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Characterisation and engineering of prokaryotic innate and adaptive immune 

systems  

 

Santiago Caetano López 

 

ABSTRACT 

For the past 3.7 billion years, Earth has been the setting of perhaps the grandest 

and still ongoing genomic, evolutionary and ecological experiment: the war between 

bacteria and their viral parasites. Given the unfathomably large global viral and bacterial 

reservoirs, the former outnumbering the latter at a ratio of 10:1, it is estimated that viral 

transductions happen in the order of 2 x 1016 times per second. A sizeable fraction of 

these infections leads to prokaryotic death, and the subsequent estimated daily turnover 

of 15% of Earth’s biomass. However, bacteria have not stood around idly: they have 

developed weapons of their own to fend against their viral invaders, in the form of immune 

systems. 

Over the course of evolutionary history, bacteria have developed multiple lines of 

defence to fend off infections, in the form of innate and adaptive immune systems. These 

immune systems, in turn, have been domesticated by researchers to develop novel 

biotechnological tools. Chapters 2 and 3 of this dissertation detail the repurposing of one 

of these innate immune systems, the bacterial retron, for precise genome editing in 

human cells, and its further engineering to enable multiple precise edits on individual 

genomes across the tree of life.  



 

 x 

Chapter 4 presents a study of the only known bacterial adaptive immune system, 

the CRISPR-Cas defence system. There, I attempt to discover novel host factors required 

for CRISPR adaptation, the process by which bacteria create immune memories of 

infection, and characterise SspA as a novel transcriptional regulator of the process. 

Taken together, this dissertation contends that bacterial immune systems are 

inseparable and cannot be properly understood in isolation of their cellular contexts, and 

argues for a more systems-biological understanding of their regulation and 

embeddedness within broader cell metabolism. 
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Chapter 1 Introduction 

As Engels presciently proposed in his unfinished Dialectics of Nature1, much of the 

natural world can be understood through the lens of revised Hegelian dialectics, which 

are concerned with "the most general laws of change and development in nature, society 

and thought"2. Dialectics brings forward, to quote Stephen Jay Gould, “a holistic vision 

that views change as interaction among components of complete systems, and sees the 

components themselves ‘…’ as both products and inputs to the system”3. One such 

natural system, and a major force shaping global ecosystems4, is the ongoing conflict 

between prokaryotes and their viral predators (bacteriophages, or phages). These two 

parties exist in an intimate state of interdependence. Their warfare can be seen as a 

dialectical process. First, it encompasses the deep interdependence of both actors as 

“interpenetrating opposites”. Second, as Engels noted when referring to the evolved 

quasi-symbiotic relationship between plants and animals, “the negation of the negation 

really does take place in [both kingdoms of] the organic world”5; in our case, prokaryotes 

and viruses alternate the upper hand at different points in history, without reversal to prior 

geno- or phenotypic states. Lastly, the accumulation of mutations and other minute 

modifications in either prey or predator crystallises into a qualitative innovation, to 

temporarily best their adversary: in turn novel defence systems created the prokaryotes, 

and offence or anti-defence systems invented by the viruses. 

 It is this latter case of alternating prokaryotic and viral innovations to claim the 

upper hand that this dissertation is concerned with. It has been estimated that, given the 

unfathomably large global bacterial and viral reservoirs, viral transductions happen in the 

order of 2 x 1016 times per second6. A sizeable fraction of these infections lead to 
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prokaryotic death, and the subsequent estimated daily turnover of 15% of Earth’s 

biomass4,7. However, prokaryotes have developed weapons of their own to fend against 

their viral invaders, in the form of immune systems. 
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1.1 Prokaryotic immune systems 

Studies of marine viral particles have estimated that these outnumber their 

bacterial counterparts at a ratio approaching 10:18. Thus, it is unsurprising that bacteria 

have developed multiple lines of defence to fend off infections7,9. In many ways, these 

defence lines mirror the steps that viruses perform to infect and take over their hosts, 

ranging from attachment to the bacterial cell wall10 to appropriation of the bacterial nucleic 

acid pool for their own metabolism and replication. Correspondingly, bacteria have 

evolved a range of innate defences, ranging from modifications to their cell wall11,12 to 

depletion of intracellular nucleotide levels13,14 and degradation of phage nucleic acids15. 

If these are insufficient to prevent infection, altruistic Abi systems induce cell suicide, 

preventing phage multiplication and escape16. These systems, along with a wealth of 

recently discovered new systems, form the core of prokaryotic innate immunity. 
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1.2 Prokaryotic innate immunity 

Avoiding phage entry 

 Bacterial escape from viral destruction was described a century ago in experiments 

that, mirroring those still performed today in modern laboratories, consisted simply of 

mixing different ratios of bacteria and viruses, and counting the number of bacteria that 

survived the encounter, isolating these survivors, and attempting to isolate the resistance 

factor17,18. Researchers observed a population of resistant bacteria that arose 

consistently after phage challenge and hypothesised that resistant bacteria were a result 

of mutations in sensitive cells, independent of the viral challenge; and further, observing 

that “physiological changes” (or, phenotypic changes, such as colony morphology) 

sometimes correlated to resistance, suggested that changes in bacterial surface 

structures could be a mode of viral resistance17,18. Since then, studies have confirmed 

these initial phenotypically-driven observations, uncovering the mechanisms of phage 

adsorption on cell surface receptors and bacterial resistance mechanisms to prevent this, 

such as missense mutations to the phage receptor11,12,19–23, flagellum24, pili25 and 

fimbriae24,26–30 genes. The molecular details underpinning these phenotypic changes are 

also diverse, and include genomic rearrangements mediated by site-specific 

recombination28–30, slipped-strand mispairing of repetitive sequences during DNA 

replication31,32 and epigenetic modifications through DNA methylation33. 

 

Restriction-Modification (R-M) systems 

 A few years after the discovery of phage restricting bacteria, it was discovered that 

restriction endonucleases, present in the bacteria, provided their host with immunity to 
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phage infection34,35. Interestingly, the term “restriction” arises from the observation that 

there are bacterial factors that restrict the growth of phages in these cells34; it was only a 

few years later that enzymes, in the form of “highly specific ‘restriction enzyme’”35 were 

proposed as DNA targeting and modifying agents underpinning the restricting 

process15,35–38. Soon after the identification of restriction enzymes, it was suggested and 

confirmed that host modification (and thus immunity to self-restriction) was a result of host 

DNA modification in  the form of nucleotide methylation15,39–41. Those systems were thus 

baptised Restriction-Modification (R-M) systems, and they are an essential line of defence 

against phages19,20. They are now canonically known to be composed at minimum of two 

genes, one encoding a sequence-specific restriction endonuclease (R) and a DNA 

methylase (M) responsible to methylating the endogenous genome to protect if from self-

cutting. Incidentally, it did not escape some researchers’ attentions that phages could also 

co-opt these DNA modification strategies to escape restriction42, foreshadowing the 

discovery of phage-encoded host defence evasion mechanisms a few decades later.  

 At this point in the mid 1970s, it was beginning to dawn on biologists that the 

bacterial-phage arms race was not only a realm for the fundamental microbiologists (and 

often biophysicists or reformed physicists, such as Max Delbrück and Seymour Benzer), 

but also a treasure trove of novel tools to advance research in molecular biology15. The 

1978 Nobel Prize in Medicine was thus awarded to Werner Arber, Dan Nathans and 

Hamilton Smith, for the discovery of “restriction enzymes and their application to problems 

of molecular genetics”. 
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Retrons 

 About a decade later, Masayori Inouye’s at SUNY Stony Brook group made a 

surprising discovery. While mapping polymorphisms between isogenic strains of 

Myxococcus xanthus by digesting their chromosomal DNA with restriction enzymes 

followed by gel electrophoresis43, they observed very stable single-stranded DNA of 162 

bases long, existing in high copy number, 500-700 copies per cell: they called it msDNA 

for multicopy single-stranded DNA44. Further study of this short satellite DNA revealed 

that it was branched to an RNA molecule through a 2-5’ phosphodiester linkage, resulting 

in a covalently bound msDNA-RNA duplex, with double-stranded structures of DNA and 

RNA at their respective 3’ ends45,46. Incredibly, they also found that an operonically-

encoded reverse transcriptase (RT) was required for the synthesis of msDNA, showing 

for the first time the existence of RTs in bacteria47–49.  These genetic elements were called 

retrons43, and subsequently discovered and characterised in E. coli50 and several other 

bacteria. The mechanism for msDNA production is as follows: the retron operon encodes 

an RNA that encodes for both the RT and a structured non-coding (untranslated) RNA. 

The RT recognises conserved regions of this structured RNA and partially reverse 

transcribes it into DNA, forming the aforementioned 2-5’ linkage between the msDNA and 

RNA template.  

The cellular function of the retron remained elusive for the next three decades, 

until in 2020, studies from three independent groups reported that retrons are toxin-

antitoxin systems that confer phage resistance to bacteria by mediating an Abi 

response51–53. More recently, the structures of some retron RTs in complex with their 

ncRNAs and accessory effector proteins were solved54,55, providing further support for 
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their proposed physiological role. The current model, at least for Retron-Eco1, is that in 

the absence of phage, the msDNA acts as an antitoxin by stabilising filaments of Retron-

Eco1 to cage and neutralise the N-glycosidase effector. Though the exact events that 

trigger Retron-Eco1 activation as a result of phage infection remain unclear, it appears 

that activation of the retron leads to NAD+ depletion through phage sequestration or 

otherwise modification of the msDNA: this would likely impact host and phage 

metabolism, resulting in cell arrest and Abi55.  

 

Abortive Infection (Abi) systems 

Thus, as of 2020, retrons became part of the growing set of systems enabling Abi 

mechanisms. As illustrated by Retron-Eco1, Abi systems are composed of at least two 

modules: a sensor of phage infection, and effector that causes to cell toxicity through 

multiple pathways16,55,56, and either cell metabolic arrest or death. In terms of infection 

sensing, Abi systems have been reported to sense intermediates of phage genome 

replication57 and transcription58,59, as well as phage protein expression60–62. 

Some effectors, like the retron N-glycosidase effector, deplete the intracellular pool 

of NAD+; this is also the case in the Thoeris system63,64 and in some toxin-antitoxin65. 

Other effectors cause cell death by cause membrane degradation (e.g. CBASS66,67) or 

depolarisation (e.g. Rex68) or degradation of host DNA69, tRNAs70, or mRNAs59.  

 

Studies of bacterial immunity in the modern age 

Arguably the most important breakthrough in recent years has been the adoption 

of high-throughput computational and experimental approaches to mine metagenomic 
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and metatranscriptomic databases, which has jump-started the current wave of 

discoveries of novel anti-phage defence systems – a wave which proceeds at a frantic 

pace. This began with an observation by Kira Makarova in Eugene Koonin’s group, who 

noted that defence-associated genes tend to cluster together, in what they called “defence 

islands”71. Indeed, one solution to the fitness trade-off between the benefits of encoding 

multiple lines of anti-phage defence vs. the burden (e.g., autoimmunity) of encoding these 

defence systems is to cluster them together and mobilise them on short evolutionary time-

scales. It should be noted that a different yet complementary solution to this trade-off has 

been proposed in the form of a bacterial pan-immune system, where the available 

defence arsenal exists as a shared resource for a population of bacteria, rather than by 

individual cells – no strain encodes all systems, but as they exist as a part of a population, 

the “pan-genome” contains all of the immune reservoir needed for survival of the 

population, thus offsetting the individual cellular burden of carrying multiple systems while 

keeping them readily available by horizontal gene transfer72.  

In any case, the concept of defence islands led to the realisation that these genetic 

regions also happened to be enriched for uncharacterised but highly conserved gene 

clusters: their existence within defence islands, in proximity to known defence systems, 

were enough evidence to propose these to be novel bacterial immune systems.  

With these conceptual tools, Rotem Sorek’s group pioneered computational mining 

of genomic databases using defence island “guilt-by-association”, paired with protein 

domain predictions and gene cluster conservation analyses, to predict the existence of 

new defence systems within defence islands. This approach and variations on this initial 

theme, paired with deployment on larger metagenomic databases, has proven fruitful, 
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enabling the discovery of a wealth of previously unsuspected anti-phage defence 

systems51,73–79.  

While the particulars of these newly discovered systems have been reviewed 

elsewhere20,72,76,80–82, it is perhaps worth nothing four lessons from these discoveries. 

First, the increasing availability of curated, large datasets of metagenomes and 

metatranscriptomes, coupled with developments in computational packages to query 

these databases83 has uncovered structural and functional conservation between these 

“ancestral” immune components and those found in eukaryotes (including, but not limited 

to Argonautes, Viperins84, and TIR domains). Consequently, the concept of immune 

modules was coined to describe the conserved immune building blocks that recur across 

the tree of life85. 

Second, the aforementioned analysis of vast amounts of meta- & pan-genomic 

data has suggested that there exist some broad rules for the genomic organisation, 

distribution and functional hierarchisation of defence systems86. Defence systems do not 

distribute randomly across genomes: rather, they tend to co-occur with mobile genetic 

elements74, occurring in modular and extensive modules that allow exchange of immune 

modules85,87. In terms of hierarchisation, bacteria have a tendency to encode first and 

second lines of defence: the first line is typically R-M and CRISPR-Cas, while the second 

line is often of the Abi type16.  

Third, while these immune modules appear to be modular and independent of 

other defence systems encoded in the hosts’ main or accessory genomes (current 

estimates are that prokaryotes encode on average 6 anti-phage systems per genome86), 

there is mounting evidence for cooperation and synergy between anti-phage defence 
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systems encoded in single bacteria88,89. This, in turn, raises the issue of regulation and 

coordination of these defence systems, which has long been recognised to be an open 

issue in the field88,90. 

Lastly, while novel anti-phage defence systems are being reported and 

characterised at a dizzying pace (more than a hundred and counting76), we are more than 

certainly under-sampling the true depth of what Nature has created91. Deeper sampling 

& sequencing efforts, paired with re-thought computational algorithms, are sure to 

uncover biology of beauty and beauty such that we could not begin to dream of designing 

ourselves92. 

 

       

 

In 1987, while Masayori Inouye’s group was hard at work on characterising the M. 

xanthus retron, Atsuo Nakata’s group reported another strange observation. They found 

“an unusual structure [found] in the 3’ end flanking region of iap”93, where they noticed 

that “[F]ive highly homologous sequences of 29 nucleotides were arranged as direct 

repeats with 32 nucleotides as spacing.”93 They noted finally that “no sequence 

homologous to these has been found elsewhere in procaryotes, and the biological 

significance of these sequences is not known.”93 It would take another twenty years for 

the function of these mysterious sequences to be elucidated, and for researchers to 

reveal that are an essential component of the second arm of prokaryotic adaptive 

immunity, CRISPR-Cas. 
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1.3 Prokaryotic adaptive immunity 

CRISPR-Cas is the sole member of the bacterial adaptive immune system family. 

As the history of the discovery and characterisation of CRISPR-Cas is now a matter for 

the history books and has been extensively reviewed elsewhere94–96, this section will 

describe the phylogeny and classification of CRISPR-Cas systems, followed by an outline 

of the core principles underlying CRISPR-Cas adaptation. For further phylogenetic and 

evolutionary perspectives, readers are directed to the excellent work of Kira Makarova 

and Eugene Koonin97. 

 

A primer on CRISPR 

CRISPR-Cas functions as an adaptive immune system in bacteria and archaea, 

mediating sequence-specific immunity against viruses and mobile genetic elements. It 

does so by using captured short nucleic acid sequences, derived from these invaders, 

stored as immune memories into clustered, regularly interspaced, short palindromic 

repeats (CRISPR) loci. Immune memories function as complex with Cas proteins in 

ribonucleoprotein-mediated interference with foreign nucleic acids98–125.  

At the core of this defence system lies the CRISPR array, composed of alternating 

endogenous short Repeats and spacer sequences acquired from mobile genetic 

elements, typically phages or plasmids, by Cas proteins during a process known as 

CRISPR adaptation102. The array is then transcribed as a long RNA precursor, and further 

processed into small CRISPR RNAs (crRNAs) by Cas proteins, with each crRNA 

containing a spacer and part of the Repeat sequence101,123. Thus, crRNAs contain both a 

structural element for complex formation with Cas effector proteins and the spacer 
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sequence which directs the Cas-crRNA ribonucleoprotein complex to the nucleic acids of 

the invader carrying the complementary sequence. crRNA binding induces the formation 

of an active CRISPR interference complex, which then scans the genomes for the 

complementary spacer sequence. If matching occurs and the sequence of the match is 

flanked by a protospacer adjacent motif (PAM, see below), the complex can either cleave 

the target sequence or recruit additional effectors to carry out more generalised nucleic 

acid destruction of host and invader114. This process is known as CRISPR 

interference124,126. 

 

An impossibly terse phylogeny of CRISPR-Cas systems 

CRISPR-Cas systems are thus characteristically composed of a CRISPR array 

and Cas proteins, organised in loosely-defined modules, which in turn participate in 

CRISPR adaptation and interference. The broadest categorisation of CRISPR system 

relies on the type of Cas effector complex utilised in CRISPR-Cas defence: Class 1 

systems harness a multi-subunit effector complex, while Class 2 systems are known for 

their single-subunit effector protein97,127. In turn, within each class, a myriad of CRISPR-

Cas system types and subtypes exists, and this categorisation relies on the presence of 

a unique signature protein: as of this writing, CRISPR-Cas Class 1 systems are 

recognised to contain Types I, III and IV, totalling 16 subtypes127. Type I systems use the 

multi-subunit effector complex Cascade (CRISPR-associated complex for antiviral 

defence), in association with the nuclease Cas3, to identify, target and destroy the 

invading DNA. Subtypes within Type I systems vary in their cas gene order and 

composition (e.g., absence/presence/fusions of cas4). Type III systems also perform 
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CRISPR interference using a multi-subunit effector complex, though in contrast with Type 

I systems, Cas10 proteins are harnessed to form Csm (Type III-A) and Cmr (Type III-B) 

effector complexes that recognise nascent RNA transcripts, leading to nicking of the 

transcribed DNA, induction of cyclic oligoadelynate by Cas10, and ultimately activation of 

unspecific RNAse activity of Csm659,128–130. This RNAse activity degrades both host and 

invader RNA, inducing host Abi response59,128–130. CRISPR-Cas Class 2 systems include 

Types II, V and VI, which encompass 17 subtypes127. Class 2 system effectors are Cas9 

in Type II, Cas12 in Type V and Cas13 in Type VI: these effectors differ in their nuclease 

domain composition, nucleic acid target preference, and strand targeting 

mechanisms114,131–133. 

Setting aside the field-specific jargon, two interesting observations emerge from 

the phylogeny of CRISPR systems: first, degree to which these CRISPR adaptation and 

interference modules overlap and subsequently functionally interact remains unclear, as 

it has recently been reported that components of the CRISPR adaptation module may 

play important roles in the interference process134,135, and conversely, reports have shown 

that effector Cas proteins aid the adaptation Cas proteins in spacer selection in some 

CRISPR systems136. Second, the identification of cas gene-lacking CRISPR systems has 

been reported. Although initially puzzling, subsequent experimental characterisation of 

these systems has uncovered cellular functions for CRISPR systems beyond adaptive 

immunity, including gene regulation, virulence, signalling, and mobilisation of other 

genetic elements137,138. Examples include the co-optation of nuclease-deficient Type I-F 

systems by some transposons for RNA-guided integration139–141, and the loss of virulence 

upon loss of Type II effectors in diverse bacterial species142–144.  
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CRISPR adaptation 

Despite the high diversity of CRISPR-Cas effector Cas proteins, accessory factors 

and, by extension, mechanisms mediated by these complexes, the CRISPR adaptation 

module responsible for the acquisition of new spacers is conserved across nearly all 

CRISPR systems97,127. At the core of CRISPR adaptation is a protein complex formed by 

Cas proteins Cas1 and Cas2, called the Cas1-Cas2 integrase complex. Some CRISPR 

systems contain additional accessory proteins or Cas-fused domains that enhance or 

extend the functionality of the integrase complex: two notable examples are RT-Cas1 

fusions that enable integration of RNA spacers145–148, and DnaQ-like domains that assist 

in spacer trimming and directional spacer integration149,150, though it is likely that many 

more remain to be characterised151. Studies spanning the past decade and a half have 

shed light on the mechanisms underpinning spacer acquisition, as well as some of the 

key host factors that enable the Cas1-Cas2 integrase complex to update the immune 

memory bank108,149,152–160.  

The molecular mechanisms of CRISPR adaptation have been worked out most 

extensively for the E. coli Type I-E system, and these will be outlined below; differences 

with other CRISPR systems will be noted. The preferred substrate of the CRISPR Cas1-

Cas2 integrases appear to be double-stranded DNA fragments153. These are produced 

by foreign DNA degradation, helicase-nuclease enzymatic complexes of the RecBCD 

complex161, AddAB162, or the CRISPR-Cas effector complex in a process called primed 

adaptation98,163,164, as well as from the replicating bacterial and phage genomes165. 

Before a spacer can be integrated into the CRISPR array, it must undergo trimming by 

Cas4166, DnaQ167 or other host exonucleases168, generating free 3’ OH groups required 
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as substrates for spacer integration149,167. In Type I systems, though the integrase 

complex shows intrinsic affinity for the Leader-Repeat junction of the CRISPR array in 

vitro153,169, in vivo activity necessitates the Integration Host Factor (IHF)170–173, which 

accommodates the integrase complex by generating a bend in the Leader sequence that 

allows it to form stabilising contacts with the DNA170,172. In contrast, Type II systems 

generally lack IHF, and are thought to rely on intrinsic sequence specificity for the Leader-

Repeat junction98,169,174. After the CRISPR integrase complex docks at the CRISPR array, 

it catalyses two consecutive nucleophilic attacks, adding a new spacer at the Leader-

Repeat junction152,158,172,174–177. The two nucleophilic are catalysed by the catalytic Cas1 

subunits of the Cas1-Cas2 integrase complex between the free 3’ OH residues of the 

captured prespacer and the Leader-adjacent and Leader-distal end of the first repeat (first 

and second nucleophilic attacks, respectively, in Type I systems; the order of the 

nucleophilic attacks is reversed in Type II systems)98,178. This process generates 

staggered double-strand breaks at either end and on opposite strands of the Repeat, 

which are presumably repaired by host polymerases, either in coordination with genome 

replication or transcription158. The outcome is a duplication of the Repeat and an 

expanded CRISPR array. 

 

PAMs, or one way to avoid self-immunity 

Given that the crRNA generated by transcription of the CRISPR array matches the 

DNA sequence of the CRISPR array and would lead to self-targeting, prokaryotes have 

added an additional sequence requirement to avoid self-immunity. Indeed, genome 

cleavage by effector complex from CRISPR-Cas systems that target DNA require that the 
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target DNA contain a protospacer adjacent motif (PAM) flanking the spacer106,109,111,179. 

Thus, PAM-based target discrimination helps cells avoid accidental recognition and self-

targeting of their CRISPR array by the CRISPR effector complex. In Type I-E systems, 

the PAM also provides directionality to spacer integration by biasing the first nucleophilic 

attack to occur Leader-adjacent98,178,180: PAM trimming takes place after the first 

nucleophilic attack, and is mediated by either Cas1 or an accessory adaptation 

protein98,178,180. Finally, some CRISPR adaptation modules have evolved PAM selection 

via their effector complexes (e.g. Cas9) or accessory Cas proteins such as Cas498,178,180.  
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1.4 Engineering prokaryotic immune systems 

 Although the first prokaryotic immune to be repurposed for biotechnological uses 

is the R-M system, with restriction enzymes still playing an immense role in run-of-the-

mill laboratory settings, the current paradigm permeating biological research is that of 

harnessing CRISPR-based tools for genetic manipulations and perturbations. This has 

blazed the trail for fundamental discovery and holds considerable therapeutic promise. 

Arguably the most utilised of these tools is the S. pyogenes interference effector protein 

Cas9 (SpCas9), which when paired with a single guide RNA (sgRNA)114, can induce RNA-

guided, targeted double-stranded DNA breaks181 – perhaps the most well-known early 

breakthrough application of this technology was human cell line editing182–184. Since then, 

a number of technologies have emerged as additional entries in the growing 

biotechnological toolset, spanning from potent, genome-wide transcriptional activators 

and repressors to CRISPR-associated transposon-mediated large cargo insertion in 

human cells. This section will briefly outline some of these tools and offer a comment on 

what lies ahead.  

 

CRISPR-Cas9 genome editing 

 Genome editing, which encompasses precise elimination, replacement, or 

modification of sequences within a genome, holds significant potential for diverse 

fundamental and practical uses. SpCas9-induced double-strand breaks (DSBs) in the 

genome can lead to a variety of outcomes, depending on the DNA repair pathway 

selected. Initial reports of SpCas9-mediated editing harnessed its precise targeting ability 

to perform both non-homologous end-joining (NHEJ)-caused knock-outs of genes and, 
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by co-delivering an editing template containing a donor DNA fragment sharing homology 

to the target loci, precise edits by homologous recombination (HR) in human cells182–190, 

with rapid scaling from single loci to genome-wide knockout screens191,192. Beyond human 

cells, SpCas9 was quickly adopted as a workhorse editor as well, with proof-of-concept 

studies in other model organisms such as C. elegans193–195, Drosophila196,197, 

zebrafish198–200, Xenopus201,202, mice203–205, a variety of plants206–209, as well as yeast210 

and bacteria211.  

 Even at this early stage it began clear that SpCas9’s targeting capabilities were a 

double-edged sword: on one hand, it was a wonderful tool to cleave DNA, but without the 

appropriate DNA repair pathway harnessed, precise edits were plagued and far 

outnumbered by insertions or deletions (indels)188,189. One solution that researchers found 

was to deactivate one of the cutting domains of SpCas9, turning it into a nickase 

(nCas9)114,182 – the enzymatic activity of nCas9 avoids the formation of DSBs and 

appeared to stimulate HR DNA repair in human cells183,184,189. This nCas9 philosophy was 

later revisited in further iterations of Cas9-based technologies, such as prime editing. 

 While SpCas9 remains by far the most widely used CRISPR effector for genome 

editing, its large size (4107 nucleotides) poses formidable challenges for delivery. Thus, 

in recent years, the massive increase in publicly available genomic sequences has fuelled 

the discovery of countless SpCas9 homologues: the criteria was to search for and 

characterize Cas9 enzymes that are highly active, have simple PAM requirements, low 

off-target cleavage rates, and are compact enough to be packaged into viral capsids212. 

Several novel variants have been found and some characterised151,213–216, though most 

have yet to be engineered for mammalian cell applications. Other attempts to minimise 
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SpCas9 and increase its PAM range have involved high-throughput screens217–219, 

structural-guided mutagenesis220,221, directed evolution222,223 and protein 

engineering224,225.  

Cas nucleases can initiate HDR using double-stranded DNA (dsDNA) or single-

stranded DNA (ssDNA) donor templates, but especially in higher eukaryotes, have a 

tendency to cause a large fraction of undesired edits at the target site through NHEJ-

mediated DNA repair rather than HDR226. Strategies to enhance HDR efficiency include 

inhibiting proteins involved in nonhomologous end-joining, utilizing small molecules, gene 

silencing, or overexpressing proteins known to promote HDR pathways227–236. However, 

implementing these strategies in vivo remains challenging. Besides the described DNA 

repair pathways, DSB formation can also result in unintended genomic alterations like 

translocations, large deletions, and activation of cellular responses such as p53 

signalling237–240. Various enhancements to HDR techniques include optimizing DNA donor 

template designs, ensuring colocalization of donor DNA with nuclease-induced DSBs, 

synchronizing cell cycles, or employing adeno-associated virus (AAV) genomes as donor 

templates, all of which can improve editing efficiencies234,241–252. Despite these 

advancements, indels continue to predominate in edited products initiated by Cas 

nucleases, particularly in non-dividing cells226. 

The paradigm of fusing domains or entire proteins to Cas9 for arbitrary site-specific 

activity conferred by the fused domain was widely recognised as a potentially significant 

tool in itself. Indeed, despite lack of hindsight at the time, it was already hypothesised that 

these could generate powerful epigenetic modifiers, which became a reality only a couple 

of years later253–257. The idea of Cas9 fusion proteins also contributed to the genesis of 
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the most recent generation of genome modifying tools, notably base and prime editors, 

which are discussed below. 

 

Cas9-mediated sequence-specific control of gene expression 

  In addition to Cas9’s ability to cleave DNA, it was discovered that targeting a 

nuclease-inactive Cas9 (i.e., having both of its catalytic domains inactivated) to a genomic 

location could influence local transcriptional activity at that locus258,259. Cas9’s influence 

would generally lead to transcriptional repression, due to Cas9 sterically interfering with 

RNA polymerase access to promoter regions (a tool creatively named CRISPR 

interference, or CRISPRi). However, it was discovered that by fusion or otherwise 

recruitment of transcriptional activators to the Cas9 protein, activation of gene expression 

was possible (CRISPRa)260–262 – crucially, as with the nuclease-proficient Cas9, both 

CRISPRi and CRISPRa worked across model organisms263–266.  

It wasn’t long before both CRISPRi and CRISPRa were scaled to querying the 

whole genome, enabling the study of the gene → phenotype link267. The rationale for 

performing and interpreting genome-wide screens is the following: a library of sgRNAs 

targeting loci across the genome is constructed, and delivered to cells. These cells are 

then subjected to a phenotypic challenge, such as cell viability or sensitivity to a selective 

pressure (e.g., drug), and the impact of sgRNAs (and, by proxy, of the genes they target) 

can be assessed by quantifying the relative frequencies of cells carrying each sgRNA at 

the initial time point and after exposure of cells to the selective pressure. sgRNAs are 

thus considered “enriched” or “depleted” under certain conditions, which allows 

researchers to infer their importance in cell fitness under the chosen selective 
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pressure268,269. Genome-scale CRISPRi/a screens have been applied to studying cell and 

diseases states270–273, non-coding RNAs274, and for chemical compound 

characterisation275–279. Noteworthy technical improvements to genome-wide screen have 

been the development of paired CRISPRi/a275,280,281 and combinatorial screens for the 

construction of genetic interaction maps282–287, pathways and inference of protein 

complexes288; the use of these screens to improve existing genome editing tools289,290; 

and the combination of CRISPRi/a (or live Cas9, in the case of Perturb-Seq291–296) 

screens with single-cell readouts (e.g., single-cell RNA sequencing) to obtain richer and 

more granular datasets to interpret each genetic perturbation297–301. Importantly, genome-

scale CRISPRi/a screens also across model organisms302–308 – Chapter 4 demonstrates 

an application of a genome-wide CRISPRi screen in E. coli to identify host factors involved 

in CRISPR adaptation. 

 

Genome editing and transcriptional control beyond Cas9 

 Beyond Cas9, other CRISPR interference systems have been repurposed as 

potent gene editors and transcriptional modifiers, utilising their intrinsic immune-derived 

properties to address some of the shortcomings of using Cas9.  

For instance, using Cas9 to perform multiple genetic perturbations in a single cell 

requires laborious cloning for individual expression of the sgRNAs from their own 

promoters, as in its native context, Cas9 relies on other host enzymes to process the 

CRISPR array transcript encoding the crRNAs. In contrast, Cas12, a member of the Type 

V CRISPR-Cas family, offers inherent multiplexing capabilities as it possesses RNase 

activity that allows it to process the CRISPR array transcript into multiple crRNAs, as well 
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as performing the function of RNA-targeted DNA interrogation. Studies using Cas12 

homologues have shown that Cas12 enzymes are potent tools for multiplex genome 

editing309,310; further, Cas12 enables CRISPRi libraries to be run with dozens of crRNAs, 

allowing the exploration of higher-order combinations of regulatory elements311–317. This 

concept of multiplexed genome targeting via arrayed modules was the inspiration for the 

work described in Chapter 3. 

