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Optimizing retron-based genome engineering across the kingdoms of life  

 

Katherine Doherty Crawford 

 

ABSTRACT 

Since the discovery that CRISPR-Cas9 is an RNA-guided DNA-endonuclease and 

can perform programmable cutting, the genome engineering field has moved from making 

a simple double-stranded break towards performing a precise edit, where you change the 

identity of one or many nucleotides to another. However, making a precise repair requires 

a template for that repair, often made out of single-stranded DNA. In this dissertation, I 

will detail optimization of one such tool for intracellular DNA production, the bacterial 

retron, and its utilization as a template for precise repair in: eukaryotes (Chapter 2), 

bacteriophage (Chapter 3), and then high-throughput libraries for higher rates of precise 

editing in human cells (Chapter 4).  
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Chapter 1 Introduction 

As every high schooler learns, the central dogma of molecular biology is that: DNA is 

transcribed into RNA which is translated into proteins. Painting with a broad stroke, 

proteins are the doers of cells: the things that perform the functions of metabolism, 

division, contraction, oxygen transport, digestion, and so much more1. However, proteins 

can be fleeting, with 100 proteins measured in cancer cells having half-lives of 45 min to 

22.5 hr2. Therefore, if we truly want to cure diseases where proteins are misbehaving or 

understand how changes in the protein alter its function, we want to look back to the 

original cookbook where the recipes for all the proteins are written: DNA. 

 However, making changes to DNA is not trivial. While many technologies have 

been developed to make changes to our DNA (gene therapies), we will specifically focus 

on technologies utilizing a protein called CRISPR-Cas9 in this thesis; discuss some 

improvements that can be made to Cas9-based gene editing technologies; and, in one 

case, move beyond technologies requiring Cas9 to allow for more flexible edits to the 

genome. 

 

1.1 CRISPR-Cas9 

A brief primer on CRISPR-Cas9 

In 1987, scientists noticed an unusual feature of one of the most ubiquitously-

studied organisms in lab, E. coli3. Upon sequencing, it was a set of repetitive DNA 

sequences with a semi-palindromic structure, all of the same length, and separated by 

unique sequences, also all of a characteristic length. These repetitive sequences were 

highly-conserved: of the 21 repeats, 15 had the exact same sequence. The same 
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scientists also found these repeats in closely related species. Salmonella typhimurium 

and Shigella dysenteriae4. Several years later, tantalizingly, another group found a very 

similar repeat structure in the halophilic archaea Haloferax mediterranei and Haloferax 

volcanii5,6. While the sequence of the repeats were different, the structure was eerily 

similar: repeats with a semi-palindromic structure separated by unique ‘spacers’.  

In 2002, these repetitive genomic elements of this structure were named CRISPR 

(Clustered Regularly Interspersed Short Palindromic Repeats), and they were discovered 

all over the archaeal and bacterial domains, more than 40 in total. In addition, multiple 

different strains of the same species were identified with these CRISPR arrays: within a 

species, the repeat sequence remained constant, while the spacer sequences remained 

variable, though always within a characteristic length. The same group also identified four 

genes commonly associated with these repeats, that almost always occur directly 

upstream or downstream of the CRISPR array, termed CRISPR-associated or cas 

genes7. 

One of these cas genes eventually discovered was termed Cas9. After much work 

showing that these CRISPR arrays were transcribed and processed into individual 

repeats, termed crRNAs, the Doudna lab showed, in 2012, that, outside of cells, the Cas9 

protein could bind to a spacer-based crRNA (guide crRNA), a trans-activating crRNA, and 

induce a double-stranded break in a piece of DNA that matched the sequence of the guide 

crRNA8. The Doudna lab also created a chimeric RNA that combined both the guide 

crRNA and the trans-activating crRNA, and termed it a single guide RNA, or simply gRNA. 

Thus, Cas9 was shown to be a programmable cutter of double-stranded DNA, and the 

race to use it to engineer genomes began. 
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Cas9 as a cutter of bacteriophage DNA 

But how did the Doudna lab begin to think Cas9 would cut DNA? The original 

mechanisms suggested for the CRISPR system were as part of the system for partitioning 

DNA between two daughter cells during replication. The answer came from the slow 

unveiling of the CRISPR systems natural function in cells, as an adaptive immune system. 

Bacteria have been predated by bacterial viruses, called bacteriophage (phage), 

for billions of years. In 2005, three groups identified the origin of some of these 

hypervariable spacers that occur between the repeats: bacteriophage9–11. Because of the 

paucity of full genome sequences at that time, the origin of only 20-35% of spacers were 

identifiable, but the majority of identified spacers came from genetic invaders of bacteria: 

bacteriophage and extrachromosomal plasmids. Importantly, one group9 mapped these 

spacer sequences back to the genomes from which they originated (protospacers), and 

found a common motif “purine-pyrimidine-A-A-a sequences downstream from spacer-

matching stretch.” This became known as the protospacer adjacent motif, or PAM, and is 

of utmost importance in the immune and genome engineering function of Cas9. 

While these papers provided in silico evidence that the CRISPR system may act 

as an adaptive immune system, where the bacteria keeps a ledger of viruses it has 

encountered (similarly to how human memory T- and B-cells ‘remember’ a previously-

encountered pathogen), they provided no experimental evidence. To do this, Barrangou 

et al., 2007, challenged S. thermophilus with two different phages and showed, after 

infection, that phage-resistant bacteria that emerged had added one to four additional 

spacers to their CRISPR array, and that those spacers matched the a protospacer in the 
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challenging phages genome12. They then isolated mutant escapee phages, that were able 

to evade CRISPR system surveillance, and found that those phage had mutated the 

protospacer sequences within their genomes! A year later, Marraffini and Sontheimer 

showed similar results with conjugative plasmids, but went one step further to provide 

evidence that the CRISPR system was directly targeting the plasmid DNA, not inhibiting 

plasmid RNA production13. 

 

Cas9 as a cutter of human DNA 

After Cas9, one specific protein in the CRISPR system, was shown cut DNA in a 

test tube by Jennifer Doudna’s group, the remaining question is: could Cas9 cut human 

genomic DNA inside the nucleus of human cells? Because Cas9 is easily programmable 

simply by changing the gRNA without needing to re-engineer the protein (as was required 

for earlier DNA cutters like TALENs or zinc-finger nucleases), if it could be ported into 

human cells, it could make both large-scale experiments and human therapeutic gene 

editing more feasible than previously possible. 

In early 2013, just a few months after the in vitro cutting results were published, 

three labs reported site-specific, programmable cutting of human DNA14–16. All three labs 

showed Cas9 cutting of the human genome inside the cell and the random repair of the 

genome initiated by this double-strand break (DSB), leading to small insertions and 

deletions (indels) at the cut site in the genome. While just creating programmable indels 

was a step towards programmable gene editing, two lab showed templated repairs, where 

they used Cas9 and a template piece of DNA to create a precise change in the genome, 

and targeted deletions by producing two gRNAs within the cell and having the cell remove 
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the sequence between the two gRNAs14,16. In addition, one lab showed that templated 

repair was possible beyond immortalized cancer cell lines by showing a Cas9 cut and 

templated repair in human induced pluripotent stem cells14. 

 

1.2 Precise editing tools using Cas9 

Bacteriophage precise editing 

Bacteriophage, as natural predators of bacteria, have emerged in recent years as 

an alternative to broad-spectrum antibiotics, to which bacteria are aggressively evolving 

resistance17. However, current methods for finding a bacteriophage that can treat a multi-

drug resistant microbial infection are low-throughput, requiring screening and 

characterization of many phages before finding one that can treat that specific strain of 

bacteria18,19. In order to scale and speed up phage therapy development, we require 

genome engineering tools that can precisely edit phage genome. These tools will allow 

us to both perform basic science experiments to understand how phage recognize, inject, 

replicate, and lyse their host, and, in the future, engineer phage to specifically kill a strain 

of bacteria20.  

Classically, phage engineering has been achieved through homologous 

recombination (HR), where the phage infects a bacterial cell containing a double-stranded 

piece of DNA that matches the phage genome, except for the desired edit. During 

replication, the phage will incorporate this piece of DNA into its genome at low rates (~10-

10-10-4)21. To boost the efficiency of recombination, researchers have turned to CRISPR 

systems which can cut DNA or RNA as a way to select against the wild-type (WT) phage 

without the edit, and enrich the phage that contains the edit, called counterselection22–26.  
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However, there are several issues with CRISPR counterselection. First, phages 

have been battling against CRISPR systems as a bacterial line of defense against phage 

infection for billions of years. Thus, phage have evolved diverse mechanisms to escape 

CRISPR counterselection, including anti-CRISPR proteins27, genome modifications to 

make gRNA binding more difficult26, and, as a last line of defence, simply mutating their 

genomes at the protospacer sequence or the PAM to escape targeting12,22,23,28. Secondly, 

the use of CRISPR counterselection limits the type of edits you can make to the phage 

genome. Most most single point mutations will not disrupt gRNA binding enough to allow 

escaping CRISPR targeting, and thus, larger genomic changes are required for efficient 

sorting of edited phage from WT26. 

 

Human precise editing 

Human precise editing also uses the pieces of DNA homologous to the genome to 

initiate homology directed repair after a Cas9 DSB. In initial Cas9 studies, this piece of 

DNA was supplied on a plasmid14,16 or introduced as a linear piece of double-stranded 

DNA29. However, it was soon discovered that single-stranded DNA (ssDNA) donors are 

less toxic than dsDNA30. However, co-delivering a piece of DNA, as well as Cas9 and 

gRNA (sometimes as a ribonucleoprotein) necessitates all parts successfully being 

delivered to the cell for the precise repair to happen, and is not easily trackable, as the 

donor DNA disappears from cell over time due to exonucleases. 

Thus, next-generation editors use additional proteins beyond Cas9 to either 

produce donor DNA within the cell or act directly on the DNA to change a base identity. 

To produce donor DNA within the cell, researchers use a reverse transcriptase (RT), 
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which can produce DNA from RNA. Prime editing (PE) uses the mammalian viral RT, M-

MLV RT, to produce a fused gRNA and donor template termed a pegRNA, as well as a 

nickase Cas9, which only cuts one strand of DNA31, and has gone through multiple rounds 

of optimization to reach high editing levels in primary human cells32, as well as fusion with 

other proteins, such as recombinases, to create larger insertions than possible with just 

the M-MLV RT33. Our lab, along with others, also use a bacterial RT called the retron, 

detailed in the next section and the focus of this dissertation. Base editing is another next-

generation technology which fuses a Cas9 nickase to a ssDNA deaminase enzymewhich 

can change the identity of a base (C-to-T or A-to-G, or the inverse) within the genomic 

DNA exposed after Cas9 binding and unwinding of dsDNA34. This suite of technologies, 

along with others, have allowed trackable, library-scale precise editing35,36, and editing in 

cells which cannot repair DSBs34. 

 

1.3 Retrons as intracellular factories for DNA 

Now, like CRISPR-Cas9, we will look at another bacterial immune system that 

help bacteria avoid phage predation, and has been repurposed for biotechnology. 

 

Retron biology 

Similarly to the CRISPR array, retrons were originally discovered when 

researchers observed an unexpected band of DNA from Myxococcus xanthus of 

approximately 180 bp. The researchers cut the band out of a gel, sequenced it, and found 

something even more peculiar: it was ssDNA primed by an RNA segment on the 5’ end37. 

At this time, reverse transcription had only been identified in mammalian viruses and 
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eukaryotes, not prokaryotes38. Through pioneering years of work, this system, called the 

retron, was shown to be composed of a reverse transcriptase, a non-coding RNA (ncRNA) 

which is often, but perhaps not always, reverse transcribed into a specific piece of ssDNA, 

and an accessory protein39. This system also confers defense against bacteriophage40,41, 

often through an abortive infection (Abi) mechanism, utilizing the accessory protein as a 

toxin. 

 

Retrons as biotechnology 

However, the retron system does not strictly require the accessory protein that 

serves as a toxin; if the retron RT and ncRNA are co-expressed in a cell, that cell will 

produce many copies of the retron ssDNA, called multi-copy single-stranded DNA 

(msDNA), at a copy number of ~500-1000 copies37,42. This retron ncRNA can be altered 

to include sequences of interest, including donor templates for genome engineering42–56; 

DNA barcodes57,58; transcription factor decoys59; DNA aptamers60; and DNAzymes61. 

 

1.4 Retrons for precise editing 

In my PhD, I have spent considerable time developing and optimizing retron-based 

tools for precise genome engineering. In Chapter 2, I will demonstrate of retron msDNA 

in human cells and use of engineered retron msDNA as a donor for human editing, work 

done by Santiago López, also in the lab. In Chapter 3, I will describe a multi-pronged, 

multi-teammate effort to optimize the retron for use as a donor for continuous, multiplexed 

phage editing. Finally, in Chapter 4, I will delve into work done with Asim Khan to engineer 

the retron ncRNA architecture, along with editing components such as the gRNA and 
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donor DNA, to all work in harmony to achieve much higher editing rates than the wild-

type version of that retron. 
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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 defense. 

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

sequences. Here, we identify modifications to the retron non-coding RNA (ncRNA) that 

result in more abundant reverse-transcribed DNA (RT-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 

harbored, 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 synthesized or assembled in a tube and 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 recipients62. These technical challenges likely contribute to 

low rates of precise editing and unintended editing that occurs in the absence of template 

DNA63–65. 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 concentration66. 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 transcription54,55,58,67. This RT-DNA is produced 

in cells from plasmids, transgenes or viruses and benefits from transcriptional 

amplification to create high cellular concentrations that overcome inefficiencies in genome 

editing. One retroelement class that has been useful in this regard is bacterial 

retrons54,55,58, which are elements involved in phage defense40,41,68,69. Retrons are 

attractive as tools for biotechnology due to their compact size, tightly defined sites of 

reverse transcription initiation and termination, lack of known host factor requirements 
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and lack of transposable elements. Indeed, retron-generated RT-DNA has demonstrated 

utility in bacterial54,58 and eukaryotic55  genome editing. 

Despite the potential of the retron as a component of molecular biotechnology, so 

far, it has been modified 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 editing efficiency. Further, most work with retrons 

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

production in yeast55 and only a brief description of reverse transcription in mammalian 

cells (NIH3T3 mouse cells)70. 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 Escherichia coli to show that extension of 

complementarity in the a1/a2 region of the retron ncRNA increases production of RT-

DNA. This effect was generalized 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), an ncRNA that is 

both the primer and template for the RT and one or more accessory proteins71 (Fig 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 to 163 base pairs 

(bp)72. The ncRNA can be subdivided into a region that is reverse transcribed (msd) and 

a region that remains RNA in the final molecule (msr), which are partially overlapping37,73–

75. 

 

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. 
 

One of the first described retrons was found in E. coli, Eco1 (previously ec86)75. In 

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

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

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

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

RT from a plasmid yielded an ~eight to tenfold enrichment of the RT-DNA/plasmid region 

over the plasmid alone, which is evidence of robust reverse transcription (Fig 2-1d). 

Given that 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 

sought to identify aspects of ncRNA that could be modified to produce more abundant 

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

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 (Fig 2-2a). Cells harboring these library vector sets were grown overnight and 

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

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 harboring different retron variants by 

isolating cellular nucleic acids, treating that population with an RNase mixture (A/T1) and 

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

based kit. We then sequenced the RT-DNAs and compared their relative abundance to 



 

 15 

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 prepare each RT-DNA without biasing toward any variant. This 

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

independent polymerase (terminal deoxynucleotidyl transferase (TdT)) and generating a 

complementary strand via an adapter-containing, inverse anchored primer. Finally, we 

ligated a second adapter to this double-stranded DNA and proceeded to indexing and 

multiplexed sequencing (Extended Data Fig 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 (Fig 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. 
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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. 
 

 

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

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

sequences of 70 bp each. We then synthesized 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 normalized 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 neighboring 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 hypothesized plays a role in initiating reverse transcription (Fig 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 (Fig 2-

2d). We amplified these barcodes directly from the purified RT-DNA for sequencing (Fig 

2-2e) or prepared the RT-DNA using the TdT extension method described above 

(Extended Data Fig 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 (Fig 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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Modifications to the retron ncRNA affect RT-DNA production 

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 

arrangement76. 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 

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 translation76,77. 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 (Fig 2-3a). 
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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): 
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. 
 

 

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 
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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 (Fig 2-3b and Extended Data 

Fig 2-2a). We then extended this analysis to another retron, Eco21. 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 (Fig 2-3c and 

Extended Data Fig 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 Fig 2-2b). 

We then moved from yeast to cultured human HEK293T cells. Using a similar gene 

architecture to yeast, but with a genome-integrating cassette (Fig 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 (Fig 2-3e), from a tightly regulated promoter 

(Extended Data Fig 2-2c). By contrast, Eco2 produces detectable RT-DNA, with both a 

WT and extended a1/a2 region (Fig 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. 

 

Improvements extend to applications in genome editing 

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

recombineering54,58. 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 
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(Fig 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 

cells54. 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. 
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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) 



 

 23 

(Figure caption continued from the previous 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. 

 
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 (Fig 2-4b,c). Finally, we expressed each version of the 

ncRNA along with CspRecT, a high-efficiency single-stranded annealing protein78, and 

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

base mismatch79,80, 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 (Fig 2-4d). To test whether the effect of the a1/a2 extension was locus-specific 

or generalized across genomic sites, we tested an additional three loci81 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 Fig 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. 
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Retron-derived RT-DNA can also be used to edit eukaryotic cells55. 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 (Fig 2-4e). We tested our modified ncRNAs using an 

architecture that was otherwise unchanged from a previously described version55. 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 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 (Fig 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 (Fig 2-

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

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 Fig 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 Fig 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 

loci1 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 
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one site showed lower, but still substantial, rates of editing with the extended version 

(Extended Data Fig 2-5). Overall, across the nine sites tested in bacteria and yeast, the 

a1/a2 extension improved editing rates at eight sites. 

 

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 P2A82 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 (Fig 

2-5a). 
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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. 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. 
 

 
We then created two HEK293T cell lines that each harbored one of two integrating 

cassettes: Cas9 alone or Cas9-P2A-Eco1RT (Fig 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 with 

previous reports of inefficient ribozyme-mediated gRNA release in human cells83. 

