the supernatants, and then resuspend 
each pellet in 1 mL of ice-cold 10% glycerol by carefully swirling. Aliquot 50 µL of the resuspensions into 
ice-cold 1.5 mL microfuge tubes and snap frozen in liquid nitrogen. Then store the electrocompetent cells 
at −80 °C.  
!CAUTION Liquid nitrogen is an ultra-low temperature reagent. Wear safety glasses or a face shield when 
transferring and operating with liquid nitrogen. 
¡PAUSE POINT 
The electrocompetent cell can be stored at −80 °C for up to six months. 
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Transfer of ready-to-use CRISPR plasmids into the target streptomycetes by 
interspecies conjugation (Supplementary Video 1) 
 
Timing 2 d  
 

21. Plate the target streptomycete strains onto MS plates for sporulation, 
it normally is done days ahead according to the growth speed, for 
example, it requires around 5 days for S. ceolicolor WT strain to fully 
sporulate on MS plates.  

22. Transfer 200 ng of the correct plasmids from Step 19. into 50 µL in-
house-made electroporation competent E. coli ET12567/pUZ800244 
cells (in the following just referred to as ET) using the electroporation 
protocol described in step 13(A)(ii) with small modifications as follow: 
instead of plating onto selective LB plates, here we transfer all the 
reaction into a 50 mL Falcon tube with 20 mL selective LB broth 
supplemented with 50 µg/mL apramycin, 25 µg/mL kanamycin, and 
12.5 µg/mL chloramphenicol. Incubate the tubes overnight at 37 °C at 
200 rpm.  
!CRITICAL STEP It is also possible to plate the transformation 
reaction onto a selective LB plate and then start the culture from a 
single colony the next day. We recommend using the procedures we 
provide based on the experience that the DNA methylation defective 
host ET12567/pUZ8002 strain increases the risk of plasmid instability; 
using a pool of transformants will lower the chance of picking a wrong 
clone and can save at least one day.  

23. The following morning, prepare the ET cultures harboring the 
plasmids of interest by washing twice using the same volume (20 mL) 
antibiotics-free LB broth, and harvest the cells by centrifuging at 
5000×g, 5 min at room temperature. Then re-suspend the cell pellets 
in 2 mL antibiotics-free LB broth per 20 mL culture. 
!CRITICAL STEP We recommend using an amount of LB that is 10% 
of the initial culture volume for re-suspension of the ET cell pellets. 

24. In the meantime, start collecting spores of the streptomycete-of-
interest from Step 21 by carefully pipetting 10 mL 2×YT onto the 
surface of the spore lawn of a well sporulated MS plate (Fig. 5a).  

25. Use a sterilized cotton swab to scrape off the spores (Fig. 5b and 5c). 
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26. Carefully put a sterilized cotton pad above the spore suspension with 
sterilized tweezers (Fig. 5d). 

27. Use an Integra Pipetboy to get the spore suspension through the 
cotton pad to remove agar and mycelial debris (Fig. 5e), then transfer 
it into a 50 mL Falcon tube (Fig. 5f).  
!CRITICAL STEP Repeat the above operation twice to maximize the 
amount of spores from one plate; for strains that only produce low 
number of spores it may be necessary to collect spores from more 
than one plate. 

28. Collect the spores by centrifuging at 5000×g, 5 min at room 
temperature. Discard the supernatant carefully, re-suspend the 
spores in 2×YT (normally, use 2 mL per plate).  

29. Heat shock the spore suspension for 10 min at 50 °C. The spore 
suspension now is ready for conjugation.  
!CRITICAL STEP In order to achieve higher conjugation efficiency, we 
recommend leaving the spore suspension at 4 °C overnight (can be up 
to 3 days) for pre-germination. 
¡PAUSE POINT 
The spore suspension can be used for up to 2 weeks when it is stored 
at 4 °C. 

30. Mix 500 µL ET suspension from Step 23 with 200 µL spore suspension 
in a sterilized 1.5 mL Eppendorf tube by pipetting (in total, 700 µL mix 
is obtained). 

31. Plate 100 µL, 200 µL, and 400 µL onto three different MS plates, air dry 
in a laminar flow hood for 5 min and incubate the conjugation plates 
at 30 °C for around 24 h (overnight). 

32. Overlay the conjugation plates with 1 mL sterilized H2O containing 1 
mg apramycin and 1 mg nalidixic acid. Air dry the plates in a laminar 
flow hood for 15 min. 
!CAUTION It is not recommended to use a spreader for the overlay 
procedure. Instead, try to spread the 1 mL sterilized H2O containing 1 
mg apramycin and 1 mg nalidixic acid just by moving the plate. The 1 
mL sterilized H2O will form clouds after adding nalidixic acid stock. 

33. Incubate the plates until the exconjugants can be picked (an example 
of the ready to pick exconjugants are shown in Fig. 6c), normally it 
takes 3-5 days if the streptomycetes-of-interest have a normal growth 
speed. Transfer the picked exconjugants to a fresh ISP2 plate 
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supplemented with 50 µg/mL apramycin and 50 µg/mL nalidixic acid 
and incubate for 3 to 5 days at 30 °C. 
?TROUBLESHOOTING 
!CRITICAL STEP Almost all currently available genetic manipulation 
methods for streptomycetes require that the streptomycetes strain 
can take up plasmids. This makes conjugation a critical step of 
genome editing. The efficiency of conjugation can be affected by 
many factors. Our protocols have been successfully used for various 
actinomycete strains9,15,31-37.  
 

 
Figure 6: Experimental setup for collecting spores. A more detailed operation can be found 
in Supplementary Video 1. a, A well-sporulated S. coelicolor plate. b, Carefully pour 10 mL 2× 
YT on the spore lawn. c, Use a sterilized cotton swab to scrape off the spores. d, Carefully 
place a sterilized cotton pad above the spore suspension with sterilized tweezers. e, Use an 
Integra Pipetboy to aspirate the spore suspension through the cotton pad to remove agar and 
mycelial debris. f, Transfer the spore suspension to a 50-mL Falcon tube.  
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Evaluation of the successfully edited strains  
 
Timing 5-14 d 
 

34. Validate mutants. Use option A for evaluation of the non-genetically 
edited applications with CRISPRi, follow options B and option C for 
the chromosomally edited applications. 
A. Evaluation of the non-genetically edited applications. 
i. Make seed cultures by inoculating 3 randomly picked 

exconjugants (from Step 33) of each sgRNA and a non-treated 
control to individual shake flasks, each containing 50 mL 
selective ISP2 broth, and incubate at 30 °C, 180 rpm for 3 days. 

ii. Normalize the above seed cultures with wet weight by spinning 
down 1 mL cultures at 10,000×g, 5 min at room temperature. This 
is to calculate equal inoculums for the main cultures as described 
in the next step.  

iii. Inoculate 500 mg cell pellets (wet weight) from seed cultures of 
each exconjugant from Step 34(A)(i) to a fresh 50 mL selective 
ISP2 broth-containing shake flask, incubate at 30 °C, 180 rpm for 
3-5 days. 

iv. Extract and analyze the end-point product accordingly, a detailed 
example can be found in ref.9. 
!CAUTION As different sgRNAs normally have different 
suppression effects, we recommend targeting at least three 
different loci per gene by different sgRNAs. Besides directly 
analyzing the end-point product9, transcription analysis can also 
be applied, i. e., qRT-PCR, and RNA-Seq etc. 
?TROUBLESHOOTING  

B. Evaluation of genetically edited applications by colony PCR. 
i. Quick screening of the correctly edited clones by a Streptomyces 

colony PCR protocol: scratch around 4 square millimeters 
mycelia using a sterile wooden toothpick from the ISP2 plates 
from Step 33 incubated for 3-5 days into a PCR tube containing 20 
µL DMSO; incubate for 15 min at 100 °C, 1000 rpm using a 
shaking/heating block. Transfer the tube to a −20 °C freezer and 
freeze for 30 min. Use 1.5 µL of the above-obtained solution as a 
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template for colony PCR. The primers flanking the target regions 
of around 500 bp are used. PCR is carried out as follows: 

Component Amount (µL) Final concentration 
Forward primer 1 400 nM 
Reverse primer 1 400 nM 
Template DNA 1.5 3% DMSO 
2×Phusion High-Fidelity PCR 
Master Mix with HF Buffer 

25 1×  

ddH2O 21.5  
Total 50 (one 

reaction) 
 

!CRITICAL STEP We obtained equal efficiency by using NEB Q5® 
High-Fidelity 2× Master Mix and 2×Phusion High-Fidelity PCR 
Master Mix with HF Buffer. 
!CRITICAL STEP We recommend using the mycelia from a fast-
growing stage (before you can see the sporulation) for 
Streptomyces colony PCR. 

ii. Analyze 5 µL of the above PCR reactions (add 1 µL of 6x DNA gel 
loading dye) along with the GeneRuler 1 kb DNA Ladder on an 
agarose gel (1%) with 1×TAE buffer.  Run the gel at 100 V for 30 
min and visualize the bands using a Bio-Rad Gel Doc XR+ Gel 
Documentation System.  

iii. Clean-up the above PCR products with clear bands 
using NucleoSpin® Gel and PCR Clean-up kit, following the 
manufacturer’s instructions. Measure the concentration of each 
fragment using a NanoDrop 2000.  

iv. Validate the edits by Sanger sequencing of 8-12 PCR products 
using the forward primers flanking the target regions. 
!CRITICAL STEP As most of the streptomycetes are mycelial 
growing bacteria, they have certain growth stages with multiple 
chromosomes in one cell. This can sometimes lead to a mixed 
population of WT and edited cells. Taking into consideration that 
different sgRNAs often have different editing efficiencies, we 
recommend applying a single spore separation from the re-
streak colonies of Step 33. A simple single spore isolation can be 
done by touching the sporulated colony using a sterilized 
toothpick, dipping it into 200 µL sterilized ddH2O, and then 
plating 20 µL, 50 µL and  100 µL of the above-obtained spore 
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suspension onto three induction ISP2 plate, respectively. After 3-
5 days of incubation at 30 °C, single colonies are expected to be 
seen from the plates. 
?TROUBLESHOOTING  

C. (optional, but highly recommended) Evaluation of genetically 
edited mutants by Illumina sequencing 
i. Inoculate a single colony of both the Sanger sequencing validated 

positive strain and a wildtype parental strain into an independent 
50 mL non-antibiotic ISP2 broth-containing shake flask and 
incubate at 30 °C, 180 rpm for 3-5 days.  

ii. Isolate genomic DNA of the above strains using the Qiagen Blood 
& Cell Culture DNA Kit with a modified protocol showed in Box 3.  
¡PAUSE POINT 
The genomic DNA solution can be stored at −20 °C for up to 6 
months. 
?TROUBLESHOOTING  

iii. Build the Illumina sequencing libraries using a KAPA 
HyperPlus kit, aiming for an insert size of ~ 600 nt using magnetic 
beads, following the manufacturer’s instructions.  
!CRITICAL STEP A kit with few PCR cycles is preferable to avoid 
a high proportion of clonal fragments. Similarly, because 
Streptomyces have a high GC content, a transposase-based 
sequencing library kit is highly discouraged as the fragment 
diversity would be low.  

iv. Quantify the libraries using a fragment analyzer and a Qubit 
dsDNA HS Assay kit, following the manufacturer’s instructions.  

v. Sequence the samples on a suitable Illumina machine with a 
paired end protocol of 2×250 bp, such as a MiSeq or NextSeq500 
to a coverage of ca. 100.  

vi. After base calling the paired end reads, perform adapter and 
quality trimming of the reads, e.g. using Adapterremoval247 with 
the switches --trimns and --trimqualities.  

vii. Run FastQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc) to ensure that low quality data is not present 
in the trimmed dataset. 

viii. Use breseq48 (e.g. version 0.33.2) with a high quality 
reference genome sequence to estimate the changes in both the 
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wildtype and genome edited strains. We suggest running breseq 
without the switch --polymorphism-prediction as local low 
coverage and other technical noise can lead to false low 
frequency off target predictions. Evaluate the reports of both the 
wildtype and genome edited strains and report the predicted 
mutations from both datasets. Identical predicted “mutations” in 
the two datasets reflect mutations which happened before the 
genome editing experiments. Pay special attention to larger 
structural changes of the streptomycetes genomes, such as 
deletions in the chromosome ends, which would likely happen 
in DSB-based genome editing but rarely in DSB-free genome 
editing, i. e. CRISPR-BEST.  
?TROUBLESHOOTING 
!CAUTION The wildtype strain from the same origin can 
accumulate different spontaneous mutations when they are 
maintained and used in the laboratory over time. Therefore, we 
highly recommend including the parental strain when evaluating 
the on/off-target of the CRISPR genome editing using whole 
genome sequencing based techniques. 

 
Plasmid curing (optional) 
 
Timing 7-14 d 
 
!CRITICAL: For a second round of editing using the same type of pSG5 based 
CRISPR plasmid, the CRISPR plasmids from the successfully edited 
streptomycete strains need to be eliminated by the following steps:  
 

35. Inoculate a single colony of the successfully edited streptomycete 
strain from Step 34(B) into a 50 mL non-selective YEME broth with 
3.4% sucrose-containing 250 mL shake flask, incubate at 40 °C, 180 
rpm for 3-5 days to reach the exponential growth phase.  
!CAUTION The incubation time depends on the target strain itself. 

36. Plate an appropriately (1,000 to 10,000-fold, depending on the density 
of the obtained culture) diluted fraction of the above culture on a non-
selective ISP2 plate, incubate at 30 °C for 3-5 days to obtain single 
colonies.  
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!CRITICAL STEP We recommend having around 100-200 single 
colonies on each standard 10-cm Petri dish. 

37. Replicate the above plate containing single colonies onto another 50 
µg/mL apramycin supplemented ISP2 plate.  
!CAUTION Due to the vegetative growth feature of Streptomyces, it is 
relatively difficult to replicate colonies from one plate to another. We 
recommend directly picking and streaking the well-marked colonies 
using sterilized wooden toothpicks. 

38. After 3-5 d incubation at 30 °C, some colonies with restored apramycin 
sensitivity can be observed. These are CRISPR plasmid cured strains.  

39. For long-term storage, prepare a 25 % glycerol stock of a spore 
suspension or liquid culture at exponential phase of the correctly 
edited strain with the CRISPR plasmids (from step 34(B)) or without 
the CRISPR plasmids (from step 38) and store at −80 °C. 
¡PAUSE POINT 
The glycerol stock can be stored at −80 °C for at least 5 years. 
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Box 3: Modified protocol for using the Qiagen Blood & Cell Culture DNA Kit for 
streptomycetes. 

Timing 
The minimal timing is based on optimal conditions, i. e., receiving DNA oligos 
from provider the next day of ordering; receiving Sanger sequencing results 
from the Sanger sequencing provider the next day after sample submission; 
using target streptomycete strains like S. coelicolor WT with a relatively fast 
growth; and having all required reagents, including competent cells, prepared 
beforehand. 
sgRNA design (Steps 1-7): 30 min 
Construction and validation of the desired CRISPR plasmid (Steps 8-20): 7-16 d 
Transfer of ready-to-use CRISPR plasmids into target streptomycetes by interspecies 
conjugation (Steps 21-33): 2 d 
Evaluation of the successfully edited strains (Step 34): 5-14 d 
Plasmid curing (optional) (Steps 35-39): 7-14 d 

1. Harvest the cell pellets from 10 mL of the 5 days old streptomycetes-of-interest culture by centrifugation 
at 10,000 g for 10 min at room temperature. 

2. Discard supernatant and resuspend the above pellets in 3.5 mL Buffer B1 with 70 µL RNase A solution (10 
mg/ml) by vortexing at top speed for 10 s. 

3. Add 100 µL lysozyme stock solution (100 mg/mL), and 100 µL Protease K solution then incubate in a water 
bath at 37 °C for 60 min. 
!CAUTION The incubation time may need to be prolonged if a clear lysis cannot be observed. Overnight 
incubation at 4 °C is acceptable. 

4. Add 1.2 mL Buffer B2, mix it well by inverting the tube 5-10 times, incubate in a water bath at 50 °C for 60 
min.  

5. During the last 10 min of the incubation, equilibrate a QIAGEN Genomic-tip 100/G with 4 mL Buffer QBT 
from the Blood & Cell Culture DNA Kit. Empty the QIAGEN Genomic-tip by gravity. 

6. Vortex the lysis sample from Step 4 of this Box for 10 s at top speed and load it to the equilibrated QIAGEN 
Genomic-tip. Allow it to enter the resin by gravity flow. 

7. Wash the QIAGEN Genomic-tip with 2 × 7.5 mL Buffer QC. 
8. Elute the genomic DNA with 5 mL Buffer QF into a 15-mL Falcon tube. 
9. Precipitate the DNA by adding 3.5 mL room temperature (22-25 °C) isopropanol, invert the tube 5-10 times. 
10. Centrifuge the above solution immediately at 10,000×g for 20 min at 4 °C. Carefully remove and discard 

the supernatant by pipetting. 
11. Wash the DNA pellets with 2 mL ice-cold 70% ethanol twice. 
12. Carefully remove the last droplets by pipetting, and air dry the DNA pellets for 15 min at room 

temperature. 
13. Dissolve the DNA pellets with ddH2O (pH 8.5) at 55 °C for 1 h. 
14. Run 1 µL of the above PCR reactions and GeneRuler 1 kb DNA Ladder on an agarose gel (0.7%) with 1×TAE. 

Run the gel at 100 V for 30 min and visualize the bands using a Bio-Rad Gel Doc XR+ Gel Documentation 
System to check the integrity of the isolated genomic DNA. 

15. Measure the 260/280, and 260/230 ratios using a NanoDrop 2000, and measure the concentration with a 
Qubit 2.0 Fluorometer. 
!CAUTION A good genomic DNA sample for Illumina sequencing should have the 260/280 and 260/230 
ratios at about 1.8 and 2.2, respectively. 
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Figure 7: Anticipated results. a, Colony PCR screening of the 20-bp spacer cloning; the 
results are visualized by a 3% (wt/vol) agarose gel. Lane 1: negative control without the 20-bp 
spacer; lanes 3, 6, and 7: clones with 20-bp spacer inserted; lanes 2, 4, and 5: clones without 
20-bp spacer inserted; lane M: GeneRuler 50-bp DNA Ladder, 13 bands (top to bottom) 
represent DNA sizes of 1,000, 900, 800, 700, 600, 500, 400, 300, 250, 200, 150, 100, and 50 bp, 
respectively. b, PCR screening and confirmation by Sanger sequencing of potentially positive 
clones. Clone 1 is a negative control without inserted spacer, whereas Clones 2–5 represent 
positive clones with a 20-bp; the different 20-bp spacers are highlighted in red boxes. 
c, Photograph of a successful conjugation experiment with >50 pickable colonies. 
d, Examples of the possible Sanger sequencing output of a base- editing application targeting 
the SCO5087 gene of S. coelicolor using pCRISPR–cBEST. The 20-nt protospacer sequence is 
highlighted in blue, whereas the 3-nt PAM sequence is shown in yellow. The two target 
cytosines and their expected edits are highlighted in gray. The variant nucleotides (as 
compared to the reference sequence) are highlighted in red.  
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Troubleshooting 
 
Troubleshooting can be found in Table 1. 
 
Table 1: Troubleshooting of the protocol. 

STEP PROBLEM POSSIBLE REASON SOLUTIONS 

1(A) 
CRISPy-web reports 
“Invalid input file” 
on upload 

Uploaded file is not a valid 
GenBank file and/or was 
corrupted during upload 

Verify the input file is a valid 
GenBank file and re-try the upload 

2 
On the overview 
page, the details 
box lists “0 genes” 

No valid CDS records found 
in the GenBank file 

Add gene annotations using a gene 
finding tool such as RAST (for an 
online service) or Prodigal (as a 
local tool) 

2 

On the overview 
page, no 
antiSMASH clusters 
are listed 

1. Used the wrong input file 
2. antiSMASH found no 
clusters 

1. Check you either used the 
antiSMASH download or uploaded 
an antiSMASH result file 
2. Select target region using 
genomic coordinates or locus tags 
instead 

4(B) and 4(C) 
No CRISPR-BEST 
protospacers shown 
on gene of interest 

No combination of PAM and 
edit window introducing an 
amino acid change is present 
on the gene of interest 

Select a different gene to edit 

8(B)(iii) No bands  
Forgot to add primers or DNA 
template 

Double check the components and 
re-run the PCR 

8(B)(iii) Unspecific bands 

Given the large primer 
overhangs, especially of the 
first sgRNA, additional 
optimization of the reaction 
may be required.  

Addition of 3% DMSO might 
improve the results. Successful 
elimination of unspecific bands 
was further achieved by running a 
touchdown PCR. 

8(C)(iii) No bands  
Forgot to add primers or DNA 
template 

Double check the components and 
re-run the PCR 

8(C)(iii) 
PCR unsuccessful, 
strong background 

A direct colony PCR was 
used. The strong background 
of the PCR templates will 
increase the chances of 
unspecific amplifications or 
PCR failure.  

1. Reduce the amount of the lysed 
Streptomyces templates.  
2. Use purified genomic DNA as 
templates. 
3. Use a touchdown PCR.  
4. Use another high GC friendly 
PCR kit. 

13(B)(i) 
Ligation not 
successful 

Unsuccessful ligation is likely 
caused by insufficient purity 
of the fragments and/or 
backbone, or by 
incompatible overhangs.  

It is highly recommended to 
extract fragments from an agarose 
gel, unless the amplification was 
highly specific. Furthermore, 
after purification, the values of 
A260/A280 and A260/A230 should 
both be >1.8. Incompatible 
overhangs will also result in no 
ligation. It is recommended to 
double check and/or to perform in 
silico cloning to verify that the 
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overhangs produced by BsaI 
digestion are compatible. 

Box3 
Low or no yield of 
genomic DNA 

 
1. Overloaded tip. 
2. Incomplete lysis reaction.  

1. Reduce the volume by half for 
cell harvest. 
2. Double the amount of the 
lysozyme, and/or prolong the 
incubation time. 

Box3 
Degraded genomic 
DNA samples 

DNA degradation can be 
caused by a contamination of 
DNase, and/or too much 
physical force during 
preparation. 

Replace the potentially 
contaminated reagents, and 
reduce the use of unnecessary 
physical force. 

33 
Too few 
exconjugants 

Check concentration of 
spores and/or E. coli ET 
cultures.  

Increase the amount of both the 
spores and the ET cultures. 

33 
Unsuccessful 
conjugation 

Compromised CRISPR 
plasmid in ET or in the target 
streptomycete strain due to 
the plasmid instability. 

Sanger sequence the region of 
pSG5 replicon of the suspicious 
plasmid from ET strain, to 
confirm its integrity. 
A simpler solution can also be 
using the plasmid from another 
clone, re-do the transformation to 
ET and the following conjugation. 

33 
Unsuccessful 
conjugation 

pSG5 replicon not 
compatible with the target 
streptomycete strains. 

If working with non-standard 
streptomycetes, it is 
recommended to check whether 
the PSG5 replicon is compatible. If 
not, the plasmid cannot be used 
without replacing the PSG5 replicon 

33 
Unsuccessful 
conjugation 

Cross-contamination of E. 
coli ET12567 pUZ8002 with 
another E. coli strain. 

Double check that the E. coli strain 
used for conjugations is E. coli 
ET12567 pUZ8002. Always use all 
three antibiotics kanamycin, 
chloramphenicol and apramycin.  

33 
Unsuccessful 
conjugation 

Wrong media composition or 
preparation 

Correct media preparation is 
crucial for successful 
conjugations. For specific non-
standard streptomycetes we 
observed greatly reduced 
conjugation efficiencies when full 
fat soy flour was used. 
Furthermore, adding MgCl2 
before autoclaving can greatly 
reduce the number of sporulating 
exconjugants 

34(A)(iv) 
No or only little 
CRISPRi effects are 
observed  

Non-functional and/or 
incorrect protospacers have 
been used. 

Double check the protospacer 
selection, please refer to the 
sgRNA design section for more 
information. 
As CRISPRi is a knockdown effect, 
we recommend testing at least 3 
protospacers from different 
locations. 
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Instead of using the yield of the 
end point products as the 
evaluation, try to use qRT-PCR, or 
RNA-Seq to evaluate the 
suppression of the transcription.  

34(A)(iv) 
No or only little 
CRISPRi effects are 
observed 

tipA promoter does not work 
or work with low efficiency in 
the strain-of-interest. 

Replace the tipA promoter with an 
approved functional promoter. 

34(A)(iv) 
No or only little 
CRISPRi effects are 
observed  

Inappropriate time for the 
analysis of the end point 
products. 

As CRISPRi can only suppress the 
transcription, the end point 
products are still accumulating 
during time, if this time period is 
too long, a saturation effect of the 
end point products might mask 
the production differences 
between mutant and the wildtype. 
We recommend picking a good 
time for analysis the end point 
products or use qRT-PCR, or RNA-
Seq to evaluate the suppression of 
the transcription. 

34(B)(iv) 
Mixed sequencing 
signal (Fig. 6d) 

Multiple chromosomes 
present in the cell, mixed and 
only partially edited 
population 

Re-streaking the exconjugant to 
obtain a single colony, followed by 
resequencing is recommended. 
For reads with mixed signals with 
< 20% of the unwanted signal, in 
most cases the edited phenotype is 
persistent. To be sure, re-
streaking and resequencing is 
recommended.  

33(B)(iv) 
Low editing 
efficiency 

A protospacer with low 
editing efficiency was used. 
This could, for example, be 
caused by  sequence 
properties that allow forming 
of alternative RNA structure 
rather than the correct one.  
  

1. Use an RNA structure prediction 
software to see if the used spacer 
is not good.  
2. In some streptomycetes 
induction might be required. Re-
streaking exconjugants on ISP2 
plates supplemented with 
apramycin and thiostrepton and 
resequencing is recommended. 
3. A simpler solution can be just 
repeat the experiment with 
another re-picked protospacer.  

34(B)(iv) 
Low editing 
efficiency 

tipA promoter does not work 
or work with low efficiency in 
the strain-of-interest. 

Replace the tipA promoter with an 
approved functional promoter. 

34(B)(iv) 
Low editing 
efficiency 

For CRISPR-BEST, it could be 
the target C or target A is in 
an uncomfortable sequence 
context. For example, the 
target C is in a GC context. 

Pick another protospacer. 

34(C)(viii) 
Unexpected large 
number of off-
target effects is 

The reference genome does 
not accurately reflect the 

We suggest using the parental data 
set with a polishing tool such as 
Pilon50 to change the database 
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observed between 
the edited strain 
data set and the 
database reference 
genome 

parental strain used for 
genome editing  
 

reference genome to better reflect 
the parental strain. 
Then rerun breseq on both the 
parental and the edited strains. 

34(C)(viii) 

Unexpected large or 
important parts of 
the reference 
genome are not 
covered by the 
illumina data 

A failure is likely happened 
during illumina sequencing 
process. 

We highly recommend re-
purifying the genomic DNA and 
rebuild the illumina library using 
fewer PCR cycles, as increased 
PCR cycles decreases the fragment 
diversity, particularly in high GC 
regions.  
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Anticipated results 
 
sgRNA cloning efficiency 
 
The ssDNA bridging method for 20 bp protospacer cloning, generally results 
in cloning efficiencies of > 50% (highly dependents on the sequence of the 
protospacers). The first step of validation could be colony PCR and the results 
can be visualized by 3-4% agarose gel (Fig. 6a). The obtained positive clones 
can then be confirmed by Sanger sequencing (Fig. 6b) as the second step of 
validation. 
 
Conjugation efficiency  
 
Using the optimized conjugation protocols described here, we are expecting to 
obtain > 200 exconjugants per 100 ng start plasmid DNA material on one MS 
plate (Fig. 6c). 
 
A random sized deletion library construction with custom size using plasmid 
pCRISPR-Cas9 
 
In order to achieve this application, the target streptomycete strain requires 
having a defective NHEJ pathway, i. e., the ligase component is not fully 
functional9. As the essential gene compromised clones cannot form visible 
colonies, all colonies from the selection plates are either edited or plasmids 
carrying but non-edited. Considering the high editing efficiency that we 
observed in S. coelicolor A3(2)9, we are expecting to see > 80% of the picked 
colonies bearing random sized deletion of non-essential genetic regions (ref.9). 
The library size can be controlled by the amount of the start plasmid. The 
validation of the library requires whole genome sequencing. 
 
Loss-of-function mutation 
 
Within the toolkit described here, three plasmids can be used to inactivate a 
gene. i), When using the pCRISPR-Cas9-ScaligD, one can expect mutants 
bearing small indels around the DSB sites, the mutations can be validated by 
normal Sanger sequencing (80% editing efficiency is expected, ref.9); ii), When 



Chapter 3 ½ CRISPR-Cas9-Based, CRISPRi, and CRISPR-BEST-Mediated Genetic Manipulation in Streptomycetes 
 

120 

using the pCRISPR-Cas9 with editing templates, one can expect a precise in-
frame deletion mutant (with a well-designed editing template, an in-frame 
insertion mutant can be achieved), which also can be validated by normal 
Sanger sequencing (95% editing efficiency is expected, ref.9); iii), When using 
the pCRISPR-cBEST, one can expect mutants with stop codon introduction, 
again, the mutations can be validated by normal Sanger sequencing (90% 
editing efficiency is expected, ref.15). By visualizing the sequencing trace files 
in SnapGene or CLC Main Workbench, one can identify if the editing took 
place, bad sequencing traces due to PCR and/or sequencing processes, mixed 
population of edited and un-edited cells, and the expected clean editing (Fig. 
6d).  
 
Gene transcriptional modulation with CRISPRi (pCRISPR-dCas9) 
 
By using the pCRISPR-dCas9, one can expect a decreased transcription of the 
gene-of-interest (ref.9). 
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Data availability 
 
No new data were generated or analyzed with this protocol, the data used were 
from these two publications9,15. 
 
Accessions 
 
The plasmids described in the protocols are available at Addgene (pCRISPR-
Cas9, 125686; pCRISPR-dCas9, 125687; pCRISPR-Cas9-ScaligD, 125688; 
pCRISPR-cBEST, 125689; and pCRISPR-aBEST, 131464) or on request. 
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ABSTRACT  
 
CRISPR tools, especially Cas9n-sgRNA guided cytidine deaminase base editors 
such as CRISPR-BEST, have dramatically simplified genetic manipulation of 
streptomycetes. One major advantage of CRISPR base editing technology is the 
possibility to multiplex experiments in genomically instable species. Here, we 
demonstrate scaled up Csy4 based multiplexed genome editing using CRISPR-
mcBEST in Streptomyces coelicolor. We evaluated the system by simultaneously 
targeting 9, 18, and finally all 28 predicted specialized metabolite biosynthetic 
gene clusters in a single experiment. We present important insights into the 
performance of Csy4 based multiplexed genome editing at different scales. 
Using multi-omics analysis, we investigated the systems wide effects of such 
extensive editing experiments and revealed great potentials and important 
bottlenecks of CRISPR-mcBEST. The presented analysis provides crucial data 
and insights towards the development of multiplexed base editing as a novel 
paradigm for high throughput engineering of Streptomyces chassis and beyond.  
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INTRODUCTION  
 
Actinomycetes, especially members of the Streptomyces genus, are among the 
most valuable sources of natural products with industrial and pharmaceutical 
importance. Advances in genome sequencing and genome mining revealed a 
vast majority of yet to be characterized biosynthetic gene clusters (BGCs)1. 
However, the activation of BGCs in laboratory conditions and the detection of 
the associated products remains challenging. The high GC content of 
actinomycete genomes, complex regulatory mechanisms controlling the 
expression of BGCs, poor genetic tractability, and limited availability of 
molecular tools greatly limit the exploration of the biosynthetic potential of 
actinomycetes.  
 