 Akin to the search for smaller and more broad-range Cas9 homologues, efforts 

have been made to utilise other Cas12 variants with distinct properties as molecular tools. 

Some of these variants, such as the members of the Cas12f-j families, are notably smaller 

than typical CRISPR effectors: these range from 400 to 700 amino acids, and have been 

shown to be useful for DNA targeting and transcriptional regulation318–326. 

Type VI CRISPR systems are distinct in that they exclusively target RNA, in 

contrast to the DNA-centric endonucleases Cas12 and Cas9. Cas13, a highly-specific 

RNA-guided RNase, causes collateral, non-specific RNase activity upon target RNA 

recognition132,327, which can induce an Abi response in bacteria131,132. Cas13 homologues 

have been applied to RNA knockdown328–333 and editing334, as well as bacteriophage 

editing335. Cas13d has also been repurposed for both pre-crRNA processing and nucleic 

acid interference in pooled screens, where Cas13d’s native RNA-targeting role has been 

used to run combinatorial genetic screens by targeting transcripts directly, without having 

to use a fusion protein (c.f. dCas9 approaches)336–339. Beyond their applications to RNA 

targeting through their nuclease activity, catalytically-inactivated forms of Cas13 (dCas13) 

have been employed at the transcriptome level: their applications span live cell imaging, 

RNA transcript splicing regulation, translational regulation and RNA editing328,340–345. 
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Finally, Type III systems also target RNA. Though they are larger, multi-subunit 

complexes, some effector complexes lack the collateral RNA targeting activity, thereby 

enabling RNA targeting without the potential toxicity in some cell types340,346,347. 

 

CRISPR-Cas for phage engineering 

CRISPR-Cas systems, having evolved to target and destroy phages, are well-

suited to the task of counter-selection, or depleting for wild-type phages in a mixed 

population of edited and wild-type phages. After an initial round of homologous 

recombination generates a mixture of wild-type and recombinant phages, counter-

selection with CRISPR-Cas is employed: this involves propagating the phage mixture on 

a host strain equipped with a CRISPR-Cas system that targets and eliminates wild-type 

phage genomes, thereby enriching the population with recombinant phages. Various 

CRISPR-Cas systems have demonstrated effective discrimination against wild-type 

phages in these approaches335,348–360, though phages are infamously known for evolving 

strategies to escape counter-selection. 

 

CRISPR-Cas for proximity labelling 

 CRISPR-Cas effectors have been engineered for in vivo proximity labelling of 

proteins that interact with DNA or RNA, by fusing nuclease-deficient variants of DNA or 

RNA-targeting effectors to labelling domains and guiding them to the locus of interest361–

363. Labelling domains, usually either biotin ligases, horseradish peroxidases or 

engineered ascorbate peroxidases, attach a covalent biotin tag to proteins located near 

the locus targeted by the Cas effector, within live cells – the enzymes then convert a 
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supplemented substrate into a highly reactive biotinylated intermediate that subsequently 

transfers biotin into amino acid side chains that are in close proximity to the labelling 

complex. Spatial control is challenging and is chiefly achieved by physically linking the 

labelling enzyme to the Cas effector and careful control of the duration of labelling. 

Following the labelling reaction, cells are lysed, biotinylated proteins isolated using 

streptavidin beads and analysed by mass spectrometry. Using a dCas9-driven 

complex364, this approach has been applied to study the proximal proteomes of chromatin 

complexes365–369, telomeres370,371, centromeres372, cis-regulatory elements170,367,373,374. 

RNA-protein interactomes have also been studied using various dCas13-driven labelling 

complexes375–382. 

 

CRISPR-Cas for lineage tracing and recording molecular events  

CRISPR-Cas systems have been used to develop novel approaches to molecular 

recording and cell lineage tracing. Instead of reading out the effects of perturbing the cells’ 

RNA or DNA, these methods focus on deciphering the history and decision-making of 

these cells through in-genome information storage. Subsequent sequencing can reveal 

the lineage relationships between cells within a population and stimuli sensed / processes 

undergone by the cells and their predecessors.  

 Cas9 has been used for lineage tracing by harnessing its inherent tendency to 

cause random indels, which generated and stored in arrays of tandem target sequences. 

These indels serve as barcodes that are inherited through cell divisions, enabling 

reconstruction of cell lineages along developmental pathways through sequencing of the 

arrays. A similar approach uses self-targeting (or homing) sgRNAs that cause re-targeting 
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of the sgRNA locus itself, thus consolidating the system by merging the sgRNA locus with 

the target site and enabling retargeting and evolvability of barcodes383–402. 

 As an endogenous molecular recorder of phage infections, the CRISPR Cas1-

Cas2 integrase complex sequentially accumulates spacers as memory of past exposures 

to MGEs. While the complex was initially used to store arbitrary exogenously-delivered 

DNA fragments into CRISPR arrays403,404, subsequent studies showed that intracellular 

DNA could be used to record the exposure of cells to biological stimuli405–409. Further, we 

have shown that, by using the retron to produce transcription-derived barcodes, we could 

use the E. coli Type I-E Cas1-Cas2 integrase complex to capture the retron-derived DNA 

barcodes, log them into CRISPR arrays, and thus reconstruct the order of two 

transcriptional events410,411. Similar approaches, but using fused RT-Cas1 CRISPR 

adaptation systems147, have been used to capture spacers directly from the RNA pool, 

thereby recording transcriptional changes in the CRISPR arrays of populations of 

bacteria412–414. Despite its promises as a powerful tool for both lineage tracing and in vivo, 

non-invasive recording of transcriptional events in cells, CRISPR adaptation-dependent 

approaches have thus far been limited to use in bacteria. Though it remains unclear why 

attempts at heterologous expression and use of CRISPR adaptation systems outside of 

prokaryotes (and particularly, in eukaryotes) has failed, I hypothesised that we lack the 

full set of host factors required to reconstitute functional CRISPR adaptation outside of its 

native host. This is part of the motivation behind the work presented in Chapter 4. 
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The next frontier, part 1: solving the DNA repair template delivery issue 

Conventional RNA-guided nucleases are employed across a wide spectrum of 

editing strategies involving double-strand break (DSB)-induced homology-directed repair 

(HDR). However, their in vivo use has encountered significant limitations since the HDR 

pathway is restricted to dividing cells and necessitates the use of an exogenous donor 

template183,184. To address the issue of exogenous DNA delivery, David Liu’s group 

developed two technologies: base editors and prime editors.  

 Base editors introduce precise point mutations without relying on DSBs or 

exogenous donor templates. This is achieved through the deployment of single-stranded 

DNA deaminase enzymes fused to either catalytically inactive or nickase Cas effectors415–

420. Base editors are broadly categorised into two main classes: cytosine base editors 

(CBEs), which convert C·G pairs to T·A pairs, and adenine base editors (ABEs), which 

convert A·T pairs to G·C pairs415,416. ABEs and CBEs have been extensively applied 

across diverse cell models and organisms for the purpose of introducing and correcting 

various transition point mutations415–420. Since their initial report, considerable research 

efforts have been devoted to refining base editors through multiple strategies, including 

the evolution of deaminase domains, swapping of deaminase domains, use of repair 

mechanism inhibitors to inhibit competing base excision repair, optimization of linkers and 

nuclear localization signals (NLS), and expanding PAM compatibility by swapping Cas 

effector homologues421 – for instance, Cas12a proteins, with their distinct T-rich PAMs 

compared to the purine-rich PAMs of Cas9422, significantly expand the range of genome 

targeting when paired with base editors; and the discovery of smaller Cas effector 

variants318,319,321,322,423 facilitate the development of more compact and in vivo deliverable 
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base editors424. Despite the promises of base editing, it is limited to installing point 

mutations and afflicted by off-target edits and “bystander editing”, which refers to 

additional, undesired edits in the base editor target window417,425,426. 

 To address the bystander editing limitation and extend the editing capabilities of 

base editors, prime editors have recently emerged as powerful tools to install all single-

base edits, as well as small insertions small deletions while minimizing indel formation. 

Prime editors are comprised of a reverse transcriptase (RT) fused with Cas9 nickase 

(H840A mutant), which nicks the non-target strand. They utilise an sgRNA containing an 

extension that encodes the desired edit, along with a primer binding site complementary 

to the nicked target strand (name pegRNA). This setup allows for priming and extension 

by the RT, with the extension also encompassing a sequence complementary to the 

genome target for directing RT-mediated editing. Following RT extension, a redundant 3′ 

DNA flap forms alongside the 5′ unedited genome flap, necessitating cellular DNA repair 

pathways to remove the 5′ flap and incorporate the edited 3′ flap. These reactions yield 

heteroduplex DNA where one strand carries the desired edit while the other retains the 

wild-type sequence; successful resolution of the non-edited strand by DNA repair 

pathways results in fixation of the prime edit in the genome289,421,427–430. As with base 

editing, prime editing has the added benefit of functioning in non-dividing cells. The initial 

nick in the target strand augments adoption of the desired edit via genome repair, though 

it has also been associated with large genomic inversions and deletions431; incidentally, 

this is an issue that has plagued base editors, which also rely on a nicking Cas9 variant432. 

 In recent years, retrons have emerged as promising tools for genome editing due 

to their ability to generate high-copies of bespoke intracellular DNAs in diverse host 
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organisms. Indeed, shortly after their discovery and characterisation in M. xanthus, 

Masayori Inouye’s group discovered that a retron’s reverse-transcribed region (msd) is 

almost entirely sequence-flexible433, and that they were capable of producing RT-DNA in 

eukaryotic cells, first in S. cerevisiae434 and later in cultured mouse cells435.  

Prior to this dissertation, retrons had been used prokaryotic cells for gene silencing 

and genome editing436,437, and in S. cerevisiae for gene editing438. However, at the time, 

it was unclear what their true biotechnological potential was, as retron-mediated precise 

genome editing in human cells had yet to be demonstrated; and, although thousands of 

retrons had been phylogenetically predicted439, only 16 had been fully characterised and 

validated experimentally. Since, then we and others have shown that retrons are powerful 

gene editors across the tree of life, with recent reports of precise editing rates comparable 

to the latest generation of prime editors440–443; we and others have also experimentally 

characterised hundreds of new, bioinformatically-predicted retrons441,442, and vastly 

expanded the biotechnological toolset with novel uses for retrons410,411,444–453. Some of 

this work constitutes the core of Chapters 2 and 3 of this dissertation. 

 

The next frontier, part 2: targeted, large cargo insertions 

 Despite the benefits of the Cas nuclease-mediated genome editing technologies 

described above, one major limitation to nearly all editing platforms is that they are 

constrained to relatively small insertion sizes (e.g., ~50-100bp for prime editing). This 

represents a major hurdle for biomedical research, limiting fields from fundamental, 

research-oriented cell engineering to the development of novel gene therapies.  
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 Workarounds have been developed for targeted gene insertion, combining prime 

editing and serine integrases: prime editing is used to insert a recombination site for 

serine integrases, which in turn are capable of inserting large cargo, with activity in non-

dividing cells and low indel rates454,455. However, these systems massively exceed the 

size limits for conventional viral delivery and even mRNA synthesis.  

 One exciting development has been the in vitro, and most recently in vivo 

characterisation of CRISPR-associated transposases (CASTs) as precise large (multi-

kilobase) cargo delivery tools. These were initially identified by computational analyses of 

phylogenetically diverse, complete but nuclease-deficient CRISPR-Cas systems from 

Type I-B, Type I-D, Type I-F, or Type V-K that also encode transposase-specific genes: 

this led to the prediction that Cas domains function as modules for targeting nucleic acids, 

possibly in collaboration with transposases associated with these loci97,141,456–459. 

Recently, several Tn7-like transposon variants have been engineered to enable CRISPR-

associated transposon-mediated genomic integrations in bacteria and human cells139,460–

472. 

The mechanism of these CRISPR-associated transposases has been determined 

and sheds light as much on the fascinating biology at play as on the inherent limitations 

to these systems for targeted DNA delivery. All CAST systems share the conserved TnsB 

transposase, essential for coordinated strand transfer reactions during transposition, 

alongside accessory factors like TnsC and TniQ97,141,456–459. However, the DNA targeting 

mechanism varies, and is akin to that of that of conventional RNA-guided Cas complexes: 

type I CASTs use the RNA-guided Cascade complex for target recognition, while type V-

K CASTs use the Cas12k effector97,141,456–459. CAST systems vary significantly in their 
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number of accessory components, as well as their transposition outcomes, such as 

genome-wide fidelity and targeting efficiency97,141,456–459.  

The RNA-guided DNA transposition requires the coordination of two molecular 

machines: in Type I-F CAST systems, the transposase complex TnsABC consists of the 

TnsA endonuclease, TnsB transposase, and TnsC ATPase; and the TniQ-Cascade 

complex, is composed of a crRNA guide itself in complex with proteins TniQ and Cas6-8 

(Cascade), responsible for RNA-guided DNA targeting460,464,467. The transposase 

complex specifically recognises the left end (LE) and right end (RE) motifs flanking the 

transposon, catalysing its excision from the donor locus by cleaving each end of the 

transposon DNA460,464,467. The RNA-guided DNA targeting complex uses the crRNA to 

locate and bind its DNA target in a PAM-dependent fashion, thereby mobilising the 

transposase complex to the target locus, where accessory transposase proteins define 

the target ends for cargo insertion460,464,467. The transposase complex subsequently 

ligates the free DNA ends to the target locus, generating gaps at the junctions460,464,467. It 

is the repair of these gaps that causes the characteristic 5bp target site duplications 

(TSDs) flanking the inserted payload460,464,467 – this by definition makes the editing 

outcome of these technologies non-scarless, which can be a drawback for certain 

applications that require it. Interestingly, functional reconstitution of Cas RNA-guided 

transposition in human cells required the expression of an additional host factor, one not 

initially predicted to play a part in the process – as the CRISPR Cas1-Cas2 adaptation 

complex is thought to have emerged partly through domestication of 

recombinase/transposase proteins, this gave more support to my hypothesis that 
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additional, non-CRISPR-Cas related host factors are required to heterologous 

reconstitution of the CRISPR adaptation process outside of the natural host. 
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1.5 Context and scope of this dissertation 

 I began my Ph.D. at a time where the consensus in the CRISPR-Cas field seemed 

to be that new, fundamental discoveries in the field would now be few and far between, 

and that our collective efforts should go towards biotechnological applications and 

CRISPR-based tool development (Time has since proven both postulates wrong); and 

coincidentally, the field’s attention was starting to turn towards novel, recently-

(re)discovered bacterial defence systems73. 

 One of the rediscovered defence systems was the bacterial retron. I started my 

Ph.D. working to expand retron-based tools for precise genome editing, focusing initially 

on developing retron-based gene editing to human cells440 and further extending the 

technology to perform multiplexed retron-based genetic modifications on individual 

genomes444, detailed in Chapters 2 and 3, respectively. I also assisted efforts to 

investigate the design rules for retron-based editors through high-throughput library 

screens in yeast443, and helped establish a platform for pooled screening of novel, 

bioinformatically-predicted retrons to identify high-performing precise retron-based 

human editors442.  

 In the spirit of expanding CRISPR-based tools, I assisted in a project that 

developed temporally-ordered transcriptional recorders, using retrons to generate 

barcodes of transcriptional events, and harnessing the CRISPR Cas1-Cas2 integrase 

complex to acquire these retron-derived barcodes into CRISPR arrays410; and later 

developing a computational framework to reconstruct the order of barcoded 

transcriptional events from high-throughput sequencing data411.  
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This time was edifying in many ways, personally and scientifically – during our 

efforts at heterologous reconstitution of CRISPR adaptation in eukaryotic cells, I came to 

three realisations. 

First, that we were far from a thorough, cellular and context-aware understanding 

of CRISPR-Cas systems. 

Second, that our biotechnological tools would only ever be as good as our 

fundamental understanding of the underlying biology of the parts used is. 

Lastly, living through a few “gold rushes” in my short scientific career (“tail end” of 

CRISPR, anti-phage system discovery, next-generation precise genome editors, etc…), 

has made me develop a love for identifying recurrent and long-standing conceptual blind 

spots that plague “modern” research, and in particular, those oftentimes cementing the 

base of the pillars upon which these proverbial scientific hype trains steam ahead. 

Disembarking the hype trains for a more leisurely, sinuous but ultimately rewarding path 

to discoveries is infinitely more gratifying and likely to bring about serendipity. As Candide 

notes in Voltaire’s Candide, one must cultivate one’s own garden473, and this is my way 

of doing so. 

The first two realisations led me to embark on a multi-pronged project to cast a 

wide net for novel host factors involved in the E. coli Type I-E CRISPR adaptation process, 

which has helped uncover SspA as a transcriptional regulator of CRISPR adaptation, and 

help lift the veil on the exquisitely complex regulation underlying CRISPR-Cas defence, 

and probably most other bacterial immune systems as well474. 

The last realisation is, in a sense, the main personal scientific takeaway from my 

time in graduate school, and one that I will take into the next steps of my scientific journey. 
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Chapter 2 Precise genome editing across kingdoms of life using retron-derived 

DNA 

 

2.1 Abstract 

Exogenous DNA can be a template to precisely edit a cell’s genome. However, the 

delivery of in vitro-produced DNA to target cells can be inefficient, and low abundance of 

template DNA may underlie the low rate of precise editing. One potential tool to produce 

template DNA inside cells is a retron, a bacterial retroelement involved in phage defence. 

However, little effort has been directed at optimizing retrons to produce designed 

sequences. Here, we identify modifications to the retron non-coding RNA that result in 

more abundant reverse transcribed DNA. By testing architectures of the retron operon 

that enable efficient reverse transcription, we find that gains in DNA production are 

portable from prokaryotic to eukaryotic cells and result in more efficient genome editing. 

Finally, we show that retron RT-DNA can be used to precisely edit cultured human cells. 

These experiments provide a general framework to produce DNA using retrons for 

genome modification. 
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2.2 Introduction 

Exogenous DNA, which does not match the genome of the cell where it is 

harboured, is a fundamental tool of modern cell and molecular biology. This DNA can 

serve as a template to modify a cell’s genome, subtly alter existing genes, or even insert 

wholly new genetic material that adds function or marks a cellular event such as lineage. 

Exogenous DNA for these uses is typically synthesised or assembled in a tube, then 

physically delivered to the cells that will be altered. However, it remains an incredible 

challenge to deliver exogenous DNA to cells in universally high abundance and without 

substantial variation between recipients475. These technical challenges likely contribute 

to low rates of precise editing as well as unintended editing that occurs in the absence of 

template DNA239,242,247. Effort has been made to bias cells toward template-based editing 

by manipulating the proteins involved in DNA repair or tethering DNA templates to other 

editing materials to increase their local concentration476. However, a simpler approach 

may be to eliminate DNA delivery problems by producing the DNA inside the cell. 

In recent years, it has been shown that retroelements can be used to produce DNA 

for genome editing within cells by reverse transcription430,437,438,447. This reverse 

transcribed DNA (RT-DNA) is produced in cells from plasmids, transgenes, or viruses, 

benefiting from transcriptional amplification to create high cellular concentrations that 

overcome inefficiencies in genome editing. One retroelement class that has been useful 

in this regard are bacterial retrons437,438,447, which are elements involved in phage 

defence51–53. Retrons are attractive as tools for biotechnology due to their compact size, 

tightly defined sites of RT initiation and termination, lack of known host factor 
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requirements, and lack of transposable elements. Indeed, retron-generated RT-DNA has 

demonstrated utility in bacterial437,447 and eukaryotic438 genome editing.  

Despite the potential of the retron as component of molecular biotechnology, it has 

so far been modified only as little as is necessary to produce an editing template. Given 

that the advantage of the retroelement approach is the increased cellular abundance of 

RT-DNA, we asked whether we could identify retron modifications that would yield even 

more abundant RT-DNA and increase in editing efficiency. Further, most work with retron 

has been carried out in bacteria, with only one functional demonstration of RT-DNA 

production in yeast438, and only a brief description of reverse transcription in mammalian 

cells (NIH3T3 mouse cells)435. Therefore, we wanted to engineer a more flexible 

architecture for retron expression across kingdoms of life, to serve as a universal 

framework for RT-DNA production. 

Here, we used variant libraries in E. coli to show that extension of complementarity 

in the a1/a2 region of the retron non-coding RNA (ncRNA) increases production of RT-

DNA. This effect generalised across different retrons and kingdoms, from bacteria to 

yeast. Moreover, retron DNA production across kingdoms was possible using a universal 

architecture. We found that increasing the abundance of RT-DNA in the context of 

genome engineering increased the rate of editing in both prokaryotic and eukaryotic cells, 

simultaneously showing that the template abundance is limiting for these editing 

applications and demonstrating a simple means of increasing genome editing efficiency. 

Finally, we show that the retron RT-DNA can be used as a template for editing human 

cells to enable further gains in both future research and therapeutic ventures.   
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2.3 Results 

Modifications to the retron ncRNA affect RT-DNA production 

A typical retron operon consists of a reverse transcriptase (RT), a non-coding RNA 

(ncRNA) that is both the primer and template for the reverse transcriptase, and one or 

more accessory proteins477 (Figure 2-1a). The RT partially reverse transcribes the ncRNA 

to produce a single-stranded RT-DNA with a characteristic hairpin structure, which varies 

in length from 48-163 bases1478. The ncRNA can be sub-divided into a region that is 

reverse transcribed (msd) and a region that remains RNA in the final molecule (msr), 

which are partially overlapping47–50.  

One of the first described retrons was found in E. coli, Eco1 (previously ec86)50. In 

BL21 cells, this retron is both present and active, producing RT-DNA that can be detected 

at the population level, which is eliminated by removing the retron operon from the 

genome (Figure 2-1b). In the absence of this native operon, the ncRNA and RT can be 

expressed from a plasmid lacking the accessory protein, which is a minimal system for 

RT-DNA production. We quantified this RT-DNA using qPCR. Specifically, we compared 

amplification from primers that anneal to the msd region, which can use both the RT-DNA 

and plasmid as a template, to amplification from primers that only amplify the plasmid 

(Figures 2-1c, d). In E. coli lacking an endogenous retron, overexpression of the ncRNA 

and RT from a plasmid yielded an ~8-10 fold enrichment of the RT-DNA/plasmid region 

over the plasmid alone, which is evidence of robust reverse transcription (Figure 2-1d). 
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Figure 2-1: Bacterial retrons enable RT-DNA production. 

a, Top, conversion of the ncRNA (pink) to RT-DNA (blue); bottom, schematic of the Eco1 retron operon. b, 
Representative image from n > 3 PAGE analyses of endogenous RT-DNA produced from Eco1 in BL21-AI 
wild-type (WT) cells and a knockout (KO) of the retron operon; ssDNA, single-stranded DNA. c, Quantitative 
PCR (qPCR) analysis schematic for RT-DNA. The blue/black primer pair will amplify using both the RT-
DNA and the msd portion of the plasmid as a template. The red/black primer pair will only amplify using the 
plasmid as a template; ori, origin of replication. d, Enrichment of the RT-DNA/plasmid template over the 
plasmid alone relative to the uninduced condition, as measured by qPCR; induced versus 
uninduced: P = 0.0002, unpaired t-test; n = 3 biological replicates. Circles represent each of the three 
biological replicates. 

 

Given that the retron utility in biotechnology relies on increasing the RT-DNA 

abundance in cells above what can be achieved with delivery of a synthetic template, we 

set out to identify aspects of the ncRNA that could be modified to produce more abundant 

RT-DNA. To do this, we synthesised variants of the Eco1 ncRNA and cloned them into 

vector for expression, with the RT expressed from a separate vector. Our initial library 

contained variants that extended or reduced the length of the hairpin stem of the RT-DNA. 

This variant cloning took place in single-pot, Golden Gate reactions and the resulting 

libraries were purified and then cloned into an expression strain for analysis of RT-DNA 

production (Figure 2-2a). Cells harbouring these library vector sets were grown overnight 

and then diluted and ncRNA expression was induced during growth for 5 hours.  

We quantified the relative abundance of each variant plasmid in the expression 

strain by multiplexed Illumina sequencing before and after expression. After expression, 

we additionally purified RT-DNA from pools of cells harbouring different retron variants by 
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isolating cellular nucleic acids, treating that population with an RNase mixture (A/T1), and 

then isolating single-stranded DNA from double-stranded DNA using a commercial 

column-based kit. We then sequenced the RT-DNAs, comparing their relative abundance 

to that of their plasmid of origin to quantify the influence of different ncRNA parameters 

on RT-DNA production. To sequence the RT-DNA variants in this library, we used a 

custom sequencing pipeline to prep each RT-DNA without biasing toward any variant. 

This involved tailing purified RT-DNA with a string of polynucleotides using a template-

independent polymerase (TdT), and then generating a complementary strand via an 

adapter-containing, inverse anchored primer. Finally, we ligated a second adapter to this 

double-stranded DNA and proceed to indexing and multiplexed sequencing (Extended 

Data Figures 2-1a, b). 

In this first library, we modified the msd stem length from 0 to 31 bp and found that 

stem length can have a large impact on RT-DNA production (Figure 2-2b). The RT 

tolerated modifications of the msd stem length that deviate by a small amount from the 

WT length of 25 bp. However, variants with stem lengths of <12 and >30 bp produced less 

than half as much RT-DNA than the WT. Therefore, we used a stem length of between 12 

and 30 bp going forward.  

In a second library, we investigated the effect of increasing the loop length at the 

top of what becomes the RT-DNA stem (Figure 2-2c). To do this, we created five random 

sequences of 70 bp each. We then synthesised variant ncRNAs incorporating 5–70 of 

these bases into the msd top loop. Thus, we tested five versions of each loop length, each 

with different base content, and then averaged each variant’s RT-DNA production at every 

loop length. We did not include the WT loop in this library, so we normalised RT-DNA 
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production to the 5-bp loops, which are closest in size to the WT length of 4 bp. We found 

a substantial decline in RT-DNA production as loop length increased from 5 to ~14 bp, but 

we observed almost no continued decline beyond that point other than a single point at 

28 bp, which inexplicably produced more RT-DNA than its neighbouring loops. While we 

were limited by our synthesis and sequencing parameters to 70 bp, our conclusion is that 

loops shorter than 14 bp are ideal for RT-DNA production; however, loops that extend 

beyond 14 bp do not additionally reduce RT-DNA production. 

The other parameter we investigated was the length of a1/a2 complementarity, a 

region of the ncRNA structure where the 5′ and 3′ ends of the ncRNA fold back on 

themselves that we hypothesised plays a role in initiating reverse transcription (Figure 2-

2d). Because this region of the ncRNA is not reverse transcribed, we could not sequence 

the variants in the RT-DNA population directly. Instead, we introduced a 9-bp barcode in 

an extended loop of the msd that we could sequence as a proxy for the modification 

(Figure 2-2e). We amplified these barcodes directly from the purified RT-DNA for 

sequencing (Figure 2-2e) or prepared the RT-DNA using the TdT extension method 

described above (Extended Data Figure 2-1c). In both cases, we found a similar effect; 

reducing the length of complementarity in this region below 7 bp substantially impaired 

RT-DNA production, consistent with a critical role in reverse transcription (Figure 2-2f). 

However, extending the a1/a2 length resulted in increased production of RT-DNA relative 

to the WT length. Importantly, this is the first modification to a retron ncRNA that has been 

shown to increase RT-DNA production. 
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Figure 2-2: Modifications to retron ncRNA affect RT-DNA production. 

a, Schematic of variant library construction and analysis. b, Relative RT-DNA abundance of each stem 
length variant represented as percentage of WT. Circles represent each of the three biological replicates. 
WT length is shown in blue along with a dashed line at 100%; effect of stem length: P < 0.0001, one-way 
analysis of variance (ANOVA); n = 3 biological replicates. c, Relative RT-DNA abundance of each loop 
length variant represented as a percentage of the value of 5-bp loops. Circles represent each of the three 
biological replicates, each of which is the average of five loops at that length with differing base content. A 
dashed line is shown at 100%; effect of loop length: P < 0.0001, one-way ANOVA; n = 3 biological 
replicates. d, Schematic illustrating the a1 and a2 regions of the retron ncRNA. e, Variants of the a1/a2 
region are linked to a barcode in the msd loop for sequencing. f, Relative RT-DNA abundance of each 
a1/a2 length variant as a percentage of WT. Circles represent each of the three biological replicates. WT 
length is shown in blue along with a dashed line at 100%; effect of a1/a2 length: P < 0.0001, one-way 
ANOVA; n = 3 biological replicates. 

 

RT-DNA production in eukaryotic cells 

We next wondered whether increased RT-DNA production by the extended a1/a2 

region would be a portable modification to other retrons and to eukaryotic systems. To 

facilitate expression of Eco1 in eukaryotic cells, we inverted the operon from its native 

arrangement434. In the endogenous arrangement, the ncRNA is in the 5′-untranslated 

region (UTR) of the RT transcript, requiring internal ribosome entry for the RT from a 

ribosome-binding site (RBS) that is contained in or near the a2 region of the ncRNA. In 
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eukaryotic cells, this arrangement puts the entire ncRNA between the 5′ mRNA cap and 

the initiation codon for the RT. This increased distance between the cap and initiation 

codon, and the ncRNA structure and out-of-frame ATG codons, is expected to negatively 

affect RT translation434,479. Moreover, altering the a1/a2 region in the native arrangement 

could have unintended effects on RT translation. In the inverted architecture, the RT is 

driven by an RNA polymerase II (Pol II) promoter directly with its initiation codon near the 

5′ end of the transcript and the ncRNA in the 3′-UTR, where variations are unlikely to 

influence RT translation (Figure 2-3a). 

We first tested this arrangement for Eco1 in Saccharomyces cerevisiae by placing 

the RT ncRNA cassette under the expression of a galactose-inducible promoter on a 

single-copy plasmid. We detected RT-DNA production using a qPCR assay analogous to 

that described for E. coli above and compared amplification from primers that could use 

the plasmid or RT-DNA as a template to amplification from primers that could anneal only 

to the plasmid. Here, we found that increasing the length of the Eco1 a1/a2 region from 

12 to 27 bp resulted in more abundant RT-DNA production (Figure 2-3b and Extended 

Data Figure 2-2a). We then extended this analysis to another retron, Eco248. We found 

a similar effect; although the WT ncRNA produced detectable RT-DNA, a version 

extending the a1/a2 region from 13 to 29 bp produced significantly more RT-DNA (Figure 

2-3c and Extended Data Figure 2-2a). In each case, we compared induced to uninduced 

cells, which likely underreports the total RT-DNA abundance if there is any transcriptional 

‘leak’ from the plasmid in the absence of inducers. Indeed, we detected RT-DNA 

production in the uninduced condition relative to a control expressing a catalytically dead 

RT, indicating some transcriptional ‘leak’ (Extended Data Figure 2-2b). 
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We then moved from yeast to cultured human HEK293T cells. Using a similar gene 

architecture to yeast, but with a genome-integrating cassette (Figure 2-3d), we found that 

Eco1 does not produce significant abundance of RT-DNA in human cells that we could 

detect by qPCR, regardless of a1/a2 length (Figure 2-3e), from a tightly regulated 

promoter (Extended Data Figure 2-2c). By contrast, Eco2 produces detectable RT-DNA, 

with both a WT and extended a1/a2 region (Figure 2-3f). In human cells, however, the 

introduction of an extended a1/a2 region diminished, rather than enhanced, production of 

RT-DNA. Nevertheless, this demonstrates RT-DNA production by a retron in human cells. 