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 (Fig 2-5b). Six 
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genomic loci (HEK3, RNF2, EMX1, FANCF, HEK4 (ref.67) and AAVS1 (ref.14)) 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 (Fig 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 

edit sites that would have otherwise been edited imprecisely (Extended Data Fig 2-6). 
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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 optimize 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 engineering54,55,58, 

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 studies53, 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. 
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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-mphR84 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 

synthesized by Twist in pET-21(+). 

Bacterial experiments were performed in BL21-AI cells or a derivative of BL21-AI 

cells. These cells harbor 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 Wanner85 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.157 (ref.55), 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)67 and P2A 

(ATNFSLLKQAGDVEENPGP)82. 

The second set of plasmids built for the genome-editing experiments were based 

off of pZS.165 (ref.55), 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-synthesized 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 
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plasmids were 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-synthesized gBlocks 

encoding a mammalian codon-optimized Eco1RT and ncRNA (WT), a dead Eco1RT and 

ncRNA (WT) and a human codon-optimized 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-optimized Eco1RT and ncRNA (extended a1/a2: 27 bp). Similarly, 

pSC.0L17 was used to generate pSCL.034 by PCR, which carries a mammalian codon-

optimized Eco2RT and ncRNA (extended a1/a2: 29 bp). 

All yeast strains were created by LiAc/SS carrier DNA/PEG transformation86 of 

BY4742 (ref.87). Strains for evaluating the genome-editing efficiency of various retron 

ncRNAs were created by BY4742 integration of plasmids pZS.157, pSCL.004, pSCL.005 
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or pSCL.006 using KpnI-linearized 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-linearized 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, 

synthesized gBlocks encoding human codon-optimized 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). The second set of plasmids carried the ncRNA/gRNA targeting one of six loci 

in the human 
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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 assembly1) 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 studies88. 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. 

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 

will be made available on Addgene at the time of peer-reviewed publication. 
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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 analyzed 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, 

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. 
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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. 

 

RT-DNA purification and PAGE analysis 

To analyze 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 
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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 analyzed 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 analyze 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 analyzed on Novex 10% TBE-Urea gels as described above. 

 
 
Variant library cloning 

Eco1 ncRNA variant parts were synthesized 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 synthesized 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 
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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 Data 2-2. 

 

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. 

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 
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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 

abundance values were normalized 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-

Ec1 (ref.1) for 16 h with shaking at 37 °C. After expression, a volume of 25 µl of culture 
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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 

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 
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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 2-4 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 

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. 
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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 

Table 2-4 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. 
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Reporting Summary 

Further information on research design is available in the Nature Research 

Reporting Summary linked to this article. 

 

Data availability 

All data supporting the findings of this study are available within the article and its 

Supplementary Information. Sequencing data associated with this study are available 

through the NCBI BioProject database under accession number PRJNA770365. Source 

data are provided with this paper. 

 

Code availability 

Custom code to process or analyze data from this study is available on GitHub 

at https://github.com/Shipman-Lab/retron_architectures. 
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2.6 Supplementary Information 

 

Extended Data Fig 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 Fig 2-2. 

 

 

Extended Data Fig 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 Fig 2-3. 
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Extended Data Fig 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 2-4a–d. 
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Extended Data Fig 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 previous 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 Fig 2-4h. 

 

 

Extended Data Fig 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 Fig 2-4e–h. 

 

 

Extended Data Fig 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 Fig 2-5. 
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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 Continuous multiplexed phage genome editing using recombitrons 

 

3.1 Abstract 

Bacteriophage genome editing can enhance the efficacy of phages to eliminate 

pathogenic bacteria in patients and in the environment. However, current methods for 

editing phage genomes require laborious screening, counterselection or in vitro 

construction of modified genomes. Here, we present a scalable approach that uses 

modified bacterial retrons called recombitrons to generate recombineering donor DNA 

paired with single-stranded binding and annealing proteins for integration into phage 

genomes. This system can efficiently create genome modifications in multiple phages 

without the need for counterselection. The approach also supports larger insertions and 

deletions, which can be combined with simultaneous counterselection for >99% 

efficiency. Moreover, we show that the process is continuous, with more edits 

accumulating the longer the phage is cultured with the host, and multiplexable. We install 

up to five distinct mutations on a single lambda phage genome without counterselection 

in only a few hours of hands-on time and identify a residue-level epistatic interaction in 

the T7 gp17 tail fiber. 
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3.2 Introduction 

Bacteriophages (phages) naturally influence the composition of microbial 

ecosystems through selective infection of bacterial species. Humans have long sought to 

harness this power of phages to make targeted interventions to the microbial world, such 

as delivering phages to a patient suffering from an infection to eliminate a bacterial 

pathogen. This approach to mitigate pathogenic bacterial infections, known as phage 

therapy, predates the discovery of penicillin, with 100 years of evidence for efficacy and 

safety1. However, the success of small-molecule antibiotics over the same period of time 

has overshadowed and blunted innovation in phage therapy. 

Unfortunately, it is now clear that reliance on small-molecule antibiotics is not a 

permanent solution. Antimicrobial resistance in bacteria was associated with 1–5 million 

deaths worldwide in 20191, a figure that is projected to rise in the coming decades1. As 

such, there is a pressing need for alternatives or adjuvants to small-molecule antibiotics, 

such as phage therapy, to avoid returning to the rampant morbidity of bacterial infections 

of the preantibiotic era. This work has already begun, with researchers and clinicians 

using phage-screening pipelines to identify natural phages for use in patients to overcome 

antimicrobial-resistant infections1,2. 

While these efforts demonstrate the potential of phage therapeutics, they do not 

scale well. Screening natural phages for each patient is time and effort intensive, requires 

massive repositories of natural phages and results in the clinical use of biological 

materials that are not fully characterized1. To functionally replace or supplement small-

molecule antibiotics, phage therapy needs to be capable of industrialization and more 

rapid iteration. This will likely include modifying known phages to create engineered 



 

 54 

therapeutic tools that target specific pathogens and evade natural bacterial immunity, 

rather than just the opportunistic isolation of natural phages. There are a few recent 

examples of therapies using engineered phages1,2. However, such approaches are 

limited by the relative difficulty in modifying phage genomes1. 

The various approaches to modify phage genomes and the limitations imposed by 

each were recently reviewed1. One approach is to modify phage genomes by 

recombination within their bacterial host, which is inefficient and requires laborious 

screening of phage plaques. That screening effort can be reduced by imposing a 

counterselection on the unedited phage, such as clustered regularly interspaced short 

palindromic repeats (CRISPR)-based depletion of the wild-type phage1–4. However, this 

negative selection is not universally applicable to all edit types because it requires 

functional disruption of a protospacer sequence1. Phages also frequently escape CRISPR 

targeting1, which can result in most selected phages containing escape mutations outside 

of the intended edit1. Another approach is to ‘reboot’ a phage by assembling a modified 

phage genome in vitro and repackaging it in a host1. Such rebooting can require extensive 

work to enable in vitro assembly of a phage genome, although this is an area where 

technical advances are emerging1. However, phage genome size limits the efficiency of 

transformation for rebooting in natural hosts1. A fully cell-free packaging system 

eliminates the issue of inefficient transformation but instead requires substantial upfront 

technical development for each additional host1. 

Because of the urgent need for innovation in phage therapeutics and the clear 

technical hurdle in modifying phage genomes, we developed an alternative system for 

phage engineering. Our system edits phage genomes as they replicate within their 
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bacterial hosts by integrating a single-stranded DNA (ssDNA) donor encoding the edit 

into the replicating phage genome using a single-stranded annealing protein (SSAP) and 

single-stranded binding protein (SSB), a process known as recombineering. We use a 

modified bacterial retron1–4 to continuously produce the editing ssDNA donor by reverse 

transcription within the host. Thus, propagating a population of phage through this host 

strain enables continuous accumulation of the intended edit over generations within a 

single culture. 

Moreover, this system enables a more complex form of editing in which the 

bacterial culture is composed of multiple, distinct editing hosts, each producing donors 

that edit different parts of the phage genome. Propagation of phages through such a 

complex culture leads to the accumulation of multiple distinct edits at distant locations in 

individual phage genomes. Here, we demonstrate this approach, showing that the editing 

is a continuous process in which edits accumulate over time; moreover, it can be applied 

to multiple types of phage and used to introduce different edit types, it can be optimized 

to reach efficiencies that do not require counterselection and it can be used to make 

multiplexed edits across a phage genome and enables rapid biological investigation of 

formerly resource-intensive and time-intensive problems. For disambiguation with other 

techniques, we call this approach ‘phage retron recombineering’ and term the molecular 

components that include a modified retron a ‘recombitron’. 
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3.3 Results 

Recombitrons target phage genomes for editing 

There are four core molecular components of a recombitron: a retron noncoding 

RNA (ncRNA) that is modified to encode an editing donor, a retron reverse transcriptase 

(RT), an SSB and an SSAP (Fig 3-1a). Endogenous retrons partially reverse-transcribe 

a short (~200 nt) ncRNA into a single-stranded reverse-transcribed DNA (RT-DNA) of ~90 

nt. In bacteria, this RT-DNA is used in conjunction with retron accessory proteins to detect 

and respond to phage infection. The retron accessory proteins are necessary for the 

phage defense phenotype and are not included in the recombitron to avoid reconstituting 

an antiphage system1–4. We modified the retron ncRNA by adding nucleotides to the 

reverse-transcribed region that are homologous to a locus in the phage genome and carry 

the edit we aim to incorporate. 
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Figure 3-1: Recombitrons target phage genomes for continuous editing. 
a. A modified retron generates an ssDNA donor that is integrated during replication by SSB and SSAP. The 
reverse-transcribed region of the ncRNA is shown in blue, the donor sequence is shown in light blue and 
the edit site is shown in orange. A separate plasmid expresses CspRecT and mutL E32K. b. Left, edited 
phage genomes (as a percentage of all genomes) across lambda phage. Editing with a forward RT-DNA is 
shown in blue, while editing with a reverse RT-DNA is shown in purple. Three biological replicates are 
shown as open circles; closed circles are the means. Right, recombitron editing at site 14,126 is significantly 
greater than a dRT control (two-sided t-test, P = 0.0018). c. Left, edited phage T7 genomes for three 
biological replicates at each position, displayed as in b. Right, recombitron editing at site 22,872 is 
significantly greater than a dRT control (two-sided t-test, P = 0.0094). d. Left, edited phage T5 genomes for 
three replicates at each position, as in b. Right, recombitron editing at site 27,182 is significantly greater 
than a dRT control (two-sided t-test, P < 0.0001). e. Editing of lambda at site 30,840 (F) compared to editing 
with supplemental expression of E. coli SSB or T7 SSB. Three biological replicates are shown as open 
circles; closed circles are the means. The effect of SSB expression is significant (one-way 
ANOVA, P < 0.0001, n = 3), with both E. coli (P = 0.005) and T7 (P ≤ 0.0001) different from the no-SSB 
condition (Dunnett’s, corrected). f. Editing of T7 at site 11,160 (R) compared to editing with supplemental 
expression of E. coli SSB or T7 SSB. Three biological replicates are shown as open circles; closed circles 
are the means. The effect of SSB expression is significant (one-way ANOVA, P < 0.0001, n = 3), with 
both E. coli (P = 0.0002) and T7 (P = 0.0127) different from the no-SSB condition (Dunnett’s, corrected). g. 
Editing of phage Bas51 (T28791A) showing induced RT versus uninduced RT (two-sided t-
test, P = 0.0003). Three biological replicates are shown as open circles; closed circles are the means. h. 
Schematic illustrating the accumulation of edited phages with multiple rounds of editing. i. The proportion 
of edited lambda phage increases over three rounds of editing at site 30,840 (F). Three replicates per round 
are shown in open circles. Additional statistical details are provided in Supplementary Table 3-1. 
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The recombitron we began with specifically contains a modified retron-Eco1 

ncRNA expressed on the same transcript as a retron-Eco1 RT, which produces a 90-nt-

long reverse-transcribed editing donor (RT-Donor) nested inside the natural RT-DNA 

sequence. Once produced, the SSB binds the editing RT-Donor to destabilize internal 

helices and promote interaction with an SSAP. In this initial recombitron, we leveraged 

the endogenous Escherichia coli SSB. Next, an SSAP promotes annealing of RT-Donor 

to the lagging strand of a replication fork, where the sequence is incorporated into the 

newly replicated genome1. From a separate promoter, we expressed the SSAP CspRecT 

along with an optional recombitron element mutL E32K, a dominant-negative version 

of E. coli mutL that suppresses mismatch repair1–3. Such suppression helps when 

creating single-base mutations but is not required for larger insertions or deletions. 

This system benefits from stacking several previously discovered beneficial 

modifications to the retron and recombineering machinery. First, the retron ncRNA, in 

addition to being modified to encode an RT-Donor, was also modified to extend the length 

of its a1/a2 region, which we previously found to increase the amount of RT-DNA 

produced1,2. Second, the SSAP, CspRecT, is more efficient than the previous standard, 

lambda β, and is known to be compatible with E. coli SSB1. Third, the dominant-negative 

mutL E32K eliminates the requirement to pre-engineer the host strain to remove mutS1,2. 

A previous study attempted a single edit using homologous recombination with a retron-

produced donor for T5 phage but only reported editing after counterselection1. By using 

these stacked innovations, we aimed to produce a system that does not require 

counterselection. 
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To edit phages, we designed recombitrons targeting 5–7 sites across the genome 

of four E. coli phages: lambda, T7, T5 and T2. Each recombitron was designed to make 

synonymous single-base substitutions to a stop codon, which we assumed to be fitness 

neutral, although this assumption was not directly tested. We constructed separate 

recombitrons to produce the RT-Donor in either of the two possible orientations, given 

that the mechanism of retron recombineering requires integration into the lagging strand1, 

and created a recombitron with a catalytically dead RT at one position per phage as a 

control. We pre-expressed the recombitron for 2 h in BL21-AI E. coli that lacks the 

endogenous retron-Eco1, then added phage at a multiplicity of infection (MOI) of 0.1 and 

grew the cultures for 16 h overnight. The next day, we pelleted the cultures to collect 

phage in the supernatant. We used PCR to amplify the regions of interest in the phage 

genome (~300 nt) surrounding the edit sites. We sequenced these amplicons on an 

Illumina MiSeq and quantified editing with custom software. 

We observed RT-dependent, counterselection-free editing in lambda (~20%) (Fig 

3-1b), T7 (~1.5%) (Fig 3-1c) and T5 (~0.6%) (Fig 3-1d). We did not observe editing in T2 

above the dead RT background level (Extended Data Fig 3-1a). This could be because 

of the substitution of cytosines with modified 5-hydroxymethycytosines in T2 DNA1. In 

support of that hypothesis, we found that T4, which similarly contains modified cytosines1, 

was also poorly edited relative to the other phages tested, and a T4 variant (T4 GT7) that 

cannot modify its cytosines1 was edited at a higher rate than the wild-type version 

(Extended Data Fig 3-1b). We interpret this result cautiously as the unmodified variant 

T4 has severely impaired fitness and we do not know how that could affect editing1. 
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In lambda, T7 and T5, we obtained similar maximum editing efficiencies at each 

site across the genome. Editing efficiency was affected by RT-Donor direction in a manner 

generally consistent with individual phage replication mechanisms. Lambda has an early 

bidirectional phase of replication and a later unidirectional phase1. Thus, either strand 

may be lagging at some point and, accordingly, we observed similar efficiencies for the 

forward and reverse recombitron (Fig 3-1b). T7 has a single origin of replication at one 

end of its linear genome and we observed directional editing favoring the predicted 

lagging (reverse) strand (Fig 3-1c)1. Interestingly, T5 replication is less well studied, with 

one report describing bidirectional replication from multiple origins1. However, we found 

a clear strand preference indicating dominant unidirectional replication from one end of 

the phage genome (Fig 3-1d). 

Editing efficiency differed among the phages tested, with lambda being the most 

efficiently edited. One possible explanation for this difference is that lambda is the only 

temperate phage tested; thus, hypothetically, the editing could have occurred while 

lambda was integrated into the E. coli genome. However, we obtained two results 

inconsistent with this hypothesis. First, we generated a lambda strain with an 

inactivated cI gene (ΔcI) that is required for prophage maintenance using a recombitron 

to introduce two premature stop codons and found similar levels of editing in that lambda 

strain as compared with our standard lambda strain (Extended Data Fig 3-1c)1. Next, we 

modified the bacterial host to remove the lambda prophage integration site (attB) and 

again found similarly high levels of editing of the ΔcI strain in the ΔattB bacteria 

(Extended Data Fig 3-1c)1. Perhaps the recombitron differentially affects phage 

replication, which in turn affects editing efficiency. However, we found no effect on 
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replication of any phage (as measured by phage titer) with recombitron expression 

(Extended Data Fig 3-1e-f). Another possibility is that the recombination system carried 

by lambda, including beta, an SSAP encoded by lambda, assists the recombitron1. We 

found no editing of lambda in the absence of CspRecT expression, which is inconsistent 

with that possibility (Extended Data Fig 3-1d). We further tested overexpression of 

lambda genes gam (a RecBCD nuclease inhibitor) and beta in addition to the full 

recombitron system. We found a very slight increase in editing T7 while expressing 

lambda beta but no increase in lambda editing and no effect of gam on either phage 

(Extended Data Fig 3-1g,h). However, the increase in T7 editing with beta expression 

was minor relative to the difference in editing rates between the phages. 

Another alternative explanation is SSB compatibility1. Phage T7, unlike lambda, 

encodes a separate SSB in its genome (gp2.5)1. Perhaps T7 SSB competes with the 

endogenous E. coli SSB for the recombitron RT-DNA, which could inhibit interactions with 

CspRecT. To test this possibility, we repeated the lambda and T7 editing experiments at 

one locus each, while overexpressing either the E. coli or the T7 SSB. Consistent with 

this explanation, we found that overexpression of the T7 SSB had a large negative impact 

on editing of lambda, while the E. coli SSB had a much smaller negative impact (Fig 3-

1e). We similarly found that overexpression of the T7 SSB strongly reduced editing of T7, 

whereas overexpression of the E. coli SSB had a large positive effect on T7 editing, more 

than doubling the efficiency compared to a condition without E. coli SSB overexpression, 

to a rate of 10% (Fig 3-1f). Thus, the T7 SSB appears to inhibit the retron recombineering 

approach but can be counteracted by overexpressing a compatible SSB. 