To overcome this problem many research groups have turned to the 
expression of target BGCs in heterologous hosts (microbial cell factories) 2. 
Several expression hosts were constructed with a simplified metabolic 
background and an increased productivity of the compounds encoded on the 
heterologous BGCs through deletion of BGCs from the host genome 3–5. 
However, successful construction of genome minimized heterologous hosts 
using classical techniques remains a very labor-intensive process, usually 
spanning up to several years. With “classical” protocols, engineering just one 
genomic locus and obtaining a clean mutant can easily take over a month6. 
Typically, one iteration includes plasmid cloning, transformation and 
conjugation, screening, plasmid curing, sequencing, and data analysis 7. In 
slow growing actinomycetes, this process usually results in substantial strain 
development times, easily reaching multiple years 8.  
 
Such long development times are the result of iterative strain engineering 
cycles, in which only one target is edited per cycle. Furthermore, repeated 
plasmid curing might result in unwanted stress-induced effects, such as 
genome rearrangements or cyclization, resulting from the high genome 
plasticity of streptomycetes 9. Tools for multiplexed genetic manipulations 
hence greatly increase the possibilities and throughput for advanced strain 
engineering in actinomycetes.  
 
CRISPR-based genetic manipulation has become increasingly popular for 
streptomycete genetic engineering. Such tools include CRISPR-Cas9, CRISPR-
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Cpf1, CRISPR interference (CRISPRi), and base editing systems such as 
CRISPR-BEST 6,10–13. Besides high efficiencies, a major advantage of many 
CRISPR engineering systems lies in its intrinsic multiplexing compatibility. 
Multiplexing allows simultaneous introduction of multiple sgRNAs, greatly 
reducing the time needed for engineering of multiple genomic loci 14. The 
native structure of the CRISPR array can be utilized for multiplexing based on 
separate expression of the crRNAs and tracrRNA and processing by RNAse III 
15. In addition to tracrRNA/RNAse III processing, expression of sgRNAs from 
individual, monocistronic expression cassettes, sgRNA array processing by 
ribozyme self-cleavage, RNase mediated processing of sgRNAs separated by 
tRNAs, Cas12a/Cas13a processing, and Csy4 mediated processing of sgRNAs 
can be used 14. However, using individual promoter-sgRNA cassettes on a 
single plasmid complicates scale-up of the number of used sgRNAs. 
Furthermore, a high density of transcriptional units on one plasmid might 
result in promoter crosstalk effects, possibly negatively affecting16 the 
expression of the sgRNAs. For tools intended for applications across multiple 
related species, reducing the dependencies on the hosts machinery for gRNA 
processing is beneficial, making system for multiplexed sgRNA delivery the 
approach of choice.  
 
Csy4 based processing of sgRNA arrays has been demonstrated in a variety of 
organisms with promising results 17–20. The type I-F CRISPR-associated 
endoribonuclease, also referred to as Cas6, recognizes a distinct 28 nt RNA 
sequence, which forms a stable hairpin structure, and cleaves it at a CG 
between positions 20 and 21 21. In a sgRNA array, Csy4 sites will release 
individual mature sgRNAs. We previously designed and demonstrated the 
feasibility of Csy4 based multiplexed cytosine base editing based on our 
CRISPR-BEST system (pCRISPR-mcBEST) in Streptomyces coelicolor and 
Streptomyces griseofuscus with three targets 5,12. 
 
Here, we investigated the possibility to further scale up Csy4-based 
multiplexed engineering of streptomycetes by targeting biosynthetic genes of 
9, 18 and 28 BGCs in S. coelicolor from a single cytosine base editing plasmid. 
We performed extensive analysis of the resulting mutants, including whole 
genome sequencing (WGS), growth profiling, untargeted proteomics, 
transcriptomics, and exometabolomics, to gain further insights into the 
potential, limitations, and bottlenecks of deep base editing mediated genome 
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perturbations in streptomycetes. We provide important insights into the 
performance of multiplexed base editing, including scalability and the 
relationship between the number of sgRNAs and SNPs. Our results highlight 
how multiplexed engineering can substantially speed up the Design-Build-
Test-Learn cycle of metabolic engineering of streptomycetes and pave the way 
for high throughput engineering strategies of streptomycete chassis.  
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RESULTS  
 
Development of a scalable Csy4-based multiplexed base editing system  
 
Implementation of plasmid improvements and a new sgRNA array cloning strategy  
 
Building on top of our previously published multiplexed base editing plasmid 
pCRISPR-mcBEST, we introduced several improvements. In the improved 
version of the plasmid, the SP19 promoter was exchanged with a stronger 
promoter kasOP*, to increase the transcription level of the sgRNA array. In the 
same step, mCherry was replaced with sfGFP, as SP19-BBa_B0034-mCherry did 
not produce a reliable signal in Escherichia coli, making screening for correct 
colonies difficult. The multiplexing systems utilizes the previously tested 
Csy4/Cas6 for array processing. We chose Csy4 as it allows the plasmid-based 
delivery of all necessary components for sgRNA array processing and reduces 
dependencies on the hosts processing machineries. It further allows easy 
cloning and integration of many sgRNAs, as opposed to individual sgRNA 
cassettes. To make this cloning step even easier, we further optimized the 
cloning procedure. Preassembly in pGGA using the established Golden Gate 
method22 results not only in higher cloning efficiencies, but also allows easier 
reuse and modification of sgRNA arrays. The arrays are cut from the pGGA 
plasmid and ligated into the predigested pCRISPR-mcBEST destination vector.  
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Figure 1: Principles of (multiplexed) cytosine base editing and experimental design. a. The 
base editor consists of codon optimized cytosine deaminase (APOBEC1) and an uracil 
glycosylation inhibitor (UGI) fused to a nicking Cas9 (D10A). Arg, Gln, or Trp codons (on the 
noncoding strand) can be edited into stop codons leading to truncated and thus non-
functional proteins. Csy4 cleaves its recognition site downstream of the hairpin structure 
between positions 20 and 21. Flanking sgRNAs with Csy4 recognition sites enables 
multiplexing from a single transcriptional unit. b. The multiplexed pCRISPR-cBEST 
platform. sgRNA arrays are preassembled in pGGA using Golden Gate Assembly and cloned 
into the destination plasmid. c. Overview of the different sgRNA arrays constructed in this 
study. Arrays with 9, 18, and 28 sgRNAs targeting biosynthetic genes located in the 28 BGCs 
of S. coelicolor (shown in d) were constructed. BGCs were predicted by antiSMASH 6. The 
hypothesized additional BGC in region 25 was given the number 28. 

 
Multiplexed Base Editing enables simultaneous engineering of an 
unprecedented number of genomic loci in streptomycetes  
 
To investigate the scalability of Csy4 based multiplexed cytosine base editing 
beyond three targets, we attempted to simultaneously inactivate up to all 28 
predicted biosynthetic gene clusters in S. coelicolor M145 through the 
introduction of premature stop codons. The S. coelicolor A3(2) genome 
(Accession: PRJNA557658) was analyzed using antiSMASH 6 23 and CRISPy-
web. antiSMASH 6 predicts 27 biosynthetic regions. Next to the germicidin 
BGC in region 25, there is a second, hypothetical BGC which we assigned the 
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number 28. 28 cBEST compatible protospacer sequences targeting key 
biosynthetic genes of the respective clusters were designed using CRISPy-web 
(see Supplementary Table 1) 24. Protospacers were designed to be as close as 
possible to the translation start sites of the core biosynthetic genes, while 
displaying the lowest possible number of off-target sites. Where possible, 
unfavorable sequence contexts were avoided 12. The selected protospacers 
were used for design of the synthetic Golden Gate based array construction 
(Supplementary Fig. 1). Four different arrays were constructed, one with 
sgRNAs 1-9, one with sgRNAs 10-18, one with the first 18, and one with all 28 
sgRNAs. The 18 and 28 sgRNA arrays were built from smaller subarrays and 
cloned into pCRISPR-mcBEST using restriction and ligation cloning (as shown 
in Supplementary Fig. 1). To capture also editing events with low efficiencies, 
we initially screened and sequenced plasmid containing colonies. The 
sequenced colonies represent complex populations with mixed genotypes, 
which allowed us to obtain detailed information about the distribution of 
editing efficiencies across different target sites. 
 
9 sgRNAs facilitate robust editing of 9 genomic loci 
 
To test editing of up to 9 genomic targets, two strains were constructed using 
pCRISPR-mcBEST and sgRNAs 1-8 or sgRNAs 9-18, and referred to as 
S. coelicolor BE9a and BE9b, respectively. At least four sgRNAs target key 
biosynthetic genes involved in the production of specialized metabolites that 
are visible with the naked eye: sgRNA 8 (FQ762_13840, brownish pigment 
melanin), sgRNA 11 (FQ762_26280, dark blue actinorhodin), sgRNA 13 
(FQ762_27465, spore pigment), and sgRNA 15 (FQ762_30470, bright red 
undecyprodigiosin). Based on the presence of targets that should result in a 
clear phenotypical change if successfully edited, three promising colonies 
were randomly selected of each strain for WGS and analyzed using breseq 25 
for analysis of on- and off-target editing. For S. coelicolor BE9b (Fig. 2), editing 
events were observed for 7 out of 9, 8 out of 9, and 7 out of 9 targets, 
respectively. Often multiple editable cytosines were located within the 
respective editing windows, resulting in up to four editing events per target 
site. For colonies 3, 7, and 13, 3 out of 12, 6 out of 14, and 5 out of 10 of the 
detected mutations resulted in the introduction of premature stop codons.  
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Genome-wide SNP analysis revealed that the overwhelming majority of 
detected SNPs were characteristic C to T or G to A conversions, as expected for 
cytosine deaminase base editing. Most other mutations were also detected in 
the wildtype controls, highlighting that these are most likely the result of the 
normal background mutation rate (Supplementary Fig. 3).  
 
Similar results were obtained for S. coelicolor BE9a as shown in Supplementary 
Fig. 2.  

 
Figure 2: Editing outcomes for selected S. coelicolor BE9b colonies. a. 7 out of 9, 8 out of 9, 
and 7 out of 9 targeted loci were edited, resulting in 3, 6, and 5 premature stop codons for 
colonies 3, 7, and 13, respectively. Stop codons are indicated by *, and rare codons are 
underlined. b. Genome wide SNP analysis. Almost all SNPs were characteristic C to T, or G to 
A conversions, indicating cytosine deaminase activity as the primary driver of SNP 
introduction. c. Phenotypes of S. coelicolor BE9b mutants grown on ISP2 solid medium. Data 
for biological replicates is presented individually to better represent the large differences in 
observed outcomes.   
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18 sgRNAs facilitate robust editing despite minor plasmid instabilities  
 
Strain S. coelicolor BE18 was constructed using plasmid p091, harboring a 
synthetic sgRNA array with sgRNAs 1-18. Editing of at least four of the targeted 
loci should result in clear phenotypical changes if edited successfully, as 
previously described. Colonies 1, 3, and 4 were selected for further analysis 
based on their phenotypical appearances. WGS and bioinformatic analysis 
revealed that in 11, 12, and 12 out of the 18 targeted genomic loci editing events 
were observed, respectively (Fig. 3). For strain BE18 colony 1, a total of 17 
mutations were observed, out of which 5 resulted in successful introduction of 
premature stop codons. In strain BE18 colony 3, 20 different mutation events 
were detected, resulting in 8 premature stop codons. Finally, in strain BE18 
colony 4, 6 stop codons were introduced, based on a total of 19 detected 
mutations within the target loci. 
 
Analysis of the sequencing coverage of plasmid p091 resulted in the 
identification of a small deletion in the array in sgRNA10 and the downstream 
Csy4 recognition site. The functionality of sgRNA10, which targets the non-
ribosomal peptide synthetase FQ762_16595, was therefore abolished. 
Accordingly, no mutations were detected at the targeted loci in FQ762_16595. 
The incomplete Csy4 recognition site upstream of sgRNA11 prevented the 
recognition of the stem loop and cleavage of the array at that position21. For 
the resulting prolonged sgRNA 11, editing events were only detected in BE18 
colony 3 at low efficiencies.  
 
The plasmid coverage extracted using samtools26 varied noticeably between 
the three analyzed biological replicates. However, this seems to have had 
limited influence on the editing outcomes in the analyzed samples, indicating 
that even low copy numbers and low expression levels of the editing 
machinery can suffice for efficient editing. Genome wide SNP analysis again 
revealed dominant C to T or G to A mutations and can thus likely be attributed 
to the base editor. Interestingly, the number of SNPs accumulated varied 
noticeably between the three samples, without a great difference in the 
number of mutations in the targeted loci. This is especially visible when 
directly comparing BE18 colony 3 and colony 4.  
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Figure 3: Editing outcomes for three sequenced colonies of S. coelicolor BE18. a. 11, 12, and 
12 out of 18 target loci were edited in colonies 1, 3, and 4, respectively. Furthermore, 5, 8, and 
6 of the resulting mutations introduced premature stop codons. Stop codons are indicated by 
*, and rare codons are underlined. b. Illumina sequencing coverage of plasmid p091. Within 
the sgRNA array, a small deletion was observed in all three colonies (highlighted region). 
c. Genome-wide SNP analysis. The overwhelming majority of the detected SNPs can be 
attributed to the cytosine base editor due to the introduction of C to T or G to A mutations (on 
the complementary strand). d. Phenotypes of the three sequenced colonies on ISP2 medium. 
All colonies were pale and almost colorless, except for some light red hues for colonies 1 and 
3, and a light blue hue for colony 4. No sporulation was observed on ISP2 medium. 

 
Limitations of Csy4 based multiplexing become apparent upon scaling up to 
28 sgRNAs 
 
To identify the upper limit of the number of targets that can be edited 
simultaneously, we attempted to introduce premature stop codons in all BGCs 
of S. coelicolor. Therefore, S. coelicolor M145 was conjugated with plasmid p085, 
containing the full 28 sgRNA array. 
 
Editing events were detected in 10 out of the 28 targeted loci in strain BE28 
colony 7. 16 different kinds of mutations were detected, including 7 premature 
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stop codons. The highest number of editing events was obtained for BE28 
colony 8, with 17 edited loci. Of the 34 kinds of on-target mutations identified, 
12 resulted in the introduction of premature stop codons. In strain BE28 colony 
9, only 9 out of the 28 target loci displayed editing events, and out of the 14 
identified mutations, only 4 resulted in premature stop codons. These results 
clearly demonstrate the scalability of Csy4 based multiplexed base editing, and 
to the best of our knowledge, 17 targets is the highest number of base edited 
genomic loci using Csy4 based multiplexing in bacteria to date, and the highest 
number of simultaneously edited genomic targets in actinomycetes using any 
technology.  
 
Not unexpectedly, the analysis of the plasmid sequencing coverage unveiled 
large deletions within the synthetic sgRNA array. Unlike for BE18, the 
observed deletions appeared to be more heterogenous between the colonies. 
All appeared between sgRNAs 7 and 26. The largest deletions were observed 
for BE28 colonies 7 and 9, for which also lower numbers of editing events were 
observed. BE28 colony 8, which missed a noticeably smaller fragment of the 
sgRNA array, also displayed the highest number of observed editing events. 
This indicates that plasmid instability issues linked to the high number of 
repetitive sequences in the synthetic sgRNA array are one of the key issues in 
scale up of Csy4 based multiplexed engineering approaches in streptomycetes. 
Where larger sgRNA arrays are required, the use of nonrepetitive scaffold 
sequences could improve the sgRNA array stability and reduce the likelihood 
of recombination events27.  
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Figure 4: Editing outcomes for S. coelicolor BE28 using a 28 sgRNA array. a. Out of 28 
targeted loci, 10, 17, and 9 were edited in colonies 7, 8, and 9, respectively. Out of the 16, 34, 
and 14 on-target mutations, 7, 12, and 4 resulted in the introduction of premature stop 
codons. Therefore, S. coelicolor BE28 colony 8 represents the best editing outcome for any of 
the analyzed plasmid containing strains. Stop codons are indicated by *, and rare codons are 
underlined. b. Sequencing coverage of plasmid p085. The highlight shows large deletions 
detected within the sgRNA array. Colony 8, which had the largest intact array, also had the 
highest number of edited target loci. c. Genome wide SNP analysis. The overwhelming 
majority of detected SNPs can be associated with the base editor. d. Phenotypes of the three 
sequenced colonies. All showed clear signs of mixed populations, with differently colored 
patches, as well as in parts unusual, wrinkled morphology. c and d from left to right: colonies 
7, 8, 9. 

 
Profiling of SNPs again revealed that most mutations can be attributed to the 
activity of the cytosine deaminase. In total, 254, 258, and 165 C to T mutations 
(including G to A) were detected for colonies 7, 8, and 9, respectively. 
Surprisingly, BE28 colony 9 displayed a substantially lower number of C to T 
mutations, even though it did not exhibit larger deletions than BE28 colony 7. 
Potentially, this points towards earlier recombination and loss of sgRNAs in 
BE28 colony 9 compared to BE28 colony 7 and 8. All three colonies showed 
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phenotypical differentiation, which highlights the need for plasmid curing to 
obtain stable genotypes (Fig. 4D).  
 
Screening of plasmid cured strains results in isolation of heavily edited 
mutants 
 
Since Csy4 mediated multiplexed cytosine base editing delivered robust 
editing, we next investigated plasmid cured colonies. All BE9a, BE9b, BE18, 
and BE28 strains were cured from the pCRISPR-mcBEST plasmids as described 
in the Methods and Materials section. A total of 33 plasmid free mutants were 
selected based on their phenotypical appearances (as shown in Supplementary 
Fig. 4). The wide range of different phenotypes highlights the size of the 
mutational landscape that can be generated by multiplexed base editing.  
 
One colony of each BE9b, BE18, and BE28 was selected based on their 
phenotypes for further characterization. None of the strains produced any of 
the compounds normally visible during growth on agar plates (Fig. 5). While 
the initial samples were mixed populations, WGS of plasmid cured strains was 
expected to result in the identification of stable mutations. In the plasmid 
cured BE9b strain, only 4 out of the up to 8 target loci edited in the mixed 
population were edited in the selected colony. These 4 target loci were all 
edited with high efficiencies in the mixed population, which explains why 
these were easily recovered after plasmid curing.  
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Figure 5: Analysis and characterization of plasmid cured strains. a. Phenotypes of the 
selected plasmid cured strains. Both S. coelicolor BE18 and BE28 did not sporulate anymore, 
and especially S. coelicolor BE28 appeared almost transparent on mannitol soy flour medium. 
b. Editing outcomes of the plasmid cured strains. Stable mutations (~100 % of reads edited) 
were obtained for all colonies. Stop codons are indicated by *, and rare codons were 
underlined. c. Growth curves of the plasmid cured strains and S. coelicolor M145. Clear 
differences in the maximum specific growth rate µmax and the maximum OD600 were 
observed. Sampling time points are indicated with A and B. Data for three technical 
replicates of each strain, and the mean ± standard deviation of three repeated measurements 
is shown. d. Mutation heatmaps for the three plasmid cured mutants, showing a clear 
increase in C to T and A to G mutations for BE28. 

 
Six target loci were edited in the plasmid cured BE18 strain, compared to up to 
12 in the plasmid harboring strains. All detected mutations were stable, and 
the edited target loci detected in the plasmid cured strain were again among 
the target loci with the highest efficiencies in the plasmid containing strains.  
In the plasmid cured BE28 strain, a total of 15 target sites were edited with 
stable mutations. Premature stop codons were introduced in 8 out of the 15 
edited locus tags, corresponding to BGCs 1, 3, 5, 6, 7, 11, 17, and 28 
(hypothetical BGC). As previously seen, all mutations observed in the plasmid 
cured strain were also dominant in the plasmid containing colonies, 
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highlighting selection challenges for edits with low efficiencies without either 
extensive screening or counterselection. In addition to the 8 premature stop 
codons, 5 rare codons (frequency <= 5 %) were introduced. Taken together, up 
to 13 key biosynthetic genes were inactivated through introduction of stop 
codons or potentially down regulated through introduction of rare codons.  
 
We further characterized the plasmid cured strains by performing shake flask 
cultivations and observed noticeably different growth characteristics of the 
edited strains compared to the wildtype control (Fig. 5c). The wild type cultures 
reached a final OD600 of 4.63 ± 0.09, while the BE9b, BE18, and BE28 cultures 
reached final OD600s of 3.66 ± 0.12, 2.29 ± 0.11, and 2.55 ± 0.06, showing 
increased burden for the BE strains under standard cultivation conditions. 
BE18 further displayed a prolonged lag phase, lasting for 6 to 8 hours. The µmax 

values (maximum specific growth rate) were determined as described in the 
methods section. For the wildtype, BE9b, BE18, and BE28, µmax values of of 
0.43 h-1, 0.35 h-1, 0.42 h-1, and 0.38 h-1 were determined, respectively. The 
corresponding maximum doubling times were derived from the µmax values as 
1.63 h, 1.96 h, 1.65 h, and 1.86 hours for the wildtype, BE9b, BE18, and BE28, 
respectively.  
 
Multiplexed base editing data from various scales provides key insights and 
allows identification of robust array sizes 
 
Using the data obtained at various scales, we next aimed to identify the sweet 
spot for Csy4 based multiplexed base editing in streptomycetes. To this end, 
analyzed the SNP distributions and editing outcomes to gain deeper 
understanding of potential bottlenecks or optimal engineering approaches. A 
clear increase in the number of SNPs and amino acid (AA) changes was 
observed with an increasing number of sgRNAs (Fig. 6a). While there are some 
obvious outliers (colonies BE9a c3, BE9b c13, BE28 c9), the overall trend 
remains robust. The number of introduced AA changes is consistently around 
half of the SNPs, which is expected due to the redundant nature of the genetic 
code and off-targets outside of coding sequences. Plasmid cured strains carried 
a noticeably higher number of mutations compared to the plasmid harbouring 
strains, highlighting how plasmid curing and additional incubation steps can 
result in additional mutational load. Plotting of the number of SNPs against the 
number of sgRNAs further allowed determination of the approximate scaling 
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factor. The slope of the linear regression was calculated as 7.959 ± 1.042 
SNPs/sgRNA, highlighting how the number of SNPs and AA changes scales 
linearly with the number of multiplexed sgRNAs. This further indicates a low 
frequency of Cas-independent off-target effects by the cytosine deaminase. We 
next looked at the number of edited target sites in the plasmid carrying BE 
strains (Fig. 6b).  
 

 
Figure 6: Detailed analysis of editing and SNP statistics. a. Overview of introduced SNPs and 
resulting amino acids changes for all generated strains. Addition of more sgRNAs resulted in 
a clear increase in SNPs and amino acid changes. Around half of all SNPs resulted in amino 
acid changes. Plasmid cured strains showed elevated levels of SNPs and amino acid changes 
(except for BE18 cured), likely resulting from the additional cultivation steps. b. Normalized 
SNP and amino acid changes. No significant difference was observed for the number of SNPS 
per sgRNA. The same was observed for amino acid changes. Interestingly, a clear difference 
was observed for SNPs per edited target, suggesting an increased off-target affinity for 28 
targets, though large deviations were observed. c. Percentage of edited target sites for 
increasing array sizes. A significant drop was observed from 9 to 28 sgRNAs, showing how 
increasing array instability decreases successful editing outcomes. d. Plotting the number of 
sgRNAs against the number of SNPs, revealing linear scaling with a slope of around 8 SNPs 
per sgRNA. The data from both 9 sgRNA arrays was combined for the 9 sgRNA datapoint. The 
R squared was determined as 0.8179. Shown in a, b, c, and d are the means ± standard 
deviations of three biological replicates of plasmid harboring strains. Significance was tested 
using unpaired two tailed t-tests, where *P < 0.05.  
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In the BE9a and BE9b strains, editing events were observed on average in 74 % 
and 81.4 % of the target sites, respectively. For the BE18 strains, 64.8 % of all 
target sites displayed editing events, while for the BE28 strains this number 
dropped to 42.8 %. We further analyzed the number of SNPs and AA changes 
per sgRNA, and the number of SNPs per edited target. We observed no 
significant increase in the number of SNPs or AA changes per sgRNA while 
scaling from 9 to 28 sgRNAs. Interestingly however, we did see a significant 
increase in the number of SNPs per edited target when scaling from BE9a/b or 
BE18 to BE28. While scaling beyond 18 sgRNAs, on-target activity appeared to 
decrease, and off-target activity of the base editor increase. 
 
Sequencing of mutants before and after plasmid curing allowed the 
identification of several bottlenecks for multiplexed base editing in 
Streptomyces. Most importantly, the off-target rate needs to be decreased, as 
around 8 SNPs are observed for each sgRNA. The used sgRNAs were designed 
using CRISPy-web and selected based on both high specificity and applicability 
for base editing. The off-target rate could likely be reduced by faster plasmid 
curing and reduction of leaky expression. Specificity increasing modifications 
to the sgRNAs such as bubble hairpins28, as well as new Cas9 versions like 
SuperfiCas9 might also prove beneficial for in vivo application, though initial 
data suggests low on-target efficiency in vivo29,30. Novel base editors such as 
TadCBE might also be used to reduce off-targets31. Furthermore, 
counterselection or screening based on desired phenotypes might allow faster 
isolation of mutants of interest and help in recovering low-efficiency 
mutations, which often were not recovered after plasmid curing. All sgRNAs 
were selected with specificity as a key criterion. However, for some of the 
genes, only few suitable protospacer sequences enabling stop codon 
introductions were identified. For these genes, to retain a high specificity, 
protospacer sequences had to be selected that had Gs upstream of the target C, 
lowering the efficiency of base edits at those positions12, and likely causing the 
low efficiencies observed for these targets. Our data further suggests that Cas-
independent off-target mutations, if at all present, represent only a minor 
fraction of the total number of off-target mutations, as gRNA dependent Cas-
activity appears to be the major driver of SNP introduction. The elevated ratio 
of SNPs per target for BE28 was surprising, as BE18 and BE28 are a combination 
of BE9a and BE9b, as well as the remaining 10 sgRNAs in the case of BE28. As 
previously shown, the number of SNPs per sgRNA scales linearly, and since 
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specificity was one of the key criteria for selection of sgRNAs, we did not expect 
the last 10 sgRNAs in the array to have a highly elevated off-target affinity 
compared to the first 18 sgRNAs. Secondly, large deletions were detected in the 
arrays of p085, which were acquired after conjugation as indicated by presence 
of mutations introduced by lost sgRNAs. Therefore, the mutational burden was 
expected to be reduced compared to BE9a/b and BE18. However, our view of 
these loci as mere targets overlooks the important role many of the specialized 
metabolites play in cell development, adaptation, and differentiation. Hence, 
the observed increase in off-target activity might be explained by the burden 
resulting from introduction of too many of the designed on-target edits for 
S. coelicolor M145, resulting in a selection bias towards off-target edits.  
 
In conclusion, using Csy4 mediated multiplexed base editing data obtained at 
various scales, we were able to identify array sizes delivering the most robust 
outcomes. Array sizes of 9 sgRNAs were found to be the most robust for several 
reasons: First, cloning large synthetic sgRNA arrays (>12 sgRNAs) requires 
several complicated steps that can easily result in extended cloning times, 
especially considering the associated screening efforts. On the other hand, 9 
sgRNAs can be easily assembled in a streamlined two-step protocol, with 
ligation into pCRISPR-mcBEST following preassembly in pGGA. Furthermore, 
we observed the highest percentage of edited target sites for smaller arrays, 
simplifying screening and selection of the Streptomyces mutants. Considering 
that the assembly of sgRNA arrays with up to 12 sgRNAs can still be performed 
in a simple two-step protocol with acceptable efficiencies (unpublished data), 
we propose that the best number of sgRNAs for multiplexed base editing in 
Streptomyces is between 8 and 12 sgRNAs, as it offers streamlined and robust 
generation of complex mutants. 
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Multi-omics analysis reveals extensive changes to central cellular processes 
and across metabolism 
 
To gain further insights into the systems wide consequences of multiplexed 
base editing experiments, multi-omics analysis was performed. Samples were 
taken during cultivations at the highlighted time points (Figs. 5 and 7) and 
prepared as described in the methods section for untargeted proteomics and 
transcriptomics. The cultivations were continued after sampling and the 
supernatant was used for untargeted exometabolomics analysis after one 
week.  
 
Focusing on only the targeted biosynthetic genes, highly significant negative 
fold changes were observed for the majority of targeted biosynthetic genes in 
ISP2 medium, especially if stop or rare codons were introduced (Fig. 7). 
Notable exceptions were observed in the transcriptomics data of S. coelicolor 
BE9b and BE28, showing how premature stop codons can result in 
overexpression of the target gene, likely based on the perturbed 
transcriptional regulatory network. Clear differences were observed between 
strains in DNPM medium. S. coelicolor BE18 and BE28 clearly stood out with 
little or no difference to the DNPM blank observable with the naked eye (Fig. 
7d). In DNPM medium, the m/z of kalafungin, a shunt product of actinorhodin, 
was not detected in S. coelicolor B18 and BE28. The key biosynthetic gene of the 
actinorhodin BGC (FQ762_26280) was inactivated in BE28, while no mutation 
was detected in BE18. It is likely that altered high level regulation in response 
to other mutations resulted in abolished kalafungin production in BE18.  
 
We further analyzed also wider changes in the untargeted exometabolomics, 
proteomics, and transcriptomics. Changes in the untargeted exometabolome 
were detected following base editing in ISP2 and DNPM liquid medium. 
Cultivations in ISP2 resulted in identification of the same major peaks across 
all wildtype and base edited strains, corresponding to germicidin B, germicidin 
A, though with differing peak ratios (Supplementary Fig. 8). In DNPM medium, 
much more distinct differences in the chromatograms were observed between 
the wildtype and base edited strains. The highest intensity peaks were 
identified as desferrioxamines A, B, D, E, and G, and germicidin B and A. 
Around 5.33 min, a major peak (C) was detected with a m/z 516.36, 
corresponding to desferrioxamine D2, which was much more dominant in the 
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supernatant of S. coelicolor BE18. Another peak was exclusively detected in 
S. coelicolor BE9a at 7.8 min and m/z 206.15, for which no match was found. 
However, molecular networking using GNPS32 suggested a connection to the 
desferrioxamine network.  
 

 
Figure 7: Selected transcriptomics result and supernatants of all mutants. a, b, c. Fold 
changes of targeted biosynthetic genes for S. coelicolor BE9b, BE18, and BE28, respectively. 
Highly significant changes in transcript levels were observed for the majority of edited 
targets, especially if stop codons or rare codons (highlighted bold) were introduced. 
Interestingly, editing also resulted in highly elevated transcript levels in some genes, 
potentially revealing characteristics of the underlying transcriptional regulatory networks. 
d. Supernatants of S. coelicolor WT, BE9a, BE9b, BE18, and BE28 DNPM cultures. The BE18 
and BE28 supernatants were noticeably clearer in color compared to the wildtype or BE9a, 
BE9b. e. Extracted ion chromatograms for the m/z of kalafungin for all mutant strains, 
highlighting abolished production in S. coelicolor BE18 and BE28. In a, b, c the log2(fold 
change) of three technical replicates is shown. Significance was tested using unpaired two 
tailed t-tests, where *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Both untargeted transcriptomics and proteomics revealed major changes to 
central cellular processes and both primary and secondary metabolism 
(Supplementary Figs. 5 and 6). The greatest changes (both positive and 
negative fold changes) were observed for genes with the COG categories amino 
acid metabolism and transport, unknown function, lipid metabolism, energy 
production and conversion, carbohydrate metabolism and transport, 
transcription, translation, and inorganic ion transport and metabolism. 
Interestingly, mapping the detected SNPs onto the highly changed genes 
revealed that only a small number of observed changes in transcript and 
peptide levels could be potentially explained by the SNPs. Instead, no 
mutations (on or off-target) were detected in the overwhelming majority of 
highly changed genes. The observed changes are likely the result of changes 
in regulation in response to the base edits and the strains adaptations to the 
mutational landscape, and as such were likely responses to in trans introduced 
mutations. Together with the observed highly significant changes in transcript 
levels of most of the target genes, we hypothesize that the observed system 
wide effects were primarily driven by the mutations introduced in the targeted 
biosynthetic genes. In that case, combining base editor mediated genomic 
perturbations with transcriptomics could potentially be applied to investigate 
regulatory mechanisms of BGCs by measuring variations in transcript levels in 
response to inactivation of biosynthetic genes.  
 
