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Abstract 

 Bacteriophages, or ‘phages’, are bacterial viruses that play a central role in 

microbial ecosystems. Understanding interactions between phages and their bacterial 

hosts has contributed to major advances in modern biology and has positioned phages 

as tools for editing complex microbial communities and as treatments for antibiotic-

resistant bacterial infections. A major impediment to advancing phage biology from 

empirical observations to molecular function has been a lack of high throughput methods 

to systematically profile gene-function or variant-function relationships. As such, the focus 

of this dissertation has been developing and implementing a platform for understanding 

and engineering bacteriophages in a high throughput manner.  

To accomplish this goal I first developed ORACLE, a method for creating abundant, 

unbiased phage libraries that facilitates testing more than 105 phage variants at once. We 

used ORACLE to study the tip domain of the T7 phage receptor binding protein, a key 

region that determines phage activity. We created a deep mutational scanning (DMS) 

phage library of this region and functionally profiled the activity of variants on different E. 

coli hosts. We determined where activity-enhancing substitutions were concentrated and 

revealed host-specific substitutional patterns. Comparison of these results created a 

functional profile for the phage, establishing a high-resolution map of which genetic 

changes drive phage activity. 

We then leveraged the results of our DMS assay to establish a new process called 

Motif Curation to find sequence motifs that were responsible for receptor recognition in 

metagenomic datasets. Motif Curation identified over 104 relevant motifs from diverse 
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metagenomic phages located throughout the T7 tip domain. Our process allowed us to 

identify motifs that are highly divergent from the wildtype sequence which can be sourced 

from diverse, non-homologous phage sequences. Screening these phages revealed 

hundreds of phages with novel host specificity and key combinations of substitutions that 

drive activity and host range. Overall, the platform technology and approaches 

established in this dissertation can be used to interrogate sequence-function relationships 

in phages to create powerful combinatorial libraries to alter phage activity and customize 

phages for differ roles.  

 

 

 

 

 

 

 

 

 

 

 



iv 
 
Dedication 

For Laura. You inspire me every day and make me want to be the best scientist I can be.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 
Acknowledgements 

 Foremost I would like to thank my graduate mentor Srivatsan Raman. Your 

patience and encouragement has motivated me throughout my PhD work, and I greatly 

respect your ability to push forward in exciting new directions in the lab. I have never been 

afraid to try new things or propose new experiments, and for this I am deeply grateful. It 

has been a pleasure working with you and I look forward to our future ventures. 

 I would like to thank my committee members Dr. Kristen Bernard, Dr. Karthik 

Anantharaman, Dr. Nathan Sherer and Dr. Rodney Welch for your continual support and 

feedback. Your questions have always been astute and I’m grateful that we’ve always 

had fun during my committee meetings. 

 Thank you to members of the Raman lab and our collaborators in the 

Anantharaman lab, we have all been in this together. Special thanks to Dr. Kyle Nishikawa, 

Anthony Meger, Dr. Megan Leander, Chutikarn Chitboonthavisuk and Dr. Kris Kieft. Kyle, 

Tony and Megan you all helped me get off my feet with coding and the basics of creating 

the plasmid libraries that define our work. Much of this work would have been a great 

struggle without your help. Chutikarn it has been a pleasure working through phage 

experiments with you. Kris, it has been great working with you on projects over the years. 

Thank you all for your support and kindness throughout my time in the lab. 

Thank you to the Microbial Doctoral Training Program, especially our coordinators 

Cathy Davis Grey and Terra Theim who have kept the ship afloat. This is a great 

community that has created a welcoming and supportive environment. 



vi 
 

Thank you to John DiCaro, my former boss at Covidien/Medtronic before I joined 

graduate school. I learned a lot about science and hard work from you and am grateful 

for your support of my pursuit for a PhD. I wouldn’t be where I am today without your help. 

Thank you to my friends and cohort for your friendship and support. Trips to 

Chicago have been a welcome relief from graduate school and I’m grateful for all the trivia 

and board games we’ve been able to play.   

Thank you to my parents Phil and Stephanie Huss for putting me through college 

and always trusting me. Times haven’t always been easy, but we’ve pulled through 

together. 

Finally, thank you to my wonderful fiancée Laura Alexander. You have always 

been so supportive, so funny, and so smart. Graduate school has been a much better 

experience with you, and I’ve always appreciated that we can talk about each other’s 

science. I love you and can’t wait to tie the knot. 

. 

  

 

 



1 
 

 

Chapter 1 

 

Introduction 

  



2 
 

 

Introduction 

Bacteriophages, or ‘phages’, are bacterial viruses that play an essential role in 

microbial ecosystems. Decades of research exploring how phages interact with their 

bacterial hosts has enabled development of widely used tools in modern biology including 

polymerases, recombinases and CRISPR-Cas systems (Salmond and Fineran, 2015). 

Phages typically have a narrow host range and only infect and kill specific bacteria without 

affecting other bacteria or mammalian cells. This specificity makes them valuable tools 

for targeted killing of drug-resistant bacteria, as programmable biocontrol agents (as 

reviewed in Chapter 2), for precise modulation of the microbiome, gene delivery devices, 

and as diagnostic sensors for pathogens (Canfield and Duerkop, 2020; Chen et al., 2017; 

Clokie et al., 2011; Dedrick et al., 2019; Eskenazi et al., 2022; Hatfull et al., 2022; Mutalik 

and Arkin, 2022; Schooley et al., 2017). Understanding how sequence changes drive 

phage activity is important for tailoring phages for these different roles and allows us to 

determine how phages interact with their hosts in microbial ecosystems. 

Functional studies of phages have been traditionally restricted to evaluating one 

or only a few gene or genome variants, leaving large swathes of the sequence-function 

space unexplored. Traditional phage assays, such as passaging and isolating individual 

plaques, are laborious and simply do not scale for large functional genomics studies. 

Identifying only a few variants that perform well in a certain condition leaves us without a 

molecular understanding of how sequence changes drive phage activity. How might those 

variants fit into the larger picture? How do they compare to other variants in that condition? 

Are they more or less fit than similar variants, and what does that mean for understanding 
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the phage? As reviewed in Chapter 3, a major impediment to advancing phage biology 

from empirical observations to molecular function has been a lack of high-throughput 

methods to systematically and comprehensively profile gene-function or variant-function 

relationships.  

The central focus of this dissertation has been developing and implementing a 

platform for understanding and engineering bacteriophages in a high throughput manner. 

Fundamentally our goal has been to find a way to test many phages, all at once, to create 

a generalized framework to describe sequence-function relationships. This goal had three 

steps. First, we established a method to create a large pool of phage variants, called a 

phage library, which can be easily tested in different conditions. Our approach can 

screen >105 pre-determined phage variants, a dramatic increase in scale compared to 

traditional approaches. Phage variants can be scored using deep sequencing to 

determine which variants do better or worse in different conditions. Second, results can 

be compared to create a functional profile for the phage, establishing a map of which 

genetic changes drive changes in phage activity. Finally, these results can be leveraged 

to create powerful combinatorial libraries to alter phage activity and customize phages for 

differ roles.  

To create the phage library that underpins this analysis we had to overcome two 

key problems, library bias and library abundance. Library bias is the reduction or 

elimination of phage variants due to selection pressure during library formation. Creating 

phage variants necessitates passaging phages on a laboratory bacterial host, which 

inadvertently biases the library towards variants that are more fit on that host. Variants 
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that cannot grow or perform poorly on that laboratory host may be active on different hosts 

or in different conditions. Critically, these variants are likely to be the most relevant to 

understanding or engineering that phage, as they necessarily can affect the activity and 

host range of that phage. Loss of these variants would dramatically reduce our ability to 

understand the sequence-function landscape in a phage. 

Library abundance is the proportion of phages in a phage population that are the 

actual library variants. Many methods for incorporating variant sequences into phages 

are low frequency events, making library abundance a problem. For example, reported 

rates of recombination vary wildly, with rates between 10-10 and 10-3. Consequently, much 

of the phage population remains unrecombined or wild type phages. This effect makes 

screening the phage population substantially more challenging. Dramatically higher 

sequencing volumes are required to detect the variant population, variants can easily fall 

below the limit of detection for the assay, and experimental results were expected to 

become more stochastic. Limiting library bias and ensuring high library abundance was 

thus essential, and no available approach existed that overcame these problems that we 

could use for our desired phages. 

To create an abundant, unbiased phage library I therefore developed a method 

called ORACLE (Optimized Recombination, Accumulation and Library Expression). This 

method is fully described in our publication in Chapter 4. ORACLE uses Cre recombinase 

to insert sequence variants from a plasmid library into phages while they passage through 

a laboratory host. We established that the rate of this recombination was ~10-3 and 

recombined phages had no plaquing deficiency. To minimize library bias, a separate 
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helper plasmid constitutively provides the wildtype gene in trans such that all progeny 

phages can amplify comparably regardless of the fitness benefit or deficient of any variant. 

To increase library abundance, we passage all progeny phages on host with Cas9 

targeting unrecombined phages, retaining the helper plasmid to continue minimizing 

library bias. We showed that recombined phages are successfully enriching >1000 fold 

using this approach. Finally, we propagate the phages once without any plasmid, allowing 

the library variant to become expressed on the phage particles. We showed that using 

ORACLE we successfully retained and expressed 99.7% of desired variants in the final 

phage library, overcoming library bias. Furthermore, the library was highly abundant, with 

most of the phage population (~79.6%) consisted of desired library variants while 

retaining a pre-specified percentage of wildtype and unrecombined phages as controls. 

ORACLE was thus successfully able to create an unbiased, highly abundant phage library, 

and was used to create all phage libraries described in Chapters 4, 5 and 6. 

We used ORACLE to study the tip domain of the T7 phage receptor binding protein 

(RBP), a key region that determines phage activity. Bacteriophage T7 is a podovirus that 

infects E. coli. As a frequently studied obligate lytic phage (i.e. a phage that does not 

integrate into its host’s genome) T7 is well positioned to be engineered for different roles 

targeting E. coli and related bacteria. T7 phages can also tolerate insertion of additional 

genetic cassettes and expression of genes can be easily altered, as demonstrated in 

Appendix 1 and Appendix 2. The RPB of T7 phage consists of six short non-contractile 

tails that form a homotrimer composed of a rigid shaft ending with a β-sandwich tip domain 

(Garcia-Doval and Raaij, 2012). The tip domain is likely the very first region of the tail 
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fiber to interact with host receptor lipopolysaccharide (LPS) and position the phage for 

successful, irreversible binding with the host (González-García et al., 2015; Molineux, 

2001; Qimron et al., 2006). The tip domain is thus a major determinant of host range and 

activity and is often naturally exchanged between phages to adapt to new hosts (Fraser 

et al., 2006, 2007; Lin et al., 2012). Substitutions in this region can significantly alter phage 

activity, and even single amino acid substitutions to this domain are sufficient to alter host 

range between E. coli strains (Heineman et al., 2008). Due to its critical functional role, 

the tip domain was an excellent choice for comprehensive sequence-function profiling. 

Using ORACLE, we created a deep mutational scanning (DMS) phage library of 

the tip domain of T7 phage to functionally profile this region. These results are 

documented in our publication in Chapter 4 (Huss et al., 2021). DMS has been employed 

to study many proteins including enzymes, transcription factors, signaling domains, and 

viral surface proteins (Fowler and Fields, 2014; Lee et al., 2018; Raman et al., 2014; 

Romero et al., 2015). The scale and depth of DMS is used to reveal sites critical for activity, 

host specificity, and stability in a protein. This phage DMS library consists of a pool of 

variants, each with a single substitution in the tip domain, encompassing all nineteen non-

synonymous and one nonsense substitution at each codon spanning residue positions 

472-554 in the RBP (residue numbering based on PDB 4A0T). This library was then 

selected on three susceptible and two resistant E. coli hosts. The relative fitness of each 

variant was scored by determining the abundance of each variant before and after 

selection using deep sequencing. Our study identified hundreds of novel function-

enhancing substitutions that had not been previously characterized. Using this dataset 
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for each host we determined what regions were concentrated with activity-enhancing 

substitutions and host-specific substitutional patterns, many of which were previously 

unknown.  

We then compared results for each host to create a functional profile for the phage, 

establishing a high-resolution map of which genetic changes drive phage activity. Our 

unbiased library was essential for this comparison, as many variants highly active on one 

host performed poorly on others. The functional landscape on each host was unique, 

reflecting both different molecular preferences of adsorption and the fitness of wildtype 

T7 on these hosts. Function-enhancing substitutions were densely concentrated in the 

exterior loops indicating an orientational preference for receptor recognition. However, 

they were also found on other surface residues, albeit less frequently, suggesting 

alternative binding modes of the tip domain for host recognition. This functional profile 

precisely reveals regions that are ideal engineering targets for customizing host range 

and activity and identifies intolerant residues that should be avoided when engineering 

synthetic phages.  

We next sought to leverage the results of our DMS assay and functional 

comparisons to create combinatorial libraries to alter phage activity and customize 

phages for differ roles. We first explored if the functional profile could be leveraged to find 

sequence motifs that were responsible for receptor recognition in metagenomic datasets. 

The results of these efforts are documented in Chapter 5. Recent years have seen a 

staggering increase in metagenomic data for bacteriophages. Phage metagenomes has 

been harvested from diverse sources, including the gut microbiome (Abeles and Pride, 
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2014; Benler et al., 2021; Shkoporov and Hill, 2019; Shkoporov et al., 2019), from oceans 

(Brum and Sullivan, 2015; Coutinho et al., 2017; Luo et al., 2022; Winter et al., 2014), 

and from lakes and soil environments (Bruder et al., 2016; Gu et al., 2021; Pratama and 

van Elsas, 2018; Wu et al., 2021). These metagenomic datasets represent a treasure 

trove of sequences that can be mined to engineer new function and alter activity in phages. 

However, finding sequences that influence phage activity is challenging due to phage 

diversity, with many sequences in metagenomic databases sharing little to no homology 

to previously characterized viruses (Coutinho et al., 2017; Fraser et al., 2006; Hatfull, 

2008). 

To mine the enormous depth of metagenomic databases we thus looked beyond 

homologous phages and instead to short sequence motifs responsible for critical receptor 

interactions (Fraser et al., 2006, 2007; Lin et al., 2012). We reasoned that searching for 

motifs known to be relevant for phage activity was an effective approach to mine 

metagenomic datasets for such motifs without relying on overall protein homology. To 

facilitate our search, we established a new process called Motif Curation which leverages 

functional mapping from our results in Chapter 4 to find sequence motifs in metagenomic 

datasets.  

Using this dataset, we seeded scores for every possible substitution to determine 

which theoretical motifs are most relevant for phage activity. We then determined the 

frequency of the best motifs in NCBI and IMG/VR metagenomic databases to curate a 

final list of candidate motifs. Motif Curation identified over 104 relevant motifs from diverse 

metagenomic phages located throughout the T7 tip domain. We showed how these motifs 
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are found in greater abundance in structural proteins and finding motifs requires correctly 

seeded scores from the DMS set, indicating motifs play a critical functional role. Our 

process allowed us to identify motifs that are highly divergent from the wildtype sequence 

which can be sourced from diverse, non-homologous phage sequences. 

Screening these phages revealed hundreds of phages with novel host specificity. 

Furthermore, we saw that metagenomic motifs from distantly related phages primarily 

drove phage activity, indicating deep mining of metagenomic datasets was essential for 

tuning host range. We examined position and substitution preference across different 

hosts to reveal regions in the T7 RBP more tolerant to multiple substitutions and traced 

key combinations of substitutions that drive activity and host range. We revealed epistatic 

combinations of substitutions that are individually deleterious but when combined show 

dramatic increases in activity. Finally, we identified several variants in our library that 

eliminate pathogenic E. coli causing urinary tract infections (UTIs) that are insensitive to 

wildtype T7, indicating our approach can be used to tune host specificity and increase 

phage activity on many different hosts. 

Results in Chapter 5 thus lay a foundation for identifying motifs in diverse 

metagenomic datasets that influence phage activity. This process can be used to mine 

diverse motifs from non-homologous phage proteins that can tune host range and 

improve phage activity. These results paint a broader picture of the malleability of the tip 

domain of the T7 RBP and how changes in the sequence-function landscape facilitate 

receptor interaction. We envision Motif Curation as a useful tool for tapping into the ever-
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increasing wealth of phage metagenomic data to explain sequence-function relationships 

and engineer phages. 

In Chapter 6 we explored how T7 phage and library variants interacted with E. coli 

BL21 in microgravity aboard the International Space Station. We assessed how wildtype 

phages were affected by microgravity and found that lysis was delayed in this 

environment. We incubated phages with hosts over ~23 days and used whole genome 

sequencing with ~50,000x coverage across the genome to determine which mutations 

accumulate over time and provide an advantage to the phage. We also evaluated our T7 

tip domain DMS library and found a distinct functional profile compared to results seen 

when incubating in gravity. These results highlight new regions in the phage genome that 

alter phage activity and new targets for engineering the phage.  

In Chapter 7, I summarize my findings and propose future directions to improve 

our platform for engineering and understanding bacteriophages. ORACLE and our DMS 

approach are well suited to functionally mapping other genes in T7 and in other phages. 

Natural avenues of research include other structural genes and genes noted to increase 

activity in microgravity from our results in Chapter 6. I also propose evaluating designed 

combinatorial libraries, combining the most relevant substitutions together directly based 

on our DMS screen. This approach parallels and complements Motif Curation as a 

method leveraging our unique understanding of the functional landscape of the tip domain. 

Several technical aspects of ORACLE can also be improved upon, including 

recombination efficiency and our approach for minimizing library bias. I describe 
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experimental approaches that can be used to improve these aspects of ORACLE. Finally, 

I describe preliminary results for using engineered T7 phages to eliminate two clinically 

relevant strains, E. coli serogroup O121 and multidrug resistant Enterobacter cloacae. 

Wildtype T7 has limited activity on these strains but our results indicate combinatorial 

libraries have significantly increased activity on these strains. Using the entirety of our 

approach to functionally characterize and engineer T7 positions this phage as an 

excellent chassis phage that can be tailored to eliminate these pathogens.  

In conclusion I established ORACLE as a method to create abundant, unbiased 

libraries of phage variants which can easily be tested in different conditions. We used 

ORACLE to perform DMS of the tip domain of the RBP of T7 phage and compared these 

results to create a functional map of the tip domain in different environments. We then 

used those results to probe metagenomic databases and created combinatorial libraries 

that drove changes in phage activity and host range. Overall, the platform technology and 

approaches established in this dissertation can be used to interrogate sequence-function 

and engineer phages in a high throughput manner. 
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Abstract 

Phages research has been vital to fundamental aspects of modern biology. Advances in 

metagenomics have revealed treasure troves of new, uncharacterized phages that we 

have yet to understand. However, our ability to find new phages has outpaced our ability 

to understand phages. Traditional approaches for characterizing phages are limited in 

scale and face hurdles determining how changes in sequence drive function. In this 

review, we describe powerful emerging technologies that can be used to clarify sequence-

function relationships in phages through high-throughput genome engineering. Using 

these approaches up to 105 variants can be characterized through pooled selection 

experiments and deep sequencing. We describe caveats when using these tools and 

provide examples of basic science and engineering goals pursuable using these 

approaches. 
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Highlights 
• High throughput approaches can generate large phage libraries that can be 

screened simultaneously in pooled selection experiments and scored using deep 

sequencing. 

• Approaches for creating phage libraries frequently have a tradeoff between 

creating mutations throughout larger areas of a phage genome (breadth) versus 

ability to specify mutations (programmability).  

• Untargeted mutagenesis is a simple and effective approach for introducing random 

mutations and is a useful tool for high-throughput reverse genetics. 

• Targeted mutagenesis can characterize phage-host interactions at a high 

resolution by accurately mapping critical functional regions in a phage genome. 

• Phage deletion libraries can be used to study gene essentiality in different 

environmental and host conditions while insertion libraries can be used to 

characterize metagenomic gene function. 
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High Throughput Approaches Enable Interrogating Phage-Host Relationships and 

Engineering Phages 

Understanding the interactions between bacteriophages (or ‘phages’) and bacteria 

has contributed to major advances in modern biology, including the discovery of 

polymerases, recombinases, and CRISPR-Cas systems(Salmond and Fineran, 2015). 

Phages are also increasingly seen as tools for targeted killing of drug-resistant bacteria, 

precise modulation of the microbiome, gene delivery devices, and diagnostic sensors for 

pathogens (Eskenazi et al., 2022; Hatfull et al., 2022; Mutalik and Arkin, 2022). Over the 

decades, phage biologists have painstakingly isolated and characterized thousands of 

natural phages. Though invaluable in their scope, these studies often lack a molecular 

understanding of how sequence changes drive phage function. A major impediment to 

advancing phage biology from empirical observations to molecular function is the lack of 

high-throughput methods to systematically and comprehensively profile gene-function or 

variant-function relationships. Traditional phage assays, such as plaque assays, simply 

do not scale for large functional genomics studies. As a result, functional studies generally 

are restricted to one or only a few gene or genome variants which leave large swathes of 

the sequence-function space unexplored.  

In this review, we will describe emerging technologies to elucidate sequence-

function relationships in phages through high-throughput genome engineering. These 

approaches enable the functional characterization of up to 105 phage variants using 

pooled selection experiments coupled to deep sequencing and are propelled by a 

confluence of advances in gene editing, DNA synthesis, and large-scale sequencing. 
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These functional genomics approaches have been successfully used in bacterial studies 

and are poised to be implemented in phages. We outline techniques to create diverse 

phage libraries (see Glossary) and explore how these libraries can be selected and 

scored in different contexts to characterize phage-host interactions, understand phage 

evolution and uncover gene function. In addition to being a powerful tool to investigate 

phage biology, these high throughput approaches enable the rational design and 

engineering of phages with novel properties.  

 Tools for creating phage libraries frequently have a tradeoff between breadth of 

genome targeting and programmability of mutations (Figure 1). For example, chemical 

mutagenesis and mutagenesis plasmids can introduce mutations across the entire phage 

genome (higher breadth) but mutations are entirely random (lower programmability). In 

contrast, specific mutations by oligonucleotide pools (higher programmability) can be 

inserted into the phage genome but only at a pre-defined locus (lower breadth). Other 

tools like error-prone PCR or CRISPR base editors have greater breadth but lower 

programmability. The tradeoff between breadth and programmability is thus an important 

consideration when selecting an approach for creating and scoring phage libraries (Figure 

2). In this review, we describe various tools to introduce point mutations, insertions, and 

deletions on the phage genome and how they relate in breadth and programmability. We 

motivate the adoption of high-throughput methods by providing examples of basic science 

questions and engineering goals that can be accomplished using different mutagenesis 

tools (Figure 3). We conclude with general caveats and considerations when making 

phage libraries and employing high throughput screens. 
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Figure 1. Approaches for creating phage libraries have tradeoffs in breadth and 

programmability. 

(A) Approaches that can create point mutations (pink), deletions (purple) and insertions 

(blue) in phage libraries and how they compare in ability to create mutations throughout 

larger areas of a phage genome (breadth) versus the ability to specify mutations 

(programmability). (B) Summary of applicable methods for creating deletions, insertions, 

and point mutations in phages. 
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Figure 2. A general outline for integrating, selecting and scoring phage libraries. 