 

 

Figure 2-3: RT-DNA production in eukaryotic cells.  

a, Schematic of the retron cassette for expression in yeast with qPCR primers indicated. b, Enrichment of 
the Eco1 RT-DNA/plasmid template over the plasmid alone by qPCR in yeast, with each construct shown 
relative to uninduced. Circles show each of the three biological replicates, with black for the WT a1/a2 
length and green for the extended a1/a2 length; one-way ANOVA with Sidak’s multiple comparisons test 
(corrected): a1/a2 length 12, induced versus uninduced: P = 0.2898; a1/a2 length 27, induced versus 
uninduced: P = 0.0015; a1/a2 length 12 versus 27, induced: P = 0.0155; n = 3 biological replicates. c, qPCR 
of Eco2 in yeast, otherwise identical to b; one-way ANOVA, Sidak’s multiple comparisons test (corrected):  

(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

a1/a2 length 13, induced versus uninduced: P = 0.006; a1/a2 length 29, induced versus 
uninduced: P < 0.0001; a1/a2 length 13 versus 29, induced: P < 0.0001; n = 6 biological replicates. d, 
Schematic of the retron for expression in mammalian cells with qPCR primers indicated. e, qPCR of Eco1 
in HEK293T cells, otherwise identical to b; one-way ANOVA with Sidak’s multiple comparisons test 
(corrected): a1/a2 length 12, induced versus uninduced: P = 0.2897; a1/a2 length 27, induced versus 
uninduced: P = 0.1358; a1/a2 length 12 versus 27, induced: P = 0.9957; n = 5 biological replicates. f, qPCR 
of Eco2 in HEK293T cells, otherwise identical to b; one-way ANOVA with Sidak’s multiple comparisons test 
(corrected): a1/a2 length 13, induced versus uninduced: P < 0.0001; a1/a2 length 29, induced versus 
uninduced: P = 0. 0012; a1/a2 length 13 versus 29, induced: P < 0.0001; n = 6 biological replicates. 

 

Improvements extend to applications in genome editing 

In prokaryotes, retron-derived RT-DNA can be used as a template for 

recombineering437,447. The retron ncRNA is modified to include a long loop in the msd that 

contains homology to a genomic locus along with one or more nucleotide modifications 

(Figure 2-4a). When RT-DNA from this modified ncRNA is produced along with a single-

stranded annealing protein (for example, λ Redβ), the RT-DNA is incorporated into the 

lagging strand during genome replication, thereby editing the genome of half of the cell 

progeny. This process is typically performed in modified bacterial strains with numerous 

nucleases and repair proteins knocked out, because editing occurs at a low rate in WT 

cells447. Therefore, we asked whether increasing RT-DNA abundance using retrons with 

extended a1/a2 regions could increase the rate of editing in relatively unmodified strains. 

We produced RT-DNA to edit a single nucleotide in the rpoB gene. We designed 

the retron using the same flexible architecture that we used for both yeast and mammalian 

expression, with the ncRNA in the 3′-UTR of the RT. We used a 12-bp stem for the msd, 

which retains near-WT RT-DNA production. We constructed two versions of the editing 

retron, one with the WT 12-bp a1/a2 region and another with an extended 22-bp a1/a2 

length. Using qPCR and PAGE analysis, we confirmed that the extended a1/a2 version 

produced more abundant RT-DNA (Figures 2-4b,c). Finally, we expressed each version 
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of the ncRNA along with CspRecT, a high-efficiency single-stranded annealing protein480, 

and mutL E32K, a dominant-negative mutL that eliminates mismatch repair at sites of 

single-base mismatch481,482, in BL21-AI cells that were unmodified other than the removal 

of the endogenous Eco1 retron operon. Both ncRNAs resulted in appreciable editing after 

a single 16-h overnight expression, but the extended version was significantly more 

effective (Figure 2-4d). To test whether the effect of the a1/a2 extension was locus-

specific or generalised across genomic sites, we tested an additional three loci483 for 

precise editing. We found that the engineered retron mediated editing at each additional 

loci and that the efficiency of editing was improved by the a1/a2 extension at all three 

additional sites (Extended Data Figure 2-3). This shows that the abundance of the RT-

DNA template for recombineering is a limiting factor for editing and that modified ncRNA 

can be used to introduce edits at a higher rate. 

Retron-derived RT-DNA can also be used to edit eukaryotic cells438. Specifically, 

in yeast, the ncRNA is modified to contain homology to a genomic locus and to add one 

or more nucleotide modifications in the loop of the msd, similar to the prokaryotic 

template. However, in this version, the ncRNA is on a transcript that also includes 

a Streptococcus pyogenes Cas9 (SpCas9) guide RNA (gRNA) and scaffold. When these 

components are expressed along with RT and SpCas9, the genomic site is cut and 

repaired precisely using the RT-DNA as a template (Figure 2-4e). We tested our modified 

ncRNAs using an architecture that was otherwise unchanged from a previously described 

version438. The ncRNA/gRNA transcript was expressed from a galactose-inducible 

promoter on a single-copy plasmid flanked by ribozymes. Along with the plasmid-encoded 

ncRNA/gRNA, we expressed either Eco1RT, Cas9, both the RT and Cas9 or neither from 
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galactose-inducible cassettes integrated into the genome. The ncRNA/gRNA was 

designed to target and edit the ADE2 locus, resulting in both a two-nucleotide 

modification and a cellular phenotype (pink colonies). 

Using the ncRNA with a 12-bp a1/a2 length, we found that the expression of both 

the RT and Cas9 was necessary for editing based on pink colony counts, with only a small 

amount of background editing when we expressed Cas9 alone (Figures 2-4f,g). This is 

consistent with the reverse transcription of the ncRNA being required rather than having 

the edit arise from the plasmid as a donor. To test the effect of extending the a1/a2 region 

on genome-editing efficiency, we designed two versions of the a1/a2 extended forms, 

both of which had a length of 27 bp but differed in their a1/a2 sequence. We found that 

both versions outperformed the standard 12-bp form for precise genome editing (Figures 

2-4f,g). Consistent with our results in E. coli, this indicates that RT-DNA production is a 

limiting factor for precise genome editing and that extended a1/a2 length is a 

generalizable modification that enhances retron-based genome engineering. We further 

confirmed these phenotypic results by sequencing the ADE2 locus from batch cultures of 

cells (Figure 2-4h). Precise modifications of the site, resulting from edits that use the RT-

DNA as a template, follow the same pattern as the phenotypic results, showing editing 

that depends on both the Cas9 nuclease and RT, and are increased by extension of the 

a1/a2 region. 

We also found that the rates of precise editing determined by sequencing from 

batch cultures were consistently lower than those estimated from counting colonies. This 

is likely due to additional editing that continues to occur on the plate before counting and 

our method of counting colonies as pink even if they were only partially pink. Another 
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source of pink colonies could be any imprecise edits to the site that result in a non-

functional ADE2 gene. Indeed, we observed some ADE2 loci that matched neither the 

WT nor precisely edited sequence. These occurred at a low rate (~1–3%) in all conditions, 

which was slightly elevated by Cas9 expression but unaffected by RT expression/RT-DNA 

production (Extended Data Figure 2-4a). This, as well as the pattern of insertions, 

deletions, transitions and transversions, is consistent with a combination of sequencing 

errors and Cas9-produced insertion–deletions (indels) (Extended Data Figures 2-4b,c). 

As in the bacterial experiments, we tested whether the extended a1/a2 

modification was a generalizable improvement by targeting additional loci across the 

genome. To this end, we generated WT and extended a1/a2 retrons to edit four additional 

loci484 in yeast (TRP2, FAA1, CAN1 and LYP1). We found that for three of the four 

additional loci, the extended a1/a2 retrons yielded higher rates of precise editing, whereas 

one site showed lower, but still substantial, rates of editing with the extended version 

(Extended Data Figure 2-5). Overall, across the nine sites tested in bacteria and yeast, 

the a1/a2 extension improved editing rates at eight sites. 
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Figure 2-4: Improvements extend to applications in genome editing.  

a, Schematic of an RT-DNA template for recombineering. b, Fold enrichment of the Eco1-based 
recombineering RT-DNA/plasmid template over the plasmid alone by qPCR in E. coli, with each construct 
shown relative to uninduced. Circles show each of the three biological replicates, with black for the WT 
a1/a2 length and green for the extended a1/a2 length; one-way ANOVA with Sidak’s multiple comparisons 
test (corrected): a1/a2 length 12, induced versus uninduced: P = 0.1953; a1/a2 length 22, induced versus 
uninduced: P = 0.0001; a1/a2 length 12 versus 22, induced: P = 0.0008; n = 3 biological replicates. c, PAGE 
gel showing purified RT-DNA for the WT (a1/a2 length: 12 bp) and extended (a1/a2 length: 22 bp) 
recombineering constructs to support qPCR; n = 1. d, Percent of cells precisely edited, quantified by 
multiplexed sequencing, for the WT (black) and extended (green) recombineering constructs; unpaired t-
test: a1/a2 length 12 versus 22: P = 0.1953; a1/a2 length 22, induced versus uninduced: P = 0.0001; a1/a2 
length 12 versus 22, induced: P = 0.0002; n = 6 biological replicates. e, Schematic of an RT-DNA/gRNA 
hybrid for genome editing in yeast. f, Percentage of colonies edited based on phenotype (pink colonies) at 
24 and 48 h. Circles show each of the three biological replicates, with black for the WT (a1/a2 length: 12 bp) 
and green for the extended a1/a2 (two extended versions, v1 and v2: a1/a2 length, 27 bp). Induction 
conditions are shown below the graph for the RT and Cas9; two-way ANOVA: effect of condition 
(construct/induction), P < 0.0001; effect of time: P < 0.0001; n = 3 biological replicates. g, Representative 
(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

images from each condition plotted in f at 24 h. Induction conditions are above each image. h, 
Quantification of precise editing of the ADE2 locus in yeast by Illumina sequencing plotted as in f; two-way 
ANOVA: effect of condition (construct/induction), P < 0.0001; effect of time: P < 0.0001; n = 3 biological 
replicates. 

 

Precise editing by retrons extends to human cells 

Finally, we sought to test whether retron-produced RT-DNA could be used for 

precise editing of human cells as a step toward future therapeutic applications and 

research applications seeking to unravel the mechanisms of genetic disease. Porting the 

editing machinery to cultured human cells required some additional modifications. In 

yeast, we produced both Cas9 and the retron RT from separate promoters. In human 

cells, expressing both of these proteins from a single promoter would greatly simplify the 

system and increase its portability. To identify an optimal single-promoter architecture, we 

tested six arrangements in yeast: four fusion proteins using two different linker sequences 

with both orientations of Cas9 and Eco1RT, and two versions where Cas9 and Eco1RT 

were separated by a P2A485 sequence in both possible orientations. These constructs 

were coexpressed with the best-performing ADE2-editing ncRNA/gRNA construct 

described above (extended v1, a1/a2 length of 27 bp). We found that expression of these 

constructs resulted in a range of precise editing rates, with the Cas9–P2A–RT version 

yielding editing rates comparable to our previous versions based on two promoters 

(Figure 2-5a). 

We then created two HEK293T cell lines that each harboured one of two 

integrating cassettes: Cas9 alone or Cas9-P2A-Eco1RT (Figure 2-5b). We initially tested 

precise genome editing using a Pol II-driven ncRNA/gRNA flanked by ribozymes, as we 

had in yeast. However, we found no evidence of either precise editing or indels, consistent 
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with previous reports of inefficient ribozyme-mediated gRNA release in human cells486. 

Therefore, we changed the expression of our retron ncRNA/gRNA to be driven by a Pol 

III H1 promoter, which was carried on a transiently transfected plasmid (Figure 2-5b). Six 

genomic loci (HEK3, RNF2, EMX1, FANCF, HEK4430 and AAVS1184 were selected for 

editing, and an ncRNA/gRNA plasmid aiming to target and edit the site was generated. 

The repair template was designed to introduce two distinct mutations separated by 

at least 2 bp: the first introduced a single-nucleotide change near the cut site, and the 

second recoded the PAM nucleotides (NGG → NHH, H: non-G nucleotide). The reasoning 

for this was twofold. First, the multiple changes should both eliminate Cas9 cutting of the 

ncRNA/RT plasmid and recutting of the precisely recoded site. Second, these multiple, 

separated changes make it much less likely to mistakenly assign a Cas9-induced indel 

as a precise edit. As a technical aside, we would recommend against using single-base 

modifications to benchmark Cas9-induced precise editing applications, as they are a 

common outcome of imprecise repair and can easily lead to inaccurate estimates of 

editing rate. We induced expression of the protein(s) for 24 h, transfected the 

ncRNA/gRNA plasmids and collected cells 3 d after transfection. Using targeted Illumina 

sequencing, we found precise editing of each site in the presence of the RT, well above 

the background rate of editing in the absence of the RT (Figure 2-5c-h). We believe that 

the small percentage of precise edits in the absence of the RT likely represents use of 

the plasmid as a repair template, and the gain in the editing rate in the presence of the 

RT indicates edits using RT-DNA as the template. Interestingly, we see that the rates of 

imprecise edits (indels) decline in the presence of the RT by roughly the same magnitude 

as the precise edits themselves, suggesting that the RT-DNA is being used to precisely 
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edit sites that would have otherwise been edited imprecisely (Extended Data Figure 2-

6). 

 

 

Figure 2-5: Precise editing by retrons extends to human cells.  

a, Testing different single-promoter architectures for editing the ADE2 locus in S. cerevisiae. The 
arrangement of proteins is indicated below, and the fusion linkers are listed in the Methods section. Circles 
show each of the three biological replicates; one-way ANOVA, effect of construct: P < 0.0001; n = 3 
biological replicates. b, Schematic showing the elements for editing in human cells. Top, integrated protein 
cassettes that are compared in c–h. Bottom, plasmid for transient transfection of the site-specific 
ncRNA/gRNA. c, Quantification of precise editing of the AAVS1 locus in HEK293T cells by Illumina 
sequencing. Proteins present are shown below. Circles represent each of the three biological replicates; 
unpaired t-test: effect of Cas9 alone versus Cas9 and RT: P = 0.0026; n = 3 biological replicates. d–h, 
Experiments and plots identical to c, but for EMX1 (d), FANCF (e), HEK3 (f), HEK4 (g) and RNF2 (h) loci, 
respectively; for d–h, unpaired t-test: effect of Cas9 alone versus Cas9 and 
RT: P < 0.0001, P = 0.0001, P = 0.0002, P = 0.0543 and P = 0.0158, respectively; n = 3 biological 
replicates. 
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2.4 Discussion 

The bacterial retron is a molecular component that can be exploited to produce 

designer DNA sequences in vivo. Our results yield a generalizable framework for retron 

RT-DNA production. Specifically, we show that a minimal stem length must be maintained 

in the msd to yield abundant RT-DNA and that the msd loop length affects RT-DNA 

production. We also show that there is a minimum length for the a1/a2 complementary 

region. Perhaps most importantly, we demonstrate that the a1/a2 region can be extended 

beyond its WT length to produce more abundant RT-DNA and that increasing template 

abundance in both bacteria and yeast increases editing efficiency. 

Importantly, these modifications are portable, both across retrons and across 

species. The extended a1/a2 region produces more RT-DNA using Eco1 in bacteria and 

both Eco1 and Eco2 in yeast. Oddly, the extended a1/a2 region did not increase RT-DNA 

production in cultured human cells. Further work will be necessary to optimise RT-DNA 

production in human cells specifically. Nonetheless, we provide a clear demonstration of 

retron-produced RT-DNA in human cells. 

Retrons have been used to produce DNA templates for genome 

engineering437,438,447, driven by the rationale that an intracellularly produced template 

eliminates the issues related to exogenous template delivery and availability. However, 

there have been no investigations of whether RT-DNA templates are abundant enough to 

saturate the editing or if even more template would lead to higher rates of editing. Our 

results establish that editing template abundance is limiting for genome editing in both 

bacteria and yeast because extension of the a1/a2 region, which increases the 

abundance of the RT-DNA, also increases editing efficiency. 
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Additionally, the inverted arrangement of the retron operon, with the ncRNA in the 

3′-UTR of the RT transcript, was found to produce RT-DNA in bacteria, yeast and 

mammalian cells. Here, we show that a single, unifying retron architecture is compatible 

with all of these host systems, simplifying comparisons and portability across kingdoms. 

We also show, consistent with contemporaneous studies487, that the retron RT-

DNA can be used as a template to precisely edit human cells. Further, our repair template 

design allows us to confidently call the precise editing rates. Importantly, we have also 

applied the same analysis to the Cas9-only conditions and reported the precise editing 

rates therein and recommend that this approach be applied in future work. We believe 

that this will allow for estimations of the proportion of precise editing attributable to 

nuclease-only activity and will ultimately help in obtaining more realistic estimates of the 

precise editing rates attributable to the genome-engineering tool of interest. 

One major difference between the two eukaryotic systems (yeast/humans) is the 

ratio of precise to imprecise editing. Yeast RT-DNA-based editing occurs at a ratio of 

~74:1 precise edits:imprecise edits, while human editing inverted at a ratio of ~1:15 

precise edits to imprecise edits. Whether this is a result of differences in repair pathways 

or the substantial difference in the abundance of retron-produced RT-DNA between yeast 

and human cells that we report here, it represents a clear direction for future research 

and technological advances in this area. In summary, this work represents an important 

advance in the versatile use of retron in vivo DNA synthesis and RT-DNA for genome 

editing across kingdoms. 

 



 

 54 

2.5  Methods 

All biological replicates were collected from distinct samples and not from the 

same sample measured repeatedly. Full statistics can be found in Supplementary 

Table 2-4. 

 

Constructs and strains 

For bacterial expression, a plasmid encoding the Eco1 ncRNA and RT in that order 

from a T7 promoter (pSLS.436) was constructed by amplifying the retron elements from 

the BL21-AI genome and using Gibson assembly for integration into a backbone based 

on pRSFDUET1. The Eco1RT was cloned separately into the erythromycin-inducible 

vector pJKR-O-mphR488 to generate pSLS.402. Eco1 ncRNA variants were cloned 

behind a T7/lac promoter in a vector based on pRSFDUET1 with BsaI sites removed to 

facilitate Golden Gate cloning (pSLS.601) and is described further below. Eco1 RTs along 

with recombineering ncRNAs driven by T7/lac promoters (pSLS.491 and pSLS.492) were 

synthesised by Twist in pET-21(+). 

Bacterial experiments were performed in BL21-AI cells or a derivative of BL21-AI 

cells. These cells harbour a T7 polymerase driven by a ParaB arabinose-inducible 

promoter. A KO strain for the Eco1 operon (bSLS.114) was constructed from BL21-AI cells 

using a strategy based on Datsenko and Wanner489 to replace the retron operon with an 

FRT-flanked chloramphenicol resistance cassette. The replacement cassette was 

amplified from pKD3, adding homology arms to the Eco1 locus. This amplicon was 

electroporated into BL21-AI cells expressing lambda Red genes from pKD46, and clones 

were isolated by selection on 10 µg ml–1 chloramphenicol plates. After genotyping to 
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confirm locus-specific insertion, the chloramphenicol cassette was excised by transient 

expression of FLP recombinase to leave only an FRT scar. 

For yeast expression, four sets of plasmids were generated. The first set of 

plasmids, designed to express the protein components for yeast genome editing, were 

based off of pZS.157438, an HIS3 yeast integrating plasmid for galactose-inducible 

Eco1RT and Cas9 expression (Gal1-10 promoter). A first set of variants of pZS.157, 

designed to compare the effect of WT versus extended a1/a2 region lengths on genome 

editing, were generated by PCR and expressed either an empty cassette (pSCL.004), 

only Cas9 (pSCL.005), only the Eco1RT (pSCL.006) or both (pZS.157). A second set of 

variants was generated to test single-promoter expression of Cas9–Eco1RT variants. We 

designed six such plasmids: Eco1RT–linker 1–Cas9 (pSCL.71), Cas9–linker 1–Eco1RT 

(pSCL.72), Eco1RT–linker 2–Cas9 (pSCL.94), Cas9–linker 2–Eco1RT (pSCL.95), 

Eco1RT–P2A–Cas9 (pSCL.102) and Cas9–P2A–Eco1RT (pSCL.103). The intervening 

sequences used were linker 1 (GGTSSGGSGTAGSSGATSGG), linker 2 

(SGGSSGGSSGSETPGTSESATPESSGGSSGGSS)430 and P2A 

(ATNFSLLKQAGDVEENPGP)485. 

The second set of plasmids built for the genome-editing experiments were based 

off of pZS.165438, a URA3+ centromere plasmid for galactose (Gal7)-inducible expression 

of a modified Eco1 retron ncRNA, which consists of an Eco1 msr-ADE2-targeting gRNA 

chimera flanked by HH-HDV ribozymes. An initial variant of pZS.165 was generated by 

cloning an IDT-synthesised gBlock consisting of an Eco1 ncRNA (a1/a2 length: 12 bp), 

which, when reverse transcribed, encodes a 200-bp ADE2 repair template to introduce a 

stop codon (P272X) into the ADE2 gene (pSCL.002). Two additional plasmids were 
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generated to extend the a1/a2 region of the Eco1 ncRNA to 27 bp, with variations in the 

a1/a2 sequence (pSCL.039 and pSCL.040). 

The third set of plasmids was built to assess the generalizability of the extended 

a1/a2 modification. The plasmids carrying WT-length a1/a2 retrons are based off of 

pSCL.002, where the ADE2-targeting gRNA and ADE2-editing msd were replaced with 

analogous sequences to target and insert the following mutations: Can1 G444X 

(pSCL.106), Lyp1 E27X (pSCL.108), Trp2 E64X (pSCL.110) and Faa1 P233X 

(pSCL.112). The plasmids carrying extended-length a1/a2 retrons are based off of 

pSCL.039 and were generated similar to the WT-length a1/a2 retron-encoding plasmids 

(Can1 G444X (pSCL.107), Lyp1 E27X (pSCL.109), Trp2 E64X (pSCL.111) and Faa1 

P233X (pSCL.113)). 

The last set of plasmids, designed to compare the levels of RT-DNA production by 

the different retron systems, were derived from pSCL.002. IDT-synthesised gBlocks 

encoding a mammalian codon-optimised Eco1RT and ncRNA (WT), a dead Eco1RT and 

ncRNA (WT) and a human codon-optimised Eco2RT and ncRNA (WT) were cloned into 

pSCL.002 by Gibson Assembly, generating pSCL.027, pSCL.031 and pSCL.017, 

respectively. pSCL.027 was used to generate pSCL.028 by PCR, which carries a 

mammalian codon-optimised Eco1RT and ncRNA (extended a1/a2: 27 bp). Similarly, 

pSC.0L17 was used to generate pSCL.034 by PCR, which carries a mammalian codon-

optimised Eco2RT and ncRNA (extended a1/a2: 29 bp). 

All yeast strains were created by LiAc/SS carrier DNA/PEG transformation490 of 

BY4742491. Strains for evaluating the genome-editing efficiency of various retron ncRNAs 

were created by BY4742 integration of plasmids pZS.157, pSCL.004, pSCL.005 or 
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pSCL.006 using KpnI-linearised plasmids for homologous recombination into 

the HIS3 locus. Transformants were isolated on SC-HIS plates. To evaluate the effect of 

the length of the Eco1 ncRNA a1/a2 region on genome-editing efficiency, these parental 

strains were transformed with episomal plasmids carrying the different retron ncRNA 

cassettes (pSCL.002, pSCL.039 or pSCL.040), and double transformants were isolated 

on SC-HIS-URA plates. The result was a set of control strains that lacked one or both 

components of the genome-editing machinery (that is, Eco1RT and Cas9) and three 

strains that had all components necessary for retron-mediated genome editing but 

differed in the length of the Eco1 ncRNA a1/a2 region (12 bp versus 27 bp). 

Strains designed to assess the generalizability of the extended a1/a2 modification 

were created by transformation of a HIS3:pZS.157 yeast strain with plasmids carrying 

either WT or extended a1/a2 retrons for editing of the four additional loci. Transformants 

were isolated on SC-HIS-URA plates. Strains to test single-promoter expression of Cas9–

Eco1RT variants were created by BY4742 integration of plasmids pSCL.71, pSCL.72, 

pSCL.94, pSCL.95, pSCL.102 or pSCL.103 using KpnI-linearised plasmids for 

homologous recombination into the HIS3 locus. Transformants were isolated on SC-HIS 

plates. These strains were then transformed with pSCL.39, and transformants were 

isolated on SC-HIS-URA plates. 

Strains designed to compare the levels of RT-DNA production by the different 

retron constructs were created by transformation of plasmids pSCL.027, pSCL.037 and 

pSCL.028 for Eco1 (WT, WT dead RT and extended a1/a2, respectively) into BY4742 and 

pSCL.017 and pSCL.031 for Eco2 (WT and extended a1/a2, respectively) into BY4742. 

Transformants were isolated by plating on SC-URA agar plates. Expression of proteins 
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and ncRNAs from all yeast strains was performed in liquid SC-Ura 2% galactose medium 

for 24 h unless otherwise specified. 

For mammalian retron expression and quantification of RT-DNA production, 

synthesised gBlocks encoding human codon-optimised Eco1 and Eco2 were cloned into 

a PiggyBac integrating plasmid for doxycycline-inducible human protein expression 

(TetOn-3G promoter). Eco1 variants were WT retron-Eco1RT and ncRNA (pKDC.018 with 

an a1/a2 length of 12 bp), extended a1/a2 length ncRNA (pKDC.019 with an a1/a2 length 

of 27 bp) and a dead Eco1RT control (pKDC.020 with an a1/a2 length of 27 bp). Eco2 

variants were WT retron-Eco2RT and ncRNA (pKDC.015 with an a1/a2 length of 13 bp) 

and extended a1/a2 length ncRNA (pKDC.031 with an a1/a2 length of 29 bp). 

Stable mammalian cell lines for assessing RT-DNA production by WT and 

extended a1/a2 regions were created using the Lipofectamine 3000 transfection protocol 

(Invitrogen) and a PiggyBac transposase system. T25 flasks of 50–70% confluent 

HEK293T cells were transfected using 8.3 µg of retron expression plasmids (pKDC.015, 

pKDC.018, pKDC.019, pKDC.020 or pKDC.031) and 4.2 µg PiggyBac transposase 

plasmid (pCMV-hyPBase). Stable cell lines were selected with puromycin. 

For assessment of retron-mediated precise genome editing in mammalian cells, 

two sets of plasmids were generated. The first set of plasmids, carrying either the SpCas9 

gene or the SpCas9-P2A-Eco1RT construct, was built by restriction cloning of the 

respective genes (PCR amplified off of the aforementioned yeast vectors) into a PiggyBac 

integrating plasmid for doxycycline-inducible human protein expression (TetOn-3G 

promoter).  
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The second set of plasmids carried the ncRNA/gRNA targeting one of six loci in 

the human genome:  

HEK3 (pSCL.175), RNF2 (pSCL.176), EMX1 (pSCL.177), FANCF (pSCL.178), 

HEK4 (pSCL.179) and AAVS1 (pSCL.180). These were generated by restriction cloning 

of the ncRNA/gRNA cassette (built by primer assembly492) into an H1 expression plasmid 

(FHUGW). 

The ncRNA/gRNA cassette was designed as follows. The msd contained a repair 

template-encoding, 120-bp sequence in its loop. The plasmid-encoded repair template 

was slightly asymmetric (49 bp of genome site homology upstream of the Cas9 cut site; 

71 bp of genome site homology downstream of the cut site) and was complementary to 

the target strand; in practice, this means that after reverse transcription, the repair 

template RT-DNA is complementary to the non-target strand, as recommended in 

previous studies241. The repair template carried two distinct mutations: the first introduces 

a 1-bp single-nucleotide polymorphism (SNP) at the Cas9 cut site, and the second 

(designed to be at least 2 bp away from the first mutation) recodes the Cas9 PAM 

(NGG → NHH, where H is any nucleotide beside G). The gRNA is 20 bp. 

Stable mammalian cell lines for assessing retron-mediated precise genome editing 

were created using the Lipofectamine 3000 transfection protocol (Invitrogen) and a 

PiggyBac transposase system. T25 flasks of 50–70% confluent HEK293T cells were 

transfected using 8.3 µg of protein expression plasmids (pSCL.139 and pSCL.140) and 

4.2 µg of PiggyBac transposase plasmid (pCMV-hyPBase). Stable cell lines were 

selected with puromycin. 
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Plasmids and strains are listed in Supplementary Tables 2-1 and 2-2. Primers 

used to generate and verify strains are listed in Supplementary Table 2-3. All plasmids 

are available on Addgene: https://www.addgene.org/Seth_Shipman/ 

 

qPCR 

qPCR analysis of RT-DNA was performed by comparing amplification from 

samples using two sets of primers. One set could only use the plasmid as a template 

because they bound outside the msd region (outside), and the other set could use either 

the plasmid or RT-DNA as a template because they bound inside the msd region (inside). 

Results were analysed by first taking the difference in cycle threshold (Ct) between the 

inside and outside primer sets for each biological replicate. Next, each biological 

replicate’s ΔCt value was subtracted from the average ΔCt of the control condition (for 

example, uninduced). Fold change was calculated as 2−ΔΔ𝐶𝑡 for each biological replicate. 

This fold change represents the difference in abundance of the inside versus outside 

template, where the presence of RT-DNA leads to fold change values of >1. 

For the initial analysis of Eco1 RT-DNA when overexpressed in E. coli, the qPCR 

analysis used just three primers, two of which bound inside the msd and one which bound 

outside. The inside PCR was generated using both inside primers, while the outside PCR 

used one inside and one outside primer. For all other experiments, four primers were 

used. Two bound inside the msd and two bound outside the msd in the RT. qPCR primers 

are all listed in Supplementary Table 2-3.  

For bacterial experiments, constructs were expressed in liquid culture maintained 

with shaking at 37 °C for 6–16 h, after which a volume of 25 µl of culture was collected, 

https://www.addgene.org/Seth_Shipman/
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mixed with 25 µl of water and incubated at 95 °C for 5 min. A volume of 0.3 µl of this boiled 

culture was used as a template in 30-µl reactions using KAPA SYBR FAST qPCR mix. 

For yeast experiments, single colonies were inoculated into SC-URA 2% glucose 

and grown with shaking overnight at 30 °C. To express the constructs, the overnight 

cultures were centrifuged, washed and resuspended in 1 ml of water, passaged at a 1:30 

dilution into SC-URA 2% galactose and grown with shaking for 24 h at 30 °C. Aliquots 

(250 µl) of the uninduced and induced cultures were collected for qPCR analysis. For 

qPCR sample preparation, the aliquots were centrifuged, resuspended in 50 µl of water 

and incubated at 100 °C for 15 min. The samples were then briefly centrifuged and placed 

on ice to cool, and 50 µl of the supernatant was treated with Proteinase K by combining 

with 29 µl of water, 9 µl of CutSmart buffer and 2 µl of Proteinase K (New England Biolabs) 

followed by incubation at 56 °C for 30 min. The Proteinase K was inactivated by incubation 

at 95 °C for 10 min, followed by a 1.5-min centrifugation at maximum speed (~21,000g). 