Our results clearly show that multiplexed base editing can be used to perform 
complex rewiring and perturbation of cellular processes and pathways. 
However, given the high proportion of off-target mutations, a direct 
association of these observed systems wide changes to the on-target mutations 
remains difficult.  
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Conclusion 
 
In the present study we developed and systematically investigated the 
performance and scalability of multiplexed base editing in Streptomyces. 
Multiplexed base editing has become a very popular method across various 
species for rapid engineering of complex phenotypes33–36. We performed a 
deep and systematic characterization of the editing outcomes to guide further 
improvements and developments of multiplexed base editing tools for non-
model organisms, especially genetically recalcitrant ones. We show successful 
editing of up to 17 target sites and recovery of up to 15 stable edits after plasmid 
curing. To the best of our knowledge, this represents the highest number of 
simultaneous edits introduced in Streptomyces species to date. We analyzed off-
target frequencies for all sgRNA array sizes, revealing a linear relationship 
between the number of SNPs and the number of sgRNAs. We further show that 
a significant drop in the percentage of edited target sites is observed with 
increasing array sizes. Multi-omics analysis revealed extensive changes across 
metabolism, most of which could not be directly associated with introduced 
mutations and are hence likely in trans acting responses to the introduced 
mutations.  
 
In conclusion, we demonstrated for the first time highly multiplexed base 
editing in Streptomyces species and performed systems wide analysis of editing 
outcomes and consequences. We are convinced that this is a crucial step 
towards establishing highly multiplexed base editing as a standard tool for 
rapid strain construction and prototyping in Streptomyces species.  
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METHODS AND MATERIALS 
 
Strains and Culture Conditions 
 
All cloning work was performed using One Shot™ Mach1™ T1 Phage-Resistant 
Chemically Competent E. coli cells (ThermoFisher Scientific Inc., U.S.A). E. coli 
cells were cultivated on LB plates (10 g/l tryptone, 5 g/l yeast extract, 5 g/l 
sodium chloride, 15 g/l agar, to 1 l with MiliQ water) supplemented with the 
appropriate antibiotic (50 ng/µl apramycin or 25 ng/µl chloramphenicol) and 
incubated at 37 °C. 2xYT medium (16 g/l tryptone, 10 g/l yeast extract, 5 g/l 
sodium chloride, to 1 l with MiliQ water) and 15 ml culture tubes (VWR 
International, U.S.A) were used for liquid cultures (37 °C , 250 rpm). 
Streptomyces cultures were grown on mannitol soy flour (MS) (20 g/l fat reduced 
soy flour, 20 g/l mannitol, 20 g/l agar, to 1 l with tap water) plates supplemented 
with 10 mM MgCl2 for conjugations or to obtain spores. Exconjugants were 
streaked on ISP2 plates (4 g/l yeast extract, 10 g/l malt extract, 4 g/l dextrose, 
20 g/l agar, 333 ml tap water, 667 ml MiliQ water) supplemented with 50 ng/µl 
apramycin and 12.5 ng/µl nalidixic acid. Plates were incubated at 30 °C. 
Streptomyces liquid cultures were performed in 350 ml baffled shake flasks 
containing 50 ml of ISP2 medium supplemented with 25 ng/µl apramycin if 
needed. Cultivations were performed in shaking incubators at 30 °C and 
180 rpm (311DS, Labnet International Inc., U.S.A). Plasmid curing was 
achieved through cultivation at 40 °C and parallel plating on selective and non-
selective ISP2 plates for identification of plasmid-free clones.  
 

In Silico Cloning and Protospacer Prediction 
 
In silico cloning was performed using SnapGene 5.3 (GSL Biotech LLC, U.S.A). 
CRISPR protospacers were identified using CRISPy-web24 using the CRISPR-
BEST mode for C to T mutations and showing only STOP mutations. Golden 
Gate assemblies were simulated using the NEB Golden Gate Assembly Tool 
version 2.3.3 for BsaI-HFv2 (New England Biolabs Inc., U.S.A).  
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Plasmid Construction 
 
All primers were ordered from IDT (Integrated DNA Technologies, U.S.A) and 
diluted to a working concentration of 10 µM. PCRs were performed using Q5® 
High-Fidelity DNA Polymerase with GC Enhancer (New England BioLabs Inc., 
U.S.A). Plasmid isolations were performed using NucleoSpin® Plasmid 
EasyPure Kit (Macherey-Nagel, Germany). PCR fragments were run on 1 % 
agarose gels at 100 V for 20-30 min using 6x DNA Gel Loading Dye and 
GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific Inc., U.S.A). Fragments 
were purified by gel purification using the NucleoSpin® PCR and Gel Clean Up 
Kit (Macherey-Nagel, Germany). DNA concentrations were measured on a 
NanoDropTM 2000 (Thermo Fisher Scientific Inc., U.S.A). sgRNA arrays were 
assembled the BsaI-HFv2 GoldenGate kit (New England BioLabs Inc., U.S.A). 
The 28 sgRNA arrays were assembled in three pieces, the first containing 
sgRNAs 1-9, the second 10-18, and the third one 19-28. Smaller arrays were 
combined by restriction and ligation cloning. All fragments for GoldenGate 
assembly were DpnI digested and extracted from the gel. After chemical 
transformations following the protocol of the One Shot™ Mach1™ T1 Phage-
Resistant Chemically Competent E. coli cells (ThermoFisher Scientific Inc., 
U.S.A), colony PCRs were performed using Q5® Mastermix with GC Enhancer 
(New England BioLabs Inc., U.S.A). Positive clones were verified by Sanger 
sequencing using Mix2Seq overnight kits (Eurofins Genomics Germany 
GmbH, Germany). The verified sgRNA arrays were cut from the pGGA 
plasmids using NcoI and NheI, gel purified, and ligated into digested and gel 
purified pCRISPR-mcBEST. Digestions were performed using Thermo 
ScientificTM FastDigest enzymes, using 1 h incubations at 37 °C and inactivation 
for 10 min at 75 °C. Ligations were performed using 5 U/µL T4 DNA Ligase 
(Thermo Fisher Scientific Inc., U.S.A) and incubation overnight at room 
temperature.  
 

Interspecies Conjugations 
 
Homemade chemically competent E. coli ET12567 pUZ8002 37 cells were 
transformed with the plasmid of interest and plated on LB plates 
supplemented with 50 ng/µl apramycin, 25 ng/µl chloramphenicol, and 
50 ng/µl kanamycin. Transformants were washed off the plate using 4 ml of LB 
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medium and 50 µl were used to inoculate 3 ml overnight cultures. 2 ml of the 
overnight cultures were harvested the next day and washed twice at 2000xg 
with 1 ml of LB medium. 500 µl were then mixed with 500 µL of spore 
suspension and spread on MS plates. Plates were overlayed with 1 ml of ddH2O 
and 5 µl of 50 mg/ml apramycin the next day and incubated for another 4-5 
days. Exconjugants were picked using wooden toothpicks and transferred to 
selective ISP2 plates. Spores for conjugations were prepared as described in 
Tong et al. 6.  
 

Genomic DNA Extraction & Whole Genome Sequencing 
 
Genomic DNA extractions were performed using Qiagen G20 columns with a 
Blood & Cell Culture DNA Mini Kit (Cat No./ID: 13323, Qiagen, Germany). 
Quality control was performed using a NanoDropTM 2000 (Thermo Fisher 
Scientific Inc., U.S.A) and Qubit 4 Fluorometer for concentration 
determination (Thermo Fisher Scientific Inc., U.S.A). Genomic DNA was 
shipped to Novogene Co., Ltd (Bejing, China) for Illumina based WGS. Library 
preparation was performed based on the NEB Next® UltraTM DNA Library 
Prep Kit (New England Biolabs, U.S.A) with a target insert size of 350 nt and six 
PCR cycles. 
Illumina data analysis was performed using trimgalore 
(https://github.com/FelixKrueger/TrimGalore) and breseq 0.33.2 38using the 
following commands:  

trim_galore -j 8 --length 100  -o illumina --paired --quality 20 --fastqc --
gzip file(s) 

 
breseq -r (full genetic background reference).gb trimmed_1.fq.gz 
trimmed2.fq.gz -j 12 

 
The –polymorphism-frequency-cutoff parameter was added with a value of 0.05 
for sequencing of mixed populations. 
 
Read coverage was extracted using samtools26 using the breseq output. The 
optional parameter -a was added to include all positions.  
 

samtools depth -a sample.bam > sample.coverage 
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Coverage for regions of interest was extracted for plotting/analysis:  

awk '$1 == "Plasmid" {print $0}' sample.coverage > sample-plasmid.tsv 
 
For annotation of rare codons, a cutoff of 5 % was used. Codons with a 
frequency of 5 % or less were regarded as rare codons.  
 
Growth Curves & Sampling for multi-omics 
 
Cultivations of plasmid free strains were performed in three technical 
replicates The OD600 of samples was measured using an Ultrospec 10 cell 
density meter (Amersham Biosciences, U.K.). Samples for proteomics (2 ml) 
and transcriptomics (2x 2ml) were taken in the mid to late exponential phase 
after 10 and 12 hours. The samples were centrifuged at 21,000xg for 1 min and 
the supernatant removed. Transcriptomics samples were immediately 
submerged in liquid nitrogen and stored at -80 °C until isolation. Proteomics 
samples were stored at -20 °C until analysis. The cultures were cultivated for a 
week after the last measurement, and then harvested and stored at -20 °C for 
metabolomics.  
 
Metabolomics 
 
Culture supernatants were collected by centrifugation of 2 ml of culture at 
21,000xg for 10 min. Oasis® HLB 6cc (500mg) LP Extraction Cartridges (Waters 
Corp, U.S.A) were used for extractions in combination with a Positive Pressure-
96 device (Waters Corp, U.S.A). The cartridges were conditioned with 600 µl of 
methanol, followed by 600 µL ddH2O. 600 µl of supernatant were loaded. 600 µl 
of 5 % methanol was used for the washing step. A fresh capture plate was used 
for each of the elution steps. 600 µl of 50 % methanol were used for elution of 
polar compounds, followed by 600 µl of 100 % methanol for non-polar 
compounds. The elutions were dried under a nitrogen stream and redissolved 
using 50 µl ddH2O (50 % methanol elutions) or 70 % methanol (100 % methanol 
elutions). The samples were subsequently analyzed using LC-UV-MS(MS) 
which was performed using a Vanquish Duo UHPLC binary system coupled to 
a PDA (Thermo Fisher Scientific Inc., USA) and to an Orbitrap IDX Tribrid Mass 
Spectrometer (Thermo Fisher Scientific Inc., USA). The LC separation was 
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achieved in reverse phase conditions as previously described 39 and the MS 
measurements were performed in positive-heated electrospray ionization 
(+HESI) mode with a voltage of 3500 V acquiring in full MS/MS spectra (Data 
dependent acquisition-driven MS/MS) in the mass range of 100-1500 Da. The 
MS settings were the following: automatic gain control (AGC) target value was 
set at 4e5 for the full MS and 5e4 for the MS/MS spectral acquisition, the mass 
resolution was set to 120,000 for full scan MS and 30,000 for MS/MS events. 
Precursor ions were fragmented by stepped High-energy collision dissociation 
(HCD) using collision energies of 20, 40, and 60. 
 

Transcriptomics 
 
RNA isolation was performed using the RNeasy kit (Qiagen, Germany). 
Concentration and purity of the samples was measured on a NanoDropTM 2000. 
To check for DNA contaminations, 1.5 µl of each sample was digested with 1 µl 
of DNAse (Thermo Fisher Scientific Inc., U.S.A) and incubated at 37 °C for 20 
min. DNAse digested samples were run on a gel in parallel to undigested 
samples. Remaining bands were indications of contaminations with DNA. The 
samples were analyzed for degradation using a Fragment Analyzer (Agilent 
Technologies, Inc., U.S.A). Library preparation, rRNA depletion, and 
sequencing was performed by Novogene Co., Ltd (Bejing, China) using 
provided total RNA.  
 
All data analysis was performed in CLC Genomics 12.0.3 (Qiagen, Germany). A 
GenBank file of the reference strain (Accession: PRJNA557658) with all gene 
names removed was created to force CLC Genomics to use only locus tags, 
streamlining downstream data analysis. Read trimming and RNA seq analysis 
were performed with default parameters. PCAs, differential expression, 
heatmaps, Venn diagrams, and expression browsers were created using built-
in functions. All data was exported for further processing and plotted using 
Prism 9 (GraphPad Software, U.S.A). 
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Proteomics  
 
The cell pellets were thawed and remaining supernatant removed.  
Two 3-mm zirconium oxide beads (Glen Mills, NJ, USA) and 100 µl of 95°C 
Guanidinium HCl (6 M Guanidinium hydrochloride (GuHCl), 5 mM tris(2-
carboxyethyl)phosphine (TCEP), 10 mM chloroacetamide (CAA), 100 mM Tris–
HCl pH 8.5) were added to all samples. A Mixer Mill (MM 400 Retsch, Haan, 
Germany) set at 25 Hz for 5 min at room temperature was used to achieve full 
cell disruption, followed by incubation in a thermomixer for 10 min at 95°C 
and 600 rpm. Cell debris was removed by centrifugation at 5000g for 10 min. 
For overnight tryptic digestion (constant shaking (400 rpm) for 8 h) a total of 
100 ug protein were used, and 10 µl of 10% TFA were added afterwards. 
Subsequent desalting was performed using SOLAμTM SPE C18 plate (Thermo 
Fisher Scientific Inc., USA). 
 
Desalted samples were injected into Orbitrap Exploris 480 mass spectrometer 
(Thermo Fisher Scientific Inc., USA) using a CapLC system (Thermo Fisher 
Scientific Inc., USA). Initial sample capturing was performed at a flow of 10 
ul/min on a precolumn (µ-precolumn C18 PepMap 100, 5µm, 100Å), followed 
by peptide separation on a 15 cm C18 easy spray column (PepMap RSLC C18 
2µm, 100Å, 150 µmx15cm) at a flow of 1.2 µl/min. Over a total of 60 minutes the 
applied gradient went from 4% acetonitrile in water to 76%. The instrument 
operated in data dependent mode while spraying the samples into the mass 
spectrometer using the following settings: MS-level scans were performed 
with Orbitrap resolution set to 60,000; AGC Target 3.0e6; maximum injection 
time 50 ms; intensity threshold 5.0e3; dynamic exclusion 25 sec. The Top 20 
Speed mode with HCD collision energy set to 28% (AGC target 1.0e4, maximum 
injection time 22 ms, Isolation window 1.2 m/z ) was used for data dependent 
MS2 selection.  
 
Proteome discoverer 2.4 was used for analysis of the thermos raw files using 
the following settings: Fixed modifications: Carbamidomethyl (C) and variable 
modifications: oxidation of methionine residues. First search mass tolerance 
20 ppm and a MS/MS tolerance of 20 ppm. Trypsin as enzyme and allowing one 
missed cleavage. FDR was set at 0.1%. The match between runs window was 
set to 0.7 min. Only unique peptides were used for the quantification and 
normalization between samples was performed using the total peptide 
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amount. A protein database consisting of all S. coelicolor M145 proteins was 
used for the searches. For both proteomics and transcriptomics volcano plots, 
cutoff values of a fold change of 2 (log2(FC)=1) and a p-value of 0.005 (-
log10(0.005) = 2.3) were used. The conservative p-value was used to decrease 
the probability of false positive hits. Genes falling into the defined FC-p-value 
space were then annotated with their respective COG categories and searched 
for SNPs using the NGS data.  
 

Data and Statistical Analysis  
 
All data was reported as mean ± standard deviation as described where 
applicable. Statistical significance was tested using two-tailed unpaired t-tests, 
and significance was reported as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001. Linear regressions were calculated in Prism 9 and plotted including the 
95 % confidence interval. All experiments were performed in triplicates, either 
biological triplicates (e.g. different clones from the same conjugation) or 
technical triplicates (e.g. three separate cultivations of the same biological 
replicate).  
 

Computational Analysis & figures & scripts 
 
Data analysis and plotting was performed in Prism 9 (GraphPad Software, 
U.S.A), as well as Python 3 in combination with the data analysis library pandas 
v0.24.2, matplotlib v2.2.5, seaborn v0.9.1, and scipy v.1.2.3.  
 

Data availability statement 
 
The sequence datasets generated and analysed in this study are deposited in 
the NCBI sequence read archive (links to the individual files see BioProject: 
PRJNA934069) and DTU Data (10.11583/DTU.22100804 (will be activated once 
paper is accepted) // link for reviewers: 
https://figshare.com/s/6b8a026531f8395997b1). Jupyter Notebooks/scripts 
used to process the data are available on Github: 
https://github.com/NBChub/Multiplexing_Scripts. 
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CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats; CBE: 
cytosine base editing; sgRNA: single guide RNA; AA: amino acid; SNP: single 
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SUPPLEMENTARY INFORMATION 
 
SI 1: Additional Information and experimental methods for pCRISPR-
mcBEST 
 
Development of an improved multiplexing plasmid 
 
The initial plasmid (version 0) was constructed based on the pCRISPR-cBEST 
plasmid by replacing the sgRNA cassette with csy4 from Pseudomonas 
aeruginosa PAO1. The codon usage of csy4 from P. aeruginosa PAO1 was 
compared to the codon usage of S. coelicolor M145 using graphical codon usage 
analyzer and a mean difference of 19.69 % was found 1. The mean difference 
was shown to be low enough to allow heterologous expression in S. coelicolor 
M145 without further codon optimization. Version 0 further carries a landing 
pad for the synthetic sgRNA array which replaces the fd terminator region 
present in pCRISPR-cBEST 2. The original design of the landing pad consisted 
of a SP19 promoter of medium strength 3 followed by a NcoI restriction site, a 
strong RBS (Registry of Standard Biological Parts: BBa_B0034), the mCherry 
gene from pGM11924, followed by a NheI restriction site, and a t0 terminator. 
Replacing a selection marker with the synthetic sgRNA array enables 
simplified screening for correct colonies. 
 
Construction of Plasmids for Multiplexed Engineering 
 
Construction of synthetic sgRNA arrays is enabled by Golden Gate Assembly. 
Using a universal PCR template consisting of the sgRNA scaffold and one 
downstream Csy4 site, individual sgRNA-Csy4 fragments are amplified using 
high fidelity PCR. Three different fragment architectures are used for the 
assembly: the first fragment, last fragment, and middle fragment for array 
sizes greater than 2. Constant for all is the 6 nt random spacer sequence 
introduce at the 5’ end of the primer overhang and the following BsaI 
recognition site. The forward primer of the first fragment introduces a pGGA 
compatible GGAG overhang sequence, and an NcoI restriction sequence, 
which can later be used for cloning into pCRISPR-mcBEST, another Csy4 
sequence, and finally the 20 nt sequence of the first protospacer. The forward 
primer of the other architectures is missing the additional Csy4 site, but apart 
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from that have the same design. The reverse primer of the last fragment has a 
fixed pGGA compatible overhang sequence ATGG followed by a NheI 
recognition sequence. For the other fragment architectures, the first 4 nt of the 
following spacer are added in the overhang. All PCR reactions were DpnI 
digested and gel extracted, and subsequently used for a one pot Golden Gate 
reaction. The assembled pGGA fragments can then be verified by colony PCRs 
and sequencing and cut and ligated into the pCRISPR-mcBEST or pCRISPR-
mdCas9 vectors. For construction of 18 and 28 sgRNA arrays, three such 
assembled intermediate arrays were combined by addition of HindIII 
(between sgRNAs 9 and 10) and XbaI (between sgRNAs 18 and 19) restriction 
sites and ligation of two or three sgRNA arrays into one.  
 

 
Supplementary Figure 1: Construction scheme for synthetic sgRNA arrays. The arrays are 
constructed from PCR fragments based on one of the three potential architectures, based on 
the location of the fragment in the array. After DpnI digestion and gel clean-up, the 
fragments are then used for a one-pot assembly reaction using Golden Gate Assembly into 
the capture vector pGGA. The array can subsequently be cut and pasted into the pCRISPR-
mcBEST plasmid using NcoI and NheI restriction sites.  
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SI 2: Table of the sgRNAs used in this study 
 
The targets used in this study are shown in supplementary Tab. 1. All 
protospacer sequences were predicted using CRISPy-web and selected based 
on specificity and compatibility with cytosine base editing. 
  
Supplementary Table 1: List of base editing targets used in this study. The sgRNA numbers 
are the same as the locations of the respective sgRNAs in the final array. Both the locustag of 
the updated S. coelicolor assembly, as well as the corresponding SCO locustags are given. The 
listed BGC types were taken from antiSMASH, and all protospacer sequences are in 5’ à 3’ 
direction. 

#sgRNA Locustag NC_003888 Locustag BGC Protospacer Sequence 5’ à 3’ 

sg1 FQ762_00575 SCO0127 hglE-KS,T1PKS TAGAGCACCCAGTGGAAGAG 
sg2 FQ762_00875 SCO0187 isorenieratene GATCTGCAGGCGTACGTACA 
sg3 FQ762_01290 SCO0269 lanthipeptide GGCATCAGCAGGATCCTCCG 
sg4 FQ762_02415 SCO0492 coelichelin CCAGGTGCTCTTCAACTATC 
sg5 FQ762_03740 SCO0754 bacteriocin CACCAGCCAGCCCTGGGGAC 
sg6 FQ762_06065 SCO1206 T3PKS TGCTACCAGCCCACCGACCT 
sg7 FQ762_09505 SCO1865 ectoine CCTTCCAGAACACCATCCTG 
sg8 FQ762_13840 SCO2701 melanin ACCCGACGGCAGGTGATGCG 
sg9 FQ762_14260 SCO2785 siderophore GTCCACCTGCCAGTGGTCCA 
sg10 FQ762_16595  SCO3231 CDA CGTGGGGCAGTTGGAAATCA 
sg11 FQ762_26280 SCO5087 Actinorhodin GAGCAGTTCCCAGAACTGCC 
sg12 FQ762_26985 SCO5223 albaflavenone GCGGGCAGTACATGGACGAG 
sg13 FQ762_27465 SCO5317 Spore Pigment CTGCAGAACCTGTGGGGGCA 
sg14 FQ762_29990 SCO5800 siderophore GTCGGGGACCAGTAGCGGAC 
sg15 FQ762_30470 SCO5892 undecyprodigiosin AGCAGCCGCCAGTAGCTGTC 
sg16 FQ762_31255 SCO6045 bacteriocin GCCTCGACCCACTCGATGCC 
sg17 FQ762_31390 SCO6073 geosmin CACGTACCAGTCGGTGATGA 
sg18 FQ762_32170 SCO6226 siderophore ACGCCACAGCCGCGACAGCA 
sg19 FQ762_32415 SCO6275 coelimycin P1 GGGGCGCAGCGACCGGGCAT 

sg20 FQ762_33215 SCO6432 
thioamide-
NRP,NRPS AAGAGACACAACGGGGTGCG 

sg21 FQ762_34460 SCO6680 SapB GTACCACTGGTTCCTGGCGA 
sg22 FQ762_34870 SCO6759 hopene CGACGACCGACTGCTGATGC 
sg23 FQ762_35220 SCO6827 arsono-polyketide GGCTCGCAGTGGCCAGGCAT 
sg24 FQ762_35750 SCO6930 lanthipeptide GCAGGTTCAGGCCCTGTGCT 
sg25 FQ762_37095 SCO7190 unknown ATCGACCGATTCGCGATCAT 
sg26 FQ762_38505 SCO7467 indole GGCGGCCAGTTGCGAAGACT 
sg27 FQ762_39600 SCO7683 coelibactin CTGGCCCGATACGCGGACGA 
sg28 FQ762_37265 SCO7221 germicidin CGCGGTGCCCACGGAGCGTG 
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SI 3: Additional data for S. coelicolor BE9a 
 
S. coelicolor BE9a mutants were constructed using sgRNAs 1-9, targeting 
biosynthetic genes in the first 9 BGCs of S. coelicolor. Apart from red flaviolin, 
which is a spontaneous reaction product of 1,3,6,8-tetrahydroxynaphthalene 
produced by rppA (FQ762_06065) in BGC 65, no direct clear phenotype was 
expected for any of the targeted BGCs as a result of successful editing. Between 
5 and 8 out of the 9 targeted sites were successfully edited, however, with 
greatly varying efficiencies (Supplementary Fig. 2). In S. coelicolor BE9a colony 
6, up to 6 stop codons were introduced in the targeted genes. Genome wide 
SNP analysis was performed using Illumina whole genome sequencing data. 
The majority of observed SNPs were either C to T or G to A mutations, 
indicating that these were introduced by the cytosine deaminase. Noticeably, 
colony 3, which has the fewest of the target sites edited, had a strongly elevated 
SNP count compared to colonies 4 and 6, which had 7 and 8 of the target sites 
edited. To assess phenotypical changes, drop of S. coelicolor BE9a colonies were 
plated on ISP2 plates. S. coelicolor BE9a colony 6 clearly stood out with its more 
structured and bright blue and white phenotype, indicating increased 
production of actinorhodin compared to colonies 3 and 4.  
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Supplementary Figure 2: Editing outcomes for three different colonies of 
S. coelicolor BE9a. a. Up to 8 out of 9 target sites were successfully edited, however with 
greatly varying editing efficiencies. Up to 6 stop codons were introduced in colony 6. b. 
Illumina-based genome wide SNP analysis. The majority of observed SNPs were C to T or G 
to A mutations, as expected for a cytosine deaminase. Interestingly, colony 3, which has the 
fewest edited target sites, has a highly elevated SNP count compared to colonies 4 and 6. 
c. Phenotypes of S. coelicolor BE9a mutants on ISP2 medium. While colonies 3 and 4 have a 
similar phenotype, colony 6 stands out with its patterned dark blue and white phenotype. 

 
SI 4: SNP heatmaps for all sequenced strains 
 
An overview of all heatmaps and detected SNPs in both the negative control 
and the mutant strains is shown in supplementary Fig. 3. A clear increase in 
the number of accumulated SNPs can be observed as the number of sgRNAs 
increases. However, these SNPs are primarily C to T or G to A mutations. The 
frequencies of other mutations do not differ noticeably from those observed in 
the wildtype.  
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Supplementary Figure 3: SNP heatmaps for all sequenced colonies before plasmid curing. 
A clear increase in the total number of C to T and G to A conversions can be observed as the 
number of sgRNAs increases. No substantial increase in other mutations was observed 
between mutant strains and wildtype replicates. 
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SI 5: Phenotypes of all cured strains  
 
A total of 33 cured colonies were restreaked on MS plates, covering all plasmid 
variants. A great diversity in phenotypes was observed, most importantly 
absence of or weak sporulation, a colorless phenotype, and production of new 
compounds (Supplementary Fig. 4). All plates were fully grown. Three 
colonies each for 9sgRNAs, 18 sgRNAs, and 28 sgRNAs were selected for 
further characterizations based on their apparent reduction in production of 
specialized metabolites and greatly changed phenotypes.  
 

 
Supplementary Figure 4: Phenotypes of plasmid cured S. coelicolor mutants on mannitol 
soy flour medium. The number of the cured plasmid and the initial mutant colony the 
plasmid strains originated from are given for each row. Columns represent different colonies 
from a given plasmid cured strain. Clear differences in the phenotypes, especially in terms 
of sporulation, colony color, and metabolite production were observed. 
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SI 6: Proteomics data of three plasmid cured strains  
 
To gain further insights into the systems wide effects of large multiplexed base 
editing experiments, samples were taken during cultivations at the highlighted 
time points (main test, Figs. 5 and 7) and prepared as described in the methods 
section. The cultivations were continued after sampling and the supernatant 
was used for metabolomics after one week.  
 

Untargeted whole proteomics reveals changes to central cellular processes 
 
Whole proteome comparison between the wild type and the base edited strains 
revealed many changes, primarily to central cellular processes. All proteomics 
analysis steps were performed with the shared core proteome across all 
samples, corresponding to complete datasets for 2401 out of 7548 CDS. 
Changes were especially observed between S. coelicolor BE18 and the wild type 
with whole proteome identities as low as 91.5 %. For further analysis genes 
were selected with at least an absolute 2-fold change in the observed peptide 
levels, as well as with a p value below 0.005 (to reduce the false positive rate). 
The hits falling into those spaces (highlighted in blue in Supplementary Fig. 
5b) were then further characterized by annotation with the corresponding COG 
categories. The greatest changes were observed for all three strains in either 
amino acid metabolism and transport, or for genes with unknown function 
(Supplementary Fig. 5c). Further top categories were lipid metabolism, energy 
production and conversion, carbohydrate metabolism and transport, 
transcription, and inorganic ion transport and metabolism. Interestingly, in 
all three strains the number of proteins with higher observed abundances was 
greater than those with reduced abundances, indicating extensive rewiring 
and adaptation of the overall metabolism. Surprisingly, when matching the 
genes falling into the fold change-p-value space with the NGS data, only for a 
small fraction of the genes with highly changed protein abundances we could 
identify mutations in the coding sequences, suggesting that most of the 
observed changes are the result of in trans acting changes in regulatory 
cascades and downstream effects of mutations introduced in other loci.  
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Supplementary Figure 5: Whole proteome analysis of plasmid cured S. coelicolor BE9b, 
BE18, and BE28 strains. The shared core proteome was used as the basis for all analysis 
steps. a. Whole proteome correlation between mutant strains and wild type. Especially 
S. coelicolor BE18 showed great differences in the whole proteome correlation compared to 
the wild type. b. Volcano plots for each mutant. The chosen cutoffs were a log2(fold change) 
of 1/-1, and a p-value of 0.005 to reduce the number of false positives. The blue areas indicate 
the space between these two values. c. All genes falling into the defined spaces were 
categorized by COG categories. The highest-ranking categories were annotated. Most high-
ranking COG categories were either part of the central metabolism, or of function unknown. 
d. The genes falling into the defined significance-fold change space were further matched 
with detected SNPs. Most of the highly changed genes did not have SNPs in the CDS, 
indicating that most changed were effects of wider regulatory changes. All shown data is 
based on three technical replicates. log2(fold change) of three technical replicates is shown. 
Significance was tested using unpaired two tailed t-tests, and p values are reported as -log10 
(p-value). 
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SI 7: Transcriptomics data of three plasmid cured strains 
 
Following the same methodology, we analyzed transcriptomics data obtained 
from the same samples and time points. Base edits should not have a direct 
impact on the transcript level given that the effects of base editing only start 
having an effect during translation. However, we expected to see changes in 
the transcription levels likely resulting from feedback regulation. Further, we 
expected to be able to further validate the outcome of our proteomics analysis, 
showing great changes in central metabolism.  
 
The whole transcriptome analysis overall mirrored the results of the 
proteomics analysis. All three mutants showed the greatest changes in COG 
categories belonging to central cellular processes and metabolism, including 
transcription, translation, amino acid metabolism and transport, 
carbohydrate metabolism and transport, as well as energy production and 
conversion. Function unknown was the top COG category for all three base 
editing strains for those genes falling into the defined fold change – p-value 
space. Matching these genes with the detected SNPs again revealed that the 
majority of changes could not be attributed directly to a SNP in a coding region. 
However, the percentage of matches between genes and SNPs increased from 
with the number of sgRNAs from BE9b to BE28.  
 