Various approaches can be used to integrate variants (represented by different color 

phages) into a pool of phages to create a phage variant library. The phage variant 

library is selected under different conditions to select for variants with higher fitness in 

each condition (represented by different color hosts). Selection can be repeated for 

multiple replication cycles and may include methods for continual diversification of the 

phage library during selection. All phage populations, including the original phage 

variant library, are typically deep sequenced to determine the proportion of each variant 

in each phage pool. This information is used to score variants and determine which 

variants were more fit in which condition. Sequencing strategies include whole genome 

sequencing, direct PCR amplification for targeted mutagenesis, and PCR amplification 

of barcodes previously mapped to phage variants. Deep sequencing ultimately reveals 

functional characterization that can be further confirmed in clonal testing. 
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Figure 3. Phage libraries can be used to explore questions in fundamental biology 

and phage engineering. 

Phage libraries can be used to explore diverse applications in fundamental biology (left) 

and phage engineering (right). Point mutation libraries (top) can be used to map regions 

relevant for phage function and identify specific residues responsible for host receptor 

recognition. These approaches can further be leveraged to identify candidate genes for 

engineering and identify conserved regions to trace phylogeny. This information can be 

used to engineer phages to reduce host immunogenicity, enhance stability in challenging 

environments or tailor phages for different receptor interactions. Testing libraries against 

insensitive hosts may reveal avenues to overcome insensitivity and restore activity. 

Deletion libraries (middle) can be used to identify essential genes, reveal genes 

responsible for lysogeny and characterize function by exploring the effects on bacterial 

hosts. Undesirable genes can be removed, trimming the phage genome to make the 

phage more efficient, while lysogenic genes can be deleted to create new obligate lytic 

phages. Alternatively essential genes can be removed to create fully bio-contained 

phages. Insertion libraries (bottom) can be used to explore roles for metagenomic 

proteins and identify genes that enable function in new contexts or characterize the role 

of genes in specific hosts. Insertion of new essential genes can expand host range, or 

genetic payloads like fluorescent markers, enzymes to degrade bacterial toxins, or other 

desired genetic cassettes can be added to the phage genome to tailor expression. 

Alternatively chimeric phages can be constructed by inserting new structural genes into 

the genome. 
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Point Mutation Libraries 

Methods to introduce point mutations in phages can be broadly grouped into untargeted 

and targeted approaches.  

 

Untargeted Phage Mutagenesis 

Untargeted mutagenesis is a simple and effective approach for introducing random 

mutations during continuous evolution experiments and is particularly useful as a 

screening tool for high-throughput reverse genetics. Point mutations can be introduced 

randomly into phages using UV radiation or by chemical mutagens such as ethyl 

methanesulfonate (EMS) or hydroxylamine (Arimoto-Kobayashi et al., 2000; Favor et al., 

2020; Yosef et al., 2017). Radiation and chemical mutagenesis rely on damaging phage 

DNA which can cause single nucleotide changes during DNA replication. The frequency 

of mutagenesis can be tuned in a dose-dependent manner. Chemical mutagenesis, in 

particular, is relatively easy to implement in any laboratory setting but remains an 

underutilized tool to study laboratory evolution of phages. Radiation and chemical 

mutagens can generate unbiased libraries as they do not require passaging in a 

replication host. Although the mutations are randomly dispersed genome-wide, the nature 

of mutations is only semi-random as specific transitions or transversion mutations are 

favored depending on the mutagen(Li et al., 2016a; Shibai et al., 2017). UV radiation may 

also impact the survivability of phages by destabilizing structural proteins by altering 

protein conformations(Santos et al., 2013). An alternative untargeted approach is to use 

mutagenesis plasmids in the replication host to induce genome-wide mutations through 
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the expression of proteins that damage DNA or reduce DNA replication fidelity (e.g 

Phage-assisted continuous evolution) (Badran and Liu, 2015; Esvelt et al., 2011; Miller et 

al., 2020). However, mutagenesis plasmids require passaging on a replication host, which 

limits this approach to hosts which can sustain such plasmids and biases phage libraries 

toward mutations that permit phage variants to grow on that host.  

Variant libraries generated by untargeted mutagenesis have high breadth but 

virtually no programmability. Libraries are highly diverse but quantifying this diversity will 

require considerable sequencing depth as the frequency of any particular mutation may 

be low in the variant population. Despite low initial frequency, mutations that affect a 

specific trait are likely to exist in the variant population and can rapidly emerge during 

laboratory selection, making this a powerful approach for continuous evolution. For 

example, continuous evolution paired with EMS mutagenesis has been used to identify 

phage variants with improved thermal stability(Favor et al., 2020). Due to the 

preponderance of additional mutations, multiple parallel evolution experiments may be 

needed to identify mutations that cause a specific phenotype.  

 

Targeted Phage Mutagenesis 

Targeted mutagenesis allows deeper exploration of sequence space at a specific 

genetic locus or loci by concentrating mutations in a defined window. While targeted 

mutagenesis could be used to discover gene function, it is a particularly effective tool for 

investigating the effects of sequence variants when the functional role of a gene is known 

a priori (e.g: genes encoding phage receptor interaction). Targeted genome variants can 
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be created by introducing an externally created library into the phage genome at a specific 

site or by directly editing the phage genome using accessory proteins. 

To generate a library of randomized phage gene variants, we can use common 

techniques such as error-prone PCR, DNA shuffling, nicking mutagenesis, and 

degenerate or random primers(Dunne et al., 2019; Stemmer, 1994; Wrenbeck et al., 2016; 

Yehl et al., 2019). Alternatively, pre-specified variants can be synthesized using 

commercially available oligonucleotide pools(Huss et al., 2021). These methods are 

easy-to-implement, guarantee diversity, and generate large variant libraries with high 

programmability. However, the challenge lies in the efficient integration of the library into 

the phage genome which can limit breadth. Site-specific recombinases (Huss et al., 2021), 

lambda Red recombineering (Jensen et al., 2020; Oppenheim et al., 2004)  and 

homologous recombination (Hoshiga et al., 2019; Marinelli et al., 2019; Yehl et al., 2019) 

have been employed for genome integration. 

The phage genome can be directly mutated in vivo using CRISPR systems that 

localize mutagenic proteins to specific sites. For example, cytidine and adenine base 

editors can be tethered to or recruited by dead Cas9 or Cas9 nickase to mutate specific 

loci(Álvarez et al., 2020; Gaudelli et al., 2017; Hess et al., 2016; Komor et al., 2016; Moore 

et al., 2018; Zheng et al., 2018). Cas protein-linked error-prone DNA polymerases with 

nick translation and/or strand displacement capabilities can be used to introduce every 

type of point mutation in a defined window(Halperin et al., 2018). Base editors attached 

to RNA polymerase can be used to mutate larger regions of a genome engineered with 

appropriate promoter and terminator sequences flanking the target region(Cravens et al., 



28 
 

 

2021), although the spectrum of induced mutations is currently limited. Recently, bacterial 

retroelements (retrons) have been used to genetically engineer T5 phage (Ramirez-

Chamorro et al., 2021). Retrons are polycistrons consisting of a reverse transcriptase and 

covalently linked ssRNA and ssDNA which induce site-specific mutagenesis through a 

mechanism still yet to be fully elucidated. Libraries of these retroelements can be 

synthesized in vitro or mutated in vivo for continuous mutagenesis of target 

sequence(Simon et al., 2018). Likewise lysogenic phage BPP-1 leverages diversity 

generating retroelements encoded in its genome to introduce targeted hypervariability via 

mutagenic homing to its receptor binding protein(Medhekar and Miller, 2007). Such a 

system could feasibly be adapted to mutate heterologous genes in different phages(Guo 

et al., 2011).   

Targeted mutagenesis in vivo requires a suitable bacterial host to sustain variant 

libraries or mutator protein systems. Though versatile, CRISPR approaches are 

constrained by the location of PAM sites for targeting guide RNA (gRNA), and the difficulty 

in multiplexing gRNAs to simultaneously edit several loci or to expand the window of 

activity. The diversity generated by CRISPR guided systems and retrons may also vary 

considerably, with reported rates of 10-5-10-6 mutations/bp/generation(Halperin et al., 

2018; Kantor et al., 2020; Zheng et al., 2018). Recombination efficiency also varies and 

may require engineering phages to enable recombination, with reported recombination 

rates ranging from 10-10 to 10-3(Huss et al., 2021; Pires et al., 2016; Yehl et al., 2019). 

Lower rates of recombination or mutation incorporation may impact library abundance, 

decreasing the total number of variants compared to unrecombined phages. One 
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approach to increase library abundance is to use counterselection with CRISPR to 

remove unrecombined or unmutated phages from the phage population (Grigonyte et al., 

2020; Huss et al., 2021; Nayeemul Bari et al., 2017). Lytic phages may also require 

multiple passages on the host used to create the library, biasing the library towards 

variants capable of productively infecting that host. To minimize bias, a ‘helper’ plasmid 

expressing the wildtype gene was used to mask the effect of variants during library 

generation in the ORACLE system(Huss et al., 2021). 

 Alternatively, some phage genomes can be wholly constructed outside of bacterial 

hosts. Phage genomes can be assembled in yeast using yeast artificial 

chromosomes(Ando et al., 2015a; Jaschke et al., 2012), or using various ligation cloning 

methods in vitro(Andrews and Fields, 2021; Dunne et al., 2019; Kilcher et al., 2018a; 

Pryor et al., 2022; Pulkkinen et al., 2019). Assembled genomes or genome fragments can 

then be transformed into bacterial hosts(Ando et al., 2015a; Assad-Garcia et al.; Faber et 

al., 2020; Pulkkinen et al., 2019) to ‘reboot’ the phage or packaged into viable phages 

particles in cell-free systems (Andrews and Fields, 2021; Rustad et al., 2017; Shin et al., 

2012). Such ex vivo approaches can maintain high variant abundance and limit library 

bias as they are not reliant on multiple passages in bacteria. However, these methods 

are limited to phages that can ‘reboot’ after transformation and by the need for established 

cell-free systems or bacterial hosts capable of efficient transformation of large DNA 

constructs, which may limit library size.  

  



30 
 

 

Applications of Targeted Phage Mutagenesis Libraries 

Targeted mutation libraries can help characterize phage-host interactions and 

engineer phages at a high resolution by accurately mapping critical functional regions in 

a phage gene. For example,  deep mutational scanning (DMS) of the phage receptor-

binding protein and subjecting the variant pool to selection on different hosts(Huss et al., 

2021) revealed mutations that play a role in host receptor recognition. Similarly, molecular 

rules of other phage properties such as capsid assembly, replication fidelity, or host lysis 

could be probed by DMS of relevant gene(s). This knowledge can be extended to create 

tailored libraries where variants have been designed for specific purposes, like targeting 

or avoiding specific hosts, reducing immunogenicity or increasing phage stability in 

unfavorable physicochemical conditions (e.g: gut environment). Recent advances in 

machine learning are revolutionizing our ability to decipher the complex relationships 

between protein sequence, structure, and function(Gelman et al., 2021; Wu et al., 2019).  

Deep learning models enable us to explore vast sequence spaces to predict sequences 

that are highly optimized for novel function. Large phage mutation-function datasets are 

a rich resource to train machine learning models to understand the complex relationship 

between phage sequences and function and to design novel phage variants with desired 

properties. 

 

Phage Insertion and Deletion Libraries 

Targeted deletions or insertions in phage genomes evaluates the functional impact 

of larger genomic perturbations ranging from tens of bases to kilobases. Smaller deletions 
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of tens to hundreds of bases can be created in vivo by expressing Cas9 in the replication 

host and larger deletions up to several kilobases can be generated in vivo using Cascade-

Cas3 which degrades DNA using dual helicase-nuclease activity (Csörgő et al., 2020). 

Transposon mutagenesis with site-specific mariner class transposons or random 

insertion transposons such as Tn5, which have been used extensively to create genome-

wide loss-of-function libraries in bacteria (Goodman et al., 2009; Langridge et al., 2009; 

Mutalik et al., 2020; van Opijnen et al., 2009), could be implemented in phages in vivo to 

create gene deletion libraries. Alternatively, transposon mutagenesis can be used to 

generate more programmable single, double, and triple residue deletions in specific 

genes. These insertion or deletion libraries can be synthesized in oligonucleotide pools 

and recombined into the phage genome(Emond et al., 2020) using site-specific 

recombinases or by homologous recombination(Jones et al., 2008; Mutalik et al., 2020). 

Cas-based editing requires the user to direct insertions or deletions to defined regions of 

the genome while transposon-based editing is broader and can cover the entire genome. 

Barcodes may be inserted into the donor or transposon sequence to score the genome 

perturbations using short read sequencing(Wetmore et al., 2015). Insertion of sequences 

encoding sequence motifs to small protein domains can be created but currently suffer 

tradeoffs between library size, genome insertion efficiency, and cost. Large, diverse 

libraries can be created from oligonucleotide pools at relatively low cost, but the efficiency 

of genome insertion into the phage genome is the limiting factor.  
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Applications of Phage Deletion and Insertion Libraries 

Phage deletion libraries are helpful to study gene essentiality in different 

environmental and host conditions. When the phage deletion library is subjected to 

selection under a certain condition, variants with deletions in genes essential in that 

condition will deplete. Since phage genomes have evolved to maintain overlapping 

regulation, this approach can be further extended to study regulatory networks in the 

phage genome. Lysogenic phages which are disfavored for therapeutic use could be 

converted into obligate lytic phages by the systematic removal of recombinases, 

transcription factors or other unknown mechanisms that regulate lysogeny (Kilcher et al., 

2018a). Deletions may also improve the activity of phage in different conditions, as some 

genetic elements may only be beneficial in specific contexts and are otherwise 

disadvantageous to the phage, such as gene 1.7 in T7 phage which confers sensitivity to 

dideoxythymidine(Tran et al., 2008).  

  Deletion libraries are helpful for phage engineering. Mapping essential genes can 

be used to create synthetic phages with a minimal genome(Pires et al., 2021), whose 

activity may be higher than wildtype. Host range can be customized in engineered phages 

by removing essential genes for one host but not another. Targeted deletions of key 

genes can be used as a strategy to improve the biocontainment of phages, as deletion of 

essential genes restricts phage replication.  

Larger-sized insertions can be used to characterize metagenomic gene function. 

While phage genome databases are rapidly growing, tools to characterize functions of 

these sequences has lagged far behind. Libraries of metagenomic sequences can be 
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rapidly tested by inserting them into the phage genome. For example, exchanging 

receptor binding proteins between different phages can show evolutionary relationships 

between phages or identify new phage chimeras that are able to infect novel hosts. 

Exchanging or inserting phage genes predicted to deter host defenses, like Cas inhibitors, 

would allow us to study which hosts harbor which defense mechanisms(Landsberger et 

al., 2018).  

Phage genomes could be augmented with new capabilities (e.g: new lysins) by 

inserting characterized genes into non-essential regions. Addition of host genes that are 

essential to the phage, like trxA for T7 phage, removes reliance on the host, while 

insertion of genes that deter host defenses like Cas inhibitors can improve the ability of 

engineered phages to target and/or eliminate new hosts  (Grigonyte et al., 2020; 

Landsberger et al., 2018; Qimron et al., 2006). The insertion of larger sequences can 

enable tailored protein production during the phage lifecycle, such as fluorescent markers, 

or can be used to inactivate undesirable proteins made by the bacterial host, such as 

toxins. Gene cassettes that facilitate host killing may be incorporated into phages, such 

as Crispr-Cas elements that target the host genome, ensuring host cell destruction(Selle 

et al.). 

 

Considerations for Creating and Screening Phage Libraries 

Any approach used to create phage libraries should account for library bias. Bias 

is the reduction or elimination of phage variants due to selection pressure during library 

formation. Bias frequently occurs during passage on a replication host. Variants lost to 
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library bias may be active on different hosts or in different conditions. These variants are 

likely to be the most relevant to understanding or engineering that phage, as they 

necessarily can affect the activity and host range of that phage. Bias can be attenuated 

by limiting rounds of replication or by using a helper plasmid for libraries of specific genes. 

In vitro assembly of phage libraries avoids selection bias from replication hosts but could 

introduce bias if altered structural proteins assemble differently in vivo versus in vitro. 

Methods for scoring the phage library should be able to take the extent of bias into 

account. If the library is sequenced prior to selection, it is critical that the library be 

assessed after any bias may have altered library distribution. For example, sequencing a 

plasmid library before integration into a phage genome may produce dramatically different 

results than sequencing the phage library after integration. If the library is not assessed 

prior to selection, possible uncharacterized bias should be considered when analyzing 

results.  

Library abundance should be evaluated to ensure that an experimentally 

appropriate number of unique phage variants are used during selection. Experimental 

consistency is likely to be improved if there are hundreds or thousands of a particular 

variant during selection. Reduced phage-host ratios during selection may result in 

complete attenuation of some variants in the phage pool. If a library has been biased 

during creation, some members may have much lower proportional representation than 

other members. Some methods such as homologous recombination result in an extreme 

overabundance of wild type phages. This can dramatically reduce the number of relevant 

variants in the phage pool and add significant noise to the experiment. Wild type can be 
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reduced using counterselection using CRISPR during passage (Grigonyte et al., 2020; 

Huss et al., 2021; Nayeemul Bari et al., 2017) or by using techniques that avoid wild type 

overrepresentation.  

Variants that dramatically outperform other library members may overtake the 

phage population over a few rounds of replication. This effect can semi-randomly mask 

variants with less pronounced effects that are still be valuable for understanding phage 

host interactions or engineering the phage. Comparison of biological replicates can reveal 

this effect, which can be reduced by lowering the number of passages used for selection. 

Libraries are sequenced to score phage variants, ideally before and after selection. 

The sequencing depth necessary should be based on the ability to detect the lowest 

abundant variants. Low sequencing coverage or low initial abundance can dramatically 

alter the limit of detection for the assay and this effect must be kept in mind when 

analyzing results. Sequencing and scoring variants can rely on whole genome 

sequencing or sequencing of specific target regions. Long read sequencing such as 

PacBio or Oxford Nanopore and short read sequencing such as Illumina platforms are 

viable options. Longer reads come at the cost of depth, as short read sequencing can 

sequence millions of times (Hu et al., 2021). Targeted mutation libraries or short, ~500 

bp windows are easiest to sequence and score as they can be directly sequenced using 

abundant short reads. For larger windows and changes which surpass ~500 bp, more 

costly long read sequencing is generally necessary. Alternatively, short nucleotide 

barcodes can be integrated in tandem with the variant sequence. Strategies include 

integrating barcodes in a known region alongside the variant(Andrews and Fields, 2021), 
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or barcodes could replace deleted regions(Wetmore et al., 2015). This barcode can be 

sequenced as a proxy readout for the mutated region after mapping unique barcodes to 

individual variants using long read sequencing, after which mutants can be scored using 

less expensive short read sequencing. These strategies which use targeted deep 

sequencing of variants enable researchers to obtain quantitative fitness data for 

thousands, if not millions, of phage variants, exceeding the throughput of clonal testing 

by several orders of magnitude. 

 

Concluding Remarks 

 Over the decades our understanding of how phages and bacteria interact has 

continued to evolve. These studies have already revealed a wealth of novel biologic 

functions that are fundamental to many fields like polymerases, recombinases, and 

Crispr-Cas systems. Our increasing understanding of phages has positioned phages as 

potent tools for precision editing of complex microbial communities and as treatments for 

drug-resistant bacterial infections. Still, advances in metagenomics have revealed many 

new phages that remain uncharacterized, and many fundamental rules of phage-host 

interactions remain to be investigated. High throughput approaches described in this 

review enable systematic characterization of phages to establish sequence-function 

relationships. While many questions remain as to the best approach to implement these 

techniques in phages (see Outstanding Questions), these approaches present exciting 

new avenues for research to enhance our understanding of these viruses so essential to 

our ecosystem and our study of biology.  
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Outstanding Questions Box 
• Continuous evolution experiments can frequently introduce variants that are 

immediately selected against. These variants are difficult to detect and score. 

How can those variants that do poorly be identified in these experiments?  

• How can we link activity of specific phage variants to different members of 

complex microbial communities? 

• How can information from screens be used to create machine learning models to 

tailor phage function? 

• Can deep sequencing be used to mine for related phages in complex 

metagenomic databases? 

• What generalizable approaches can be developed to limit bias when creating 

phage libraries?    

• How do rates of mutagenesis and recombination rates differ for phage genomes 

compared to bacterial genomes? 

• How can mutagenesis and recombination rates be optimized within the setting of 

an active phage infection? 
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Glossary 

Base Editors: proteins which introduce single nucleotide alteration without forming 

double-stranded breaks, typically by damaging DNA through deamination. 

 

Breadth: The ability of an approach to create mutations throughout larger areas of a 

phage genome. High breadth indicates mutations can be incorporated over much of the 

phage genome, while low breadth indicates an approach is restricted to smaller regions. 

 

Continuous Evolution: An experimental approach whereby phage diversification and 

selection occur uninterrupted over multiple rounds of replication. The approach for 

mutating phages may be included in every round of replication to allow for increased 

diversification. 

 

DNA Shuffling: Approach for generated diversity in a gene by treatment with restriction 

enzymes and reassembly by PCR without primers or through nonhomologues random 

recombination. 

 

Library Abundance: The proportion of phages in a phage population that are the actual 

library variants. For example, a library is 1% abundant if 99% of a phage population is 

wild type and 1% of phages are the library phage variants.    
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Library Bias: The degree to which phage variants have been proportionally reduced or 

eliminated in a phage library due to selection pressure during library formation, skewing 

the phage library towards variants more fit to the condition in which the library was created. 

Bias can eliminate variants that are viable in other conditions and alter interpretation of 

results if unaccounted for. 

 

Mutagenic homing: Transposition of a mutated genetic element into a targeted region, 

where the mutations found in the transposed element are inherited by the target sequence. 

 

Nickase: A Cas9 variant with one of the two nuclease domains inactivated. Instead of 

generating double-stranded breaks at the target site, these enzymes introduce a single-

stranded nick. 

 

Nicking mutagenesis: PCR-based method which generates diversity at target loci on a 

dsDNA plasmid using mutagenic oligos where wildtype DNA strands are successively 

degraded with nicking enzymes and exonuclease treatment. 

 

ORACLE: A method (Optimized Recombination, Accumulation and Library Expression) 

designed to create unbiased phage libraries using a combination of site-specific 

recombination, CRISPR counterselection and helper plasmids. 
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Phage Library: A pool of phages which contains all the phage variants to be evaluated 

in a mixed population. 

 

Programmability: The ability of an approach to create specific, desired variants in a 

phage library. High programmability indicates precise control over which mutations are 

incorporated into a library, while low programmability indicates no control over which 

mutations are incorporated.   

 

Rebooting: Process by which phage genomes are directly transformed into compatible 

hosts to initiate infection and create viable phage particles. 