Lambda gam or beta added no additional benefit to T7 or lambda editing in the presence 
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of E. coli SSB (Extended Data Fig 3-1i,j). We tried a similar SSB approach with T5, which 

has a much less characterized SSB (PC4-like, by homology to phage T4)1. While the T7 

SSB similarly inhibited T5 editing, the T5 PC4-like protein had a small negative effect on 

editing and the E. coli SSB did not improve T5 editing (Extended Data Fig 3-1k-m). 

Another approach to edit phage genomes involves in vitro assembly and rebooting 

by electroporation of the modified genome into a bacterial host. However, rebooting can 

suffer from limitations with phages that have large genomes because of the size 

dependence of electroporation. We found that we could efficiently edit Bas51, 

an E. coli phage with a 140,659-bp genome (Fig 3-1g)1. Recombitrons, therefore, present 

a particularly attractive approach for modifying phages with large genomes. In contrast, 

two related large phages with modified nucleotides were poorly edited (Bas46 and 

Bas47)1, consistent with results in other modified phages T2 and T4 (Extended Data Fig 

3-1n). 

 

Continuous editing 

One clear advantage of using recombitrons for phage editing is the fact that they 

edit continuously while the phage is propagating through the culture, increasing the 

proportion of edited phages with every generation (Fig 3-1h,i). This is quite distinct from 

other methods of recombineering in phages where editing donors are delivered by 

transformation of the host at a single point in time1. To illustrate the continuous nature of 

this approach, we edited lambda over three rounds of overnight culture. Editing and 

analysis were performed as described above; however, at the end of each round of 

editing, we propagated the resulting phage population through a fresh culture of the 
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editing host. The percentage of edited genomes increased with each additional round, 

reaching >80% of phages edited after three rounds (Fig 3-1i). 

 

Optimizing recombitron parameters 

Given the initial success of recombitrons, we next tested the parameters of the 

system to achieve optimal editing. The first parameter we tested was length of the RT-

Donor. We designed a set of recombitrons with different RT-Donor lengths, each encoding 

a lambda edit (C14070T) in the center of the homologous donor (Fig 3-2a). We found no 

editing with a 30-nt RT-Donor but all other lengths tested from 50 to 150 nt produced 

successful editing (Fig 3-2b). The highest overall editing rates occurred with a 70-nt RT-

Donor. However, for donors between 50 and 150 nt, an analysis corrected for multiple 

comparisons only found a significant difference between 70-nt and 150-nt donors, 

indicating that long RT-Donor length is detrimental to editing efficiency (Fig 3-2b). 
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Figure 3-2: Optimizing recombitron parameters. 
a. Schematic of RT-Donor length. b. Replicates of donor length are shown as open circles (n = 3 for 
90,110; n = 4 for others); closed circles show the means. The effect of length (one-way ANOVA, P < 0.0001) 
is shown; length >50 versus 30 (Šídák’s corrected P < 0.05) and length 150 versus 70 (Šídák’s 
corrected P < 0.05). c. Schematic of RT-Donors containing scanning edits. d. Scanning edits, shown as 
in b (n = 4). The effect of placement (one-way ANOVA, P < 0.0001) is shown; position ≤28 or ≥73 was 
significantly worse than position 46 (Dunnett’s corrected P < 0.001). e. Schematic of RT-Donors containing 
a scanning and central edit. f. Bottom, the percentage of genomes with only central edit; top, the percentage 
of genomes with both edits. Plots are as in b. The position of scanning edit does not affect total editing 
(Figure caption continued on the next page) 
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(Figure caption continued from the previous page) 
(one-way ANOVA, P = 0.7868) but does affect whether both edits are installed (one-way 
ANOVA, P < 0.0001). g. Multiedit recombitrons containing 3, 7, 9 and 11 edits per RT-Donor. h. Multiediting 
replicates at each site are shown as open circles (n = 3 for 11 edits; n = 4 for others). The number of edits 
per RT-Donor affects the average editing rate across sites (one-way ANOVA, P < 0.0001), with 3 edits 
performing better than >3 edits (Dunnett’s corrected P < 0.0001). i. The co-occurrence of edits from 
multiedit donors is shown as the correlation coefficient r2 normalized to the overall editing rate for each 
donor at each site. j. Editing in different host strains at position 14,126 (R), shown as in b (n = 3). The effect 
of strain (one-way ANOVA, P < 0.0001) is shown, where the MG1655 (Δexo1/ΔrecJ) strain yielded more 
editing than BL21 (Dunnett’s corrected P < 0.0001). k. Editing increases over three rounds of editing, where 
the engineered K-strain outperformed the B-strain (two-way ANOVA, strain, P < 0.001; round, P < 0.0001; 
interaction, P = 0.0282). Three biological replicates are shown as open circles; lines connect the means. l. 
Editing T5 over three rounds, shown as in k. The engineered K-strain outperformed the B-strain (two-way 
ANOVA, strain, P < 0.0001; round, P = 0.003). m. Editing T7 over three rounds, shown as in k. The 
engineered K-strain outperformed the B-strain (two-way ANOVA, strain, P < 0.0001; round, P < 0.0001; 
interaction, P = 0.0011). n. Editing of lambda (left axis) and T5 (right axis) using recombitrons based on 
different retrons, shown as in b (n = 3) (two-way ANOVA, retron, P < 0.0001; phage, P < 0.0001; 
interaction, P < 0.0001). Additional statistical details are provided in Supplementary Table 3-1. 

 

The next parameter we tested was positioning of the edit within the RT-Donor. We 

tested a set of recombitrons where we held a 90-nt region of homology to lambda constant 

and encoded an edit at different positions along the donor, each of which introduces a 

distinct synonymous single-base substitution (Fig 3-2c). Here we found that the editing 

rate increased as the edit approached the center of the donor (Fig 3-2d). After correcting 

for multiple comparisons, we found no difference between edit placement between a 

central 27 nt from position 37 to 64 but a significant decline in editing outside the central 

region. 

We also tested the effect of position when encoding multiple edits on a single RT-

Donor. In this case, we tested a set of recombitrons with edits at different positions along 

the RT-Donor as above but additionally included a central edit on every RT-Donor (Fig 3-

2e). Similar to the effect above, we found that the rate of incorporating both edits on a 

single phage genome declined as the scanning edit approached either edge of the RT-

Donor (Fig 3-2f). However, there was a consistent editing rate for all recombitrons in 

phage genomes that were only edited at the central site. When both edits were positioned 
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toward the center of the donor, most genomes contained both edits, whereas, when the 

scanning edit was positioned toward the edge of the RT-Donor, there was a significant 

increase in likelihood of incorporating only the central edit (Fig 3-2f). We interpret this 

result as evidence that the RT-Donor can be partially used, with a bias toward using the 

central part of the RT-Donor. We also found only a very low rate of the scanning edit being 

incorporated without the central edit (Extended Data Fig 3-2a). 

Next, we tested the effect of increasing the number of edits per recombitron. We 

constructed a set of recombitrons with 3, 7, 9 or 11 of the scanning edits used above (Fig 

3-2g). We found that editing with the three-edit recombitron was comparable to the single 

edits we previously tested but editing rates declined across all edit sites when additional 

edits were encoded on a single recombitron (Fig 3-2h). We interpret this as an effect of 

decreasing homology across the donor, making it more difficult to anneal to the target 

site. To further assess which edits on the same RT-Donor were likely to be acquired 

together, we analyzed the co-occurrence of edits. Because of the effect of decreasing 

homology on the editing rate, we calculated the correlation coefficient r2 and normalized 

it to the overall editing rate for each donor at each site. We found that there was a bias 

toward acquiring the more central edits overall and a tendency to coedit nearby sites (Fig 

3-2i), again supporting the potential for partial use of the RT-Donor. 

 

Optimizing host strain 

We also tested the effect of the editing host. Specifically, we compared editing in 

B-strain E. coli (BL21-AI), a derivative of BL21-AI lacking the endogenous retron-Eco1, 

K-strain E. coli (MG1655) and derivative of MG1655 with premature stop codons 
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in exo1 and recJ—nucleases whose removal was previously shown to increase 

recombination rates using synthetic oligonucleotides1,2. We found no difference between 

the BL21-AI and retron-deletion derivative, indicating that the endogenous retron does 

not interfere with the recombitron system (Fig 3-2j). We found decreased editing in the 

wild-type K-strain that was not statistically significant as compared to the B-strain but 

significantly improved editing in the Δexo1;ΔrecJ K-strain versus the B-strain (Fig 3-2j). 

This increase in editing observed in the modified K-strain was not directly accounted for 

by a gross increase in the amount of RT-DNA produced (Extended Data Fig 3-2b). 

We next tested adding additional rounds of culture for multiple phages in the 

original B-strain and modified K-strain. For lambda, we found that three rounds of culture 

in the modified K-strain resulted in editing rates >95% (Fig 3-2k). This strain improvement 

also extended to T5, which reached 5% editing, and T7, which reached >30% editing, 

after three rounds of culture (Fig 3-2l,m). We also tested whether different retrons could 

be used to generate phage-editing donors in the recombitron format. We tested five 

different retrons, all of which supported editing of lambda and T5 (Fig 3-2n). Retron-Eco1-

derived recombitrons resulted in the highest editing rates for both phages. Lastly, we 

tested the effect of culture conditions for editing of lambda, finding that a lower initial MOI 

and a lower culture temperature both resulted in higher rates of editing (Extended Data 

Fig 3-2c,d), pointing to potential gains from widening the editing time window within a 

given round of culture. 
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Insertions and deletions using recombitrons 

Genomic deletions and insertions are also useful for engineered phage 

applications. Deletions can be used to remove potential virulence factors or toxins from 

phage genomes or to optimize phages by minimization. Insertions can be used to deliver 

cargo, such as nucleases that can help kill target cells or anti-CRISPR proteins to escape 

bacterial immunity. Therefore, we tested the efficiency of engineering deletions and 

insertions into the lambda genome. 

We began by comparing the efficiency of deleting 2, 4, 8, 16 or 32 nt to one of the 

single-base synonymous substitutions we tested previously (Fig 3-3a). These 

experiments were performed in the engineered K-strain that we found to yield higher 

editing efficiencies using inactivated cI lambda as the phage. We deleted bases 

preceding position 37,673 using recombitrons where a 90-nt RT-Donor contained flanking 

homology around the deletion site but omitted the bases to be deleted. We found 

consistent editing of ~45% for each of the deletions (Fig 3-3b) using Illumina amplicon 

sequencing. The deletion size did not significantly affect the efficiency of editing, although 

all the deletions exhibited significantly lower editing than the synonymous single-base 

substitution. 
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Figure 3-3: Insertions and deletions using recombitrons. 
a. Phage genome deletions of increasing size around a common central site (pink hexagon). b. 
Quantification of editing efficiency for deletions preceding position 37,673 as compared to a single-base 
synonymous substitution. Five biological replicates are shown as open circles; closed circles are the means. 
There was no effect of deletion length (one-way ANOVA, P = 0.1564) but all deletions occurred at a lower 
frequency than the single-base substitution (one-way ANOVA, P < 0.0001; Dunnett’s corrected versus 
2, P < 0.0001; versus 4, P = 0.0083; versus 8, P = 0.0008; versus 16, P < 0.0001; versus 32, P = 0.0005). c. 
Phage genome insertions of increasing size ending at a common position (pink hexagon). d. Quantification 
of editing for insertions at position 37,673 as compared to a single-base synonymous substitution, shown 
as in b (n = 5). The same single-base substitution was used as a parallel control for both deletions and 
insertions. There was a significant effect of insertion length (one-way ANOVA, P < 0.0001) and all insertions 
occurred at a significantly lower frequency than the single-base substitution (one-way ANOVA, P < 0.0002; 
Dunnett’s corrected P < 0.0001 for all insertions). e. Schematic illustrating long-read quantification. f. 
Editing efficiency using Nanopore. Points shown represent the fraction of edited reads pooled across three 
biological replicates. The 64-nt and 100-nt deletions were not detected in 57 and 102 reads aligned to the 
edit region, respectively. g. Schematic of simultaneous phage editing and counterselection. h,i. Number of 
viable phages (h) and percentage of edited phages (i) after simultaneous editing and counterselection by 
Cas9 (editing: one-way ANOVA, P < 0.0001; Dunnett’s corrected for all on-target gRNA conditions versus 
no gRNA, P < 0.0001). A dash indicates no gRNA; NT, nontargeting; 3′ and 5′ indicate the fusion position 
of gRNA to editing ncRNA; F and R indicate the phage strand targeted by the guide. Three biological 
replicates are shown as in b. j,k. Number of viable phages (j) and percentage of edited phages (k) after 
simultaneous editing and counterselection by Cas13a (editing: one-way ANOVA, P = 0.5594), as 
in h (n = 3). Additional statistical details are provided in Supplementary Table 3-1. 
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We next tested the insertion of 2, 4, 8, 16 or 32 nt into the same lambda site (Fig 

3-3c). Here, we found a range of editing efficiencies (Fig 3-3d). Like the deletions, all 

insertions were significantly less efficient than a synonymous single-base substitution. 

Unlike the deletions, insertion size significantly affected efficiency, favoring smaller 

insertions. 

Whereas the synonymous single-base substitution is assumed to be neutral for 

phage fitness, we cannot assume the same for the deletions and insertions, which could 

affect transcription or phage packaging. This may underlie the lower, although still 

substantial, rate of deletions and insertions overall. Additionally, the PCR required for 

analysis of editing by amplicon sequencing is known to be biased toward smaller 

amplicons, which could inflate the measured rates of the larger deletions and decrease 

the measured rates of larger insertions. 

To test yet larger insertions in a manner that is not subject to the size bias of PCR, 

we edited phages and then sequenced their genomes without amplification using long-

read Nanopore sequencing (Fig 3-3e). After editing, we isolated phage genomes using 

the Norgen Phage DNA Isolation kit, attached barcodes and Nanopore adaptors and 

sequenced molecules for 24–48 h on a MinION (Oxford Nanopore Technologies). We 

quantified the resulting data using custom analysis software that binned reads by 

alignments to three possible genomes: a wild-type lambda genome, a lambda genome 

containing the relevant edit or the BL21 E. coli genome as a negative control. Basic local 

alignment search tool (BLAST) alignment scores (percentage identity, E value and 

alignment length) were compared for any read aligning to the lambda genome (wild-type 
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or edited) in the region of the intended edit to quantify wild-type versus edited genomes. 

Consistent with a PCR bias for size, we found that amplification-free sequencing resulted 

in comparable editing rates to amplification-based sequencing for quantifying a single-

base substitution but slightly lower rates of editing when measuring a 32-nt deletion as 

compared to amplification-based sequencing (Extended Data Fig 3-3a). 

This amplification-free sequencing approach enabled us to extend our deletion and 

insertion size ranges. For deletions, we tested 32, 64, 100, 300 or 500 nt. We found 

deletions of 32 nt at a frequency of ~23%, 300 nt at a frequency of ~2.7% and 500 nt at 

a frequency of 0.16% (Fig 3-3f). We did not observe deletions of 64 or 100 nt in our data. 

However, our long-read coverage of the editing region in these samples was limited; 

hence, we can only conclude that, if these edits occur, they are present at <1.8% and 

<1%, respectively, across the three replicates of our sequencing data (Extended Data 

Fig 3-3b,c). In cases where we observed deletions, they were reliably found at the 

intended location and of the intended size (Extended Data Fig 3-3d). 

We also tested the insertion of larger sequences. We built recombitrons to insert a 

34-nt flippase recognition target (FRT) recombination site, a 264-nt anti-CRISPR protein 

(AcrIIA4), a 393-nt anti-CRISPR protein (AcrIIA13) and a 714-nt sfGFP. As anticipated 

from the low insertion rates of insertions >8 nt, we did not observe any of these larger 

insertions in our long-read sequencing data, which were read-limited to a detection level 

of ~1% (Extended Data Fig 3-3e). Thus, the recombitrons enable high-efficiency 

deletions of up to 32 nt and insertions of up to 8 nt but are not practical for 

counterselection-free isolation of larger deletions or insertions. 
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To extend the utility of recombitrons for larger insertions and deletions, we 

performed simultaneous retron recombination and counterselection (Fig 3-3g). We 

tested Streptococcus pyogenes Cas9 (DNA-targeting) and Leptotrichia buccalis Cas13a 

(RNA-targeting) as counterselection modalities, along with different guide RNA (gRNA) 

and CRISPR RNA (crRNA) architectures. For Cas9, we tested gRNAs targeting both the 

top and the bottom strand of the genome (F, forward; R, reverse). For both Cas9 and 

Cas13a, we tested fusing the gRNA along with required ncRNA scaffolding at the 5′ end 

and 3′ end of the recombitron ncRNA. Simultaneous counterselection with Cas9 

increased the editing frequency of a 32-nt deletion from ~50% (no gRNA) to >99% (on-

target gRNA), while only decreasing the output number of phage 10–100× (Fig 3-3h,i). 

Cas13a counterselection did not increase the frequency of a 32-nt deletion when an on-

target gRNA was present, although there was much more variability in the editing 

frequency and a substantial reduction in phage output of 100–1,000× (Fig 3-3j,k). 

 

Multiplexed phage engineering using recombitrons 

One shortcoming of current phage-editing approaches is the time and labor 

required to introduce multiple nonadjacent edits on the same phage. The ability to 

introduce parallel modifications simultaneously would be of great benefit to efforts aimed 

at engineering phages for targeted killing of pathogenic bacteria and directed interactome 

analyses, but current approaches require cycles of editing, isolation and re-editing that 

are impractical in an academic or industrial setting. We reasoned that a slight modification 

of our recombitron approach would enable such parallel, multiplexed editing of distant 

sites across a genome. In this modification, multiple bacterial strains that each harbor 
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distinct recombitrons targeting different parts of the phage genome are mixed in a single 

culture. The phage to be edited is then propagated through that mixed culture. Every new 

infection event is an opportunity to acquire an edit from one of the recombitrons and, over 

time, these distinct, distant edits accumulate on individual phage genomes (Fig 3-4a,b). 