Given the higher resolution of transcriptomics, we were able to obtain data for 
all targeted key biosynthetic genes (Supplementary Fig. 6b). We observed both 
positive and negative fold changes in expression in response to introduction of 
stop or rare codons. Given the overlapping sgRNA arrays, we were able to 
compare the fold changes of non-edited genes and edited genes. Examples of 
observed changes include FQ762_00875 with a rare TTG codon introduced in 
both BE18 and BE28, resulting in significant almost two-fold decrease om 
expression levels in both strains. Stop codons were introduced in FQ762_01290 
in both BE18 and BE28, leading to significant reduction of expression levels in 
BE18, but to a significant increase in BE28, highlighting how the overall 
mutational landscape likely influences the cells response to gene inactivation 
through premature stop codon introduction. Other examples include 
FQ762_09505, which was inactivated through stop codon introduction in both 
BE18 and BE28, resulting in highly significantly reduced expression levels. 
FQ762_14260, the key biosynthetic gene of the desferrioxamine BGC, had 
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highly significantly reduced expression levels in all three strains, but was only 
edited in BE18 and BE28 through introduction two missense and one silent 
mutation, the latter of which resulting in the introduction of a rare CAA 
glutamine codon. These results highlight that not all stop codon introduction 
will also result in reduced expression levels. It is very likely that the cells 
response to gene-functionally detrimental base edits in key biosynthetic 
enzymes is not just influenced by possible feedback regulation (absence of 
functional enzyme resulting in increased expression), but also by trans-BGC 
metabolic adaptation. In all three mutants the majority of key biosynthetic 
genes showed reduced expression levels, indicating that the overall metabolic 
profile might also be reduced.  

 
Supplementary Figure 6: Transcriptomics analysis of plasmid cured S. coelicolor BE9b, 
BE18, and BE28. a. Volcano plots for each mutant. Again, cutoff values of log2(fold change) 
of +1/-1 and a p-value of 0.005 were used. S. coelicolor BE9b appeared to have a large cluster 
of co-localized genes with high negative fold change values, indicating either a larger 
chromosomal deletion, or co-regulation. Given that no chromosomal deletion was detected 
in the NGS data, co-regulation appears to be most likely. b. COG categories of genes falling 
into the defined p-value-fold change space. The top categories identified in the 
transcriptomics data set mostly mirrors those identified in the proteomics data set. Function 
unknown is the dominant category for all mutants in the transcriptomics dataset, and 
translation was additionally identified in BE9b and BE28, but was absent from the top hits in 
the proteomics data. c. Number of genes within the defined p-value-fold change space to 
which SNPs could be assigned. The overall number of gene-SNP matches increased from 
BE9b to BE28. All shown data is based on three technical replicates. log2(fold change) of three 
technical replicates is shown. Significance was tested using unpaired two tailed t-tests, and p 
values are reported as -log10 (p-value). 
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SI8: tmRNA and SmpB RPKM values for the analyzed plasmid cured strains 
 
Interestingly, we observed a significant increase in the RPKM values of 
tmRNA, which together with SmpB frees stalled ribosomes resulting from the 
absence of stop codons, matching tRNAs, or other translational problems 
(Supplementary Fig. 7)6,7. While these increases in RPKM values did not 
translate to significant fold changes, they did mirror the overall SNP profiles 
of the corresponding mutants, leading us to the hypothesis that the increased 
number of amino acid changes corresponds to an increased number of stalled 
ribosomes, potentially having further ripple effects given the intricate role this 
system plays in Streptomyces6,7. 
 

 
Supplementary Figure 7: Changes in tmRNA and SmpB RPKM values for S. coelicolor 
wildtype, BE9b, BE18, and BE28. While SpmB RPKM values were relatively constant 
between the different strains, tmRNA values differed significantly between wildtype and 
BE9b and BE28, suggesting increased occurrence of stalled ribosomes. Data of three 
technical replicates is shown. Significance was tested using unpaired two tailed t-tests, where 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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SI9: Metabolomics data for the analyzed plasmid cured strains 
 
Finally, we performed untargeted metabolomics analysis of the ISP2 cultures 
from which samples were taken for both transcriptomics and proteomics 
analysis. Furthermore, we performed additional cultivations in DNPM 
production medium.  
 
The major peaks observed were annotated in each chromogram (Fig. 8), with 
a focus on those that do not appear in the media controls. Cultivations of the 
BE strains in ISP2 medium did not reveal major changes compared to the 
wildtype cultivation with regards to dominant new or absent peaks. The two 
main peaks observed were germicidin B (A) and germicidin A (B) that were 
annotated through MS2 matching using the GNPS library enriched with 
additional in-house annotated spectra. To highlight the effects of premature 
stop codon introduction on metabolite production, we further highlighted the 
spectrum for kalafungin. While we were not able to detect actinorhodin (which 
is typically quite difficult to produce in ISP2 medium), we putatively detected 
kalafungin, a precursor of actinorhodin biosynthesis8. Kalafungin was 
putatively detected only in significant amounts in the wild type, and in trace 
amounts in S. coelicolor BE9b. Interestingly, no major peak was detected in S. 
coelicolor BE18 and BE28, even though a stop codon was only introduced in 
BE28 and not BE18. It is worth mentioning, that the metabolomics acquisition 
was performed in positive mode, whereas kalafungin is better ionized and thus 
detected in negative mode.  
 
We further performed cultivations in DNPM medium, a complex production 
medium9. The spectra for the DNPM cultivations were very different from the 
ISP2 spectra, and a higher number of major and differential peaks were 
detected. Peak A contains a matching mass-to-charge ratio (MS1) for a 
chalcone, which was only detected in the wild type and in one replicate of S. 
coelicolor BE9b. In all other strains, replicates, and the media control, no MS1 

data that could match chalcone were observed. Peak B consists primarily of a 
compound with a m/z 517.33, with a putative SIRIUS10 formula prediction for 
C23H41N5O7. The same peak is present in both S. coelicolor BE9a and BE9b, but 
not in BE18 and BE28. In S. coelicolor BE18 and BE28, the peak around 5.33 min 
consists primarily of desferrioxamine B with m/z 516.36. Peak C corresponds 
to desferrioxamine D2, which was highly abundant in the supernatant of S. 
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coelicolor BE18. Desferrioxamine E was detected in all samples with high 
relative abundance (contained in peak D), highlighting that the introduction of 
rare codons in the desferrioxamine BGC was not enough to abolish production 
and that the introduced mutations did not alter the cell’s ability to produce 
desferrioxamines in high amounts. Peaks E and F were also observed in all 
samples and could again be mostly assigned to germicidin B and A, 
respectively.  

 
Supplementary Figure 8: a. Qualitative LC-MS chromatograms for the base edited strains 
cultivated in ISP2 medium. Especially BE18 and BE28 showed clear differences to the wild 
type in terms of the observed intensities between the peaks. BE18 and BE28 also appeared to 
have a reduced metabolic profile. Further shown is the extracted ion chromatogram (EIC) 
for the m/z of kalafungin, a shunt product of actinorhodin. No detection was observed in 
BE18 and BE28, which is interesting, given that the key biosynthetic gene of the actinorhodin 
gene cluster was not edited in BE18, and only one silent mutation was introduced within the 
cluster. b. Qualitative LC-MS chromatograms of the base edited strains cultivated in DNPM 
medium. Included here is also the BE9a strain. Notice that global normalization was turned 
off to allow for better visualization of the peaks with greatly varying intensities. The EIC for 
the m/z of kalafungin showed more clearly the absence of production in the BE18 and BE28 
strains, while clear production was observed in the wild type and BE9a and BE9b strains. 
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Finally, we detected a peak at a retention time of approximately 7.8 min (peak 
G) that only appeared in the supernatant of S. coelicolor BE9a. No MS2 library 
hits were found for the dominant m/z 206.1538, but using GNPS11 molecular 
networking established a connection to the deferrioxamine network. We 
hence hypothesized that the detected compound might be an intermediate or 
shunt product of the desferrioxamine biosynthesis.  
Searching for the mass-to-charge of kalafungin revealed a putative production 
in the wild type, S. coelicolor BE9a, and S. coelicolor BE9b. No putative 
production was observed in S. coelicolor BE18 and BE28, mirroring the 
observations made in ISP2 medium.  
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ABSTRACT 
 
Type I CRISPR systems are widespread in bacteria and archaea. The main 
differences compared to more widely applied type II systems are the multi-
effector CASCADE needed for crRNA processing and target recognition, as well 
as the processive nature of the hallmark nuclease Cas3. Given the widespread 
nature of type I systems, the processive nature of Cas3, as well as the 
recombinogenic overhangs created by Cas3, we hypothesized that Cas3 would 
be uniquely positioned to enable efficient genome engineering in 
streptomycetes. Here, we report a new type I based CRISPR genome 
engineering tool for streptomycetes. The plasmid system, called pCRISPR-
Cas3, utilizes a compact type I-C CRISPR system and enables highly efficient 
genome engineering. pCRISPR-Cas3 outperforms pCRISPR-Cas9 and 
facilitates targeted and random-sized deletions, as well as substitutions of large 
genomic regions such as biosynthetic gene clusters. Without additional 
modifications, pCRISPR-Cas3 enabled genome engineering in several 
Streptomyces species at high efficiencies.  
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INTRODUCTION 
 
Streptomycetes encode large untapped biosynthetic potential in cryptic BGCs 
 
Streptomycetes and other filamentous actinomycetes represent some of the 
most gifted producers of complex specialized metabolites, with a wide 
diversity of applications in medicine, industry, and agriculture. Most 
importantly, many of the commonly used antibiotics are produced by 
members of the genus Streptomyces 1. Many of these specialized metabolites 
play important ecological roles for the producer strains, to fend off 
competition for nutrients, communication, as well as for complex symbiotic 
relationships 2. Due to the complex role specialized metabolites play in the 
natural environment, the expression of the corresponding biosynthetic gene 
clusters (BGC) is tightly regulated, and natural elicitors often remain 
unknown. Therefore, a majority of BGCs are not readily expressed under 
standard laboratory conditions, hindering the identification of the encoded 
specialized metabolites. While classical chemical screening resulted in the 
identification and utilization of high numbers of readily expressed BGCs, the 
advent of cheap whole genome sequencing revealed a large untapped potential 
of silent BGCs encoding the biosynthetic information for yet unknown 
specialized metabolites 3,4.  
 
Expression of BGCs in engineered heterologous hosts is common practice for BGC 
activation  
 
To overcome these limitations and to advance the exploration of the incredible 
biosynthetic potential of streptomycetes, several methods were developed to 
achieve expression of silent BGCs. Expression of silent BGCs in a heterologous 
host represents one of the commonly used approaches 5,6. Since many 
actinomycetes are not (yet) genetically tractable, expression of BGCs cloned 
from isolated genomic DNA allows the study of BGCs independently of their 
source. Furthermore, using established expressions hosts streamlines 
experimental work, as no new methods need to be developed and each 
experiment has the potential to contribute to a growing knowledgebase. 
Commonly used hosts for the expression of heterologous BGCs include various 
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derivatives of S. coelicolor, S. albidoflavus, S. lividans, S. avermitilis, and 
S. venezuelae 7–15. 
 
Genome reduction is desired for reduced metabolic background activity 
 
To increase the success rate of heterologous expression of BGCs, hosts are 
usually engineered with a focus on three aspects. First, to aid the identification 
of compounds in metabolomics analysis, a simplified metabolic background is 
desired. This can be achieved through genome reduction with a special focus 
on native, readily expressed BGCs, as well as those usually silent under 
laboratory conditions. Second, to increase the chances of successful 
heterologous expression, the number of integration sites can be increased, to 
facilitate multicopy expression of the target BGC. Lastly, increasing the supply 
of precursors is also of interest to boost the production of a matching BGC. 
Examples of hosts constructed using these principles are S. albidoflavus BE4, 
S. lividans ΔYA11, or S. avermitilis SUKA22 7,8,14,16. 
 
Existing genome engineering methods for streptomycetes 
 
A wide number of tools exist that can be used to achieve above mentioned host 
engineering 17. Classically, genomic deletions were achieved through PCR 
targeting, which is based on homologous recombination and double 
crossovers 18. While this method works in many Streptomyces strains, it requires 
having the editing site cloned in a cosmid, fosmid, or BAC and thus still is very 
labor and time intensive. Newer methods usually make use of CRISPR 
effectors, such as Cas9 or Cas12a. Several CRISPR-Cas9 based tools were 
developed for application in streptomycetes and were shown to facilitate small 
to medium-sized deletions with good efficiencies. Common vectors include 
pCRISPomyces, pCRISPR-Cas9, or pKCcas9dO19–21. Frequently observed 
toxicity of Cas9, especially when strongly expressed, has since led to the 
development of optimized plasmids allowing tighter control of the expression 
of Cas9 22. pKCCpf1 was developed to enable Cas12a (Cpf1) based deletions of 
one or two genomic loci, based on crRNA processing by Cas12a of its own 
crRNA array 23. Cas12a further recognizes a T-rich PAM sequence, lowering the 
potential of off-target effects in the GC-rich streptomycete genome. Recently, 
base editing was developed for single and multiplexed inactivation of genes of 
interest through the introduction of premature stop codons 24. While this 
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method has many benefits, the targeted genes remain present in the genome, 
and off-targets are more tolerated due to the absence of DSB introduction.  
 
CASCADE-Cas3 
 
Type I CRISPR systems are among the most widespread CRISPR systems. The 
signature effector of type I systems is the nuclease Cas3, which requires the 
assembly of a ribonucleoprotein complex called CASCADE, usually formed by 
Cas8, Cas7, Cas5, and the crRNA, to bind and cut DNA 25. Hence, CASCADE Cas3 
is a multi-effector CRISPR system that differs significantly from single-effector 
CRISPR systems like Cas9. The most widely studied type I systems are type I-E, 
of which the Escherichia coli system has been studied in great detail 26,27. Type I 
and II CRISPR systems not only differ in their overall architecture, but also in 
the mode of action of the signature nuclease. While Cas9 acts only as an 
endonuclease by introducing double-strand breaks at the target site, Cas3 has 
a combined ATP-dependent nuclease-translocase activity and starts degrading 
DNA processively from 3’ to 5’ after cutting 28. This results in the formation of 
long 5’ overhangs. CASCADE Cas3 has previously been applied for genome 
engineering, but the large size of the complex has hindered widespread 
application using plasmid-based systems 29,30. Recently, Csörgő et al. described 
a compact type I-C system and its application for plasmid-based genome 
engineering in E. coli, Pseudomonas syringae, and Klebsiella pneumoniae 31. The 
described system requires only 4 genes (cas3, cas5, cas8, and cas7) to introduce 
efficient genomic deletions of up to half a megabase. The system uses a T-rich 
5’-TTC-3’ PAM sequence, making it an attractive system to use in high GC 
organisms. Furthermore, it was shown that homology-directed repair in 
combination with CASCADE Cas3 introduces genomic modifications with 
higher efficiencies than Cas9, likely due to the recombinogenic nature of the 
ssDNAse activity of Cas3.  
 
pCRISPR-Cas3 is a novel tool for efficient genome engineering of streptomycetes 
 
Here, we present a new CASCADE Cas3 based tool for streptomycetes 
facilitating highly efficient genomic deletions and integrations based on a 
previously published compact type I-C CRISPR system. We adapted the system 
for expression in streptomycetes and integrated it into our established CRISPR 
plasmid platform. We demonstrate highly efficient deletions of small, mid, 
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and large-sized deletions, and show that pCRISPR-Cas3 can facilitate deletions 
in several commonly used Streptomyces hosts. We show how pCRISPR-Cas3 can 
facilitate simultaneous deletions and integrations with superior efficiencies, 
allowing streamlined genome engineering in even recalcitrant Streptomyces 
strains. Finally, we demonstrate the application of genome engineering with 
pCRISPR-Cas3 by construction of a S. coelicolor expression host.  
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RESULTS 
 
Distribution of Type I CRISPR Systems in Streptomycetes 
 
Type I CRISPR systems are widespread in bacteria and archaea. However, only 
a few systems from Streptomyces have been characterized and described in 
detail so far 32. To investigate the distribution of type I CRISPR systems vs. type 
II CRISPR systems in streptomycetes, we performed BLAST searches against 
2401 high-quality publicly available Streptomyces genomes. The amino acid 
sequence of Cas9 from Streptococcus pyogenes and of Cas3 of the type I-E CRISPR 
system of S. albidoflavus (previously albus) J1074 were used as queries, as these 
are the hallmark nucleases from the two CRISPR types. Based on our search, 
type I CRISPR systems appear to be much more widespread in Streptomyces 
compared to type II CRISPR systems. Only two hits were obtained for SpyCas9, 
while SalbCas3 returned almost 1400 hits (Fig. 1). Of these, over 100 had a 
sequence similarity >50 % (Supplementary Information Table 1). Cas3 acts as 
a nuclease-translocase with an N-terminal HD phosphohydrolase and C-
terminal helicase domain 33. To obtain a more granular view of the distribution 
of type I systems in streptomycetes, and to reduce the number of false positive 
hits due to similarities to helicases, we performed another search with 
cblaster, which allows the search for clustered homologous sequences 34. Using 
cblaster and the CASCADE from S. albidoflavus J1074 as input, we identified 472 
strains carrying the entire CASCADE, comprising cas3, casA, casB, cas7, cas5, 
and cas6 (Supplementary Information Table 2). Based on the high abundance 
of type I CRISPR systems in streptomycetes, we hypothesized that they might 
have a higher tolerance to genome engineering using type I CRISPR systems, 
as opposed to type II systems.  
 
Construction of pCRISPR-Cas3, a plasmid-based compact CASCADE-Cas3 
system 
 
The previously characterized and utilized type I-C CRISPR system from 
Pseudomonas aeruginosa consists of only four genes, cas3, cas5, cas8, and cas7, 
totaling 5.6 kb. This allows plasmid-based expression of the system and 
application across various species. All four genes are arranged in an operon 
and can hence be expressed from a single promoter.  
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Figure 1: pCRISPR-Cas3 enables streamlined genome engineering of streptomycetes.  
(A) Distribution of type I and type II CRISPR systems in streptomycetes using Spycas9 and 
cas3 from S. albidoflavus as references. The BLAST search was run on all high-quality publicly 
available Streptomyces genomes (n=2401). Type I CRISPR systems appear to be much wider 
distributed than type II CRISPR systems in streptomycetes. (B) Plasmid map of pCRISPR-
Cas3. The plasmid is based on the pSG5 replicon and carries the codon-optimized type I-C 
minimal CASCADE under control of the inducible tipA promoter. The crRNA is cloned 
between two repeats in the cRNA cassette, which is controlled by the constitutive ermE* 
promoter. Repair templates are cloned into a MCS in the backbone of the plasmid. (C) The 
second repeat has a modified sequence to prevent recombination between the two repeats. 
The CASCADE complex comprised of Cas5, Cas8, and Cas7 units binds the target sequence 
and recruits Cas3. Cas3 has a 3’-5’ helicase nuclease activity, resulting in directionally biased 
deletions. (D) cRNAs are cloned between two repeats, posing some challenges due to 
sequence homologies. Since type IIS restriction enzymes cannot be used in high GC 
Streptomyces plasmids, a PCR and Gibson Assembly based cloning approach was established, 
allowing cloning of cRNAs with high efficiencies. (E) pCRISPR-Cas3 can be used for targeted 
deletions of large genomic regions, or for substitutions of such with a specified cargo. It can 
also be used for random-sized deletion experiments. 

 
Given the differences in both codon usage and GC content, the previously 
published operon was codon optimized and synthesized. For codon 
optimization, the S. coelicolor codon usage table was used, as such optimized 
constructs have previously been successfully expressed in a wide variety of 
different streptomycetes 35. The upstream region of each cas gene was designed 



Chapter 5 ½ CASCADE-Cas3 Enables Highly Efficient Genome Engineering in Streptomyces Species 
 

188 

with a canonical RBS sequence (GGAGG or GGAGC). The 5.6 kb fragment was 
subsequently synthesized and delivered as a cloned plasmid. For expression in 
streptomycetes, our established CRISPR platform based on the pSG5 replicon 
was used. The Cas9 cassette from pCRISPR-Cas9 was removed by digestion 
with NdeI and HindIII and replaced by the synthesized CASCADE-Cas3 operon 
using Gibson Assembly. The Cas9 gRNA expression cassette was subsequently 
replaced by a dsDNA fragment containing the Cas3 repeats following digestion 
of the plasmid with NcoI and SnaBI and subsequent Gibson Assembly. The 
second repeat was modified as described by Csörgő et al. to prevent 
recombination events between the two repeats (Fig 1c). The resulting plasmid 
was named pCRISPR-Cas3 in accordance with our previous plasmid 
nomenclature.  
 
Given the repetitive nature of the Cas3 crRNA hairpins, cloning spacer 
sequences in between these proved to be very challenging. Attempts to clone 
protospacer sequences using ssDNA oligo bridging by digestion of pCRISPR-
Cas3 with NcoI (cutting between the two repeats) failed repeatedly. Given that 
common type IIS restriction enzymes such as BsaI and BstBI, commonly used 
for such cloning scenarios, cannot be used in high GC plasmids due to their 
omnipresent recognition sequences further complicated this cloning 
challenge. To achieve efficient cloning of user-defined protospacer sequences 
between the CRISPR repeats, we hence had to design an alternative cloning 
strategy. Using two fixed primers binding up and downstream from the 
protospacer integration site, two PCRs are set up using two primers binding 
one of the repeats each and carrying the desired 34 nt protospacer sequence in 
the overhangs. Digestion of pCRISPR-Cas3 with BstBI and NdeI removes the 
origin of replication, ensuring that only correctly assembled plasmids can 
replicate. Using this cloning method, we frequently achieved over 90 % cloning 
efficiencies (Supplementary Information Figure 1).  
 
pCRISPR-Cas3 introduces highly efficient deletions with single nucleotide 
precision in S. coelicolor  
 
To demonstrate the application of pCRISPR-Cas3 for genome engineering in 
streptomycetes, we attempted to delete the well-characterized 22 kb 
actinorhodin BGC in S. coelicolor. Deletion of the actinorhodin BGC leads to a 
clear red phenotype in S. coelicolor, resulting from expression of the 
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undecylprodigiosin BGC and enabling phenotypical screening for deletion 
mutants. Three different protospacers were selected, in the middle and 
towards each edge of the deletion region, to investigate potential differences 
in editing outcomes based on protospacer positions. Protospacers for 
pCRISPR-Cas3 were manually designed based on PAM+seed sequence queries 
within the deletion region, followed by genome-wide queries using both the 
seed and whole length sequences of putative protospacers to identify the most 
specific candidates. In S. coelicolor, 158,341 5’-TTC-3’ PAM sequences were 
found, averaging one PAM for every 54.7 bp. In contrast, 1,574,641 5’-NGG-3’ 
PAM sequences were found for Cas9, averaging one for every 5.5 bp, and 
highlighting the presence of up to an order of magnitude more potential off-
target sites. Two flanking regions of 1 kb were selected as repair templates and 
cloned into pCRISPR-Cas3 using restriction cloning as described in the 
methods section. To compare editing outcomes to those achieved with Cas9, 
the same repair templates were cloned into pCRISPR-Cas9, and three different 
sgRNAs mirroring the positions of the Cas3 protospacers were selected. In 
parallel, all experiments were performed without repair templates for both 
pCRISPR-Cas3 and pCRISPR-Cas9.  
 
Stark differences were observed between the different editing configurations. 
pCRISPR-Cas9 without repair templates failed to produce the distinct red 
phenotype, and with the “right” protospacer, only a handful of viable 
exconjugants were obtained on selective medium. Given that the pCRISPR-
Cas9 plasmid without ScaLigD was used, higher toxicity was expected. As 
shown previously, coexpression of ScaLigD can greatly enhance NHEJ and 
reduce the toxicity in S. coelicolor 20. pCRISPR-Cas3 without repair templates 
resulted in greatly varying outcomes, depending on the used protospacer. Both 
protospacers close to the edges of the deletion region appeared to be toxic. 
However, both surviving clones of the right protospacer had a weak red 
phenotype. pCRISPR-Cas3 without repair templates and the protospacer in the 
middle of the deletion region did not result in an observable loss in viability, 
but also did not produce a clear red phenotype. Clear deletion phenotypes 
were obtained with pCRISPR-Cas9 with repair templates and the spacer located 
in the middle of the deletion region. However, with the other two protospacers, 
either no clear deletion phenotypes were obtained, or only a small number of 
viable exconjugants could be obtained, which did not have the desired 
phenotype. The observed toxicities of pCRISPR-Cas9 might be predominantly 
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protospacer-specific. However, recent studies have shown that binding to off-
target sites might be much more extensive, stabilized by as little as a few 
nucleotides of homology 36. Using pCRISPR-Cas3 together with repair 
templates, clear deletion phenotypes were obtained for all spacers. With 
protospacers located towards the edges of the deletion region, clear deletion 
phenotypes were obtained for all picked exconjugants. 
 

 
Figure 2: pCRISPR-Cas3 introduces genomic deletions with higher efficiencies than 
pCRISPR-Cas9. (A) Plate pictures of S. coelicolor mutants harboring pCRISPR-Cas9 or 
pCRISPR-Cas3 with protospacers targeting the actinorhodin BGC in three different locations, 
and with or without repair templates. pCRISPR-Cas3 displayed higher toxicity without repair 
templates, but resulted in more exconjugants overall and with the desired RED phenotype 
once repair templates were provided. (B) Representation of sequencing results of selected 
colonies, both for pCRISPR-Cas3 and pCRISPR-Cas9 with and without repair templates. Both 
pCRISPR-Cas3 and pCRISPR-Cas9 introduced random-sized deletions without repair 
templates. With repair templates, precise deletions were observed for both pCRISPR-Cas3 
and pCRISPR-Cas9. (C) Efficiencies for actinorhodin deletions with pCRISPR-Cas9 and 
pCRISPR-Cas3. For pCRISPR-Cas3, the efficiencies were consistently high (> 90 %), while with 
pCRISPR-Cas3 the observed efficiencies were highly dependent on the used protospacer. (D) 
Read alignments for the junction site of the two homologous flanks. A HindIII site was 
integrated, demonstrating that the double-strand break was repaired using the repair 
templates cloned into pCRISPR-Cas3 using HindIII. Shown in (C) are the means ± standard 
deviations of three deletion experiments targeting the actinorhodin region with three 
different protospacers. 
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Only 5 out of 12 exconjugants showed the expected phenotype when the 
protospacer in the middle of the deletion region was used, with the remaining 
7 having a greyish phenotype. Interestingly, these results appeared to be 
mirrored to pCRISPR-Cas9, which performed best with the protospacer located 
in the middle of the deletion region. 
 
Phenotypical screening revealed an apparent superiority of pCRISPR-Cas3 
compared to pCRISPR-Cas9, as all three protospacer configurations resulted in 
the expected deletion phenotype with high efficiencies. To verify these 
observations and to obtain more precise numbers for efficiencies of pCRISPR-
Cas9 and pCRISPR-Cas3, the experiments with protospacers and repair 
templates were repeated. This time, conjugations were performed at larger 
scales to obtain more viable clones for pCRISPR-Cas9 with the protospacer 
located in the right flank of the deletion region. The deletion efficiencies were 
analyzed by performing colony PCRs on the targeted region with a primer 
binding inside of the repair template, and one binding outside of the repair 
template in the neighboring sequence (Supplementary Information Figure 2). 
For pCRISPR-Cas9, average deletion efficiencies of 60 % were obtained. These 
varied greatly depending on which protospacer was used. For pCRISPR-Cas3, 
an average efficiency of 97 % was obtained. The obtained efficiencies for 
pCRISPR-Cas3 were consistently high for all protospacers, suggesting a lower 
dependency on the protospacer sequence and location to achieve efficient 
deletions.  
 
To verify the PCR results, Illumina-based whole genome sequencing was 
performed for one colony of each configuration (Fig. 2B). Random sized 
deletions were observed for both pCRISPR-Cas9 and pCRISPR-Cas3 when no 
repair template was provided. For pCRISPR-Cas3, the observed random-sized 
deletion were 5.5 kb and 22 kb in size, and for pCRISPR-Cas9 11.9 kb. No 
random sized deletions were observed for pCRISPR-Cas3 with the mid 
protospacer, and none for pCRISPR-Cas9 when the protospacers at the edges 
of the deletion region were used. Sequencing of repair template containing 
configurations showed that pCRISPR-Cas3 successfully introduced the 
designed mutations with single nucleotide prevision with all tested 
configurations. For pCRISPR-Cas9, only the protospacer located in the middle 
of the deletion region resulted in successful deletion of the designed region for 
the screened colonies.  
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As pCRISPR-Cas3 was able to introduce the designed deletions with robust 
efficiencies and single nucleotide precision, we next investigated whether 
pCRISPR-Cas3 could be used to install targeted deletions in other important 
Streptomyces species.  
 
Genomic deletions were achieved using pCRISPR-Cas3 in S. venezuelae, 
S. albidoflavus, S. sp. NBC01270 
 
Given the successful demonstration in S. coelicolor, we next attempted to install 
designed deletions in other strains of interest. Therefore, we selected 
S. venezuelae (ATCC 10712), an emerging production host and model species, 
S. albidoflavus J1074, a well-established host for expression of heterologous 
BGCs, and S. sp. NBC1270, an isolate from our own strain collection closely 
related to S. albidoflavus J1074.  
 
In S. venezuelae ATCC 10712, region 22, as predicted by antiSMASH 6.0.1, was 
selected as a target for demonstration, given its size of 122 kb, and the high 
density of putative BGCs. Repair templates of 1 kb on each side of the target 
region were designed. Two protospacers were designed, one in the middle of 
the deletion region, and one approximately 5 kb from the left edge. Both 
combinations of repair template and protospacer installed the desired deletion 
with high efficiencies, with 9 out of 12, and 10 out of 12 exconjugants carrying 
the designed mutation, respectively (Fig. 3). The PCR-based screening results 
were further verified by whole genome sequencing, showing a clear drop in 
coverage of region 22.  
 
Given the positive results in S. venezuelae, we next attempted to perform 
deletions in S. albidoflavus J1074 and the closely related strain S. sp. NBC1270. 
The strains are closely related and share the majority of BGCs as predicted by 
antiSMASH 6.0.1. At the far end of the chromosomal arm, both strains carry 
the same dense accumulation of 3 BGCs for production of antimycin, 
candicidin, and flaviolin. Given the total size of 318 kb, this BGC dense region 
was also interesting in order to investigate the possibility to delete hundreds of 
kb in a single step. Following several failed attempts to obtain the bands 
indicating successful introduction of the designed chromosomal deletion, 
some of the colonies for which no PCR bands were obtained were sequenced 
using Oxford Nanopore sequencing.  
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Figure 3: Application of pCRISPR-Cas3 in other S. venezuelae, S. albidoflavus J1074, and 
S. sp. NBC1270. (A) Gel picture for screening of successful deletions of the 122 kb region 22 
in S. venezuelae. Bands were expected slightly above the 2 kb marker, as the primers were 
binding just outside of the repair templates. (B) pCRISPR-Cas3 was able to introduce the 
desired deletions with high efficiencies for both protospacers. (C) Illumina-based 
sequencing of a deletion mutants showing a clear and precise deletion of the targeted region. 
(D) In S. albidoflavus J1074 random-sized deletions were detected following targeting of 
regions 21-23 with pCRISPR-Cas3. However, similar random sized deletions were obtained 
when targeting the same region with the same repair templates using pCRISPR-Cas9. (E) In 
S. sp. NBC1270, a Streptomyces strain with high similarity to S. albidoflavus J1074, random sized 
deletions were obtained with pCRISPR-Cas3 while preserving the terminally inverted 
repeats. With pCRISPR-Cas9, targeting the same region resulted in random sized deletions 
and complete loss of the chromosomal end. A 33 kb sequence likely got replicated up to 12 
times to prevent continuous degradation of the chromosomal end. 



Chapter 5 ½ CASCADE-Cas3 Enables Highly Efficient Genome Engineering in Streptomyces Species 
 

194 

In both S. albidoflavus J1074 and S. sp. NBC1270, targeting of the far 
chromosomal end resulted in unspecific deletions approximately 380 kb and 
140 kb in size, respectively. In S. albidoflavus J1074, this resulted in deletion of 
antiSMASH regions 19-23. Targeting of the same region with pCRISPR-Cas9 
also resulted in extended deletions, suggesting that this was a general problem 
resulting from introducing double-strand breaks at the ends of the 
chromosomal arms 37. Interestingly, targeting the same region in NCB1270 
using pCRISPR-Cas9 resulted in the loss of the entire chromosomal end, as no 
reads were mapped against the terminally inverted repeats. A big spike in 
coverage was observed just at the end of the deletion region, suggesting that 
this 33 kb sequence stretch was replicated around 12 times to prevent 
continuous degradation of the chromosomal end. De novo assembly of the 
genome and subsequent visualization of the assembly graph further confirm 
this hypothesis (Supplementary Information Fig. 3). Both strains did not 
display any growth defects, and all desired BGCs were deleted in S. albidoflavus 
J1074, despite the unspecific nature of the deletion. These results demonstrate 
that pCRISPR-Cas3 can be used to introduce random sized deletions, especially 
when coupled with subsequent screening for desired geno- and phenotypes. 
Our results highlight that pCRISPR-Cas3 can enable efficient genome 
engineering even in non-model Streptomyces species. 
 