 

Sequencing Depth: The number of times a given nucleotide position is read during deep 

sequencing when scoring libraries. Every different read is presumed to be a different 

sequence from a different phage. For example, if a position has a sequencing depth of 

1000 it is presumed 1000 different phages have been sequenced at that position.  
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Abstract 

Bacteriophages (or ‘phages’) can be potent biocontrol agents but their potential has not 

been fully realized due to inherent limitations of natural phages. By leveraging new tools 

in synthetic biology, natural phages can be engineered to overcome these limitations to 

markedly improve their efficacy and programmability, making them ideal biocontrol agents. 

Engineered phages can be used for targeted detection and removal of pathogens, in situ 

microbiome editing, gene delivery and programable control of phage-bacterial 

interactions. In this mini review we examine different ways natural phages can be 

engineered as effective biocontrol agents and identify novel applications of engineered 

phages in food biotechnology.  
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Highlights 

• Engineered bacteriophages are promising tools for use in food biotechnology 

• Diverse natural bacteriophages can be leveraged by engineering for specificity 

and infectivity 

• Engineered bacteriophages are potent tools for pathogen biocontrol 

• Engineered bacteriophages can be used for targeted delivery vectors and 

pathogen detection. 
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Introduction 

Foodborne infections caused by bacterial pathogens are a serious threat with 

hundreds of thousands of deaths every year globally [1]. Healthcare costs of foodborne 

illness are estimated at a staggering $75 billion/year in the United States [2], with 

cascading economic losses from discarded food, culled farm animals, and food recalls. 

Traditional biocontrol of bacterial pathogens has relied on broad-spectrum approaches 

such as antibiotics or pasteurization that vary in effectiveness, impact natural microflora 

of food, and can negatively affect food quality [3], [4].  Bacteriophages, or ‘phages’, are 

viruses that kill and are a promising alternative for bacterial biocontrol. They are 

ubiquitous natural predators of bacteria that are cheap-to-produce and can precisely 

target and kill pathogens without affecting food quality [5], [6]. Although products based 

on natural phages have been in the market for decades, their adoption by industry is low 

and their game-changing potential remains unfulfilled. [7]. Key factors impeding broader 

use of natural phages are poor efficacy compared to traditional biocontrol methods and 

poor scalability for high-volume production due to the narrow specificity profile of phages. 

However, synthetic biology offers exciting new tools to build engineered phages through 

a variety of recombineering approaches and in vitro genome assembly [8]. Engineering 

phages without natural limitations could lead to a design-build-test-learn platform to 

rapidly prototype new phages with user-defined properties. In this mini review, we will 

examine different ways natural phages can be engineered as more effective biocontrol 

agents and identify novel applications for engineered phages in food biotechnology.  
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Engineering phages for higher efficacy 

A major hurdle in the use of natural phages for biocontrol is their low efficacy. 

Although initial application of natural phages logarithmically reduces target bacterial 

levels, the residual bacterial load remains high. Even this limited efficacy is achieved with 

high phage to bacteria ratios which may not be feasible in applications outside a 

laboratory setting [9]–[14]. Bacteria often continue to grow and/or quickly recover after 

phage application [9]–[11], [13]–[15], indicating low phage susceptibility and swift 

emergence of bacterial resistance. In this section, we evaluate factors that can limit the 

efficacy of natural phages and examine how engineering approaches can overcome 

these shortcomings (Figure 1). 
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Figure 1 – Strategies for engineering phages and their applications 

The confluence of synthetic biology, genome engineering, viral metagenomics and deep 

sequencing has provided tools for rapid, evolution-guided and rational design of phages 

with tailored properties. Engineering approaches and applications in food biotechnology 

have been graphically summarized below. 
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Overcoming evolutionary equilibrium in natural phages 

Limited efficacy of natural phages is not surprising from an evolutionary 

perspective because a phage that fully eliminates its bacterial host will itself perish too. 

Therefore, as predators, phages must co-exist in equilibrium with their bacterial prey. In 

fact, evolutionary models show that natural selection favors mediocre killers over highly 

efficient phages [16]. Cocktails of several natural phages can be more efficacious but still 

face this evolutionary pressure to equilibrate with the bacterial host. To achieve a high 

pathogen clearance, we need to engineer phages which are not subject to evolutionary 

constraints imposed on natural phages. Every stage of a phage life cycle can be 

engineered to counteract various modes of resistance. For instance, phages with mutated 

tail fibers outcompete natural phages against Pseudomonas aeruginosa [17], and a single 

point mutation can confer a 1000-fold increase in efficacy for phages of Mycobacterium 

abscessus [18]**. Phage genome editing can remove built-in mechanisms in phages that 

reduce phage efficacy such as self-inhibition when their bacterial host experiences 

starvation [19], [20]. Self-inhibition is beneficial for natural phages because it gives 

bacterial populations time to recover before phages prey again, but is undesirable for 

biocontrol. Engineered phages devoid of starvation-induced regulatory genes continued 

to grow on bacteria in starvation conditions [21]. Lytic capabilities of engineered phages 

have also been enhanced by overexpressing genes such as phage holins, which are 

proteins that permeabilize cell membranes [22]. Bacterial resistance can be overcome by 

incorporating new genes into the engineered phage genome, including phage defense 

mechanisms such as anti-CRISPR genes or additional genes lethal to the target bacteria 
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[23]–[25]. A broad strategy to overcome bacterial resistance is to employ genome-scale 

screens such as CRISPRi or transposon insertion to reveal mechanisms of resistance 

[26], [27] and guide efforts to overcome evolutionary equilibrium. Expanding these 

screens to a larger set of bacteria could lead to understanding common resistance 

patterns and establishing engineering targets for phages.  

 

Engineering lysogenic to lytic conversion  

Due to their high abundance, lysogenic phages represent a treasure trove of 

natural phages that can be used for biocontrol applications.  During their lifecycle, 

lysogens become dormant after integrating into the host genome, only to become 

activated later to kill the cell. Therefore, unlike lytic phages, lysogenic phages are not 

considered suitable for biocontrol and therapeutic applications due to the risk of horizontal 

gene transfer. Natural phages must be thoroughly screened for lysogeny, significantly 

increasing time, cost, and uncertainty in product development cycles. To tap the vast 

natural phage reservoir, lysogenic phages could be converted to obligate lytic phages by 

removing factors that allow for lysogeny such as recombinases and repressors [28]. 

These converted phages have increased lethality and host range [24]**, [29], as 

evidenced by those used to treat M. abscessus showing a 10,000-fold increase in efficacy 

after removing lysogeny genes [18]**. New bioinformatics tools tailored to identify these 

lysogenic phages and the factors that make them lysogenic can quickly screen for 

candidate phages and genes for this conversion [30], [31]. Lysogenic to lytic conversion 

greatly enhances the diversity and effectiveness of phages for biocontrol applications.  
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Programming host specificity  

The bacterial host range of different natural phages varies significantly and finding 

the right combination of natural phages can be arduous. Engineering phages to 

reprogram host range removes this constraint. Specificity can be tailored by swapping or 

complementing host-binding proteins [32]–[34]*, or by removal of lysogeny genes or other 

genes that dictate specificity [29], [35]. Programmable engineered phages would provide 

a platform for phage treatments for any of a set of closely related bacteria. Programming 

narrow host ranges is ideal for food reliant on specific microbiota compositions like 

cheeses where contaminating bacteria need to be removed without disturbing other 

microflora [36], whereas a programmable broad host range is more ideal for phages 

designed for biocontrol. 

 

Engineering stable phages  

 Phage stability is essential for biocontrol as phages are exposed to harsh 

environments including continual UV irradiation, low pH, and high temperature [9], [37], 

[38]. For example, pH and temperature in the gastrointestinal (GI) tract can vary between 

2.5-5.7 and 38°C to 42°C, respectively [39]*. Phages can degrade under these conditions, 

which can affect their proliferation and efficacy. Engineered phages with protective 

surface phospholipids have increased survival in the hostile GI tract environment [39]*. 

Some natural phage have also exhibited stability under harsh environmental conditions 

[40]. Genes responsible for these attributes can be identified and integrated into 

engineered phages to improve stability. Alternatively, approaches such as computational 
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protein design, which has met with remarkable success in improving protein stability, 

could be employed to stabilize phage coat proteins without losing the flexibility required 

for function [41]. Stable phages could be used for crop protection and can also act as 

biocontrol ‘sentinels’ that can protect against bacterial contamination in the future.  

 

Degrading biofilms using engineered phages 

Bacteria that form biofilms are an enormous challenge in food safety, as the biofilm 

provides a protective cover against traditional biocontrol agents including phages [42], 

[43]. Phage enzymes that can degrade biofilms have been characterized [44] and phages 

engineered to include biofilm degrading peptides and enzymes have effectively dispersed 

biofilm [45]**, [46]. Phages targeting biofilm-creating organisms such as Listeria 

monocytogenes, Staphylococcus aureus, and Escherichia coli could be enhanced with 

these genes, establishing a unique advantage over traditional methods of biocontrol for 

these challenging pathogens. 

 

Additional applications in food biotechnology 

 

Using engineered phages as targeted delivery vectors  

Currently, we lack tools to deliver genes to specific targets in a mixed microbial 

community in situ. Engineered phages are ideally suited as targeted delivery vectors due 

to their tailored host specificity [34]*. Gene delivery is useful to modulate the composition 

of a community by enhancing or reducing the fitness of a target species. This approach 
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can also deliver enzymes or metabolic operons to produce nutrients or signaling 

molecules.  Engineered phages have been used as delivery vectors to resensitize 

bacteria to antibiotics by providing a drug-sensitizing DNA cassette [47].  CRISPR-Cas 

systems engineered into phages have also successfully disrupted virulence genes in 

bacteria [33]. These powerful tools could be leveraged to deliver and incorporate 

advantageous genes into the genome, such as proteases needed for food flavoring or 

acid production genes for fermentation.  

 

Engineered phages can compete with undesirable phages 

Complex mixed communities of starter cultures used to make cheese, yogurt, and 

other fermented milk products are highly susceptible to phage infection. Economic losses 

from discarded production batches and sanitizing equipment can be significant. Current 

methods such as air flow control and strict sanitary conditions for controlling phages are 

expensive and not particularly effective [48]. Counterintuitively, phages themselves may 

be the solution to this issue. Phages naturally compete with other phages and have anti-

phage genes that can block expression of phage genes, prevent infection, or compete for 

insertion sites in the bacterial genome [49]. Engineering lysogenic phages to encode 

these anti-phage genes while removing their own ability to propagate could protect starter 

cultures from unwanted phages. 
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Using engineered phages as rapid detection tools 

Rapid, low-cost detection of bacterial pathogens is critical for food safety. Methods 

such as antibody tagging are effective but are not cost effective, and culture-based 

mechanisms are laborious and time consuming. Engineered phages can deliver a 

bioluminescent reporter enzyme to readily detect pathogens [45]**, [50], [51] as a rapid 

and accurate tool during food processing or in final products. 

 

Using engineered phages for controlled lysis 

Timely lysis of starter cultures can be beneficial. For example, starter culture lysis 

is an important consideration in cheese maturation [52]. Lysogenic phages could be 

engineered to lyse the cell under an inducible condition such as access to a small 

molecule. Engineered lysogenic phages with this ability would trigger controlled, 

reproducible, and exponential lysis of the culture at an ideal time for cheese maturation.  

 

Platform for rapid phage engineering 

 When creating phage-based products, engineered phages have several key 

advantages over natural phages. Natural phage discovery is a serial, time consuming, 

and laborious process. The physiology of newly discovered phages is often poorly 

understood, which may lead to batch-to-batch inconsistencies during manufacturing and 

making mass production unsustainable. Natural phage production pipelines can also be 

interrupted by a frequent need to discover new natural phages to combat emerging 

bacterial resistance or to create cocktails to cover strain variations in pathogens.  
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Engineered phages could provide a flexible product development platform and a 

scalable and customizable workflow (Figure 2). We envision developing well-

characterized chassis phages against different key bacterial clades and engineering them 

using natural and synthetic parts to achieve the desired bacterial host range and effect. 

Mixing and matching these chassis phages may require minor adjustments but not a 

complete overhaul of a production pipeline, minimizing batch-to-batch variability and 

ensuring product quality.  

 

 

Figure 2 – A platform for rapid phage engineering 

A generalized platform for rapid engineering of phages using a design-test-build-learn 

approach. 
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Conclusions 

In this review we have outlined methods for improving natural phages for use in 

many applications in food biotechnology. Phages have enormous potential and are 

diverse tools that we have barely begun to explore. Phages are tractable and can be 

modified in many ways to improve effectiveness with even minimal engineering, and 

numerous methods now exist for modifying phage genomes to produce engineered 

phages. We envision that engineered phages will serve as a platform for developing 

biocontrol and delivery mechanisms to a broad range of bacteria to solve a variety of 

current problems in food biotechnology. 
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18** Authors used several engineered phages to successfully treat Mycobacterium 

abscessus. Phage efficacy was greatly improved by lysogenic to lytic conversion and 

through single mutations. This work is emblematic of the power that even minor 

engineering can have on phage efficacy. 

 

24**Authors created a synthetic phage genome in vitro and rebooted it in host bacteria, 

increased efficacy through lysogenic to lytic conversion, and loaded the phage with 

enzybiotics to target nearby phage-resistant bacteria. This work is an excellent example 

of the flexibility engineered phages provide as a chassis to improve efficacy and 

overcome bacterial resistance. 
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34* Authors developed hybrid phages with different tails/tail fibers combinations 

designed to efficiently transduce DNA, extending the host range of these engineered 

particles and creating a platform for potentially tailoring host range of any phage. 

 

39*Authors engineered a phage that expressed phospholipids on the surface of the 

phage to dramatically increase phage stability in the gastrointestinal tract. 

 

45**Authors engineered phages for the fire blight pathogen Erwinia amylovora to 

contain a depolymerase to eliminate biofilm and increase phage efficacy. Authors also 

engineered a phage to contain a luciferase reporter for rapid fluorescent detection of 

this pathogen, demonstrating the multiple ways a single engineered phage can be used.   
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Abstract 

The interaction between a bacteriophage and its host is mediated by the phage's 

receptor binding protein (RBP). Despite its fundamental role in governing phage activity 

and host range, molecular rules of RBP function remain a mystery. Here, we 

systematically dissect the functional role of every residue in the tip domain of T7 phage 

RBP (1660 variants) by developing a high-throughput, locus-specific, phage engineering 

method. This rich dataset allowed us to cross compare functional profiles across hosts to 

precisely identify regions of functional importance, many which were previously unknown. 

Substitution patterns showed host-specific differences in position and physicochemical 

properties of mutations, revealing molecular adaptation to individual hosts. We 

discovered gain-of-function variants against resistant hosts and host-constricting variants 

that eliminated certain hosts. To demonstrate therapeutic utility, we engineered highly 

active T7 variants against urinary tract pathogen. Our approach presents a generalized 

framework for characterizing sequence-function relationships in many phage-bacterial 

systems.  
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Introduction 

 Bacteriophages (or “phages”) shape microbial ecosystems by infecting and killing 

targeted bacterial species. As  a result, they are promising tools for treatment of antibiotic 

resistant bacterial infections and microbiome manipulation (Canfield and Duerkop, 2020; 

Chen et al., 2014; Clokie et al., 2011; Dedrick et al., 2019; Kilcher and Loessner, 2019; 

Kutter et al., 2015; Mizuno et al., 2020; Sausset et al., 2020; Schooley et al., 2017; Shen 

et al., 2015; Shkoporov and Hill, 2019; Sordi et al., 2019). Interaction of phages with their 

bacterial receptors is a key determinant of their host range and virulence (Bertozzi Silva 

et al., 2016; de Jonge et al., 2019; Rousset et al., 2018). This interaction is primarily 

mediated by the receptor binding proteins (RBPs) of the phage (Nobrega et al., 2018). 

RBPs enable phages to adsorb to diverse cell surface molecules including proteins, 

polysaccharides, lipopolysaccharides and carbohydrate-binding moieties. Phages exhibit 

high functional plasticity through genetic alterations to RBPs and by natural and 

laboratory-guided evolution which can modulate activity and host range to different hosts 

and environments (Ando et al., 2015b; Chen et al., 2017; Dedrick et al., 2019; Dunne et 

al., 2019; Garcia et al., 2003; Gebhart et al., 2017; Holtzman et al., 2020; Lin et al., 2012; 

Meyer et al., 2012; Yehl et al., 2019; Yosef et al., 2017). In essence, survivability of a 

phage is intimately linked to the adaptability of its RBP. The challenge now is to 

understand the molecular code of RBPs in sufficient depth to enable predictable 

manipulation of host range and virulence. We sought to do so by combining deep 

mutational scanning of the RBP with powerful selections on multiple hosts. 
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Although RBPs remain the focus of many mechanistic, structural and evolutionary 

studies and are a prime target for engineering, we currently lack a systematic and 

comprehensive understanding of how RBP mutations influence phage activity and host 

range. Though insightful, directed evolution enriches only a small group of ‘winners’ which 

makes it difficult to glean a comprehensive mutational landscape of the RBP (Holtzman 

et al., 2020). Random mutagenesis-based screens generate multi-mutant variants whose 

individual effects cannot be easily deconvolved (Dunne et al., 2019; Yehl et al., 2019). 

Other approaches including swapping homologous RBPs lead to gain of function, 

however the underlying molecular determinants of function can be difficult to explain 

(Ando et al., 2015b; Chen et al., 2017; Gebhart et al., 2017; Yosef et al., 2017). In 

summary, despite the extraordinary functional potential of phage RBPs, how systematic 

changes to their sequence shape the overall functional landscape of a phage remains 

unknown.  

Here we carried out deep mutational scanning (DMS), a high-throughput 

experimental technique, of the tip domain of the T7 phage RBP (tail fiber) to uncover 

molecular determinants of activity and host range. The tip domain is the distal region of 

the tail fiber that makes primary contact with the host receptor (González-García et al., 

2015; Molineux, 2001; Qimron et al., 2006). We developed ORACLE (Optimized 

Recombination, Accumulation and Library Expression), a high-throughput, locus-specific, 

phage genome engineering method to create a large, unbiased library of phage variants 

at a targeted gene locus. Using ORACLE, we systematically and comprehensively 

mutated the tip domain by making all single amino acid substitutions at every site (1660 
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variants) and quantified the functional role of all variants on multiple bacterial hosts. We 

generated high resolution functional maps delineating regions concentrated with function-

enhancing substitutions and host-specific substitutional patterns, many of which were 

previously unknown. We discovered T7 variants with far greater virulence than wildtype 

T7, demonstrating that even those natural phages that are well adapted to a host can be 

engineered for higher efficacy.  

However, many variants highly adapted to one host performed poorly on others, 

underscoring a tradeoff between activity and host range. This functional screening 

highlights ideal regions of the tip domain for engineering host range. Furthermore, we 

demonstrated the functional potential of RBPs by discovering gain-of-function variants 

against resistant hosts and host-constriction variants that selectively eliminate specific 

hosts. To demonstrate the therapeutic value of ORACLE, we engineered T7 variants that 

avert emergence of spontaneous resistance in pathogenic E. coli causing urinary tract 

infections.  

Our study explains the molecular drivers of adaptability of the tip domain and 

identifies key functional regions determining activity and host range. ORACLE provides a 

generalized framework to describe sequence-function relationships in phages to 

elucidate the molecular basis of phages, the most abundant life form on earth.  
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Results 

Creating an unbiased library of phage variants using ORACLE 

ORACLE is a high-throughput precision phage genome engineering technology 

designed to create a large, unbiased library of phage variants to investigate sequence-

function relationships in phages. ORACLE overcomes three major hurdles. First, phage 

variants are created during the natural infection cycle of the phage which eliminates a 

common bottleneck from transforming DNA libraries. By recombining a donor cassette 

containing prespecified variants to a targeted site on the phage genome, ORACLE allows 

sequence programmability and generalizability to phages with transformable bacterial 

hosts capable of maintaining a plasmid library. Second, ORACLE minimizes library bias 

that can rapidly arise due to fitness advantage or deficiency of any variant on the 

propagating host that may then be amplified due to exponential phage growth. Minimizing 

bias is critical because variants that perform poorly on a propagating host but well on 

targeted hosts may disappear during propagation. Third, ORACLE prevents extreme 

abundance of wildtype over variants, which allows for resolving and scoring even small 

functional differences between variants. The development of this technology was 

necessary to overcome challenges with existing engineering approaches for creating a 

large, unbiased phage library. Direct transformation of phage libraries, while ideal for 

creating one or small groups of synthetic phages, will not work because phage genomes 

are typically too large for library transformation (Ando et al., 2015b; Kilcher et al., 2018b; 

Marinelli et al., 2008, 2019). Homologous recombination has low, variable recombination 
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rates and high levels of wildtype phage are retained, which mask library members (Pires 

et al., 2016; Yehl et al., 2019). Libraries of lysogenic phages could potentially be made 

using conventional bacterial genome engineering tools as the phage integrates into the 

host genome. However, this approach is not applicable to obligate lytic phages. Our 

desire to develop ORACLE for obligate lytic phages is motivated by their mandated use 

for phage therapy. Any phage, including lysogenic phages, with a sequenced genome 

and a transformable host that can maintain a plasmid library should be amenable to 

ORACLE.  

ORACLE is carried out in four steps: (a) making acceptor phage (b) inserting gene 

variants through recombination (c) accumulating recombined phages (d) expressing the 

library for selection (Figure 1A). An ‘acceptor phage’ is a synthetic phage genome where 

the gene of interest (i.e., tail fiber) is replaced with a fixed sequence flanked by Cre 

recombinase sites to serve as a landing site for inserting variants (Figure 1 - Figure 

Supplement 1).  We created T7 acceptor phages by assembling PCR fragments of the 

phage genome in yeast (Ando et al., 2015; Jaschke et al., 2012) (see methods). T7 

acceptor phages lacking a wildtype tail fiber gene cannot plaque on E. coli and do not 

spontaneously re-acquire the tail fiber during propagation (Figure 1B and Figure 1 - Figure 

Supplement 2A). Furthermore, the T7 acceptor phages have no plaquing deficiency 

relative to wildtype when the tail fiber gene is provided from a donor plasmid (Figure 1 - 

Figure Supplement 2A). Thus, the tail fiber gene is decoupled from the rest of the phage 

genome for interrogation of function. Next, phage variants are generated within the host 

during the infection cycle by Optimized Recombination by inserting tail fiber variants from 
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a donor plasmid into the landing sites in the acceptor phage using site specific 

recombination. To minimize biasing of variants during propagation, a helper plasmid 

constitutively provides the wildtype tail fiber in trans such that all progeny phages can 

amplify comparably regardless of the fitness benefit or deficient of any variant. At this 

stage, we typically have ~1 recombined phage among 1000 acceptor phages (Figure 1C). 