We ran these experiments in the engineered K-strain. 
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Figure 3-4:. Multiplexed phage engineering using recombitrons. 
a. Schematic illustrating the propagation of phages through cells expressing distinct recombitrons in a 
coculture. b. Over generations of phage propagation, phage genomes accumulate multiple edits from 
different RT-Donors. c. Editing (%) of each site from mixed recombitron cultures after one round of editing. 
Three biological replicates are shown in open circles for each site, clustered over the number of 
recombitrons used. d. Editing (%) of each site from mixed recombitron cultures after three rounds of editing, 
shown as in c. e. Editing (%) of each site after one round of editing in relation to the proportion of that 
recombitron strain in the culture (%) (two-tailed Pearson correlation, P < 0.0001). f. Average editing (%) of 
all sites in each mixed culture. Points represent the mean of three biological replicates ± s.d. (two-way 
ANOVA, number of editors, P < 0.0001; round, P < 0.0001; interaction, P = 0.234) g. Schematic illustrating  
(Figure caption continued on the next page) 



 

 75 

(Figure caption continued from the previous page) 
Sanger sequencing of plaques, which enables quantification of each editing site from clonal phages. 
Representative data from one plaque with five edits (yellow) and two wild-type sites (gray). Data in h–j are 
from three biological replicates. Total number of plaques: two editors, 30 plaques; three editors, 29 plaques; 
four editors, 31 plaques; five editors, 42 plaques; six editors, 53 plaques; seven editors, 55 plaques. h. 
Overall editing (%) of any site on plaques isolated from mixed cultures. Points represent the mean of three 
biological replicates ± s.d. i. Number of edits made on a single phage genome from mixed cultures as a 
function of the number of recombitrons. Individual plaques from three biological replicates are shown as 
open circles on a violin plot of distribution. j. Number of edits made on a single phage genome from mixed 
cultures as a function of the number of recombitrons, shown as a histogram (mean ± s.d. for three biological 
replicates). Additional statistical details are provided in Supplementary Table 3-1. 

 

We created seven bacterial editing strains using the lambda recombitrons tested 

in Fig 3-1b. We then made mixed cultures of one, two, three, four, five, six or all seven 

bacterial strains and performed editing of lambda phage in these mixtures. These strains 

were grown individually in liquid culture overnight, then separately preinduced for 2 h, 

before being diluted to OD 0.25 and mixed together in equal proportions. We infected 

these cultures with lambda (ΔcI) at an MOI of 0.1, grew the cultures for 16 h overnight 

and collected the phage lysate the next morning. We then used that phage stock to 

perform two additional rounds of editing in mixed-host cultures prepared identically to 

those of the first round. On the basis of our results that the amount of phage put into the 

culture is roughly the amount of phage extracted (Extended Data Fig 3-1d,e), we added 

the same volume of phage in each round as a function of the titer determination before 

round one. We quantified editing across phage genomes and genomic loci for each of the 

mixtures using Illumina sequencing. We found editing across all sites from these mixed 

cultures after one round and increased editing in all cultures and sites after three rounds 

(Fig 3-4c,d). We found that the editing rate at any given site across all the mixtures was 

well correlated with the percentage of that editor in the mixture after round one (Fig 3-4e) 

and that the overall editing rate across all sites declined with the number of recombitron 

strains used (Fig 3-4f). This is consistent with a dilution effect of the strains on each other, 
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which suggests that the overall editing rate is limited by the number of cells expressing 

each recombitron available for the phage to propagate through. 

While amplicon sequencing showed substantial editing across many sites in a 

population of phages, we cannot use it to determine whether multiple edits are 

accumulating on individual phage genomes. Therefore, we plated phages after three 

rounds of editing from each condition on nonediting bacterial lawns and Sanger-

sequenced individual plaques at each edit site (Fig 3-4g). This showed that 93.2% of 

phages were edited at one site or more, without using any form of counterselection (Fig 

3-4h). The plaque-based analysis strongly mirrored the Illumina sequencing analysis of 

editing rate per site by mixture when plaque data for a condition were pooled (Extended 

Data Fig 3-4). With the plaque sequencing, however, we can also look at edits per phage 

genome. We found that multiple sites were edited on a majority of the phages across all 

conditions, with individual phages edited at up to five distinct locations (Fig 3-4i,j). This 

represents a milestone in the continuous, multiplexed, selection-free engineering of 

phage genomes. 

 

Combinatorial mutations of the T7 tail fiber 

We next used phage retron recombineering as a tool to understand the 

fundamental biology of phage–host interaction by making a library of combinatorial 

mutations within the T7 receptor-binding protein. Specifically, we focused on the 

lipopolysaccharide (LPS)-recognizing tip domain of the T7 tail fiber protein gp17. 

Mutations in E. coli genes rfaG and rfaD lead to LPS truncation at the outer and inner 
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core, respectively, which disrupts gp17 binding and T7 absorption, thus facilitating phage 

escape1. 

Previously performed deep mutational scanning of gp17 quantified the effect of 

individual amino acid substitutions on phage fitness across rfaG and rfaD mutants, 

identifying phage mutants that were both host tolerant, enabling replication on both wild-

type and mutant hosts, and host switching, enabling enhanced replication on mutant 

hosts1. However, this approach was restricted to point mutants because of the technical 

complexity of exploring large combinatorial space with synthesized, barcoded libraries—

a problem that recombitrons are well suited to address. We selected four highly 

consequential residues on the four exterior loops of the gp17 protein, which are close to 

one another in the folded protein, but nonadjacent in the phage genome. For each, we 

chose a host-switching and a host-tolerant substitution (Fig 3-5a,b). We constructed eight 

recombitron plasmids to create these mutations, carried in eight parallel strains. As in our 

previous experiment editing lambda, we mixed these strains together and propagated T7 

through this editing mixture three times. We then took the resulting library of phages, 

which could have acquired any individual mutation or any combination of mutations, and 

ran a round of enrichment through either wild-type or one of two LPS mutants (∆rfaG and 

∆rfaD) obtained from the Keio collection (Fig 3-5c). Pre-enrichment and postenrichment 

phages were sequenced through the gp17 region to quantify enrichment or depletion in 

each particular strain. 
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Figure 3-5: Combinatorial mutations of the T7 tail fiber. 
(Figure caption continued on the next page) 
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(Figure caption continued from the previous page) 
a. Structural location of the targeted residues on the T7 gp17 tail fiber protein and their corresponding edit 
to host switching (hs) or host tolerant (ht). b. Genomic location of edits. c. Schematic illustrating the 
workflow to study combinatorial mutations. d–f. Quantification of the fold enrichment or depletion of single-
residue mutants, both hs and ht, relative to the gp17 wild-type sequence of the postselection mixtures from 
the KEIO parent (d), ∆rfaG (e) and ∆rfaD (f) strains, respectively. Open circles are biological replicates; 
closed circles are the means. g–i. Quantification of the fold enrichment/depletion of combinatorial double-
residue mutants of the postselection mixture from the KEIO parent (g), ∆rfaG (h) and ∆rfaD (i) strains, 
respectively. Open circles are biological replicates; closed circles are the means. j–l. Plot epistasis values 
calculated by subtracting the log-transformed enrichment or depletion of the individual single-site mutants 
from that of the simultaneous double-site mutant from the KEIO parent (j), ∆rfaG (k) and ∆rfaD (l) strains, 
respectively. Open circles are biological replicates; closed circles are the geometric means. Asterisks below 
a particular condition summarize P values (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001) for either 
a Dunnett’s corrected multiple comparisons test versus wild type (d–i) or a Holm–Šídák adjusted two-sided, 
one sample t-test (j–l). Full statistical details are provided in Supplemental Table 3-1. 

 

After enrichment through the wild-type (Keio parent) strain, we found that phages 

carrying one of the eight single substitutions were enriched (A500R), while phages 

carrying any one of the other substitutions in isolation were either mildly depleted or 

showed no effect (Fig 3-5d). In the ∆rfaG strain, single-mutant phages carrying three of 

the host-switching substitutions were enriched (G479Q, A500R and V544R) and the only 

depleted single mutant carried a putative host-tolerant substitution (G479W) (Fig 3-5e). 

The only significant effect of single substitutions in the ∆rfaD strain was mild depletion 

(Fig 3-5f). 

We next examined combinations of substitutions. In general, as anticipated, double 

mutants displayed larger magnitudes of effects. For instance, a double mutant 

(G479Q;A500R) was ~100-fold enriched relative to wild-type T7 after passage through 

the Keio parent strain (Fig 3-5g). This effect was most pronounced in ∆rfaG, where many 

double mutants were 100–5,000-fold enriched relative to the wild type (Fig 3-5h). The 

most enriched mutants were combinations of host-switching substitutions 

(A500R;V544R, G479Q;V544R and G479Q;A500R). Similarly, three double mutants 

were significantly enriched in ∆rfaD even though the single substitutions contained in 
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those double mutants only trended toward enrichment when present individually (Fig 3-

5f,i). 

On the basis of the single-mutant and double-mutant enrichment and depletion 

data, we next looked for evidence of epistatic interactions among the substitutions at 

these sites. Epistasis was calculated by taking the log-transformed enrichment or 

depletion of a given double-site mutant and subtracting the log-transformed enrichment 

or depletion of each individual single-site mutant contained in the double. We found no 

significant epistasis among the double mutants after enrichment through the wild-type 

strain (Fig 3-5j). Likewise, the double mutants that were strongly enriched by selection in 

the ∆rfaG strain (for example, A500R;V544R, >1,000-fold enriched) displayed no 

epistasis but rather were enriched exactly as expected by the additive effects of the single 

mutants they contained (Fig 3-5k). With such large effect sizes, it is a testament to the 

approach that such additive effects were able to be accurately measured. We did find 

evidence of negative epistasis when one of the most strongly positive single mutants 

(V544R) was combined with a host-tolerant substitution that had no effect on its own 

(G521S) (Fig 3-5k). After enrichment in ∆rfaD strain, the fitness of all double mutants was 

as expected by the additive effects of the single mutants (Fig 3-5l). This work identifies 

particular combinations of T7 tail fiber substitutions that lead to improved fitness in LPS 

mutant strains and finds, surprisingly, that nearly all substitutions were additive in effect 

without significant epistatic effects. This work also demonstrates the utility of the 

multiplexed recombitron approach, where eight simple plasmids could be used to quickly 

generate 24 distinct, precise phage mutants for direct phenotyping, without a step of 

counterselection or isolation. 
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3.4 Discussion 

Here, we present an approach to phage editing using recombitrons that leverages 

modified retrons to continuously provide RT-Donors for recombineering in phage hosts. 

Recombitrons enable counterselection-free generation of phage mutants across multiple 

phages, with optimized forms yielding up to 100% editing efficiency in lambda. Moreover, 

recombitrons can be multiplexed to generate multiple distant mutations on individual 

phage genomes. Critically, this approach is easy to perform. Recombitrons are generated 

from simple, standard cloning methods using inexpensive, short oligonucleotides. The 

process of editing requires propagating the bacteria–phage culture, with no intervening 

transformations or special reagents. Once recombitrons are cloned and phage stocks are 

prepared, the generation of lambda phage edited at up to five distinct positions required 

hands-on time of less than 2 h. 

Much previous work modifying phage genomes uses recombination followed by 

CRISPR counterselection to achieve acceptable rates of editing. However, such 

counterselection is not always possible when creating defined mutations, particularly in 

the case of small mutations (1–3 nt). In the case of Cas9 counterselection, the mutation 

must eliminate or modify a protospacer-adjacent motif (PAM) or the seed bases of the 

gRNA target to protect the edited phage from cleavage. When using a PAM-less CRISPR 

nuclease such as Cas13a, it has been shown that multiple contiguous mutations in the 

seed region are required to confer resistance; thus, a precise single-base mutation or 

small noncontiguous amino acid modification cannot be created without recoding a more 

substantial region1. Therefore, a counterselection-free approach is preferable to create 

particular precisely defined modifications to phage genomes. 
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While we were able to edit a number of distinct phages, we found substantial 

variation in the editing rates among different phages. In some cases, we were able to 

explain these differences (for example, the T7 SSB that interfered with recombineering 

and could be fixed with the overexpression of a compatible SSB or the modified cytosine 

that appeared to inhibit recombineering in T4). However, we were not able to explain all 

the differences. One possible outstanding explanation is the replication speed and burst 

size of different phages, which may make the editing window in a single bacterium or 

single culture longer or shorter. Indeed, the fact that a lower initial MOI and lower culture 

temperature lead to higher levels of editing in lambda suggests that extending the number 

of cycles per culture is useful and a large burst size, for instance, would do the exact 

opposite. Another variable is the extent and speed of host genome degradation during 

phage infection1,2, which could affect the additional production of editing materials or 

critical host factors. These variables will need to be further explored as this approach is 

scaled up. 

This technical advance is poised to change the way we approach innovation in 

phage biology and phage therapeutics. For instance, studying epistasis in phage 

genomes becomes a feasible experiment that merely requires mixing recombitron strains 

in different combinations, as supported by our intraprotein epistasis studies on the T7 

gp17 tail fiber. The technical hurdle of phage library generation is also dramatically 

reduced. In our multiplexed phage lambda experiment, 93.2% of phages were edited. 

Host range is a major determinant of phage therapy efficacy1,2, which could be addressed 

by rapidly screening a large library targeting the tail fiber or other critical host range genes 

for a fraction of the effort of current approaches. 
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Some outstanding questions and further engineering challenges remain. For 

instance, overexpression of a compatible SSB provided a large benefit to the editing of 

T7, which demonstrates that recombitrons can be optimized for generality across phages. 

However, that effect was not immediately transferable to T5. Presumably, T5 may be 

limited by another phage-specific requirement and T2 is presumably limited by the use of 

modified nucleotides. Further work will seek to engineer around these idiosyncrasies and 

increase the extensibility of this approach to other phages. Lastly, we achieved our most 

efficient editing in a host E. coli lacking exo1 and recJ. Moreover, we overexpressed both 

the E. coli SSB to increase efficiency and a dominant-negative mutL to suppress 

mismatch repair. These modifications may limit the ease with which the phage 

recombineering approach can be ported to other bacterial species. Testing and 

overcoming such limitations will be a major objective of future work. 
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3.5  Methods 

Biological replicates were taken from distinct samples, not the same sample 

measured repeatedly. 

 

Bacterial strains and growth conditions 

This work used the following E. coli strains: NEB 5-alpha (NEB, C2987; not 

authenticated), BL21-AI (Thermo Fisher, C607003; not authenticated), bMS.346 and 

bSLS.114. The bMS.346 (used previously1) strain was generated from E. coli MG1655 by 

inactivating the exoI and recJ genes with early stop codons. The bSLS.114 (used 

previously1) strain was generated from BL21-AI by deleting the retron-Eco1 locus by 

lambda Red recombinase-mediated insertion of an FRT-flanked chloramphenicol 

resistance cassette, which was subsequently excised using FLP recombinase1. The 

bCF.5 strain was generated from bSLS.114, also using the lambda Red system. A 12.1-

kb region was deleted that contains a partial lambda*B prophage that is native to BL21-

AI cells within the attB site, where temperate lambda integrates into the bacterial 

genome1. Keio collection E. coli strains were used for the selection of T7 mutants (Keio 

parent, ∆rfaG and ∆rfaD1). 

Phage retron recombineering cultures were grown in Luria–Bertani (LB) medium, 

shaking at 37 °C with appropriate inducers and antibiotics. Inducers and antibiotics were 

used at the following working concentrations: 2 mg ml−1 l-arabinose generally or 

10 mg ml−1 when performing counterselection (GoldBio, A-300), 1 mM IPTG (GoldBio, 

I2481C), 1 mM m-toluic acid (Sigma-Aldrich, 202-723-9), 35 µg ml−1 kanamycin 

(GoldBio, K-120), 100 µg ml−1 carbenicillin (GoldBio, C-103) and 
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25 µg ml−1 chloramphenicol (GoldBio, C-105; used at 10 µg ml−1 for selection during 

bacterial recombineering for strain generation). 

 

Plasmid construction 

All cloning steps were performed in E. coli NEB 5-alpha. pORTMAGE-Ec1 was 

generated previously (Addgene, plasmid no. 138474)1. Derivatives of pORTMAGE-Ec1 

(pCF.109, pCF.110 and pCF.111) were cloned to contain an additional SSB protein, 

amplified with PCR from its host genome, using Gibson assembly. Plasmids for RT-Donor 

production, containing the retron-Eco1 RT and ncRNA with extended a1/a2 regions, were 

cloned from pSLS.492. pSLS.492 was generated previously (Addgene, plasmid no. 

184957)1. Specific donor sequences for small edits were encoded in primers and 

substituted into the RT-DNA-encoding region of the ncRNA with a PCR and KLD (kinase, 

ligase and DpnI) reaction (NEB M0554). Donor sequences for larger insertions were 

cloned through Gibson assembly using synthesized gene fragments (Twist Biosciences). 

Recombitron ncRNAs encoding the editing donors are listed in Supplementary Table 3-

2. 

 

Phage strains and propagation 

Phages were propagated from American Type Culture Collection stocks (Lambda 

97538, Lambda WT 23724-B2, T7 BAA-1025-B2, T5 11303-B5 and T2 11303-B2) into a 

2-ml culture of E. coli (BL21ΔEco1) at 37 °C at an OD600 0.25 in LB medium 

supplemented with 0.1 mM MnCl2 and 5 mM MgCl2 (MMB) until culture collapse, 

according to established techniques1,2. The culture was then centrifuged for 10 min at 
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3,434g and the supernatant was filtered through a 0.2-μm filter to remove bacterial 

remnants. Lysate titer was determined using the full-plate plaque assay method as 

described by Kropinski et al1. We used recombitrons to edit this lambda strain to encode 

two early stop codons in the cI gene, responsible for lysogeny control, to ensure the 

phage was strictly lytic (lambda ΔcI). After recombineering, we Sanger-sequenced 

plaques to check the edit sites. We isolated an edited plaque and used Illumina Miseq of 

its lysate to ensure purity of the edited phage. We used this strictly lytic version for all 

experiments involving lambda phage, unless otherwise noted. 

Genomic locations used to label edits are from wild-type reference sequences of 

phages available through the National Center for Biotechnology Information (NCBI) 

GenBank: lambda (J02459.1), T5 (AY587007.1), T7 (V01146.1) and T2 (AP018813.1). 