The supernatant was collected and used as a template for qPCR reactions consisting of 

2.5 µl of template in 10-µl KAPA SYBR FAST qPCR reactions. 

For mammalian experiments, retron expression in stable HEK293T cell lines was 

induced using 1 µg ml–1 doxycycline for 24 h at 37 °C in six-well plates. Aliquots (1 ml) of 

induced and uninduced cell lines were collected for qPCR analysis. qPCR sample 

preparation and reaction mix followed the yeast experimental protocol. 
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RT-DNA purification and PAGE analysis 

To analyse RT-DNA on a PAGE gel after expression in E. coli, 2 ml of culture was 

pelleted, and nucleotides were prepared using a Qiagen mini prep protocol, substituting 

Epoch mini spin columns and buffers MX2 and MX3 for Qiagen components. Purified 

DNA was then treated with additional RNase A/T1 mix (New England Biolabs) for 30 min 

at 37 °C, and single-stranded DNA was isolated from the preparation using an 

ssDNA/RNA Clean & Concentrator kit from Zymo Research. The purified RT-DNA was 

then analysed on 10% Novex TBE-Urea gels (Invitrogen) with 1× TBE running buffer that 

was heated to >80 °C before loading. Gels were stained with SYBR Gold (Thermo Fisher) 

and imaged on a Gel Doc imager (Bio-Rad). 

To analyse RT-DNA on a PAGE gel after expression in S. cerevisiae, 5 ml of 

overnight culture in SC-URA 2% galactose was pelleted, and RT-DNA was isolated by 

RNAse A/T1 treatment of the aqueous (RNA) phase after TRIzol extraction (Invitrogen), 

following the manufacturer’s recommendations with few modifications, as noted here. Cell 

pellets were resuspended in 500 µl of RNA lysis buffer (100 mM EDTA pH 8, 50 mM Tris-

HCl pH 8, 2% SDS) and incubated for 20 min at 85 °C before the addition of the TRIzol 

reagent. The aqueous phase was chloroform extracted twice. Following isopropanol 

precipitation, the RNA + RT-DNA pellet was resuspended in 265 µl of TE and treated with 

5 µl of RNAse A/T1 + 30 µl of NEB2 buffer. The mixture was incubated for 25 min at 37 °C, 

after which the RT-DNA was reprecipitated by addition of equal volumes of isopropanol. 

The resulting RT-DNA was analysed on Novex 10% TBE-Urea gels as described above. 
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Variant library cloning 

Eco1 ncRNA variant parts were synthesised by Agilent. Variant parts were flanked 

by BsaI type IIS cut sites and specific primers that allowed for amplification of the 

sublibraries from a larger synthesis run. Random nucleotides were appended to the 3′ 

end of synthesised parts so that all sequences were the same length (150 bp). The vector 

to accept these parts (pSLS.601) was amplified with primers that also added BsaI sites 

so that the ncRNA variant amplicons and amplified vector backbone could be combined 

into a Golden Gate reaction using BsaI-HFv2 and T4 ligase to generate a pool of variant 

plasmids at high efficiency when electroporated into a cloning strain. Variant libraries were 

miniprepped from the cloning strain and electroporated into the expression strain. Primers 

for library construction are listed in Supplementary Table 2-3. Variant parts are listed in 

Supplementary_Dataset_Chapter2.xlsx. 

 

Variant library expression and analysis 

Eco1 ncRNA variant libraries were grown overnight and then diluted 1:500 for 

expression. A sample of the culture preexpression was taken to quantify the variant 

plasmid library, mixed 1:1 with water, incubated at 95 °C for 5 min and frozen at −20 °C. 

Constructs were expressed (arabinose and IPTG for the ncRNA, erythromycin for the RT) 

as the cells grew with shaking at 37 °C for 5 h, after which two samples were collected. 

One was collected to quantify the variant plasmid library. That sample was mixed 1:1 with 

water, incubated at 95 °C for 5 min and frozen at −20 °C, identical to the preexpression 

sample. The other sample was collected to sequence the RT-DNA. That sample was 

prepared as described above for RT-DNA purification. 
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The two variant plasmid library samples (boiled cultures) taken before and after 

expression were amplified by PCR using primers flanking the ncRNA region that also 

contained adapters for Illumina sequencing preparation. The purified RT-DNA was 

prepared for sequencing by first treating with DBR1 (OriGene) to remove the branched 

RNA and then extending the 3′ end with a single nucleotide, dCTP, in a reaction with TdT. 

This reaction was performed in the absence of cobalt for 120 s at room temperature with 

the aim of adding only five to ten cytosines before inactivating the TdT at 70 °C. A second 

complementary strand was then created from that extended product using Klenow 

Fragment (3′ → 5′ exo-) with a primer containing an Illumina adapter sequence, six 

guanines and a non-guanine (H) anchor. Finally, Illumina adapters were ligated on at the 

3′ end of the complementary strand using T4 ligase. In one variation, the loop of the RT-

DNA for the a1/a2 library was amplified using Illumina adapter-containing primers in the 

RT-DNA but outside the variable region from the purified RT-DNA directly. All products 

were indexed and sequenced on an Illumina MiSeq. Primers used for sequencing are 

listed in Supplementary Table 2-3. 

Python software was custom written to extract variant counts from each plasmid 

and RT-DNA sample. In each case, these counts were then converted to a percentage of 

each library or relative abundance (for example, raw count for a variant over total counts 

for all variants). The relative abundance of a given variant in the RT-DNA sample was 

then divided by the relative abundance of that same variant in the plasmid library using 

the average of the pre- and postinduction values to control for differences in the 

abundance of each variant plasmid in the expression strain. Finally, these corrected 
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abundance values were normalised to the average corrected abundance of the WT 

variant (set to 100%) or the loop length of five (set to 100%). 

 

Recombineering expression and analysis 

In experiments using the retron ncRNA to edit bacterial genomes, the retron cassette was 

coexpressed with CspRecT and mutL E32K from the plasmid pORTMAGE-Ec1480 for 16 h 

with shaking at 37 °C. After expression, a volume of 25 µl of culture was collected, mixed 

with 25 µl of water and incubated at 95 °C for 5 min. A volume of 0.3 µl of this boiled culture 

was used as a template in 30-µl reactions with primers flanking the edit site, which 

additionally contained adapters for Illumina sequencing preparation. These amplicons 

were indexed and sequenced on an Illumina MiSeq instrument and processed with 

custom Python software to quantify the percentage of precisely edited genomes. 

 

Yeast editing expression and analysis 

For yeast genome-editing experiments, single colonies from strains containing 

variants of the Eco1 ncRNA–gRNA cassette (WT or extended a1/a2 length for WT versus 

extended a1/a2 region experiments; extended a1/a2 length v1 to test single-promoter 

expression of Cas9–Eco1RT variants) and editing machinery (–/+ Cas9, –/+ Eco1RT for 

WT versus extended a1/a2 region experiments; Eco1RT–linker 1–Cas9, Cas9–linker 1–

Eco1RT, Eco1RT–linker 2–Cas9, Cas9–linker 2–Eco1RT, Eco1RT–P2A–Cas9, Cas9–

P2A–Eco1RT to test single-promoter expression of Cas9–Eco1RT variants) were grown 

in SC-HIS-URA 2% raffinose for 24 h with shaking at 30 °C. Cultures were passaged twice 

into SC-URA 2% galactose (1:30 dilutions) for 24 h for a total of 48 h of editing. At each 
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timepoint (after 24 h of raffinose, 24 h of galactose, 48 h of galactose), an aliquot of the 

cultures was collected, diluted and plated on SC-URA low-ADE plates. Plates were 

incubated at 30 °C for 2–3 d until visible and countable pink (ADE2 KO) and white 

(ADE2 WT) colonies grew.  

Editing efficiency was calculated in two ways. The first was by calculating the ratio 

of pink colonies to total colonies on each plate for each timepoint. This counting was 

performed by an experimenter blinded to the condition. The second was by deep 

sequencing of the target ADE2 locus. For this, we collected cells from 250-µl aliquots of 

the culture for each timepoint in PCR strips and performed a genomic preparation as 

follows. The pellets were resuspended in 120 µl of lysis buffer (see above), heated at 

100 °C for 15 min and cooled on ice. Protein precipitation buffer (60 µl; 7.5 M ammonium 

acetate) was added, and the samples were gently inverted and placed at −20 °C for 

10 min. The samples were then centrifuged at maximum speed for 2 min, and the 

supernatant was collected in new Eppendorf tubes. Nucleic acids were precipitated by 

adding equal parts ice-cold isopropanol and incubating the samples at −20 °C for 10 min 

followed by pelleting by centrifugation at maximum speed for 2 min. The pellets were 

washed twice with 200 µl of ice-cold 70% ethanol and dissolved in 40 µl of water. gDNA 

(0.5 µl) was used as template in 10-µl reactions with primers flanking the edit site in ADE2, 

which additionally contained adapters for Illumina sequencing preparation (see 

Supplementary Table 2-3 for oligonucleotide sequences). Importantly, the primers do 

not bind to the ncRNA/gRNA plasmids. These amplicons were indexed and sequenced 

on an Illumina MiSeq instrument and processed with custom Python software to quantify 
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the percentage of P272X edits caused by Cas9 cleavage of the target site on 

the ADE2 locus and repair using the Eco1 ncRNA-derived RT-DNA template. 

The editing experiments at additional loci were performed as described above, with 

the difference that editing was quantified by amplifying 0.5 µl of the gDNA with locus-

specific primers, adapters for Illumina sequencing preparation. These primers are listed 

in Supplementary Table 2-3. Custom Python software was used to quantify the 

percentage of precise edits caused by Cas9 cleavage of the target site on the ADE2 locus 

and repair using the Eco1 ncRNA-derived RT-DNA template. 

 

Human editing expression and analysis 

For human genome-editing experiments, Cas9 or Cas9–P2A–Eco1RT expression 

in stable HEK293T cell lines was induced using 1 µg ml–1 doxycycline for 24 h at 37 °C in 

T12.5 flasks. Cultures were transiently transfected with a plasmid constitutively 

expressing ncRNA/gRNA at a concentration of 5 µg of plasmid per T12.5 using 

Lipofectamine 3000 (see plasmid list described above and Supplementary Table 2-1). 

Cultures were passaged, and doxycycline was refreshed the following day for an 

additional 48 h. Three days after transfection, cells were collected for sequencing 

analysis. 

To prepare samples for sequencing, cell pellets were processed, and gDNA was 

extracted using a QIAamp DNA mini kit according to the manufacturer’s instructions. DNA 

was eluted in 200 µl of ultra-pure, nuclease-free water. Then, 0.5 µl of the gDNA was used 

as template in 12.5-µl PCR reactions with primer pairs to amplify the locus of interest, 

which also contained adapters for Illumina sequencing preparation (see Supplementary 
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Table 2-3 for oligonucleotide sequences). Importantly, the primers do not bind to the 

ncRNA/gRNA plasmids. The amplicons were purified using a QIAquick PCR purification 

kit according to the manufacturer’s instructions, and the amplicons were eluted in 12 µl of 

ultra-pure, nuclease-free water. Lastly, the amplicons were indexed and sequenced on 

an Illumina MiSeq instrument and processed with custom Python software to quantify the 

percentage of on-target precise and imprecise genomic edits. 

 

Data availability 

All data supporting the findings of this chapter are available within the chapter and 

accompanying Supplementary Information and Supplemental Files. Sequencing data 

associated with this study are available through the NCBI BioProject database under 

accession number PRJNA770365.  

 

Code availability 

Custom code to process or analyse data from this study is available on GitHub 

at https://github.com/Shipman-Lab/retron_architectures. 

 

  

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA770365
https://github.com/Shipman-Lab/retron_architectures
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2.6 Supplementary Information 

 

Extended Data Figure 2-1: RT-DNA sequencing prep 

a. Schematic of the sequencing prep pipeline for RT-DNA. b. Representative image of a PAGE analysis 
showing the addition of nucleotides to the 3’ end of a single-stranded DNA, controlled by reaction time. The 
experiment was repeated twice with similar results. c. Alternate analysis of the RT-DNA for the a1/a2 length 
library, using a TdT-based sequencing preparation. Related to Figure 2-2. 

 

 

 

Extended Data Figure 2-2: RT-DNA production in eukaryotic cells. 

 a. Representative image of a PAGE analysis of Eco1 and Eco2 RT-DNA isolated from yeast. The ladder 
is shown at a different exposure to the left of the gel image. The experiment was repeated twice with similar 
results. b. Enrichment of the Eco1 RT-DNA/plasmid template when uninduced compared to a dead RT 
construct. Closed circles show each of three biological replicates, with red for the dead RT version and 
black for the live RT. c. Identical analysis as in b, but for Eco1 in HEK293T cells. Related to Figure 2-3. 
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Extended Data Figure 2-3: Precise genome editing rates across additional genomic loci in E. coli.  

a-c. Percent of cells precisely edited, quantified by multiplexed sequencing, for the wt (black) and extended 
(green) recombineering constructs for three additional loci in E coli. Related to Fig. Figure 2-4a-d. 
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Extended Data Figure 2-4: Imprecise editing profile of the yeast ADE2 locus.  

(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

a. Percent of ADE2 loci with imprecise edits or sequencing errors at 24 and 48 hours. Closed circles show 
each of three biological replicates, with black for the wt a1/a2 length and green for the extended a1/a2 (two 
extended versions, v1 and v2). Induction conditions are shown below the graph for the RT and Cas9. b. 
Breakdown of the data in a. by type of edit/error. c. Imprecise edits and sequencing errors found in all data 
sets, ranked by frequency. Above the graph are the wt ADE2 locus and intended precise edit. On the Y 
axis are the imprecise edits and sequencing errors found. X axis represents count of each sequence in all 
data sets. Related to Figure 2-4h. 

 

 

Extended Data Figure 2-5: Genome editing rates across additional genomic loci in yeast.  

a-d. Percent of cells precisely edited, quantified by multiplexed sequencing, for the wt (black) and extended 
(green) recombineering constructs for four additional loci in S. cerevisiae at 24 and 48 hours. Cultures 
edited at the LYP1 E27X site were not viable beyond 24 hours. e-h. Percent of imprecise edits or 
sequencing errors for the loci in a-d. Related to Figure 2-4e-h. 

 

 

 

Extended Data Figure 2-6: Imprecise editing rates across genomic loci in human cells. 

 a-f. Percent of cells imprecisely edited (indels), quantified by multiplexed sequencing, in the presence of 
the ncRNA/gRNA plasmid and either Cas9 alone or Cas9 and Eco1 RT (as indicated below). Individual 
circles represent each of three biological replicates. Related to Figure 2-5. 

https://www.nature.com/articles/s41589-021-00927-y#Fig9
https://www.nature.com/articles/s41589-021-00927-y#Fig9
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2.7 Supplemental Files 

Supplementary_Information_Chapter2.pdf 

This PDF file contains: 

• Supplementary Table 2-1: Plasmids used in this study 

• Supplementary Table 2-2: Strains used in this study 

• Supplementary Table 2-3: Primers used in this study 

• Supplementary Table 2-4: Per-figure statistics 

 

Supplementary_Dataset_Chapter2.xlsx 

This excel file contains the Eco1 ncRNA variant library parts. 
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Chapter 3 Simultaneous multi-site editing of individual genomes using retron 

arrays 

 

3.1 Abstract 

During recent years the use of libraries-scale genomic manipulations scaffolded on 

CRISPR gRNAs have been transformative. However, these existing approaches are 

typically multiplexed across genomes. Unfortunately, building cells with multiple, non-

adjacent precise mutations remains a laborious cycle of editing, isolating an edited cell, 

and editing again. The use of bacterial retrons can overcome this limitation. Retrons are 

genetic systems composed of a reverse transcriptase and a non-coding RNA (ncRNA) 

that contains an msd, which is reverse transcribed to produce multiple copies of single-

stranded DNA. Here, we describe a technology – termed a multitron – for precisely 

modifying multiple sites on a single genome simultaneously using retron arrays, in which 

multiple donor-encoding DNAs are produced from a single transcript. The multitron 

architecture is compatible with both recombineering in prokaryotic cells and CRISPR 

editing in eukaryotic cells. We demonstrate applications for this approach in molecular 

recording, genetic element minimization, and metabolic engineering.      
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3.2 Introduction 

 Multiplexing – the act of consolidating multiple discrete elements into a single 

composite channel – has enabled genomic technologies to scale toward the complexity 

of the biology we hope to understand. Today, one might use multiplexed DNA synthesis 

to make a library of distinct CRISPR gRNAs on a single synthesis chip, then use 

multiplexed experimental design to clone and transfect that library of gRNAs across cells 

in a single culture, and finally use multiplexed sequencing to analyse the effect of the 

perturbation on a single sequencing flow-cell493,494. This now-standard multiplexed gRNA 

workflow has allowed scientists run experiments across every gene in parallel with barely 

more effort than they might have previously put into determining the effect of single gene. 

However, the typical multiplexing of a gRNA library precludes an important level of 

analysis: it is implemented across cells, where a single edit is made per genome, and 

thus cannot be used to study the interaction of mutations within a genome.  

Technologies for multiplexing within genomes – where multiple distinct, non-

adjacent edits are made using a single, consolidated editor – are much more limited. Yet, 

applications for multiplexing within genomes abound in both fundamental biology (e.g. 

studying epistasis, long-range gene regulation, and genome organization) and 

biotechnology (e.g. metabolic engineering, molecular recording, and genome 

minimization). These complex applications require precise mutations, not genomic scars 

or transcriptional perturbations. Precision is essential to understand combinatorial 

genome complexity, such as probing compensatory mutations across genes in a complex 

or interrogating enhancer-promoter interactions, and is necessary to build nuanced 
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technological advances, such as ribosome-dependent tuning of gene expression in a 

metabolic pathway. 

In bacteria, the most commonly used approach to introduce combinatorial, precise 

mutations is MAGE (multiplexed automated genome engineering), which relies on single 

stranded DNA (ssDNA) recombineering483,495,496. A eukaryotic version of this technology 

has been developed to extend this approach to yeast497. However, MAGE is limited by its 

requirement for numerous labor-intensive recombineering cycles required to attain 

efficient combinatorial editing rates, and by its reliance on exogenously-delivered 

oligonucleotides that leave no trackable plasmid element for phenotyping by proxy498. 

Base-editing (BE) and prime-editing (PE)415,416,430 are two other precise editing 

approaches that can be multiplexed499–504. Base-editors are the simplest to multiplex 

using tandem gRNAs, but are limited to single base mutations of a defined type (either 

A•T-to-G•C or C•G-to-T•A)499,501,502. Prime-editors have also been multiplexed, but the 

complexity of the editing elements grows quickly with additional sites. In bacteria, 

multiplexed prime editing requires a three plasmid system, and multiple edits occur on 

the same genome in less than 1% of cells500, while systems built for human and plant 

cells require two gRNAs per site in addition to the editing template, which can create 

issues with the assembly of multiplexed plasmids502–504. 

 Another way to introduce precise mutations that is compatible with both prokaryotic 

and eukaryotic editing is to produce editing donors inside a cell using modified retrons. 

Retrons are bacterial tripartite systems that have been shown to provide phage 

defence51–53,439. Two of the components of the retron operon are a reverse transcriptase 

and a small (200-300 base), structured non-coding RNA (ncRNA). The reverse 
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transcriptase recognises and partially reverse transcribes the ncRNA into a single-

stranded DNA fragment that is present at the abundance of a cellular 

transcript44,47,49,52,478.  

We and others have previously shown that the retron ncRNA can be modified to 

encode an editing donor to precisely edit the genomes of bacteria, phage, plant, yeast, 

and even human cells437,438,440,445,447,505,506. However, these retron-derived editors have 

only been used to edit genomic positions one at a time. Here, we describe a substantial 

modification of the retron ncRNA to produce multiple editing donors simultaneously from 

a single transcript after reverse transcription. We show that these multiplexed, arrayed 

retron elements – termed multitrons – can be paired with single-stranded annealing 

proteins to edit prokaryotic genomes and with CRISPR components to edit eukaryotic 

genomes438,440,447,505. We demonstrate utility with proof-of-concept applications in 

molecular recording, multiplexed deletions, and metabolic engineering.  
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3.3 Results 

Multiplexed editing from multiple donors in a retron msd  

The use of retrons in bacterial recombineering was originally developed for 

applications in molecular recording437, and has more recently been optimised to install 

single targeted edits and interrogate biology438,440,447,505. To do so, a retron ncRNA – which 

can be divided into two regions: an msr (multicopy single-stranded RNA) that is not 

reverse transcribed and an msd (multicopy single-stranded DNA) that is reverse 

transcribed – is modified to encode an editing donor within the msd region. This modified 

ncRNA is expressed in cells along with a retron reverse transcriptase (e.g. retron Eco1-

RT) that reverse transcribes the retron msd to produce an editing donor (RT-Donor). An 

overexpressed single-stranded annealing protein (SSAP, e.g. CspRecT) and the host 

single-stranded binding protein (SSB) promote annealing of the RT-Donor to the lagging 

strand of a replicating chromosome to install the edited sequence480,507.  

We aimed to further modify retrons to create multitron editors, capable of 

multiplexed editing of a single genome from a consolidated retron element generating 

multiple RT-Donors per transcript. Recombineering via oligonucleotide donors is most 

efficient with donors between 70 and 90 bases long483, which is also the ideal range for 

retron recombineering donors445,447. Yet, retron RTs are capable of reverse transcribing 

much longer RT-Donors, even up to an entire gene length438. Thus, we initially tested a 

multitron architecture that encodes multiple 70 bp donors end-to-end within a single msd 

loop (Figure 3-1a) using the two tandem donors to make point mutations in both the rpoB 

and gyrA genes in E. coli. We tested two versions of this multitron with the donors in each 

of the possible orders in the msd as well as a control rpoB singleplex editor. Both tandem 
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multitron variants edited both sites, and editing rates for rpoB were comparable in the 

singleplex versus multitron configurations (Figure 3-1b).  

When comparing the two multitron versions, we noticed that the site edited by the 

first donor in the multitron tended to have a higher editing rate than the site edited by the 

second donor. The donor in position one is reverse transcribed first, so the editing 

difference could be due to a small effect of RT processivity, or due to a positional effect 

of the donors after reverse transcription. To distinguish between these possibilities, we 

compared the relative editing efficiencies at each site using the multitrons versus 

synthetic oligonucleotides of the same sequence as the tandem RT-Donors. Unlike RT-

Donors produced by multitrons, oligonucleotide donors had similar relative editing rates 

across the sites independent of their donor position (Figure 3-1c), consistent with an 

effect of RT processivity.  

We next tested three donor multitrons in the tandem msd architecture, using a third 

donor targeting lacZ on the leading strand (less effective than targeting the lagging 

strand). All three sites were edited in each of the three permutations of donor order 

(Figure 3-1d), with the same positional bias for higher editing at the 5’ end of the RT-

Donor (Figure 3-1e). Although the positional bias is a bug in our intended design, we 

wondered whether it could be exploited to create a range of editing efficiencies for 

analogue molecular recording. Retrons have previously been used as analogue 

molecular recorders capable of detecting the magnitude and duration of a specific input 

by accumulating precise mutations in the genome437. These analogue molecular 

recorders are, however, limited to operating in the linear range of the interaction between 

reporter and editing efficacy. We reasoned that using a tandem multitron could add 
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robustness by expanding the dynamic range of a recording across multiple sites. We 

constructed another multitron encoding three lagging donors (gyrA, priB, rpoB) driven by 

an m-toluic acid (mTol)-inducible promoter. Here too, we found that the editing rates were 

inversely proportional to the order of donor reverse transcription at maximal induction 

(Figure 3-1f). As a result, the editing rates for each site saturate at different mTol 

concentrations when used as an analogue recorder of mTol (Figure 3-1g), effectively 

increasing the dynamic range of the recorder. 

 

 

Figure 3-1: Encoding several donors in a retron msd enables multiplexed retron recombineering. 

a. Top: schematic of the retron recombineering operon with two donors encoded within the msd. Donor 
labels indicate the order in which the donor is reverse transcribed. Bottom: schematic of the retron 
recombineering process. b. Quantification of precise editing rates of the rpoB locus alone and both rpoB 
and gyrA loci in bacteria. The order in which the donors are reverse transcribed is indicated. For b, c, d, e, 
(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

and f, data were quantified by sequencing after 24h of editing, circles show each of the three biological 
replicates, bars are mean ±SD (one-way ANOVA, effect of condition on rpoB editing P=0.2616). c. 
Comparison of donor order for retron-encoded donors versus oligonucleotide donors. Editing is shown as 
percent of maximum precise editing for each condition. Retron, but not oligonucleotide, is influenced by 
position effects (one-way ANOVA effect of conditions P<0.0001; Tukey’s corrected effect of retron order 
P<0.0001, oligo order P=0.9842). d. Top: schematic of the retron recombineering cassette with 3 donors 
encoded in the msd. Numbers above indicate order of reverse transcription. Bottom: quantification of 
precise editing rates of bacterial rpoB, gyrA, and lacZ loci. Right: schematic indicating donor position and 
strand with respect to the origin of replication (lagging strand for rpoB and gyrA donors and leading strand 
for the lacZ donor). e. Replot of the data in d, illustrating effect of position on editing at each site (two-way 
ANOVA effect of position P<0.0001). f. Quantification of precise editing rates for rpoB, gyrA and priB, in the 
architecture shown in d. Right: schematic of donor position and strand respect to the origin of replication. 
All donors are in the lagging strand (one-way ANOVA, effect of editing site P=0.0015). g. Use of multiplexed 
retron recombineering to improve analogue molecular recording technologies. (left) Increasing amounts of 
m-toluic acid (mTol) are recorded using a retron-derived analogue recorder; (right) quantification of precise 
editing rates for rpoB, gyrA and priB loci using different amounts of mTol. Error bars are ±SD for three 
biological replicates. Additional statistical details in Supplementary Table 3-1.  

 

Improved Multiplexed Editing Using Donors in Retron Arrays 

 To overcome the effect of donor position inside a single msd loop, we engineered 

a different version of the multitron architecture composed of an ncRNA array with multiple 

msr-msd regions in tandem, each one containing a distinct donor to edit a unique target 

site (Figure 3-2a). With this arrayed ncRNA multitron, the retron RT has different 

substrates available within a transcript to generate multiple RT-donors independently, 

each at the same distance from an internal RT priming site. We tested the ability of this 

arrayed ncRNA multitron to edit rpoB and gyrA versus singleplex retron editors, and found 

that the arrayed ncRNA multitron performed as well or better than the singleplex versions 

(Figure 3-2a). However, this arrayed ncRNA created a new constraint. The length of the 

ncRNA donor unit is 229 bp and the arrayed design adds 109 bp of direct repeat for each 

additional editor due to msr duplication, both of which pose challenges for the synthesis 

and assembly of new multitron plasmids.   

Therefore, we engineered a third multitron version composed of an msd array 

rather than an ncRNA array. In this case, each msd encodes a distinct donor as in the 
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previous version, but the msr is expressed in trans as a separate transcript (Figure 3-2b). 

This trans msr arrangement was previously shown to be a tolerated modification for 

reverse transcription of endogenous retron msds508. In practice, this reduces the editing 

unit to 149 bp and reduces the length of the longest direct repeat to 74 bases. The trans 

msr can interact with any of the arrayed msds, again keeping the donor at a constant 

distance from the site of RT priming (Figure 3-2c).  

We tested editing by the arrayed msd multitron versus singleplex editors and found 

no difference in editing rates at either site (Figure 3-2b). The trans msr arrangement in 

fact yielded consistently higher editing rates than the endogenous retron ncRNA 

architecture in both singleplex and multiplexed forms throughout this project. Although 

the msd array and msr/RT transcript contain no terminator between them and could 

potentially be transcribed as a single unit rather than the intended trans arrangement, we 

found both sites could be edited at a similar efficiency when using a plasmid containing a 

terminator between the msd array and the msr (Extended Data Figure 3-1).  

To test whether donor position inside the msd array multitron affects editing, we 

constructed three multitron variants with donors to edit priB, rpoB and gyrA genes in each 

possible order. All three sites were edited by each multitron variant (Figure 3-2d), and 

there was no effect of donor position using arrayed msds (Figure 3-2e). Finally, to push 

the limits of within-genome multiplexing, we constructed an arrayed msd multitron to 

simultaneously edit 5 target sites (hda, fbaH, priB, rpoB and gyrA). Editing rates ranged 

from 5 to 25% for each site, illustrating that arrayed msd multitrons are a potent tool for 

multiplexed genome editing technologies (Figure 3-2f). 
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Figure 3-2: Improved multiplexed editing using donors in arrayed retron msds.  

a. Top: schematic of retron recombineering using 2 independent ncRNAs. Each msd region (blue) encodes 
a different donor (1 and 2). Bottom: quantification of precise editing rates for precise editing of gyrA or rpoB 
alone or simultaneously (unpaired, two-tailed t-test, singleplex versus multiplex, rpoB P<0.0001, gyrA 
P=0.0006). b. Top: Schematic of retron recombineering using an msd array with a single msr sequence in 
trans. Bottom: quantification of precise editing rates for precise editing of rpoB or gyrA alone or 
simultaneously (unpaired, two-tailed t-test, singleplex versus multiplex, rpoB P=0.7312, gyrA P=0.1702). c. 
Top: schematic of arrayed msd and msr transcription products. Arrayed msd is transcribed as a single 
transcript. Bottom: schematic of RT-DNA production using as template an arrayed msd. 1 and 2 indicates 
the number of the msd in the arrayed msd. d. Top: schematic of 3x arrayed msd. Bottom: quantification of 
precise editing of rpoB, gyrA or priB edits alone or simultaneously. e. Replot of the data in d, illustrating the 
effect of position on editing at each site (two-way ANOVA, effect of position P=0.1138). f. Quantification of 
precise editing using a 5x arrayed msd to edit hda, fbaH, priB, rpoB and gyrA. Data in a, b, d, e and f were 
quantified by Illumina sequencing after 24h of editing, circles show each of the three biological replicates, 
bars are mean ±SD (one-way ANOVA effect of editing site P=0.016). Additional statistical details in 
Supplementary Table 3-1.  

 

Increasing Limits of Deletion Size Using Nested Multitrons 

One benefit of using retron-derived donors is that they support a broad range of 

precise mutations, including insertions, deletions and replacements. However, when 

recombineering with either retron RT-Donor or oligonucleotide donors, the efficiency of 

inserting and deleting base pairs is inversely related to the size of the edit445,483. This is 
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presumably intrinsic to the mechanism of recombineering, a result that we replicated here 

using RT-Donors to delete 1 to 100 bp, finding a declining efficiency with deletion size 

whether using an endogenous ncRNA architecture or the trans msr architecture (Figure 

3-3a).   

We wondered whether we could overcome this limitation on deletion efficiency at 

larger sizes by using arrayed msd multitrons encoding a series of nested deletion donors. 

A nested deletion series consists of multiple donors intended to make deletions of 

increasing size progressively at same locus. If the smallest deletion succeeds, it creates 

a smaller target size for a previously disfavoured large deletion. We explored nested 

deletions by first comparing the editing efficiency of single 25 and 50 bp deletions in the 

lacZ gene with simultaneous deletions of overlapping 25 and 50 bp at the same location 

using a multitron (Figure 3-3b). The 50 bp deletion was not significantly less efficient than 

the 25 bp deletion using singleplex retron donors so, unsurprisingly, the rate of 50 bp 

deletions by the multitron version was not significantly increased. However, the rate of the 

25 bp deletion was decreased by the multitron, suggesting that 25 bp deletions were 

being converted into 50 bp deletions.  