To enrich recombined phages in this pool, we passage all progeny phages on E. coli 

expressing Cas9 and a gRNA targeting the fixed sequence flanked by recombinase sites 

we introduced into the acceptor phage. The helper plasmid is retained during this stage 

to continue minimizing bias by providing the wildtype tail fiber in trans. As a result, only 

unrecombined phages will be inhibited while recombined phages with tail fiber variants 

are Accumulated without bias. The Cas9-gRNA system successfully inhibits acceptor 

phages but has no effect on plaquing of untargeted phages (Figure 1 - Figure Supplement 

2A-D). Recombined phages were highly enriched by over 1000-fold in the phage 

population when an optimized gRNA targeting the fixed sequence was used, whereas a 

randomized control gRNA yielded no enrichment of recombined phages (Figure 1D and 

Figure 1 - Figure Supplement 2E-F). In the final step, phages are propagated on E. coli 

which lack the helper plasmid that previously provided the wildtype tail fiber in trans to 

prevent bias. In this Library Expression, propagation on this host allows for full expression 

of the library variant – this is the first time during library creation that the variant is fully 

expressed on the phage particle. We sequenced the distribution of the library of tail fiber 

variants integrated on the phage genome after ORACLE. We compared this distribution 

to the distribution of variants on the recombination plasmid library to evaluate how 
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effective ORACLE was at integrating variants and preventing bias during library creation. 

The post-ORACLE phages were mildly skewed towards more abundant members but 

remained generally evenly distributed and comparable to the distribution of variants in the 

input donor plasmid library, retaining 99.8% coverage (Figure 1E). Comparison of variant 

libraries with and without DNAse treatment was well correlated (R=0.994), indicating no 

unencapsidated phage genomes influenced library distribution (Figure 1 - Figure 

Supplement 3). In summary, ORACLE is a generalizable tool for creating large, unbiased 

variant libraries of obligate lytic phages. These phage variants, including those that have 

a fitness deficiency on the host used to create the library, can all be characterized in a 

single selection experiment by deep sequencing phage populations before and after 

selection in a host. Compared to traditional plaque assays this represents increased 

throughput by nearly 3-4 orders of magnitude.  
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Figure 1. Optimized Recombination, Accumulation and Library Expression 

(ORACLE) workflow for creating phage variant libraries  

(A) Schematic illustration of the four steps of ORACLE: creation of acceptor phage, 

inserting gene variants (Optimized Recombination), enriching recombined phages 

(Accumulation) and expressing library for selection (Library Expression). Color 

notations are as follows: yellow triangles – Cre recombinase sites, blue colored 

segments – gene variants, orange colored segment – Cas9, grey colored segments – 

wild type phage parts including the wildtype tail fiber from the helper plasmid (B) Ability 

of different versions of T7 to infect E. coli 10G in stationary (dark gray bar) and 

exponential (light gray bar) phases by Efficiency of Plating (EOP) using exponential 10G 

with gp17 tail fiber helper plasmid as reference host. T7 without tail fiber (T7Δgp17) and 

T7 Acceptor phages (T7 Acc) cannot visibly plaque, but wildtype T7 (T7 WT), and T7 

with gp17 recombined into the acceptor locus (T7 Rec) plaque efficiently. (C) 

Concentration of total (Total T7) and recombined (T7 Rec) phages after a single 

passage on host containing Cre recombinase system. Recombination rate is estimated 

to be ~7.19x10-4. (D) Percentage of recombined phages in total phages when using 

gRNA targeting fixed sequence at acceptor site T7 Acc (Targeted) or randomized gRNA 

(Random). (E) Histogram of abundance of variants in the input plasmid library (left) and 

on the phage genome after ORACLE (right) binned using log proportion centered on 

equal representation. All data represented as mean ± SD of biological triplicate.  

Figure 1 – Figure Supplement 1. Sequence rearrangements before and after 

recombinase-mediated cassette exchange.  



87 
 

 

Figure 1 – Figure Supplement 2. Effect of Cas9-gRNA system on acceptor and control 

phages.  

Figure 1 – Figure Supplement 3. Correlation between expression library with and 

without DNAse treatment.  

Figure 1 - Source Data 1. Deep sequencing summary for phage variant expression 

library with and without DNAse treatment after ORACLE. Related to Figure 1E and 

Figure 1 – Figure Supplement 3.  

Figure 1 - Source Data 2. Percentage distribution of each variant in the expression library. 

Related to Figure 1E and Figure 1 – Figure Supplement 3. 
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Deep mutational scanning of tip domain shows phage adaptation at molecular 

resolution 

Deep mutational scanning (DMS) is a high-throughput experimental technique to 

characterize sequence-function relationships through large-scale mutagenesis coupled 

to selection and deep sequencing. The scale and depth of DMS is used to reveal sites 

critical for activity, host specificity, and stability in a protein. DMS has been employed to 

study many proteins including enzymes, transcription factors, signaling domains, and viral 

surface proteins (Fowler and Fields, 2014; Lee et al., 2018; Raman et al., 2014; Romero 

et al., 2015).  

Bacteriophage T7 is a podovirus that infects E. coli. T7 has a short non-contractile 

tail made up of three proteins including the tail fiber encoded by gp17. Each of the six tail 

fibers is a homotrimer composed of a relatively rigid shaft ending with a β-sandwich tip 

domain connected by a short loop (Garcia-Doval and Raaij, 2012). The tip domain is likely 

the very first region of the tail fiber to interact with host lipopolysaccharide (LPS) and 

position the phage for successful, irreversible binding with the host (González-García et 

al., 2015; Molineux, 2001; Qimron et al., 2006). The tip domain is a major determinant of 

host range and activity and is often naturally exchanged between phages to readily adapt 

to new hosts (Fraser et al., 2006, 2007; Lin et al., 2012). Even single amino acid 

substitutions to this domain are sufficient to alter host range between E. coli strains 

(Heineman et al., 2008). Due to its critical functional role, we chose the tip domain to 

comprehensively characterize phage activity and host range by DMS.  
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We generated a library of 1660 single mutation variants of the tip domain, pre-

specified as chip-based oligonucleotides, where all nineteen non-synonymous and one 

nonsense substitution were made at each codon spanning residue positions 472-554 

(Figure 2A, residue numbering based on PDB 4A0T). Using ORACLE, the library was 

inserted into T7 to generate variants to be selected and deep sequenced (Figure 2B) on 

three laboratory E. coli hosts: B strain derivative BL21, K-12 derivative BW25113 and 

DH10B derivative 10G. Each variant was given a functional score, F, based on the ratio 

of their relative abundance before and after selection consisting of an estimated four 

infection cycles, which was then normalized to wildtype to yield FN where wildtype FN = 1 

(Figure 2C-E, see methods). Selection on each host gave excellent correlation across 

biological triplicates (Figure 2 - Figure Supplement 1). To validate the functional relevance 

of the screen, we hypothesized that the flexible C-terminal end (residue positions 552-

554 and a three-residue extension if the stop codon is substituted) is unlikely to have any 

structural or host recognition role. As expected, these positions broadly tolerated nearly 

all substitutions across all three hosts indicating that the functional scores likely reflect 

true biological effects (Figure 2C-E).  

We compared the activities of phage variants across hosts to assess their fitness 

and evolutionary adaptation to each host. Between the three hosts, T7 variants appeared 

most and least adapted to BW25113 and 10G, respectively, as evidenced by the fraction 

of depleted variants (FN<0.1) after selection on each host (10G: 0.66±0.03, BL21: 

0.59±0.01, and BW25113: 0.51±0.01, all significantly different from each other with 

p<0.05) (Figure 2 – Figure Supplement 2A-C). Furthermore, wildtype T7 fared relatively 
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poorly on 10G (F=0.77±0.05), indicating a fitness impediment, but performed significantly 

better on BL21 (F=2.92±0.2, p<0.01) and BW25113 (F=2.26±0.1, p<0.01) (Figure 2 – 

Source Data 1). The fitness impediment gave many more variants competitive advantage 

resulting in greater enrichment (FN>2) over wildtype on 10G (48 variants) compared to 

BL21 (2 variants) and BW25113 (16 variants) (Figure 2 – Figure Supplement 2A-C). In 

fact, the best performing variants on 10G were 10 times more enriched than wildtype 

suggesting substantially higher activity (Figure 2F and Figure 2 – Figure Supplement 2D). 

Examining enriched variants on each host (FN>2) provides compelling evidence of the 

tradeoff between activity and host range (Figure 2F and Figure 2 – Figure Supplement 

2E). The top ranked variants on each host were remarkably distinct from those on other 

hosts (except G479Q shared between 10G and BL21). Hierarchical clustering of FN 

across all three hosts revealed grouping of similar variants that performed better 

selectively on some hosts but not others (Figure 2 – Figure Supplement 3). No variant 

performed exceptionally well on all hosts (FN>2, Figure 2F), however 406 variants were 

tolerated on all three hosts (Figure 2 – Source Data 2). Thus, specialization toward a host 

comes at the cost of sacrificing breadth, mirroring observations made of natural phage 

populations (Elena et al., 2009). 

We investigated the global physicochemical properties and topological 

preferences of substitutions after selection on each host (Figure 2 - Figure Supplement 

2F-H). On 10G, there was enrichment of larger and more hydrophilic amino acids and 

depletion of hydrophobic amino acids (all p<0.001, r>0.12), which is visually striking on 

the heatmap (see R, K and H on Figure 2C).  In contrast, no significant enrichment or 
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depletion was observed on BL21 (Figure 2 – Figure Supplement 2F-H). This is consistent 

with our earlier observation that wildtype T7 is generally well adapted to BL21 since it had 

the fewest variants outperforming wildtype. We reasoned that since BL21 has been used 

to propagate T7, it may have already adapted well to this host over time. On BW25113, 

hydrophobic residues were modestly enriched (all p<0.034, r>0.07) Figure 2 - Figure 

Supplement 2H), a trend opposite to 10G. This provides a molecular explanation as to 

why high scoring substitutions on one host fare poorly on others (Figure 2F). We mapped 

positions of enriched substitutions (FN≥2) on each host onto the structure to determine 

topologically distinct patterns of substitution that may be masked in global comparisons 

of the entire tip domain (Figure 2 - Figure Supplement 2E). These fall predominantly on 

four exterior loops (BC, DE, FG, and HI), the adjoining region (β-strand H) close to exterior 

loop HI, and less frequently on the ‘side’ of the tip domain. This suggests directionality to 

phage-bacterial interactions and orientational bias of the tip domain with respect to the 

bacterial surface. Directionality and orientational bias is particularly valuable information 

since no high-resolution structure of this phage bound to receptor exists.  

 Several key lessons emerged from these host screens. First, single amino acid 

substitutions alone can generate broad functional diversity, highlighting the evolutionary 

adaptability of the RBP. Second, T7 can be optimized and activity can be increased, even 

on hosts that T7 is already considered to grow well on. Third, enrichment patterns on 

each host follow broad trends but have nuance at each position.  
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Figure 2. Deep mutational scanning of tip domain shows phage adaptation at 

molecular resolution 

(A) Crystal structure and secondary structure topology of the tip domain color coded as 

interior loops (red), β-sheets (beige) and exterior loops (blue) (B) Functional analysis of 

variants by comparing their abundances pre- and post-selection on a host. (C-E) Heat 

maps showing normalized functional scores (FN) of all substitutions (red gradient) and 

wildtype amino acid (FN=1 and black dot upper left) at every position for E. coli 10G (C), 

BL21 (D) and BW25113 (E). Residue numbering (based on PDB 4A0T), wildtype amino 

acid and secondary structure topology are shown above left to right, substitutions listed 

top to bottom. (F) Parallel plot showing FN for enriched (FN≥2) variants on 10G, BL21, 

and BW25113. Coloring indicates enrichment only on 10G (grey), only on BL21 (red), 

only on BW25113 (blue) enriched on 10G and BL21 (green). Connecting lines indicate 

FN of the same variant on other hosts. 

Figure 2 – Figure Supplement 1. Correlation between biological replicates after 

selection of phage variant library on E. coli 10G, BL21 and BW25113. 

Figure 2 – Figure Supplement 2. Distribution, enrichment profile and physicochemical 

properties of variants after selection on E. coli 10G, BL21 and BW25113. 

Figure 2 – Figure Supplement 3. Hierarchical clustering of phage variants by FN score. 

Figure 2 – Source Data 1. Deep sequencing summary for phage variant library after 

selection on different hosts. Related to Figure 2C-E. 

Figure 2 – Source Data 2. Variant-specific FN for phage variants after selection on E. 

coli 10G, BL21 and BW25113 and physicochemical statistics. Related to Figure 2C-F, 

Figure 2 – Figure Supplement 2, and Figure 3. 
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Comparison across hosts reveals regions of functional importance 

Next, we sought to elucidate features of each residue unique to each host or 

common across all hosts. There were over 30 residues with contrasting substitution 

patterns between different hosts, revealing fascinating features of receptor recognition for 

T7 (Figure 2 – Source Data 2). Here we focus on five of these residues, N501, R542, 

G479, D540, and D520, which showed starkly contrasting patterns of selection (Figure 

3A). N501 and R542 are located on exterior loops oriented away from the phage and 

toward the receptor (Figure 3C). In fact, R542 forms a literal ‘hook’ to interact with the 

receptor (Garcia-Doval & Raaij, 2012). On 10G and BL21, only positively charged 

residues (R, K and H) were tolerated at residues 501 and 542, while in contrast many 

more substitutions were tolerated at both residues on BW25113. One such substitution, 

R542Q, is the best performing variant on BW25113 (FN = 3.31) but is conspicuously 

depleted on 10G and BL21 suggesting that even subtle molecular disparities can lead to 

large biases in activity. The substitution profiles of G479 and D540 are loosely the inverse 

of N501 and R542 as many substitutions are tolerated on BL21 and 10G, but very few 

are tolerated on BW25113 (Figure 3A). We hypothesize that D540 is critical for host-

recognition on BW25113. Since D540, a receptor-facing position on an exterior loop, is 

only 6 Å from G479, it is likely that any substitution at G479 may sterically hinder D540, 

resulting in the noted depletion of G479 substitutions on BW25113. This hypothesis is 

further supported by enrichment of adjacent S541D on BW25113 (FN = 2.82, the third 

highest scoring substitution), while this substitution is depleted on 10G and BL21 (Figure 

2 – Source Data 2). D520 displays a third variation in substitution patterns where 

substitutions are generally tolerated on 10G and BW25113, but not tolerated on BL21 
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(Figure 3A). This loop is also oriented downwards towards the receptor and we 

hypothesize that D520 or the local region around this exterior loop is more important for 

receptor recognition in BL21 than it is for the other two hosts, mirroring the result for D540 

for BW25113. Another stark contrast can be drawn at adjacent S519, where no 

substitutions are tolerated in BL21 or 10G but several substitutions are enriched on 

BW25113, indicating substitutions can improve receptor binding on one host while 

reducing function on another host. Overall, these host-specific substitution patterns reveal 

a nuanced relationship between the tip domain composition and receptor preferences.  

We quantitatively characterized the role of every residue by integrating selection 

data across all hosts to reveal a functional map of the tip domain at granular resolution 

(Figure 3B and 3C, Figure 3 – Source Data 1). We classified every residue as ‘intolerant’, 

‘tolerant’ or ‘functional’ based on aggregated FN scores of all substitutions across all three 

hosts at every residue. Our method of classifying functional regions was robust to 

adjusting the FN threshold used to identify functional variants (Figure 3 – Figure 

Supplement 2). Residues where the majority of substitutions were depleted were 

considered intolerant to substitution, while residues where at least a third of substitutions 

were depleted in one host and tolerated or enriched in another host were considered 

functional; the remaining positions were considered tolerant (see methods). The 

hydrophobic core comprising W474, I495, W496, I497, Y515, W523, L524, F526, I528, 

F535 and I548 is essential for stability and therefore is highly intolerant to substitutions 

(Figure 3B). Other intolerant positions include an elaborate network of salt bridge 

interactions involving D489, R491, R493, R508 and D512 in the interior loops, which likely 

constrain the orientation of the tip domain relative to the shaft (Figure 3C). Glycines 
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generally provide conformational flexibility between secondary structure elements and 

normally tend to be mutable. Interestingly, several glycines (G476, G510, G522 and G532) 

are highly intolerant to substitutions. These glycines may be essential to minimize steric 

obstruction to adjacent larger residues, similar to G479 and D540 on BW25113 (Figure 

3C). For example, G510 and G532 may facilitate formation of salt bridges in the interior 

loop, while G476 and G522 may facilitate a required receptor interaction in exterior loops 

for all three hosts.  

It has been previously assumed that exterior loops are the primary functional 

region of the tip domain (Garcia-Doval and Raaij, 2012; Yehl et al., 2019). We found that 

functional positions did typically point outward and are densely concentrated along 

exterior loops BC, DE, FG, and HI, as well as adjacent β-sheet residues. This is consistent 

with two specificity switching substitutions found in a previous study, D520Q and V544A, 

which are both located in exterior loops (Heineman et al., 2008). However, several 

residues in exterior loops, such as G476 and S543, were notably intolerant, indicating 

these residues may be poor targets for engineering or future combinatorial studies. 

Functional positions were also found in regions other than exterior loops, such as I514, 

Q527 and K536 which are β-sheet residues located along one side of the tip domain 

(Figure 3C). This suggests the phage can use the ‘side’ of the tip domain to engage the 

receptor, increasing the apparent functional area of the tip domain and highlighting 

several new regions as valuable engineering targets. 

We also determined if the functionally important regions could be predicted 

computationally, as the ability to predict functionally important regions without DMS could 

rapidly accelerate engineering efforts. We used Rosetta, a state-of-the-art protein 
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modeling software, to calculate the change in Gibbs free energy (ΔΔG) for each of the 

1660 mutations and compared this distribution to our DMS results (Figure 3 – Figure 

Supplement 1, also see methods) and generated a truth table to summarize results 

compared to our functional data (Figure 3- Figure Supplement 3). Predicted 

thermodynamic changes in stability mapped very well with over 93% of tolerated or 

functional positions having a substitution that was predicted to be stabilizing. The 

remaining 7% of tolerant or enriched substitutions were predicted to be destabilizing, and 

we hypothesis that this may indicate these substitutions result in improved dynamic or 

induced fit positioning of the tip domain for productive infection. Incorporating stability 

estimations could further improve the engineering power of the assay. For example, 

substitutions predicted to be stable but that are intolerant in the DMS assay may indicate 

that the substituted residue is necessary for all three hosts. 

Overall, these results paint a complex enrichment profile for each host with some 

broad trends but subtle host-specific effects. These results suggest that exterior loops 

and some outward facing positions in β-sheets act as a reservoir of function-switching 

and function-enhancing mutations, likely promoting host-specific and orientation-

dependent interactions between phage and bacterial receptors. Functional positions 

identified by this comparison are ideal engineering targets to customize host range and 

activity. 
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Figure 3. Comparison across hosts reveals regions of functional importance 

(A) Host-specific differences in substitution patterns at five positions in the tip domain 

recapitulated from Figure 2. (B) Role of each position determined by aggregating scores 

of all substitutions in all hosts at that position. Substitutions are classified as intolerant 

(FN < 0.1 in all hosts), tolerant (FN ≥ 0.1 in all hosts), or functional (FN < 0.1 in one host, 

FN ≥ 0.1 in another host) and bar plots are shown as proportion of classified variants at 

that position. (C) Crystal structure of the tip domain (center) with each residue colored 

as intolerant, tolerant, or functional based on the dominant effect at that position, β-

sheets and residues listed in (A) are labeled. Key interactions defining function and 

orientation are highlighted in peripheral panels. 

Figure 3 – Figure Supplement 1. Comparing FD to computationally predicted stability 

of variant ΔΔG. 

Figure 3 – Figure Supplement 2. Classification of tolerant, intolerant and functional 

regions based on different cutoff conditions. 

Figure 3 – Figure Supplement 3. Truth table comparing functional results to predicted 

stability. 

Figure 3 – Source Data 1. Functional comparison for each variant on susceptible 

hosts. Related to Figure 3B-C. 

Figure 3 – Source Data 2. ΔΔG and FD Conversion for all variants. Related to Figure 3 

– Figure Supplement 1 
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Discovery of gain-of-function variants against resistant hosts 

The tail fiber is considered a reservoir of gain-of-function variants due to its 

principal role in determining fitness of a phage through host adsorption (Holtzman et al., 

2020; Yehl et al., 2019). We hypothesized that novel gain of function variants against a 

resistant host could be discovered by subjecting our tail fiber variant library to selection 

on a resistant host. To identify a resistant host, we focused on host genes rfaG and rfaD 

involved in the biosynthesis of surface lipopolysaccharide (LPS) which is a known 

receptor for T7 in E. coli (González-García et al., 2015, 2015; Molineux, 2001; Qimron et 

al., 2006). Gene rfaG (synonyms WaaG or pcsA) transfers glucose to the outer core of 

LPS and deletion strains lack the outer core of LPS (Pagnout et al., 2019), while rfaD 

(synonyms gmhD or WaaD) encodes a critical epimerase required for building the inner 

core of LPS (Valvano et al., 2002) (Figure 4A). Deletion of either gene reduces the ability 

of T7 to infect E. coli by several orders of magnitude (Figure 4F). We challenged the 

library of T7 variants against E. coli deletion strains BW25113ΔrfaG and BW25113ΔrfaD 

through pooled selection and deep sequencing as before (Figure 2) and determined a FN 

score for each substitution on both strains (Figure 4B-C). Independent replicates showed 

good correlation for BW25113ΔrfaG (R=0.99, 0.93, 0.93) but only adequate correlation 

for BW25113ΔrfaD (R=0.51, 0.68, 0.39) (Figure 4 - Figure Supplement 1). Although the 

scale of FN was inconsistent across replicates on BW25113ΔrfaD, the same substitutions 

were largely enriched in all three replicates, suggesting reproducibility of results (Figure 

4 – Figure Supplement 3). Inconsistencies in FN scores may arise due to severe loss of 

diversity causing stochastic differences in enrichment to become magnified across 

independent experiments and the four infection cycles used for selection. Separately we 
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examined correlation after selection using only a single infection cycle, which produced 

more highly correlated results for BW25113ΔrfaD (R=0.89, 0.90, 0.89) (Figure 4 - Figure 

Supplement 4), indicating fewer infection cycles may be ideal for future work with highly 

resistant hosts.   

We engineered several gain-of-function T7 variants that could infect both deletion 

strains with activity comparable to wildtype T7 infecting susceptible BW25113 (Figure 4F). 

Low sequence diversity and high enrichment scores of T7 variants indicates a strong 

selection bottleneck which is consistent with diminished activity of wildtype T7 on the 

deletion strains. This is reflected in the significantly lower functional score of wildtype T7 

on BW25113ΔrfaG and BW25113ΔrfaD (F=0.09±0.3 and F=0.03±0.2, respectively) in 

comparison to BW25113 (F=2.26±0.1, p<0.001) (Figure 2 – Source Data 1). The number 

of enriched variants outperforming wildtype T7 (FN≥2) on the deletion strains 

(BW25113ΔrfaG: 55 variants, 3.3% and BW25113ΔrfaD: 68 variants, 4.1%) was over 3 

times higher than BW25113 (16 variants, 1%) but comparable to 10G (48 variants, 2.9%) 

(Figure 4 – Figure Supplement 2A-B). However, the enrichment scores of top performing 

variants such as G521H and G521R on BW25113ΔrfaG and S541K and N501H on 

BW25113ΔrfaD was over 100 times greater than wildtype T7, suggesting strong gain-of-

function on the deletion strains (Figure 4 – Figure Supplement 2C). Of the 78 variants 

with FN≥2 on either deletion strain, 45 variants had FN≥2 on both strains indicating that 

variants that performed well on one strain typically performed well on the other strain. 