We found that the strain of phage lambda we used naturally contains a large genomic 

deletion between 21,738 and 27,723. This region encodes genes that are not well 

characterized but may be involved in lysogeny control1,2. 

 

Plaque assays 

Small-drop and full-plate plaque assays were performed similarly to Mazzocco et 

al.1, starting from bacteria grown overnight at 37 °C. For small-drop plaque assays, 200 μl 

of the bacterial culture was mixed with 2 ml of melted MMB agar (LB + 0.1 mM 

MnCl2 + 5 mM MgCl2 + 0.75% agar) and plated on MMB agar plates. Tenfold serial 

dilutions in MMB were performed for each of the phages and 2-μl drops were placed on 

the bacterial layer. The plates were incubated overnight at 37 °C. Full-plate plaque assays 

were set up by mixing 200 μl of the bacterial culture with 20 μl of phage lysate, using 
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tenfold serial dilutions of the lysate to achieve 200–10 plaques. After incubating at room 

temperature without shaking for 5 min, the mixture was added to 2 ml of melted MMB agar 

and poured onto MMB agar plates. The plates were incubated overnight at 37 °C. Plaque-

forming units were counted to calculate the titer. 

 

Recombineering and sequencing 

The retron cassette, with modified ncRNA to contain a donor, was coexpressed 

with CspRecT and mutL E32K from the plasmid pORTMAGE-Ec1. All experiments, 

except multiplexed lambda editing and large insertions or deletions (>30 nt), were 

conducted in 500-μL cultures in a deep 96-well plate. Multiplexed lambda editing and 

large insertions or deletions (>30 nt) were conducted in 3-ml cultures in 15-ml tubes. For 

amplification-free sequencing by Nanopore, larger culture volumes (25-ml cultures in 250-

ml flasks) were used to enable collection of a higher quantity of phage DNA. Cultures 

were induced for 2 h at 37 °C with shaking. The OD600 of each culture was measured to 

approximate cell density and cultures were diluted to an OD600 of 0.25. Phages were 

originally propagated through the corresponding host that would be used for editing (B-

strain or K-strain E. coli). A volume of pretitered phage was added to the culture to reach 

an MOI of 0.1. The infected culture was grown overnight for 16 h before being centrifuged 

for 10 min at 3,434g to remove host cells. The supernatant was filtered through a 0.2-μm 

filter to isolate phage. 

For amplicon-based sequencing, the lysate was mixed 1:1 with DNase-free and 

RNase-free water and the mixture was incubated at 95 °C for 5 min. This boiled culture 

(0.25 μl) was used as a template in a 25-μl PCR reaction with primers flanking the edit 
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site on the phage genome. These amplicons were indexed and sequenced on an Illumina 

MiSeq or NextSeq2000 instrument. Sequencing primers are listed in Supplementary 

Table 3-3. 

For amplification-free sequencing, extracellular DNA was removed through DNase 

I treatment, with 20 U of DNase I (NEB, M0303S) for 1 ml of phage lysate, incubated at 

room temperature for 15 min and then inactivated at 75 °C for 5 min. Phages were then 

denatured and DNA was extracted using the Norgen Phage DNA isolation kit (Norgen, 

46800). The samples were prepared for sequencing in a standard Nanopore workflow. 

DNA ends were repaired using the NEBNext Ultra II End repair/dA-tailing module (NEB, 

E7526S). End-repaired DNA was then cleaned up using Ampure XP beads. Barcodes 

were ligated using the standard protocol for Nanopore barcode expansion kit (Oxford 

Nanopore Technologies, EXP-NBD196). After barcoding, the standard Oxford Nanopore 

adaptor ligation, clean-up and loading protocols were followed for ligation sequencing kit 

109 and flow cell 106 for the MinION instrument (Oxford Nanopore Technologies, SQK-

LSK109 and FLO-MIN106D). Base calling was performed using Guppy Basecaller with 

high accuracy and barcode trimming settings. 

Sanger sequencing of phage plaques was accomplished by picking plaques 

produced from the full-plate assay described above. Plates were sent to Azenta 

(Genewiz) for sequencing with one of the MiSeq-compatible primers used to assess the 

same site. Sequences were analyzed using Geneious through alignment to the region 

surrounding the edit site on the phage genome. 
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Enrichment of phage in nonediting hosts 

A total of 1–10 million multiplex-edited phages were added to exponentially 

growing cultures of bacteria at an OD of 0.25 or 0.4 in a volume of 50 ml for 

0.0000625 ≤ MOI ≤ 0.001. Phages were propagated through their enrichment host for 16 h 

shaking at 37 °C. When performing PCR amplification for sequencing, at least double the 

amount of enriched phage as the number of reads was used as a template (for example, 

for 1 million reads, ≥2 million phages were used as template for the Illumina sequencing 

PCR). 

 

Editing rate quantification 

A custom Python workflow was used to quantify edits from amplicon sequencing 

data. Reads were required to contain outside flanking nucleotide sequences that occur 

on the phage genome but beyond the RT-Donor region to avoid quantifying RT-DNA or 

plasmid. Reads were then trimmed by left and right sequences immediately flanking the 

edit site. Reads containing these inside flanking sequences in the correct order with an 

appropriate distance between them (depending on edit type) were assigned to wild type, 

edit or other. The edit percentage is the number of edited reads over the sum of all reads 

containing flanking sequences. 

A distinct custom Python program was used for quantifying amplification-free 

Nanopore sequencing data because of the higher error rates in Nanopore sequencing 

and the lack of a defined region of the genome contained in each read. Reads were 

aligned using BLAST+ to three reference genomes: wild-type lambda, edited lambda 

containing the matching edit to the read’s experiment and BL21-AI E. coli. If reads aligned 
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to either lambda genomes, the read’s alignment coordinates had to be at least 50 nt past 

the insertion or deletion coordinates, as well as be >500 nt and have >50% of the read 

mapped to the reference genome as quality scores. If a read aligned to the insertion or 

deletion point and passed all quality scores, the percentage identity and alignment length 

over read length were compared to assign the read as either wild type or edited. Coverage 

of the edit region was 50–1,000× per experimental condition. 

 

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 are available from the NCBI SRA 

(PRJNA933262). 

 

Code availability 

Custom code to process or analyze data from this study is available from GitHub 

(https://github.com/Shipman-Lab/Multiplexed_Phage_Recombitrons). 
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3.6 Supplementary Information 

 

Extended Data Fig 3-1: Accompaniment to Fig 3-1  
a. Left: Edited phage T2 genomes (%). With forward (blue) or reverse (purple) RT-DNA. Open circles are 
three biological replicates, closed circles are means. Right: Recombitron editing at site 143,279 (R) (±SD) 
versus a dRT control (unpaired, two-sided t-test, P = 0.77). b. Editing of wild-type and mutant T4 without 
modified cytosines, shown as in a (N = 3) (two-way ANOVA, effect of modified bases, P = 0.0061). c. Editing 
(%) of lambda and lambda_ΔcI in different host strains at site 14,070 (R). Open circles show 3 (wt in 
bSLS.114), 5 (ΔcI in bSLS.114), and 2 (ΔcI in bCF.5) biological replicates, closed circles show the mean 
(one-way ANOVA, effect of strain/phage, P = 0.2421). d. Editing (%) of lambda without induction of 
CspRecT at site 14,126, shown as in a (N = 3). e. Titer (PFU/mL) of phage lambda, T7, and T5 after 
propagation through host cells of different conditions, compared to amount of phage added to the culture, 
without recombitrons (open black circles), with uninduced recombitrons (open pink circles), with induced 
recombitrons (closed pink circles), and with induced recombitrons targeting a different phage (closed blue 
(Figure caption continued on the next page) 
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(Figure caption continued from the previous page) 
 circles). Individual biological replicates are shown. f. Editing (%) of lambda, T7, and T5 from the induced, 
on-target recombitron condition in panel d, shown as in a (N = 3). g. Editing (%) of T7 with supplemental 
expression of lambda genes gam or beta, shown as in a (N = 3, one-way ANOVA P < 0.0001). h. Editing 
(%) of lamda with supplemental expression of lambda genes gam or beta, shown as in a (N = 3, one-way 
ANOVA P = 0.0904). i. Editing (%) of T7 with supplemental expression of E. coli SSB and lambda genes 
gam or beta, shown as in a (N = 3, one-way ANOVA P < 0.0001). j. Editing (%) of lambda with supplemental 
expression of E. coli SSB and lambda genes gam or beta, as in a (N = 3, one-way ANOVA P < 0.0001). k. 
Editing (%) of lambda at site 14126 (F) compared to editing with supplemental expression of T5 SSB, shown 
as in a (N = 3). l. Editing (%) of T7 at site 22872 (R) compared to editing with supplemental expression of 
T5 SSB, shown as in a (N = 3). m. Editing (%) of T5 at site 88634 (F) with supplemental expression of E. 
coli SSB, T7 SSB, or T5 SSB, shown as in a (N = 3). n. Editing (%) of phages from the basal collection, 
Bas46 (A19798T) and Bas47 (A6332G), that contain modified bases with the RT induced (+) or uninduced 
(-), as in f (N = 3).  
 
 

 
Extended Data Fig 3-2: Accompaniment to Fig 3-2 
a. Rate of acquiring only the scanning edit in lambda when donors contain both scanning and central edits. 
(open circles are biological replicates, closed circles are the mean). b. PAGE analysis of retron RT-DNA in 
different E. coli strains. c. Editing (%) of lambda with editing cultures started at different initial multiplicities 
of infection (MOI), using MG1655 (Δexo1,ΔrecJ) as the editing host (one-way ANOVA P < 0.0001) (open 
circles are 3 biological replicates, closed circles are the mean). d. Editing (%) of lambda with editing cultures 
incubated at different temperatures, using MG1655 (Δexo1,ΔrecJ) as the editing host (unpaired, two-sided 
t-test P = 0.0013) (open circles are 3 biological replicates, closed circles are the mean). 
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Extended Data Fig 3-3:  Accompaniment to Fig 3-3 
(Figure caption continued on the next page) 
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(Figure caption continued from the previous page) 
a. Comparison of edited phages measure by amplicon (Illumina) or amplification-free (Oxford Nanopore) 
sequencing. Open orange circles represent biological replicates of amplicon data and filled orange circle 
represents the mean. Filled blue circle represents the aggregate nanopore data from three replicates. b. 
Coverage of the editing site in long-read nanopore sequencing for deletions in which we observe editing. c. 
Coverage of the editing site in long-read nanopore sequencing for deletions in which we do not observe 
any edits. Estimated limit of detection for these samples is calculated by dividing 100 by the coverage of 
the site. d. Examples of nanopore reads for different deletion conditions. e. Coverage of the editing site in 
long-read nanopore sequencing for large insertions, for which we do not observe any edits. Estimated limit 
of detection for these samples is calculated by dividing 100 by the coverage of the site. 

 

 

 
Extended Data Fig 3-4:  Accompaniment to Fig 3-4 
Editing (%) from Sanger sequencing of plaques at each site from mixed recombitron cultures after 3 rounds 
of editing. Three biological replicates are shown in open circles for each site, clustered over the number of 
recombitrons used. 
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3.7 Supplemental Files 

Supplementary_Information_Chapter3.pdf 

This PDF file contains: 

• Supplementary Fig 3-1: Uncropped gel from Extended Data Fig 3-2b 

• Supplementary Table 3-1: Statistical details of this study 

• Supplementary Table 3-3: Primers used in this study 

Supplementary_Table2_Chapter3.xlsx 

This Excel file contains recombitron plasmid details. 
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Chapter 4 Chapter 4 High throughput variant libraries and machine learning 

yield design rules for retron gene editors 

 

4.1 Abstract 

The bacterial retron reverse transcriptase system has served as an intracellular factory 

for single-stranded DNA in many biotechnological applications. In these technologies, a 

natural retron non-coding RNA (ncRNA) is modified to encode a template for the 

production of custom DNA sequences by reverse transcription. The efficiency of reverse 

transcription is a major limiting step for retron technologies, but we lack systematic 

knowledge of how to improve or maintain reverse transcription efficiency while changing 

the retron sequence for custom DNA production. Here, we test thousands of different 

modifications to the Retron-Eco1 ncRNA and measure DNA production in pooled variant 

library experiments, identifying regions of the ncRNA that are tolerant and intolerant to 

modification. We apply this new information to a specific application: the use of the retron 

to produce a precise genome editing donor in combination with a CRISPR-Cas9 RNA-

guided nuclease (an editron). We use high-throughput libraries in S. cerevisiae to 

additionally define design rules for editrons. We extend our new knowledge of retron DNA 

production and editron design rules to human genome editing to achieve the highest 

efficiency Retron-Eco1 editrons to date. 
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4.2 Introduction 

Retron components are increasingly being exploited for biotechnology due to their 

ability to produce DNA on demand in cells. In bacteria, retrons are a tripartite anti-phage 

system composed of a reverse transcriptase (RT), a non-coding RNA (ncRNA) that is 

reverse transcribed into DNA (msDNA), and an effector protein1,2. For Retron-Eco1 (used 

in this study), correct msDNA synthesis, initiated at a conserved guanosine via a 2’-5’ 

linkage, is crucial for phage defense1,2 and results in filamentous sequestration of the 

toxic effector protein1. A phage-encoded DNA cytosine methyltransferase triggers 

abortive infection by methylating the Retron-Eco1 reverse-transcribed DNA and results in 

nucleoside derivative depletion1. The editron system uses only the reverse transcriptase 

and ncRNA from the retron as the effector protein is not necessary for reverse 

transcription. 

In biotechnology, the retron RT is used to reverse transcribe modified forms of 

retron ncRNA into RT-DNA, or multi-copy single-stranded DNA (msDNA) that has been 

used as: donor DNA for precise editing in bacteria1–6, bacteriophage1–3, plants1,2, and 

eukaryotes1–6; DNA barcodes to record molecular events1,2; DNA containing transcription 

factor motifs for transcription factor activity attenuation1; DNA aptamers1; and DNAzymes 

for mRNA cleavage1. 

Previous work has demonstrated that the abundance of retron reverse-transcribed 

DNA directly impacts the efficiency of downstream biotechnological applications. 

Specifically, modifications to the retron that generate more msDNA increase the efficiency 

of precise editing and the efficiency of event recording into a molecular ledger1–3. These 

previous works used the same modification to the retron ncRNA for increased msDNA 
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production – extension of the a1/a2 region. However, the retron ncRNA has not been 

systematically interrogated to determine which elements are necessary, which are 

tolerant to modifications, and where it may be possible to increase reverse transcription 

beyond the endogenous element.  

In the context of precise genome editing technologies, there are additional 

parameters that have not been investigated systematically. An editron, which combines 

retron components with CRISPR-Cas9 components to generate both a programmed 

double-strand break and the reverse transcribed donor to precisely repair it, has many 

degrees of freedom. These include among others, how to arrange the donor and gRNA 

relative to each other, where to situate the edit within the donor, or how long of a donor to 

use. Without a set of clear design rules, users are left to either empirically test many 

designs for their desired edit or pick an arbitrary design which may not perform optimally.  

To rectify this lack of systematic investigation, we comprehensively tested all 

parameters of the retron ncRNA for their effect on msDNA production in high throughput, 

used these findings to build a machine learning model of msDNA production, and used 

the output of the model to inform high-throughput tests of editing parameters in yeast. 

Finally, we extended these findings to human cells, resulting in a set of design rules for 

msDNA production and retron-based editing that apply broadly.  

 

4.3 Results 

msDNA Production in E. coli from Retron-Eco1 ncRNA Variant Libraries 

The Retron-Eco1 ncRNA is a highly-structured RNA molecule with characteristic 

stem-loops and double-stranded regions that is partially reverse transcribed to generate 
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abundant RT-DNA, or multi-copy single-stranded DNA (msDNA) in cells (Fig 4-1a). As 

previous work found msDNA production was a limiting factor in using the retron as a 

template for precise editing in prokaryotes and eukaryotes and as a DNA barcode for 

molecular recording1–3, we set out to systematically understand how variations in ncRNA 

sequence and structure impact msDNA production in E. coli. We constructed a 3,443 

member library of ncRNA variants, changing both the msr (non-reverse transcribed 

region) and msd (reverse transcribed region). This library contained all single-nucleotide 

substitutions, scanning deletions and insertions of varying sizes, and variations on length 

and complementary of stem-loops and all permutation of the three-nucleotide RT 

recognition motif in the P3 loop. For variants with changes in the msr, we included a linked 

barcode in the P4 loop of the msDNA to allow amplification of the barcode via PCR. In all 

msr sublibraries, we also included a pseudo-wild type control for normalization which had 

a linked barcode on the P4 loop to control for the effect of adding 10 nucleotides on 

msDNA production. The library was constructed using Golden Gate cloning, transformed 

into a B-strain E. coli bSLS.114 (BL21-AI ΔRetron-Eco1), and expressed along with the 

Retron-Eco1 RT for 5 hours, after which we collected msDNA for quantification. All variant 

sequences are included in Supplementary Table 4-9-18. 

To quantify the msDNA abundance of msd variants, we used a sequencing pipeline 

described previously that allows us to amplify msDNA without requiring prior knowledge 

of the msDNA sequence1–3. Briefly, we (1) purified short single-stranded DNA (ssDNA) 

using a QIAGEN Midiprep Plasmid Plus Kit followed by a Zymo ssDNA Clean & 

Concentrator Kit, (2) treated the resulting ssDNA with Dbr1 to remove the 2’-5’ linkage 

between the msDNA and ncRNA, (3) extended the debranched ssDNA with a single 
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polynucleotide using template-independent polymerase (TdT), (4) generated a 

complementary strand using a primer consisting of the complementary single 

polynucleotide and an Illumina adaptor, (5) ligated an adaptor to the other end of the now 

double-stranded msDNA, and lastly (6) Illumina sequenced the now double-stranded 

msDNA with Illumina adaptors on both ends. msDNA barcodes linked to changes in the 

msr were quantified by amplifying the barcode for sequencing after purifying ssDNA. All 

variants were normalized against the production of the wild-type retron-derived msDNA 

and the abundance of the variant plasmid (Fig 4-1b). To quantify the relative abundance 

of each variant plasmid in the expression cells, we amplified the variable region of the 

ncRNA using plasmid-specific primers and sequenced the amplicons using Illumina 

sequencing. 