Next, we tested a multitron containing a 25, 50, and 100 bp nested deletion donor 

series (Figure 3-3c). In this case, the previously disfavoured 100 bp deletion was 

significantly more efficient using the multitron series than using the singleplex deletion 

donor. In fact, this strategy created a 100 bp deletion in ~42% of genomes, overcoming 

an intrinsic inefficiency in recombineering deletions. Furthermore, the multitrons 

generated a heterogeneous population of genetic elements with different deletions sizes 
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that could be used to probe functional domains of a target gene or miniature versions of 

a protein of interest. 

 

Figure 3-3: Increasing limits of deletion size using nested deletion donor arrays. 

a. Top: Schematic of genome deletions using retron recombineering. Middle: schematic of a standard retron 
cassette to make deletions (top) with the donor represented by a diamond and an arrayed msd retron 
cassette with the donor represented by a hexagon. Bottom: quantification of precise editing rates for a 
single deletion of 1 bp, 10 bp, 25 bp, 50 bp or 100 bp deletions by Illumina sequencing after 24h of editing. 
Diamonds show deletions from a standard architecture and hexagons show deletions using an arrayed 
architecture (one-way ANOVA, effect of deletion size P<0.0001). b. Top: Schematic of arrayed msd retron 
cassette with two donors to make 25 and 50 bp deletions. Middle: Schematic of a nested deletion strategy 
using two donors to delete 25 bp and 50 bp. If the 25 bp occurs first, the 50 bp deletion becomes a 25 bp 
deletion. Bottom: Quantification of precise editing rates for single 25 and 50 bp deletions, and for the nested 
50 bp deletion (unpaired, two-tailed t-test, 25 base deletion, single vs multi P=0.0006, 50 base deletion, 
single vs multi P=0.8393). c. Top: Schematic of arrayed msd retron cassette with three donors to make 25, 
50 bp and 100 bp deletions. Middle: Schematic of a nested deletion strategy using three donors to delete 
25 bp, 50 bp and 100 bp. Bottom: Quantification of precise editing rates for single 25 bp, 50 bp and 100 bp 
deletions, and for each deletion using the nested strategy (unpaired, two-tailed t-test, singleplex versus 
multiplex 100bp deletion, P=0.0485). Data in b and c were quantified by Illumina sequencing 24h after of 
editing, circles show each of the three biological replicates, bars are mean ±SD. Additional statistical details 
in Supplementary Table 3-1. 

 

Multiple Edits in an Individual Genome Using Multitrons 

Up to this point, editing has been quantified by bulk sequencing of each individual 

locus, with the assumption that edits accumulate on genomes according to the product of 

the rates at each site. We next aimed to explicitly test that assumption. First, we designed 

a multitron editor producing three, non-overlapping msd donors, each targeting a single 
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gene, gyrA, in a genome window of 300 bp (Figure 3-4a). All 70 bp donors target the 

lagging strand. With this narrow editing window, we were able to analyse recombineering 

efficiencies for individual sites as well as combinatorial edits from an amplicon of the locus. 

Sequencing revealed editing rates of 8 to 25% across the sites, comparable to previous 

experiments (Figure 3-4a). From this individual site data, we calculated an expected 

frequency that we should find the various double edits and the triple edits among 

genomes, based on the product of rates at each site (Figure 3-4b). We compared this to 

the real frequency of each double combination and the triple edit in our sequencing data 

and found that the expected and real rates were matched (Figure 3-4b). Here, the double 

edits were present in 1.4-7.1% of genomes and the triple edit was present in ~0.77% of 

genomes. 

To test the accumulation of multiple edits on individual genomes in a more practical 

scenario, we decided to isolate multiply edited clones using a single editing plasmid that 

can be easily removed after editing. To do this, we combined the five molecular elements 

required for multitron recombineering – msd array, msr, RT, RecT, and dominant negative 

mutL (to suppress mismatch repair for single base mutations) – onto a single plasmid with 

RSF1010 origin of replication (Extended Data Figure 3-2a). However, initial testing of 

this architecture yielded editing rates for the rpoB gene were ~5x lower using the single 

plasmid compared to the previous two plasmid system (~5% and ~25%, respectively). To 

increase recombineering efficiency, we added an E. coli optimised ribosome binding site 

(RBS) immediately upstream of only the RT gene or both the RT and the CspRecT genes, 

both of which increased editing rates but still fell short of the level achieved by the two-

plasmid system (Extended Data Figure 3-2a).  
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 We next changed the origin of replication for the single plasmid system, opting for 

a temperature-sensitive origin (oriR101) so that the plasmid becomes curable after editing 

by moving from a permissive temperature (30°C) to a non-permissive temperature 

(37°C)453,489. Interestingly, the editing rates using this single plasmid finally reached 

comparable levels to those of the previous the two-plasmid system (Extended Data 

Figure 3-2a). This improvement in editing was not due to an effect of temperature, as we 

found similar editing rates with a temperature-insensitive version at both 30°C and 37°C 

(Extended Data Figure 3-2b). An alternative possibility that is consistent with the data 

could be the effect of the different inducers used with the different plasmid backbones: 

m-toluic acid for RSF1010 derived plasmid and arabinose for the oriR101 derived plasmid. 

We find that increasing concentrations of m-toluic acid have a negative effect on bacterial 

growth (Extended Data Figure 3-2c). We do not exclude an additional effect of the 

plasmid copy number. Next, we optimised arabinose concentration (Extended Data 

Figure 3-d). Finally, we also studied the stability of the genetic system with retrons arrays 

of different length using a 5-day protocol in the presence or absence of the inducer 

(Extended Data Figure 3-e,f). Sequencing of the whole retron array harbouring 2, 3 or 5 

msds with different donors revealed that in most cases more than 80% of the colonies 

preserve an intact retron array after 5 days showing the robustness of the multitron 

technology. 

With curable, single-plasmid parameters optimised, we next attempted to isolate 

clones that were simultaneously edited at distant regions of an individual genome (fbaH 

and hda). We found substantial editing of each target (~20%) and additionally found that 

the efficiency of editing could be increased to ~45% with an additional day of editing, 
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demonstrating the continuous nature of this approach (Figure 3-4c). Following editing, 

we cured the temperature sensitive editing plasmid from 96 individual colonies (48 after 

24 hours and 48 after 48 hours) and sequenced the editing loci from each colony. The 

overall rates of editing at both sites and time points from the individual colonies closely 

matched the bulk sequencing data (Figure 3-4c). We also calculated the expected 

frequency of finding doubly edited colonies based on the product of the bulk rates at each 

site and found that the real frequency of doubly edited colonies (~4% after 24 hours and 

~22% after 48 hours) was exactly reflected in the real colony sequencing (Figure 3-4d). 

We also investigated the background mutation rate of multitrons to evaluate the 

usefulness of the method when fidelity is required. Specifically, we measured the 

accumulation of local and global off-target mutations in E. coli bMS.346 genome in the 

presence or absence of RT activity. First, we constructed a dead RT version of the 

multitron targeting fbaH and hda genes which showed eliminated effective precise editing 

(Extended Data Figure 3-3a). Local off-target mutations were quantified by analyzing 

the 70 bp homology window of fbaH and hda donors in the chromosome for unintentional 

mutations. We found no difference in mutation frequency in the donor window in the live 

versus dead RT condition (approximately 5x10-5 errors/base, consistent with Illumina 

sequencing error; Extended Data Figure 3-3b). Global off-target mutations were 

measured by comparing whole-genome sequencing of colonies after recombineering 

against with the parental strain. We found three mutations across the colonies in the live 

RT version (one of which appears to be a longer homologous recombination event 

between the plasmid araC and the genome araC) versus two mutations across the 

colonies in the dead RT version (Supplementary Table 3-2). The number of mutations 
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is below what has been found previously with CspRecT alone (4 off-target mutations per 

genome)480, so we conclude that the retron component is not adding substantively to off-

target mutations. 

 

Figure 3-4: Multisite editing of individual bacterial genomes using multitrons 

a. Top: Schematic of retron recombineering using an msd array encoding 3 donors with a single msr 
sequence in trans. Bottom: (left) schematic of the multitron recombineering process at this locus. All retron 
donors are able to target the lagging strand of gyrA gene during bacterial replication in a chromosomal 
window of 300 bp. Green arrows represent the primers used to amplify the target region. (right) 
quantification of precise editing rates of individual target sites along the gyrA gene, circles show each of 
the three biological replicates, bars are mean ±SD. b. Quantification of expected (product of bulk rates at 
each indicated site) and real precise editing rates of double and triple combinatorial edits in the gyrA locus 
of an individual genome. Circles show each of the three biological replicates, bars are mean ±SD (two-way 
ANOVA, expected vs real, P=0.0765). c. Top: Schematic of single-plasmid, temperature sensitive multitron 
architecture. Below: Editing rates for each indicated site at each time point from bulk (Illumina amplicon 
sequencing) and individual colony sequencing. Circles show each of the three biological replicates, bars 
are mean ±SD. Mean colony sequencing rates are indicated with a bar. d. Quantification of expected 
(product of bulk rates at each indicated site) and real precise editing rates of double edits in individual 
genomes. Circles show each of the three biological replicates, bars are mean ±SD (two-way ANOVA, 
expected vs real, P=0.2734). Colony sequencing represented by a single point. 
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Metabolic Engineering in Bacterial Genomes Using Multitrons 

We next pushed toward a proof-of-concept use of multitrons in metabolic 

engineering by modifying bacterial genomes. First, we next assessed the ability of re-

optimised, temperature-sensitive arrayed msd multitrons to simultaneously edit five 

positions (hda, fbaH, priB, rpoB and gyrA). All sites were precisely edited after 24h, and 

editing continued to increase over the next 24h following a passage, illustrating the 

continuous nature of the retron-derived editing (Figure 3-5a).  

 To test multitrons in the context of metabolic engineering, we chose to focus on 

increasing production of lycopene by modifying genes in its biosynthetic pathway (Figure 

3-5b). We selected eight bacterial genes which have been shown to affect lycopene 

yield483,509–511 (Figure 3-5b). Five of them (dxs, idi, ispA, ispC, rpoS) were subjected to 

modification of their RBS regions to enhance their similarity to the canonical Shine-

Dalgarno sequence (TAAGGAGGT)512. The other three genes (gmpA, gdhA, fdhF) were 

specifically targeted for inactivation by the introduction of premature stop codons within 

their open reading frames. 

We established a general workflow for metabolic engineering using multitrons 

(Figure 3-5c). The multitron plasmid (MP) was generated using a one-pot golden gate 

approach513 to clone arrayed msds encoding different donors. The MP was next 

transformed into the bacterial host harbouring the lycopene plasmid (LP, a plasmid 

containing three essential genes (crtE, crtI, crTB) required for lycopene production514. 

Editing cycles were carried out at the permissive temperature (30°C), with dilutions of the 

culture after every cycle. Editing targets were sequenced in bulk using Illumina MiSeq to 

determine overall efficiencies. In parallel, cells were plated at 37°C to cure the MP. Finally, 
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red colonies (indicative of lycopene) from the plates were selected for further 

quantification of lycopene production levels (Figure 3-5c).  

In total, we tested six different arrayed msd multitrons across this workflow, 

containing target gene donors in combinations that have been have been shown to 

increase lycopene yield483. Editing rates were measured after cycles 1 and 3 of editing 

(24h and 72h, respectively) showing values that increase with time (Figure 3-5d). After 

72h of editing, the precise editing rates when making one or two mutations ranged from 

10 to 40%. When making three or five mutations, editing rates were lower, which could 

be due to the known negative fitness effect483 of these mutations on the bacterial growth 

(Figure 3-5d). 

We measured relative lycopene production from 84 isolated red colonies after 

plating cultures on LB agar plates after editing (Figure 3-5e). In each case other than the 

control, individual colonies produced variable amounts of lycopene, likely resulting from 

the intended genotypic diversity generated by the editing. As an example, the most 

productive isolate after RBS optimization of dxs and idi genes increased lycopene 

production by more than 400% of control values, there was a second production cluster 

around 300% of control, and a final cluster around 200% of control (Figure 3-5e). We 

reasoned that these three different clusters may represent a single dxs mutation, a single 

idi mutation, and both together. To test that hypothesis, a representative of each cluster 

was selected and re-streaked for colonies, which were re-measured for lycopene and 

Sanger sequenced. Indeed, that the best producing isolate carried RBS mutations of both 

dxs and idi genes, second-best had only the dxs mutation, and the third-best had only the 

idi mutation (Figure 3-5f). This proof-of-concept was achieved with a single cloning 
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reaction (one-pot Golden Gate) to generate a single plasmid and one course of editing, 

creating both single mutants and the double mutant. To generate this same result without 

multiplexing would require cloning two distinct editors for each of the sites, running 

parallel editing, genotyping, and quantification on each single edit. Then, curing the 

plasmid from an edited clone, adding the opposite plasmid to make the other edit, running 

another editing course, and finally quantifying the double mutant. Thus, a multiplexed 

experiment generates a diversity of genotypes and corresponding phenotypes across 

multiple sites simultaneously.  
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Figure 3-5: Metabolic engineering using multitrons. 

a. Top: architecture of the multiplexed retron recombineering cassette in the temperature sensitive plasmid. 
The operon is composed of a single msr followed by 5x arrayed msds with donors and the genes encoding 
the RT, the CspRecT and the dominant negative MutLE32K. Bottom: quantification of precise editing rates 
using a 5x arrayed msd to edit hda, fbaH, priB, rpoB and gyrA by Illumina sequencing 24h and 48h after of 
editing (two-way ANOVA, effect of expression time P<0.0001). Circles show each of the three biological 
replicates, bars are mean ±SD. The order of the donors in the arrayed msd is indicated. b. Top: Schematic 
of the lycopene biosynthesis pathway, with key genes to increase lycopene production highlighted. Bottom: 
Schematic of metabolic engineering of lycopene biosynthesis pathway using multiplexed retron 
recombineering. c. The donors are cloned into a temperature sensitive backbone using a golden gate 
(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

assembly protocol. Single colonies are grown for 24 h and then induced with arabinose. This cycle is 
repeated by making 1:1000 dilutions for several days. Editing rates are measured by Illumina sequencing 
and cultures are plated to select individual colonies based on color for quantification of lycopene 
production. d. Quantification of precise editing rates using different recombitron plasmids containing a 
variable number of donors to edit genes in the lycopene pathway, quantified by Illumina sequencing after 
24h and 72h. Circles show each of the six biological replicates, bars are mean ±SD. e. Quantification of 
lycopene production in single colonies. Lycopene production was normalised against the average 
production of the control, which contains the pAC-LYC but was not exposed to the recombineering process. 
Each point represents a colony (n=12). f. Quantification of lycopene production from colonies re-isolated 
from samples in the low (~2X control), medium (~3X control), and high (~4x control) production clusters of 
the dxs/idi condition.  Open circles are individual colony values (3 biological replicates or the control, low, 
and medium groups; eight biological replicates for the high group) and closed circles are the mean. Sanger 
sequencing examples to the right illustrate the genotype of each subset (all individual colonies within a 
condition have identical genotypes). Additional statistical details in Supplementary Table 3-1. 

 

Multitrons with CRISPR Editing in Eukaryotic Cells 

 Given the success of the arrayed msd multitron in recombineering, we next sought 

to expand the utility of this technology to eukaryotic cells. Retron RT-Donors have been 

used in S. cerevisiae in combination with CRISPR Cas9 and gRNAs to install precise 

mutations via templated repair of a cut site438,440 (Figure 3-6a; Extended Data Figure 3-

4a). The architecture of the donor element in yeast is typically a retron ncRNA fused to a 

CRISPR gRNA and scaffold, all surrounded by ribozymes to excise the editing elements 

from an mRNA. Given the goal of engineering a eukaryotic msd array, the relatively large, 

structured ribozymes present a potential engineering hurdle if they need to be multiply 

duplicated. Therefore, we first tested replacement of the ribozymes with Csy4 recognition 

sites and Csy4 nuclease expression515 by comparing a singleplex retron-derived precise 

editor of the ADE2 locus in the standard arrangement using ribozymes against an 

alternate version in which the flanking ribozymes were replaced by Csy4 recognition sites. 

In both cases, we tested editing with or without the inclusion of a Csy4 gene in an 

integrated, inducible, genomic cassette that also expresses the retron RT and Cas9. We 

found, as expected, no effect of Csy4 expression on the ribozyme version of the precise 
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editor, but a dramatic effect of Csy4 expression on the alternate version with Csy4 sites. 

Precise editing nearly matched the efficiently of the ribozyme version with Csy4 

expression, but was sharply reduced in its absence, indicating that processing of the non-

coding elements is required and can be achieved using Csy4 (Figure 3-6a). 

 We next tested a eukaryotic multitron based on an array of ncRNA/gRNAs 

targeting ADE2 and FAA1 for precise mutations of three base pairs each. For each site, 

the ncRNA encoding the donor for the site was fused to the gRNA for the same site. The 

two sites were separated by a Csy4 recognition site and the double ncRNA/gRNA array 

was surrounded by ribozymes (Figure 3-6b). Both sites were edited to nearly 100% in 

the presence of Csy4 expression, and we observed low indel rates that were similar 

between the ribozyme- and Csy4-processed cassette (Extended Data Figures 3-4a,b). 

In the absence of Csy4, in contrast, the FAA1 site was edited to nearly 100%, while the 

ADE2 editing was sharply reduced. In our multitron, the ADE2 donor/gRNA was in the 

first position, suggesting that Csy4 processing is required on the 3’ end, adjacent to the 

gRNA scaffold, but dispensable on the 5’ end, adjacent to the msr. 

 Analogously to our bacterial editors, we verified that edits accumulate on genomes 

according to the product of the rates at each site. To this end, we compared bulk editing 

rates across the ADE2 and FAA1 sites to rates of edits in individual colonies. As in the 

bacterial experiments, colony sequencing matched bulk sequencing for both individual 

sites and for the expected frequency of double edits. We found that virtually all of the 

colonies sequenced contained the precise edits intended, consistent with the rates 

inferred from bulk Illumina amplicon sequencing (Figures 3-6c,d). 
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 It is preferable to minimise the donor/gRNA unit for practical reasons of 

construction, just as in the prokaryotic version. Therefore, in a parallel to the prokaryotic 

msd array multitron, we engineered a eukaryotic msd/gRNA array multitron, transferring 

the msr to a distinct transcript to reduce editing unit size and avoid long direct repeats 

(Extended Data Figure 3-4c). This enabled construction of multitrons of arbitrary size 

using efficient one-step golden gate cloning. The msd encoding the donor remains fused 

to its matched gRNA, while a trans msr is able to function as a primer to create the RT-

Donor internally (Extended Data Figure 3-4d). We tested versions of this eukaryotic 

arrayed msd/gRNA multitron to precisely edit two, three, or five non-adjacent sites 

simultaneously (Figures 3-6e,f; Extended Data Figure 3-4e). In each case, all targeted 

sites were edited, with precise edits and indels increasing over time (Extended Data 

Figures 3-4f-h). 

 Finally, we sought to test whether the engineered eukaryotic msd/gRNA array 

multitron would enable precise genome editing in human cells. We adapted an approach 

for multiplexing pegRNA expression502, described initially to enable multiplexed prime and 

base editing, to enable the expression and processing of multiple retron msds and a single 

retron msr in trans. This yielded expression cassettes analogous to those developed for 

yeast editing, with tRNAs driving the processing of the msd/gRNA cassettes. We found 

that these engineered cassettes enabled the simultaneous precise edits of three non-

adjacent sites in the human genome, from a single plasmid, in cultured HEK293T human 

cells (Figure 3-6g). Taken together, our data shows that the arrayed msd multitron with 

trans msr is a generalizable strategy for multiplexing edits within a genome. 
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Figure 3-6: Arrayed retron msds enable multiplexed editing in eukaryotic cells.  

a-g: quantification of precise editing was determined by Illumina sequencing after 48h (yeast) and 72h 
(HEK293T), unless specified; circles show each of the three biological replicates, bars are mean ±SD. 
a. Top: schematic of the donor-encoding retron ncRNA/gRNA cassette, expressed from a Gal7 promoter 
and flanked by ribozymes or Csy4 sequences. Bottom left: schematic of a retron ncRNA/gRNA hybrid, 
depicted above the yeast genome-encoded protein-coding expression cassette. Bottom right: quantification 
of precise editing of the yeast ADE2 locus. Absence/presence of Csy4 in the protein-coding expression 
cassette is shown below the graph (Sidak’s corrected multiple comparisons, effect of Csy4 expression, 
ribozyme construction P=0.2779, Csy4 construct P<0.0001). b. Top: schematic of an arrayed retron 
ncRNA/gRNA cassette, expressed from a Gal7 promoter, flanked by ribozymes, and separated by a Csy4 
sequence. The editors in positions 1 and 2 target the ADE2 and FAA1 loci, respectively. Bottom: 
quantification of precise editing of the yeast ADE2 and FAA1 loci. Absence/presence of Csy4 in the protein-
coding expression cassette is shown below the graph (Sidak’s corrected multiple comparisons, effect of 
csy4 expression, ADE2 P<0.0001, FAA1 P=0.0012). c. Editing rates for each locus and time point from 
bulk and individual colony sequencing (bar represents mean). d. Quantification of expected (product of bulk 
rates) and real precise editing rates of double edits in individual genomes (two-way ANOVA, expected vs 
real, P=0. 0.4318). e-f, top: schematic of 2- and 3x arrayed retron msdRNA-gRNA cassettes, as shown in 
(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

Extended Data Figure 3-4c. Bottom: quantification of precise editing of the yeast ADE2 and FAA1 (e); and 
ADE2, CAN1 and FAA1 (f) loci, after 24 and 120h of editing. Two-way ANOVA, effect of expression time, 
e P<0.0001, f P<0.0001. g. Arrayed retron msds enable multiplexed editing in human cells. Top: schematic 
of the donor-encoding retron ncRNA/gRNA expression cassette expressed from an H1 promoter and 
flanked by tRNA-Cys-GCA (hCtRNA) sequences. Bottom: quantification of precise editing of the HEK293T 
EMX1, HEK3 and FANCF loci. Absence/presence of a catalytically active retron RT is shown below the 
graph. Additional statistical details in Supplementary Table 3-1. 
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3.4 Discussion 

This work demonstrates the construction, optimization, and use of multitrons for 

multiplexed precise editing within genomes of prokaryotic and eukaryotic cells. Final 

versions make use of donor-encoding retron msd arrays. Critically, we engineered the 

msd array format by optimizing not only for editing efficiency, but also for enabling 

practical cellular and molecular workflows. The compact multitron form is compatible with 

single-plasmid designs, one-step golden gate assembly, and plasmid removal in 

prokaryotic cells. These features should permit widespread adoption of the multitron 

editing approach. A concurrent work has shown a similar approach, providing 

independent validation of the utility of multiplexed retrons for recombineering446.  

We demonstrate simultaneous editing of up to five sites, with replacements of up 

to 8 base pairs per site, and deletions of up to 100 bases. This approach builds on 

previous work using oligonucleotides for MAGE by enabling efficient multisite editing 

without repeated transformations and by enabling a user to specify distinct combinations 

of donors per cell rather than relying on the random segregation of electroporated oligos. 

Multitrons enable a wider range of precise mutations than multiplexed base editors, and 

a more compact and simplified form than multiplexed prime editors.  

We found that the rate of combinatorial editing on a single genome was predicted 

by product of rates at each individual site. As the number of editing sites increased, the 

rate at each site decreased. Thus, for 4+ edits, the rate of achieving all mutations on a 

single genome can drop well below 1:1,000. Whether his rate is high enough will depend 

on the application. For instance, if edited cells are to be subjected to a selective 

phenotyping assay, the fact that combinatorial mutants are present in the population, even 
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at low rates, is sufficient to enable quantification of enrichment or depletion. If however, 

one needs to isolate a clone without phenotypic selection, we would recommend limiting 

the edits per round of editing to ≤3 at this time. Further development of the technology or 

the addition of simultaneous counter-selection will help drive the practical number of edits 

up in the future. 

For contextualization to other technologies, one alternative is base editing, which 

can also be multiplexed. On the upside, Base Editors can reach efficiencies of over 

80%501 and can be multiplexed to more than 30 loci502. However, it is important to note 

that only 2 of the 14 edits we made in bacteria and none of the edits made to yeast are 

suited to base editing. The deletions and RBS modifications that we made are a 

particularly salient example of a place where base editors fall short. MAGE is a more 

relevant comparison to the bacterial work and can achieve similar efficiencies, although 

with dramatically more hands on type to complete the multiple electroporation cycles. 

However, MAGE cannot be used to make the edits that we show in yeast or human cells 

(new to the revision) so as a technology, we would argue that the multitrons are a more 

universal platform. 

The existing yeast genome editing toolbox is vast and spans from simple HR-

based editing to more nuanced, multiplexed approaches that have enabled both 

trackable, genome-wide phenotypic screens and targeted, saturation mutagenesis of 

individual ORFs210,313,515–519. However, “trackable and multiplex” in this context has 

usually meant many changes across many genomes, with ≤1 change per genome, rather 

than >1 changes on an individual genome; and tools that do enable multiple changes per 

single genome typically do not support trackability of precise and varied edits, or require 
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involved and time-consuming workflows. In this sense, we believe that multitrons, in their 

ability to support multiple trackable and precise edits per individual genome, will naturally 

fit into the toolbox of yeast biologists in years to come. 

 We demonstrate proof-of-concept uses in molecular recording, genetic element 

minimization, and metabolic engineering. Future development will likely push the scale of 

multitrons both in the number of simultaneous mutations and the diversity of combinatorial 

mutations using libraries targeting two or more sites. 
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3.5  Methods 

Biological replicates were taken from distinct samples, not the same sample 

measured repeatedly. Full statistics can be found in Supplementary Table 3-1. 

 

Plasmid Construction 

All the plasmids used in this work are listed in Supplementary Table 3-3. 

Furthermore, all the RT-donors and the oligonucleotides containing the desired mutations 

for the editing experiments are listed in Supplementary Table 3-4. All plasmids are 

available on Addgene: https://www.addgene.org/Seth_Shipman/ 

 

E. coli 

To clone additional 70 bp donors in a single msd, pSLS.492440 plasmid containing 

a rpoB donor was used as backbone. To clone a donor upstream of the rpoB donor, a 60 

bp reverse oligo annealing (25bp) with the 5’ region of the msd and containing 35 bp of 

the new donor, and a 60 bp forward oligo annealing (25bp) with the 5’ end of rpoB donor 

and harbouring the other half of the new donor were used. To clone a donor downstream 

of the rpoB donor, a 60 bp forward oligo annealing (25b) with the 3’ region of the msd and 

containing 35 bp of the new donor, and a 60 bp reverse oligo annealing (25bp) with the 

3’ end of rpoB donor and harbouring the other half of the new donor were used. After a 

30 cycles PCR reaction with Q5 hot-start high-fidelity polymerase (NEB) following 

recommended vendor protocol, a KLD reaction (NEB) was carried out to self-ligate the 

plasmid encoding an additional donor. 

https://www.addgene.org/Seth_Shipman/
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To construct the plasmids harbouring the retron arrays in their different 

architectures the pCDF-DUET-1 vector (Novagen) was used as a backbone. A parental 

plasmid (pAGD159; Supplementary Table 3-3) containing a whole ncRNA with a gyrA 

donor downstream of the first T7 promoter, and Eco1-RT downstream of the second T7 

promoter was constructed. To assess whole ncRNA retron arrays, the ncRNA harbouring 

the rpoB donor from pSLS.492 was amplified and cloned upstream and downstream of 

the gyrA-containing ncRNA by Gibson Assembly. To construct the plasmids containing 

the msd array, firstly, the msr was deleted from pAGD159 and subsequently cloned 

between the second T7 promoter and Eco1-RT using a Gibson Assembly approach. 

Finally, the msd harbouring the rpoB donor from pSLS.492 was amplified and cloned 

upstream and downstream of the gyrA-containing ncRNA by Gibson Assembly.  To test 

if the msd array could act as a single transcript unit independent of the msr region, a T7 

terminator was cloned between the msd array and the second T7 promoter.  

To construct multitrons containing more than 2 arrayed msd a one-pot Golden 

Gate cloning approach was used. Firstly, a plasmid containing a sfGFP stuffer flanked by 

two inverted BsaI (type IIS restriction enzyme) target sites were cloned in the place of the 

msd Array generating pAGD236 (see Figure 3-4c for reference). Editing units, based 

on a msd with a donor were order as gBlocks (IDT) flanked by inverted BsaI target sites 

and compatible nucleotide overhangs to clone them in tandem. The Golden Gate protocol 

was carried out in 20uL reactions as follows: 1 uL pAGD236, 5uL of each gBlock (3uL for 

5x msd arrays), 1.5uL BsaI (NEB), 2uL T4 DNA ligase Buffer, 0.5 uL T4 DNA ligase (NEB). 

The reaction consists on 30 or 60 cycles (depending on the complexity) of 5 min at 16C 

and 5 min at 37C and a final cycle of 10 min at 60C.  
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To optimise multitrons for metabolic engineering, the retron cassette (ncRNA and 

RT) from pSLS.492 was cloned into pORTMAGE-Ec1480 upstream of the CspRecT gene 

(Extended Data Figure 3-2a). RBS optimization of Eco1 RT and CspRecT genes were 

carried out using primers that contain the optimised RBS and self-ligating the plasmids 

using KLD reaction mix. Finally, recombineering operon was cloned into pKD46489 

backbone to obtain the parental temperature-sensitive multitron plasmid (pAGD248). 

Multitron msd array architecture with the sfGFP stuffer flanked by two inverted BsaI 

described previously was cloned into pAGD248 generating pAGD335. The golden gate 

reaction was used to clone gBlocks containing the donors into the pAGD335 backbone 

to generate the multitrons versions used in Figure 3-4. 

 

S. cerevisiae 

To assess whether Csy4 could enable the processing of editrons and retron 

msd/Cas9 gRNA units for genome editing, pSCL390, a derivative of pZS.157 (Addgene 

#114454), was generated with a yeast codon-optimised P2A-Csy4 CDS gblock (IDT) 

cloned downstream of the SpCas9 CDS by Gibson Assembly. 

To compare the genome editing efficiencies of ribozyme-processed editrons to 

Csy4-processed editrons, pSCL.396, a derivative of pSCL.39 (Addgene #184973), was 

generated with the 5’ Hammerhead ribozyme and 3’ HDV ribozyme replaced by Csy4 

recognition sites by amplification of the editron and backbone from pSCL.39 and 

assembled via Gibson Assembly. 

To assess whether Csy4 could enable the processing of arrayed editrons, we 

generated pSCL.391, a derivative of pSCL.39 where a second editron, targeting the S. 
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cerevisiae FAA1 locus was added on the 3’ end of the ADE2-targeting editron by Gibson 

Assembly. The cassette thus consists of two editrons, separated by a Csy4 recognition 

site, and flanked by a Hammerhead ribozyme and a HDV ribozyme on the 5’ and 3’ of the 

expression cassette, respectively. 