This implies the enriched variants may have broad affinity for truncated LPS but cannot 

discriminate based on the length of the LPS. Nonetheless, hydrophilic substitutions were 

more strongly enriched on BW25113ΔrfaG (p<0.001, r>0.11), but not as significantly on 
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BW25113ΔrfaD (p<0.033, r<0.10), suggesting subtle differences in surface chemical 

properties of deletion strains leading to host-specific enrichments (Figure 4 – Figure 

Supplement 2D-F). Indeed, there were several variants with contrasting F scores on both 

strains such as S541T (BW25113ΔrfaD FN = 44.8, BW25113ΔrfaG FN = 0.6) and G521E 

(BW25113ΔrfaD FN = 0, BW25113ΔrfaG FN = 17.4) suggest potential host preference. 

Most substitutions were concentrated in the exterior loops BG, FG, HI, and β-strand H, 

all pointing downwards towards the bacterial surface, reinforcing the functional 

importance of these regions of the tip domain (Figure 4D and 4E). Notably, the most 

enriched variants had large positively charged substitutions (K, R, and H) akin to the 

enrichment pattern on 10G, suggesting the bacterial surface of these truncated mutants 

likely resembles that of 10G. Our results are consistent with a recent continuous evolution 

study, which identified G480E and G521R as possible gain-of-function variants on a strain 

similar to BW25113ΔrfaD and G479R and G521S as possible gain of function variants on 

BW25113ΔrfaG (Holtzman et al., 2020), although these variants only represent a small 

fraction of the gain of function variants discovered in our study. 

We validated the results of the pooled selection experiment by clonally testing the 

ability of phage variants with high FN (A539R, G521H, and D540S) to plaque on the 

deletion strains based on a standard efficiency of plating assay (EOP). Indeed, EOP 

results showed significant gain of function in these variants on the deletion strains (Figure 

4F). D540S was particularly noteworthy as it performed better on the deletion strain 

BW25113ΔrfaG over wildtype BW25113 by 1-2 orders of magnitude. Based on these 

results, we conclude that D540 is critical for infecting wildtype BW25113 (Figure 3) likely 

by interacting with the outer core of LPS. When the outer core of the LPS is missing 
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(BW25113ΔrfaG), a substitution at this position becomes necessary for adsorption either 

to a different LPS moiety or to an alternative receptor.  

We introduced stop codon at every position to systematically evaluate the function 

of tip domains truncated to different lengths. Many truncated variants performed well, 

especially on BW25113ΔrfaG which included some with FN≥10 (Figure 4 – Source Data 

2). Truncated variants that performed well are distributed throughout the tip domain and 

are not localized to any one region (Figure 4 – Figure Supplement 5). We clonally tested 

variant R525*, the best performing truncated library member (BW25113ΔrfaG FN = 9.55, 

BW25113ΔrfaD FN = 75.7), and found that this mutant showed no ability to plaque on any 

host unless provided the tail fiber in trans. These truncated phages, detectable here only 

using deep sequencing, may demonstrate how obligate lytic phages could become less 

active in a bacterial population, slowly replicating alongside their bacterial hosts, requiring 

only a single mutation to become fully active again. In fact, acceptor phages altogether 

lacking a tail fiber were present at extremely low abundance (Figure 4 – Source Data 1). 

These phages are not artifacts from library creation as some ability to replicate is required 

to produce detectable concentrations of each phage. We concluded that these are viable 

phage variants albeit with a much slower infection cycle resulting in their inability to form 

visible plaques. 
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Figure 4. Discovery of gain-of-function variants against resistant hosts 

(A) Schematic view of the LPS on wildtype BW25113, BW25113ΔrfaG and 

BW25113ΔrfaD. (B-C) Heat maps showing normalized functional scores (FN) of all 

substitutions (red gradient) and wildtype amino acid (FN=1 and black dot upper left) at 

every position for BW25113ΔrfaG (B) and BW25113ΔrfaD (C) (D-E) Among highly 

enriched variants (FN ≥ 10), targeted amino acids (left), their substitutions (middle) and 

topological location on the structure (right) on BW25113ΔrfaG (D) and BW25113ΔrfaD 

(E), with each alluvial colored based on the substituted amino acid and scaled by FN. 

(F) EOP (mean ± SD, biological triplicates) for wildtype phage and select variants on 

BW25113 (Wild Type), BW25113ΔrfaG and BW25113ΔrfaD in exponential (dark gray) 

and stationary phases (light gray) using BW25113 as a reference host. 

Figure 4 – Figure Supplement 1. Correlation between biological replicates after 

selection of phage variant library on E. coli BW25113ΔrfaG and BW25113ΔrfaD. 

Figure 4 – Figure Supplement 2. Distribution, enrichment profile and physicochemical 

properties of variants after selection on E. coli BW25113ΔrfaG and BW25113ΔrfaD. 

Figure 4 – Figure Supplement 3. Ranking FN of the ten most enriched variants in 

each biological replicate for (A) E. coli BW25113ΔrfaG and (B) BW25113ΔrfaD. 

Figure 4 – Figure Supplement 4. Correlation between biological replicates for 

selection of phage variant library after one infection cycle on (A) E. coli BW25113ΔrfaG 

and (B) BW25113ΔrfaD. 

Figure 4 - Figure Supplement 5. Location of truncations in the tip domain enriched 

after selection. 

Figure 4 – Source Data 1. Deep sequencing summary for phage variant library after 
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selection on different hosts. Related to Figure 4B-C. 

Figure 4 – Source Data 2. Variant-specific FN for phage variants after selection on E. 

coli BW25113ΔrfaG and BW25113ΔrfaD and physicochemical statistics. Related to 

Figure 4B-C and Figure 4 – Figure Supplement 2. 

 

Targeting pathogenic E. coli causing urinary tract infection using T7 variants 

Phage therapy is emerging as a promising solution to the antibiotic resistance 

crisis. Recent clinical success stories against multidrug resistant Acinetobacter and 

Mycobacterium showcase the enormous potential of phage therapy (Dedrick et al., 2019; 

Schooley et al., 2017). Despite notable exceptions, in general development of effective 

phage-based therapeutics is hindered by onset of bacterial resistance resulting in low 

phage susceptibility.  Although initial application of phages in a laboratory setting may 

reduce bacterial levels, the residual bacterial load remains high, causing bacteria to 

quickly recover after phage application (Fister et al., 2016; Huss and Raman, 2020; Silva 

et al., 2014). A high ratio of phage to bacteria (multiplicity of infection or MOI) may 

productively kill bacteria in a laboratory setting by overwhelming a host with many phages 

(Abedon, 2011). However, ensuring an overwhelming amount of phages in a clinical 

setting is not always feasible (Principi et al., 2019). Engineering highly active phages that 

overcome bacterial insensitivity and can therefore productively eliminate bacterial 

populations at low MOI in a laboratory setting would greatly enhance phage-based 

therapeutics. We hypothesized that engineered tip domain variants may abate bacterial 

insensitivity and be active even at low MOI by better adsorbing to the native receptor or 

recognizing a new bacterial receptor altogether.  
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To test this hypothesis, we chose pathogenic E. coli strain isolate 473 isolated from 

a patient with urinary tract infection (UTI) (Arthur et al., 1990). Although T7 can infect this 

UTI strain, insensitivity arises rapidly, a phenomenon all too common with the use of 

natural phages. EOP assays for wildtype T7 showed insensitive plaque morphology 

consisting of small, slow-growing plaques. No visible lysis was detected after overnight 

incubation when wildtype T7 was applied in liquid culture (MOI=1) indicating onset of 

insensitivity. However, the variant library applied on the UTI strain cleared the culture 

(MOI=1) after overnight incubation, suggesting T7 variants are capable of lysing and 

attenuating insensitivity existing in the pool. We clonally characterized three variants 

(N501H, D520A and G521R) isolated from plaques. All three variants vastly outperformed 

wildtype T7 in terms of onset of insensitivity. Insensitivity emerged approximately 11-13 

hours after initial lysis for the three variants whereas it took merely 1-2 hours after initial 

lysis for wildtype (Figure 5A). In particular, the N501H variant lysed cells faster and 

produced a lower bacterial load post lysis, suggesting far greater activity compared to 

wildtype T7. Next, we compared the effect of phage MOI (MOI=102-10-5) on the lysing 

activity of N501H and wildtype T7 (Figure 5B). At all MOIs wildtype phages lysed UTI473 

significantly more slowly compared to N501H phages (all p<0.05). At lower MOI, time to 

lysis of N501H was half that of wildtype T7, though they were more comparable at higher 

MOI.  

A striking contrast between N501H and wildtype T7 is evident in reduced bacterial 

insensitivity at progressively lower MOI (Figure 5C). Between a MOI of 100 to 1, 

application of both N501H and wildtype phage resulted in similar bacterial insensitivity. 

However, between an MOI of 10-1 and 10-5, application of N501H phage reduced 
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insensitivity over a 10-hour window, while application of wildtype phages resulted in rapid 

onset of insensitive bacteria. We postulate that at high MOI, wildtype T7 simply 

overwhelms the host before insensitivity arises, while at lower MOI, insensitivity can 

emerge, and only variants adapted to the host can effectively kill the host. These results 

indicate that ORACLE can generate phage variants superior to wildtype phage that could 

then become starting points for further engineering therapeutic phages. Further 

experiments will be required to assess the in vivo efficacy of the T7 variants. 
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Figure 5. Targeting pathogenic E. coli causing urinary tract infection using T7 

variants 

(A) Growth time course of UTI473 strain subject to wildtype T7 and select variants. 

Phages were applied after an hour at an MOI of ~10-2 (B) Estimated time to lysis of 

UTI473 strain incubated with wildtype T7 and N501H variant over a range of MOIs, 

derived from time course experiments. (C) Cell density (OD600) of UTI473 strain when 

incubated with wildtype T7 and N501H variant at select timepoints after initial lysis. All 

data represented as mean ± SD of biological triplicate. 

 

Host range constriction emerges from global comparison across variants 

Most phages are specialists that selectively target a narrow range of hosts but are 

unable to productively infect other closely related hosts (Hyman and Abedon, 2010). We 

wanted to assess differences in the host range of individual variants on 10G, BL21 and 

BW25113 and identify variants with constricted host ranges. Ideally, host specificities can 

be determined by subjecting a co-culture of all three hosts to the phage library. However, 

deconvolving specificities of thousands of variants from a pooled co-culture experiment 

can be technically challenging. Instead, we sought to estimate specificities by comparing 

FN of a phage variant on all three hosts. Although FN compares activity of variants within 

a host, it could nonetheless be a useful proxy for estimating specificities across hosts. 

For instance, a phage variant with high FN on BL21 but completely depleted on BW25113 

is more likely to specifically lyse BL21 than BW25113 in a co-culture experiment. Based 

on this rationale, we considered different metrics of comparison of FN, and settled on 

difference in FN of a variant with reduced weight for enrichment (or FD, see methods) 
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between any two hosts as an approximate measure of host preference. This metric is not 

an absolute measure of host specificity, but one devised to reveal broad trends in 

specificity to prioritize variants for downstream validation.  

To assess if variants preferred one host over another, we computed FD for all three 

pairwise combinations and plotted functional substitutions as points on or above/below a 

‘neutral’ line (Figure 6A-C). Variants above the line favor lysis of the noted host, and vice 

versa for variants below the line. To check if this FD-based approach is suitable for 

assessing host specificity, we compared our results with previously published data. Two 

substitutions, D520Q and V544A, that were reported to have a preference for BW25113 

and BL21, respectively, in head to head comparisons (Heineman et al., 2008) were 

placed correctly in our plots, confirming the validity of our FD-based classification scheme. 

We identified 118 out of 1660 variants as good candidates for constricting host range 

(|FD|≥1, see Figure 6 – Source Data 1). Of the 118 variants, 53 variants favor BW25113 

over BL21 and 98 variants favor BW25113 over 10G in pairwise comparisons (Figure 6A 

and 6C). Between BL21 and 10G, there are 15 variants that favor BL21 but none that 

favor 10G (Figure 6B). 

Certain key positions including G479, D540, R542 and D520 which we previously 

identified as functionally important (Figure 3A) are the molecular drivers of specificity 

between hosts (Figure 6A-C). Taken together, our data suggests that it would be easier 

to find a variant capable of specifically lysing BW25113, less so for BL21, and most 

challenging for 10G.  

To validate our analysis, we clonally tested variant R542Q which had a greater 

preference for BW25113 than BL21 or 10G (BW25113 FD =2.0, BL21 FD =0, 10G FD=0) 
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and variant D540S which had a greater preference for BL21 and 10G than BW25113 

(10G FD = 1.03, BL21 FD= 0.62, BW25113 FD = 0.03). Indeed, R542Q showed a significant 

~100-fold decrease in the ability to plaque on BL21 compared to BW25113 while 10G 

plaques were atypically small, indicating a severe growth defect (Figure 6D).  In contrast, 

D540S showed a significant ~100-fold decrease in the ability to plaque on BW25113 

compared to BL21 and 10G (Figure 6D), confirming the host constriction properties of 

these variants. In summary, pairwise comparison is a powerful tool to map substitutions 

that constrict host range and can be leveraged to tailor engineered phages for targeted 

hosts.  
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Figure 6. Host range constriction emerges from global comparison across 

variants 

(A-C) Pairwise comparison of differences in functional scores of variants between hosts 

(see Methods). Variants above the line favor lysis of host noted above the line, and vice 

versa for variants below the line. (D) EOP (mean ± SD, biological triplicates) for wildtype 

T7 and select variants on BW25113, 10G and BL21 in exponential (dark gray) and 

stationary phases (light gray) using exponential 10G with gp17 tail fiber helper plasmid 

(10G_H) as a reference host. R542Q plaques are atypically small until EOP ~10-2. 

Figure 6 – Source Data 1. ΔΔG and FD Conversion for all variants.



115 
 

 

Discussion 

In this study, we used ORACLE to create a large, unbiased library of T7 phage 

variants to comprehensively characterize the mutational landscape of the tip domain of 

the tail fiber. Our study identified hundreds of novel function-enhancing substitutions that 

had not been previously characterized. We mapped regions of function-enhancing 

substitutions on to the crystal structure to rationalize how sequence and structure 

influence activity and host range. Several important insights emerged from these results. 

Cross-comparison between different hosts and selection on resistant hosts allowed us to 

map key substitutions leading to host discrimination and gain of function. Single amino 

acid substitutions are sufficient to enhance activity and host range including some that 

confer dramatic increases in activity or specificity. The functional landscape on each host 

is unique, reflecting both different molecular preferences of adsorption and the fitness of 

wildtype T7 on these hosts. For instance, hydrophilic substitutions were enriched in 10G 

while hydrophobic substitutions were enriched in BW25113. Notably, substitutions on 

10G (an E. coli K-12 derivative lacking LPS components) mirrored substitutions that 

recovered function on BW25113 mutants with truncated LPS which shows convergence 

of selection. Function-enhancing substitutions were densely concentrated in the exterior 

loops indicating an orientational preference for receptor recognition. However, they were 

also found on other surface residues, albeit less frequently, suggesting alternative binding 

modes of the tip domain for host recognition, and several intolerant residues were located 

in exterior loops. Taken together, these results highlight the extraordinary functional 

potential of the tip domain and rationalizes the pervasive use of this structural fold in 

nature for molecular recognition. Comparison of these functional profiles precisely reveals 
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regions that are ideal engineering targets for customizing host range and activity and 

identifies intolerant residues that should be avoided when engineering synthetic phages. 

These results also highlight the power of deep sequencing to detect and resolve 

small functional effects over traditional low-throughput plaque assays. This is best 

illustrated in the case of truncated variants visible only to deep sequencing, but incapable 

of plaque formation without a helper plasmid. The truncated variants are likely not 

experimental artifacts as some ability to replicate is required to survive multiple rounds of 

selection on the host. Truncation of the tip domain may misorient the phage relative to 

the receptor, likely resulting in slower growth and deficiency in plaquing, while still capable 

of replicating. Since plaque formation is a complex process, inability to plaque may not 

imply a functionally incompetent phage.  

ORACLE is designed as a foundational technology to elucidate sequence-function 

relationships in phage genes. On T7, ORACLE can be used to investigate the function of 

several important genes including the remainder of the tail fiber and tail structure, capsid 

components, or lysins and holins. Together, these will provide a comprehensive view of 

the molecular determinants of the structure, function, and evolution of a phage. Once the 

phage variants are created, scaling up ORACLE to investigate potentially tens of hosts 

merely scales up sequencing volume, not experimental complexity. Such a large-scale 

study will lead to a detailed molecular understanding and adaptability of phage bacterial 

interactions. Any phage with a sequenced genome and a transformable host capable of 

maintaining a plasmid library should be amenable to ORACLE because the phage 

variants are created during the natural infection cycle. This approach can be leveraged 
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to tune activity for known phages with high activity, such as T7, or to identify engineering 

targets that dramatically increase activity for newly isolated natural phages.   

The confluence of genome engineering, high-throughput DNA synthesis, and 

sequencing enabled by ORACLE together with viral metagenomics could transform 

phage biology. Phages constitute unparalleled biological variation found in nature and are 

aptly called the “dark matter” of the biosphere. Their sequence diversity and richness are 

coming to light in the growing volume of viral metagenome databases. However, what 

functions these sequences encode remains largely unknown. For instance, fecal viromes 

estimate 108-109 virus-like particles per gram of feces, but less than a quarter of sequence 

reads align to existing databases (Reyes et al., 2012). While this knowledge gap is 

daunting, it also presents an opportunity to mine metagenomic sequences to characterize 

their function and engineer programmable phages. By enabling sequence 

programmability, we envision ORACLE as a powerful tool to discover new phage ‘parts’ 

from metagenomic sequences.  
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Figures, Figure Supplements and Supplementary Files 

Figure 1. ORACLE workflow for creating phage variant libraries 

o Figure 1 – Figure Supplement 1. Sequence rearrangements before and after 

recombinase-mediated cassette exchange. 

o Figure 1 – Figure Supplement 2. Effect of Cas9-gRNA system on acceptor and 

control phages. 

o Figure 1 – Figure Supplement 3. Correlation between expression library with 

and without DNAse treatment. 

o Figure 1 - Source Data 1. Deep sequencing summary for phage variant 

expression library with and without DNAse treatment after ORACLE. Related to 

Figure 1E and Figure 1 - Figure Supplement 3. 

o Figure 1 - Source Data 2. Percentage distribution of each variant in the 

expression library. Related to Figure 1E and Figure 1 - Figure Supplement 3. 

 

Figure 2. Deep mutational scanning of tip domain shows phage adaptation at 

molecular resolution 

o Figure 2 – Figure Supplement 1. Correlation between biological replicates after 

selection of phage variant library on E. coli 10G, BL21 and BW25113 

o Figure 2 – Figure Supplement 2. Distribution, enrichment profile and 

physicochemical properties of variants after selection on E. coli 10G, BL21 and 

BW25113. 

o Figure 2 – Figure Supplement 3. Hierarchical clustering of phage variants based 

on FN score. 
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o Figure 2 – Source Data 1. Deep sequencing summary for phage variant library 

after selection on different hosts. Related to Figure 2C-E. 

o Figure 2 – Source Data 2. Variant-specific FN for phage variants after selection 

on E. coli 10G, BL21 and BW25113 and physicochemical statistics. Related to 

Figure 2C-F, Figure 2 - Figure Supplement 2 and Figure 3. 

 

 

Figure 3. Comparison across hosts reveals regions of functional importance 

o Figure 3 – Figure Supplement 1. Comparing FD to computationally predicted 

stability of variant ΔΔG. 

o Figure 3 – Figure Supplement 2. Classification of tolerant, intolerant and 

functional regions based on different cutoff conditions. 

o Figure 3 – Figure Supplement 3. Truth table comparing functional results to 

predicted stability. 

o Figure 3 – Source Data 1. Functional comparison for each variant on 

susceptible hosts. Related to Figure 3B-C. 

o Figure 3 – Source Data 2. ΔΔG and FD Conversion for all variants. Related to 

Figure 3 - Figure Supplement 1 

 

Figure 4. Discovery of gain-of-function variants against resistant hosts 

o Figure 4 – Figure Supplement 1. Correlation between biological replicates after 

selection of phage variant library on E. coli BW25113ΔrfaG and BW25113ΔrfaD. 
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o Figure 4 – Figure Supplement 2. Distribution, enrichment profile and 

physicochemical properties of variants after selection on E. coli BW25113ΔrfaG 

and BW25113ΔrfaD. 

o Figure 4 – Figure Supplement 3. Ranking FN of the ten most enriched variants 

in each biological replicate for (A) E. coli BW25113ΔrfaG and (B) BW25113ΔrfaD. 

o Figure 4 – Figure Supplement 4. Correlation between biological replicates for 

selection of phage variant library after one infection cycle on (A) E. coli 

BW25113ΔrfaG and (B) BW25113ΔrfaD. 

o Figure 4 - Figure Supplement 5. Location of truncations in the tip domain 

enriched after selection. 

o Figure 4 – Source Data 1. Deep sequencing summary for phage variant library 

after selection on different hosts. Related to Figure 4B-C. 

o Figure 4 – Source Data 2. Variant-specific FN for phage variants after selection 

on E. coli BW25113ΔrfaG and BW25113ΔrfaD and physicochemical statistics. 

Related to Figure 4B-C and Figure 4 – Figure Supplement  

 

Figure 5. Targeting pathogenic E. coli causing urinary tract infection using T7 

variants  

 

Figure 6. Host range constriction emerges from global comparison across variants 

o Figure 6 – Source Data 1. ΔΔG and FD Conversion for all variants. 

 

Supplementary File 1. List of primers used for experimentation 
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Figure 1 – Figure Supplement 1. Sequence rearrangements before and after 

recombinase-mediated cassette exchange. Schematic illustration of sequence 

rearrangements in acceptor phage and donor plasmid (A) before and (B) after 

recombinase-mediated cassette exchange (RMCE). Specific lox recombinase sites 

required for exchanging sequence cassettes (variant and fixed sequence) are shown. 

Lox sites have wild type (WT) or mutated inverted repeats (IR) and one-way RMCE can 

only occur if one IR is wild type, while the m2 spacer forces recombination in the correct 

orientation and prevents adverse recombination events [53]. Deep sequencing targets 

the area boxed in red between the 5’ NGS region and 3’ pad on both acceptor phages 

and the variant library. 
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Figure 1 – Figure Supplement 2. Effect of Cas9-gRNA system on acceptor and 

control phages. 