Figure 4-1c shows single-nucleotide substitutions scanning across the Retron-

Eco1 ncRNA, where we found substantial sequence flexibility on the single-nucleotide 

level except at two important positions: around the priming guanosine immediately after 

the a1 region, previously shown to be important for making the 2’-5’ linkage of ncRNA-to-

msDNA1; and around the previously-known UUU putative recognition loop for the Retron-

Eco1 reverse transcriptase1 (Fig 4-1c, Extended Data Figs 4-1b-e).  

We also analyzed deletions scanning across the Retron-Eco1 ncRNA that varied 

in length from 1 to 5 nucleotides. The Retron-Eco1 ncRNA is less tolerant to deletions 

than substitutions, particularly in the msr P2 and P3 stem loops, suggesting a greater 

influence of structure over sequence. In addition, deletions in the msd region directly 

flanking the a2 region were not tolerated. Larger deletions are less tolerated than smaller 
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deletions in the critical region of the P3 stem-loop (Fig 4-1d, Extended Data Figs 4-1f-

j). 

We also assessed 1-, 3-, and 5-nucleotide insertions scanning across the Retron-

Eco1 ncRNA (Fig 4-1e). While small insertions were slightly more tolerated than small 

deletions (Extended Data Fig 4-1g, Extended Data Figs 4-1k-l), larger insertions in the 

msr region resulted in undetectable levels of msDNA (Extended Data Fig 4-1m). 

Similarly to deletions, insertions directly adjacent to the a2 region in msd also greatly 

reduced msDNA production. 

A summary of the effect of all nucleotide substitutions, deletions, and insertions is 

shown in Fig 4-1f. Generally, the Retron-Eco1 ncRNA tolerates modifications in the P2 

and P4 stem-loops, but is relatively intolerant to modifications around the priming 

guanosine and the stem-loop P3. The tolerance to mutations in the P4 stem is important 

for the use of Retron-Eco1 in biotechnology, as this is the position where editing donors 

and DNA barcodes have been encoded.  

Next, we sought to assess the effect of structural variations. To do this, we 

quantified the effect of breaking complementarity in stem-loops P2, P3, and P4 by 

replacing one side of the stem with a non-complementary new sequence to create a 

nucleotide bubble of length 4 in stem-loops P2 and P3, and length 5 in stem-loop P4. To 

control for an effect of a sequence versus structural change, we also restored 

complementarity by changing the same position on the other side of the stem with the 

complement of the replaced nucleotides. Breaking P4 complementarity only affected 

msDNA production at the base and the tip of the stem, and fixing complementarity with 

different sequences restored wild-type levels of msDNA production (Fig 4-1g). Breaking 
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stem-loop P2 complementarity closer to the base reduced msDNA production and 

restoring complementarity restored msDNA production (Fig 4-1h). Breaking stem-loop P3 

complementarity reduces msDNA production, but restoring complementarity with an 

alternate sequence does not restore msDNA production (Fig 4-1i). Overall, there are clear 

structural requirements, most notably in P2/3: in P2, structure is important; and in P3, 

both sequence and structure are important for msDNA production. 

We next sought to quantify how strictly required the UUU recognition motif in the 

loop of P3 is for reverse transcriptase recognition (Fig 4-1j). Testing every permutation of 

the UUU motif reveals low sequence flexibility in position 3 (vertical axis) and position 2 

(bottom axis), requiring both of these to be uracils. However, there is significant flexibility 

in position 1, with every possible base approaching wild-type msDNA production levels 

(lower right square, UUU), with GUU having higher msDNA production than wild-type (Fig 

4-1k, Extended Data Fig 4-2).  
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Figure 4-1: msDNA production of Retron-Eco1 variant libraries in E. coli. 
a. Wild-type -Eco1 ncRNA structure. b. Variant library schematic: variants were introduced on the msr (non-
reverse transcribed part of the ncRNA) or the msd (reverse-transcribed part of the ncRNA). After production 
of the msDNA libraries in E. coli, single-stranded DNA was sequenced and variants quantified. msd variants 
were identified on the msDNA, while msr variants were identified through a barcode in the P4 loop. c. 
msDNA production of all single-nucleotide substitutions relative to wild-type msDNA. Each open circle 
represents the mean of three biological replicates. d. msDNA production of 1, 2, 3, 4, and 5 nucleotide 
deletions starting at a specified ncRNA position relative to wild-type msDNA. Each open circle represents 
(Figure caption continued on the next page) 
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(Figure caption continued from the previous page) 
the mean of three biological replicates. e. msDNA production of 1, 3 and 5 nucleotide insertions starting at 
a specified ncRNA position relative to wild-type msDNA. Each open circle represents the mean of three 
biological replicates. f. Summary of msDNA production relative to wild-type msDNA production of all single-
nucleotide variants: insertions (pink), deletions (blue), and substitutions (green). msDNA production relative 
to wild-type msDNA is shown across the nucleotide positions in the ncRNA from 5’ to 3’. The black line on 
top is the mean of msDNA production of all the changes at that nucleotide position. Each open circle 
represents the mean of three biological replicates. g. msDNA abundance of removing complementarity 
(black) and restoring complementarity (white) of stem P4 with different nucleotides along the distance from 
stem base relative to wild-type msDNA abundance. Each circle represents the mean of three biological 
replicates with error bars representing the standard error. The effect of breaking the stem is significant (one-
way ANOVA using only broken stem and wild-type data, P<0.0001) at positions 1, 4, 5, 6, 7, 8, 18, 20, and 
21 compared to the wild-type stem (position 1, P=0.005; position 4, P=0.0254; position 5, P=0.0261 position 
6, P=0.0194; position 7, P=0.0007; position 8, P=0.003; position 18, P=0.0045; position 20, P=0.0164; 
position 21, P=0.0208) (Dunnett’s, corrected). Restoring the stem structure significantly increases msDNA 
production only at positions 7 and 21 (position 7, P=0.0023; position 21, P=0.0285) (Bonferroni corrected 
for multiple comparisons). h. msDNA abundance of removing complementarity (black) and restoring 
complementarity (white) of stem P2 with different nucleotides along the distance from stem base relative to 
wild-type msDNA abundance. Each circle represents the mean of three biological replicates with error bars 
representing the standard error. The effect of breaking the stem is significant (one-way ANOVA using only 
broken stem and wild-type data, P<0.0001) at all positions compared to the wild-type stem except position 
7 compared to the wild-type stem (position 1, P<0.0001; position 2, P<0.0001; position 3, P<0.0001; 
position 4, P<0.0001; position 5, P<0.0001; position 6, P<0.0001; position 7, P=0.7977; position 8, 
P=0.0029) (Dunnett’s, corrected). Restoring the stem structure significantly increases msDNA production 
at positions 1, 2, 3, and 5 (position 1, P=0.01; position 2, P=0.001; position 3, P<0.0001; position 5, P=0.03) 
(Bonferroni corrected for multiple comparisons). i. msDNA abundance of removing complementarity (black) 
and restoring complementarity (white) of stem P3 with different nucleotides along the distance from stem 
base relative to wild-type msDNA abundance. Each circle represents the mean of three biological replicates 
with error bars representing the standard error. The effect of breaking the stem is significant (one-way 
ANOVA using only broken stem data, P<0.0001) at all positions compared to the wild-type stem (position 
1, P<0.0001; position 2, P<0.0001; position 3, P<0.0001; position 4, P<0.0001; position 5, P<0.0001) 
(Dunnett’s, corrected). Restoring the stem structure only significantly increases msDNA production in 
position 1 (P=0.0041) (Bonferroni corrected for multiple comparisons). j. Eco1 reverse transcriptase 
recognition motif UUU in the terminal loop of stem P3. k. msDNA production of every permutation of Retron-
Eco1 reverse transcriptase recognition motif relative to wild-type msDNA abundance. Position 1 is shown 
at the top of the heat map, Position 3 on the left, and Position 2 on the bottom. msDNA production is scaled 
with on the red-white colorbar, while the standard deviation is represented by the blue around the squares 
of the heatmap. Each square represents the mean of three biological replicates. There is a significant effect 
of the RT recognition motif (one-way ANOVA, P<0.0001), with every permutation significantly different than 
the wild-type UUU (P<0.0001) except UUA and AUU (P=0.8991 and P=0.0551, respectively) (Dunnett’s, 
corrected). 
 

 

Machine Learning on Libraries Reveals Novel Variables to Increase mDNA Production 

Though we tested ~3,400 variants of the Retron-Eco1 ncRNA including all single-

nucleotide substitutions, a variant library of all possible nucleotide combinations would 

number on the order of 1090 variants, without including insertions and deletions. 

Therefore, to explore more of the possible sequence space, we used the ncRNA variant 
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library data to create a machine learning algorithm capable of predicting novel retron 

ncRNA sequences with enhanced msDNA production. The experimental values across 

~3400 measurements were inverse normal transformed and split into a train, validation, 

and test sets. A convolutional neural network, named retDNN, was then used to learn the 

relationship between sequence and msDNA levels. The retDNN model comprises of two 

computational blocks and a residual dilated convolution block followed by a two-layer 

perceptron. The model was trained on 3084 measurements and tested on the held-out 

set, achieving an R=0.671 performance (R=0.775 on the training set) (Fig 4-2a-b). We 

then queried the retDNN model with in silico variants, including a P4 stem-loop of varying 

GC content. Interestingly, the model predicted that lowering GC content in the P4 stem-

loop would increase msDNA production over wild-type, something untested in the original 

variant library. To validate this prediction, we synthesized and cloned the 500 queried 

variants of differing GC contents (25 variants per 10% GC content range) and 

experimentally validated msDNA production relative to wild-type through the same 

sequencing pipeline as above. As the algorithm predicted, lower GC percentages of the 

P4 stem-loop produced more msDNA (Fig 4-2c).  
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Figure 4-2: Machine learning on variant libraries guides novel predictors of msDNA production. 
a. Machine learning algorithm performance on training set of ncRNA variants from E. coli. Input is ncRNA 
sequence and output is inverse-normalized variant msDNA production. Each open circle represents an 
individual ncRNA sequence. Linear regression R and P-values of ML predicted activity vs. observed activity 
annotated on the plot. b. Machine learning algorithm performance on held-out test data. Each open circle 
represents and individual ncRNA sequence. Linear regression R and P-values of ML predicted activity vs. 
observed activity annotated on the plot. c. Predicted (blue) and experimentally-determined (purple) msDNA 
production of varying GC percentages in stem P4. Open circles represent means of two biological replicates 
of individual ncRNA variants and closed circles represent the mean of all ncRNA variants tested for that 
GC percentage. Linear regression slope of the predicted (blue) points has a slope of -0.0156 and a P-value 
of <0.0001. Linear regression slope of the observed (purple) points has a slope of -3.7995 and a P-
value=0.0069. 

 

Editing Performance in S. cerevisiae of Retron-Eco1 ncRNA Variant Libraries 
Efficient msDNA production is critical for retron biotechnology, including the use of 

msDNA as the donor for precise genome editing. In this context, a Retron-Eco1 ncRNA 

is modified to encode a precise repair donor in the stem-loop of P4 and a guide RNA for 

Cas9 double-strand DNA cleavage at the 3’ end of the ncRNA. This combination of 

CRISPR-Cas9 and retron immune systems has been called CRISPEY in yeast1 or as an 

editron1 to encompass its use in all eukaryotic cells. After determining the effect of ncRNA 

variations on msDNA production in E. coli, we sought to extend this understanding to 

editing and additionally investigate how donor, guide RNA, and ncRNA chassis variants 

all together affect precise editing rates in eukaryotes. 
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We designed a library to assess the contributions of structural, cut site, and donor 

variables to precise genome editing by encoding unique donors in the P4 loop of the 

ncRNA, with each donor variant inserting a unique 10-bp barcode into the yeast genome 

at a designated site, along with changing the NGG S. pyogenes Cas9 protospacer 

adjacent motif (PAM) to NAT to prevent re-targeting of the edited site.  We synthesized 

variant libraries for the same variables across three unique sites: two artificial, constructed 

sites with designed, symmetric PAMs around the edit site, and one site from the human 

genome (an intron in the NPAS2 gene) with the same PAM locations as the constructed 

sites. These three sites were independently integrated into the HIS locus of S. cerevisiae 

to interrogate the local sequence effects on the editing efficiency, while ensuring the 

editing site remains active and open by also providing a copy of the HIS gene in HIS 

auxotrophic yeast, and maintaining strains in -HIS media.  

In these variant libraries, we assessed: 5 donor lengths (54, 64, 78, 94, and 112 

nucleotides), 5 homology arm symmetries about the edit site per donor length, msDNA 

donors that are complementary to the target or non-target strand, and 5 different cut sites 

(-16, -8, 0, +8, +16 relative to barcode insertion point), leading to 175 donor/gRNA 

combinations per site (Fig 4-3a). We then combinatorially combined these donor/gRNA 

variants with 25 different ncRNA chassis: wild-type -Eco1 ncRNA, CRISPEY ncRNA55, 

the 13 best-performing structural variants from the E. coli variant libraries, and 10 de novo 

predicted ncRNAs from the machine learning algorithm. In all, we tested 4,275 variants 

per site. All variant sequences are included in Supplementary Table 4-6-8. 

Three independent yeast lines were created, each with one of the three sites in the 

HIS locus of the yeast genome along with Cas9 and Retron-Eco1 RT under the control of 
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a GAL1/10 galactose-inducible divergent promoter (Fig 4-3b). These synthesized ncRNA 

variants for each site were encoded on a vector containing other necessary ncRNA 

components (ribozymes, tracrRNA) under the GAL7 galactose-inducible promoter (Fig 4-

3c). After transformation of the editing libraries into yeast, editing was performed for 48 

hours in galactose media. 

To analyze the data, we sequenced the barcode distribution in the plasmid pool 

and the barcodes inserted into the correct site in the yeast genome after 48 hours of 

editing. First, we calculated the proportion of each barcode’s reads in the pool of reads 

(for barcodes edited into the genome: the reads at 48 hours of editing; for barcodes in the 

plasmid pool: the reads as summed over samples taken at 0, 24, and 48 hours of editing). 

This is to integrate the plasmid barcode pool over the entire editing period. Plasmid 

barcode read count was stable over the 48 hours of editing (Extended Data Fig 4-3). 

Then, we normalized the individual barcode proportions as seen in the genome to the 

same barcode’s proportion as seen in the plasmid pool (called barcode representation 

henceforth), and removed barcodes not seen at counts >10 in the plasmid pool or not 

seen at all in the genome pool (percent of working editors per library variable is shown in 

the Extended Data Figure 4-4). We then normalized along the axis of interest. For 

example, when assessing the effect of donor msDNA complementary to either the target 

or non-target strand (target strand: strand complementary to the gRNA/complementary 

to the PAM-containing strand; non-target strand: strand not complementary to 

gRNA/PAM-containing strand), we held all other variables constant (donor length, cut site, 

donor center, chassis) and normalized the target strand barcode representation to the 

non-target strand barcode representation of each specific group. This normalized barcode 
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representation for every barcode for each biological replicate for each site is represented 

as a transparent circle in Fig 4-3d. We then took the median of each biological replicate 

of each site, based on the distribution on the right of Fig 4-3d, and averaged those across 

all sites to obtain the summary figure for that axis of interest. After performing this 

normalization, we found that, on average, target strand donors are worse editors than 

non-target strand donors because the barcode was inserted less often when holding all 

other variables constant, performing at about 50% efficiency as compared to the matched 

non-target strand donors (Fig 4-3e). Both target strand and non-target strand donors have 

about 50% functional editor variants, as other parameters also influence if an editor is 

functional (Extended Data Fig 4-4a). When examining if cut position relative to edit 

affects strand polarity preferences, we find that donors complementary to the non-target 

strand perform worse or equal to donors complementary to the target strand, regardless 

of if the cut is positioned on the 5’ or 3’ side of the edit (Extended Data Fig 4-5). 

We analyzed the effect of cut site positioning relative to insertion point by using 

Cas9 spacer sequences 8 nucleotides apart and analyzing as above, normalizing within-

group to a cut position of 0, the site at which Cas9 cuts directly where the 10-bp barcode 

is then inserted. We noticed that the cut site of -8 for site 2 had an unusually low number 

of working donors (<20%), which was not observed when using other gRNAs at site 2 or 

with the -8 position at sites 1 and 3 (Extended Data Fig 4-4b). Given that we intend to 

quantify the effect of editron parameters and not local sequence around the gRNA we 

excluded editrons with the -8 gRNA at site 2 from analysis. At site 1 and 3, we found that 

an edit on the PAM-proximal side of the cut site performed slightly better (~130% 

efficiency at the cut site of -8 compared to a cut position of 0) and performed much better 
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than an edit on the PAM-distal side of the cut site (~65% efficiency at the cut site of +8), 

with consistency across sites, while cut sites far from the insertion point resulted in lower 

frequency of precise editing (~40-45% efficiency) (Fig 4-3f). However, it should be noted 

that only donors complementary to the non-target strand were included in this part of the 

editron library. 

We examined the effect of donor length, normalizing within-group to a donor length 

of 94 nucleotides. In general, longer donors were more efficient editors than shorter 

donors, with a 54 nucleotide donor editing at ~10% of the rate of to the 94 nucleotide 

donors, while 112 nucleotide had ~130% efficiency compared to the 94 nucleotide donor 

(Fig 4-3g). The percentage of working donors per donor length also increased with donor 

length (Extended Data Fig 4-4c). 

We assessed the effect of donor center and cut site together by first fixing the 

donor length (so each donor length is separately analyzed) and then normalizing within-

group to the centered cut site (0) and centered donor (-5). The data for 94 nucleotide 

donor length is shown, as each different donor length has different donor center points. 

All other donor length results are shown in Extended Data Fig 4-6. As the higher 

normalized barcode representation goes from top left to bottom right for the 94 nucleotide 

donor, it was generally better to center the donor around the cut site than the insertion 

point, except for cases of cut sites very far from insertion point (top left and bottom right). 