Simultaneous deletions and integrations can be achieved through 
modification of the repair templates 
 
Most sophisticated engineered Streptomyces hosts have not only a reduced 
metabolic background, achieved through deletion of readily expressed BGCs, 
but also added integration sites for either multicopy integrations or site-
directed targeted integrations using different integrases 7,38,39. Consequently, 
we wanted to demonstrate how pCRISPR-Cas3 can be used to delete genomic 
regions such as BGCs, and to simultaneously integrate additional integration 
sites instead. The Streptomyces bacteriophage PhiC31 integrase is a well-
established system for integration of heterologous sequences in various 
Streptomyces species 40,41. The consensus PhiC31 attB site from S. coelicolor 42 was 
chosen as cargo and cloned it in between the two flanks. As a proof of concept, 
we modified plasmid p129, previously used to delete the actinorhodin BGC in 
S. coelicolor, to carry the attB site between the two homologous repair template 
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arms. The obtained sequencing reads mapped perfectly against the in silico 
modified reference sequence (Fig. 4).  
 

 
Figure 4: Simultaneous deletions and integrations enable streamlined genome 
engineering. (A) The PhiC31 Streptomyces integrase integrates cargo DNA into target attB 
sites. The consensus attB site from S. coelicolor is 51 bp long and features a central TT 
sequence where the cargo is integrated. (B) Substitution of the entire actinorhodin BGC with 
an additional attB site. The attB site was cloned between the repair templates. Coverage plots 
of mappings of ONT data against the wild type and the in silico generated substitution strain 
show precise genome engineering. (C) pCRISPR-Cas3 was used for the construction of a 
S. coelicolor expression host using both targeted and semi-targeted deletions and 
substitutions. (D) Oxford Nanopore sequencing results for all deletions based on minimap2 
mappings to the reference genome. (E) The final strains S. coelicolor CW5 and CW6 both 
displayed > 200 % increase in actinorhodin production compared to the base strain 
S. coelicolor CW1 upon integration of an actinorhodin BGC BAC. (F) Phenotypes of S. coelicolor 
CW6 C and E2 without and with actinorhodin integrations. Shown in (E) are the means ± 
standard deviations of four biological replicates. Significance was tested using unpaired two 
tailed t-tests, where **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Cas3-based genome engineering enables rapid host construction in 
S. coelicolor  
 
Motivated by these results, we wanted to expand on this approach to 
demonstrate how pCRISPR-Cas3 can enable streamlined genome engineering 
of Streptomyces hosts. S. coelicolor has previously been engineered as a host for 
heterologous expression of BGCs, and a number of derivatives were 
constructed in the process 43. The most widely used ones, S. coelicolor M1152 
and M1154 are both quadruplicate deletion strains (Δact Δred Δcpk Δcda) with 
varying additional mutations. To demonstrate how pCRISPR-Cas3 can be used 
for streamlined genome engineering experiments, we attempted to perform 
simultaneous genome reduction experiments and integrations of additional 
attB sites. It was previously shown that the integration site of BGCs can have 
great effects on product titers and that integrations in the chromosomal arms, 
where the BGC density is bigger, generally result in higher titers44. Therefore, 
deletion of BGCs and simultaneous integration of attB sites in place is likely to 
result in desirable production phenotypes.  
 
Based on the S. coelicolor M145 Δact::attB strain, from here on referred to as 
S. coelicolor CW1, several rounds of pCRISPR-Cas3 mediated genome 
engineering experiments were performed. Given the processive nature of the 
Cas3 nuclease, we utilized a combination of targeted and semi-targeted 
deletions. As observed in S. albidoflavus J1074 and S. sp. NBC1270, Cas3 can 
install extending deletions if larger or unstable regions are targeted. We 
exploited that ability to not just delete single BGCs, but to also target larger 
regions with a high density of BGCs. The selected chromosomal regions 
contained antiSMASH regions 1-3 and 21-24, and encode several well-
characterized BGCs, including those for isorenieratene, hopene, and arsono-
polyketide. Targeting of regions 1-3 using p245 resulted in an extending 
deletion similar to what was observed in S. albidoflavus J1074 and S. sp. 
NBC1270. Nonetheless, the deleted region was substituted by an additional attB 
site, suggesting that the repair templates must have been used during the 
recombination event. The resulting strain with four deleted BGCs and two 
additional attB sites was named S. coelicolor CW4 and used as the basis for the 
next round of genome engineering. Using p253, the undecylprodigiosin BGC 
was deleted and substituted by a third additional attB site. The deletion was 
very precise and varied only by a few nucleotides from the in silico designed 
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deletion, again highlighting how pCRISPR-Cas3 can be used for both highly 
precise as well as semi-targeted random-sized deletions. The new strain was 
named S. coelicolor CW5 and used for the final round of genome engineering, 
targeting regions 21-23 with p246. The resulting deletion was smaller in size 
than designed and resulted in only the deletion of region 21. Additionally, no 
attB site was integrated, suggesting that this deletion was fully unspecific. The 
final strain, named S. coelicolor CW6 was reduced by 6 BGCs and carries a total 
of four attB sites, three of which were installed using pCRISPR-Cas3. In total, 
the genome was reduced by around 450 kb, corresponding to approximately 
5 % of the genome. In addition to the pCRISPR-Cas3-induced deletions, several 
transposition events were detected. These were relatively stable across all 
sequenced strains, indicating that the majority of these came already from the 
parental S. coelicolor M145 strain.  
 
To test the constructed S. coelicolor CW strains, we introduced the actinorhodin 
BGC encoded on an integrative plasmid via conjugation into all strains. 
S. coelicolor CW1 was used as the base strain, and S. coelicolor CW5 and 
S. coelicolor CW6 as final strains. For S. coelicolor CW6, two clones were tested. 
In addition to S. coelicolor CW6 E2, in which the deletion size in region 21 was 
76.7 kb, we also tested S. coelicolor CW6 C, where the deletion was only 35 kb in 
size. After conjugation, four biological replicates were selected for each strain 
and cultivated in ISP2 medium supplemented with 25 µg/ml of apramycin for 
one week in 24 well plate as described in the methods section. The 
actinorhodin production was measured in the supernatant at 640 nm and 
normalized with the cell dry weight of the respective culture. S. coelicolor CW5 
and CW6 strains all produced significantly more actinorhodin compared to the 
base strain S. coelicolor CW1. For S. coelicolor CW5, the specific product yield 
rose from 2956 Abs.640nm /mg ml-1 CDW to 10974 Abs.640nm /mg ml-1 CDW, an 
increase of 271 %. For S. coelicolor CW6 C, the specific production was 9713 
Abs.640nm /mg ml-1 CDW, corresponding to an increase of 228 % compared to 
S. coelicolor CW1. Finally, for S. coelicolor CW6 E2, a specific actinorhodin 
production of 11480 Abs.640nm /mg ml-1 CDW was measured, an increase of 
288 % over S. coelicolor CW1. These results highlight how the streamlined 
deletion of BGCs and integration of additional attB sites can be used to 
construct potential new expression hosts.  
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DISCUSSION 
 
Here, we demonstrated for the first-time genome engineering of 
streptomycetes using a type I CRISPR system. Type I CRISPR systems are the 
most widespread systems in bacteria. In Streptomyces, type I CRISPR systems 
are widespread, while type II systems are very rare. We therefore hypothesized 
that Streptomyces might be more amendable to genome engineering facilitated 
by type I CRISPR systems. The processive nature of the hallmark nuclease 
Cas3, which results in long ssDNA overhangs results in recombinogenic 
overhangs. Given that Streptomyces have a high homologous recombination 
capability 45, we hypothesized that type I CRISPR systems are uniquely 
positioned to facilitate efficient genome engineering. The system used in this 
study is a previously characterized minimal type I-C CRISPR system 31.  
 
The system, called pCRISPR-Cas3, is based on our established CRISPR 
platform, using a pSG5 replicon-based plasmid. The CASCADE is expressed 
from a single promoter as a polycistronic operon. Internal RBSs facilitate 
successful expression of all cas genes. The total plasmid size of almost 13 kb is 
the same as those of frequently used CRISPR plasmids in Streptomyces, 
suggesting that conjugative transfer and replication in Streptomyces should 
present no problem. To overcome cloning limitations resulting from the need 
to clone protospacer sequences between two CRISPR repeats, as well as the 
absence of established type IIS restriction enzymes for high GC contexts, we 
designed a PCR and Gibson Assembly based cloning workflow. This workflow 
robustly achieved high efficiencies, however, limits library-based applications 
due to the difficulties of cloning such with PCR-based approaches. This 
represents an obvious improvement for future iterations of the plasmid 
system.  
 
pCRISPR-Cas3 introduced highly efficient deletions of the actinorhodin BGC in 
S. coelicolor. The strong red phenotype of deletion mutants simplified 
screening and assessment of efficiencies. The obtained results were verified 
by PCR and Illumina sequencing, showing that CASCADE-Cas3 is indeed more 
efficient than Cas9. Previous reports of pCRISPR-Cas9 based engineering 
reported higher efficiencies, however, were based on targeted screening of 
specific phenotypes 20. Here, we followed an untargeted screening approach. 
Interestingly, successful deletions with pCRISPR-Cas3 appeared to be less 
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dependent on the selected protospacer compared to pCRISPR-Cas9. This 
suggests that the processive nature of the Cas3 nuclease might help to force the 
desired recombinations, and that Cas3 results in lower off-target-induced 
toxicity. The longer protospacer sequence, as well as the AT rich PAM 
sequence, likely minimizes off-target effects, thus reducing off-target 
associated toxicity of pCRISPR-Cas3. Direct toxicity of pCRISPR-Cas3 was only 
observed when protospacers were used alone and without repair templates, 
forcing repair through non-homologous end joining. Unspecific deletions 
were only obtained when targeting the highly plastic chromosomal arms and 
when targeting large extending chromosomal stretches with many 
hypothetical and potentially essential genes. However, the large extending 
deletions were observed for both pCRISPR-Cas9 and pCRISPR-Cas3 and were 
therefore likely just the result of targeting the highly unstable chromosomal 
arms.  
 
pCRISPR-Cas3 was subsequently demonstrated to introduce genomic deletions 
in multiple model and non-model species. This suggests that pCRISPR-Cas3 
can be easily implemented for genome engineering in many Streptomyces 
species. Finally, simultaneous deletions and integrations were demonstrated 
by integrating the PhiC31 attB site in place of BGCs. Through multiple rounds 
of genome engineering, the hosts S. coelicolor CW5 and CW6 were constructed, 
which produced significantly more actinorhodin compared to the base strain 
S. coelicolor CW1 after BGC integration. The observed increase in production 
was likely the result of both deletion of competing BGCs, a reduced genome 
size, as well as multicopy integrations of the BGC. This approach is likely to 
enable streamlined construction of overproduction strains in several 
Streptomyces species.  
 
Given that pCRISPR-Cas3 is based on the established pCRISPR-Cas9 plasmid 
system, we hypothesize that most strains in which pCRISPR-Cas9 or CRISPR-
BEST were established will also be amendable to genome engineering using 
pCRISPR-Cas3. Likely, pCRISPR-Cas3 will become a successor to pCRISPR-
Cas9 for many applications, and enable highly efficient genome engineering, 
including targeted deletions, random sized deletions, as well as substitutions, 
even in previously difficult-to-engineer species. By enabling highly efficient 
genome engineering in more Streptomyces species, pCRISPR-Cas3 will likely 
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become a crucial tool for studies linking BGCs to compounds, host 
construction, and genome reduction studies.  
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MATERIALS AND METHODS 
 
Strains and Culture conditions 
 
All E. coli work for cloning and maintenance was performed in chemically 
competent One Shot™ Mach1™ T1 Phage-Resistant E. coli cells (ThermoFisher 
Scientific Inc., U.S.A) cells. Strains were cultivated on LB agar plates (10 g/l 
tryptone, 5 g/l yeast extract, 5 g/l sodium chloride, 15 g/l agar, to 1 l with MiliQ 
water) or in liquid 2xYT medium (16 g/l tryptone, 10 g/l yeast extract, 5 g/l 
sodium chloride, to 1 l with MiliQ water) and incubated at 37 °C. If required, 
medium was supplemented with the appropriate antibiotics (50 ng/µl 
apramycin, 50 ng/µl kanamycin, 25 ng/µl chloramphenicol). Streptomyces 
strains were cultivated at 30 °C on mannitol soy flour (MS) plates (20 g/l fat 
reduced soy flour, 20 g/l mannitol, 20 g/l agar, 10 mM MgCl2, to 1 l with tap 
water) for spore generation. ISP2 plates (4 g/l yeast extract, 10 g/l malt extract, 
4 g/l dextrose, 20 g/l agar, 333 ml tap water, 667 ml MiliQ water) were used for 
clean streaking. For liquid culture, 350 ml baffled shake flasks containing 50 
ml of ISP2 (supplemented with the appropriate antibiotics if needed) were 
inoculated from spores. All shake flask cultivations were performed in shaking 
incubators at 30 °C and 180 rpm (311DS, Labnet International Inc., U.S.A). For 
actinorhodin production experiments, 24 well plates were used. 6 glass beads 
were added to each well, and cultivations were performed in 3.6 ml of ISP2 
medium. Incubations were performed at 250 rpm and 30 °C. Streptomyces 
medium was supplemented with 12.5 ng/µl nalidixic acid and 50 ng/µl (solid 
medium) or 25 ng/µl (liquid medium) if required. For plasmid curing, plasmid 
harboring strains were cultivated at 40 °C in non-selective ISP2 liquid medium, 
streak on non-selective MS plates, and picked separately on selective and non-
selective ISP2 plates for identification of plasmid-free clones.  
 

Cloning Work 
 
All in silico cloning was performed in SnapGene v6.2.1 (Dotmatics Limited, 
U.S.A). Primers were ordered from IDT (Integrated DNA Technologies, U.S.A). 
The CASCADE-Cas3 operon was synthesized by GenScript Biotech Corporation 
and delivered as a plasmid. PCRs for cloning and of high GC Streptomyces 
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elements were performed using Q5® High-Fidelity DNA Polymerase with GC 
Enhancer (New England BioLabs Inc., U.S.A). Colony PCRs for crRNA 
integrations into pCRISPR-Cas3 were performed using OneTaq® 2X Master Mix 
with Standard Buffer Enhancer (New England BioLabs Inc., U.S.A). 
Minipreps were performed using NucleoSpin® Plasmid EasyPure Kits 
(Macherey-Nagel, Germany). 1 % agarose gels were run at 100 V for 20-30 min 
using 6x DNA Gel Loading Dye and GeneRuler 1 kb DNA Ladder (Thermo 
Fisher Scientific Inc., U.S.A). Both gel purifications and PCR clean-ups were 
performed using the NucleoSpin® PCR and Gel Clean Up Kit (Macherey-Nagel, 
Germany). DNA concentrations and purities were measured on a NanoDropTM 

2000 (Thermo Fisher Scientific Inc., U.S.A). Restriction digestions were 
performed using Thermo ScientificTM FastDigest enzymes. Differing from the 
manufacturer’s recommendations, the restriction digests were performed at 
37 °C with extended incubation times of 2 hours, followed by inactivation for 
10 min at 75 °C. 5 U/µL T4 DNA Ligase (Thermo Fisher Scientific Inc., U.S.A) 
was used for ligations overnight at room temperature. Gibson Assemblies were 
performed using NEBuilder® HiFi DNA Assembly Master Mix (New England 
BioLabs Inc., U.S.A) following the manufacturer’s instructions. Sequence 
verifications were performed by Sanger sequencing using Mix2Seq overnight 
kits (Eurofins Genomics Germany GmbH, Germany).  
 

Genome Mining & Protospacer Prediction 
 
Prediction of biosynthetic gene clusters was performed using antiSMASH 6.0.1 
46. Using the antiSMASH output, protospacers were predicted for pCRISPR-
Cas9 based deletions using CRISPy-web 47. Protospacers for pCRISPR-Cas3 
were identified by searching for 5’-TTC-N1-N8-3’ sequences within the target 
region with no mismatches in the genome. The “find similar DNA sequences” 
function of SnapGene was used to access potential off-targets with 
mismatches. The endogenous CRISPR system in S. albidoflavus J1074 was 
identified by searching CRISPRCasdb 48. The presence of predicted CRISPR 
arrays and Cas genes was subsequently manually verified in the sequenced 
strain of S. albidoflavus J1074.  
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Interspecies Conjugations 
 
Transfer of plasmid DNA into Streptomyces strains was performed through 
interspecies conjugations. Spores for conjugations were prepared as described 
by Tong et al. 35. 
Homemade chemically competent or room temperature competent49 E. coli 
ET12567 pUZ8002 50 cells were transformed and plated on LB plates 
supplemented with 50 ng/µl apramycin, 25 ng/µl chloramphenicol, and 50 
ng/µl kanamycin. All transformants were washed off using LB medium and 
5 ml LB overnight cultures inoculated with 50 µl. 2 ml of the overnight cultures 
were harvested the next day and washed twice at 2000xg with 1 ml of fresh LB 
medium. 500 µl of resuspended E. coli ET12567 pUZ8002 cells were then mixed 
with 500 µl of filtered spore suspension and spread on MS + 10 mM MgCl2 
plates. The next day, overlays were performed with 1 ml of ddH2O and 5 µl of 
50 mg/ml apramycin. Exconjugants were picked using wooden toothpicks and 
transferred to selective ISP2 plates supplemented with nalidixic acid.  
 

Streptomyces Colony PCRs 
 
For colony PCRs on Streptomyces colonies, pieces of the colonies were scraped 
off the plates and transferred to PCR tubes containing 50 µl of 10 % DMSO. The 
tubes were sealed and boiled for 10 min at 99 °C, transferred to dry ice for 
20 min, and then again boiled for 10 min. The entire process was repeated one 
more time, and the tubes were then spun down to separate the debris from the 
supernatant. 1 µl of the supernatant was used as template for colony PCRs. All 
Streptomyces colony PCRs were performed using Q5® High-Fidelity DNA 
Polymerase with GC Enhancer (New England BioLabs Inc., U.S.A).  
 

Whole Genome Sequencing & Bioinformatic Analysis 
 
Genomic DNA was isolated from Streptomyces plates or liquid cultures using 
the DNeasy PowerLyzer PowerSoil Kit (Qiagen, Germany). The bead beating 
was performed using a TissueLyser LT (Qiagen, Germany) at default settings 
for 7 min. Quality control was performed using a NanoDropTM 2000 for purity 
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and Qubit 4 Fluorometer for concentration measurements (Thermo Fisher 
Scientific Inc., U.S.A). Genomic DNA was further run on 0.8 % agarose gels to 
assess fragmentation. Illumina sequencing was performed by Novogene Co., 
Ltd (Bejing, China). Libraries were prepared using the NEB Next® UltraTM 
DNA Library Prep Kit (New England Biolabs, U.S.A) with a target insert size of 
350 nt and six PCR cycles. 
trimgalore (https://github.com/FelixKrueger/TrimGalore) and breseq 0.33.2 51 
were used for read trimming and data analysis of Illumina sequencing data. 
The following commands were used:   
 

trim_galore -j 8 --length 100  -o illumina --paired --quality 20 --fastqc --
gzip file(s) 
 
breseq -r (full genetic background reference).gb trimmed_1.fq.gz 
trimmed2.fq.gz -j 12 
 

Using samtools52, the read coverage was extracted from the breseq output as 
follows:   

samtools depth -a sample.bam > sample.coverage 
 

Oxford Nanopore sequencing was performed as described by Alvarez-Arevalo 
et al. 53 and basecalled using Guppy (5.0.17+99baa5b, client-server API version 
7.0.0 or 6.3.8+d9e0f64, client-server API 13.0.0) applying the high-accuracy 
model and excluding reads shorter than 1 kb. 
 
Minimap2 2.18 54was used to map reads and samtools was used to extract the 
reads as follows: 
 

minimap2 -a reference.fa reads.fastq.gz > mapping.sam 
samtools sort mapping.sam > mapping.sam.sort.bam 
samtools depth -a mapping.sam.sort.bam > sample.coverage 
 

Mappings were visualized using Artemis 55. For plotting, the regions of interest 
were extracted from the .coverage files and plotted in Prim 9 (GraphPad 
Software, U.S.A). De novo assemblies were performed using flye 2.9 56. 
Assembly graphs were visualized using bandage 0.8.157.  
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Cell Dry Weight Measurements 
 
The endpoint cell dry weight was measured during harvesting of cultures. 2 ml 
tubes were dried overnight at 60 °C. For each strain, three replicates were 
measured. The tubes were weighed and numbered. 2 ml of cell culture was 
added, spun down at max. speed, and washed with ddH2O. After removing all 
supernatant, the tubes were dried overnight at 60 °C and measured the next 
day on a Sartorius Qunitix scale (1 mg). The weight of the specific empty tube 
was subsequently subtracted to give the cell dry weight.  
 

Actinorhodin Measurements 
 
For actinorhodin quantification, 2 ml of shake flask cultures were harvested 
by centrifugation for 10 min at max. speed. The supernatant was transferred 
to new tubes, and 100 µl were transferred to F-bottom, clear, 96 well 
microplates (Greiner Bio-One International GmbH, Austria). 50 µl of 3 M NaOH 
were added to each well and carefully mixed by pipetting up and down. The 
samples were then measured in a BioTek EPOCH2 microplate reader (Agilent 
Technologies, Inc.) at 640 nm.  
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DATA AVAILABILITY 
 
All whole genome sequencing data is available in the sequence read archive 
under BioProject PRJNA966932. Additional supplementary information such 
as plasmid and primer lists are available at: 
https://figshare.com/s/e1bfb388df0ae502034e or doi: 10.11583/DTU.22786157 
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SUPPLEMENTARY INFORMATION 
 

 

Supplementary Figure 5: A) Schematics for different screening approaches. Colony PCRs 
can be performed using primers binding inside the deletion region for screening of drop out 
mutants, pairs of primers with one binding inside the repair templates bridging the junction 
site and one primer binding in the chromosome outside, or with two primers both outside of 
the repair templates. Given the challenges associated with obtaining large high GC PCR 
fragments, the second approach is most widely used. B & C) Exemplary results for colony 
PCRs for protospacer (top) and repair template (bottom) integrations. The differences 
between the empty pCRISPR-Cas3 repeat region and the same region with an integrated 
protospacer is large enough to differentiate negative colonies from positives, as these lead to 
slightly higher bands in the gel. D) Example of an alignment of Sanger sequencing data of a 
successfully cloned protospacer.  
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Supplementary Figure 6: A) Gel pictures of colony PCR screening for pCRISPR-Cas9 
mediated deletions of the actinorhodin biosynthetic gene cluster in S. coelicolor M145. p162-
p164 carry the “left”, “middle”, and “right” protospacer, respectively. One of the negative 
controls produced a light band also around 1 kb in size, however upon closer inspection that 
band sits slightly higher than the expected band for deletions. Positive samples produced 
strong bands slightly lower than the unspecific light band. B) Colony PCRs for pCRISPR-Cas3 
mediated deletions of the actinorhodin biosynthetic gene cluster. Strong bands slightly above 
the 1 kb ladder were observed for almost all colonies. p129-p131 carry the “left”, “middle”, 
and “right” protospacers, respectively.  

 

 
Supplementary Figure 7: Assembly graph of a de novo assembly of NBC1270 after targeting 
BGCs 1-3 with pCRISPR-Cas9. The assembly was visualized using bandage. The graph 
highlights how a sequence stretch at the far chromosomal end was replicated multiple times. 
Based on the coverage, around 12 replications are expected.  
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Supplementary Information Table 1:  
 
Blast results for SalbCas3 and SpyCas9. Can be downloaded here: 
https://figshare.com/s/e1bfb388df0ae502034e or doi: 10.11583/DTU.22786157 
 
 
Supplementary Information Table 2:  
 
Cblaster output for SalbCASCADE. Can be downloaded here: 
https://figshare.com/s/e1bfb388df0ae502034e or doi: 10.11583/DTU.22786157 
 
Additional Data 
 
Lists of primers, plasmids, protospacers, as well as antiSMASH results, can be 
found here: https://figshare.com/s/e1bfb388df0ae502034e or doi: 
10.11583/DTU.22786157 
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ABSTRACT 
 
In most prokaryotes, missing or poorly active non-homologous end joining 
(NHEJ) DNA repair pathways heavily restrict the direct application of CRISPR-
Cas for DNA double-strand break (DSB)-based genome engineering without 
providing editing templates. CRISPR base editors, on the other hand, can be 
directly used for genome engineering in a number of bacteria, including E. 
coli, showing advantages over CRISPR-Cas9, since they do not require DSBs. 
However, as the current CRISPR base editors can only engineer DNA by A to G 
or C to T/G/A substitutions, they are incapable of mediating deletions, 
insertions, and combinations of substitution, deletion, and insertion. To 
address these challenges, we developed a CRISPR-Prime Editing-based, DSB-
free, versatile, and single-nucleotide resolution genetic manipulation toolkit 
for prokaryotes. This toolkit can be used to introduce substitutions, deletions, 
insertions, and the combination thereof, both in plasmids and the 
chromosome of E. coli. Notably, under optimal experiment conditions of 
plasmid DNA editing, 1-bp deletions that lead to frameshifts have editing-
efficiencies of around 40%. In this study, we achieved deletion and insertion 
DNA fragments of up to 97 bp and 33 bp, respectively with the CRISPR-Prime 
Editing toolkit for E. coli. However, the efficiency drops sharply with the 
increase of the fragment size. By providing a second guide RNA, CRISPR-Prime 
Editing for E. coli can be used for multiplexed editing with a relatively low 
efficiency. Furthermore, a genome-wide off-target evaluation demonstrates 
the very high fidelity of our CRISPR-Prime Editing toolkit for E. coli. It is not 
only a useful addition to the genome engineering arsenal for E. coli, but also 
may be the basis for the development of similar toolkits for other bacteria. 
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MAIN 
 
Advances in synthetic biology, metabolic engineering, multi-omics, high 
throughput DNA sequencing and synthesis, and computational biology have 
prompted a rapidly increasing demand for fast and robust genetic engineering 
methods to speed up the strain development in a Design-Build-Test-Learn 
cycle. The classic genetic engineering approaches in prokaryotes often use 
phage-derived RecET and lambda red recombinase-based recombineering1, 2. 
They employ the homology-directed integration/replacement of a donor 
double stranded DNA (dsDNA) or oligonucleotide for making insertions, 
deletions, and substitutions of the target DNA. For example, the “Multiplex 
Automated Genome Engineering” (MAGE)3 is a method that can be used for 
simultaneous manipulation of genes across multiple chromosomal loci of E. 
coli. Possible mutations include mismatch mutation, insertion, and deletion, 
and editing efficiencies are usually below 20% for all types of edits3. Classical 
MAGE not only requires the synthesis and delivery of ssDNA oligos but also the 
expression of lambda (𝝺) red recombinase systems (Exo, Beta and Gam) in the 
target E. coli strain3. Several improved methods have been developed based on 
the classical MAGE to increase the editing efficiency and decrease the off-
target effect. For example, the pORTMAGE system4, using a dominant-negative 
mutant protein of the MMR pathway, not only achieves higher editing 
efficiency and lower off-target effect, but also works for different bacterial 
species other than E. coli. One step forward, an improved pORTMAGE system 
was built by discovery of new, highly active single-stranded DNA-annealing 
proteins (SSAP). The identified CspRec improved pORTMAGE editing 
efficiency to up to 50%5. Recently, retron library recombineering was 
introduced as a new method that achieves up to 90% editing efficiency by in 
vivo production of single-stranded DNA using the targeted reverse-
transcription activity of retrons6. 
 
CRISPR-Cas (Clustered regularly interspaced short palindromic repeats-
CRISPR associated (Cas) proteins) systems, originating from the bacterial 
adaptive immune system7, have been engineered as genome editing tools for a 
variety of organisms8. Among these tools, the Class 2, type II CRISPR system 
CRISPR-Cas9 of Streptococcus pyogenes has been most widely studied and 
applied. The Cas9 nuclease can be guided by an engineered RNA (single guide 
RNA, sgRNA) to make DNA double strand breaks (DSBs) of the protospacer 
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adjacent motif (PAM)-containing target DNA9. Different types of genetic 
engineering can be achieved during the repair of DSBs. There are two major 
pathways for DSB repair in vivo, the non-homologous end joining (NHEJ) and 
the homology-directed repair (HDR)10. In most eukaryotes, NHEJ is the 
dominant way to repair DSBs. During NHEJ repair, small insertions and/or 
deletions (indels) are introduced at the lesion site, leading to gene disruptions 
in the target gene. In most bacteria, DSBs normally lead to cell death due to the 
lack of NHEJ11. In these organisms, DNA damage is primarily repaired via HDR 
with sister chromatids12, where the template DNA replace the damaged DNA 
fragment by recombination13.  
 
The lack of NHEJ repair in most prokaryotes restricts the direct use of CRISPR-
Cas9 without providing editing templates as a genome editing tool. However, 
the method is widely used for negative selection to eliminate wild-type cells in 
recombination-based engineering methods14. Unlike CRISPR-Cas9, “DSB-free” 
CRISPR base editing systems have successfully been applied for direct genome 
editing in a number of bacteria without providing editing templates15-17. As they 
rely on DNA deaminase reactions, CRISPR base editors can only make one type 
of changes to the DNA: the substitution (C to T/A/G, or A to G), and the target C 
or A has to be within the relatively narrow editing window. Hence, it soon 
becomes a bottleneck of applying CRISPR base editors for bacterial genome 
engineering. For the insertion of large DNA fragments, methods such as 
CRISPR-associated transposase (CAST)18 and INsert Transposable Elements by 
Guide RNA-Assisted TargEting (INTEGRATE)19 were developed by combining 
CRISPR-Cas systems and transposons. The INTEGRATE was successfully tested 
in E. coli for integrating a ~10.1 kb fragment into the chromosome19.  
 
Recently, reverse transcriptase-Cas9 H840A nickase (Cas9n)-mediated targeted 
prime editing (PE) has been demonstrated in human cells20, rice and wheat 
cells21 to directly knock-out, knock-in, and replace nucleotides at the target 
locus without introducing DSBs and requiring editing templates. The CRISPR-
PE system uses the 3’-extension sequence of the modified sgRNA (herein 
named as PEgRNA) to provide a primer binding sequence (PBS) and a reverse 
transcription template (RTT) carrying the desired edits for reverse 
transcription with the reverse transcriptase that is allocated in the target locus 
by Cas9n:sgRNA. After DNA repair, designed mutations are introduced into the 
target locus. As the system only introduces a nick in one DNA strand, we 
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hypothesized that it may not cause cell death in bacteria and thus could be 
applicable in bacterial genome engineering as well. Here, we report the 
establishment and evaluation of the CRISPR Prime Editing toolkit for E. coli. 
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RESULTS 
 
Design of CRISPR-Prime Editing system for E. coli 
 
To evaluate if the reverse transcriptase-Cas9n-mediated DNA modification 
works in bacteria, we constructed a three-plasmid system (pCDF-GFPplus, 
pPEgRNA, and pCRISPR-PE). A fourth plasmid (pVRb_PEgRNA, 
Supplementary Fig. 3) is introduced for the multiplexed editing. Plasmid 
pCDF-GFPplus serves as the reporter plasmid harbouring a gene encoding an 
E. coli codon optimized fast folding GFP22 under a constitutive promoter J23106 
(Fig. 1a). Plasmid pPEgRNA carries the constitutive promoter J23119 driving 
PEgRNA transcription. The PEgRNA is composed of a 20-nt spacer and a 3 
prime extension containing the PBS and RTT (Fig. 1b). The third plasmid 
pCRISPR-PE expresses an E. coli codon optimized fusion protein composed of 
an engineered reverse transcriptase M-MLV2 (moloney murine leukaemia 
virus variant20), a flexible linker, and a Cas9n (Cas9 nickase, the H840A mutant 
of SpyCas9) under a tetracycline-inducible promoter (Fig. 1c). 
 