(A) Efficiency of plating (EOP) measurements on E. coli 10G in stationary (dark grey 

bar) and exponential (light gray bar) phases for T7 acceptor phage (T7 Acc) with 

combinations of gp17 helper plasmid, Cas9-gRNA plasmid with a random guide 

(gRandom) or targeting guides 1 through 5 (gTarget, g1-g5). T7 acceptor phages 

cannot plaque without helper plasmid. Their plaquing is unaffected by Cas9-gRNA with 

a random guide (gRandom). Among five different gRNAs targeting fixed sequence, g3 

shows highest targeting efficiency and was used for phage library construction with 

ORACLE. (B-D) The Cas9-gRNA system does not adversely affect the plaquing activity 

of untargeted phages. Efficiency of plating (EOP) measurements on E. coli 10G with 

combinations of gp17 helper plasmid, Cas9-gRNA plasmid with a random guide or 

targeting guide 3 (gTarget, g3) for (B) T7 phage without gp17 (T7Δgp17), (C) wildtype 

T7 (WT T7) and (D) acceptor T7 phage recombined with wildtype gp17 (T7 Rec). (E 

and F) Comparison of accumulation of recombined phages (T7 Rec) with respect to 

total phages using (E) 10G with gp17 helper plasmid and Cas9-gRNA (g3) and (F) 10G 

with gp17 helper plasmid and Cas9-gRNA (gRandom). All data shown is biological 

triplicates (mean + SD), all EOP data uses 10G with gp17 helper as a reference host. 
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Figure 1 – Figure Supplement 3. Correlation between expression library with and 

without DNAse treatment. 

 

 

 



127 
 

 

 

Figure 2 – Figure Supplement 1. Correlation between biological replicates for 

selection of phage variant library under different conditions. Correlation of FN scores 

between biological replicates of phage variant library on multiple hosts including (A) E. 

coli 10G (B) BL21 and (C) BW25113. R values and trendlines are displayed for all 

variants (black line) and with outliers excluded (red line) for 10G with outlier points in 

red and all other points in grey.
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Figure 2 - Figure Supplement 2. Distribution, enrichment profile and 

physicochemical properties of variants after selection on 10G, BL21 and 

BW25113. 

Number of variants that were depleted (FN ≤ 0.1) tolerated (FN >0.1 and <2) or 

enriched (FN ≥ 2) after selection on (A) E. coli 10G, (B), BL21, and (C) BW25113, 

separated by topology of the tip domain color coded as interior loops (red), β-sheets 

(beige) and exterior loops (blue). (D) Average FN of enriched variants (FN ≥ 2) for 10G 

(orange squares), BL21 (blue circles), and BW25113 (teal triangles) ordered left to right 

from lowest to highest FN. (E) Alluvial distribution of enriched variants (FN ≥ 2) on 10G 

(upper), BL21 (middle) and BW25113 (bottom), showing wild type amino acids (left), 

their substitution (middle) and topological location on the structure (right). Each alluvial 

is colored based on the substituted amino acid and scaled by FN across hosts. Violin 

plots comparing (F) change in mass, (G) change in hydrophilicity, and (H) change in 

hydrophobicity for grouped depleted (FN ≤ 0.1) tolerated (FN >0.1 and <2) or enriched 

(FN ≥ 2) substitutions on E. coli 10G, BL21 and BW25113. p-values are shown if only if 

<0.05, the upper p-value is the result of a Kruskal-Wallis test among all three groups 

while pairwise p-values from a Wilcoxon test are shown linking each group. 
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Figure 2 - Figure Supplement 3. Hierarchical clustering of phage variant based on 

FN score 

Hierarchical clustering of phage variants based on their FN score across E. coli 10G, 

BL21 and BW25113. Variants are shaded in white (FN = 0) to red (FN = 2+). Only 

variants with an FN above the limit of detection on at least one host are included. 
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Figure 3 - Figure Supplement 1. Comparing FD to computationally predicted 

stability of variant ΔΔG. 

Comparison of maximum FD values between E. coli 10G, BL21 and BW25113 to 

computationally predicted change in stability (ΔΔG, see methods) for each intolerant 

(red circles), tolerant (yellow squares) and functional (blue triangles) in the variant 

library. 
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Figure 3 - Figure Supplement 2. Classification of tolerant, intolerant and 

functional regions based on different cutoff conditions. 

Phenotypic classification of each position is determined by aggregating scores of all 

substitutions in all hosts at that position. (A) Substitutions are classified using an FN 

cutoff of 0.1 as intolerant (FN < 0.1 in all hosts), tolerant (FN ≥ 0.1 in all hosts), or 

functional (FN < 0.1 in one host, FN ≥ 0.1 in another host) as seen in Figure 3B. 

Variations of this cutoff (B) using an FN cutoff of 0.5 or (C) using an FN cutoff of 0.01. 

An alternative, more conservative approach to classifying a functional substitution 

requires an FN below the limit of detection (LOD) in one host and a higher FN of (D) 

0.1, (E) 0.5, or (F) 1.0 in another host. All cutoff conditions broadly result in similar 

overall trends. 
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Figure 3 - Figure Supplement 3. Truth table comparing functional results to 

predicted stability. 

Comparison of functional results to computationally predicted change in stability (ΔΔG, 

see methods). Substitutions are binned as tolerated or enriched if maximum FD > 0.1 

and depleted if FD < 0.1 across any strain. Substitutions are considered stabilizing if 

predicted ΔΔG was <10 and destabilizing if >10. 
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Figure 4 – Figure Supplement 1. Correlation between biological replicates for 

selection of phage variant library under different conditions. Correlation of FN scores 

between biological replicates of phage variant library on (A) E. coli BW25113ΔrfaG and 

(B) BW25113ΔrfaD. R values and trendlines are displayed for all variants (black line) 

and with outliers excluded (red line) for BW25113ΔrfaD with outlier points in red and all 

other points in grey. 
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Figure 4 – Figure Supplement 2. Distribution, enrichment profile and 

physicochemical properties of variants after selection on BW25113ΔrfaG and 

BW25113ΔrfaD. 

Number of variants that were depleted (FN ≤ 0.1) tolerated (FN >0.1 and <2) or 

enriched (FN ≥ 2) after selection on (A) BW25113ΔrfaG or (B) BW25113ΔrfaD, 

separated by topology of the tip domain color coded as interior loops (red), β-sheets 

(beige) and exterior loops (blue). (C) Average FN of enriched variants (FN ≥ 2) for 

BW25113ΔrfaD (orange squares) and BW25113ΔrfaG (blue circles) ordered left to right 

from lowest to highest FN. Violin plots comparing (D) change in mass, (E) change in 

hydrophilicity, and (F) change in hydrophobicity for grouped depleted (FN ≤ 0.1) 

generally tolerated (FN >0.1 and <10) or well enriched (FN ≥ 10) substitutions on E. coli 

BW25113ΔrfaD and BW25113ΔrfaG. The upper p-value is the result of a Kruskal-Wallis 

test among all three groups while pairwise p-values from a Wilcoxon test are shown 

linking each group; p-values are shown if only if <0.05. 
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Figure 4 – Figure Supplement 3. Ranking FN of the ten most enriched variants in 

each biological replicate for (A) E. coli BW25113ΔrfaG and (B) BW25113ΔrfaD. 
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Figure 4 – Figure Supplement 4. Correlation between biological replicates for 

selection of phage variant library after one infection cycle on (A) E. coli BW25113ΔrfaG 

and (B) BW25113ΔrfaD. 

 

 

 

 

 

 

 



139 
 

 

 

 

 

Figure 4 - Figure Supplement 5. Location of truncations in the tip domain 

enriched after selection 

Location (grey circles) of truncations in the tip domain with an FN>10 on 

BW25113ΔrfaD. The tip domain is colored in a rainbow gradient from N (blue) to C (red) 

terminus. 
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Methods 

Key Resources Table 

Reagent 
type 
(species) or 
resource 

Designation 

Source 
or 
referen
ce 

Identifiers Additional 
information 

strain, strain 
background 
(Escherichia 
coli) 

E. coli 10G Lucige
n 

Lucigen:601
07-1   

strain, strain 
background 
(Escherichia 
coli) 

E. coli BL21 ATCC ATCC:BAA-
1025   

strain, strain 
background 
(Escherichia 
coli) 

E. coli 10-
beta 

NEB NEB:C3020 

  

strain, strain 
background 
(Escherichia 
coli) 

E. coli 
BW25113 

(Baba 
et al., 
2006) 

BW25113 

  

strain, strain 
background 
(Escherichia 
coli) 

E. coli 
BW25113Δrfa
G 

(Baba 
et al., 
2006) 

BW25113Δrf
aG  

strain, strain 
background 
(Escherichia 
coli) 

E. coli 
BW25113 
ΔrfaD 

(Baba 
et al., 
2006) 

BW25113 
ΔrfaD   

strain, strain 
background 
(Escherichia 
coli) 

E. coli 
UTI473 

(Arthur 
et al., 
1990) 

UTI473 
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strain, strain 
background 
(T7 
Bacteriopha
ge) 

T7 
Bacteriophag
e 

ATCC ATCC:BAA-
1025-B2 

  

strain, strain 
background 
(T7 
Bacteriopha
ge) 

T7 
Bacteriophag
e variants 

This 
paper 

Available on 
request  DMS variants, 

available from the 
Raman lab 

commercial 
assay or kit 

KAPA HiFi 
PCR Kit 

Roche Roche:KK21
01  

commercial 
assay or kit 

KAPA2G 
Robust PCR 
Kit with 
dNTPS 

Roche Roche:KK50
05  

commercial 
assay or kit 

Golden Gate 
Assembly Kit 
(BsaI-HFv2) 

NEB NEB:E1601L 
 

recombinant 
DNA 
reagent 

pHT7Helper1 
(plasmid) 

This 
paper 

  Helper with T7 gp17. 
See methods for full 
details. 

recombinant 
DNA 
reagent 

pHRec1 and 
derivatives 
(plasmids) 

This 
paper  

Recombination 
plasmid. See 
methods for details 

recombinant 
DNA 
reagent 

pHCas9 and 
derivatives 
(plasmids) 

This 
paper  

Plasmid with Cas9 
targeting acceptor 
phage. See methods 
for full details. 

software, 
algorithm 

R scripts for 
DMS Analysis 

This 
paper 

N/A Available here 
https://github.com/ra
man-lab/oracle 

software, 
algorithm 

R scripts for 
Physicochemi
cal 
Comparisons 

This 
paper 

N/A Available here 
https://github.com/ra
man-lab/oracle 

https://github.com/raman-lab/oracle
https://github.com/raman-lab/oracle
https://github.com/raman-lab/oracle
https://github.com/raman-lab/oracle
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software, 
algorithm 

R scripts for 
Rosetta ΔΔG 
calculations 

This 
paper 

N/A Available here 
https://github.com/ra
man-lab/oracle 

 

 

Microbes and Culture Conditions  

T7 bacteriophage was obtained from ATCC (ATCC® BAA-1025-B2). 

Saccharomyces cerevisiae BY4741, Escherichia coli BL21 is a lab stock, E. coli 10G is a 

highly competent DH10B derivative (Durfee et al., 2008) originally obtained from Lucigen 

(60107-1). E. coli 10-beta was purchased from NEB (C3020). E. coli BW25113, 

BW25113ΔrfaD and BW25113ΔrfaG were obtained from Doug Weibel (University of 

Wisconsin, Madison) and are derived from the Keio collection (Baba et al., 2006). UTI473 

was obtained from Rod Welch (University of Wisconsin, Madison) and originates from a 

UTI collection (Arthur et al., 1990). 

All bacterial hosts are grown in and plated on Lb media (1% Tryptone, 0.5% Yeast 

Extract, 1% NaCl in dH2O, plates additionally contain 1.5% agar, while top agar contains 

only 0.5% agar) and Lb media was used for all experimentation. Kanamycin (50 μg/ml 

final concentration, marker for pHT7Helper1) and spectinomycin (115 μg/ml final 

concentration, marker for pHRec1, pHRec1-Lib and pHCas9 and derivatives) was added 

as needed. All incubations of bacterial cultures were performed at 37°C, with liquid 

cultures shaking at 200-250 rpm unless otherwise specified. Bacterial hosts were 

streaked on appropriate Lb plates and stored at 4°C. 

S. cerevisiae BY4741 was grown on YPD (2% peptone, 1% yeast extract, 2% 

glucose in dH2O, plates additionally contain 2.4% agar), after Yeast Artificial 

https://github.com/raman-lab/oracle
https://github.com/raman-lab/oracle
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Chromosomes (YAC) transformation S. cerevisiae BY4741 was grown on SD-Leu (0.17% 

yeast nitrogen base,  0.5% ammonium sulfate, 0.162% amino acids – Leucine [Sigma 

Y1376], 2% glucose in dH20, plates additionally contain 2% agar). All incubations of S. 

cerevisiae were performed at 30°C, with liquid cultures shaking at 200-250 rpm. S. 

cerevisiae BY4741 was streaked on YPD or SD-Leu plates as appropriate and stored at 

4°C. 

T7 bacteriophage was propagated using E. coli BL21 after initial receipt from 

ATCC and then as described on various hosts in methods. All phage experiments were 

performing using Lb and culture conditions as described for bacterial hosts. Phages were 

stored in Lb at 4°C.  

For long term storage all microbes were stored as liquid samples at -80°C in 10% 

glycerol, 90% relevant media. 

SOC (2% tryptone, 0.5% yeast extract, 0.2% 5M NaCl, 0.25% 1M KCL, 1% 1M 

MgCl2, 1% 1M MgSO4, 2% 1M glucose in dH2O) was used to recover host and phages 

after transformation.  

 

General Cloning Methods 

PCR was performed using KAPA HiFi (Roche KK2101) for all experiments with the 

exception of multiplex PCR for screening Yeast Artificial Chromosomes (YACs), which 

was performed using KAPA2G Robust PCR kits (Roche KK5005). Golden Gate assembly 

was performed using New England Biosciences (NEB) Golden Gate Assembly Kit (BsaI-

HFv2, E1601L). Restriction enzymes were purchased from NEB with the exception of 
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DNAse I (Roche 4716728001). DNA purification was performed using EZNA Cycle Pure 

Kits (Omega Bio-tek D6492-01) using the centrifugation protocol. YAC extraction was 

performed using YeaStar Genomic DNA Extraction kits (Zymo Research D2002). Gibson 

assembly was performed according to the Gibson Assembly Protocol (NEB E5510) but 

Gibson Assembly Master Mix was made in lab (final concentration 100 mM Tris-HCL pH 

7.5, 20 mM MgCl2, 0.2 mM dATP, 0.2 mM dCTP, 0.2 mM dGTP, 10 mM dTT, 5% PEG-

8000, 1 mM NAD+, 4 U/ml T5 exonuclease, 4 U/μl Taq DNA Ligase, 25 U/mL Phusion 

polymerase).  All cloning was performed according to manufacturer documentation 

except where noted in methods. If instructions were variable and/or specific conditions 

are relevant for reproducing results, those conditions are also noted in the relevant 

methods section. 

PCR reactions use 1 μl of ~1 ng/μl plasmid or ~0.1 ng/μl DNA fragment as template 

for relevant reactions. PCR reactions using phage as template use 1 μl of undiluted or 

1:10 diluted phage stock, genomic extraction was unnecessary. Phage template was 

initially treated at 65°C for 10 minutes (for YAC cloning), but we later simply extended the 

95°C denaturation step to 5 minutes (for deep sequencing). 

DpnI digest was performed on all PCR that used plasmid as template. Digestion 

was performed directly on PCR product immediately before purification by combining 1-2 

μl DpnI (20-40 units), 5 μl 10x CutSmart Buffer, PCR product, and dH2O to 50 ul, 

incubating at 37°C for 2 hours then heat inactivating at 80C for 20 minutes.  

DNAse treatment of phages was performed by adding 5 μl undiluted phages, 2 μl 

10x DNAse I buffer, 1 μl of 2 U/μl DNAse I, dH2O to 20 ul, then incubating for 20 minutes 
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at 37°C, followed by heat inactivation at 75C for 10 minutes. 1 μl of this reaction was used 

as template for relevant PCR. 

Electroporation of plasmids and YACs was performed using a Bio-rad MicroPulser 

(165-2100), Ec2 setting (2 mm cuvette, 2.5 kV, 1 pulse) using 25-50 μl competent cells 

and 1-2 μl DNA for transformation. Electroporated cells were immediately recovered with 

950 μl SOC, then incubated at 37°C for 1 to 1.5 hours and plated or grown in relevant 

media.  

E. coli 10G competent cells were made by adding 8 mL overnight 10G cells to 192 

mL SOC (with antibiotics as necessary) and incubating at 21°C and 200 rpm until ~OD600 

of 0.4 as determined using an Agilent Cary 60 UV-Vis Spectrometer using manufacturer 

documentation (actual incubation time varies based on antibiotic, typically overnight). 

Cells are centrifuged at 4°C, 800g-1000g for 20 minutes, the supernatant is discarded, 

and cells are resuspended in 50 mL 10% glycerol. Centrifugation and washing are 

repeated three times, then cells are resuspended in a final volume of ~1 mL 10% glycerol 

and are aliquoted and stored at -80°C. Cells are competent for plasmid and YACs. 

Site Directed Mutagenesis (SDM) was performed, in brief, using complementary 

primers with the desired mutation in the middle of the primer, using 16x cycles of PCR, 

followed by DpnI digestion and electroporation into competent E. coli 10G. Splicing by 

Overlap Extension (SOE, also known as PCR overlap extension) was performed, in brief, 

using equimolar ratios of fragments, 16x cycles of PCR using extension based on the 

combined length of fragments, then a second PCR reaction using 1/100 or 1/1000 diluted 

product of the first reaction in a typical PCR reaction using 5’ and 3’ end primers for each 

fragment. 
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Detailed protocols for cloning are available on request. All primers used in 

experiments in this publication are listed in supplementary file 1. 

 

Plasmid Cloning and Descriptions 

pHT7Helper1 contains a pBR backbone, kanamycin resistance cassette, mCherry, 

and the T7 tail fiber gp17. Both mCherry and gp17 are under constitutive expression. 

Gp17 was combined with promoter apFAB47 (Kosuri et al., 2013) using SOE and the 

plasmid assembled by Gibson assembly. There is a single nucleotide deletion in the 

promoter that has no effect on plaque recovery for phages that require gp17 to plaque. 

This plasmid is used during optimized recombination and during accumulation in 

ORACLE to prevent library bias and depletion of variants that grow poorly on E. coli 10G.  

pHRec1 contains an SC101 backbone, Cre recombinase, a spectinomycin 

resistance cassette, and the T7 tail fiber gp17 flanked by Cre lox66 sites with an m2 

spacer, a 3’ pad region and lox71 sites with a wt spacer (Langer et al., 2002) (Figure 1 – 

Figure Supplement 1). Cre recombinase is under constitutive expression. This plasmid 

was assembled with sequential PCR and Gibson assembly. During assembly we used 

PCR overhangs and SDM to create two synonymous substitutions in gp17 to remove two 

BsaI restriction sites, facilitating downstream golden gate assembly. This plasmid was 

used in recombination assays, as it allows for recombination of wildtype gp17, and is used 

as template to generate the DMS variant library. The DMS variant library is referred to as 

pHRec1-Lib and is used during optimized recombination in ORACLE. Note this assembly 

was not tolerated in higher copy number plasmids. 
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pHCas9 contains an SC101 backbone, a spectinomycin resistance cassette and 

cas9 cassette capable of ready BsaI cloning of gRNA (Jiang et al., 2013). This plasmid is 

used directly as part of the negative control for the accumulation assay, and has five 

derivatives, pHCas9-1 through -5, each with a different gRNA targeting the fixed region 

in the T7 acceptor phage. pHCas9 was created with Gibson assembly, while derivatives 

were assembled by phosphorylation and annealing gRNA oligos (100 uM forward and 

reverse oligo, 5 μl T4 Ligase buffer, 1 μl T4 PNK, to 50 μl dH2O, incubate at 37°C for 1 

hour, 96C for 6 minutes then 0.1C/s temperature reduction to 23C), then Golden Gate 

cloning (1 μl annealed oligo, 75 ng pHCas9, 2 μl T4 DNA Ligase Buffer, 1 μl Golden Gate 

Enzyme Mix, dH20 to 20 ul. Incubation at 37°C for 1 hour then 60C for 5 minutes, followed 

by direct transformation of 1 ul, plated on Lb with spectinomycin). Note pHCas9-3 was 

the most inhibitory (Figure 1 - Figure Supplement 2A) and was the only plasmid used in 

accumulation during ORACLE. This assembly was also not tolerated in higher copy 

number plasmids. All plasmid backbones and gene fragments are lab stocks. 

 

General Bacteria and Phage Methods 

Bacterial concentrations were determined by serial dilution of bacterial culture 

(1:10 or 1:100 dilutions made to 1 mL in 1.5 microcentrifuge tubes in Lb) and subsequent 

plating and bead spreading of 100 μl of a countable dilution (targeting 50 colony forming 

units) on Lb plates. Plates were incubated overnight and counted the next morning. 

Typically, two to three dilution series were performed for each host to initially establish 

concentration at different OD600 and subsequent concentrations were confirmed with a 

single dilution series for later experiments.  
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Stationary phase cultures are created by growing bacteria overnight (totaling ~20-

30 hours of incubation) at 37°C. Cultures are briefly vortexed then used directly. 

Exponential phase culture consists of stationary culture diluted 1:20 in Lb then incubated 

at 37°C until an OD600 of ~0.4-0.8 is reached (as determined using an Agilent Cary 60 

UV-Vis Spectrometer using manufacturer documentation), typically taking 40 minutes to 

1 hour and 20 minutes depending on the strain and antibiotic, after which cultures are 

briefly vortexed and used directly. 

Phage lysate was purified by centrifuging phage lysate at 16g, then filtering 

supernatant through a 0.22 uM filter. Chloroform was not routinely used unless 

destruction of any remaining host was considered necessary and is mentioned in such 

cases.  

To establish titer, phage samples were typically serially diluted (1:10 or 1:100 

dilutions made to 1 mL in 1.5 microcentrifuge tubes) in Lb to a 10-8 dilution for preliminary 

titering by spot assay. Spot assays were performed by mixing 250 μl of relevant bacterial 

host in stationary phase with 3.5 mL of 0.5% top agar, briefly vortexing, then plating on 

Lb plates warmed to 37°C. After plates solidified (typically ~5 minutes), 1.5 μl of each 

dilution of phage sample was spotted in series on the plate. Plates were incubated and 

checked at 2-4 hours and in some cases overnight (~20-30 hours) to establish a 

preliminary titer. After a preliminary titer was established, phage samples were serially 

diluted in triplicate for efficiency of plating (EOP) assays. EOP assays were performed 

using whole plates instead of spot plates to avoid inaccurate interpretation of results due 

to spotting error (Khan Mirzaei and Nilsson, 2015). To perform the whole plate EOP assay, 

250 μl of bacterial host in stationary or exponential phase was mixed with between 5 to 
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50 μl of phages from a relevant dilution targeted to obtain 50 plaque forming units (PFUs) 

after overnight incubation. The phage and host mixture was briefly vortexed, briefly 

centrifuged, then added to 3.5 mL of 0.5% top agar, which was again briefly vortexed and 

immediately plated on Lb plates warmed to 37°C. After plates solidified (typically ~5 

minutes), plates were inverted and incubated overnight. PFUs were typically counted at 

4-6 hours and after overnight incubation (~20-30 hours) and the total overnight PFU count 

used to establish titer of the phage sample. PFU totals between 10 and 300 PFU were 

typically considered acceptable, otherwise plating was repeated for the same dilution 

series. This was repeated in triplicate for each phage sample on each relevant host to 

establish phage titer. 