To construct plasmids for the expression of retron msd arrays, first, a Golden Gate 

compatible entry vector, pSCL.452 was generated that carries the Gal7 promoter and 

terminator, alongside a cassette for expression of the retron msr from a Pol III SNR52 

promoter. pSCL.452 is a derivative of a derivative of pSCL.39, generated by Gibson 

Assembly of the pSCL.39 backbone, amplified to replace the recombitron with inverted 

PaqCI sites for Golden Gate assembly, with a gblock (IDT) encoding pSNR52p-msr-

SUP4t. 

Next, plasmids carrying retron msd arrays for the editing of multiple loci in the yeast 

genome were generated by Golden Gate cloning of pre PaqCI-digested pSCL.452 with 

gBlocks (IDT) that encoded a PaqCI cut site, a retron msd-encoded donor and paired 

gRNA for editing, a Csy4 recognition sequence, and a PaqCI cut site (Figure 3-6e). 

gBlocks were ordered with compatible nucleotide overhangs to enable random cloning of 

all combinations of gblocks into the entry plasmid, after PaqCI digestion. We ordered 

gblocks to edit the ADE2, FAA1, TRP2, SGS1 and CAN1 loci. These were cloned into the 

PaqCI-digested pSCL.452 backbone by Golden Gate cloning, yielding plasmids 

pSCL.473 (editors for ADE2, FAA1), pSCL.475 (editors for ADE2, CAN1 and FAA1) and 

pSCL.672 (editors for ADE2, FAA1, TRP2, SGS1 and CAN1). 
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H. sapiens 

All human vectors are derivatives of pSCL.273, itself a derivative of pCAGGS520. 

pCAGGS was modified by replacing the MCS and rb_glob_polyA sequence with an IDT 

gblock containing inverted BbsI restriction sites and a SpCas9 tracrRNA, using Gibson 

Assembly. The resulting plasmid, pSCL.273, contains an SV40 ori for plasmid 

maintenance in HEK293T cells. The strong CAG promoter is followed by the BbsI sites 

and SpCas9 tracrRNA. 

BbsI-mediated digestion of pSCL.273 yields a backbone for single or library 

cloning of plasmids with inserts that contain {retron RT – H1 promoter – 

hCtRNAn_msdRNAn_gRNAn}, by Gibson Assembly or Golden Gate cloning (see Fig 6e 

for an illustration of this principle). The retron RT (or its catalytically dead counterpart) and 

H1 promoter fragments were synthesised through IDT, as were the 

hCtRNAn_msdRNAn_gRNAn units. Golden gate cloning of these elements alongside 3 

editor units (EMX1, FANCF, and HEK3) yielded plasmids pSCL.757 (CAGp-Eco3RT-

TYpA // H1-msr-tRNA-Cys-GCA-EMX1_msd-gRNA); pSCL.758 (CAGp-Eco3RT-TYpA // 

H1-msr-tRNA-Cys-GCA-HEK3_msd-gRNA-tRNA-Cys-GCA-FANCF_msd-gRNA-tRNA-

Cys-GCA-EMX1_msd-gRNA) and pSCL.760 (CAGp-dEco3RT-TYpA // H1-msr-tRNA-

Cys-GCA-EMX1_msd-gRNA). 

 

Strains and Growth Conditions 

All bacterial and yeast strains are listed in Supplementary Table 3-5. 
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Bacterial Strains  

The E. coli strains used in this study were DH5α (New England Biolabs) for cloning 

purposes, bMS.346 (DE3) for retron recombineering assays. Bacteria were grown in LB 

medium (10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl). Antibiotics were added as required 

(carbenicillin, spectinomycin, kanamycin and chloramphenicol).  

 

Yeast Strains  

All yeast strains were created by LiAc/SS carrier DNA/PEG transformation490 of 

BY4742438. Strains for evaluating the effect of Csy4 on genome editing efficiency were 

created by BY4742 integration of plasmids pZS.157 (Addgene #114454) or pSCL.390. 

The plasmids were KpnI-linearised and inserted into the genome by homologous 

recombination into the HIS3 locus. Transformants were isolated on SC-HIS plates. 

 

Bacterial Recombineering expression and analysis 

In multitron experiments edit bacterial genomes, the retron cassette encoded in a 

pET-21 (+) plasmid (Novagen) and the CspRecT and mutLE32K in the plasmid 

pORTMAGE-Ec1480 were overexpressed using 1 mM IPTG, 1 mM m-toluic acid and 0.2% 

arabinose for 16 h with shaking at 37C. For the molecular recording assay (Figure 3-1g), 

a control without m-Tol and different concentration of the inducer, ranging from 0,005 mM 

to 0,1 mM, were added. To engineer the lycopene metabolic pathway (Figure 3-4), 

bMS.346 electrocompetent cells containing pAC-LYC514 plasmid, were transformed with 

different multitron plasmid versions (Supplementary Tables 3-3 and 3-4).  and growth 

for 16 h at 30C. Single colonies from the transformation plate were inoculated into 500uL 
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of LB in triplicates in 1mL deep-well plates and incubated at 30C for 24 h with vigorous 

shaking to prevent the cells from settling. A 1:1000 dilution of the cultures were passaged 

into LB 1% arabinose and incubated at 30C for 24 h with vigorous shaking. This step was 

repeated for a total of 72h. 

After the different type of assays carried out in this study, a volume of 25 ul of 

culture was collected, mixed with 25 ul of water and incubated at 95C for 10 min. A volume 

of 1 ul of this boiled culture was used as a template in 30-ul reactions with primers flanking 

the edit site, which additionally contained adapters for Illumina sequencing preparation 

(Supplementary Table 3-6). These amplicons were indexed and sequenced on an 

Illumina MiSeq instrument and processed with custom Python software to quantify the 

percentage of precisely edited genomes.  

 

Yeast editing expression and analysis 

The parental strains (–Csy4: HIS3::pZS.157; +Csy4: HIS3::pSCL390) were 

transformed with variants of the editron expression cassettes by LiAc/SS carrier 

DNA/PEG transformation. Single colonies from the transformation plate were inoculated 

into 500uL of SC-HIS-URA 2% raffinose in triplicates in 1mL deep-well plates and 

incubated at 30C for 24 h with vigorous shaking to prevent the cells from settling. Cultures 

were passaged into SC-HIS-URA 2% galactose and incubated at 30C for 24 h with 

vigorous shaking. This was repeated once more for experiments meant to compare the 

genome editing efficiencies of ribozyme-processed editrons to Csy4-processed editrons, 

for a total of 48h of editing; and four more times for experiments meant to assess whether 

arrays of retron msds could be used to edit multiple loci in the yeast genome, for a total 
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of 120h of editing. At each timepoint of galactose-induced editing, a 250uL aliquot of the 

cultures was harvested, pelleted and washed with water, and prepped for deep 

sequencing of the loci of interest. 

To compare the bulk editing rates across sites to rates of edits in individual colonies 

for the Csy4-processed editrons, after 48h of editing, dilutions were plated on SC-HIS-

URA plates. For each of 3 biological replicates, 10 colonies were grown overnight in SC-

HIS-URA to saturation and subjected to genomic DNA extraction and targeted PCR of the 

ADE2 and FAA1 loci, as described below. Amplicons were sent for Sanger sequencing, 

and editing rates per biological replicated were calculated by assessing the Sanger reads 

for the 10 colonies per biological replicate for the expected precise edit. 

Samples were prepped for deep sequencing of the edited loci as described 

previously440. Briefly, genomic DNA was extracted by (1) resuspending the cell pellets in 

120uL of lysis buffer (100 mM EDTA pH 8, 50 mM Tris-HCl pH 8, 2% SDS) and heating 

them to 95C for 15 min; (2) cooling the lysate on ice and adding 60uL of protein 

precipitation buffer (7.5 M ammonium acetate), then inverting gently and placing samples 

at -20C for 10min; (3) centrifugation of the samples at maximum speed for 2mins (or until 

a clear supernatant forms) and collecting the supernatant (~100uL) in new 1.5mL tubes; 

(4) precipitating the nucleic acids by adding equal parts of ice-cold isopropanol to the 

samples, mixing the samples thoroughly and incubating the mix at -20C for 10min (or 

overnight for higher yield), followed by pelleting by centrifugation at maximum speed for 

2min; (5) washing the pellet twice with 200 µl of ice-cold 70% ethanol, followed by air-

drying it; and (6) resuspending the pellet in 40 µl of water. 0.5uL of gDNA was used as 

template in 20-µl PCR reactions with primers flanking the edit site in of the target locus, 
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which additionally contained adapters for Illumina sequencing preparation 

(Supplementary Table 3-6). Importantly, the primers do not bind to the retron msd donor 

sequence. These amplicons were indexed and sequenced on an Illumina MiSeq 

instrument and processed with custom Python software to quantify the percentage of 

precise edits using the retron derived RT-DNA template. 

 

Human Cell Culture 

HEK293T cells, expressing spCas9 from a piggyBac integrated, TRE3G driven, 

doxycycline-inducible (1 µg/ml) cassette440, were seeded at 7 x105 live cells/well in coated 

6-well plates and grown in DMEM +GlutaMax supplement (Thermo Fisher #10566016) 

overnight. Lipofectamine 3000 transfection mixes were prepared in independent 

triplicates and cells were transfected with 5ug of plasmid per well (3 wells per plasmid). 

Cells were passaged the next day and doxycycline was refreshed at passaging. Cells 

were grown for an additional 48h, for a total of 72h of editing. Three days after 

transfection, cells were collected for sequencing analysis. To prepare samples for 

sequencing, cell pellets were collected, and gDNA was extracted using a QIAamp DNA 

mini kit according to the manufacturer’s instructions. DNA was eluted in 150 µl of ultra-

pure, nuclease-free water. 0.5uL of gDNA was used as template in 20-µl PCR reactions 

with primers flanking the edit site in of the target locus, which additionally contained 

adapters for Illumina sequencing preparation (Supplementary Table 3-6). Importantly, 

the primers do not bind to the retron msd donor sequence. These amplicons were indexed 

and sequenced on an Illumina MiSeq instrument and processed with custom Python 
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software to quantify the percentage of precise edits using the retron derived RT-DNA 

template. 

 

Whole-Genome Sequencing to Measure Off-Target Mutagenesis 

A total of 7 genomes were sequenced using a shot-gun approach: E. coli bMS.346 

parental strain, 3 individual colonies after one recombineering round using a wild-type 

Eco1 RT and 3 individual colonies after one recombineering round using a dead Eco 1 

RT. Prior to sequencing, 3 ml LB liquid culture of each isolate was grown for 16h at 37C. 

The gDNA was isolated by using the Quick-DNA/RNA™ Miniprep Plus Kit (Zymo 

Research). Extracted gDNA was measured using QubitTM 1X dsDNA High Sensitive (HS; 

Thermo Scientific). gDNA was tagmented using Tn5 transposase using the following 

reaction (50uL): 25 uL 2x TD Buffer (20 mM Tris-HCl pH 7.6, 10 mM MgCl2 and 20% 

dimethyl formamide), 2.5uL Tn5 (in-house prepared) and 50 ng gDNA. The reaction was 

incubated for 1.5h at 37C. The gDNA was cleaned-up and eluted in 15uL using the DNA 

Clean & Concentrator (Zymo Research). Tagmented gDNAs were indexed and 

sequenced on an Illumina MiSeq instrument. E. coli strain bMS.346 whole genome 

variants were called against E. coli K12 sbstr. MG1655 genome (accession no. 

NC_000913) using Geneious Prime 2023.2.1 software alignment tools. Variants 

appearing in the genome of the wild-type and dead RT isolates were called against the 

bMS.346 parental strain. 
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Colorimetric screen and assay for lycopene production 

After cycle 3 (72h) of the metabolic engineering assay, cells from the edited 

bMS.346 populations using different multitrons were plated on LB-chloramphenicol agar 

plates and grown for 1 day at 30C and 2 days more in darkness and at room temperature 

to produce red colonies. Per edited population with a multitron, plates containing around 

103 colonies were screened by visual inspection searching for increased red colour 

intensity. A total of 84 colonies (12 isolates from each multitron version and 12 from the 

control) were selected for lycopene quantification. These isolated colonies were grown 

into 1 mL LB-chloramphenicol in 1 mL deep-well plates for 24h at 37C to cure multitron 

plasmid. For lycopene extraction, 1 ml of cells were centrifuged at 16,000g for 30s, the 

supernatant was removed and the cell pellet was resuspended with 1 mL water. Cells 

were re-centrifuged at 16,000g for 30 s, the supernatant was removed and the cells were 

resuspended in 200 ml acetone and incubated in the dark for 15 min at 55C with 

intermittent vortexing. The mixture was centrifuged at 16,000g for 1 min and the 

supernatant containing the lycopene was transferred to 96 white/clear bottom plate. 

Absorbance at 470 nm of the extracted lycopene solution was measured using a 

spectrophotometer to determine the lycopene content. Lycopene yield of the different 

colonies from each was calculated by normalizing the times of lycopene production 

against the control. Cells coming from different clusters of lycopene production were re-

streaked on LB-chloramphenicol agar plates grown for 24h at 30C and for another 48h at 

room temperature. Between 3 and 8 colonies from each re-striking were selected to 

quantify the lycopene production following the described protocol and for Sanger 

sequencing across the dxs/idi targets. 
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Assessment of plasmid stability  

E. coli 

Recombineering plasmid was transformed into E. coli strain bMS.346, followed by 

5 days of growing and diluting in the presence or absence of the arabinose. A dilution of 

the final culture was diluted and plated. Finally, the msd Array of 10 individual colonies 

per replicate (n=3) were amplified and sequenced to assess genetic stability of the 

multitron approach (see Extended Data Figure 3-2f for reference). 

 

S. cerevisiae 

Three individual colonies of yeast carrying 2, 3 or 5 donor arrayed retron msdRNA-

Cas9 gRNA expression cassettes were inoculated in SC-URA-HIS 2% Raffinose media, 

and passaged 5 times overnight in SC-URA-HIS with 2% Galactose, for a total of 120h of 

editing at 30C. After 120h of editing, dilutions were plated on SC-HIS-URA plates and 10 

colonies for each biological replicates were subjected to plasmid extraction. Plasmids 

were sent for whole-plasmid sequencing and consensus reads were aligned to the 

reference plasmid. 

 

Data availability 

All data supporting the findings of this study are available within the article and its 

supplementary information, or will be made available from the authors upon request. 

Sequencing data associated with this study is available on NCBI SRA as BioProject ID 

PRJNA1107632. 
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Code availability 

Custom code to process or analyse data from this study is available on GitHub: 

https://github.com/Shipman-Lab/multitrons (DOI: 10.5281/zenodo.11289190)  

https://github.com/Shipman-Lab/multitrons
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3.6 Supplementary Information 

 

 

Extended Data Figure 3-7: Trans msr multitron architecture enables precise genome editing 

Top: Schematic of retron recombineering using an msd array with a single msr sequence in trans including 
a terminator (T) between the msd array and msr. Bottom: quantification of precise editing rates for precise 
editing of rpoB or gyrA simultaneously by Illumina sequencing after 24h of editing. Circles show each of the 
three biological replicates, bars are mean ±SD. 

 

 

Extended Data Figure 3-8: Optimization of retron recombineering using a single plasmid.  
(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

a. Left: schematic of the different retron operon architectures tested. ncRNA with donor (orange and blue), 
genes required (grey) and optimised ribosome binding sites (RBS) regions (green) are indicated Right: 
quantification of rates for precise rpoB editing, circles show each of the three biological replicates, bars are 
mean ±SD. b. Quantification of precise editing rates for rpoB target site at 30 and 37ºC, circles show each 
of the three biological replicates, lines are mean ±SD. c. Quantification of OD600 using increasing 
concentrations of m-toluic acid after 16h of bacterial growing (n=1). d. Quantification of precise editing rates 
for rpoB using different concentrations of arabinose (n=1). e. Quantification of colonies with intact msd 
arrays. A total of 30 colonies coming from 3 different replicates were sequenced, bars are mean ±SD All 
precise editing rates were quantified using Illumina MiSeq after 24h of editing. f. Scheme of the protocol 
used to analyse genetic stability of the retron arrays. Briefly, recombineering plasmid was transformed into 
E. coli strain bMS.346, followed by 5 days of growing and diluting in the presence or absence of the 
arabinose. A dilution of the final culture was diluted and plated. Finally, the msd Array of 10 individual 
colonies per replicate (n=3) were amplified and sequenced to assess genetic stability of the multitron 
approach. 

 

 

 

Extended Data Figure 3-9: Local off-target mutations. 

a. Quantification of precise editing rates for fbaH and hda genes using a live or dead version of Eco1 RT, 
circles show each of the three biological replicates, bars are mean ±SD. b. Local off-target mutation 
frequency in the 70 bp region of the chromosome homologous to fbaH and hda editing donors using a live 
of dead version of Eco1 RT circles show each of the three biological replicates, bars are mean ±SD. All 
data was quantified using Illumina MiSeq after 24h of editing. 
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Extended Data Figure 3-10: Intended and undesired on-target mutation rates caused by arrayed 
retron multiplexed editing in yeast cells. 

a. Top: Schematic of the donor encoding retron ncRNA/gRNA expression cassette expressed from a Gal7 
Pol II promoter and flanked by ribozymes versus a new construction replacing ribozymes with Csy4 
sequences. Bottom left: schematic of a retron ncRNA-Cas9 gRNA hybrid for genome editing in yeast, 
depicted above the protein-coding expression cassette which is inserted into the yeast genome. Bottom 
right: quantification of indel rates of the ADE2 locus in yeast by Illumina sequencing after 48h of editing. 
Circles show each of the three biological replicates, bars are mean ±SD; absence/presence of Csy4 in the 
protein-coding expression cassette is shown below the graph. b. Top: schematic of an arrayed retron 
ncRNA-Cas9 gRNA expression cassette, expressed from a Gal7 Pol II promoter, flanked by ribozymes, 
and separated by a Csy4 sequence. The retron editors in positions 1 and 2 target the ADE2 and FAA1 
locus, respectively. Bottom: quantification of indel rates of the ADE2 and FAA1 loci in yeast by Illumina 
sequencing after 48h of editing. Circles show each of the three biological replicates, bars are mean ±SD; 
absence/presence of Csy4 in the protein-coding expression cassette is shown below the graph. c. Top: 
schematic of an arrayed retron msdRNA-Cas9 gRNA expression cassette, expressed from a Gal7 Pol II 
promoter, flanked and separated by a Csy4 sequence; the msrRNA is expressed in trans from a SNR52 
Pol III promoter. Bottom: assembly schematic for one-pot Golden Gate cloning of multiple msdRNA-sgRNA 
(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

editors. d. Schematic showing the presumed processing, annealing and reverse-transcription involved in 
the generation of editing donors from arrayed retron msdRNA-Cas9 gRNA cassettes. e. top: schematic of 
5x arrayed retron msdRNA-Cas9 gRNA expression cassettes, as shown in c. Bottom: quantification of 
precise editing of the various yeast loci targeted by the retron editors shown above, by Illumina sequencing, 
after 24 and 120h of editing. The editors target ADE2, CAN1, TRP2, SGS1 and FAA1. Two-way ANOVA, 
effect of expression time, P=0.0038. Circles show each 3 biological replicates, bars are mean ±SD. f-h, 
top: schematic of 2x, 3x or 5x arrayed retron msdRNA-Cas9 gRNA expression cassettes. Bottom: 
quantification of indel rates of the various yeast loci targeted by the retron editors shown above, by Illumina 
sequencing, after 24 and 120h of editing. Individual open circles show each of three biological replicates 
per condition, bars are mean ±SD The editors target ADE2 and FAA1 (f); ADE2, CAN1 and FAA1 (g); and 
ADE2, CAN1, TRP2, SGS1 and FAA1 (h). 
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3.7 Supplemental Files 

Supplementary Information_Chapter3.pdf 

This PDF file contains: 

• Supplementary Table 3-1: Statistical analysis 

• Supplementary Table 3-2: analysis of off-target mutations using Multitrons 

• Supplementary Table 3-3: Plasmids used in this study 

• Supplementary Table 3-4: Donors used in this study 

• Supplementary Table 3-5: Strains used in this study 

• Supplementary Table 3-6: Primers used in this study 
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Chapter 4 SspA is a transcriptional regulator of CRISPR adaptation in E. coli 

 

4.1 Abstract 

The CRISPR integrases Cas1-Cas2 create immunological memories of viral infection by 

storing phage-derived DNA in CRISPR arrays, a process known as CRISPR adaptation. 

A number of host factors have been shown to influence adaptation, but the full pathway 

from infection to a fully integrated, phage-derived sequences in the array remains 

incomplete. Here, we deploy a new CRISPRi-based screen to identify putative host 

factors that participate in CRISPR adaptation in the E. coli Type I-E system. Our screen 

uncovers a novel host factor, SspA, which transcriptionally regulates CRISPR adaptation. 

One target of SspA is H-NS, a known repressor of CRISPR interference proteins, but we 

find that the role of SspA on adaptation is not H-NS-dependent. We propose a new model 

of CRISPR-Cas defence that includes independent cellular control of adaptation and 

interference by SspA. 
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4.2 Introduction 

CRISPR-Cas is an adaptive immune system found in archaea and bacteria, used 

to defend the host from foreign invaders, such as viruses or mobile genetic 

elements101,113,114,122,521. This defence is mediated by Cas (CRISPR associated) proteins, 

which are capable of creating immune memories of invading nucleic acids and using 

those memories to mount RNA-guided degradation of invaders in the event of a future 

encounter105,522–524. This process of storing immunological memory is known as CRISPR 

adaptation, and is mediated by a phylogenetically-conserved duo of proteins, Cas1 and 

Cas2, that form an integrase complex capable of inserting new DNA fragments 

(prespacers) into the cell’s CRISPR array98,107,175,525. 

Studies spanning the past two decades have uncovered substantial mechanistic 

understanding of how CRISPR adaptation works and some of the key host factors that 

assist the CRISPR Cas1-Cas2 integrase complex in creating immune memories108,149,152–

160. Double-stranded DNA fragments are the preferred substrate for the CRISPR Cas1-

Cas2 integrases and can arise from a variety of sources, such as foreign DNA degradation 

by helicase-nuclease enzymatic complexes like the RecBCD complex161 or AddAB162 as 

well as from the replicating bacterial and phage genomes165. Fragments captured by the 

CRISPR Cas1-Cas2 integrases can then undergo trimming by Cas4166, DnaQ167 or other 

host exonucleases168, generating free 3’ OH groups required as substrates for spacer 

integration149,167. Cas1-Cas2 integrase docking at the Leader-Repeat junction of the 

CRISPR array requires the Integration Host Factor (IHF)157,170–172, which generates a 

bend in the Leader sequence that accommodates the integrase complex and allows it to 

form stabilising contacts with the DNA172. Docking enables the CRISPR integrase 
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complex to catalyse a series of two nucleophilic attacks and add a new spacer at the 

Leader-Repeat junction158,172,175. 

Spacer integration creates staggered double strand breaks at either end of the 

duplicated Repeat. Recent in vitro evidence suggests that host polymerases, in 

coordination with genome replication or transcription, could aid in repairing the CRISPR 

array158 (Figure 4-1a). The expanded and repaired CRISPR array is capable of 

supporting further rounds of spacer acquisition. 

Despite this knowledge, several open questions remain, including what host 

factors are responsible for regulation of CRISPR-Cas activity90,526–529, and repair of the 

CRISPR array post-spacer integration158,169. Furthermore, in contrast to noteworthy 

successes in heterologous reconstitution and harnessing of the CRISPR interference 

machinery across the tree of life, most notably CRISPR-Cas9, there are conspicuously 

few reports of successful heterologous expression of a CRISPR adaptation system 

outside of its native host147,412, and no reports in eukaryotic systems. We, therefore, set 

out to discover additional host factors required for CRISPR adaptation. 

Here, we develop and use a CRISPRi-based genetic screen to identify new host 

factors that participate in CRISPR adaptation in the Type I-E E. coli system. We report 

that a novel host factor, SspA, acts as a transcriptional-level regulator of CRISPR 

adaptation. We further find that SspA regulation of CRISPR adaptation does not function 

via H-NS, a known regulator of CRISPR interference and a member of the SspA regulon. 

Our data supports independent pathways for regulating the adaptation and interference 

components of CRISPR immunity, both downstream of SspA. 
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4.3 Results 

CRISPRi screen identifies adaptation host factors 

We designed a genome-wide CRISPRi screen to identify potential host factors that 

participate in Type I-E CRISPR adaptation (Figure 4-1a). This screen utilises a library of 

92,919 gRNAs that are distributed across a population of E. coli, each of which direct a 

catalytically dead Cas9 (dCas9) to knock down transcription at a single locus, with 

multiple redundant gRNAs per gene303,304. We utilised this CRISPRi library in a negative 

selection scheme designed to deplete adaptation-competent cells. Specifically, we 

electroporated oligonucleotide prespacers that matched an essential gene into E. coli 

expressing a Type I-E CRISPR system. Integration of this prespacer into the CRISPR 

array would lead to the generation of a self-targeting crRNA and ultimately death of the 

adaptation-competent library members. CRISPRi knockdown of host factors involved in 

CRISPR adaptation would reduce adaptation and subsequent self-targeting, leading to 

enrichment of host factor gRNAs in the population following selection (Figure 4-1b).  

For this screen, we used E. coli LC-E75, a derivative of K-12 MG1655, which 

encodes a Tetracycline-inducible dCas9 cassette integrated at the Phage 186 attB site304. 

We built an LC-E75 strain that carried a plasmid-encoded, IPTG-inducible Cas1-Cas2 

cassette (plasmid hereon referred to as pSCL565). We then electroporated this strain and 

E. coli K-12 MG1655 (parental strain serving as a control) with a library of 92,919 plasmid-

encoded sgRNAs, which target both coding and non-coding regions across the E. coli 

genome304. The libraries were grown overnight, and subsequently passaged and grown 

to mid-log phase (~3h) with dCas9 induction; the remainder of the overnight library 

cultures were harvested for sgRNA library sequencing (pre-screen library). Then, cells 
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were co-electroporated with (1) a plasmid encoding an m-Toluic acid-inducible E. coli 

Cas3-Cascade, the effector of the Type I-E CRISPR interference system, and (2) a 35bp 

dsDNA spacer targeting the essential gene murA. Cells were rescued in media containing 

inducers for Cas3-Cascade and dCas9 and antibiotics to select for their respective 

plasmids, cultured overnight, and harvested for sgRNA library sequencing (post-screen 

library). We extracted the sgRNA plasmid libraries and prepared samples for sequencing 

by amplifying the sgRNAs using a primer pool targeting the region upstream of the sgRNA 

promoter and downstream of the tracrRNA. The primers contained Illumina adapters to 

make the amplicons compatible with our downstream sequencing prep. Sequencing of 

the sgRNAs libraries yielded sgRNA counts for the dCas9-expressing LC-E75 and control 

dCas9-less parental strains, which allowed the calculation of the binned 

enrichment/depletion of sgRNAs across the E. coli genome (Figure 4-1c). 

We found peaks of sgRNA enrichment that were distributed across the E. coli 

genome and did not cluster around the murA locus. Additionally, we identified polA, priA 

and gyrA, essential genes previously suggested to play a role in the CRISPR adaptation 

process. This highlights the advantage of a knock-down approach over transposon-based 

knock-out approaches, where essential genes would have been lost from the library 

altogether. We found several other regions of the E. coli genome where sgRNAs were 

strongly enriched, suggesting additional host factors. 

We quantified differentially enriched or depleted sgRNAs from their cumulative 

sgRNA counts (sum of all sgRNAs per gene), by comparing each experimental sample 

(+dCas9) to its paired control (–dCas9) using PyDESeq2 package303,304,530. We filtered 

out genes with less than 10 cumulative reads, and controlled for variation in relative 
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sgRNA library composition by including pre-screen sgRNA counts as an interaction factor 

in the model. We found 571 differentially enriched/depleted genes and gene-adjacent 

regions, out of a total of 12,809 gene/gene-adjacent regions considered in our analysis 

(Figure 4-1d). Interestingly, a subset of the differentially enriched genes (i.e., CRISPR 

adaptation deficient when knocked-down) also had their gene-adjacent regions 

differentially enriched (shown with asterisked gene names).  

We selected the top 8 gene regions with highest log2 fold changes for individual 

validation using knockout mutants from the Keio collection531 in a naive adaptation assay. 

One additional gene, gyrA, is essential and could not be validated with a knockout. 

Although polA knockouts are non-viable, a polA Klenow fragment deletion mutant is 

viable532, and was thus used in validation assays alongside the other non-essential 

genes. 

We electroporated wild-type and knockout strains with pSCL565 and grew them in 

liquid culture for 48h without inducers for Cas1-Cas2 to achieve a moderate level of 

expression from transcriptional leak. We then sequenced the CRISPR II array of these 

cells (i.e., endogenous CRISPR array flanked by the ygcE and ygcF genes533, hereon 

referred to as CRISPR-II) and quantified the rate of CRISPR adaptation as the fraction of 

sequenced arrays that had acquired new spacers. Biological replicates run on different 

days were normalised to the CRISPR adaptation rate of the wild-type parental Keio strain 

(Figure 4-1e). We found that 3 mutants showed significantly decreased rates of CRISPR 

adaptation compared to the wild-type strain: pcnB, sspA, and polA ΔKlenow. 
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Figure 4-1: CRISPRi screen identifies adaptation host factors. 

a. Overview of the CRISPR adaptation process, highlighting key known host factors. b. Schematic of the 
CRISPRi adaptation host factor screen. c. Binned coverage plot of sgRNAs across the E. coli genome. 
sgRNA occupancy was calculated as the difference between the normalised (post/pre-screen) binned 
sgRNA counts per base of the experimental (+dCas9) and paired control (–dCas9) conditions. Regions of 
the genome with high (“enriched”) sgRNA coverage are interpreted to be genomic loci that positively 
regulate CRISPR adaptation; regions of the genome with low (or negative, i.e., “depleted”) sgRNA coverage 
are interpreted to be genomic loci that negatively regulate CRISPR adaptation. The highest-ranking regions 
with attributable genes are labelled; other labelled loci are the Ori and Ter regions, the murA gene, and the 
CRISPR-II array. n = 9 biological replicates. d. Volcano plot showing log2 fold change for each sgRNA 
versus adjusted –log10 p-values (n = 9 biological replicates). The horizontal dashed line represents an 
adjusted p-value of 0.05; the vertical lines represent log2 fold changes of –0.75 and 0.75. Genes targeted 
by sgRNAs differentially enriched that were selected for individual validation are coloured in pink. e. Top: 
deep-sequencing based measurement of the rates of new spacer acquisition in Keio knockouts harbouring 
pSCL565, after growth for 48h in liquid culture without induction of Cas1-Cas2 expression. Acquisition rates 
are shown relative to the wild-type parental strain. Open circles represent biological replicates (n ≥ 3), bars 
are the mean (one-way ANOVA effect of strain P<0.0001; Sidak’s corrected multiple comparisons for wild-
type vs. knockouts, ∆pcnB P=0.00217, ∆sspA P=0.000102, polA ∆Klenow P<0.0001; others ns). Bottom: 
(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

representative agarose gel for the data shown. Expansions of the CRISPR array can be seen as higher 
sized bands above the parental array length. Additional statistical details in Supplementary Table 4-1. 

 

 

Features of spacers acquired in Knockout Strains 

Spacers captured by the CRISPR Cas1-Cas2 integrases come from a variety of 

sources. Defence associated sources include mobile genetic elements and phages. 