In addition, for 94 nucleotide donors, when cut and insertion points were overlapping, a 

slightly PAM-proximal shifted donor performed slightly better than centered, at 110% 

efficiency compared to centered (Fig 4-3h). We observed similar but not identical results 

at other donor lengths (Extended Data Figure 4-6), potentially because symmetry 
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requirements shift as donor length changes or due to outliers in those donor lengths. The 

percentage of working donors for donor center and cut site is included in Extended Data 

Fig 4-7. 

Finally, we analyzed the effect of ncRNA chassis, normalizing within-group to the 

original CRISPEY chassis. In general, no structural variants performed worse than the 

CRISPEY chassis, and several variants performed significantly better (27 bp a1/a2 

extension, 10 and 12 bp P4 stem length, deletion at position 139, C144T and T147A, and 

ML chassis 8 and 9) (Fig 4-3i). Excitingly, we found that the machine learning-predicted 

chassis supported equally high rates of editing despite deviating from the natural 

sequence by 55-80% in the 20 nucleotide ML variable region, or up to 12% over the full 

Retron-Eco1 ncRNA including the 27-bp extended a1/a2 (logo map of ribonucleotide 

usage across the machine learning variable region in Extended Data Figure 4-9). 

Specific machine learning chassis structures and sequences can be found in 

Supplementary Figure 8. We found no evidence of a difference in the percentage of 

working donors across ncRNA chassis (Extended Data Figure 4-10). 



 

 113 

 

Figure 4-3: Precise editing of retron Eco1 editing variant libraries in S. cerevisiae. 
(Figure caption continues on the following page) 
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(Figure caption continued from the previous page) 
a. HDR donor variant schematics and gRNA variants, with 5 donor lengths, 2 donor directions relative to 
the gRNA, and 5 donor centers relative to edit and cut position for a total of 50 donors per editing site. 
There are 5 evenly-spaced gRNAs per site relative to the edit position, for 250 donor/gRNA pairs per site. 
b. There are 25 ncRNA chassis per donor/gRNA combination. Three sites integrated into the HIS locus of 
the yeast genome were tested: two synthesized and one from the human genome (NPAS2 locus). c. 
Schematic for 4,275 variant plasmids per site in the library. Each variant has a unique 10 bp barcode that 
can be read out from the plasmid or from the edit site in the genome. d. All target-strand-homologous 
gRNA/donor variants’ barcode representation normalized against its non-target strand homologous 
gRNA/donor variant, with all other variables held constant (chassis, donor length, center, and gRNA). The 
variants for each site are plotted in different colors, and each biological replicate of a site is summarized 
by the median (left) of the distribution of variants (right). e. Data in Fig 4-3d summarized as the mean of 
all sites and all biological replicates (closed circle) (±standard deviation), with target-strand-homologous 
donors editing at significantly lower frequencies (1-sample t-test; P<0.0001). f. Barcode representation of 
cut sites normalized to the cut site at the barcode insertion site (±standard deviation), with cut sites at -16, 
+8, and +16 editing at significantly lower frequencies (1-sample t-test, Bonferroni correction for multiple 
comparisons; P<0.0001, P<0.0001, P<0.0001 respectively, all other comparisons non-significant). g. 
Barcode representation of donor lengths normalized to 94 nucleotide donor length (±standard deviation), 
with donor lengths <94 nucleotides editing at significantly lower frequencies (1-sample t-test, Bonferroni 
correction for multiple comparisons; P<0.0001, P<0.0001, P<0.01 respectively, all other comparisons 
non-significant). h. Heat map of normalized barcode representation of cut site vs. donor center (94 
nucleotide donor length), normalized to the cut site at the barcode insertion site, and donor center of 5 bp 
upstream the barcode insertion site. Cut site and donor center interact significantly (two-way ANOVA; P-
value of interaction < 0.0001) i. Barcode representation of all chassis ncRNA normalized to the CRISPEY 
ncRNA (±standard deviation) Chassis with a1/a2 27-bp length, 10-bp and 12-bp P4 length, deletion at 
position 139, substitutions at C144T and T147A, and ML chassis 8 and 9 all edit at significantly higher 
frequencies (1-sample t-test, Bonferroni correction for multiple comparisons; P=0.004, P=0.028, P=0.036, 
P=0.019, P=0.049, P=0.019, P=0.024, and P=0.009 respectively).  

 

Library-Informed Optimization of Human Editing 

We next sought to understand if design rules learned in E. coli and S. cerevisiae 

extend to editing in human cells. Editrons contain the same constituent parts in human 

cells as in yeast, except for the editing ncRNA is driven by an H1 promoter for nuclear 

retention rather than being flanked by ribozymes. Our plasmids included an EGFP and 

Retron-Eco1 RT separated by a P2A driven by a CAG constitutive promoter and a ncRNA 

containing an editing donor fused to a sgRNA driven by a Pol III H1 promoter. The addition 

of the EGFP enables selection of cells successfully transfected with at least one copy of 

the editing plasmid. The editing donors consist of consist of a sequence homologous to 

the desired editing site in the genome but including a PAM recode (NGG>NAT), and a 
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single nucleotide change. We chose to target an intron in the endogenous NPAS2 site for 

human validation, using the exact ncRNA constructs used in the yeast libraries. All donors 

tested are included in Supplementary Table 4-5. 

The editron plasmids were transfected into HEK293T cells containing an integrated 

doxycycline-inducible Cas9, whose expression was induced 24 hours before transfection. 

Cells were collected three days after transfection and sorted via FACS to only include live 

and transfected cells, eliminating any variability to due transfection efficiency (Fig 4-4a). 

We used gRNA 5 for human validation, after an initial screen for gRNA efficacy showed it 

to have the highest rates of insertions/deletions (indels) of the 3 tested gRNAs, indicating 

highest cutting efficiency (Fig 4-4b). Consistent with our earlier findings in yeast, we 

demonstrated that a longer donor and a donor homologous to the non-target strand 

improve editing efficiency (Fig 4-4c-d). A 112 nucleotide donor increased precise editing 

from ~5% to ~12%, while a non-target strand homologous donor increased editing from 

~4% to ~12%.  

We chose to validate three chassis modifications in human cells. Longer a1/2 

length increased editing compared to wild-type a1/a2 length. Excitingly, ML modifications 

enabled successful editing despite only 30% sequence similarity to wild-type, 

demonstrating the flexibility of the region (Fig 4-4e). Next, we sought to determine the 

ideal positioning of both the edit and the donor relative to a set cut site. We tested 3 edits: 

a middle edit at the cut site, an edit 20 bp upstream of the cut site, and an edit 20 bp 

downstream of the cut site. For each of these edits, we tested a donor which was non-

symmetric about the edit with more homology on the 5’ side of the non-target strand, 

centered on the edit, or non-symmetric about the edit with more homology to the 3’ side 
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of the edit site on the non-target strand (Fig 4-4f). All donors used were complementary 

to the non-target strand. We found that placing an edit at the cut site and on the PAM-

proximal side both allowed successful editing, with a slight trend favoring the central cut. 

Additionally, the trend shows that a donor centered on the cut or with more homology on 

the PAM-proximal side donor both enable editing. None of the conditions with the edit on 

the PAM-distal side were edited successfully (Fig 4-4g). 

Based on all our variant testing, we provide a set of generalizable design principles 

for creating future editrons for new targets. Testing several gRNAs to achieve optimal 

cutting efficiency is an important first step based on our findings showing the variability in 

indel rates among guides. Donors should be parallel to the guide and complementary to 

the non-target strand as msDNA, with a 112 nucleotide donor having the highest precise 

editing rate. Additionally, the cut should be centered or non-symmetrically shifted towards 

the PAM-proximal side of the non-target strand. When modifying the ncRNA, the a1/2 

should be extended at least to 23bp. We also demonstrate flexibility in the 3’ region and 

the P4 length of the ncRNA, allowing for modifications as needed (Fig 4-4h). 
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Figure 4-4: Validating yeast editing libraries with individual human variants.  
a. Human editing schematic. HEK293T cells were transfected with a plasmid containing the editing ncRNA 
variant with a single nucleotide transversion as a precise edit, along with recoding the PAM NGG to NAT. 
The plasmid also contained a constitutively-driven GFP-P2A-Eco1 RT. The editron targeted an intronic 
region of the NPAS2 gene on Chromosome 2 (“site 3” in the yeast data in Figure 4-3). The HEK293T line 
also had semi-randomly-integrated S. pyogenes Cas9 by PiggyBac transposase under a dox-inducible 
promoter and a C-terminal NLS. 72 hours after transfection, the HEK293T cells were sorted as GFP+/DAPI- 
(alive transfected cells) and their genomes were sequenced for precise edits. b. Indel percent of the three 
tested gRNAs. Individual biological replicates are open circles. All gRNA indel rates are statistically different 
from one another (one-way ANOVA, P<0.0001; Bonferroni post-hoc test showed P<0.05 for all 
comparisons). c. Precise editing percentages of 52 nucleotide and 112 nucleotide long donors. Individual 
biological replicates are open circles. The 112 nucleotide donor is a significantly more efficient editor (paired 
t-test, P=0.025). d. Precise editing percentages of target and non-target strand homologous donors. 
(Figure caption continues on the following page) 
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(Figure caption continued from the previous page) 
Individual biological replicates are open circles. Non-target strand homologous donors are significantly 
more efficient editors (paired t-test, P=0.043). e. Precise editing percentages of four ncRNA chassis: wild-
type Eco1 ncRNA, extended P1 (a1/a2) (23 and 27 bp), and machine learning chassis 9. Individual 
biological replicates are open circles. There is a significant effect of ncRNA chassis (one-way ANOVA, 
P=0.01), with a1/a2 extensions of 23 (P=0.0267) and 27 bp (P=0.0046) performing significantly better than 
wild-type, and ML chassis 9 not performing worse than wild-type (P=0.0993) (Dunnett’s, corrected). f. 
Schematic of donor center relative to precise edit site and cut site. Three precise edits were spaced 20 bp 
apart, with the cut site centered on the middle edit. Three different donor positions were used per edit: 5’-
sided, centered, and 3’-sided. g. Precise editing percentages of the 9 different donor center/edit 
combinations. Three datapoints in the central cut/centered donor are repeated from (d), as these replicates 
served as the controls for both the donor center/cut site experiment and the target strand experiment. There 
is a significant effect of edit site and donor symmetry (one-way ANOVA, P=0.0002), with all edits on the 
PAM-distal side of the cut (P=0.0014 for 5' donor center, P=0.0012 for centered donor, P=0.0016 for 3' 
centered donor) and the 3’ donor center on the PAM-proximal side (P=0.0009) performing significantly 
worse than a central cut and edit (Dunnett’s, corrected).  h. Schematic illustrating final recommendations 
for editron design. 
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4.4 Discussion 

In this work, we comprehensively evaluated the effect of ncRNA variations on 

msDNA production in bacteria from which we trained and validated a ML model. We then 

evaluated the effect of variations in donor and gRNA, along with ncRNA structure, on 

editing efficiency in yeast; and validated the major findings in human cells. From these 

variant libraries, we found that the msd region of the ncRNA is generally tolerant to 

alterations, specifically the stem-loop P4, in which programmable sequences for 

biotechnology can be inserted, like a donor sequence for precise editing or a transcription 

factor motif for attenuating transcription factor activity. We also characterized regions of 

the msr that are required for efficient reverse transcription, such as testing every 

permutation of the RT recognition motif in stem-loop P3 where the Retron-Eco1 RT 

initiates reverse transcription89 and the UAGC sequence which includes the priming 

guanosine1. In terms of editing parameters, we found higher rates of editing by increasing 

donor and a1/a2 length, and using a centered or slightly asymmetric donor with more 

homology on the PAM-proximal side of the non-target strand. We also demonstrated 

significant flexibility in the 3’ side of the msd sequence for editing, which we altered with 

targeted deletions, single-nucleotide changes, and stem length alterations. We also 

changed the 3’ side of the msd region to machine learning predicted de novo variants of 

55-80% difference from the wild-type sequence in the 20 nucleotide ML variable region, 

or up to 12% over the full Retron-Eco1 ncRNA. 

Editrons are conceptually similar to another precise editing approach called prime 

editing, which uses a nickase Cas9 fused to a promiscuous reverse transcriptase and a 

gRNA fused to a short donor. The RT extends from the nick using the donor to introduce 
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a precise modification after flap excision and heteroduplex resolution1. Editrons use 

prokaryotic, retron RTs, in contrast to the mammalian, viral MMLV RT most typically used 

in prime editors. Retron RTs are smaller than MMLV RT, which can be advantageous for 

delivering parts to cells using plasmids or viruses, and are more processive than MMLV 

RT, which has enabled much longer insertions1 than are possible without adding 

additional proteins, such as Bxb1 recombinase and a recombination donor1 to prime 

editing. While prime editing has been extensively optimized, work like this study is 

necessary to realize the full potential of editrons.  

Our variant libraries agree with previous optimizations with single-stranded 

oligonucleotides (ssODNs) in some aspects, and disagree in others. For example, 

previous work on ssODNs has found that ssODNs of 70-80 nucleotides have the highest 

rate of precise repair, and precise repair rates decline above 80 nucleotides1,2. This is 

contrary to our finding that precise editing rates increase with increasing length of the 

msDNA past the previously-found optimal length of ssODNs. This difference could be due 

to lower DNA transfection of longer oligonucleotides or due to the difficulty of synthesizing 

longer oligonucleotides1. As our donor is created inside the nucleus of the cell by the 

Retron-Eco1 RT, our precise editing method will not be limited by synthesis or transfection 

limitations. We note that, eventually, the Retron-Eco1 RT processivity may hinder 

production of a longer donor, but that we do not believe we have reached that limit in this 

work, or that any processivity losses are offset by precise repair gains. 

Prior optimization work of ssODN donors has also found that donors asymmetric 

about the cut site on the non-target strand have better precise editing outcomes, agreeing 

with our results1–3. After cleavage, Cas9 releases the non-target strand, after which a 3’-
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to-5’ exonuclease, like Klenow, degrades the 3’ flap1. Therefore, homology should be 

biased and asymmetric towards the PAM-proximal side of the non-target strand, as this 

strand is both free and non-degraded. 

We only evaluated asymmetry in a donor homologous to the non-target strand in 

this study. This is because, in both yeast and human, across different cut sites, we find 

donors homologous to the non-target strand result in higher precise editing than the target 

strand, as fits with the mechanism of Cas9 above and to some ssODN studies1. This is 

contrary to other ssODN studies, which find that strand polarity preference depends on 

cut position relative to the edit1. However, because our editor is a ncRNA reverse-

transcribed into a donor, we have the additional complexity of RNA:RNA hybridization. 

When the reverse-transcribed donor is homologous to the target strand, the gRNA would 

be homologous to the donor before reverse transcription and could cause the gRNA to 

be “hidden” from Cas9 through base pairing with the ncRNA donor. This is an additional 

complexity not evaluated in optimizing ssODNs, and may increase the effect we observe, 

with non-target strand complementarity of the donor performing better than target strand 

complementarity and be the reason some ssODN studies find locus-dependence for 

strand preference, while we do not, though more loci will need to be tested before fully 

making this claim1. 

Our first variant library in E. coli was aimed at understanding parameters in the 

retron ncRNA that influence msDNA production. In contrast, our editron variant library 

used editing as the output, consistent with our goal of identifying parameters that 

influence editing. It is possible that some editing gains were due to increased msDNA 

production while others were due to the creation of more favorable donor-target-gRNA 
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interactions. It is likely that the final optimized parts strike a balance between gains in 

msDNA production and gains from having ideal editing components. Ultimately, our high-

throughput approach to testing thousands of variants enabled us to sample a wide space, 

including potential compromises between the multiple parameters influencing editing, 

which would have been impossible with traditional experiments testing one parameter at 

a time.    

To our knowledge, this is the first demonstration of using variant libraries to train a 

ML library that we can query with de novo retron ncRNA sequences to assess their 

possible msDNA production. This high-throughput computational approach allowed us to 

screen many more sequences in silico than currently possible experimentally. Through 

this, we queried and validated new aspects of the ncRNA that can increase msDNA 

production, and thus editing. Importantly, we were able to use the output of the ML model 

to make semi-synthetic ncRNAs that are as functional as wild-type. 
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4.5  Methods 

Biological replicates were taken from distinct samples, not the same sample 

measured repeatedly. For E. coli variant libraries, each biological replicate is an 

independent electroporation and expression of the libraries into the strain bSLS.114. For 

S. cerevisiae variant libraries, each biological replicate is an independent transformation 

and expression of the variant libraries using a scaled-up version of the Zymo Frozen-EZ 

Yeast Transformation II Kit into the respective yeast strains containing the editing site. For 

human validation, each biological replicate is an independent transfection and expression 

of variants using Lipofectamine 3000 into a Cas9-containing HEK293T cell line. 

All statistical tests and P-values are included in Supplementary Table 4-1. 

 

Constructs and strains 

A derivative of BL21-AI cells was used for all E. coli variant library experiments. 

This derivative, bSLS.114, has the endogenous Retron-Eco1 operon replaced by a 

chloramphenicol resistance cassette flanked by FRT recombinase sites using the method 

developed by Datsenko and Wanner1. This knock-out cassette was amplified from pKD3, 

adding homology arms to the Retron-Eco1 locus with PCR primers, and electroporated 

into BL21-AI cells with the Lambda Red recombination machinery (pKD46). After 

selecting clones on 10 µg ml–1 chloramphenicol plates, we genotyped to confirm the 

locus-specific knock-out and then excised the chloramphenicol resistance cassette using 

the FLP recombinase (pMS127). 

All yeast variant libraries were cloned into pKDC.100, which contains, under 

control of a Gal7 promoter, the 5’ end of the msr/msd and PaqCI Golden Gate restriction 
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enzyme sites at the 3’ end of the msd for insertion of variant parts. This plasmid contains 

a URA3 selection marker and an episomal origin of replication (CEN/ARS), and was 

constructed using Gibson assembly, with a Twist-synthesized gBlock containing the 

PaqCI sites and a PCR-amplified linear pSCL03942. Yeast plasmids containing the three 

editing sites in the HIS3 site were based off pZS.1571. These three variants (pSCL194: 

site 1; pSCL195: site 2; pSCL368: site 3) all contain galactose-inducible Retron-Eco1 RT 

and S. pyogenes Cas9 (Gal1-10 promoter) along with their respective sites. These 

plasmids were all constructed using Gibson assembly, using pZS.157 to create the 

backbone and Twist-synthesize gBlocks containing the editing sites. The strains 

containing these editing sites along with Cas9 and Retron-Eco1 RT were made using 

LiAc/SS carrier DNA/PEG transformation1 of BY4742 . The respective plasmids were 

linearized using KpnI and transformed into BY4742 for homologous recombination into 

the HIS3 locus. Clones with selected on SD-HIS media.  