EOP was determined using a reference host, typically E. coli 10G with 

pHT7Helper1 but stated if otherwise. EOP values were generated for each of the three 

dilutions by taking the phage titer on the test host divided by the phage titer on the 

reference host, and this value was subsequently log10 transformed. Values are reported 

as mean ± SD. 

MOI was calculated by dividing phage titer by bacterial concentration. MOI for the 

T7 variant library after the variant gene is expressed was estimated by titering on 10G 

with pHT7Helper1. 

Limit of Detection (LOD) for T7 acceptor phages (T7 Acc) and T7 lacking a tail fiber 

(T7Δgp17) was established based on the ability of these phages to clear a bacterial lawn. 

These phages are unable to plaque on host lacking pHT7Helper1, but phages do express 

a tail fiber due to being propagated on host with pHT7Helper1. Functionally this allows 

these phages to complete one infection cycle and kill one host but does not allow the 
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creation of plaque-viable progeny phages if that host does not also contain pHT7Helper1. 

At an MOI of greater than ~2 we noted plates no longer form lawns of bacteria but instead 

contain individual colonies or are clear, reflective of these singular assassinations. As 

expected, this effect occurs at different concentrations of phages for exponential or 

stationary host due to different host concentration at those stages of growth. As plaques 

cannot form under these conditions, and these infections are not productive beyond a 

single infection, we simply used this cut off as the limit of detection for this assay. 

Growth time courses for UTI473 (Figure 5) and OD600 was performed using a 

Synergy HTX Multi-Mode 96-well plate reader, using 140 μl of host and 10 μl of relevant 

phage titers.  Phages were applied after an hour of incubation in the plate reader. 

 

Recombination Rate and Accumulation Assays 

To establish recombination rate (Figure 1C), we passaged T7 acceptor phages on 

5 mL exponential phase E. coli 10G containing pHT7Helper1 and pHRec1. pHRec1 was 

used because the recombined gp17 tail fiber is wildtype, ensuring every recombined 

phage is plaque-capable (derived from Figure 1 - Figure Supplement 2B results). We 

sought to evaluate recombination rate after only 1 passage through the host to avoid 

misinterpretation of results in case recombined phages had different fitness than 

unrecombined phages. We used an MOI of 10 and allowed passage for 30 minutes, 

sufficient time for one wildtype phage passage, after which we halted any remaining 

reactions by adding 200 μl of chloroform and lysing the remaining bacterial host. Phages 

were then purified to acquire the final phage population. We established the phage 
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population titer on 10G and 10G with pHT7Helper1. Both acceptor phages and 

recombined phages are capable of plaquing on 10G with pHT7Helper1 and this phage 

titer is used to count the total phage population. Only recombined phages are capable of 

plaquing on 10G and this titer is used to count recombined phages. Recombination rate 

was established as the fraction titer of recombined phages divided by recombined phages. 

This was repeated in triplicate and reported as mean ± SD. 

Method Note: It should be noted that this assay does not delineate for when 

recombination occurs in the host or how frequently recombination occurs in any 

one host. For example, if recombination were to occur on the original phage 

genome, all subsequent progeny phages could contain the recombined gene. In 

contrast, if recombination were to occur on the phage genome while it is being 

replicated, anywhere from one individual progeny to all progeny could contain the 

recombined gene. 

 

To validate accumulation of recombined phages over acceptor phages (Figure 1D 

and Figure 1 - Figure Supplement 2E-F) we first generated a population of recombined 

phages using the same scheme as outlined for the recombination rate assay. After 

recombination this phage population contained primarily T7 acceptor phages with a small 

percentage of recombined phage containing a wildtype gp17 tail fiber. This phage 

population was passaged on 10G containing pHT7Helper1 and either pHCas9-3 

(targeting the fixed region in the acceptor phage using g3, the most effective guide by 

EOP, Figure 1 - Figure Supplement 2A) or pHCas9 (randomized control). Phages were 

incubated with host in 5 mL total at an initial MOI of 1 based on the titer of the whole 
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phage population. Every 30 minutes until 180 minutes, and thereafter every 60 minutes 

until 300 minutes, ~250 μl of culture was removed, infection was stopped by adding 100 

μl of chloroform, and phage samples were purified to establish the phage population at 

that timepoint. Titer at each timepoint was determined on both 10G and 10G with 

pHT7Helper1 with a single dilution series using whole plate plaque assay. Percent 

accumulation was derived by dividing titer on 10G by titer on 10G with pHT7Helper1. 

Accumulation on both hosts was repeated in triplicate and reported as mean ± SD. 

 

DMS Plasmid Library Preparation 

To create the DMS variant plasmid library, oligos were first designed and ordered 

from Agilent as a SurePrint Oligonucleotide Library (Product G7220A, OLS 131-150mers). 

Every oligo contained a single substitution at a single position in the tip domain, overall 

including all non-synonymous substitutions, a single synonymous substitution, and a stop 

codon from position 472-554. Note we did mutate the stop codon, which is position 554, 

which when substituted results in a 3 amino acid extension (-DAR) of gp17. We used the 

most frequently found codon for each amino acid in the gp17 tail fiber to define the codon 

for each substitution. Oligos contained BsaI sites at each end to facilitate Golden Gate 

cloning. To accommodate a shorter oligo length the library was split into three pools 

covering the whole tip domain. Oligo pools were amplified by PCR using 0.005 pmol total 

oligo pool as template and 15 total cycles to prevent PCR bias, then pools were purified. 

pHRec1 was used as template in a PCR reaction to create three backbones for each of 

the three pools. Backbones were treated with BsaI and Antartic Phosphatase as follows. 

5 μl 10x CutSmart, 2 μl BsaI, ~1177 ng backbone, dH2O to 50 μl was mixed and incubated 
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at 37°C for 2 hours, after which 1 μl additional BsaI, 2 μl Antartic Phosphatase, 5.89 μl 

10x Antartic Phosphatase buffer was spiked into reaction. Reaction was incubated for 1 

more hour at 37°C, then enzymes were heat inactivated at 65°C for 20 minutes 

(concentration ~20ng/μl at this point) and used directly (no purification) in Golden Gate 

Assembly. Golden gate assembly was performed using ~100 ng of relevant pool 

backbone and a 2x molar ratio for oligos (~10 ng), combined with 2 μl 10x T4 DNA ligase 

buffer, 1 μl NEB Golden Gate Enzyme mix and dH2O to 20 ul. These reactions were 

cycled from 37°C to 16°C over 5 minutes, 30x, then held at 60°C for 5 minutes to complete 

Golden Gate assembly. Membrane drop dialysis was then performed on each library pool 

for 75 minutes to enhance transformation efficiency. 2 μl of each pool was transformed 

into 33 μl competent E. coli 10-beta (NEB C3020) cells. Drop plates were made at this 

point (spotting 2.5 μl of dilutions of each library on Lb plates with spectinomycin) and total 

actual transformed cells were estimated at ~2x105 CFU/mL. Each 1 mL pool was added 

to 4 mL Lb with spectinomycin and incubated overnight, then plasmids were purified. 

Plasmids concentration was determined by nanodrop and pools were then combined at 

an equimolar ratio to create the final phage variant pool, denoted as pHRec1-Lib. 

pHRec1-Lib was transformed into E. coli 10G with pHT7Helper1. Drop plates were made 

(spotting 2.5 μl of dilutions of each library onto Lb plates with spectinomycin and 

kanamycin) and total actual transformed cells were also estimated at ~2x105 CFU/mL. 

The 1 mL library was added to 4 mL Lb with spectinomycin and kanamycin and incubated 

overnight. This host, E. coli 10G with pHT7Helper1 and pHRec1-Lib, was the host used 

for Optimized Recombination during ORACLE. 
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ORACLE - Engineering T7 Acceptor Phages 

Acceptor phages were assembled using YAC rebooting (Ando et al., 2015b; 

Jaschke et al., 2012), which requires yeast transformation of relevant DNA segments, 

created as follows. A prs415 yeast centromere plasmid was split into three segments by 

PCR, separating the centromere and leucine selection marker, which partially limits 

recircularization and improved assembly efficiency (Kuijpers et al., 2013). Wildtype T7 

segments were made by PCR using wildtype T7 as template. At the site of recombination 

the acceptor phage contains, in order, lox71 sites with an m2 spacer (Langer et al., 2002) 

to facilitate one way recombinase mediated cassette exchange (RMCE), a fixed 

sequence that was derived from sfGFP with a nonsense mutation, a short region 

mimicking gp17 to allow detection of acceptor phages by deep sequencing (5’ NGS in 

Figure 1 – Figure Supplement 1), a 3’ ‘pad’ to facilitate deep sequencing, and lox66 sites 

with a wt spacer (see Figure 1 – Figure Supplement 1). This entire region was turned into 

one DNA segment by serial SOE reactions.  

Method Note: reversable or two way RMCE using wildtype loxP sites could feasibly 

increase recombination efficiency, as one way RMCE is not necessarily required 

for ORACLE. 

 

Method Note: PCR, including PCR for deep sequencing, behaved inconsistently 

at lox sites. We theorize this may be because these sites are inverted repeats. Our 

inclusion of the 3’ ‘pad’ region corrected this problem and facilitated acceptor 

phage detection by deep sequencing. 
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DNA parts were combined together (0.1 pmol/segment) and transformed into S. 

cerevisiae BY4741 using the a high efficiency yeast transformation protocol (Gietz and 

Woods, 2002) using SD-Leu selection. After 2-3 days colonies were picked and directly 

assayed by multiplex colony PCR to assay assembly. Multiplex PCR interrogated 

junctions in the YAC construct and was an effective way of distinguishing correctly 

assembled YACs. Correctly assembled YACs were purified and transformed into E. coli 

10G cells containing pHT7Helper1, and after recovery 400 μl was used to inoculate 4.6 

mL Lb. This culture was incubated until lysis, after which phages were purified to create 

the acceptor phage stock.  

 

ORACLE - Optimized Recombination 

Recombination was performed by adding T7 Acceptor phages (MOI ~5) to 15 mL 

exponential phase 10G with pHT7Helper1 and pHRec1-Lib (shown as the donor plasmid 

in Figure 1), split across three 5 mL cultures. A high MOI is used to allow for one effective 

infection cycle. Cultures were incubated until lysis (~30 minutes). Lysed cultures were 

combined and purified. This phage population constitutes the initial recombined phage 

population and contained an estimated 2x107 variants/mL in a total phage population of 

~2x1010 PFU/mL. The remainder of the phages are acceptor phages. A schematic of the 

recombination is shown in Figure 1 – Figure Supplement 1. Note pHT7Helper1 ensures 

progeny should remain viable by providing gp17 in trans. 
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ORACLE – Accumulation 

Accumulation was performed by adding ~MOI of 0.2 of recombined phages (50 μl 

or ~1x109 total phages) to 5 mL of stationary phase E. coli 10G with pHT7Helper1 and 

pHCas9-3 resuspended in fresh Lb with kanamycin and spectinomycin. Cultures are 

incubated until lysis (~3.5 hours), then phages are purified. This MOI was chosen to target 

1% of acceptor phages remaining in the final population as an internal control – the 

remainder of the phage population is accumulated variant phages. Stationary phase was 

used because it was more inhibitory based on EOP (Figure 1 - Figure Supplement 2A). 

Note pHT7Helper1 still ensures progeny should remain viable by providing gp17 in trans 

and progeny from accumulation do not fully express variant genes. 

Methods Note: During ORACLE, the library gene is not actively repressed and 

some fraction of progeny phages are likely assembled with the variant gene, or 

contain chimeric tail fibers with both proteins. This may account for some degree 

of the skew we see during accumulation, although skewed residues were not 

consistent with enrichment patterns on 10G. Here, this skew was not significant, 

but this could be an influencing factor in future studies. The bias can feasibly be 

further reduced by a number of methods of varying complexity including repressing 

the genomic variant, increasing the amount of wild type provided in trans, or simply 

reducing the number of replication events during ORACLE.  

 

Method Note: See Figure 1 - Figure Supplement 2A for inhibition results for 

versions of pHCas9. When sequenced, individual plaques after selection had 
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mutations in the region targeted by each gRNA, as expected for how resistance to 

Cas9 occurs. Note acceptor phages are not actively destroyed but are rather 

inhibited and maintained at the same concentration. Selection may be improved 

by using multiple guide RNAs or using sgRNA platforms. 

 

ORACLE - Library Expression 

Library expression was performed by adding the accumulated DMS library to 5 mL 

E. coli 10G (with no plasmid) at an MOI of ~1. Cultures are incubated for 30 minutes, then 

200 μl chloroform is added to the culture to lyse any remaining cells and phages are 

purified. This constitutes the final phage variant library with full expression of the variant 

gp17 tail fibers. This phage population is directly sequenced to establish the pre-selection 

library population.  

Method Note: This MOI and culture conditions are chosen to prevent phages from 

undergoing more than 1 replication cycle. Additional replication cycles would result 

in skew towards variants that grow better on the host used for expression. At an 

MOI of 1, progeny from the first replication cycle already comprise the majority of 

the possible concentration of phages for T7. Chloroform is added at 30 minutes to 

halt any rogue second infections in process. 

 

Method Note: Two points bear additional mention regarding ORACLE as a whole 

to create variant libraries. First, the importance of retaining variants that do not 

grow well on the host used to create the library cannot be overstated. These 
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variants are critical for mapping functional regions. For example, we used 10G to 

grow our library, which happened to have the most significant selection of the 

susceptible hosts and had depletion of many functional regions. The resolution of 

this assay would have been deeply impacting if these variants had been lost. 

Second, due to possible depletion and skew, it is critical to assay library distribution 

after insertion and expression of the variants in the phage, instead of, for example, 

assaying distribution in plasmid before phage insertion. While ORACLE is 

designed to avoid this problem, any selection that occurs during library 

construction needs to be identified prior to selection experiments.  

 

DMS Selection 

All DMS selection results besides single infection cycle experiments on resistant 

hosts noted later were performed in the same way. The T7 variant library was added to 5 

mL of exponential host at an MOI of ~10-2 and the culture was allowed to fully lyse 

(typically 40 to 80 minutes depending on the host). Phage lysate was purified and then 

the titer established for the host the phage was being selected on. This process was then 

repeated using the selected phage lysate. An MOI of 10-2 was chosen to allow phages 

which grow slower a chance to replicate. For reference under these conditions we expect 

wildtype to complete four infection cycles on a susceptible host. Phage lysate from the 

second selection was retained and used as template for deep sequencing to establish the 

post-selection phage population. The entire process was repeated in biological triplicate 

for each host. Single infection cycle results cited in Figure 4 – Figure Supplement 4 and 

Figure 4 – Source Data 1 and 2 were performed on BW25113ΔrfaG and BW25113ΔrfaD 
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using an MOI of ~1 then waiting for the culture to fully lyse, after which phage lysate was 

purified and sequenced directly. 

Method Note: The number of infection cycles should be carefully considered due 

to the effect of multiple exponential replication events on the phage population. As 

noted in the text, we expected less consistency as we increased infection cycles, 

especially on severely bottlenecked populations as seen on BW25113ΔrfaD, but 

additional infection cycles allows for increased competition between productive 

members.  

 

Deep Sequencing Preparation and Analysis 

We used deep sequencing to evaluate phage populations. We first amplified the 

tip domain by two step PCR, or tailed amplicon sequencing, using KAPA HiFi. Primers 

for deep sequencing attach to constant regions adjacent to the tip domain (the target 

region is 304 bp total, between the 5’ NGS region and 3’ pad on Figure 1 – Figure 

Supplement 1). Constant regions are also installed in the fixed region of the acceptor 

phages for the same size amplicon so acceptor phages can also be detected. The first 

PCR reaction adds an internal barcode (used for technical replicates to assay PCR skew), 

a variable N region (to assist with nucleotide diversity during deep sequencing, this is 

essential for DMS libraries due to low nucleotide diversity at each position), and the 

universal Illumina adapter. Undiluted phages are used as template. Four forward and four 

reverse primers were used in each reaction, each with a variable N count (0, 2, 4, or 8). 

Primers were mixed at equimolar ratios and total primers used was per recommended 
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primer concentration. PCR was performed using 12 total cycles in the first PCR reaction, 

then the product of this reaction was then purified. The second PCR reaction adds an 

index and the Illumina ‘stem’. 1 μl of purified product from the first reaction was used as 

template using 8 total PCR cycles. The product of this reaction was purified and was used 

directly for deep sequencing. Each phage population was sampled at least twice using 

separate internal barcodes, and no PCR reactions were pooled. Total PCR cycles overall 

for each sample was kept at 20x to avoid PCR skew. All phage samples were deep 

sequenced using an Illumina Miseq System, 2x250 read length using MiSeq Reagent Kit 

v2 or v2 Nano according to manufacturer documentation.  

Paired-end Illumina sequencing reads were merged with FLASH (Fast Length 

Adjustment of SHort reads) using the default software parameters (Edgar and Flyvbjerg, 

2015). Phred quality scores (Q scores) were used to compute the total number of 

expected errors (E) for each merged read  and reads exceeding an Emax of 1 were 

removed (Magoč and Salzberg, 2011). Wildtype, acceptor phages, and each variant were 

then counted in the deep sequencing output. We correlated read counts for each technical 

replicate to determine if there was any notable skew from PCR or deep sequencing. 

Replicates correlated extremely well (R≥0.98 for all samples) indicating no relevant PCR 

skew. Besides wildtype and acceptor counts, we included only sequences with single 

substitutions in our analysis. While this limited the scope of the analysis, it greatly reduced 

the possibility of deep sequencing error resulting in an incorrect read count for a variant, 

as virtually every relevant error would result in at least a double substitution in our library. 

With this in mind, and to avoid missing low abundance members after selection, we simply 

used a low read cutoff of 2 and did not utilize a pseudo-count of 1 for each position.  
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Of the 1660 variants, three (S487P, L524M and R542N) fell below our limit of 

detection in the variant pool before selection. These positions were excluded from 

analysis as a pre-selection population could not be accurately determined, although both 

S487P and L542M subsequently emerged in several post-selection populations indicating 

they were present below the limit of detection. Technical replicates of each biological 

replicate were aggregated and each biological replicate was correlated to determine 

reproducibility, reported for each relevant figure as a Figure Supplement. Possible outliers 

were identified by data sorting, and lower correlation in 10G was noted to primarily be a 

result of differences in enrichment of several polar, uncharged substitutions and proline 

substitutions in the first biological replicate. These substitutions are proximally located 

near exterior loop HI and may indicate an unknown variable or growth condition in the 

first replicate that produces a slightly different enrichment pattern. Correlation was 

otherwise robust and excluding only G479Q produces R=0.94, R=0.95, and R=0.99 as 

displayed in Figure 2 – Figure Supplement 1. Positively charged, downward facing 

substitutions were universally enriched in BW25113ΔrfaD, but correlation was reduced 

due to inconsistencies in which particular substitutions were the most enriched in a given 

replicate. While the same substitutions were enriched in all three replicates, suggesting 

reproducibility of results, the scale of enrichment varied considerably. Correlation was 

otherwise robust, excluding the single most enriched substitution of each replicate 

(G521R, A500R and G521H) produces R=0.90, R=0.93, and R=0.86 as displayed.  

Method Note: BW25113ΔrfaD is the most resistant host by EOP, and we 

hypothesize these inconsistencies in FN may arise due severe loss of diversity, 

‘bottlenecking’ the population and causing stochastic differences in enrichment to 



162 
 

 

become magnified with multiple rounds of selection across independent 

experiments. Future work with very resistant hosts may benefit from fewer rounds 

of selection to prevent significant stochastic divergence. Single infection cycles are 

more consistent but provide fewer cycles for variants to directly compete with one 

another, as noted in methods for DMS selection. 

 

To score enrichment for each variant we used a basic functional score (F), 

averaging results of the three biological replicates where 𝐹𝐹 = 𝑥̅𝑥  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 %𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 %𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
 . To 

compare variant performance across hosts we normalized functional score (FN) to 

wildtype, where 𝐹𝐹𝑁𝑁 = 𝑥̅𝑥  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 %𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 %𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑊𝑊𝑊𝑊 %𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑊𝑊𝑊𝑊 %𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
�   .  

 

Classifying Variants and Isolating Variants 

To define variant behavior on E. coli 10G, BL21, and BW25113 we considered 

variants depleted if FN was below 0.1 (i.e. performed ten times worse than wildtype), 

tolerated if between 0.1 and 2, and enriched if above 2 (i.e. performed twice as good as 

wildtype) (Figure 2). As wildtype T7 effectively grows on all three hosts, we reasoned that 

it would be more challenging for an enriched mutant to surpass wildtype than it would be 

for a mutant to become depleted. These cutoffs were supported based on preliminary 

plaque assay results and the extent of standard deviation across biological replicates. For 

BW25113ΔrfaD and BW25113ΔrfaG we further defined significantly enriched variants as 
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performing at least ten times better (FN≥10) than wildtype because wildtype does not grow 

effectively on these strains (Figure 4).  

We compared variant FN across 10G, BL21 and BW25113 to further characterize 

each variant and find functional variants (Figure 3). We sought to identify variants that 

had meaningfully different performance on different hosts, which would be strong 

evidence that either the wildtype residue or the variant substitution was important in a 

host-specific context. In addition to providing direct insight intro structure-function 

relationships, such substitutions or positions are ideal engineering targets for altering host 

range or increasing activity in engineered phages. We considered substitutions that were 

depleted (FN<0.1) on all three hosts to be intolerant, while substitutions that were tolerated 

or enriched (FN≥0.1) in all three hosts to be generally tolerated. Substitutions that were 

depleted on one host but tolerated or enriched on another were considered functional. To 

broadly characterize each position, we counted the number of substitutions at that 

position that fell into each category, and colored positions (Figure 3C) as functional if over 

33% of substitutions at that position were functional, intolerant if over 50% of substitutions 

were intolerant, an tolerant otherwise. We found these cutoffs to effectively group 

residues of interest, although we note there remain substitutions that could be tolerant 

and relevant in different contexts or intolerant for these three hosts but not others.  

For defining ideal host constriction mutants (Figure 6) we first constricted FN values 

that were greater than 1 to reduce the impact of higher scores on this comparison. 

Specifically we generated Functional Difference (FD) , where if FN < 1, FD = FN, and where 

FN ≥ 1, FD = 
𝐹𝐹𝑁𝑁−1

max(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝑁𝑁)−1
+ 1 ). FD thus ranged from 0 to 2 for each substitution where 

scores above 1 are normalized to the maximum value for that host and fall between 1 and 
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2, minimizing but not eliminating weight for enrichment. We reasoned that for the 

purposes of finding host constriction mutants, the extent of enrichment for a substitution 

is less relevant than if that substitution did poorly on another host. Put another way, it 

does not matter if a substitution is tolerated or enriched so long as it is depleted on a 

different host. For example, V544R has an FN of 9.09 in E. coli 10G but 0.07 in E. coli 

BW25113, while G479E has an FN of 1.73 in E. coli 10G and falls below the limit of 

detection for E. coli BW25113. For host constriction both positions should be scored 

highly, as the mutations can be tolerated or enriched in one host but are depleted in 

another. In contrast A500H has an FN of 7.46 in E. coli 10G and 1.2 in E. coli BW25113. 