Validation of CRISPR-Prime Editing system on plasmid editing in E. coli 
 
To assess the versatility of the CRISPR-Prime Editing system on plasmid DNA 
engineering in E. coli, we designed a full set of possible DNA engineering 
events, including insertions, deletions, substitutions, and combinations of 
these to introduce premature stop codons into the coding sequence of GFP. 
The loss of fluorescence enables easy screening and evaluation for desired 
editing events. We identified a protospacer located at positions 178-197 of the 
GFP coding sequence (Supplementary Table 3) that should allow the 
introduction of a stop codon by DNA engineering with designed PEgRNA. The 
testing was initiated following observations reported in human cells20 with a 3’-
extension consisting of 13 nt PBS and 13 nt RTT scaffold. In the case of 
insertion, the length of RTT equals the RTT scaffold size plus the designed 
insertion, for example the length of RTT for TAA insertion is 16 nt 
(Supplementary Table 3 and Supplementary Table 4). Designed edits were 
placed inside the potential editing window starting from the nick and 
continuing downstream20 (Fig. 1a). The Cas9n-M-MLV2 fusion protein binds to 
the desired PEgRNA transcript, forming an RNA-protein complex, the Cas9n-
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component of the complex subsequently finds its target DNA sequence and 
introduces a nick in the PAM containing DNA strand. The PBS within the 3 
prime extension then binds to the flipped PAM containing DNA sequence, 
initiating the reverse transcription to elongate the nicked DNA sequence based 
on the sequence of the RTT (Fig. 1d). After the reverse transcription process, 
the nicked double stranded DNA hypothetically undergoes an equilibration 
between the edited 3′ flap and the unedited 5′ flap. The cleavage of the unedited 
5’ flap then leads to the desired DNA editing20 (Fig. 1e). 
 
As a proof of concept, we transformed E. coli cells with CRISPR-Prime Editing 
systems programmed for TAA (3-bp) insertion, T to A (1-bp) substitution, T (1-
bp) deletion, and the combination thereof. All of these edits will lead to stop 
codons that prematurely terminate translation to inactivate the target gene 

(Supplementary Table 4). After induction with 200 ng/mL anhydrotetracycline 
(ATc), we observed non-fluorescent (non-green) clones formed on all four 
plates of designed DNA editing events (Fig. 1f). In order to further confirm that 
GFP fluorescence loss was due to the designed DNA editing consequences, we 
randomly Sanger sequenced 24 non-fluorescent colonies from each induced 
plate. Results demonstrated that almost all of the non-fluorescent colonies 
were indeed carrying the designed stop codon edits (Fig. 2a). By extending the 
incubation time of the induction plates (for example to 3-5 days), we observed 
that the editing events were accumulating over time. This becomes visible 
when colonies from 24-h incubation are further incubated: non-green 
“sections” grow out of the original green colony, even surrounding it 
(Supplementary Fig. 1). Sanger sequencing confirmed that these no longer 
fluorescent strains were successfully edited. This result indicates that 
prolongation of the incubation time is one possibility to increase the number 
of correctly edited cells.  
 
 



Chapter 6 ½ A Versatile Genetic Engineering Toolkit for E. coli Based on CRISPR-Prime Editing 
 

224 

 
Figure 1: A three-plasmid system for evaluation of CRISPR-Prime Editing system in E. coli.  
a. The plasmid map of the reporter vector pCDF-GFPplus, which carries a constitutive 
promoter J23106 driving expression of fast folding GFP. The plasmid contains a 
spectinomycin-resistance (SmR) gene, and the ColDF13 origin (ori). An illustration of the 
target DNA composition is shown below the plasmid map. b. The plasmid map of the PEgRNA 
transcript bearing vector, which contains the ColE1 ori and an ampicillin-resistance (AmpR) 
gene for selection. The PEgRNA transcript is under control of the constitutive promoter 
J23119. A detailed structure is shown beneath, the 3 prime extension sequence is composed 
of a PBS (in green) and a RTT (in blue), which carries the intended edits (in red). c. Plasmid 
map of the CRISPR-PE-bacteria vector, which carries a p15A ori and a chloramphenicol-
resistance gene (CmR) for selection. The E. coli codon optimized, tetracycline inducible 
promoter driven Cas9n-M-MLV2 fusion protein consists of a H840A Cas9 nickase (Cas9n), a 
33-aa flexible linker, and a moloney murine leukaemia virus (M-MLV) variant M-MLV2, 
described previously20 with the following mutations: D200N, L603W, T306K, W313F, and 
T330P compared to the WT M-MLV (GenBank: AAC82568.2). d. A schematic model for DNA 
engineering with CRISPR-Prime Editing system for E. coli. After being expressed, the Cas9n-
M-MLV2:PEgRNA complex binds to the targeted DNA sequence in a sgRNA- and PAM-
dependent manner. The Cas9n domain within the fusion protein nicks the PAM-containing 
strand, freeing the adjacent DNA sequence. Subsequently, this piece of single stranded DNA 
hybridizes to the PBS, then primes reverse transcription of new DNA containing the designed 
edits based on the RTT within the 3’-extension of the PEgRNA transcript. e. Two possible 
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consequences of CRISPR-Prime Editing. It normally has an equilibration between the edited 
3 prime flap and the unedited 5 prime flap, only the cleavage of the 5 prime flap leads to the 
desired editing. f. Colony views of E. coli strains transformed with CRISPR-Prime Editing 
systems carrying designed edits of TAA insertion, T to A substitution, T deletion and the 
combinatorial edits with and without 200 ng/mL ATc induction using a Doc-It imaging 
station, non-green colonies appeared after 24 h induction of 200 ng/mL ATc. 

 
In the 24 Sanger sequenced clones, we noticed that 8 clones harbouring indels 
near the target nucleotide of the T to A substitution editing event (Fig. 2b. A 
genome-wide off-target evaluation will be presented below), while no such 
indels were found in other types of editing. We classified this as target adjacent 
unintended edits, which only occur in physical proximity to the nick site. 
Besides the combinatorial editing of insertion, deletion and substitution, we 
also investigated the possibility of performing double substitutions from one 
construct. An edit replacing tyrosine at the position 66 of the GFP to histidine 
(Y66H) was designed by flipping the TAT codon to a CAC codon. We obtained 
eight non-fluorescent clones out of which six clones were correctly edited 
(Supplementary Fig. 2). To further assess whether CRISPR-Prime Editing 
system for E. coli is capable of multiplexed editing, we introduced another 
compatible plasmid pVRb carrying a second PEgRNA for a G deletion 
(pVRb_PEgRNA_312Gdel) into E. coli DH10B harbouring the 3-plasmid system 
for TAA insertion, T deletion, T to an A substitution, two Ts to two Cs 
substitution, and combinatory editing. We successfully identified all expected 
dual-editing events (Fig. 2c), however the editing efficiency was relatively low 
(< 1%).  
 
Characterization of CRISPR-Prime Editing system in E. coli 
 
As the Cas9n-M-MLV2 fusion protein is driven by the ATc inducible promoter, 
we evaluated the optimal condition of induction using eight different ATc 
concentrations. The editing efficiencies were defined by calculating the ratio 
of non-green colonies. We observed a dose dependent induction manner for 
all four designed DNA engineering events (Fig. 3a). For cases of 1-bp deletion, 
3-bp insertion, 1-bp substitution, and the combinatorial editing, CRISPR-Prime 
Editing system can reach efficiencies up to 43.7%, 13.8%, 19.9%, and 2.1%, 
respectively with 1000 ng/mL of inducer (Fig. 3a).  
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Figure 2: Evaluation of plasmid-based editing by CRISPR-Prime Editing system using 
Sanger sequencing. Stop codon is displayed as an asterisk under the nucleotide sequences, 
the potential Cas9 H840A nicking site is indicated by a red arrow. The 20 nt protospacer, the 
PAM sequence, the PBS, and the RTT are highlighted in pink, green, yellow, and blue, 
respectively; while the cyan masked Sanger sequencing traces show the sequence to be 
replaced by the RTT that will contain the different edits designed. a. 24 randomly picked 
colonies of each designed DNA engineering were Sanger sequenced and traces were aligned 
to the targeted locus of the GFP coding sequence. The correctly edited clone numbers and 
the total sequenced clone numbers are shown on the right of the figure. b. Shown are the 
recorded target-specific unintended edits of the 1-bp substitution. The target T is boxed and 
masked in light blue. The GFP reference DNA sequence and the translated amino acid 
sequences are show on the top row. The corrected edited nucleotide is in red and masked 
with light blue, while the unexpected mutations (off-target) are in red and masked with 
yellow. The recorded off-target clone numbers and the total sequenced clone numbers are 
shown on the left of the figure. c. Sanger sequencing traces of the successfully dual-edited 
clones by CRISPR-Prime Editing. Two nicks are 111 bp away, the left nick (nick #1) is 
introduced by pPEgRNA (ColE1 ori), and the right nick (nick #2) is introduced by 
pVRb_PEgRNA (pSC101 ori). The combinations of 3-bp insertion, 1-bp deletion, 1-bp 
substitution, 2-bp substitution, combinatory editing and 1-bp deletion are displayed. 
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Deletion and insertion of similar sized DNA fragments has an efficiency equal 
to, or higher than, MAGE3. Among the four DNA editing events, deletion 
showed the highest, while substitution showed the lowest efficiency (Fig. 3a). 
The editing efficiency did not change significantly with ATc concentrations of 
100 to 500 ng/mL, and thus we decided to induce CRISPR-Prime Editing system 
with 200 ng/mL ATc in the following experiments unless specified otherwise.  
 
Next, we evaluated the optimal length of PBS and RTT by measuring the 
frequency of the TAA-STOP codon insertion. Nearly no edits were observed 
when a PBS of 5 nt or 8 nt was used, while a 17 nt PBS showed editing efficiency 
equivalent to a 13 nt PBS (Fig. 3b). This indicated that the window of PBS for 
CRISPR-Prime Editing system for E. coli is 13 nt to 17 nt. For the RTT scaffold, 
we designed five different lengths, 4, 5, 8, 13, and 20 nt. We observed that too 
short (like < 10 nt) or too long (like > 20 nt) RTT reduced the editing efficiency, 
and the optimal length of the RTT scaffold was around 13 nt (Fig. 3c, and 3d). 
Results obtained in this study are consistent with previous reports in 
eukaryotes20, 21 Moving forward, by using the optimal length of PBS and RTT 
scaffold, we systematically tested the capacity of both insertion and deletion 
with 200 ng/mL of inducer. We designed insertions of 3, 12, 18, and 33 bp, in 
which the 18 bp fragment is the mini-T7 promoter; and deletions of 1, 10, 23, 
36, 49, and 97 bp. Though clones with all designed DNA engineering events 
could be successfully obtained, the editing efficiency dropped greatly with the 
increase of sizes (Fig. 3d, and 3e). For instance, under 200 ng/mL ATc, the 
editing efficiencies of 1-bp deletion and 10-bp deletion can reach 29.5% and 
17.8%, respectively, while efficiencies dropped to below 2% with lengths of 23 
bp-97 bp. For insertion, the efficiency was in general lower than deletion. The 
efficiency of 3-bp insertion was about 10% with 200 ng/mL ATc, and it dropped 
to below 1% when the size increased to 18 bp-33 bp (Fig. 3d, 3e, and 
Supplementary Fig. 5). In several of these cases, the editing efficiency was low. 
Many clones carrying the activated CRISPR-Prime Editing systems still showed 
GFP fluorescence. We randomly picked 10 of these “escapers”, together with 
four controls (Supplementary Table 1). The 14 strains were sequenced, and 
analyzed with our genome-wide SNP profiling approach that was used for the 
off/on-target evaluation as well. 7 out of the 10 “escapers” lost the 26-bp 3 prime 
extension sequence (Supplementary Table 5); except these deletions, the other 
parts of plasmids and the chromosome were intact. In 3 “escapers”, no 
mutations/SNPs were identified both on plasmids and chromosome that can 
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explain why no CRISPR-Prime Editing occurred (Supplementary Table 5). This 
indicates that besides mutating the guide RNA, yet-unknown escaping 
mechanisms are also present in E. coli.  
 

 
Figure 3: Characteristics of CRISPR-Prime Editing system for DNA engineering in E. coli. 
The editing efficiency was defined as ratio of white clones (GFP-negative)/ total clones on a 
screening plate. a. Eight different concentrations of ATc, ranging from 0 ng/mL to 1000 
ng/mL (0, 10, 20, 50, 100, 200, 500, and 1000) were used to evaluate the induction of CRISPR-
Prime Editing system on four DNA engineering events of 3-bp insertion, 1-bp deletion, 1-bp 
substitution, and the combinatorial editing. b. The evaluation of PBS length. c. The 
evaluation of RTT scaffold length. d. The capacity of DNA fragment insertion with different 
sizes. e. The capacity of DNA fragment deletion with different sizes. Mean ± s.d. of three 
biological replicates are shown. 200 ng/ml of ATc was used for b. to e. 

 
Inspired by the observation that a second nick in the non-edited strand would 
increase the editing efficiency of CRISPR-Prime Editing in some mammalian20 
and plant cells21, we designed and validated two strategies of the second nick 
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introduction in E. coli (Supplementary Note 1). There were almost no visible 
colonies after the second nick was introduced (Supplementary Fig. 4). This 
result indicates that in E. coli, which does not have a NHEJ pathway, 
introducing the second nick cannot increase the editing efficiency but only 
compromises the use of CRISPR-Prime Editing system.  
 
Assessing the ability of chromosomal DNA editing with CRISPR-Prime 
Editing system in E. coli 
 
Beyond editing plasmid DNA, we also assessed if CRISPR-Prime Editing system 
is capable of engineering chromosomal DNA in E. coli. To this end, two 
metabolic pathways for lactose and D-galactose degradation in E. coli MG1655 
were selected. β-galactosidase, encoded by the lacZ gene within the lactose 
metabolic pathway, metabolizes X-gal (5-bromo-4-chloro-3-indolyl-β-D-
galactoside, an analog of lactose) into 5-bromo-4-chloro-indoxyl, which will 
form dark blue 5,5'-dibromo-4,4'-dichloro-indigo by oxidation. On the 
contrary, X-gal remains colorless if the lacZ gene is inactivated (Fig. 4a and 4b). 
An early stop codon was designed to be introduced into the lacZ gene of E. coli 
MG1655 by insertion of TAG, deletion of GC, and substitution of GT to TA. In 
general, the editing efficiencies similar to those for plasmid DNA engineering 
were observed by counting the white colonies out of the total formed colonies 
on X-gal supplemented LB plates (Fig. 4c). Editing efficiencies of substitution, 
insertion and deletion were 6.8%, 12.2%, and 26%, respectively. To validate the 
editing events, the targeted region of eight randomly picked non-blue colonies 
from each designed DNA engineering event were PCR amplified and further 
subjected to Sanger sequencing. All sequenced clones bore the expected edits 
(Fig. 4d-4f). Moreover, another gene, the galK gene from the Leloir pathway of 
D-galactose metabolism in E. coli MG1655 was tested. The loss of function of 
the galK gene can be positively selected by supplementing a galactose analogue 
2-deoxy-D-galactose (2-DOG), as 2-DOG will be metabolized by galactokinase 
(encoded by the galK gene) to form a toxic compound 2-deoxy-galactose-1-
phosphate, which cannot be further metabolized23 (Fig. 4g and 4h). A TAA stop 
codon was designed to be inserted into the galK gene in E. coli MG1655 strain. 
Of the visible colonies on the 2-DOG supplemented M63 agar plate, all four that 
were randomly picked showed the expected insertion (Fig. 4i).  
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Genome-wide on/off-target evaluation of the CRISPR-Prime Editing system 
in E. coli 
 
Precision is one of the most important requirements for DNA engineering. We 
applied a bacterial genome-wide SNP (Single Nucleotide Polymorphism) 
profiling approach22 to systematically evaluate the on-target and potential off-
target mutations caused by the CRISPR-Prime Editing system. We selected one 
clone of each designed DNA engineering events of both plasmid- and 
chromosome-based editing (Table 1 and Table S1) for on/off target mutation 
analysis using whole-genome sequencing. In order to assess the background 
noise of mutations, we also sequenced the two parental strains DH10B and 
MG1655 that were used in this work (Table S1). As expected, all designed 
editing events (on-target mutations) were present in the corresponding strains 
(Table 1). For potential off-target mutation analysis, we examined mutations 
on both, plasmids and chromosome, using breseq24. Only one single 
nucleotide substitution in the chromosome was identified in the edited strains 
of 1-bp deletion, 1-bp substitution, and the combinatorial editing (Table 1). No 
off-target mutations were found in the 3-bp insertion and 2-bp substitution 
edited strains (Table 1). As we observed some target specific off-target 
mutations in the editing event of 1-bp substitution (Fig. 2b), we wanted to 
further investigate if long-distance off-target mutations would be introduced 
in the target specific off-target mutation carrying strain. To this end, another 
clone (DH10B-plasmids-PE_1bpsub) of 1-bp substitution and a Sanger 
sequencing recorded A deletion 5-bp upstream of this designed substitution 
was subjected to whole-genome sequencing analysis (Table 1). Except the 
expected on-target 1-bp substitution and the target specific off-target 
mutation, no additional off-target mutations were found (Table 1).  
 
For the chromosome DNA editing events, we also observed a high-fidelity of 
CRISPR-Prime Editing system. Except the excision of the insB1–insA fragment 
(a mobile element) in some strains, only one single nucleotide substitution was 
found in the chromosome of the designed 3-bp insertion clone (Table 1).  
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Figure 4: CRISPR-Prime Editing for E. coli is capable of chromosomal DNA editing.  
a. A graphic illustration of the function of lacZ gene. The star within the gene box represents 
a stop codon being introduced. b. Three clones of E. coli MG1655, where the inactivation of 
lacZ was confirmed by Sanger sequencing and a wild type E. coli MG1655 were re-streaked on 
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an agar plate with X-gal. c. A bar chart shows the editing efficiencies of chromosomal DNA 
engineering by 3-bp insertion, 2-bp deletion and 2-bp substitution by calculating the ratio of 
white clones/total clones on an induction LB plate with X-gal supplemented. d. to f. Eight 
non-blue colonies were picked and Sanger sequenced. Sequencing traces aligned with non-
edited lacZ reference sequences are displayed. Shown are alignments of 2-bp deletion (d.); 3-
bp (stop codon TAG) insertion (e.); and 2-bp substitution (f.). g. A graphic illustration of the 
function of galK gene. h. An agar plate view of the successful galK gene inactivation in E. coli 
MG1655 strains by CRISPR-Prime Editing. i. Four colonies from the 2-DOG supplemented 
plate were picked and Sanger sequenced. Sequencing traces aligned with non-edited galK 
reference sequences are displayed. The alignment of 3-bp (stop codon TAA) insertion is 
shown. The potential Cas9 H840A nicking site is indicated by a red arrow. The 20 nt 
protospacer, the PAM sequence, the PBS, and the RTT are highlighted in pink, green, yellow, 
and blue, respectively. The translated amino acid sequences together with the introduced 
stop codons are labeled underneath each nucleotide sequence. Numbers in red on the right 
side show the correct and total Sanger sequenced colonies. 

 
As it has been reported that MG1655 strain will lose the 776 bp insB1–insA 
fragment during cultivation25, we therefore excluded this from the CRISPR-
Prime Editing system related off-target effect, marking it as one of the parental 
variable mutations (Table 1). In summary, our results indicate a very high 
fidelity of CRISPR-Prime Editing system on both plasmid and chromosome 
DNA engineering in E. coli. 
  



Chapter 6 ½ A Versatile Genetic Engineering Toolkit for E. coli Based on CRISPR-Prime Editing 
 

233 

DISCUSSION 
 
Due to the importance of E. coli in basic microbiological studies and 
biotechnological applications as a workhorse for the production of various 
bioproducts, there has been continued demand for novel and efficient DNA 
engineering tools. Widely used and versatile methods for genetic engineering 
of E. coli are RedET and lamda red-based recombineering1, 2, or MAGE-based 
approaches3-5. Although much effort has been exerted to simplify and improve 
the recombineering protocol, it is either still relatively difficult to operate1, 26, 
and it requires the target strain to have a specific genetic background, for 
example the deficiency of methyl-directed mismatch repair or RecA, the key 
enzyme for recombinational DNA repair27. The emergence of CRISPR-based 
genetic engineering has been revolutionizing biotechnology, however much 
less applications were reported in prokaryotes than in eukaryotes8, partially 
because of the different dominant DSB repair pathways. As a result, in many 
bacteria, including E. coli, CRISPR-Cas9 has been widely employed as a tool for 
counter-selection to eliminate non-modified cells from a mixed population in 
homology-directed recombination methods such as the lambda red 
recombination systems28. It remains very challenging to engineer DNA at a 
single nucleotide level, even when combined with a powerful counter-
selection system such as CRISPR-Cas9, the efficiency of making point 
mutations using oligonucleotide-directed mutagenesis is very low (< 3% before 
optimization)29.  
 
Recently, two types of CRISPR base editors were developed, which are capable 
of C to T conversion (CBE) by the cytosine deaminase (APOBEC1 or Target-
AID)30, 31, C to G or A substitution with engineered cytosine deaminases32, and 
A to G conversion (ABE) by the adenosine deaminase (TadA)16 without 
involving DSBs. Thus, they can be directly applied in bacteria for DNA 
manipulation. One of the main applications is gene inactivation using CBE to 
convert Arg, Gln, or Trp codons to a stop codon15, 17. There are also a few cases 
of using adenosine deaminase based base editing for in vivo protein 
engineering15, 16. However, so far, CRISPR base editing technology has not been 
as widely used in bacteria as expected due to the restriction of fixed 
substitutions (C to T/G/A, or A to G) and the relatively narrow editing window 
(5-7 nucleotides).  
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Table 1: Whole-genome sequencing-based analysis of on-target and off-target mutations. 

Strain 
Parental 
variable 
mutations 

Recorded mutations 

On-target 
Off-target 
(Plasmids 

and/or 
chromsome) 

Genes 

Regions 
in the 
target 
gene 

References 
(coding 
strand) 

Alleles 

DH10B-
plasmids-
PE_3bpin 

0 
GFP in plasmid: 
pCDF-GFPplus 

283 - +TAA 0 

DH10B-
plasmids-
PE_1bpdel 

0 
GFP in plasmid: 
pCDF-GFPplus 

283 T - 
1 (chr. Pos. 
396,221. C→T) 

DH10B-
plasmids-
PE_1bpsub 

0 
GFP in plasmid: 
pCDF-GFPplus 

283 T A 
1 (pCDF-
GFPplus pos. 
278. -A) 

DH10B-
plasmids-
PE_1bpsub-2 

0 
GFP in plasmid: 
pCDF-GFPplus 

283 T A 
1 (chr. Pos. 
2,198,023. A→G) 

DH10B-
plasmids-
PE_2bpsub 

0 
GFP in plasmid: 
pCDF-GFPplus 

281-283 TAT CAC 0 

DH10B-
plasmids-
PE_combo 

0 
GFP in plasmid: 
pCDF-GFPplus 

283-284 TG 
ATTA 
(T→A, 
+TAA, -G) 

1 (chr. Pos. 
4,047,371. G→T) 

MG1655-chr-
PE_3bpin 

1 (chr. Pos. 
1,976,527. 
Δ776 bp, 
insB1–
insA) 

lacZ in 
chromosome 

364,594 - +TAG 
1 (chr. pos. 
1,285,157. A→G) 

MG1655-chr-
PE_3bpin-2 

1 (chr. Pos. 
1,976,527. 
Δ776 bp, 
insB1–
insA) 

galK in 
chromosome 

788,602 - +TAA 0 

MG1655-chr-
PE_2bpdel 

0 
lacZ in 
chromosome 

364,898-
364,899 

CG - 0 

MG1655-chr-
PE_2bpsub 

1 (chr. Pos. 
1,976,527. 
Δ776 bp, 
insB1–
insA) 

lacZ in 
chromosome 

364,592-
364,593 

GT TA 0 

 
We demonstrated in this study that CRISPR-Prime Editing system cannot only 
make substitutions but also insertion, deletion, and combinatorial editing at 
single base pair resolution in E. coli without requiring DSBs, editing templates, 
or homologous recombination. We observed a very high fidelity of using the 
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system in E. coli, while the mutation rates/off-target effects in the MAGE and 
other recombineering systems are much higher, and normally it requires pre-
engineering of the host strains when using these systems3-5. CRISPR-Prime 
Editing system for E. coli has great potential in expanding the possibilities of 
DNA engineering, although further studies are required to further increase its 
editing efficiency. As a result of its high modularity and simple composition, 
CRISPR-Prime Editing for E. coli might be multiplexed by providing a PEgRNA 
self-processing machinery like Csy415 and consequently applied for high-
throughput mutagenesis applications. However, it has to be noted that the 
editing efficiency was extremely low in our proof-of-concept multiplexing 
approach using the strategy of providing two PEgRNA delivery plasmids. 
CRISPR-Prime Editing also has the potential of being applicable to a wider 
range of bacteria including those previously considered difficult to be 
genetically engineered. As in the case of CRISPR-Cas9 and CRISPR base editing 
systems, the use of other Cas proteins and protein engineering will likely 
improve editing capabilities by expanding the selection of accepted PAMs and 
increasing efficiencies33-36. Different reverse transcriptases other than the M-
MLV could also provide different features to increase the performance of 
CRISPR prime editing systems in applied organisms. Modulating intracellular 
DNA repair systems and better designed PEgRNAs could also be helpful in 
increasing the editing efficiency.  
 
CRISPR-Prime Editing, a versatile DNA engineering system reported in this 
study, represents a powerful addition to the toolbox of genetic and metabolic 
engineers not only for E. coli, but other organisms. These tools are likely to 
substantially advance our understanding of basic life science and to increase 
capabilities for advanced microbial engineering for biotechnological 
purposes. 
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MATERIALS AND METHODS 
 
Strains, plasmids, media and growth condition 
 
All Escherichia coli strain and plasmids used in this study are listed in 
Supplementary Table 1. E. coli cultures were grown at 37 °C in LB (both broth 
and solid) (Sigma, US). Appropriate antibiotics were supplemented with the 
following working concentrations: spectinomycin (50 µg/mL), carbenicillin or 
ampicillin (100 µg/mL), chloramphenicol (25 µg/mL) kanamycin (50 µg/mL) 
and anhydrotetracycline (0 to 1 µg/mL). M63 minimal medium was used for 
positive selection of galK mutants. It is composed of 2 g/L (NH4)2SO4, 13.6 g/L 
KH2PO4, 0.5 mg/L FeSO4-7H2O, 1 mM MgSO4, 0.1 mM CaCl2 and 10 µg/mL 
thiamine, 0.2% glycerol and 0.1% 2-deoxy-D-galactose. 2% agar was 
supplemented when making agar plates. X-gal (5-bromo-4-chloro-3-indolyl-
beta-D-galactopyranoside) was used for screening lacZ mutants. Prior to use, 
each LB plate with appropriate antibiotics is plated with 40 µL of 20 mg/mL X-
gal. All chemicals involved in this study were from Sigma, US. 
 
General protocol of DNA manipulation 
 
All primers, important sequences, spacers and 3 prime extensions used in this 
study are listed in Supplementary Tables 2, 3, and 4, respectively. Standard 
protocols were used for DNA (plasmids and genomic DNA) purification, PCR, 
and cloning. PCR was performed using Q5® High-Fidelity 2× Master Mix (New 
England Biolabs, US). The point mutation in dCas9 to create H840A Cas9n was 
made using Q5® Site-Directed Mutagenesis Kit (New England Biolabs, US). DNA 
assembly was done by using NEBuilder® HiFi DNA Assembly Master Mix (New 
England Biolabs, US) unless specified otherwise. DNA digestion was 
performed with FastDigest restriction enzymes (Thermo Fisher Scientific, US) 
unless specified otherwise. NucleoSpin® Gel and PCR Clean-up kit (Macherey-
Nagel, Germany) was used for DNA clean-up both from PCR products and 
agarose gel extracts. NucleoSpin® Plasmid EasyPure Kit (Macherey-Nagel, 
Germany) was used for plasmid preparation. Sanger sequencing was carried 
out using Mix2Seq kit (Eurofins Scientific, Luxembourg). DNA fragments were 
synthesized by Genscript while oligonucleotides were synthesized by IDT 
(Integrated DNA Technologies, US).  
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All kits and enzymes were used according to the manufacturers’ 
recommendations. We diligently followed all waste disposal regulations of our 
institute, university, and local government when disposing of waste materials. 
Multi-plasmid system design and plasmid construction  
 
All plasmids constructed in this study have been deposited to Addgene, 
individual Addgene plasmid number are listed below. Plasmids in the same 
testing system should be compatible with each other, and therefore they must 
have different origins of replication (ori). For this purpose, a combination of 
p15A ori, ColE1 ori, and ColDF13 ori was used. 
 
Synthetic constitutive promoters J23119 (BBa_J23119) and J23106 
(BBa_J23106), and the ribosome binding site (RBS) BBa_B0034 were obtained 
from the registry for standard biological parts in the iGEM Parts Registry 
(http://parts.igem.org/Main_Page). 
 
The construction of GFP-based reporter plasmid: The plasmid was designed in 
silico to carry the GFP expression cassette, which is composed of a constitutive 
promoter J23106, a RBS BBa_B0034, a fast folding GFP variant GFP+22, and a 
terminator T0. The GFP+ coding sequence was codon optimized to E. coli. The 
whole cassette was synthesized by Genscript and assembled into the pCDF-1b 
plasmid (ColDF13 ori, Millipore, US) replacing the MCS region by Gibson 
Assembly, and ended up with the plasmid pCDF-GFPplus.  
 
The construction of CRISPR-Prime Editing plasmid: Firstly, we created 
pCas9n(H840A) from pdCas9-bacteria (p15A ori, Addgene plasmid #44249)37 by 
site-specific mutation of 10A of dCas9 to 10D using Q5® Site-Directed 
Mutagenesis Kit (New England Biolabs, US). Secondly, we designed the 33a 
linker-M-MLV2 cassette in silico. Linker sequence: 
SGGSSGGSSGSETPGTSESATPESSGGSSGGSS. M-MLV2, a moloney murine 
leukaemia virus (M-MLV) variant from a previous study20 with the following 
mutations D200N, L603W, T306K, W313F, and T330P compared to the WT M-
MLV (GenBank: AAC82568.2). Thirdly, the cassette was codon optimized to 
E. coli, synthesized by Genscript, and then assembled into pCas9n(H840A) to 
replace the stop codon of Cas9n by Gibson Assembly, resulting in the plasmid 
pCRISPR-PE-bacteria (Addgene # 172715). The fusion protein (cargo) Cas9n-
linker-M-MLV2 is under control by a tetracycline inducible promoter. 
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The construction of PEgRNA transcript carrying plasmid: The empty PEgRNA 
plasmid was modified from the pgRNA-bacteria (ColE1 ori, Addgene plasmid 
#44251)37 by removing the 20 bp spacer, named as pPEgRNA (Addgene # 
172716). For construction of functional pPEgRNA there were three steps: 
firstly, a spacer and 3 prime extensions were designed in silico; secondly, 
amplification of the functional PEGgRNA cassette using the pPEgRNA as a 
template was performed concurrently with amplifying the PEgRNA backbone 
fragment using the primer set (PEgRNA backbone_F and PEgRNA 
backbone_R); lastly, the functional PEgRNA cassette was assembled into the 
PEgRNA backbone. Sanger sequencing was used for validation. Spacers and 3 
prime extensions were designed both manually and using PrimeDesign38. 
 