All human vectors are derivatives of pSCL.27345, itself a derivative of pCAGGS. 

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 by Gibson Assembly or Golden Gate cloning. Our backbone 

incorporated an EGFP-P2A and Eco1RT into pSCL.273. Twist-synthesized gBlocks 

encoding our various ncRNA donors were cloned into this backbone (pKDC.154) via 

Golden Gate Reaction with PaqCI. Plasmids were subsequently midi-prepped according 
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to manufacturer instruction (Qiagen 12143). Human experiments were carried out in a 

HEK293T cell line which expresses Cas9 from a Piggybac-integrated, TRE3G-driven, 

doxycycline-inducible (1 μg/ml) cassette, which we have previously described42. 

All strains/lines are listed in Supplementary Table 4-3, and all plasmids in 

Supplementary Table 4-2. 

 

Variant library cloning 

E. coli variant cloning was done as previously described42 using BsaI Type IIS 

restriction sites and Golden Gate cloning. After high-efficiency cloning and 

electroporation, variant libraries were miniprepped for electroporation into the 

experimental strain (bSLS.114, described above). All E. coli variant parts were 

synthesized by Agilent. 

All S. cerevisiae variant parts were synthesized by Twist. The variant part of the 

editron ncRNA was flanked by PaqCI Type IIS restriction sites and specific primers to 

amplify out sublibraries from a larger synthesis run. Each variant part was padded by 

random nucleotides to 250 bp on the 3’ end, and sublibraries were segregated by original 

variant part length (gated to each sublibrary having < 10% variance in the length) to avoid 

library bias with amplifying out sublibraries by PCR. Variant sublibraries were then 

combined with pKDC.100 in a Golden Gate reaction using PaqCI and the PaqCI activator 

(2:1 ratio), and T4 DNA ligase (NEB) to generate cloned sublibraries at high efficiency 

after electroporation into a cloning strain (ECloni Elite 10G, Biosearch Technologies). 

Sublibraries were then midiprepped and combined based on the number of variant parts 
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in the sublibrary and the DNA concentration to create a final pooled library with equal 

distribution of variant parts (QIAGEN). 

 

Variant library expression and sequencing 

E. coli variant libraries were grown overnight and diluted 1:500 into expression 

media (arabinose and IPTG for the ncRNA, and erythromycin for the RT). At dilution, we 

also took a pre-expression sample. We then grew the cells for 5 hours shaking at 37 C. 

After expression, we took two samples: one for variant plasmid quantification and the 

other for msDNA quantification.  

The pre-expression and post-expression plasmid samples were mixed 1:1 with 

water and boiled at 95 C for 5 minutes, then plasmid variants were amplified using PCR 

primers Eco1_Variant_Plasmids_for_Sequencing_F and 

Eco1_Variant_Plasmids_for_Sequencing_R. msd variant plasmids were identified by 

their altered sequence without barcodes, while msr variant plasmids were identified by 

the matched barcode in the msd on the plasmid amplicon.   

The msDNA expression sample was prepared as previously described42. Briefly, 

DNA was purified using a modified miniprep protocol, treated with RNase A/T1 (New 

England Biolabs), and purified with ssDNA/RNA Clean & Concentrator kit from Zymo 

Research. After ssDNA isolation, we either amplified the DNA barcode with primers 

containing Illumina adapters (msr sublibraries msDNA samples; primers: 

Eco1_msdloop_for_Sequencing_F, Eco1_msdloop_for_Sequencing_R) or performed a 

non-sequence-biased sequencing preparation (msd msDNA sublibraries). To amplify 

msDNA without prior knowledge of the sequence, we treated the sample with DBR1 
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(Origene), extended the 3’ end with dCTP with TdT. We used Klenow fragment (3’à5’ 

exo-) to create the second complementary strand using a primer with six guanines and 

an Illumina adapter. After creating the second strand, we ligated an Illumina adapter to 

the 3’ end of the complementary strand using T4 ligase. All products were indexed and 

sequenced on the Illumina MiSeq. Sequencing primers are listed in Supplementary 

Table 4-4. 

All yeast variant libraries were transformed into their matched strain using a 40x 

scaled-up version of the Zymo Frozen-EZ Yeast Transformation II Kit. After a recovery for 

1 hour in YPD and an overnight growth shaking at 30 C in 2% raffinose SD -URA -HIS, a 

time=0 hr sample was taken and then yeast were passaged to 0.2 OD into 50 mL 2% 

galactose SD -URA -HIS. Cells were then grown for 24 hours shaking at 30 C, a time=24 

hr sample was taken. The yeast were then passaged again to 0.2 OD in 50 mL 2% 

galactose SD -URA -HIS and grown for another 24 hours shaking at 30 C. After a total of 

48 hours of editing, the yeast optical densities were measured again and two aliquots of 

500 million cells each were collected for the time=48 hours plasmid and genome sample. 

Yeast gDNA was extracted as previously described42. Briefly, cells were lysed in 

120 μL lysis buffer (100 mM EDTA pH 8, 50 mM Tris-HCl pH 8, 2% SDS) and boiled for 

15 min at 100 C. After cooling the lysate on ice, proteins were precipitated by adding 60 

uL of ice-cold 7.5 M ammonium acetate and incubating at -20 C for 10 min. The samples 

were centrifuged at 17,000g for 15 min to pellet the protein, and the supernatant 

containing the gDNA was transferred to a new tube. The gDNA was precipitated in 1:1 

ice-cold isopropanol at 4 C for 15 min, and then washed twice with 200 μL ice-cold 70% 

ethanol. The DNA pellet was dried at 65 C for 5-10 minutes to evaporate all ethanol, and 
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resuspended in 40 μL water. Genomic DNA samples for deep-sequencing were then 

amplified using primers around the editing site containing Illumina adapters. All products 

were indexed and sequenced on the Illumina MiSeq. Sequencing primers are listed in 

Supplementary Table 4-4. 

Yeast plasmid DNA was extracted as previously described136. The Zymo Yeast 

Miniprep Kit was scaled up to 500m cells. Briefly, we resuspended yeast in 1 mL digestion 

buffer and 30 uL zymolyase, and digested the cell wall for 3 hrs shaking at 900 rpm at 37 

C. We then added 1 mL of solution II (lysis buffer) to the tubes, split the sample across 

multiple microcentrifuge tubes, and added 1:1 solution III (protein precipitation buffer). We 

then spun down the tubes and sequentially added the supernatant to the Zymo Yeast 

Miniprep spin column. After reconsolidating the sample, we washed the spin column with 

550 μL wash buffer and eluted in 20 μL pre-warmed ultra-pure nuclease-free H2O at 37 

C. 

To prepare the plasmid samples for sequencing without the creation of hybrid 

products, we amplified the plasmid barcodes using 50 ng of plasmid DNA and 16 cycles 

of amplification, performing 8 reactions in parallel per sample using primers containing 

the Illumina adapters. We then pooled the PCRs for each sample and removed primer-

dimers through size-selective bead clean-up. We then use 5 μL of the cleaned-up plasmid 

DNA amplicons for indexing and sequencing on the Illumina MiSeq. Sequencing primers 

are listed in Supplementary Table 4-4. 
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Machine learning submethods 

We split the Retron-Eco1 ncRNA variants and the associated msDNA production 

values into 2930 training sequences, 154 validation sequences, and 342 test sequences. 

We then trained a convolutional neural network using one-hot-encoded retron ncRNA 

sequences as inputs and msDNA production as the output. The model parameters that 

were optimized using Ray Tune were number of layers, step size, and number of dilations 

with a 3:1 train:validation scheme. The final model was made of two computational blocks 

and a residual dilated convolution block followed by a two-layer perceptron. All model 

code will be available on GitHub prior to peer-reviewed publication. 

 

Human editing expression and analysis 

All HEK cells were cultured in DMEM + GlutaMax supplement (ThermoFisher 

10566016) + 10% HI-FBS. 6-well cultures were transiently transfected with 7.32 ug of 

plasmid per well using Lipofectamine 3000 (ThermoFisher). 24 hrs after transfection, 

doxycycline was refreshed and cultures were passaged into T-25 flasks to be grown for 

an additional 48 hrs. Three days after transfection, cells were collected for FACS sorting. 

DAPI dye was added to stain for live/dead and cells were gaited on DAPI and GFP with 

untransfected cells used as a negative control for background (BD FACSAria Fusion). 

 

Human sample preparation 

To prepare samples for sequencing, sorted cells were collected and gDNA was 

extracted using a QIAamp DNA Mini Kit according to the manufacturer’s instructions. DNA 

was eluted in 50 μl of ultra-pure, nuclease-free water. 
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2 μl of the gDNA was used as template in 25-μl PCR reactions with primer pairs to 

amplify the locus of interest which also contained adapters for Illumina sequencing 

preparation. Lastly, the amplicons were indexed, and sequenced on an Illumina 

MiSeq/NextSeq instrument. 

 

msDNA production quantification 

msDNA production was quantified as previously described42. Briefly, custom 

Python software was used to extract the variant counts from the plasmid and msDNA 

samples. We then normalized raw counts to relative abundance (raw count over the total 

number of raw counts) and a variant’s msDNA relative abundance to the same variant’s 

plasmid relative abundance, using the average of the pre- and post-induction plasmid 

abundances to integrate the plasmid abundance over the 5-hr expression window. Finally, 

these relative abundances were normalized to the Retron-Eco1 wild-type abundance, set 

at 100%. 

 

Editing rate quantification 

Custom software was built to quantify library-scale and individual validation editing 

rates in yeast and human cells. For yeast variant libraries, raw barcode counts were pulled 

from the 48-hr genome (editing site) samples, and the 0-, 24-, and 48-hr plasmid samples. 

The read counts from the plasmids were summed across the three time samples to 

integrate the plasmid abundances over the editing window, and then each barcode read 

count was normalized against all barcode read counts in that sample. The relative 
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abundance of an editor’s barcode in the genome was then divided by the relative 

abundance of an editor’s barcode in the integrated plasmid pool. 

For human validation of individual variants, custom software was used to assess 

the number of reads with the precise edit divided by the number of reads with the wild-

type sequence. All software used in the analysis of this paper is available on GitHub. 

 

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 are available in the NCBI SRA 

(PRNJNA1121319). 

 

Code availability 

Custom code to process or analyze data from this study will be made available on 

GitHub prior to peer-reviewed publication: https://github.com/Shipman-

Lab/retron_ncRNA_ML_libraries/tree/master and at DOI: 10.5281/zenodo.14058431 
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4.6 Supplementary Information 

 

Extended Data Fig 4-1: Substitution, deletion, and insertion sub-library msDNA production in E. coli.  
(Figure caption continues on the following page) 
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(Figure caption continued from the previous page) 
 a. Retron-Eco1 ncRNA structure. b. msDNA production of NàA nucleotide swap, starting at a specified 
ncRNA position relative to wild-type msDNA. Each open circle represents an individual biological replicate. 
c. msDNA production of NàC nucleotide swap, starting at a specified ncRNA position relative to wild-type 
msDNA. Each open circle represents an individual biological replicate. d. msDNA production of NàG 
nucleotide swap, starting at a specified ncRNA position relative to wild-type msDNA. Each open circle 
represents an individual biological replicate. e. msDNA production of NàT nucleotide swap, starting at a 
specified ncRNA position relative to wild-type msDNA. Each open circle represents an individual biological 
replicate. f. msDNA production of single-base deletions, starting at a specified ncRNA position relative to 
wild-type msDNA. Each open circle represents an individual biological replicate. g. msDNA production of 
two-base deletions, starting at a specified ncRNA position relative to wild-type msDNA. Each open circle 
represents an individual biological replicate. h. msDNA production of 3-base deletions, starting at a 
specified ncRNA position relative to wild-type msDNA. Each open circle represents an individual biological 
replicate. i. msDNA production of 4-base deletions, starting at a specified ncRNA position relative to wild-
type msDNA. Each open circle represents an individual biological replicate. j. msDNA production of 5-base 
deletions, starting at a specified ncRNA position relative to wild-type msDNA. Each open circle represents 
an individual biological replicate. k. msDNA production of single-base insertions, starting at a specified 
ncRNA position relative to wild-type msDNA. Each open circle represents an individual biological replicate. 
l. msDNA production of 3-base insertions, starting at a specified ncRNA position relative to wild-type 
msDNA. Each open circle represents an individual biological replicate. m. msDNA production of 5-base 
insertions, starting at a specified ncRNA position relative to wild-type msDNA. Each open circle represents 
an individual biological replicate. 
 

 

Extended Data Fig 4-2: msDNA production of every permutation of Retron-Eco1 reverse 
transcriptase recognition motif as a barplot.  
msDNA production is relative to wild-type msDNA abundance. Each bar represents the mean of three 
biological replicates. There is a significant effect of the RT recognition motif (one-way ANOVA, P<0.0001), 
with every permutation significantly different than the wild-type UUU (P<0.0001) except UUA and AUU 
(P=0.8991 and P=0.0551, respectively) (Dunnett’s, corrected). Data is the same as is presented in Fig 4-
1k. 
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Extended Data Fig 4-3: Correlation in plasmid read counts over an example 48-hr editing window in 
S. cerevisiae.  
Correlation between individual plasmid barcode read counts at 0 hr, 24 hr, and 48 hr of editing for the first 
biological replicate of the site 1 library. Each open circle represents an individual barcode read count. 
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Extended Data Fig 4-4: Fraction working editors for different editing variables.  
a. Fraction working donors that are complementary to the non-target strand vs. target strand when reverse-
transcribed into donor DNA. Each closed circle represents the mean of the three biological replicates for 
that site. b. Fraction working donors across all tested cut sites. Each closed circle represents the mean of 
the three biological replicates for that site. The red closed circle represents the cut site excluded from the 
analysis, as the fraction working donors is below 20%. c. Fraction working donors across all tested donor 
lengths. Each closed circle represents the mean of the three biological replicates for that site. 
 

 

Extended Data Fig 4-5: Normalized barcode representation of target and non-target strand donors 
broken out by cut site. 
All target-strand-homologous gRNA/donor variants’ barcode representation normalized against its non-
target strand homologous gRNA/donor variant for every cut site (±standard deviation), with all other 
variables held constant (chassis, donor length, and center). The variants for each site are plotted in different 
colors, and each biological replicate of a site is summarized by the median (left) of the distribution of variants 
(right). Data is the same as presented in Fig 4-3e. 
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Extended Data Fig 4-6: Normalized barcode representation of donors of varying cut sites vs. donor 
centers in S. cerevisiae. 
Heat map of normalized barcode representation of cut site vs. donor center (54, 64, 78, and 112 nucleotide 
donor length), normalized to the cut site at the barcode insertion site, and donor center of -5 bp from the 
barcode insertion site. Each square represents the mean of all biological replicates across all sites. 

 

 

Extended Data Fig 4-7: Standard deviation of normalized barcode representation of donors of varying 
cut sites vs. donor centers in S. cerevisiae.  
Heat map of the standard deviation of normalized barcode representation of cut site vs. donor center (94 
nucleotide donor length), normalized to the cut site at the barcode insertion site, and donor center of -5 bp 
from the barcode insertion site. Each square represents the standard deviation of all biological replicates 
across all sites. 
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Extended Data Fig 4-8: ncRNA structure and sequence of top machine learning ncRNA chassis.  
CRISPEY and ML chassis were folded using RNAfold (Institute for Theoretical Chemistry, University of 
(Figure caption continues on the following page) 
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(Figure caption continued from the previous page) 
Vienna webtool) using N10 to stand in for the variable donor region (light blue). msr annotated in grey and 
msDNA annotated in purple. Nucleotides with changes from the CRISPEY reference are highlight in red 
with the nucleotide identity annotated in black. 
 

 

Extended Data Fig 4-9: Usage of ribonucleotides in ML ncRNA chassis across variable region. 
Ribonucleotide height scaled with usage, created by the Python logomaker package. 
 

 

Extended Data Fig 4-10: Fraction working editors across ncRNA chassis.  
Fraction of working donors across all ncRNA chassis. Each closed circle represents the mean of the three 
biological replicates for that site. 
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4.7 Supplemental Files 

Supplementary_Tables_Chapter4_1-5.xlsx 

This PDF file contains: 

• Supplementary Table 4-1: Statistical analysis 

• Supplementary Table 4-2: Plasmids used in this study  

• Supplementary Table 4-3: Strains used in this study 

• Supplementary Table 4-4: Primers used in this study 

• Supplementary Table 4-5: Donors used in this study  

Supplementary_Tables_Chapter4_6-8.xlsx 

• Supplementary Table 4-6: Donors used for Site 1 S. cerevisiae library 

• Supplementary Table 4-7: Donors used for Site 2 S. cerevisiae library 

• Supplementary Table 4-8: Donors used for Site 3 S. cerevisiae library 

Supplementary_Tables_Chapter4_9-18.xlsx 

• Supplementary Table 9: ncRNAs used for Fig 4-1c,f and Extended Data Fig 4-

1b-e (msd) 

• Supplementary Table 10: ncRNAs used for Fig 4-1c,f and Extended Data Fig 4-

1b-e (msr) 

• Supplementary Table 11: ncRNAs used for Fig 4-1d,f and Extended Data Fig 4-

1f-j (msd) 

• Supplementary Table 12: ncRNAs used for Fig 4-1d,f and Extended Data Fig 4-

1f-j (msr) 
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• Supplementary Table 13: ncRNAs used for Fig 4-1e,f and Extended Data Fig 4-

1k-m (msd) 

• Supplementary Table 14: ncRNAs used for Fig 4-1e,f and Extended Data Fig 4-

1k-m (msr) 

• Supplementary Table 15: ncRNAs used for Fig 4-1g 

• Supplementary Table 16: ncRNAs used for Fig 4-1h 

• Supplementary Table 17: ncRNAs used for Fig 4-1i 

• Supplementary Table 18: ncRNAs used for Fig 4-1k 
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