However, in the absence of interference machinery, spacers derived from the bacterial 

genome and plasmids accumulate (Figure 4-2a). We next tested whether any of the hits 

that we chose for validation modified the source of new spacers. We found that, consistent 

with previous findings152,403, the majority of new spacers acquired in the wild-type strain 

were plasmid-derived (Figure 4-2b). This finding held for all mutants except polA 

∆Klenow, which acquired spacers solely from the genome. The breakdown of spacer 

origin as a percent of all newly acquired spacers starkly illustrates this finding (Figure 4-

2c).  

We next sought to determine whether the differences in new spacer acquisition 

could be explained by a change in PAM preference or other motifs up- or downstream of 

the spacer. We searched 15bp up- and downstream of the newly acquired spacer in its 

source location, and found that all mutants showed similar PAM preferences to the wild-

type strain, consistent with previous reports109. Similarly, all mutants except the yeaO 

deletion mutant showed no additional up- and downstream motif preferences of 

preference, beyond the AAG PAM.  

The yeaO mutant displayed strong motif preferences up- and downstream of the 

genome-derived spacers (Figure 4-2d), which prompted us to map all newly acquired 
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spacers for each mutant to their respective source on either the E. coli genome or 

pSCL565 plasmid (Figures 4-2e-h; see Extended Data Figure 1 for an expanded view 

of these figures). We found that the distribution of new spacers from both sources were 

mostly consistent between the wild-type and the mutants tested (Extended Data Figures 

4-1a-i) with two exceptions: the yeaO and polA ∆Klenow mutants.  

We found that, as suggested by the prespacer neighbourhood motif analysis 

(Figure 4-2d), the yeaO mutant acquired spacers almost uniquely from one location in 

the genome, which maps to the gene insG, encoding an IS4 transposase (Figure 4-2g; 

Extended Data Figure 4-1h). It is possible that the high number of insG-derived spacers 

were a product of an early acquisition event from which most of the sequenced arrays 

descended, or if there had been multiple independent acquisition events leading to insG-

derived spacers across CRISPR arrays. We can distinguish the two by looking at multiply 

expanded CRISPR arrays, or arrays that had acquired two or more new spacers, due to 

the CRISPR Cas1-Cas2 integrases’ preference for Leader-proximal spacer insertion: this 

feature makes the CRISPR arrays temporally ordered, with spacers acquired at a later 

stage being closer to the Leader sequence than spacers acquired earlier, or than vestigial 

spacers403,410–412. We found insG-derived spacers in multiple different positions with 

respect to the Leader and found insG-derived spacers in arrays with distinct additional 

new Leader-distal spacers across three biological replicates (Extended Data Figure 4-

2), suggesting that insG-derived spacers represent more than one acquisition event in 

parallel lineages.  

Though there is no literature describing yeaO, it is predicted to contain a DUF488-

like domain, which is ubiquitously distributed across prokaryotes and some viruses, and 
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has been found in genomic neighbourhoods linked to prophages and defence islands534. 

Structural searches using DALI535 and Foldseek536 suggested that YeaO is structurally 

similar to putative transcriptional regulators; in turn, insG is predicted to encode a 

transposase in a IS4 transposable element, previously been reported to be non-mobilised 

in E. coli537. We suggest that YeaO could be regulating the InsG-mediated mobilisation of 

IS4; the transposition events could cause the generation of DNA fragments that could 

serve as prespacers for the Cas1-Cas2 integrases, decoying these away from the 

electroporated murA prespacer and phenocopying a decrease in CRISPR adaptation, 

thus explaining the detection of YeaO in our screen. 

The polA ∆Klenow mutant had a similar distribution of prespacers originating from 

the genome when compared to the wild-type, but we were unable to map any prespacers 

to the plasmid, suggesting that the plasmid was unable to serve as a source of prespacers 

in this mutant (Figure 4-2h; Extended Data Figure 4-1f). Given the loss of CRISPR 

adaptation from the pSCL565 plasmid but wild-type levels of CRISPR adaptation from the 

genome (Figure 4-2b), we hypothesised that the polA ∆Klenow mutant could be deficient 

in plasmid replication538. To test this, we measured the relative number of copies of the 

pSCL565 Ori and cas1 sequences (the latter also found in the genome) in the wild-type 

and polA ∆Klenow mutant. We found a nearly 80-fold difference in the relative number of 

copies of pSCL565 that the polA ∆Klenow mutant contains compared to the wild-type 

strain, which would explain this strain’s decreased ability to acquire new spacers from the 

plasmid (significantly decreased number of plasmid copies per cell) and also why it was 

identified as a hit in the initial screen (Figure 4-2i). 
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Figure 4-2: Features of spacers acquired in knockout strains.  

a. Prespacer substrates for CRISPR adaptation arise from a variety of sources. b. Breakdown of normalised 
spacer count (total number of new spacers / number of CRISPR arrays sequenced) according to spacer 
origin (E. coli or plasmid) and strain of interest. c. Breakdown of percent of spacer attributable to each 
spacer origin (E. coli or plasmid) and strain of interest. d. Motifs in the 15bp up- and downstream of the 
newly acquired spacer in its source location. e-f: Binned coverage plot of newly acquired spacer across the 
E. coli genome (outer, purple) and pSCL565 plasmid (inner, tan) for the wild-type strain (e) and derivatives 
(f-h). See Extended Data figure 4-1 for the full set. i. qPCR-based measurement of the relative copy 
number of pSCL565 Ori and cas1 sequences in the wild-type and polA ∆Klenow mutant. Open circles 
represent biological replicates (n ≥ 3), bars are the mean (one-way ANOVA effect of strain and target 
P<0.0001; Sidak’s corrected multiple comparisons for wild-type vs. ∆sspA, CDF ori copy number P<0.0001, 
cas1 copy number P<0.0001). Additional statistical details in Supplementary Table 4-1.  

 

SspA is a transcriptional regulator of CRISPR adaptation  

Our CRISPR adaptation assays and downstream analysis of acquired spacers 

revealed that ∆sspA was consistently and significantly defective in naïve CRISPR 

adaptation, despite no other noticeable differences in the features of its acquired spacers 

when compared to the wild-type parental strain (Figures 4-2b, c, e, and f). Additionally, 

we found that the decrease in CRISPR adaptation in the ∆sspA background was not due 
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to decreased protein expression levels from pSCL565 (Extended Data Figure 4-3). We 

thus selected sspA for further mechanistic characterisation. 

E. coli SspA was discovered four decades ago during a screen for proteins induced 

by the stringent response539. Over the years, its reported cellular functions have 

increased, and SspA has become particularly linked to global stress response540,541 

through its action as an RNA polymerase (RNAP)-associated protein542,543. Crystal 

structures of E. coli RNAP-promoter open complex with SspA have revealed that SspA 

inhibits 70 promoter escape through contacts with both RNAP and 70 through a 

conserved PHP motif540,543–545. This promoter escape inhibition induces a rewiring of the 

cellular transcriptomic landscape towards expression of S genes, with implications on 

stress tolerance, motility and virulence540,543–545. The sspA gene is encoded in a two-

member operon, upstream of sspB. SspB acts as a specificity-enhancing factor for the 

ClpXP protease546. It helps maintain protein homeostasis by escorting SsrA-tagged 

peptides, resulting from stalled ribosomes, to the ClpXP protease and promoting their 

degradation (Figure 4-3a), thus simultaneously freeing ribosomes and replenishing the 

pool of amino-acids that can become a precious resource in conditions of starvation. 

 Though we found sspA and not sspB as a significant hit in our screen, we sought 

to confirm that the defects in CRISPR adaptation observed in the ∆sspA mutant were due 

strictly to the lack of SspA, and not due to polar effects of this mutation on the downstream 

sspB gene. We compared the rates of CRISPR adaptation in wild-type strains to those in 

∆sspA::kanR and ∆sspB::kanR mutants carrying pSCL565 (Figure 4-3b). We found that 

the ∆sspA mutant was deficient at new spacer acquisition, but the ∆sspB mutant acquired 

spacers at rates indistinguishable from the wild-type strain (Figure 4-3c). We attempted 
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to deliver an sspA rescue plasmid into the ∆sspA::kanR strain, but this yielded no 

transformants over multiple attempts. However, we found that we could rescue the 

CRISPR adaptation phenotype to wild-type levels when ∆sspA::kanR carrying pSCL565 

were additionally electroporated with an sspAB cassette, encoding the SspA and SspB 

proteins under control of their native promoter and on a low-copy (~5) plasmid. This 

suggests that lack of sspA alone is sufficient to cause the loss of adaptation phenotype, 

and that this can be rescued by supplying a copy of the sspA gene in trans, under its 

native regulation.  

 Given these findings, we next sought to determine which part of the SspA protein 

was responsible for the loss of adaptation phenotype. We were particularly interested in 

the SspA PHP84-86 motif, which has been reported to be indispensable for stabilisation of 

interactions between SspA, 70 and the RNAP complex. Via this interaction, SspA acts as 

a transcriptional repressor of 70 promoters by inhibiting promoter escape543. Triple-

Alanine substitutions in this motif cause pleiotropic cellular effects such as increased 

swarming and defects in acid-resistance and phage P1 growth541,547. Thus, given SspA’s 

role as a transcriptional rewiring agent, we decided to test whether an SspA PHP84-

86>AAA84-86 mutant, deficient in 70-RNAP binding, would also phenocopy the ∆sspA 

mutant in terms of loss of CRISPR adaptation. To do this, we designed rescue plasmids, 

encoding variants of the sspAB operon under endogenous regulation, on low-copy (~5) 

plasmids (Figure 4-3d).  

 We found that rescue plasmids encoding the full sspAB operon or an early 

frameshifted sspB could rescue CRISPR adaptation to levels comparable to wild-type. 

However, rescue plasmids encoding SspB, an early frameshifted sspA, early frameshifted 
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sspA and sspB, and crucially, the SspA PHP84-86>AAA84-86-SspB RNAP binding mutant 

were all deficient in CRISPR adaptation (Figure 4-3e). Taken together, our data is 

consistent with a model in which SspA’s role as RNAP-70 interactor and transcriptional 

rewiring agent is required for functional CRISPR adaptation. 
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Figure 4-3: SspA is a transcriptional regulator of CRISPR adaptation.  
a. sspAB operon, proteins and function. Bottom left: crystal structure of an SspA dimer (blue) in complex 
with E. coli RNAP-promoter open complex, showing the conserved SspA PHP84-86 residues (red) interacting 

with RNAP (pink) and 70 (purple) (PDB 7DY6543). Top right: crystal structure of SspB escorting an SsrA-

tagged substrate being delivered to the ClpXP protease complex (PDB 8ET3546). b. Schematic of the sspAB 
(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

operon of WT, ∆sspA::kanR and ∆sspB::kanR strains. kanR: kanamycin resistance cassette. c. Deep-
sequencing based measurement of the rates of new spacer acquisition in strains harbouring pSCL565 and, 
in the case of the ∆sspA::kanR, either an empty plasmid or a low (~5) copy plasmid encoding the sspAB 
operon, after growth for 48h in liquid culture. Adaptation rates are shown relative to the wild-type parental 
strain. Open circles represent biological replicates (n ≥ 3), bars are the mean. Horizontal dashed line 
represents the mean rate of spacer acquisition in the wild-type strain (one-way ANOVA effect of strain 
P<0.0001; Sidak’s corrected multiple comparisons for wild-type vs. knockouts, ∆sspA P<0.0001, ∆sspB 
P=0.109807; ∆sspA vs. ∆sspB P<0.0001). d. Schematic of the sspAB operon variant rescue plasmids. All 
plasmids are low (~5) copy, and encode variants of the sspAB operon under its native regulation. Frameshift 
mutants of SspA (AN5-6>AQ5-6 GCC|AAC>GCT|CAA|C) and SspB (PR9-10>PS9-10 CCA|CGT>CCA|TCG|T) 
encode sequences with single base insertions to cause protein translation to terminate early. The SspA 

PHP84-86>AAA84-86 mutant is RNAP-binding deficient and thus does not enable the shift in promoter use (70 

→ S)543. A single sspA rescue plasmid yielded no transformants into the ∆sspA::kanR strain over multiple 

attempts. e. Top: deep-sequencing based measurement of the rates of new spacer acquisition in strains 
harbouring pSCL565 and, in the case of the ∆sspA::kanR, either an empty plasmid or a low (~5) copy 
plasmid encoding variants of the sspAB operon as described in d., after growth for 48h in liquid culture. 
Adaptation rates are shown relative to the wild-type parental strain. Open circles represent biological 
replicates (n ≥ 3), bars are the mean. Horizontal dashed line represents the mean rate of spacer acquisition 
in the wild-type strain (one-way ANOVA effect of strain P<0.0001; Sidak’s corrected multiple comparisons 
for wild-type vs. knockouts, ∆sspA P<0.0001, ∆sspA + empty plasmid P<0.0001, ∆sspA + sspAB rescue P 
= 1, ∆sspA + sspA* (PHP84-86>AAA84-86) & sspB rescue P<0.0001; ∆sspA vs. rescues, ∆sspA + empty 
vector P=0.997758, ∆sspA + sspA* (PHP84-86>AAA84-86) & sspB P=0.334315, ∆sspA + sspAB 
P<0.0001, ∆sspA + sspB P=0.892991, ∆sspA + sspA* & sspB* (frameshifted) P=1). Bottom: representative 
agarose gel for the data shown. Expansions of the CRISPR array can be seen as higher sized bands above 
the parental array length. Additional statistical details in Supplementary Table 4-1. 

 

H-NS regulates CRISPR interference downstream of SspA 

Having established SspA’s role as a regulator of CRISPR adaptation, we sought 

to test whether it could also play a role in regulating CRISPR interference. As SspA has 

been shown to be rapidly and highly upregulated following lambda infection548, it could 

serve as a link between phage infection and CRISPR defence generally.  Given previous 

reports of the role of SspA in downregulating levels of H-NS541,549, a repressor of the 

CRISPR interference machinery, we hypothesised that SspA could be acting on the 

CRISPR-Cas system via H-NS550–552 (Figure 4-4a). 

To assess the effects of SspA on CRISPR mediated anti-phage defence and the 

potential interactions between SspA and H-NS in regulating this defence, we constructed 

∆sspA::FRT, ∆hns::FRT and ∆sspA::FRT ∆hns::FRT E. coli strains (Figure 4-4b). 
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Previous studies have shown that H-NS is a strong repressor of CRISPR-Cas gene 

expression, but that this repression can be relieved by knocking out H-NS550,551. This de-

repression can result in defence against bacteriophages, provided that these cells’ 

CRISPR arrays encode one or more spacers targeting the phage genome (hereinafter 

referred to as “pre-immunised E. coli”)101,550,551. 

We electroporated our mutant strains with a plasmid carrying a CRISPR array 

encoding a first spacer complementary to the lambda genome (T: target101,551) or a control 

CRISPR array with a non-target first spacer (NT: non-target). Then, we infected these pre-

immunised strains with varying titres of vir and quantified phage defence (Figure 4-4c). 

Because of the pre-immunisation, this assay measures the ability of mutants to mount 

anti-phage defence via CRISPR interference and should be CRISPR adaptation-

independent. 

Plaque assays revealed that a wild-type strain was unable to mount defence 

against new rounds of infection even when pre-immunised with an anti- spacer, as 

reported previously101,550,551 (Figure 4-4d). Pre-immunised ∆sspA mutants were similarly 

unable to defend against vir. However, pre-immunised ∆hns mutants were capable of 

mounting considerable defence against vir. Interestingly, we saw no differences in anti-

vir defence between the ∆hns and ∆hns ∆sspA pre-immunised mutants, suggesting that 

the CRISPR-Cas mediated anti-phage defence observed in the ∆hns ∆sspA mutants was 

determined solely by the lack of CRISPR interference repression by H-NS, and that ∆sspA 

has no additive effect on CRISPR interference-mediated anti-phage defence on the ∆hns 

background. Quantification of efficiency of plating confirmed these findings (Figure 4-4e), 

as did additional experiments measuring anti-phage defence in overnight liquid culture 
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growth assays (Figure 4-4f). Together, these results suggest that H-NS and SspA are 

epistatic for CRISPR interference, with H-NS acting downstream of SspA on the 

regulation of CRISPR interference-mediated anti-phage defence. 

 

Figure 4-4: H-NS regulates CRISPR interference downstream of SspA. 

a. Model for SspA-mediated regulation of CRISPR-Cas defence. Phage infection triggers upregulation of 

SspA548, which in turn induces a global transcriptional shift towards S-regulated promoters. This results in 

H-NS downregulation541,549, induction of CRISPR-Cas mediated defence through de-repression Cas gene 
expression550,551, leading to increased rates of CRISPR adaptation and interference. b. Schematic of the 
sspAB and hns operons of WT, ∆sspA::FRT, ∆hns::FRT and ∆sspA::FRT ∆hns::FRT strains. FRT: flippase 
recognition target, a scar left after the removal of resistance cassettes. c. Schematic of the CRISPR 
interference-mediated defence assays in pre-immunised E. coli strains. Top: schematic of the CRISPR-I 
immunisation (defence) plasmids. All plasmids are low (~5) copy, and encode an E. coli CRISPR-I array 

with a first spacer encoding either a Target (complementary to the  genome101,551), or a Non-Target (NT) 

spacer. Bottom: The experimental strains were electroporated with either the T or NT plasmid, and infected 

to varying titres of vir. Note that the strains encode a complete endogenous E. coli Type I-E CRISPR-Cas 

system. d. Representative plaque assays of vir on experimental strains (described above) pre-immunised 

with either T or NT defence plasmids. Strains were infected with vir and grown on plates at 30ºC for 16h. 

Full plaque assay plates for n = 3 biological replicates in Extended Data Figure 4-4. e. Efficiency of plating 

of vir on experimental strains. Open circles represent biological replicates (n ≥ 3) of individual plaque 

(Figure caption continued on the next page) 
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assays, bars are the mean (one-way ANOVA effect of strain P=0.033454; Sidak’s corrected multiple 
comparisons for wild-type vs. knockouts, ∆sspA P=0.181757, ∆hns P=0.043319, ∆sspA ∆hns P = 0.043316; 
for ∆hns vs. ∆sspA ∆hns P=1). f. Anti-phage defence and growth in overnight liquid culture of experimental 

strains, post vir infection (MOI: 0.1). Hue around solid line (mean) represents the standard deviation across 

3 biological replicates. 

 

SspA regulates CRISPR adaptation independently of H-NS 

Given that SspA may regulate CRISPR interference via H-NS, we sought to 

determine whether SspA, in turn, regulates CRISPR adaptation via H-NS as well. To do 

so, we performed deep sequencing of the CRISPR arrays from samples harvested 3h 

post vir infection in liquid cultures of wild-type, ∆hns, ∆sspA, and ∆hns ∆sspA mutants 

harbouring either T or NT plasmids. We found no differences in the rates of CRISPR 

adaptation across conditions, except in the ∆hns + T cultures, which substantially 

increased rates of CRISPR adaptation (Figure 4-5a). These new spacers were primarily 

vir derived (Figure 4-5b), and that the majority of the acquired spacers are found 

immediately downstream and on same strand as the immunising spacer, consistent with 

primed CRISPR adaptation (Figures 4-5c-d, Extended Data Figure 4-5a). Interestingly, 

we saw a substantial decrease in vir derived spacers in the ∆hns ∆sspA + T conditions 

(Extended Data Figure 4-5b). Although the rates of CRISPR adaptation in the ∆hns + T 

condition were low (0.5% of CRISPR arrays expanded, i.e., 5 cells per thousand with a 

newly expanded array) and could not explain the defence demonstrated by the ∆hns + T 

cultures at the time of sample collection (Figure 4-4f), our results underscore the 

requirement for SspA for adequate primed CRISPR acquisition, in a closer-to-natural and 

defence-relevant setting.  
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We next sought to determine whether SspA modulates naïve CRISPR adaptation 

via H-NS. For this, we used the ∆sspA::FRT, ∆hns::FRT and ∆sspA::FRT ∆hns::FRT E. 

coli strains (Figure 4-5e), and assessed the mutants’ ability to acquire new spacers after 

co-electroporation of pSCL565 alongside a low (~5) copy rescue plasmid encoding the 

sspAB operon, hns operon, or both, under their native genomic contexts and regulation 

(Figure 4-5f). We found that ∆sspA, ∆hns, and ∆sspA ∆hns mutant strains all showed 

defects in CRISPR adaptation, with the double ∆sspA ∆hns mutant showing the strongest 

defect (Figure 4-5g). Complementation of the knockout strains with their respective 

rescue plasmids restored CRISPR adaptation to levels comparable to wild-type. 

Since H-NS deletion de-represses CRISPR interference (Figures 4-4d-f), we 

hypothesised that its effect on CRISPR adaptation could be indirect, through the removal 

of cells that acquired genome-derived spacers via CRISPR interference-mediated self-

targeting. To remove the confounding effect of increased self-targeting in the ∆hns 

background, we built ∆cas3-cascade::cmR knockouts on top of the ∆sspA and ∆hns 

genetic backgrounds, and assessed the mutants’ ability to acquire new spacers after 

electroporation with pSCL565. We found that although the ∆sspA ∆cas3-cascade::cmR 

mutant still remained substantially CRISPR adaptation deficient, the ∆hns ∆cas3-

cascade::cmR mutant recovered CRISPR adaptation to levels comparable to wild-type 

(Figure 4-5h). This confirmed that the apparent CRISPR adaptation deficiency of the 

∆hns mutant was caused by self-targeting through de-repression of CRISPR interference, 

and not additional effects on CRISPR adaptation. Taken together, our data supports a 

role for SspA in CRISPR adaptation that is independent of H-NS. 
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Figure 4-5: SspA regulates CRISPR adaptation independently of H-NS. 

a. Deep-sequencing based measurement of the rates of new spacer acquisition in strains pre-immunised 

with either a T or NT defence plasmid, harvested 3h post vir infection in liquid culture and growth at 30ºC. 

Open circles represent biological replicates (n ≥ 3), bars are the mean (one-way ANOVA effect of strain P< 
<0.0001; Sidak’s corrected multiple comparisons for wild-type +T vs. knockouts +T, ∆sspA P=082553, ∆hns 
P<0.0001, ∆sspA ∆hns P=0.999999; ∆sspA +T vs. knockouts +T, ∆hns P<0.0001, ∆sspA ∆hns 
P=0.154762; ∆hns +T vs. ∆hns +NT P<0.0001; ∆hns +T vs. ∆sspA ∆hns +T P<0.0001). b. Breakdown of 
normalised spacer count (total number of new spacers / number of CRISPR arrays sequenced) according 
to spacer origin (E. coli, lambda or plasmid) and strain of interest. c. Binned coverage plot of ∆hns + T 
newly acquired spacers across the lambda genome (outer, purple). The location of the T immunisation 

spacer is shown on the lambda genome; “missing in vir” indicates a genomic region missing in our strain 

of vir. d. Percent of spacers acquired that are on the same strand as the T immunisation spacer, according 

to the spacer source (E. coli or lambda). e. Schematic of the sspAB and hns operonic rescue plasmids. All 
plasmids are low (~5) copy, and encode either 1. The sspAB operon, 2. The hns operon, or 3. both, under 
their native regulation. f. Schematic of the CRISPR adaptation assays in wild-type, sspA and/or hns mutant 
strains. Strains were electroporated with pSCL565 and rescue plasmids 1., 2., or 3. (see e.), and assessed 
for their ability to acquire new spacers into the endogenous CRISPR I array. g. PCR-based detection of 
new spacer acquisition into the CRISPR I array of wild-type, of WT, ∆sspA::FRT, ∆hns::FRT and 
∆sspA::FRT ∆hns::FRT strains harbouring pSCL565 and rescue plasmids 1., 2., or 3. (see e.), after growth 
for 48h in liquid culture. Open circles represent biological replicates (n ≥ 3), bars are the mean. Horizontal 
dashed line represents the mean rate of spacer acquisition in the wild-type strain (one-way ANOVA effect 
of strain P< <0.0001; Sidak’s corrected multiple comparisons for wild-type vs. knockouts, ∆sspA P<0.0001, 
∆hns P<0.0001, ∆sspA ∆hns P<0.0001; ∆sspA vs. knockouts, ∆hns P=0.714182, ∆sspA ∆hns P=0.002269, 
∆sspA + sspAB rescue P<0.0001; ∆hns vs. knockouts, ∆sspA ∆hns P<0.0001, ∆hns + hns rescue 
P<0.0001; ∆sspA ∆hns vs. ∆sspA ∆hns + sspA & hns rescues P<0.0001). h. PCR-based detection of new 
(Figure caption continued on the next page) 
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(Figure caption continued from the next page) 

spacer acquisition into the CRISPR I array of WT, ∆sspA::FRT, ∆hns::FRT, ∆sspA::FRT ∆cas3-
Cascade::CmR or ∆hns::FRT ∆cas3-Cascade::CmR strains harbouring pSCL565 after growth for 48h in 
liquid culture. Open circles represent biological replicates (n ≥ 3), bars are the mean (one-way ANOVA 
effect of strain P<0.0001; Sidak’s corrected multiple comparisons for wild-type vs. knockouts, ∆sspA 
P<0.0001, ∆hns P<0.0001, ∆sspA ∆cas3-cascade P<0.0001, ∆hns ∆cas3-cascade P=0.125466; ∆sspA vs. 
∆hns P=0.004161; ∆sspA vs. ∆sspA ∆cas3-cascade P=0.310715; ∆hns vs. ∆hns ∆cas3-cascade P<0.0001; 
∆sspA ∆cas3-cascade vs. ∆hns ∆cas3-cascade P<0.0001). Horizontal dashed line represents the mean 
rate of spacer acquisition in the wild-type strain. Additional statistical details in Supplementary Table 4-1. 
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4.4 Discussion 

We developed a novel negative selection CRISPRi screen, designed around the 

concept of stimulated CRISPR self-immunity, to identify potential host factors that 

participate in CRISPR adaptation in E. coli. We identified a new host factor in our screen, 

SspA. In validation experiments, adaptation assays and downstream analysis of newly 

acquired spacers revealed that a sspA knockout mutant is consistently and significantly 

defective in naïve CRISPR adaptation, despite no other noticeable differences in the 

features of its acquired spacers when compared to the wild-type parental strain. Further, 

we found that mutations that abolish SspA’s ability to bind to the RNA Polymerase 

complex cause a loss-of-adaptation phenotype, suggesting that SspA acts as a 

transcriptional-level regulator of CRISPR adaptation. A series of phage sensitivity and 

CRISPR adaptation assays revealed that SspA regulates CRISPR adaptation 

independently of H-NS, a known regulator of CRISPR interference-mediated anti-phage 

defence and a member of the SspA regulon. Taken together, our data support 

independent control of CRISPR adaptation and interference downstream of SspA. 

We find that our data is consistent with a model where the immunisation and 

interference steps could occur separately, perhaps even temporally so. We speculate that 

phage infection could trigger the rapid accumulation of SspA548, opening a window for the 

acquisition of new spacers; this window may close rapidly as the levels of SspA decline, 

but this sudden SspA accumulation may be enough to cause downregulation of H-NS541, 

thus opening a second window for CRISPR interference to occur (Figure 4-6). However, 

more studies are required to determine whether the sudden accumulation of SspA in 

response to phage infection is a ubiquitous response beyond lambda, what phage 
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element or phage-induced signal triggers this sudden spike in SspA levels, and whether 

this spike is indeed sufficient to significantly deplete levels of H-NS and open a window 

for CRISPR interference to occur. Further, though our data strongly suggests that SspA 

acts on CRISPR adaptation at a transcriptional level, additional work is needed to 

discover the target(s) of the SspA-mediated transcriptional rewiring. 

Though our screen revealed SspA as a novel regulator of CRISPR adaptation, we 

did not identify host factors involved in the repair of the CRISPR array. Although polA was 

a promising hit, with in vitro evidence that its Klenow fragment is capable of repairing 

CRISPR arrays that have been cleared of the Cas1-Cas2 integrases158, our results do 

not support this role. Though we found that CRISPR adaptation levels were significantly 

diminished in the polA ∆Klenow mutant, this decrease was attributable to the loss of 

acquisition of plasmid-derived spacers; The loss-of-adaptation phenotype seen in the 

∆pcnB mutant is likely due to a similar effect, as pcnB has been shown to be required for 

copy number maintenance of ColE1 and other plasmids553. We cannot, however, rule out 

a role for polA in array repair, though it is conceivable that there is redundancy in host 

factors capable of this task. Indeed, functional redundancy of host factors is a possible 

explanation for not capturing the comprehensive set of these proteins. We anticipate that 

more complex combinatorial knockdown and activation screens could be used to tackle 

this problem. Furthermore, we believe that pairing genetic screens such as our CRISPRi 

screen with orthogonal physical screens, such as proximity labelling and pull-down 

assays554, will yield rich and informative datasets, which are likely to uncover a more 

comprehensive set of host factors required for CRISPR adaptation. 
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Figure 4-6: Proposed model for the independent control of CRISPR adaptation and interference. 

In both cases, the regulation of CRISPR immunity happens downstream of SspA, through its role as a 
global transcriptional rewiring agent. 
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4.5  Methods 

Biological replicates were taken from distinct samples, not the same sample 

measured repeatedly. Full statistics can be found in Supplementary Table 4-1. 

 

Bacterial strains and culturing 

All strains used in this study can be found in Supplementary Table 4-2. Wild-type 

E. coli K-12 W3110 (BW25113) strain, generously provided by Joseph Bondy-Denomy, 

was used for all experiments in this study, unless specified. E. coli K-12 MG1655 and LC-

E75304 (derivative of MG1655, Addgene #115925) were used for the CRISPRi screen. E. 

coli NEB-5-alpha (NEB C2987) was used for plasmid cloning. Keio collection531 single-

gene knock-out (KO) mutants, derivatives of BW25113, were generously provided by 

Carol Gross.  

Additional deletions on Keio single-gene KO backgrounds were generated by Red 

recombinase-mediated insertion of an FRT-flanked chloramphenicol (CmR) resistance 

cassette489. This cassette was amplified from pKD3489 (Addgene #45604) with homology 

arms (50bp each) corresponding to the genomic sequences immediately up- and 

downstream of the intended deletion site. This amplicon was electroporated into the Keio 

strains expressing the Red recombinase from pKD46489. Clones were isolated by 

selection on LB + chloramphenicol (10 µg/mL) plates. After PCR genotyping and 

sequencing to confirm locus-specific insertion, the chloramphenicol and pre-existing 

kanamycin cassettes was excised by transient expression of FLP recombinase from pE-

FLP555 (Addgene #45978) to leave a single FRT scar, whenever specified in the text (i.e., 

∆gene::FRT). 
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The polA ∆Klenow mutant was generated by Red recombinase-mediated insertion 

of an FRT-flanked CmR resistance cassette into the Klenow fragment of E. coli BW25113 

Polymerase I. This cassette was amplified from pKD3 with homology arms (50bp each), 

corresponding to the genomic regions flanking the Klenow fragment, as reported 

previously532. This amplicon was electroporated into BW25113 expressing the Red 

recombinase from pKD46. Clones were isolated by selection on LB + chloramphenicol 

(10 µg/mL) plates. PCR genotyping and sequencing confirmed the locus-specific 

insertion. 

For the CRISPRi screen and CRISPR-Cas adaptation experiments, LB containing 

1.5% w:v agar was used to grow strains on plates (growth at 37C until single colonies 

became visible, usually ~16h). Strains were subsequently grown in LB broth at 37C with 

250 r.p.m. shaking, with appropriate inducers and antibiotics as described below. 