For introducing the second nick, we constructed pnsgRNA (pSC101 ori, kanR) 
by replacing the sfGFP expression cassette in pVRb20_992 (Addgene plasmid 
#49714)39 with the sgRNA transcript cassette from pPEgRNA. We first amplified 
the plasmid backbone of pVRb20_992 and the sgRNA cassette with primer sets 
of pVRb_backbone_F and pVRb_backbone_R, and sgRNA_cassette_F and 
sgRNA_cassette_R from pVRb20_992 and pPEgRNA, respectively. Then these 
two fragments were Gibson assembled and later validated by Sanger 
sequencing, resulting in pnsgRNA plasmid (Addgene # 172717). Spacers for 
introducing the second nick in the nsgRNA paired with the related PEgRNA 
were designed using PrimeDesign38. This plasmid is also used for delivery of 
the second PEgRNA. 
 
High throughput electroporation of multiple plasmids 
 
In vivo assay of strains carrying multiple plasmids were performed from 
freshly transformed E. coli DH10β strains. A HT Nucleofector™ System (Lonza, 
Switzerland) together with 96-well Nucleocuvette plates (Lonza, Switzerland) 
were used for high throughput electroporation. Before electroporation, the 96-
well Nucleocuvette plate was transferred from -20 °C to ice for 10 min. 20 µL of 
electrocompetent DH10β or MG1655 E. coli cells with 10% glycerol were added 
into each desired well, 0.5 µL of each plasmid (about 30 ng) was subsequently 
added. A total amount of plasmid DNA of <100 ng per transformation normally 
performed well. The program used in this study is X_bacteria_14, with the code 
GN-100. After electroporation, 180 µL of fresh LB broth were added into each 
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well. The cultures were then transferred into a 96-deep well plate containing 
200 µL of fresh LB broth (making the transformation culture in total 400 µL) 
for recovery for 1h at 37 °C and 300 rpm. 
 
Illumina deep sequencing-based genome-wide on/off-target evaluation and 
analysis of “escapers”  
 
For on/off-target evaluation, one or two Sanger sequencing validated clones of 
each designed editing events were selected; while for escapers examination, 
ten clones with induced CRISPR-Prime Editing systems targeting pCDF-
GFPplus, still showing GFP-fluorescence, were randomly picked. Together 
with necessary control strains, they were inoculated in a 50-mL tube (Greiner 
Bio-One, Germany) containing 10 mL LB broth without any antibiotics. After 
incubating at 37 °C, 300 rpm in an INNOVA 44R incubator shaker (Eppendorf, 
Germany) for 24 hours, 5 mL of the culture was used for genomic DNA plus 
intracellular plasmid DNA isolation with a Blood & Cell Culture DNA mini Kit 
(Cat No./ID: 13323, Qiagen, Germany). While a NucleoSpin® Plasmid EasyPure 
Kit (Macherey-Nagel, cat. no. 740727.250) was used for the WT pCDF-GFP 
plasmid isolation. The genomic library construction and illumina paired-end 
sequencing were carried out by Novogene Co., Ltd. (Beijing, China), using the 
NEB Next® Ultra™ DNA Library Prep Kit (New England Biolabs, US) with a 
target insert size of 350nt and 6 PCR cycles. 
 
The illumina reads obtained from the sequenced samples were trimmed using 
Trim Galore (v. 0.6.4_dev, Cutadapt v. 2.10) with the switches --length 100 and 
--quality 20. All mutation calls were performed using breseq (v. 0.33.2, bowtie2 
v. 2.3.4.1)24,40 with default parameters. For plasmid-based editing, the E. coli 
DH10B genome sequence NC_010473 is used as the reference, while for 
chromosome-based editing, the E. coli MG1655 genome sequence NC_ U00096 
is used as the reference, both along with the relevant plasmids. Mutation calls 
that existed in all samples as well as the parental strain were not counted as 
off-target effects. 
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Editing efficiency evaluation using a fluorescence-based colony counting 
assay 
 
50 µL electroporation culture (400 µL in the cases of a second nick is 
introduced) of each strain was plated onto appropriate antibiotics containing 
LB agar plates supplemented with and without inducer, respectively. All plates 
were covered by aluminium foil and incubated at 37 °C for 24 h. After 
cultivation, total colonies were counted by a Doc-It imaging station (Fisher 
Scientific, US.) with a trisection protocol. Non-fluorescent colonies in each 
zone of all three zones were further counted with and without a Blue-Light 
Transilluminator (Safe Imager 2.0, Thermo Fisher Scientific, US). The editing 
efficiency was calculated as: the number of non-green colonies in each 
zone/total number of visible colonies in the same zone. 
 
Editing events confirmation by Sanger sequencing 
 
Eight to 24 primarily identified positive clones of each strain were picked, and 
inoculated into 5 mL LB broth with proper antibiotics. After overnight (~16 h) 
cultivation, cultures were subjected to plasmid isolation using the NucleoSpin® 
Plasmid EasyPure Kit (Macherey-Nagel, Germany) or colony PCR using Q5® 
High-Fidelity 2× Master Mix (New England Biolabs, US) if a chromosomal 
region was targeted. The isolated plasmids and the cleaned PCR products were 
Sanger sequenced using the Mix2Seq kit (Eurofins Scientific, Luxembourg) 
with proper primers. The obtained sequence traces were analyzed and 
visualized using SnapGene (GSL Biotech, US). 
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SUPPLEMENTARY INFORMATION 
 
Supplementary note 1 
 
A second nick does not increase the editing efficiency of CRISPR-Prime Editing system 
in E. coli  
 
It has been reported that the editing efficiency of the reverse transcriptase-
Cas9 H840A nickase (Cas9n)-mediated targeted prime editing in some 
mammalian cells1 and plant cells2 can be increased by introduction of a second 
nick to the complementary strand within around 100 bp from the site of the 
PEgRNA-induced nick. However, it also increases NHEJ-mediated indel 
formation because Cas9 nickase with paired sgRNAs within ~200 bp can 
introduce targeted DSBs3,4. As most bacteria do not possess a complete NHEJ 
system5-7, it makes the DSB a lethal event if no homology-directed repair (HDR) 
template is provided. It was thus reasoned that it is impossible to apply the 
strategy of introducing a close nick in the complementary strand in the NHEJ-
deficient bacteria, like E. coli. To evaluate our hypothesis, we introduced 
another plasmid to deliver the designed complementary strand nicking sgRNA 
(nsgRNA). Two approaches for the secondary nick introduction were tested: 
nicking the non-edited strand within ~200 bp from the first nick (CRISPR-PE3) 
and nicking the non-edited strand only after the first nicked strand (the 
complementary strand) has been edited (CRISPR-PE3b). We designed editing 
events accordingly both in the plasmid-based system and the chromosome. As 
expected, for all three designed chromosomal DNA engineering and one 
plasmid DNA deletion of CRISPR-Prime Editing, almost no visible colonies 
were observed after the second nick was introduced (Supplementary Fig. 3).  
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Supplementary Table 1: Plasmids and strains involved in this study. 

Plasmid  Background Reference 

pdCas9-bacteria 
E. coli codon optimized dCas9 is under control by a tetracycline 
inducible promoter; CamR; p15A ori 

Addgene 
#442498 

pgRNA-bacteria 
sgRNA transcript carrying plasmid, under control by a constitutive 
promoter J23119; AmpR; ColE1 ori 

Addgene 
#442518 

pCDF-b1 SmR; CloDF13 ori 
Millipore, 
US 

pCDF-GFPplus 
A fast folding GFP variant GFP+ is cloned into pCDF-b1 under 
control by a constitutive promoter 

This study 

pCRISPR-PE-
bacteria 

pdCas9- bacteria is used as the backbone. An E. coli codon 
optimized fusion protein of Cas9n-linker-M-MLV2 is cloned into 
pdCas9- bacteria by replacing the dCas9. The fusion protein is 
under control by a tetracycline inducible promoter. 

This study 

pPEgRNA 
The 20 bp spacer was removed from pgRNA-bacteria. Therefore, 
this plasmid carries only a sgRNA scaffold without a spacer. 

This study 

pVRb20_992 KanR; pSC101 ori; carrying a cassette of PEcf20_992-sfGFP 
Addgene 
#497149 

pnsgRNA 
An sgRNA transcript cassette from pgRNA-bacteria was inserted to 
replace the PEcf20_992-sfGFP cassette 

This study 

pVRb_PEgRNA_
312Gdel 

pVRb_PEgRNA carries a 20 nt spacer targeting GFP coding gene, 
and a 3 prime extension for deleting the 312G, the length of both 
the reverse transcription template and the primer binding 
sequence is 13 bp 

This study 

pPEgRNA_GFP_
TAAin 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for inserting a stop codon TAA, the length of both 
the reverse transcription template and the primer binding 
sequence is 13 bp  

This study 

pPEgRNA_GFP_
TAAin_T4 

The same as pPEgRNA_GFP_TAAin, except that the length of the 
reverse transcription template is 4 bp  

This study 

pPEgRNA_GFP_
TAAin_T5 

The same as pPEgRNA_GFP_TAAin, except that the length of the 
reverse transcription template is 5 bp  

This study 

pPEgRNA_GFP_
TAAin_T8 

The same as pPEgRNA_GFP_TAAin, except that the length of the 
reverse transcription template is 8 bp  

This study 

pPEgRNA_GFP_
TAAin_T20 

The same as pPEgRNA_GFP_TAAin, except that the length of the 
reverse transcription template is 20 bp  

This study 
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pPEgRNA_GFP_
TAAin_PBS5 

The same as pPEgRNA_GFP_TAAin, except that the length of the 
primer binding sequence is 5 bp  

This study 

pPEgRNA_GFP_
TAAin_PBS8 

The same as pPEgRNA_GFP_TAAin, except that the length of the 
primer binding sequence is 8 bp 

This study 

pPEgRNA_GFP_
TAAin_PBS17 

The same as pPEgRNA_GFP_TAAin, except that the length of the 
primer binding sequence is 17 bp 

This study 

pPEgRNA_GFP_
T198A 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for 198T to 198A substitution within the GFP 
coding gene, the length of both the reverse transcription template 
and the primer binding sequence is 13 bp 

This study 

pPEgRNA_GFP_
T196C_T198C 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 

prime extension for 196T，198T to 196C, 198C substitutions within 
the GFP coding gene, the length of both the reverse transcription 
template and the primer binding sequence is 13 bp 

This study 

pPEgRNA_GFP_
198Tdel 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for 198T deletion within the GFP coding gene, the 
length of both the reverse transcription template and the primer 
binding sequence is 13 bp 

This study 

pPEgRNA_GFP_
combo 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for 198T to 198A substitution, TAA insertion, and 
199G deletion within the GFP coding gene, the length of both the 
reverse transcription template and the primer binding sequence is 
13 bp 

This study 

pPEgRNA_GFP_
12in 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for insertion of a 12 bp fragment within the GFP 
coding gene, the length of both the reverse transcription template 
and the primer binding sequence is 13 bp 

This study 

pPEgRNA_GFP_
18in 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for insertion of a 18 bp fragment within the GFP 
coding gene, the length of both the reverse transcription template 
and the primer binding sequence is 13 bp 

This study 

pPEgRNA_GFP_
33in 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for insertion of a 33 bp fragment within the GFP 
coding gene, the length of both the reverse transcription template 
and the primer binding sequence is 13 bp 

This study 

pPEgRNA_GFP_
10del 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for deletion of a 10 bp fragment within the GFP 
coding gene, the length of both the reverse transcription template 
and the primer binding sequence is 13 bp 

This study 
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pPEgRNA_GFP_
23del 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for deletion of a 23 bp fragment within the GFP 
coding gene, the length of both the reverse transcription template 
and the primer binding sequence is 13 bp 

This study 

pPEgRNA_GFP_
36del 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for deletion of a 36 bp fragment within the GFP 
coding gene, the length of both the reverse transcription template 
and the primer binding sequence is 13 bp 

This study 

pPEgRNA_GFP_
49del 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for deletion of a 49 bp fragment within the GFP 
coding gene, the length of both the reverse transcription template 
and the primer binding sequence is 13 bp 

This study 

pPEgRNA_GFP_
97del 

pPEgRNA carries a 20 nt spacer targeting GFP coding gene, and a 3 
prime extension for deletion of a 97 bp fragment within the GFP 
coding gene, the length of both the reverse transcription template 
and the primer binding sequence is 13 bp 

This study 

pPEgRNA_lacZ_
TAGin 

pPEgRNA carries a 20 nt spacer targeting lacZ gene, and a 3 prime 
extension for TAG insertion into the lacZ gene for a stop codon 
introduction, the length for the reverse transcription template and 
the primer binding sequence is 16 bp and 13 bp, respectively 

This study 

pPEgRNA_lacZ_
CGdel 

pPEgRNA carries a 20 nt spacer targeting lacZ gene, and a 3 prime 
extension for CG deletion in the lacZ gene for a stop codon 
introduction, the length for the reverse transcription template and 
the primer binding sequence is 18 bp and 14 bp, respectively 

This study 

pPEgRNA_lacZ_
GTtoTAsub 

pPEgRNA carries a 20 nt spacer targeting lacZ gene, and a 3 prime 
extension for GT to TA substitution in the lacZ gene for a stop codon 
introduction, the length of both the reverse transcription template 
and the primer binding sequence is 14 bp 

This study 

pPEgRNA_galK_
TAAin 

pPEgRNA carries a 20 nt spacer targeting galK gene, and a 3 prime 
extension for TAG insertion into the galK gene for a stop codon 
introduction, the length for the reverse transcription template and 
the primer binding sequence is 16 bp and 13 bp, respectively 

This study 

pnsgRNA_GFP_
TAAin 

pnsgRNA carries a 20 nt spacer that pairs with 
pPEgRNA_GFP_TAAin to introduce the second nick 

This study 

pnsgRNA_lacZ_
TAGin 

pnsgRNA carries a 20 nt spacer that pairs with 
pPEgRNA_lacZ_TAGin to introduce the second nick 

This study 

pnsgRNA_lacZ_
CGdel 

pnsgRNA carries a 20 nt spacer that pairs with 
pPEgRNA_lacZ_CGdel to introduce the second nick 

This study 

pnsgRNA_lacZ_
GTtoTAsub 

pnsgRNA carries a 20 nt spacer that pairs with 
pPEgRNA_lacZ_GTtoTAsub to introduce the second nick 

This study 
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Strain Background Reference 

Escherichia coli 
DH10β (DH10B) 

str. K F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 
endA1 araD139 Δ (ara, leu)7697 galU galK λ- rpsL nupG 
/pMON14272 / pMON7124. Whole-genome sequenced for parental 
strain characterization. 

Thermo 
Fisher 
Scientific, 
US 

Escherichia coli 
MG1655 

Str. K F-, lambda-, rph-1. Whole-genome sequenced for parental 
strain characterization. 

Maintaine
d in lab 

PE0001 E. coli DH10β carries pCDF-GFPplus This study 

PE0002 E. coli DH10β carries pCRISPR-PE-bacteria This study 

PE0003 E. coli DH10β carries pCRISPR-PE-bacteria and pCDF-GFPplus This study 

PE0004 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA 

This study 

PE0005 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_TAAin. Whole-genome sequenced for mutation 
analysis. 

This study 

PE0006 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_TAAin_T4 

This study 

PE0007 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_TAAin_T5 

This study 

PE0008 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_TAAin_T8 

This study 

PE0009 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_TAAin_T20 

This study 

PE0010 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_TAAin_PBS5 

This study 

PE0011 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_TAAin_PBS8 

This study 

PE0012 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_TAAin_PBS17 

This study 

PE0013 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_T198A. Clone #1. Whole-genome sequenced for 
mutation analysis. 

This study 

PE0014 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_T198A. Clone #2. Whole-genome sequenced for 
mutation analysis. 

This study 
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PE0015 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_T196C_T198C. Whole-genome sequenced for 
mutation analysis. 

This study 

PE0016 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Whole-genome sequenced for mutation 
analysis. 

This study 

PE0017 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_combo. Whole-genome sequenced for mutation 
analysis. 

This study 

PE0018 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_12in 

This study 

PE0019 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_18in 

This study 

PE0020 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_33in 

This study 

PE0021 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_10del 

This study 

PE0022 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_23del 

This study 

PE0023 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_36del 

This study 

PE0024 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_49del 

This study 

PE0025 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_97del 

This study 

PE0026 
E. coli MG1655 carries pCRISPR-PE-bacteria and 
pPEgRNA_lacZ_TAGin. Whole-genome sequenced for mutation 
analysis. 

This study 

PE0027 
E. coli MG1655 carries pCRISPR-PE-bacteria and 
pPEgRNA_lacZ_CGdel. Whole-genome sequenced for mutation 
analysis. 

This study 

PE0028 
E. coli MG1655 carries pCRISPR-PE-bacteria and 
pPEgRNA_lacZ_GTtoTAsub. Whole-genome sequenced for 
mutation analysis. 

This study 

PE0029 
E. coli MG1655 carries pCRISPR-PE-bacteria, 
pPEgRNA_galK_TAAin. Whole-genome sequenced for mutation 
analysis. 

This study 
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PE0030 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, 
pPEgRNA_GFP_TAAin, and pVRb_PEgRNA_312Gdel 

This study 

PE0031 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, 
pPEgRNA_GFP_198Tdel, and pVRb_PEgRNA_312Gdel 

This study 

PE0032 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, 
pPEgRNA_GFP_T198A, and pVRb_PEgRNA_312Gdel 

This study 

PE0033 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, 
pPEgRNA_GFP_combo, and pVRb_PEgRNA_312Gdel 

This study 

PE0034 
E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, 
pPEgRNA_GFP_T196C_T198C, and pVRb_PEgRNA_312Gdel 

This study 

PE0035 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed). Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #1. 

This study 

PE0036 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed).  Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #2. 

This study 

PE0037 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed). Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #3. 

This study 

PE0038 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed). Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #4. 

This study 

PE0039 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed). Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #5. 

This study 

PE0040 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed). Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #6. 

This study 

PE0041 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed). Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #7. 

This study 
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PE0042 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed). Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #8. 

This study 

PE0043 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed). Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #9. 

This study 

PE0044 

E. coli DH10β carries pCRISPR-PE-bacteria, pCDF-GFPplus, and 
pPEgRNA_GFP_198Tdel. Under induction, it is green (GFP 
expressed). Whole-genome sequenced for mutation analysis to 
find clues of editing escaping. Escaper #10. 

This study 

PE0045 
E. coli DH10β carries pCDF-GFPplus. Induced. Whole-genome 
sequenced as a control. 

This study 

PE0046 
E. coli DH10β carries pCRISPR-PE-bacteria. Induced. Whole-
genome sequenced as a control. 

This study 

PE0047 
E. coli DH10β carries pCDF-GFPplus and pCRISPR-PE-bacteria. 
Induced. Whole-genome sequenced as a control. 

This study 

PE0048 
E. coli DH10β carries pCDF-GFPplus, pCRISPR-PE-bacteria, and a 
pPEgRNA without the 26-bp 3 prime extension. Induced, the clone 
is green. Whole-genome sequenced as a control. 

This study 
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Supplementary Table 2: Primers used in this study. 

Names Sequence (5' to 3') Purpose 

PEgRNA_GFP_F 
gtcctaggtataatactagtCTTGTCACTACTCTGACCTAgt
tttagagctagaaatagc 

For PCR amplification of 
desired PEgRNA 
functional cassettes. 
Sequences in lower case 
are overhangs for Gibson 
assembly. 

PEgRNA_GFP_TAA
in_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTATTAA
GGTGTTCAAgcaccgactcggtgccactt 

PEgRNA_GFP_TAA
in_T4_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTATTAA
gcaccgactcggtgccactt 

PEgRNA_GFP_TAA
in_T5_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTATTAA
Ggcaccgactcggtgccactt 

PEgRNA_GFP_TAA
in_T8_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTATTAA
GGTGgcaccgactcggtgccactt 

PEgRNA_GFP_TAA
in_T20_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTATTAA
GGTGTTCAATGCTTTTgcaccgactcggtgccactt 

PEgRNA_GFP_TAA
in_PBS5_R 

gggcccaagcttcaaaaaaCTGACCTATTAAGGTGTTCA
Agcaccgactcggtgccactt 

PEgRNA_GFP_TAA
in_PBS8_R 

gggcccaagcttcaaaaaaaACTCTGACCTATTAAGGTG
TTCAAgcaccgactcggtgccactt 

PEgRNA_GFP_TAA
in_PBS17_R 

gggcccaagcttcaaaaaaaACTCTGACCTATTAAGGTG
TTCAAgcaccgactcggtgccactt 

PEgRNA_GFP_T198
A_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTAAGG
TGTTCAAgcaccgactcggtgccactt 

PEgRNA_GFP_T196
C_T198C_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCCACGG
TGTTCAAgcaccgactcggtgccactt 

PEgRNA_GFP_198T
del_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTAGGT
GTTCAATgcaccgactcggtgccactt 

PEgRNA_GFP_com
bo_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTAATA
AGTGTTCAAgcaccgactcggtgccactt 

PEgRNA_GFP_12in
_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTATGTA
ATCTGTACAGGTGTTCAAgcaccgactcggtgccactt 

PEgRNA_GFP_18in
_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTATTAA
TACGACTCACTATAGGGTGTTCAAgcaccgactcggtg
ccactt 
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PEgRNA_GFP_33in
_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACCTATTGT
AGAATCAGCCCACGAAACCGAGCGGGCGAGGGTG
TTCAAgcaccgactcggtgccactt 

PEgRNA_GFP_10de
l_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACATATCTT
TCAAAGgcaccgactcggtgccactt 

PEgRNA_GFP_23de
l_R 
 

gggcccaagcttcaaaaaaaTCACTACTCTGACATATCTT
TCAAAGgcaccgactcggtgccactt 

PEgRNA_GFP_36de
l_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACATATCTT
TCAAAGgcaccgactcggtgccactt 

PEgRNA_GFP_49de
l_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACATATCTT
TCAAAGgcaccgactcggtgccactt 

PEgRNA_GFP_97de
l_R 

gggcccaagcttcaaaaaaaTCACTACTCTGACATATCTT
TCAAAGgcaccgactcggtgccactt 

PEgRNA_GFP_312G
del_F 

gtcctaggtataatactagtCTATATCTTTCAAAGATGACg
ttttagagctagaaatagc 

For PCR amplification of 
GFP 312G deletion 
PEgRNA for Gibson 
assembly. PEgRNA_GFP_312G

del_R 
gggcccaagcttcaaaaaaaATCTTTCAAAGATGACGGA
ACTACAAGCACCGACTCGGTGCCACTT 

pVRb_PEgRNA_ba
ckbone_F 

TTTTTTTGAAGCTTGGGCCC 
For PCR amplification of 
plasmid backbone for 
Gibson assembly of 
PEgRNA. pVRb_PEgRNA_ba

ckbone_R 
ACTAGTATTATACCTAGGACTGAGC 

pPEgRNA_lacZ_TA
Gin_F 

gtcctaggtataatactagtAATCCCGAATCTCTATCGTGg
ttttagagctagaaatagc 

For PCR amplification of 
desired functional 
PEgRNA_lacZ_TAGincas
settes. 
Sequences in lower case 
are overhangs for Gibson 
assembly. 

pPEgRNA_lacZ_TA
Gin_R 

gggcccaagcttcaaaaaaaCCGAATCTCTATCGTGCGT
AGGTGGTTGA 
gcaccgactcggtgccactt 

pPEgRNA_lacZ_CG
del_F 

gtcctaggtataatactagtTATGCAGCAACGAGACGTCAg
ttttagagctagaaatagc 

For PCR amplification of 
desired functional 
PEgRNA_lacZ_CGde 
cassettes. 
Sequences in lower case 
are overhangs for Gibson 
assembly. 

pPEgRNA_lacZ_CG
del_R 

gggcccaagcttcaaaaaaaGCAGCAACGAGACGTCAGA
AAATGCCGCTCATgcaccgactcggtgccactt 

pPEgRNA_lacZ_GTt
oTAsub_F 

gtcctaggtataatactagtGCGAGTTGCGTGACTACCTAg
ttttagagctagaaatagc 

For PCR amplification of 
desired functional 
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pPEgRNA_lacZ_GTt
oTAsub_R 

gggcccaagcttcaaaaaaaAGTTGCGTGACTACTAACG
GGTAACAGTgcaccgactcggtgccactt 

PEgRNA_lacZ_GTtoTAsu
b cassettes. 
Sequences in lower case 
are overhangs for Gibson 
assembly. 

pPEgRNA_galK_TA
Ain_F 

gtcctaggtataatactagtGACAGCCACACCTTTGGGCAg
ttttagagctagaaatagc 

For PCR amplification of 
desired functional 
PEgRNA_galK_TAAin 
cassettes. 
Sequences in lower case 
are overhangs for Gibson 
assembly. 

pPEgRNA_galK_TA
Ain_R 

gggcccaagcttcaaaaaaaGCCACACCTTTGGGCATTT
AGGAAACTGCgcaccgactcggtgccactt 

lacZ_check_F gatgaaagctggctacagga For PCR amplification of 
the targeted region in 
lacZ gene. The forward 
primer is also used for 
Sanger sequencing.  

lacZ_check_F tgacggttaacgcctcgaat 

galK_check_F caatgggctaactacgttcg For PCR amplification of 
the targeted region in 
galK gene. The forward 
primer is also used for 
Sanger sequencing.  

galK_check_F gtcgccaatcacagctttga 

pnsgRNA_GFP_TA
Ain_F 

AAAGCATTGAACACCttaATGTTTTAGAGCTAGAA
ATAGC 

For PCR amplification of 
the nsgRNA_GFP_TAAin 
cassette.  

pnsgRNA_GFP_TA
Ain_R 

ATtaaGGTGTTCAATGCTTTactagtattatacctaggac 

pnsgRNA_lacZ_TA
Gin_F 

CctaCGCACGATAGAGATTCGTTTTAGAGCTAGAA
ATAGC 

For PCR amplification of 
the nsgRNA_lacZ_TAGin 
cassette.  

pnsgRNA_lacZ_TA
Gin_R 

GAATCTCTATCGTGCGtagGactagtattatacctaggac 

pnsgRNA_lacZ_CG
del_F 

CTGGAGTGACGGCAGTTATCGTTTTAGAGCTAGA
AATAGC 

For PCR amplification of 
the nsgRNA_lacZ_CGdel 
cassette. 

pnsgRNA_lacZ_CG
del_R 

GATAACTGCCGTCACTCCAGactagtattatacctaggac 

pnsgRNA_lacZ_GTt
oTAsub_F 

CATTAAAGCGAGTGGCAACAGTTTTAGAGCTAGA
AATAGC 

For PCR amplification of 
the 
nsgRNA_lacZ_GTtoTAsu
b cassette. pnsgRNA_lacZ_GTt

oTAsub_R 
TGTTGCCACTCGCTTTAATGactagtattatacctaggac 
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pVRb_backbone_F CTGTTGTTTGTCGGTGAACG For PCR amplification of 
the pVRb backbone from 
pVRb_20_992. pVRb_backbone_R AAGGGCCTCGTGATACGCCT 

sgRNA_cassette_F AGGCGTATCACGAGGCCCTTgaattctaaagatctttgac For PCR amplification of 
the sgRNA cassette from 
pPEgRNA. 
 

sgRNA_cassette_R 
CGTTCACCGACAAACAACAGataaaacgaaaggcccagt
c 

nsgRNA_seq GCAATTCCGACGTCTAAG 

For validation of the 
Gibson assembly of 
pnsgRNA. 
Also for validation of 
PEgRNA cloning of 
pVRb_PEgRNA. 

PEgRNA_backbone
_F 

TTTTTTTGAAGCTTGGGCCC 
For PCR amplification of 
the pPEgRNA backbone 

PEgRNA_backbone
_R 

ACTAGTATTATACCTAGGAC 

PEgRNA_F 
GTCCTAGGTATAATACTAGTGTTTTAGAGCTAGA
AATAGCA 

For removal of the 20 bp 
spacer from the plasmid 
pgRNA-bacteria. 

PEgRNA_R ACTAGTATTATACCTAGGACTGAGCTAGCT 

PEgRNA_Seq AATAGGCGTATCACGAGGCA 
For Sanger sequencing of 
correctly assembled 
PEgRNA plasmids. 

pCDF-GFP_Seq GAAATACTAGATGAGCAAAGGAGAAG 
For screening of edited 
events using Sanger 
sequencing. 

pCDF-1b_F GTATATCTCCTTATTAAAGT For PCR amplification of 
the pCDF-1b backbone. 

pCDF-1b_R ATTAACCTAGGCTGCTGCCA 

GFPplus_F 
ACTTTAATAAGGAGATATACTTTACGGCTAGCTC
AGTCCT 

For PCR amplification of 
the J23106-GFPplus-T0 
cassette. 

GFPplus_R 
TGGCAGCAGCCTAGGTTAATCGAACCGAACAGGC
TTATGT 

GFPplus_check_F ATGCGACTCCTGCATTAGGA For screening of 
correctly assembled 
pCDF-GFPplus using 
PCR. The 
GFPplus_check_F is also 

GFPplus_check_R ACTAGTCGCCAGGGTTTTCC 
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used for Sanger 
sequencing validation. 

A10D_F TAGGCTTAGATATCGGCACAAA For site-directed 
mutating of 10A to 10D 
with the dCas9 in the 
pdCas9-bacteria. 

A10D_R TTGAGTATTTCTTATCCATATG 

D10_Seq GCGAGTTTACGGGTTGTTA 

For screening of correct 
mutations of 10A to 10D 
using Sanger 
sequencing. 

pCas9n_F TAACTCGAGTAAGGATCTCC For PCR amplification of 
the pCas9n(H840A) 
backbone, the stop 
codon of Cas9n is 
removed. 

pCas9n_R GTCACCTCCTAGCTGACTCA 

EcMMLV2_F TGAGTCAGCTAGGAGGTGAC For PCR amplification of 
the E. coli codon 
optimized linker-M-
MLV2 fragment. 

EcMMLV2_R GGAGATCCTTACTCGAGTTA 

EcMMLV2_check_
R 

AACAAACAGCTCGAACGGCT 

Together with 
EcMMLV2_F, this 
primer set is used for 
PCR screening of E. coli 
codon optimized linker-
M-MLV2 fragment 
insertion. 

EcMMLV2_seq AACTGGATTGCCAACAGGGT Together with 
EcMMLV2_F, these three 
primers are used to 
confirm the insertion of 
E. coli codon optimized 
linker-M-MLV2 
fragment by Sanger 
sequencing. 

dblTerm_R_seq GAAGGTGAGCCAGTGTGACT 
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Supplementary Table 3: Important sequences involved in this study. 