For CRISPR-Cas defence experiments, strains were grown in LB broth 

supplemented with 10 mM MgSO4 and 0.2% maltose at 30C with 250 r.p.m. shaking, with 

appropriate inducers and antibiotics as described below. For plaque assays, cells were 

mixed with top agar (0.5% w:v LB agar, supplemented with 10 mM MgSO4 and 0.2% 

maltose and the appropriate antibiotics) poured over LB plates supplemented with the 

appropriate antibiotics, and grown at 30C overnight.  

Inducers and antibiotics were used at the following working concentrations: 2 

mg/mL L-Arabinose (GoldBio A-300), 1 mM IPTG (GoldBio I2481C), 1mM m-Toluic acid, 

1 ug/mL anhydrotetracycline, 35 µg/mL kanamycin (GoldBio K-120), 25 µg/mL 

spectinomycin (GoldBio S-140), 100 µg/mL carbenicillin (GoldBio C-103), 25 µg/mL 

chloramphenicol (GoldBio C-105). 



 

 147 

Phage strains and culturing 

A virulent variant of phage Lambda (vir)556, generously provided by Luciano 

Marraffini, was used throughout this study. vir was propagated on BW25113 grown in LB 

at 30C, based on previous studies557. Briefly, overnights of E. coli BW25113 were grown 

at 30C in 5mL LB + 10 mM MgSO4 and 0.2% maltose. The next day, 300uL of bacterial 

culture was infected with 10uL of serial dilutions of vir in LB + 10 mM MgSO4 and 0.2% 

maltose, incubated at 30C for 15min, and added to 5mL top agar, mixed gently and 

poured over LB agar plates. Plates were grown overnight at 30C. Plates from the dilution 

series that showed evidence of confluent lysing of E. coli were covered in 5mL LB 

supplemented with 10 mM MgSO4 and 0.2% maltose, placed on a shaker to agitate gently 

at room temperature for 2h. Then, the lysate was transferred to a 15mL conical tube, 

centrifuged at 4500g x 15min to remove the bacterial debris, and filtered through a 0.2um 

filter. Phage titres were determined by preparing 1:10 dilutions of vir in LB supplemented 

with 10 mM MgSO4 and 0.2% maltose, and spotting 2.5uL of the dilutions over top agar 

lawns of BW25113, which had been previously prepared by mixing 100uL of the overnight 

culture with 5mL of top agar (0.5% w:v LB agar, supplemented with 10 mM MgSO4 and 

0.2% maltose) and poured over LB agar plates. Serial dilutions of vir were prepared in 

LB supplemented with 10 mM MgSO4 and 0.2% maltose, and 2.5uL of each dilution was 

spotted on the top agar using a multichannel pipette. Plates were tilted to allow phage 

spots to drip down the plate for easier quantification, and left to dry completely at room 

temperature. Plates were incubated at 30C overnight. 



 

 148 

Plasmids 

Plasmid information can be found in Supplementary Table 4-3. Plasmid 

pSCL565, encoding an IPTG-inducible E. coli Cas1-Cas2 cassette, spectinomycin 

resistance cassette and a pCDF ori, was constructed by PCR amplification of pCas1+2152 

(Addgene #72676) to replace the T7 promoter by an IPTG-inducible Lac promoter. 

 Plasmid pSCL563, encoding an m-Tol-inducible E. coli Cas3-Cascade operon, 

carbenicillin resistance cassette and a pRSF ori was constructed by Gibson cloning.  

 The sspAB rescue set of plasmids, designed to rescue the loss of CRISPR 

adaptation phenotype of the ∆sspA mutant, were constructed by first Gibson cloning the 

sspAB operon (including 236bp upstream of sspA, containing the predicted promoter558 

between rpsI and sspA) into a low copy plasmid backbone (pSC101 ori) containing a 

carbenicillin resistance cassette. This yielded pSCL735 (sspAB rescue). Variants of the 

sspAB operon were generated by targeted PCRs to yield pSCL747 (sspA rescue, not 

tested because toxic in ∆sspA background); pSCL748 (sspB rescue); pSCL751 (sspA 

frameshifted AN5-6>AQ5-6 GCC|AAC>GCT|CAA|C + sspB); pSCL752 (sspA + sspB 

frameshifted PR9-10>PS9-10 CCA|CGT>CCA|TCG|T); pSCL753 (sspA frameshifted AN5-

6>AQ5-6 GCC|AAC>GCT|CAA|C + sspB frameshifted PR9-10>PS9-10 

CCA|CGT>CCA|TCG|T); and pSCL770 (sspA PHP84-86>AAA84-86 + sspB). 

 The CRISPR defence set of plasmids, designed to pre-immunise E. coli strains 

against vir by expressing an E. coli CRISPR-I array with a first spacer encoding either a 

Target (complementary to the  genome101,551 or a Non-Target (NT) spacer, were 

constructed by cloning a spacer1-swapped E. coli CRISPR-I array (Cas-adjacent array in 

K-12 E. coli) into a high copy plasmid backbone (ColE1) containing a kanamycin 
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resistance cassette. This yielded pSCL787 (Target, spacer1 complementary to the vir R 

gene101 and pSCL788 (Non-Target, spacer1 complementary to the S. cerevisiae ade2 

gene).  

 The sspAB-hns rescue set of plasmids, designed to rescue the loss of CRISPR 

adaptation phenotype of the ∆hns and ∆sspA ∆hns mutants, were constructed by Gibson 

cloning the hns operon (including 419bp upstream and 122bp downstream of hns, 

containing the predicted promoter558, regulatory and terminator regions contained 

between tdk-hns-galU, respectively) and/or sspAB operons (as above) into a low copy 

plasmid backbone (pSC101 ori) containing a carbenicillin resistance cassette. This 

yielded pSCL785 (hns rescue) and pSCL786 (hns // sspAB rescue). pSCL832 was 

constructed from pSCL565 by swapping the E. coli Cas1-Cas2 CDS with an eGFP CDS 

via Gibson Assembly. 

 

CRISPRi adaptation host factor screen 

LC-E75304, a derivative of MG1655 E. coli encoding a Tetracycline-inducible dCas9 

cassette integrated at the Phage 186 attB site, and E. coli MG1655 were electroporated 

with pSCL565, and transformants were isolated on LB + spectinomycin after overnight 

growth at 37C. Single colonies were inoculated into 5mL LB + spectinomycin, and grown 

overnight. Each experiment was repeated 3 times in triplicates, for a total of 9 paired LC-

E75 (experiment) – MG1655 (control) screens. 

The next day, cultures were electroporated with a library of 92,919 sgRNAs 

(psgRNA304 Pooled Library #115927, Addgene), targeting coding and non-coding regions 

across the E. coli genome, as described in303,304. Briefly, 4mL of the overnight cultures 
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were diluted into 400mL LB + spectinomycin, and grown for 2h at 37C with shaking (250 

r.p.m.). Cells were then subjected to an electroporation prep: cultures were split into 50mL 

falcon tubes, chilled on ice for 10min, and pelleted at 4000g for 15min at 4C. The 

supernatants were discarded, and cells were washed with 30mL of ice-cold ultra-pure, 

DNAse/RNAse free, pyrogen free H2O (updH2O). The resuspended cultures were chilled 

on ice for another 10min, then pelleted at 4000g for 15 min at 4C. These wash steps were 

repeated twice, for 3 total washes. After the last wash, cells were resuspended in 600uL 

of 10% glycerol in updH2O (~800uL final volume). 

Then, 180uL of cells were added to 0.2cm gap electroporation cuvettes (BioRad 

#1652086), and ~1ug of the sgRNA library was mixed with the cells (total volume in 

electroporation cuvette < 200uL). Cells were electroporated with the following settings: 

2.5 kV, 25uF, 200Ω. After the pulse, cells were quickly recovered in 25mL of pre-warmed 

LB + spectinomycin, and placed in a shaking incubator for 1h at 37C. The cultures were 

then transferred into 75mL of pre-warmed LB + spectinomycin + kanamycin, and dilutions 

were plated on LB + spectinomycin + kanamycin to estimate CFUs.  

The next day, CFUs were estimated, and the experiments were continued only if 

the library coverage was estimated to be >1000x. If so, 20mL of the overnight cultures 

were diluted in 1L warmed LB + spectinomycin + kanamycin + 1uM anhydrotetracycline 

(aTc); the remainder of the overnight cultures was collected by centrifugation for pre-

experiment library quantification. 

Cultures were grown for 3h, after which the electroporation prep was performed as 

described above. After the last centrifugation step, each pellet was resuspended in 150uL 

of a mix of murA targeting pre-spacer oligonucleotides and ~1ug of pSCL563 in updH2O. 
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The murA targeting prespacer mix was prepared by combining and annealing 

complementary single-stranded oligos that encode a prespacer targeting the essential 

gene murA (F and R sequences: AGGTTATGGCAACCGATCTGCGTGCATCAGCAAGC; 

GCTTGCTGATGCACGCAGATCGGTTGCCATAACCT), to a final concentration of 3.125 

uM per oligo. After electroporation, cells were rescued with 5mL of pre-warmed LB + 

carbenicillin + kanamycin + 1 mM m-Toluic acid + 1uM aTc, and placed in a shaking 

incubator for 1h at 37C. Then, these cultures were then transferred into 20 mL of pre-

warmed LB + carbenicillin + kanamycin + 1 mM m-Toluic acid + 1uM aTc, and placed in 

a shaking incubator overnight at 37C. Cultures (post-experiment library samples) were 

harvested the next day by centrifugation, 4000g x 30min, followed by plasmid extraction 

using the Qiagen Plasmid Plus Midi kit (cat. no. 12143). 

Sequencing of the sgRNA libraries was performed as follows. 1uL of the plasmid 

extractions were used as template in 50uL PCR reactions, using 37uL of updH2O, 10uL 

5X Q5 reaction buffer, 1uL 10mM dNTPs, 1uL Q5 Hot Start HiFi DNA polymerase and 

0.25uL 100uM Forward and Reverse primers. The primers used contained Illumina 

adapters to make the amplicons compatible with our downstream sequencing prep, as 

well as 1-5 random nucleotides between the Illumina adapter and the annealing sequence 

to introduce diversity into the sequencing library. The PCR reaction was run using the 

standard recommended Q5 cycling conditions: 98C initial denaturation x 30s; 30 cycles 

of 98C x 10s, 62C x 30s, 72C x 30s; final extension of 2min at 72C. Amplicons were then 

cleaned up using AMPure XP beads (A63880), indexed using custom indexing oligos, 

and sequenced on an Illumina NextSeq instrument with ~2million reads per biological 

replicate. A list of primers can be found in Supplementary Table 4-4. 
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Fluorescence-based monitoring of the Lac promoter activity 

E. coli BW25113 (control) and ∆sspA strains were transformed with pSCL832 by 

electroporation, and transformants were isolated on LB + spectinomycin after overnight 

growth at 37C. Single colonies (n ≥ 3) were inoculated into 3mL of LB + spectinomycin 

and grown overnight with 250 r.p.m shaking at 37C. The next day, cultures were diluted 

1:100 in 3mL of LB + spectinomycin and grown to log phase (~4h). Subsequently, OD600 

of the cultures was measured on a Spectramax i3 plate reader, and cultures were 

normalised to an OD600 = 0.05. 200uL of cultures were placed on clear-bottom plate and 

incubated at 37C on a Spectramax i3 plate reader, with fluorescence readings 

(wavelength = 508nm) every 30s for a total of 7.5h. 

 

qPCR 

E. coli BW25113 (control) and ∆sspA strains were transformed with pSCL565 by 

electroporation, and transformants were isolated on LB + spectinomycin after overnight 

growth at 37C. Single colonies (n ≥ 3) were inoculated into 3mL of LB + spectinomycin 

and grown overnight with 250 r.p.m shaking at 37C. The next day, cultures were diluted 

1:100 in 3mL of LB + spectinomycin and grown to log phase (~4h). Then, 1mL of cultures 

was harvested by centrifugation (21,000 g x 1min), then resuspended in 250uL of 

updH2O. These samples were heated to 95C for 15min, then placed on ice to cool. Then, 

lysates were treated with 2 units of Proteinase K (NEB) for 30min, followed by Proteinase 

K inactivation by incubation at 95C for 10min. Lastly, lysates were centrifuged at 21,000 

g for 2min, and supernatants were diluted 1:500 in updH2O. 5uL of the diluted supernatant 

was used in 20uL qPCR reactions, set up using the NEB Luna Universal qPCR Master 
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Mix following the manufacturer’s instructions. qPCR Primers were designed to target 

pSCL565’s CDF ori and cas1 regions, using the genomic ompA as a reference. Primers 

are listed in Supplementary Table 4-4. 

 

Naïve CRISPR-Cas adaptation 

E. coli BW25113 (control) and strains of interest were transformed with pSCL565 

by electroporation, and transformants were isolated on LB + spectinomycin after 

overnight growth at 37C. In the case of “plasmid rescue” experiments, strains of interest 

we co-transformed with pSCL565 and the rescue plasmid by electroporation, and 

transformants were isolated on LB + spectinomycin + carbenicillin after overnight growth 

at 37C. 

Single colonies (n ≥ 3) were inoculated into individual wells of a 96-well deep well 

plate containing 500uL of LB + spectinomycin (and carbenicillin, if needed), and grown 

for 48h with 1000 r.p.m shaking at 37C. After 48h of growth, 75uL of the cultures were 

mixed with 75uL of updH2O, heated to 95C for 10min, and spun-down. 0.5uL of the 

supernatant was used as template for 25uL PCR reactions (same recipe and cycling 

protocol as above). We designed primers to amplify a region of the E. coli CRISPR-II 

array, contained between the end of the Leader sequence and the second pre-existing 

spacer. To reduce the number of indices needed per sample, we designed 3 barcoded F 

primers (one per biological replicate) to amplify the CRISPR arrays – these would enable 

us to pool the samples post-CRISPR array amplification, and de-multiplex the biological 

replicates during data analysis. A list of primers can be found in Supplementary Table 4. 
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In some cases, CRISPR array expansions are visible on an agarose gel as 

laddering caused by larger arrays (expanded) migrating slower than the shorter parental 

arrays. We visualised this by running 5uL of the pooled PCR products on Invitrogen 2% 

Agarose SYBR safe E-Gels (A42135). Gels were re-stained with SYBR Gold before 

imaging. 

 

Phage plaque assays 

BW25113 (control), ∆sspA::FRT, ∆hns::FRT, and ∆sspA::FRT ∆hns::FRT strains 

were transformed with plasmids encoding either Target or Non-Target CRISPR-I arrays 

(pSCL787 and pSCL788, respectively), and transformants were isolated on LB + 

kanamycin after overnight growth at 37C. Single colonies (n ≥ 3) were inoculated into 3mL 

of LB + kanamycin supplemented with 10 mM MgSO4 and 0.2% maltose, and grown 

overnight with 250 r.p.m shaking at 30C. The next day, top agar lawns of each bacterial 

culture were prepared by mixing 100uL of overnight cultures with 5mL of top agar (0.5% 

w:v LB agar, supplemented with 10 mM MgSO4 and 0.2% maltose and kanamycin). Top 

agar mixtures were poured over LB agar + kanamycin plates and left to dry at room 

temperature, partially open by a sterilizing flame. Serial dilutions of vir were prepared in 

LB supplemented with 10 mM MgSO4 and 0.2% maltose, and 2.5uL of each dilution was 

spotted on the top agar using a multichannel pipette, and left to dry completely at room 

temperature. Plates were incubated at 30C overnight. 

Efficiency of plating was calculated as the number of plaques formed by vir on 

lawns of a strain harbouring pSCL787 (Target) divided by the plaques formed by vir on 
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lawns of a strain harbouring pSCL788 (Non-Target). Full plaque assay plates for all n = 3 

biological replicates in Extended Data Figure 4-5. 

 

Phage resistance infection growth curves 

BW25113 (control), ∆sspA::FRT, ∆hns::FRT, and ∆sspA::FRT ∆hns::FRT strains 

were transformed with plasmids encoding either Target or Non-Target CRISPR-I arrays 

(pSCL787 and pSCL788, respectively), and transformants were isolated on LB + 

kanamycin after overnight growth at 37C. Single colonies (n ≥ 3) were inoculated into 3mL 

of LB + kanamycin supplemented with 10 mM MgSO4 and 0.2% maltose, and grown 

overnight with 250 r.p.m shaking at 30C. The next day, cultures were diluted 1:100 in 3mL 

of LB + kanamycin supplemented with 10 mM MgSO4 and 0.2% maltose and grown to 

log phase (~4h). Subsequently, OD600 of the cultures was measured on a Spectramax i3 

plate reader, and cultures were normalised to an OD600 = 0.05. 200uL of cultures was 

infected with a range of MOIs (10 → 10-8), using serial dilutions of vir prepared in LB 

supplemented with 10 mM MgSO4 and 0.2% maltose. Cultures were loaded on clear-

bottom plate and incubated at 30C on a Spectramax i3 plate reader, with OD600 readings 

every 2.5mins for a total of 16h. 

 

CRISPR-Cas primed adaptation after phage infection 

BW25113 (control), ∆sspA::FRT, ∆hns::FRT, and ∆sspA::FRT ∆hns::FRT strains 

were transformed with plasmids encoding either Target or Non-Target CRISPR-I arrays 

(pSCL787 and pSCL788, respectively), and transformants were isolated on LB + 

kanamycin after overnight growth at 37C. Single colonies (n ≥ 3) were inoculated into 3mL 
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of LB + kanamycin supplemented with 10 mM MgSO4 and 0.2% maltose, and grown 

overnight with 250 r.p.m shaking at 30C. The next day, cultures were diluted 1:100 in 3mL 

of LB + kanamycin supplemented with 10 mM MgSO4 and 0.2% maltose and grown to 

log phase (~4h). Subsequently, OD600 of the cultures was measured on a Spectramax i3 

plate reader, and cultures were normalised to an OD600 = 0.05. 200uL of cultures was 

infected with vir at an MOI of 0.1, and cultures were loaded on clear-bottom plate and 

incubated at 30C on a Spectramax i3 plate reader, with OD600 readings every 1.5mins for 

a total of 3h.  

After 3h, the cultures were harvested by centrifugation, resuspended in 100uL of 

updH2O, heated to 95C for 10min, and spun-down. 1uL of the supernatant was used as 

template for 25uL PCR reactions (same recipe and cycling protocol as above). We 

designed primers to amplify a region of the E. coli CRISPR-II array, contained between 

the end of the Leader sequence and the second pre-existing spacer. The barcoded F 

primer approach, described above, was used to pool PCRs and de-multiplex biological 

replicates during data analysis.  

 

Protein model structures 

Protein model coordinates were retrieved from the RSCB Protein Data Bank 

(codes 7DY6 and 8ET3). Figures were prepared using UCSF ChimeraX559. 
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Data analysis 

The data analysis for this project can be broken down into 5 modules: (1) 

processing of the sequencing reads to extract, count, and group sgRNAs by gene/gene-

adjacent regions; (2) generate binned coverage plots of sgRNAs across the E. coli 

genome; (3) identify the statistically enriched/depleted sgRNAs, using PyDESeq2530, a 

Python implementation of DEseq2560; (4) quantify the rates of CRISPR adaptation; and 

(5) extract new spacers perform spacer analysis. All data analysis was performed in 

Jupyter Lab561, and all code to replicate this analysis can be found 

here: https://github.com/Shipman-Lab/CRISPRi_host_factor_screen. 

 

Sequencing data processing: from reads to sgRNA counts 

First, fastq reads were trimmed using sickle-trim562. For each fastq, a counter of 

sgRNAs was generated by extracting the sgRNA from each read, provided that this 

sgRNA could be found in the original synthesised psgRNA library304. Then, the sgRNAs 

were BLASTed563 against the E. coli MG1655 genome and the top hit was saved. For 

each sample, a DataFrame of genomic_location–sgRNA–count was generated, and used 

for downstream analysis. All data corresponding to the screens can be found in 

Supplementary Tables 4-5 and 4-6.  

The Jupyter Notebook for this analysis can be found here: https://github.com/Shipman-

Lab/CRISPRi_host_factor_screen/blob/main/blast_screen_hits_clean.ipynb 

 

https://github.com/Shipman-Lab/CRISPRi_host_factor_screen
https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/blast_screen_hits_clean.ipynb
https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/blast_screen_hits_clean.ipynb
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Binned coverage plot of sgRNAs across the E. coli genome 

We generated occupancy arrays for each sample, using counts generated above. 

These arrays contain cumulative counts of sgRNAs per base, i.e., occupancy O = [c1, c2, 

…, cn], where n is the size of the E. coli MG1655 genome and ci are the total sgRNA 

counts at that position. We then normalised the counts to the total sgRNA count in that 

sample, i.e., O = [c1/sum_sgRNAs, c2/sum_sgRNAs, …, cn/sum_sgRNAs], where 

sum_sgRNAs is total sgRNA count. Next, we calculated the mean occupancy for the 

experimental and control conditions, i.e., OLC-E75 = (Obiorep1 + Obiorep2 + … +Obiorep9) / 9, 

where OLC-E75 is the mean occupancy for the experimental condition, and Obiorep_i are the 

normalised counts for each biological replicate of the screen run in the experimental 

condition. Lastly, we calculated the delta occupancy, or difference between the mean 

sgRNA occupancies of the experimental and control conditions, and posteriorly calculated 

the mean delta sgRNA occupancy in a sliding window, in the interest of interpretability. 

We used pyCirclize564 to generate the final occupancy plot. 

The Jupyter Notebook for this analysis can be found here: https://github.com/Shipman-

Lab/CRISPRi_host_factor_screen/blob/main/plot_genome_coverage_clean.ipynb 

 

Identification of enriched/depleted sgRNAs 

We performed statistical testing for enriched/depleted sgRNAs from binned sgRNA 

(sum of all sgRNAs per gene) count data generated in (1) using the PyDESeq2 

package530, and compared each experimental sample to its paired control, and controlled 

for pre-experimental variation in the relative sgRNA library composition by including the 

sgRNA counts from the pre-experiment library as an interactor factor (i.e., sgRNA_counts 

https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/plot_genome_coverage_clean.ipynb
https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/plot_genome_coverage_clean.ipynb
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~ input_lib_counts + knockdown (yes/no)). Genes that have less than a total of 10 reads 

for all of their sgRNAs in the dataset were removed from the analysis. The 

log2FoldChange (log2FC) value represents the enrichment or depletion of each gene. The 

lists of all genes, log2FC and adjusted p-values can be found in Supplementary Table 4-

6. The Jupyter Notebook for this analysis can be found here: https://github.com/Shipman-

Lab/CRISPRi_host_factor_screen/blob/main/deseq2_volcano_allhits_clean.ipynb 

 

Quantification of the rates of CRISPR adaptation 

First, fastq reads were trimmed using sickle-trim. For each fastq, we filtered for 

reads containing the Leader-repeat junction of the E. coli CRISPR-II array. We then 

identified newly acquired spacers from the array sequences by recursive identification of 

CRISPR repeats and comparison of putative new spacers to pre-existing spacers in the 

array, using a lenient search algorithm allowing for a maximum of 3bp mismatches. We 

generated sums of new expansions in CRISPR arrays per condition, and used these to 

calculate the rate of CRISPR adaptation (100 * number of newly expanded CRISPR 

arrays / total number of arrays sequenced). Lastly, we normalised the rate of CRISPR 

adaptation for each condition by the wild-type rate CRISPR adaptation, so as to make 

inter-experiment comparisons feasible and more interpretable. All normalised rates 

corresponding to the CRISPR adaptation experiments, as well as the “run” label (i.e., 

batch in which the experiment were run and sequenced) can be found in Supplementary 

Table 4-7.  

The Jupyter Notebook for this analysis can be found here: https://github.com/Shipman-

Lab/CRISPRi_host_factor_screen/blob/main/spacer_fishing_clean.ipynb 
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Newly-acquired spacer analysis 

Spacer analysis involves in several steps: 

 

Extraction of new spacers 

We began by using the same recursive new spacer search algorithm described 

above to extract new spacers. In parallel to extracting spacers, we also stored information 

regarding the total number of arrays sequenced and the fraction of those that were 

expanded, to use as normalisation for comparisons across samples that might vary in 

sequencing depth or quality. 

 

Identification of spacer origin 

Next, we generated a counter of newly acquired spacers and their frequencies. We 

used this to generate FASTA files of new spacers and their counts, which were 

subsequently BLASTed to two databases: the E. coli K-12 genome (taxid 511145) and 

pSCL565, to capture spacers derived from the Cas1-Cas2 expression plasmid. To identify 

the source of acquired spacers during CRISPR-Cas primed adaptation amidst phage 

infection experiments, unique spacers extracted in steps described above were BLASTed 

to four databases: the E. coli K-12 genome (taxid 511145); the bacteriophage lambda 

genome (taxid 2681611); and pSCL787 or pSCL788, to capture spacers derived from the 

defence plasmids. In both cases, BLAST searches were performed with high stringency 

(≥90% identity, i.e., 30/33bp match between spacer and reference query) to obtain unique 

matches to the reference maps. We then parsed the BLAST results and filtered the 
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genome-matching spacers for LacI, Cas1 and Cas2, as we assumed that spacers from 

these sources were most likely plasmid-derived.  

 

Mapping spacers to reference genomes 

Using the spacer genomic (lambda or E. coli K-12) or plasmidic (pSCL565, 

pSCL787 and pSCL788) location, target locus and counts, we generated coverage maps 

of the different genomes and plasmids where the spacers could have been sourced from, 

as well as spacer counts per location (i.e., counts of how many of the new spacers were 

E. coli, lambda, or plasmid derived). Briefly, for each BLAST record, we first assessed 

whether the BLAST record mapped to any of our reference genomes, and if so, added 

counts to spacer origin and occupancy counters. The occupancy array is generated 

analogously to those used to estimate sgRNA coverage (see above), and is genome-size 

aware (i.e., accounts for start-end junctions). 

 

Spacer neighbourhood analysis 

We also used the spacer → genome information to look into the 15bp up and 

downstream of the genomic origin of the new spacer, in the hopes of capturing information 

regarding the PAM (canonically, AAG for this CRISPR adaptation system) and any other 

discernible motifs. This was done by mapping the spacer back to its reference genome, 

using the BLAST results, and extracting 15 bases upstream and downstream of the 

spacer. These sequences were compiled and Logomaker565 was used to generate 

sequence logos for the up and downstream region. This yielded Figure 4-2d. 
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Spacer origin distribution 

Next, we used the spacer origin counters to obtain information about the 

breakdown of spacers by their origin (E. coli, lambda, or plasmids). To do so, we first 

normalised the spacer count per location to the number of arrays sequenced. In parallel, 

we also normalised the spacer count per location to the total number of new spacers 

identified, converting this metric to the percent of spacers mapping to each location. This 

allowed us to then plot the new spacer count with respect to spacer origin and strain of 

interest (Figure 4-2b and Figure 4-5b), in addition to the percent of new spacers 

belonging to each spacer origin and strain of interest (Figure 4-2c).  

 

Coverage plots 

Lastly, we generated genome coverage plots for E. coli, lambda, and the plasmids, 

as described above. For the E. coli and lambda genomes, we generated binned coverage 

plots by calculating the coverage as a sliding mean, or binned coverage. The spacer 

coverage for plasmids was generated without binning spacer occupancy. This analysis 

yielded Figures 4-2e-h, Figure 4-5c, Extended Data figure 4-1 and Extended Data 

figure 4-5. 

The Jupyter Notebook for this analysis can be found here: https://github.com/Shipman-

Lab/CRISPRi_host_factor_screen/blob/main/map_new_spacers_clean.ipynb 

 

 

 

 

https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/map_new_spacers_clean.ipynb
https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/map_new_spacers_clean.ipynb
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Biological replicates 

Biological replicates were taken from distinct samples, not the same sample 

measured repeatedly. 

 

Data availability 

All data supporting the findings of this study are available within the article and its 

supplementary information. 

Data used to generate all figures and perform statistical analysis, alongside a Jupyter 

Notebook to recreate our figures is available on GitHub: https://github.com/Shipman-

Lab/CRISPRi_host_factor_screen/blob/main/plot_run_stats_clean.ipynb. All sequencing 

data associated with this study is available on NCBI SRA (PRJNA1109382). 

 

Code availability 

All code used to process or analyse data from this study is available on GitHub 

here:  https://github.com/Shipman-Lab/CRISPRi_host_factor_screen. 

 

https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/plot_run_stats_clean.ipynb
https://github.com/Shipman-Lab/CRISPRi_host_factor_screen/blob/main/plot_run_stats_clean.ipynb
https://github.com/Shipman-Lab/CRISPRi_host_factor_screen


 

 164 

4.6 Supplementary Information 

 

Extended Data Figure 4-11: Binned coverage plot of newly acquired spacer across the E. coli 
genome (left) and pSCL565 plasmid (right) for strains selected for individual validation. 

a-i: wild-type, ∆pcnB, ∆sspA, ∆uraA, ∆omsF, polA ∆Klenow, ∆rclR, ∆yeaO and ∆ompC. Wild-type is E. coli 
BW25113, parental strain to the Keio collection; all other strains besides polA ∆Klenow are from the Keio 
collection. polA ∆Klenow was constructed as described previously532. 



 

 165 

 

Extended Data Figure 4-12: Alignment of sequencing reads corresponding to doubly and triply 
expanded CRISPR array from the ∆yeaO mutant strain, highlighting insG-derived spacers, new 
spacers and old or pre-existing spacers. 

Spacers acquired at a later stage are closer to the Leader sequence than spacers acquired earlier, or than 
pre-existing spacers403,410,411. 

 

 

 

Extended Data Figure 4-13: Fluorescence-based monitoring of the Lac promoter activity, used to 
express the Cas1-Cas2 integrases on pSCL565, in wild-type and ∆sspA cells, over the course of 7h 
of liquid culture. 

Hue around solid line (mean) represents the standard deviation across 3 biological replicates. 
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Extended Data Figure 4-14: Full plates and 3 biological replicates of plaque assays. 

Plaques of vir on WT, ∆sspA::FRT, ∆hns::FRT and ∆sspA::FRT ∆hns::FRT strains, pre-immunised with 

either T or NT defence plasmids, corresponding to Figure 4-4d. Strains were infected with vir and grown 

on plates at 30ºC for 16h. 
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Extended Data Figure 4-15: Distribution of newly acquired spacers in ∆hns +T and ∆sspA ∆hns +T 
strains upon lambda infection. 

a. Binned coverage plot of ∆hns + T newly acquired spacers across the E. coli genome (outer, purple). b. 
Binned coverage plot of ∆sspA ∆hns + T newly acquired spacers across the lambda genome (outer, purple). 
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 4.7 Supplemental Files 

Supplementary_Tables_Chapter4.xlsx 

This PDF file contains: 

• Supplementary Table 4-1: Statistical analysis 

• Supplementary Table 4-2: Strains used in this study 

• Supplementary Table 4-3: Plasmids used in this study 

• Supplementary Table 4-4: Oligos used in this study 

• Supplementary Table 4-5: Summary of library screen samples 

• Supplementary Table 4-6: Differential analysis results (DEseq2 analysis) 

• Supplementary Table 4-7: Rates of naïve CRISPR adaptation for all experiments 

reported in this work 

• Supplementary Table 4-8: qPCR data and analysis  

• Supplementary Table 4-9: Efficiency of plating and analysis 
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