Name Sequence  Description  

J23106-GFPplus-T0 cassette TTTACGGCTAGCTCAGTCCTA
GGTATAGTGCTAGCTACTAGA
GAAAGAGGAGAAATACTAGAT
GAGCAAAGGAGAAGAACTTTT
CACTGGAGTTGTCCCAATTCTT
GTTGAATTAGATGGTGATGTT
AATGGGCACAAATTTTCTGTC
AGTGGAGAGGGTGAAGGTGAT
GCTACATACGGAAAACTCACC
CTTAAATTTATTTGCACTACTG
GAAAACTACCTGTTCCATGGC
CAACACTTGTCACTACTCTGAC
CTATGGTGTTCAATGCTTTTCC
CGTTATCCGGATCACATGAAA
CGGCATGACTTTTTCAAGAGT
GCCATGCCCGAAGGTTATGTA
CAGGAACGCACTATATCTTTC
AAAGATGACGGGAACTACAAG
ACGCGTGCTGAAGTCAAGTTT
GAAGGTGATACCCTTGTTAAT
CGTATCGAGTTAAAGGGTATT
GATTTTAAAGAAGATGGAAAC
ATTCTCGGACACAAACTAGAG
TACAACTATAACTCACACAAT
GTATACATCACGGCAGACAAA
CAAAAGAATGGAATCAAAGCT
AACTTCAAAATTCGCCACAAC
ATTGAAGATGGTTCCGTTCAA
CTAGCAGACCATTATCAACAA
AATACTCCAATTGGCGATGGC
CCTGTCCTTTTACCAGACAACC
ATTACCTGTCGACACAATCTG
CCCTTTCGAAAGATCCCAACG
AAAAGCGTGACCACATGGTCC
TTCTTGAGTTTGTAACTGCTGC
TGGGATTACACATGGCATGGA
TGAGCTCTACAAATGAAGCGC
ATACCTGCAGGCATGCAAGCT
TGCGGCCGCGTCGTGACTGGG
AAAACCCTGGCGACTAGTCTT
GGACTCCTGTTGATAGATCCA
GTAATGACCTCAGAACTCCAT
CTGGATTTGTTCAGAACGCTC
GGTTGCCGCCGGGCGTTTTTT

A fast folding GFP variant GFP+ 
encoding gene (in blue), 
controlled by a constitutive 
promoter J23106 (in green) and 
ended with a T0 terminator (in 
orange). 
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ATTGGTGAGAATCCAGGGGTC
CCCAATAATTACGATTTAAATT
TGACATAAGCCTGTTCGGTTC
G 

E. coli codon optimized linker-
M-MLV2 fragment 

TGAGTCAGCTAGGAGGTGACAG
CGGCGGCAGCAGCGGCGGCAG
CAGCGGCAGCGAAACCCCGGG
CACCAGCGAAAGCGCGACCCC
GGAAAGCAGCGGCGGCAGCAG
CGGCGGTAGCAGCACCCTGAA
CATCGAGGACGAGTATCGTCT
GCATGAGACCAGCAAGGAGCC
GGATGTTAGCCTGGGTAGCAC
CTGGCTGAGCGACTTTCCGCA
GGCGTGGGCGGAAACCGGCGG
CATGGGTCTGGCGGTTCGCCA
GGCGCCGCTGATCATTCCGCT
GAAGGCGACCAGCACCCCGGT
TAGCATCAAGCAGTATCCGAT
GAGCCAGGAAGCGCGTCTGGG
TATTAAGCCGCACATTCAACG
TCTGCTGGACCAGGGTATTCT
GGTGCCGTGCCAGAGCCCGTG
GAATACCCCGCTGCTGCCGGT
GAAGAAACCGGGTACCAATGA
TTACCGTCCGGTGCAAGACCT
GCGTGAGGTTAACAAGCGCGT
TGAAGATATTCATCCGACCGT
TCCGAACCCGTACAACCTGCT
GAGCGGTCTGCCGCCGAGCCA
CCAGTGGTATACCGTGCTGGA
TCTGAAGGACGCGTTTTTCTG
CCTGCGTCTGCACCCGACCAG
CCAACCGCTGTTCGCGTTTGA
ATGGCGTGACCCGGAAATGGG
TATCAGCGGCCAACTGACCTG
GACCCGTCTGCCGCAGGGCTT
TAAAAACAGCCCGACCCTGTT
CAACGAGGCGCTGCACCGTGA
TCTGGCGGACTTCCGTATCCA
ACACCCGGATCTGATCCTGCT
GCAGTACGTGGACGATCTGCT
GCTGGCGGCGACCAGCGAACT
GGATTGCCAACAGGGTACCCG
TGCGCTGCTGCAGACCCTGGG
TAACCTGGGTTACCGTGCGAG

A 33-amino acid linker (in red) 
fused with the M-MLV2 
encoding sequence (in black). 
20 bp overhangs for Gibson 
assembly into pCas9n(H840A) 
is shown in gray italic. 
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CGCGAAAAAGGCGCAAATTTG
CCAGAAGCAAGTGAAGTATCT
GGGCTACCTGCTGAAGGAAGG
TCAACGCTGGCTGACCGAGGC
GCGTAAGGAAACCGTTATGGG
TCAGCCGACCCCGAAGACCCC
GCGCCAACTGCGTGAGTTCCT
GGGTAAAGCGGGTTTTTGCCG
TCTGTTTATCCCGGGTTTCGCG
GAAATGGCGGCGCCGCTGTAC
CCGCTGACCAAACCGGGTACC
CTGTTTAACTGGGGTCCGGAC
CAGCAGAAAGCGTACCAAGAG
ATCAAACAGGCGCTGCTGACC
GCGCCGGCGCTGGGTCTGCCG
GACCTGACCAAGCCGTTCGAG
CTGTTTGTTGATGAAAAGCAG
GGTTATGCGAAAGGCGTTCTG
ACCCAGAAACTGGGTCCGTGG
CGCCGTCCGGTTGCGTACCTG
AGCAAGAAACTGGATCCGGTT
GCGGCGGGCTGGCCGCCGTGC
CTGCGTATGGTTGCGGCGATC
GCGGTTCTGACCAAAGACGCG
GGCAAGCTGACCATGGGTCAA
CCGCTGGTGATTCTGGCGCCG
CATGCGGTTGAAGCGCTGGTT
AAGCAGCCGCCGGACCGTTGG
CTGAGCAACGCGCGTATGACC
CACTATCAAGCGCTGCTGCTG
GATACCGACCGTGTTCAGTTC
GGTCCGGTGGTTGCGCTGAAC
CCGGCGACCCTGCTGCCGCTG
CCGGAGGAAGGTCTGCAGCAT
AACTGCCTGGACATTCTGGCG
GAGGCGCACGGTACCCGTCCG
GATCTGACCGACCAGCCGCTG
CCGGACGCGGATCACACCTGG
TATACCGACGGCAGCAGCCTG
CTGCAAGAAGGCCAGCGTAAG
GCGGGTGCGGCGGTTACCACC
GAGACCGAAGTTATCTGGGCG
AAAGCGCTGCCGGCGGGTACC
AGCGCGCAGCGTGCGGAGCTG
ATTGCGCTGACCCAAGCGCTG
AAAATGGCGGAGGGCAAAAAG
CTGAATGTTTATACCGATAGC
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CGTTACGCGTTTGCGACCGCG
CACATCCATGGTGAAATCTAC
CGTCGTCGTGGTTGGCTGACC
AGCGAAGGCAAAGAAATCAAA
AATAAGGACGAGATTCTGGCG
CTGCTGAAAGCGCTGTTCCTG
CCGAAACGTCTGAGCATCATT
CACTGCCCGGGTCACCAGAAA
GGTCACAGCGCGGAGGCGCGT
GGTAATCGCATGGCGGATCAA
GCGGCGCGTAAAGCGGCGATT
ACCGAAACCCCGGATACCAGC
ACCCTGCTGATTGAAAATAGC
AGCCCGTAATAACTCGAGTAA
GGATCTCC 

An example (TAAin) of 
functional PEgRNA cassette 

ttgacagctagctcagtcctaggtataatac
tagtCTTGTCACTACTCTGACCT
AGTTTTAGAGCTAGAAATAGC
AAGTTAAAATAAGGCTAGTCC
GTTATCAACTTGAAAAAGTGG
CACCGAGTCGGTGCTTGAACA
CCTTAATAGGTCAGAGTAGTG
Attttttt 

Green: J23119 promoter 
Red: 20-nt spacer targeting 
GFPplus coding sequence 
Black: 76-nt gRNA scaffold  
Blue: RTT of the 3 prime 
extension, the target TAA is 
shown in bold, italic 
Orange: PBS of the 3 prime 
extension 
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Supplementary Table 4: Spacers and 3 prime extensions used in this study. 

PEgRNA Space (5’-3’) 3 prime extension (5’-3’) RTT 
length 
(nt) 

PBS 
length 
(nt) 

PEgRNA_GF
P_TAAin_T4 

CTTGTCACTACTCTG
ACCTA 

TTAATAGGTCAGAGTAGTGA 7 13 

PEgRNA_GF
P_TAAin_T5 

CTTGTCACTACTCTG
ACCTA 

CTTAATAGGTCAGAGTAGTGA 8 13 

PEgRNA_GF
P_TAAin_T8 

CTTGTCACTACTCTG
ACCTA 

CACCTTAATAGGTCAGAGTAGTGA 11 13 

PEgRNA_GF
P_TAAin 

CTTGTCACTACTCTG
ACCTA 

TTGAACACCTTAATAGGTCAGAGTAGT
GA 

16 13 

PEgRNA_GF
P_TAAin_T20 

CTTGTCACTACTCTG
ACCTA 

AAAAGCATTGAACACCTTAATAGGTC
AGAGTAGTGA 

23 13 

PEgRNA_GF
P_TAAin_PB
S5 

CTTGTCACTACTCTG
ACCTA 

TTGAACACCTTAATAGGTCAG 16 5 

PEgRNA_GF
P_TAAin_PB
S8 

CTTGTCACTACTCTG
ACCTA 

TTGAACACCTTAATAGGTCAGAGT 16 8 

PEgRNA_GF
P_TAAin_PB
S17 

CTTGTCACTACTCTG
ACCTA 

TTGAACACCTTAATAGGTCAGAGTAGT
GACAAG 

16 17 

PEgRNA_GF
P_T198A 

CTTGTCACTACTCTG
ACCTA 

TTGAACACCTTAGGTCAGAGTAGTGA 13 13 

PEgRNA_GF
P_T196C_T19
8C 

CTTGTCACTACTCTG
ACCTA 

TTGAACACCGTGGGTCAGAGTAGTGA 13 13 

PEgRNA_GF
P_198Tdel 

CTTGTCACTACTCTG
ACCTA 

ATTGAACACCTAGGTCAGAGTAGTGA 13 13 

PEgRNA_GF
P_combo 

CTTGTCACTACTCTG
ACCTA 

TTGAACACTTATTAGGTCAGAGTAGTG
A 

15 13 
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PEgRNA_GF
P_12in 

CTTGTCACTACTCTG
ACCTA 

TTGAACACCTGTACAGATTACATAGGT
CAGAGTAGTGA 

25 13 

PEgRNA_GF
P_18in 

CTTGTCACTACTCTG
ACCTA 

TTGAACACCCTATAGTGAGTCGTATTA
ATAGGTCAGAGTAGTGA 

31 13 

PEgRNA_GF
P_33in 

CTTGTCACTACTCTG
ACCTA 

TTGAACACCCTCGCCCGCTCGGTTTCG
TGGGCTGATTCTACAATAGGTCAGAG
TAGTGA 

46 13 

PEgRNA_GF
P_10del 

CTTGTCACTACTCTG
ACCTA 

GGGAAAAGCATTGGTCAGAGTAGTGA 13 13 

PEgRNA_GF
P_23del 
 

CTTGTCACTACTCTG
ACCTA 

TGATCCGGATAACGTCAGAGTAGTGA 13 13 

PEgRNA_GF
P_36del 

CTTGTCACTACTCTG
ACCTA 

ATGCCGTTTCATGGTCAGAGTAGTGA 13 13 

PEgRNA_GF
P_49del 

CTTGTCACTACTCTG
ACCTA 

TCTTGAAAAAGTCGTCAGAGTAGTGA 13 13 

PEgRNA_GF
P_97del 

CTTGTCACTACTCTG
ACCTA 

CTTTGAAAGATATGTCAGAGTAGTGA 13 13 

PEgRNA_lac
Z_TAGin 

AATCCCGAATCTCTA
TCGTG 

TCAACCACCTACGCACGATAGAGATTC
GG 

16 13 

PEgRNA_lac
Z_CGdel 

TATGCAGCAACGAG
ACGTCA 

ATGAGCGGCATTTTCTGACGTCTCGTT
GCTGC 

18 14 

PEgRNA_lac
Z_GTtoTAsub 

GCGAGTTGCGTGAC
TACCTA 

ACTGTTACCCGTTAGTAGTCACGCAAC
T 

14 14 

PEgRNA_gal
K_TAAin 

GACAGCCACACCTTT
GGGCA 

GCAGTTTCCTAAATGCCCAAAGGTGT
GGC 

16 13 

PEgRNA_GF
P_312Gdel 

CTATATCTTTCAAAG
ATGAC 

TTGTAGTTCCGTCATCTTTGAAAGAT 13 13 

nsgRNA 
PE3 or PE3b1,10 Space (5’-3’)   
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nsgRNA_GFP
_TAAin 

PE3b AAAGCATTGAACACCttaAT   

nsgRNA_lacZ
_TAGin 

PE3b CctaCGCACGATAGAGATTC   

nsgRNA_lacZ
_CGdel 

PE3 CTGGAGTGACGGCAGTTATC   

nsgRNA_lacZ
_GTtoTAsub 

PE3 CATTAAAGCGAGTGGCAACA   

 
Supplementary Table 5: Whole-genome sequencing-based analysis of escapers from the 
CRISPR-Prime Editing 

Strain 

Recorded mutationsa 
On-plasmids 

On-
chromosome 

pCDF-
GFPplus 

pPEgRNA_GFP_198Tdel 
pCRISPR-PE-
bacteria 

PE0035 0 0 0 0 

PE0036 0 
2 (Pos. 126. -26 bp, the 3 prime 
extension was missing) 

0 0 

PE0037 0 
2 (Pos. 126. -26 bp, the 3 prime 
extension was missing) 

0 0 

PE0038 0 0 0 0 
PE0039 0 0 0 0 
PE0040 0 0 0 0 
PE0041 0 0 0 0 
PE0042 0 0 0 0 

PE0043 0 
1 (Pos. 126. -26 bp, the 3 prime 
extension was missing) 

0 0 

PE0044 0 0 0 0 
PE0045 0 - - 0 
PE0046 - - 0 0 
PE0047 0 - 0 0 

PE0048 0 
1 (Pos. 126. -26 bp, no 3 prime 
extension was cloned) 

0 0 

 
a: the shared mutations were listed here. 
One shared mutation in pCRISPR-PE-bacteria is Pos. 8,584. A43A (GCC→GCA); 
One shared mutation in pPEgRNA_GFP_198Tdel is Pos. 1,146. G→A, intergenic, 
6XHis; 
One shared mutation in the chromosome is Pos. 4,272,972. +T, intergenic. 
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Supplementary Figure 1: Editing accumulates over time of using CRISPR-Prime Editing 
system in E. coli. a. A five-day old induction (200 ng/mL ATc) plate of GFP 1-bp deletion under 
a Blue-Light Transilluminator (Safe Imager 2.0, Thermo Fisher Scientific, US). b. A five-day 
old induction (200 ng/mL ATc) plate of GFP 3-bp insertion under a Blue-Light 
Transilluminator (Safe Imager 2.0, Thermo Fisher Scientific, US). c. The 40x optical view of 
a single colony from b. under a Leica DM4000 B Fluorescence Microscope (Leica 
Microsystems, Germany). d. The 40x GFP fluorescent view of the same colony as c. using the 
same microscope. e. Two of each outgrown colony from a. and b. were Sanger-sequenced. 
The in-figure legend is the same as Fig. 2a. 
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Supplementary Figure 2: A DNA editing of double substitutions by CRISPR-Prime Editing. 
Eight randomly picked colonies of each designed DNA engineering were Sanger sequenced 
and traces were aligned to the targeted locus of GFP coding sequence. The correctly edited 
colony numbers and the total sequenced numbers were shown in red. The in-figure legend 
is the same as Fig. 2a. 
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Supplementary Figure 3: The plasmid map of pVRb_PEgRNA. a. The plasmid map of the 
pVRb_PEgRNA plasmid, which is pSC101 ori, kanamycin resistant, and with a J23119 driven 
sgRNA scaffold. b. The DNA sequence of the J23119-sgRNA scaffold is displayed. The J23119 
promoter sequence is in green, and the sgRNA scaffold is in blue. 
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Supplementary Figure 4: A second nick compromises the application of CRISPR-Prime 
Editing in E. coli. Plates showed the colony formation of transformants. For the one nick 
panel, 50 µl of transformation culture was plated onto appropriate antibiotics supplemented 
LB plates, while for the two nicks panel, 400 µl of transformation culture was plated. Photos 
were taken by a Doc-It imaging station after 24h incubation at 37 °C. 
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Supplementary Figure 5: Long DNA fragments deletion and insertions using CRISPR-
Prime Editing in E. coli. As examples, Sanger sequencing traces of a 23-bp deletion, a 49-bp 
deletion, and a 18-bp (mini-T7 promoter) insertion traces were aligned to the targeted locus 
of GFP coding sequence. The in-figure legend is the same as Fig. 2a. 
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DISCUSSION 
 
When I started working with streptomycetes, I primarily viewed these 
remarkable bacteria as the famous producers of antibiotics. Only later did I 
fully come to realize that viewing streptomycetes only as prolific producers of 
antibiotics falls incredibly short of acknowledging their true potential. A few 
years and a Ph.D. experience later, I now consider streptomycetes simply 
Nature’s greatest chemists, and it is up to us to make the most of that potential, 
which reaches far beyond antibiotics.  
 
It has also been a realization during my Ph.D. just how extensively the world 
around us, and our very human existence, has and continues to be, shaped by 
specialized metabolites. For thousands of years, specialized metabolites have 
improved our human experience, for example in the form of plant extracts. 
However, similar to fermentation, the underlying principles and “active 
ingredients” remained unknown for the majority of this time, and we are just 
now starting to fully grasp all the different ways in which specialized 
metabolites shape environments, microbiomes, and our very selves. In fact, 
we are just starting to be able to understand Nature’s chemical language.  
 
The modern era of specialized metabolites began in the early 20th century with 
the discovery of penicillin. The discovery of streptomycin in 1943, combined 
with the deployed methodology, would subsequently lay the groundwork for 
the “Golden Era” of antibiotic discovery. This period, from approximately 1950 
to 1970, was a defining era for modern medicine and initiated an entire 
research field. The Waksman approach to specialized metabolite discovery is 
still widely used today and defined decades of research on Streptomyces. 
Certainly, these historical roots are why the Streptomyces research field has 
been so heavily biased towards the discovery of antibiotics, and why much less 
attention has so far been paid to other potential application areas.  
 
Nonetheless, the emerging antimicrobial resistance crisis has resulted in 
renewed interest in antibiotic discovery from Streptomyces. However, given 
that traditional approaches have yielded very few antibiotics with novel 
scaffolds within the last few decades, it might be worth questioning, if the same 
decades-old methodologies will allow us to discover and utilize novel 
antibiotics within the required timeframe. Additionally, given the millions of 
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screened isolates over the last 70 years 1, it is a valid question to ask whether 
we have discovered the majority of the “low-hanging fruit” already. Novel 
approaches and methods, enabled by recent technological advances, are likely 
needed to discover the “higher hanging fruit”, and to also utilize the 
biosynthetic potential of specialized metabolites for a much wider range of 
applications.  
 
The speed and throughput of modern sequencing and analysis pipelines has 
resulted in more than a million computationally predicted biosynthetic gene 
clusters (BGCs) 2. While sequencing and prediction of BGCs is a fast and 
streamlined process by now, in contrast, establishing just one BGC-to-
molecule connection in the laboratory can require many months of tedious 
work. Even for a rather small strain collection such as the one in the Natural 
Products Genome Mining group, which consists of approximately 2000 strains 
encoding around 60,000 BGCs, connecting all BGCs to specialized metabolites 
would likely require hundreds of person-years using traditional methods. 
Obviously, this discrepancy is leading to an exponentially widening gap 
between computationally predicted and experimentally validated BGCs. While 
computational predictions can increasingly be used to direct experimental 
work and to ensure time, resources, and money are spent on the most 
promising BGCs, the promise of the entire field ultimately relies on being able 
to deliver molecules in vials. Therefore, our inability to experimentally access 
most of the biosynthetic potential encoded by streptomycetes remains the 
largest bottleneck of the field.  
 
In this context, this Ph.D. thesis aimed to develop advanced CRISPR tools for 
simplified and streamlined engineering of Streptomyces species. CRISPR has 
proven to be a fantastic platform to build advanced genome engineering tools 
on and, as such, is a great starting point for expanding the genome engineering 
toolbox for Streptomyces species.  
 
However, these better tools alone will not suffice to overcome the major 
experimental bottlenecks. It will require tight integration of computational, 
experimental, and analytical methods to achieve significant leaps in the 
exploration and ultimately utilization of the full biosynthetic potential of 
streptomycetes.  
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One widely used framework for this is the Design-Build-Test-Learn cycle, 
which was described in Chapter 2. Using the DBTL cycle, a tighter integration 
of the various stages of the experimental workflow can be achieved. Each stage 
equally depends on the previous one and informs the next stage. Therefore, 
compatibility of the various workflows and methods is of crucial importance. 
In traditional experimental workflows, too often learnings from previous 
experimental iterations are not properly used as a starting point for 
subsequent iterations. Using the DBTL cycle, this problem can be overcome 
and can result in significant improvements in terms of invested time, 
resources, and iterations needed to achieve a desired experimental outcome. 
By feeding machine learning algorithms with structured experimental data, 
designs for the next cycle iterations can be suggested, substantially cutting 
down overall development times 3. By providing an overview of important 
resources for each cycle stage, we were aiming to enable research groups to 
move closer to well-defined and structured DBTL-centered workflows.  
 
However, properly establishing the DBTL cycle for streptomycetes remains 
challenging. The major lack of standardized methods, parts, and plasmids, and 
the complicated biological features such as linear high GC chromosomes and 
filamentous growth, make it difficult to standardize experimental workflows 
and to quickly implement the required changes for the next cycle iteration. 
Furthermore, working with strain collections instead of single species means 
the rather static DTBL cycle might not allow for the needed flexibility in terms 
of experimental and analytical methods.  
 
As a step towards standardized methods and to help other researchers 
establish CRISPR-based engineering of streptomycetes, we published a 
comprehensive protocol for using these tools (Chapter 3). The protocol covers 
all already established CRISPR tools for streptomycetes, including CRISPR-
Cas9, CRISPR-dCas9, and CRISPR-BEST. By sharing these protocols, other 
groups can learn from our extensive experience in CRISPR-based engineering 
of Streptomyces species.  
 
Even with streamlined workflows employing current CRISPR tools, 
engineering cycle times are painfully long and usually low throughput. There 
is an urgent need for tools that allow simultaneous engineering of multiple 
genomic loci to enable high throughput strain engineering.  
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Therefore, we systematically analyzed the scalability of multiplexed cytosine 
base editing, the results of which are described in Chapter 4. Multiplexed base 
editing is a very promising technology paving the way for high throughput 
strain prototyping. This allows strain engineering experiments to fail fast, 
resulting in more rapid iterations of the DBTL cycle, and to ultimately cut down 
strain engineering efforts significantly. We analyzed editing outcomes for 
sgRNA arrays consisting of 9, 18, and finally 28 sgRNAs. By Illumina 
sequencing all mutants, we were able to obtain systematic data about the 
editing performance of sgRNA arrays at various lengths, off-target 
frequencies, and genome-wide consequences of such large-scale base editing 
experiments. We identified key bottlenecks, namely off-target frequencies, 
array instabilities, and editing efficiencies. All these bottlenecks can likely be 
removed or reduced in the near future, paving the way for a truly robust 
technology for high throughput prototyping in non-model organisms.  
 
Given that genes are not deleted but only inactivated through the introduction 
of premature stop codons, there are legitimate concerns that the introduced 
mutations are not stable and will just revert given enough time and 
evolutionary pressure. However, such cases were only rarely observed so far 
(unpublished data). Still, this concern underlines how multiplexed base 
editing might be primarily of interest for prototyping and identifying 
promising gene knockout targets for strain engineering.   
 
Therefore, other tools are required to construct stable strains. So far, Cas9 
based tools were most widely employed for these purposes. However, Cas9-
based toxicity, as well as low efficiency in some strains have hindered 
widespread and streamlined application 4–6. To overcome these limitations, we 
developed a new tool called pCRISPR-Cas3 based on a minimal type I-C CRISPR 
system (Chapter 5). Using this tool, we achieved superior deletion efficiencies 
compared to Cas9 and demonstrated streamlined genome engineering in 
multiple Streptomyces species. Construction of a new expression host was 
possible within a few months using pCRISPR-Cas3, demonstrating how highly 
efficient tools can streamline strain engineering projects and cut down 
development times significantly. Application of pCRISPR-Cas3 in other 
undisclosed non-model strains also resulted in very encouraging results, 
highlighting how type I CRISPR systems might generally be better suited for 
genome engineering of streptomycetes.  



Chapter 7 ½ Discussion & Outlook 
 

276 

Even though the initial system proved to be very useful, further improvements 
could be implemented. For example, while the developed method for 
protospacer cloning works reliably, it is difficult to use this method for library-
based approaches. Given the processivity of Cas3, pCRISPR-Cas3 is a very 
promising tool for random-sized deletion library generation. In this context, 
running genome-scale random-sized deletion experiments would be very 
interesting. Therefore, improved, library cloning compatible methods for 
integration of protospacers between the two repeats would allow expanding 
the potential applications of pCRISPR-Cas3. Furthermore, the function of 
Cas5, which is the same as that of Csy4 from Chapter 4, allows multiplexing of 
protospacers without further modifications of the plasmid system. Given the 
recombinogenic nature of the overhangs created by Cas3, Cas5 might enable 
efficient multiplexed genome engineering, even of unstable Streptomyces 
genomes. Nonetheless, the established pCRISPR-Cas3 system already adds 
important functionalities to the Streptomyces CRISPR toolbox and will likely 
become a new platform on which new methods can be built.  
 
In Chapter 6, we reported the development of the first CRISPR-Prime tool for 
genetic engineering of E. coli. CRISPR-Prime is a very promising technology 
allowing the modification, deletion, and insertion of small sequences without 
the need to introduce double-stranded breaks. This is highly interesting for 
many bacterial species, but especially for species which cannot tolerate double 
strand breaks easily, such as E. coli and Streptomyces species. The potential 
applications of CRISPR-Prime editing are manifold, but among the most 
promising ones are promoter knock-ins, the introduction of complex 
mutations (e.g. in active sites), or the addition of integration sites. 
Furthermore, several tools have recently been developed based on CRISPR-
Prime editing (such as twin prime editing or PASTE), which allow the targeted 
integration of large specified sequences 7,8. The development of a CRISPR-
Prime tool for E. coli served as a first stepping stone towards adapting the 
system for Streptomyces. However, the system for Streptomyces still needs 
significant optimizations before it can be used as a routine tool. Likely, our 
poor understanding of the DNA repair machinery in Streptomyces, as well as of 
the factors required to achieve successful prime editing, contribute to the 
observed difficulties. Coexpression of beneficial or auxiliary cellular 
components identified in mammalian cell lines might aid prime editing in 
Streptomyces. Furthermore, incorrect folding or assembly of the prime fusion 
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complex could also explain why prime editing has so far not been successful 
in Streptomyces. Splitting the fusion complex into individually expressed 
components might result in valuable insights 9. Adapting CRISPR-Prime 
editing for Streptomyces will likely open up an entirely new suite of applications 
and methods, greatly advancing our genome engineering capabilities.  
 
Taken together, this thesis expanded the CRISPR toolbox for Streptomyces, 
provided important resources to guide CRISPR-based metabolic engineering 
of streptomycetes, and laid the groundwork for next-generation CRISPR-based 
engineering of streptomycetes.  
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OUTLOOK 
 
We are amid a planetary crisis due to accelerating climate change and 
biodiversity loss. Most human activities by now exceed the planetary 
boundaries, putting incredible pressure on the few remaining intact 
ecosystems. This will have far-reaching consequences for almost every aspect 
of modern life 10. With both accelerating climate change and a growing 
population, the scale and significance of these crises will only increase in the 
decades to come. 
 
For example, habitat loss and climate change increase the chances of more 
frequent pandemics 11. Rising temperatures have been linked to an increased 
spread of deadly fungal infections 12. Food insecurity will increase due to rising 
temperatures, extreme weather events, and biodiversity loss, especially as 
current agricultural methods put enormous pressure on already strained 
ecosystems. At the same time, antimicrobial resistance is spreading, due to 
overuse in animal husbandry, inadequate stewardship, and a dried-up R&D 
pipeline for novel antibiotics. Without intervention, antimicrobial resistance 
has been predicted to cause just as many deaths as cancer by the year 2050 13. 
Cancer on the other hand will increase in prevalence given an increasingly 
senior population 14.  
 
For many of these problems, the most effective short-term solutions involve 
adequate political actions, but long term, many new scientific and 
technological solutions are needed to ensure decent living conditions for the 
generations to come.  
 
In this context, the soil beneath our feet might hold answers to many of these 
pressing issues. From new antibiotics and antifungals, biologicals for 
agriculture, novel anticancer drugs, antivirals against future pandemics, to 
molecules for more sustainable chemical production, all of these might be 
already present within Nature’s biosynthetic treasure chest.  
 
To overcome the experimental bottlenecks and to ensure the biosynthetic 
potential of streptomycetes can contribute urgently needed solutions, much 
more systematic approaches are needed, based on stronger standardization of 
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workflows and tools, increased reproducibility, as well as stronger 
interoperability.  
 
Experimentally, I see reproducibility, standardization, and modularity, scale 
(automatization & high-content experiments), and expanded screening 
platforms as the most pressing issues ahead.  
 
Streptomyces are incredibly sensitive to changing parameters. Plenty of 
anecdotes circulate telling stories of the immense difficulties of getting strains 
to reliably produce specific compounds, to grow reliably in certain 
morphologies, or to conjugate strains with robust efficiencies. Many of these 
issues are at their core an issue of lacking reproducibility, in many cases due 
to many different experimental methods and schools of thought, high 
variations in experimental parameters, and experimental setups with 
generally little parameter control. This makes it both very difficult to 
reproduce results, and to draw the right conclusions from experiments.  
 
Modular vector systems and standards, which the community can keep 
expanding, are urgently needed for Streptomyces. This is also part of a general 
lack of proper synthetic biology methods and standards for Streptomyces. While 
one modular plasmid system has previously been described 15, plasmid 
systems such as pSEVA16 have yet to be developed for streptomycetes. The lack 
of such a community-driven plasmid-base is severely limiting the number of 
strains that can be efficiently engineered. We cannot expect to efficiently 
engineer entire strain collections based on single plasmid systems.  
 
Automating workflows remains challenging, primarily due to the filamentous 
growth of most streptomycetes. While important work is ongoing that focusses 
on expanding the usability of automated systems for Streptomyces research, a 
long road ahead remains. Tasks such as colony picking will require extensive 
adaptation of current automated workflows, if not entirely new solutions.  
 
Therefore, library-based and high-content experiments are very promising 
approaches slowly being adapted for Streptomyces research. These kinds of 
experiments usually do not require extensive automation to generate vast 
amounts of data and can easily be coupled to specific selection criteria to 
reduce experimental complexity. Once more widely applied, such 
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experimental approaches will rapidly expand our knowledge of Streptomyces 
genetics and of the underlying factors governing the production of specialized 
metabolites.  
 
To deal with the incredible number of cryptic BGCs, emphasis should be put 
on experimental methods that can be scaled robustly. Unfortunately, this is 
not currently the case for most of the methods used to experimentally 
characterize silent or cryptic BGCs. Ideally, such methods do not require 
extensive a priori knowledge, and the information obtained from whole 
genome sequencing should suffice to inform expression experiments.  
 
Furthermore, while millions of isolates were screened within the last 70 years, 
the majority of these were screened for antibiotic activity. However, the 
structural complexity of specialized metabolites confers a much wider array of 
bioactivities. Widening screening approaches to not just include antibiotic 
activity tests, but also assays for potential anticancer-, plant growth-
promoting-, or antifungal-activity represents a rather straightforward 
approach to increase the utility and hit rate of specialized metabolite discovery 
research. By employing multidimensional screening platforms, the hit rate 
for novel lead compounds can likely be increased dramatically.  
 
These are very exciting times, when computational, experimental, and 
analytical methods are all slowly coming together in a truly synergistic way. 
Computational platforms are increasingly allowing us to ask the right 
questions, better molecular biology tools allow us to engineer streptomycetes 
more efficiently, and constantly improving analytical chemistry methods 
allow us to decipher the complex metabolomes of these strains.  
 
We may soon be able to systematically study and explore the vast dark 
biosynthetic matter of evolutionarily optimized specialized metabolites. This 
will rapidly expand our access to urgently needed solutions, while also 
expanding our understanding of the complex hidden world that is all around 
us.  
 
A world that is worth preserving.  
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