While FN differs significantly and the substitution is enriched on one host, it is still tolerated 

in the other host and thus makes a poor host constriction target. After generating FD we 

simply subtracted the substitution’s FD on one host from the other in a pairwise 

comparison (Figure 6). Substitutions for host range constriction were considered ideal 

candidates if |FD| ≥ 1.  

 Variants with individual substitutions tested for EOP (Figures 4, 5 and 6) were 

either picked from plaques or created using SDM on pHRec1, which was used to create 

the variant using ORACLE. 

 

Rosetta ΔΔG and Physicochemical Property Comparison and Calculations 

The crystal structure of the gp17 tip domain was obtained (PDB ID: 4A0T) and 

water molecules removed before calculations run. All modeling calculations were 

performed using the Rosetta molecular modeling suite v3.9. Substitutions were generated 



165 
 

 

using the standard ddg_monomer application (Kellogg et al., 2011) to enable local 

conformational to minimize energy. For comparison to FD (Figure S5), a ΔΔG of 10 or 

greater was considered destabilizing and ΔΔG values between 10 and 30 were 

transformed to values between 0 and 1, with any ΔΔG greater than 30 set to 1. ΔΔG 

values below 10 were transformed to values between 0 and -1 based on a range to -9.29, 

the most stabilizing ΔΔG value calculated. We calculated FD for this plot using the 

maximum FD value from E. coli 10G, BL21 or BW25113. The maximum was used 

because any substitution that has a high FD on any host was theorized to require a stable 

protein. Positions considered destabilizing (right side) are expected to have a very low 

maximum FD, whereas stabilizing positions (left side) may have a low or high FD based 

on tolerance of the substitution. Positions that were tolerated or functional that Rosetta 

predicted to be unstable on the right of the plot may be due to errors in stability 

calculations or actual structural distortions that are either smaller perturbations that don’t 

affect fitness or are accommodated by quaternary arrangement. Alternatively, structural 

instability could be beneficial in some cases, allowing for enhanced receptor binding by, 

for example, exposing critical residues. 

To compare physicochemical properties for E. coli 10G, BL21 and BW25113 we 

binned depleted (FN ≤ 0.1) tolerated (FN >0.1 and <2) or enriched (FN ≥ 2) substitutions 

and derived the change in mass, hydrophilicity, and hydrophobicity for each substitution 

(Li et al., 2016b). For BW25113ΔrfaG and BW25113ΔrfaD we binned using and FN of 10 

for the cutoff for enrichment instead. Packages ggplot2 and ggpubr in R were then used 

to compare the means of the three groups using a Kruskal-Wallis test (Hollander and 

Wolfe, 1973), while subsequent pairwise comparisons were made using a Wilcoxon test 
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(Bauer, 1972). Effect size (r) was calculated r and can be summarized as r = 

abs(zscore)/sqrt(n) where n is the total number of observations among the two groups. 

 

 

Statistical Analysis and Source Code 

Alluvial plots (Figure 2 – Figure Supplement 2, Figure 4) and Figure 2F parallel 

plot were generated with RawGraphs. Violin plots for physicochemical properties are 

output from R. Significance for FN values in Figure 2 – Source Data 2 and Figure 4 – 

Source Data 2 was defined as an average FN two or more standard deviations from wild 

type or below the limit of detection in all biological replicates. P-values for EOP graphs 

compare plaque capability on the tested host to the reference host for the EOP graph. 

Hierarchical clustering in Figure 2- Figure Supplement 3 is performed in R using 

heatmap.2 without scaling. P-values to compare functional data and EOP measurements 

was performed using two tailed t-tests where values below the limit of detection were 

considered as the limit of detection. All other calculations and plots were made in Excel. 

Relevant statistical details of experiments can be found in the corresponding figure 

legends or relevant methods section. Source code is available at 

https://github.com/raman-lab/oracle.  

 

 

https://github.com/raman-lab/oracle
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Abstract 

Bacteriophages are bacterial viruses that are valuable tools for targeted killing of 

drug-resistant bacteria and precision editing of the microbiome. Bacteriophage specificity 

and activity can be improved and tailored by changing the phage genome to engineer the 

phage. Here, we establish a new process called Motif Curation to find sequence motifs in 

phage metagenomes datasets that drive phage activity. This approach is not reliant on 

overall protein homology, allowing us to deeply mine rich metagenomic datasets with 

diverse phage genomes. Using Motif Curation we identify over 104 activity-driving motifs 

for the T7 phage receptor binding protein. Screening these phages revealed hundreds of 

phages with novel host specificity with most active motifs sourced from distantly related 

phages. We examined position and substitution preference to trace key combinations of 

substitutions that drive activity and host range and shape the sequence-function 

landscape. We reveal epistatic combinations of substitutions that are individually 

deleterious but when combined show dramatic increases in activity and identify variants 

that eliminate pathogenic Escherichia coli causing urinary tract infections. Motif Curation 

allows identification of motifs that are highly divergent from the wildtype sequence and 

lays a foundation for identifying motifs in diverse metagenomic datasets that influence 

phage activity. We envision Motif Curation as a useful tool for tapping into the ever-

increasing wealth of phage metagenomic data to explain sequence-function relationships 

and engineer phages. 
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Highlights 

• We establish Motif Curation as a high throughput approach for mining >104 motifs 

from diverse metagenomic databases to understand sequence-function 

relationships and engineer phages. 

• Motif Curation is not reliant on protein homology but instead uses seeded scores 

from DMS to search for small motifs, allowing for deep exploration of metagenomic 

datasets. 

• Metagenomic motifs from distantly related phages drove more phage activity in the 

T7 RBP, indicating mining deep into metagenomic space was essential for creating 

active phage variants. 

• Using Motif Curation, we created hundreds of T7 variants with novel host specificity 

and trace activity to key positions and combinations of substitutions. 

• We reveal unique epistatic interactions in the RBP and generate T7 variants that 

eliminate insensitive pathogenic E. coli causing UTIs. 
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Introduction 

Bacteriophages, or ‘phages’, are bacterial viruses that play an essential role in 

microbial ecosystems. Phages typically have a narrow host range and only infect and kill 

specific bacteria without affecting other bacteria or mammalian cells. This specificity has 

made them valuable tools for applications including targeted killing of drug-resistant 

bacteria, precision modulation of the microbiome, as gene delivery devices, and as 

diagnostic sensors for pathogens (Canfield and Duerkop, 2020; Chen et al., 2017; Clokie 

et al., 2011; Dedrick et al., 2019; Dunne et al., 2019; Eskenazi et al., 2022; Garcia et al., 

2003; Hatfull et al., 2022; Heineman et al., 2008; Holtzman et al., 2020; Huss and Raman, 

2020; Kilcher and Loessner, 2019; Kutter et al., 2015; Meyer et al., 2012; Schooley et al., 

2017; Yehl et al., 2019). Phage specificity and activity can be improved and tailored by 

engineering the phage. However, determining exactly what sequence changes to make 

to tailor phage activity, and the extent to which activity can be changed by doing so, has 

remained a challenge. Here, we establish a new process called Motif Curation to find 

sequence motifs in metagenomic datasets. We demonstrate how these short motifs can 

improve and tailor phage activity. This approach is not reliant on overall protein homology, 

allowing us to deeply mine metagenomic datasets to find motifs that alter phage function 

from diverse groups of phages.  

Recent years have seen a staggering increase in metagenomic data for 

bacteriophages. Phage metagenomes has been harvested from diverse sources, 

including the gut microbiome (Abeles and Pride, 2014; Benler et al., 2021; Shkoporov 

and Hill, 2019; Shkoporov et al., 2019), from oceans (Brum and Sullivan, 2015; Coutinho 

et al., 2017; Luo et al., 2022; Winter et al., 2014), and from lakes and soil environments 
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(Bruder et al., 2016; Gu et al., 2021; Pratama and van Elsas, 2018; Wu et al., 2021). With 

over 1031 phages estimated to exist on earth, even this wealth of information represents 

only a small fraction of total phage diversity (Cobián Güemes et al., 2016). These 

metagenomic datasets represent a treasure trove of sequences that can be mined to 

engineer new function and alter activity in phages.  

We sought to tap into these vast metagenomic datasets to identify sequences that 

influence phage activity by inserting metagenomic motifs into the receptor binding protein 

(RBP) of T7 bacteriophage. RBPs are responsible for interacting with bacterial host 

receptors to position the phage on the host surface and initiate infection (Bertozzi Silva 

et al., 2016; de Jonge et al., 2019; Nobrega et al., 2018). Because they are crucial 

determinants of phage activity, RBPs have proven to be excellent targets for engineering 

and altering phage activity (Ando et al., 2015; Andrews and Fields, 2021; Dedrick et al., 

2019; Dunne et al., 2019; Holtzman et al., 2020; Huss et al., 2021, 2021; Yehl et al., 2019). 

Metagenomic sequences of similar phages have been used to exchange key domains in 

RBPs (Ando et al., 2015; Chen et al., 2017; Gebhart et al., 2017; Yosef et al., 2017). 

These exchanges can cause dramatic shifts in phage activity but have been greatly 

limited by the small number of available homologous sequences. 

To mine the enormous depth of metagenomic databases we thus looked beyond 

related or homologous phages. Phages are highly diverse and have no universally 

conserved genes by which to readily identify similar phages (Hatfull, 2008). Furthermore, 

many sequences in metagenomic databases have little or no homology to previously 

characterized viruses, with most sequences being completely novel (Coutinho et al., 

2017). Finding phages that may harbor a relevant sequence in complex metagenomic 
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datasets is made even more challenging for RBPs because these proteins are 

themselves highly diverse (Fraser et al., 2006). However, recombination and exchange 

of short motifs is a viable approach for adapting phages to different hosts (Fraser et al., 

2006, 2007; Lin et al., 2012). These small motifs are responsible for critical receptor 

interactions that have enormous influence on phage activity. Motifs that may influence 

phage activity may therefore be hidden in non-homologous proteins that make up the bulk 

of metagenomic datasets. We reasoned that searching for motifs known to be relevant 

for phage activity was an effective approach to mine metagenomic datasets for such 

motifs without relying on overall protein homology. 

Here, we created a process called Motif Curation to identify these relevant motifs 

in diverse metagenomic datasets. We used Motif Curation to create T7 phage variants 

with metagenomic motifs inserted into the tip domain of the RBP. We leveraged data from 

Deep Mutational Scanning (DMS) of this domain previously performed on multiple 

bacterial hosts (Huss et al., 2021). Using this dataset, we seed scores for every possible 

substitution to determine which theoretical motifs are most relevant for phage activity. We 

then determine the frequency of the best motifs in NCBI and IMG/VR metagenomic 

databases to curate a final list of candidate motifs. Motif Curation identified over 104 

relevant motifs from diverse metagenomic phages located throughout the tip domain. We 

show how these motifs are found in greater abundance in structural proteins and finding 

motifs requires correctly seeded scores from the DMS set, indicating motifs play a critical 

functional role. Our process allowed us to identify motifs that are highly divergent from 

the wildtype sequence which can be sourced from diverse, non-homologous phage 

sequences. 
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Screening these phages revealed hundreds of phages with novel host specificity. 

Furthermore, we saw that metagenomic motifs from distantly related phages primarily 

drove phage activity, indicating deep mining of metagenomic datasets was essential for 

tuning host range. We examined position and substitution preference across different 

hosts to reveal regions in the T7 RBP more tolerant to multiple substitutions and traced 

key combinations of substitutions that drive activity and host range. We reveal epistatic 

combinations of substitutions that are individually deleterious but when combined show 

dramatic increases in activity. Finally, we identify several variants in our library that 

eliminate pathogenic Escherichia coli causing urinary tract infections (UTIs) that are 

insensitive to wildtype T7, indicating our approach can be used to tune host specificity 

and increase phage activity on many different hosts. 

Overall, our study lays a foundation for identifying motifs in diverse metagenomic 

datasets that influence phage activity. This process can be used to mine diverse motifs 

from non-homologous phage proteins that can tune host range and improve phage 

activity. We paint a broader picture of the malleability of the tip domain of the T7 RBP and 

how changes in the sequence-function landscape facilitate receptor interaction. We 

envision Motif Curation as a useful tool for tapping into the ever-increasing wealth of 

phage metagenomic data to explain sequence-function relationships and engineer 

phages. 
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Results 

Motif curation identifies motifs from diverse phages  

We identified three challenges that needed to be overcome to identify 

metagenomic motifs that influence phage activity. First, metagenomic proteins that 

contain relevant motifs but have little sequence homology to the original phage protein 

cannot be found by simply comparing the overall protein sequence. Structural proteins 

are very diverse and relying on overall protein similarity is highly restrictive (Hatfull, 2008). 

For example, a BLAST search of the T7 RBP tip domain showed only 83 non-identical 

sequences, barely scratching the surface of available metagenomic sequences. Second, 

motifs that influence phage activity are likely to be substantially different than the wildtype 

sequence. Identifying these motifs requires more information than just the wildtype 

sequence and knowing which substitutions are most relevant is critical for finding motifs 

that influence activity. Third, we needed an approach that could determine where motifs 

needed to be inserted in a protein to influence phage function. We surmised any approach 

that was unable to surmount these challenges would not be able to effectively mine 

diverse metagenomic sequences for relevant motifs.  

To overcome these challenges we developed Motif Curation, a high-throughput 

approach for identifying metagenomic motifs that leverages data from deep mutational 

scanning to find motifs that influence phage activity (Figure 1A). Motif Curation is not 

reliant on overall sequence homology because it queries metagenomic databases at the 

motif level. This allows us to reach deep into metagenomic space and mine motifs from 

phages that are not closely related to the wildtype phage. Further, by using seed data 

from deep mutational scanning, Motif Curation enables the identification of motifs that 
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significantly differ from the wildtype sequence but are still relevant to phage activity. 

These motifs can be found because every possible substitution at every position in 

candidate motifs is evaluated, allowing significant deviation from the wildtype sequence. 

Finally, Motif Curation precisely identifies where motifs need to be inserted in a sequence 

to influence phage activity because the position of the DMS seed scores is retained and 

used to place the motif in the most relevant location. Motif Curation is thus well suited to 

identify metagenomic motifs that influence phage activity even for highly variable proteins 

like RBPs. 

The first step of Motif Curation is weighing every possible substitution at every 

possible position in the domain to determine a ‘seed score’ for functionality (Figure 1B 

and Supplementary File 1). We leveraged data from a previous study where we 

performed DMS on this region to generate these scores (Huss et al., 2021). In that study, 

we used ORACLE (Optimized Recombination, Accumulation, and Library Expression) to 

create an unbiased DMS library of phage variants that could be tested on multiple hosts. 

This allowed us to compare the activity of each substitution between hosts and establish 

functional roles for substitutions across the tip domain. The seed score is then generated 

based on two observations. First, how that substitution performed compared to wildtype 

and other substitutions at that position, and second how differently the substitution scored 

for various hosts, which indicates functional importance (see methods). Scores are well 

distributed throughout the tip domain and favor positions that are known to influence 

phage activity (Figure 1B). Weighing these results allowed us to refine sets of 

substitutions that are contextually relevant to the tip domain while retaining the position 

of the seed substitution to determine where motifs need to be inserted to influence activity. 
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The next step of Motif Curation is mining for seeded motifs in metagenomic 

datasets to determine which motifs are most abundant. We reasoned those motifs that 

influence phage activity are more likely to be found in greater abundance. Seed scores 

were used to screen possible 6-AA and 10-AA motifs mined from ~60,000 unique 

metagenomic structural proteins sourced from NCBI and IMG/VR databases. Motifs were 

filtered based on a hit threshold to ensure motifs were sourced multiple times. We found 

the number of metagenomic hits varied dramatically for different motifs (see Figure S1A). 

After applying our hit threshold, we successfully identified 15,565 candidate 6mer motifs 

and 3,549 candidate 10mer motifs from these metagenomic structural proteins (Figure 

1C).  

We then used two approaches to evaluate if Motif Curation was identifying relevant 

motifs. First, we first repeated motif mining using the same DMS seed scores in a 

comparably sized set of metagenomic non-structural proteins. Given that we sought to 

find motifs relevant for receptor recognition, we reasoned that we should mine many fewer 

motifs in non-structural proteins. Indeed, we mined fewer than ten times as many motifs 

searching this set of proteins (Figure 1C). We next evaluated the importance of the seed 

scores using two randomization schemes. We expected that both the position and identity 

of each substitution seed score was critical for accurately mining motifs. Altering the seed 

scores should result in fewer hits in the metagenomic database as scores lose relevance 

and mining becomes more random. We curated motifs using randomized seed scores 

across the entire tip domain and using randomized scores within each position (see 

Supplementary File 1). Both randomization approaches mined less than 10 times fewer 

motifs compared to the correctly seeded scores (Figure 1C). Overall, these results 
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showed that motif curation was able to identify more metagenomic motifs over the hit 

threshold when mining from relevant structural proteins and with correct DMS seeding, 

and many more motifs than similar proteins using BLAST, indicating curated motifs were 

promising candidates for influencing phage activity.  

We next sought to verify that our approach was not restricted to curating motifs 

from only Podoviridea phages closely related to T7 phages. We examined protein 

taxonomy from the NCBI portion of our dataset, which included 28,989 source proteins 

that collectively informed 84,650 source motifs. Examining the taxonomy of proteins from 

which motifs were mined, we discovered that motifs were derived from a diverse set of 

phages, most significantly from the families Siphoviridae and Myoviridae (Figure 1D). The 

taxonomic origin of mined motifs closely paralleled the overall distribution of the 

metagenomic protein library, indicating our motif mining approach was able to reach 

deeply into metagenomic datasets to find motifs from many diverse phages and was not 

restricted only to closely related phages.  

Finally, we generated our curated motif library by swapping the metagenomic motif 

for the native sequence using ORACLE. Our final phage library consisted of the top ~104 

variants, with variants having between 2 and 10 substitutions with an average of 6 

substitutions (see Figure S1B and Supplementary File 2). Our approach was thus able to 

successfully curate a large phage library with motifs both similar to and highly divergent 

from the wildtype sequence. 
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Figure 1. Metagenomic motif curation generates diverse phage variants 

(A) Illustration of motif curation. Functional mapping from deep mutational scanning 

previously performed on the tip domain of the T7 bacteriophage receptor binding protein 

(crystal structure and secondary structure topology shown color coded with interior loops 

as red, β-sheets as yellow and exterior loops as blue) (1) is used to seed scores for 

probable motifs (2), which are then mined in metagenomic databases (3). Motifs passing 

a hit threshold are substituted into phages in a phage library using ORACLE (4). (B) Heat 

map showing seed score (red gradient) associated with every substitution in the tip 

domain. Substitutions are shown top to bottom while position (based on PDB 4A0T), wild 

type amino acid and secondary structure topology is shown left to right. (C) Number of 6-

AA (light grey) or 10-AA (dark grey) motifs found passing hit threshold using motif curation 

and metagenomic phage structural proteins or non-structural proteins (left), using motif 

curation with metagenomic structural proteins after fully randomizing seed scores or 

randomizing seed scores at each position (middle, mean ± SD of triplicate 

randomizations), or number of hits using BLAST (right). (D) Number of non-unique 

variants sourced from different phage families derived from proteins annotated in NCBI. 

The family for T7 phage (podoviridae) is marked with a yellow star. 
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Library selection reveals family and location preferences for active phage variants 

We evaluated the activity of phage variants in our library by selecting the library on 

a panel of five E. coli hosts. We used the same host panel used to assess the seed DMS 

library to allow for direct comparison to phage variants with single substitutions. Three 

hosts, B strain derivative BL21, K-12 derivative BW25113, and DH10B derivative 10G, 

are susceptible to wildtype T7 infection. The remaining two hosts, E. coli deletion strains 

BW25113ΔrfaG and BW25113ΔrfaD, are resistant to wildtype T7. The deleted host 

genes are required for the biosynthesis of LPS, the known receptor for T7 in E. coli, and 

deletion of these genes creates truncated LPS that reduces T7 phage’s ability to infect 

these strains by several orders of magnitude (González-García et al., 2015; Huss et al., 

2021; Molineux, 2001; Qimron et al., 2006). The pooled library was selected on each host 

for an estimated two replication cycles, and then each variant was given a functional score, 

F, based on the ratio of their relative abundance before and after selection (Figure 2A). 

The functional score of each variant was then normalized to wildtype to yield FN, where 

wildtype FN = 1 (see Methods). Selection on each host gave good correlation across 

biological triplicates (Figure S2).  

We anticipated strong selection pressure in our library because each motif was 

curated based on the ability of individual substitutions to significantly impact phage activity. 

Indeed, we found that only ~6% (607 of 10073) variants were detectable after selection 

on any one host, indicating substantial selective pressure. To establish if active variants 

derive motifs from phages more closely related to T7 phage we examined the annotated 

NCBI portion of our dataset. Surprisingly variants that sourced motifs from Podoviridea, 

the family of T7 phage, had the least activity with only 6.2% (47 of 754) of non-unique 
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variants demonstrating activity on any host, closely followed by Ackermannviridae with 

11.6% (16 of 138) of non-unique variants demonstrating activity (Figure 2B). Variants with 

motifs sourced from Autographiviridae, Demerecviridae and Drexlerviridae made up a 

small portion of the library but were highly active, with 73.8% (31 of 42), 64.3% (9 of 14), 

and 73.3% (11 of 15) of non-unique variants active on any host. These results indicate 

those motifs from closely related phages were less tolerated than motifs from more 

distantly related phages. Mining deeper in metagenomic space from distantly related 

phages had thus been essential for creating active phage variants. 

We then compared where in the tip domain motifs had been selected for to 

determine if there were trends in positional preference for active variants. In the pre-

selection library motifs were located throughout the tip domain (figure 2C). Most motifs 

were located near exterior loops or proximal β-sheets, areas we previously identified as 

functionally relevant (Huss et al., 2021). A clear majority of motifs were substituted in and 

around the DE exterior loop and E β-sheet. These positions were known to be relevant 

for function and tolerant of individual substitutions based on our previous DMS results. 

After selection the distribution of motifs shifted, and the majority of motifs in active phage 

variants were instead located in and around the BC exterior loop and C β-sheet (Figure 

2D). We hypothesize this region was generally more tolerant of motifs because the T7 

RBD is a trimer and this region faces outward away from possible interactions with other 

monomers (Garcia-Doval and Raaij, 2012). As such this region may allow for multiple 

substitutions without impacting overall protein stability or secondary structure. These 

results indicate broad positional preferences for motif substitution across the tip domain. 

 



194 
 

 

 

 

 

 

 

 

 



195 
 

 

Figure 2. Library Selection Reveals Positional Preference for Substitutions 

(A) Library variants are scored by comparing variant abundance pre- and post-selection 

on different hosts. (B) Number of non-unique variants active on any host (bottom, light 

grey) and percent of active non-unique variants compared to the pre-selection library (top, 

dark grey) sourced from different phage families derived from proteins annotated in NCBI. 

The family for T7 bacteriophage (Podoviridea) is marked with a yellow star. (C-D) Heat 

map showing total count (C) pre-selection and (D) post-selection of specific substitutions 

listed top to bottom (log10, red gradient) with substituted residue number (based on PDB 

4A0T) and secondary structure shown left to right. Wildtype amino acids shown blank 

with black dot upper left. Total number of substitutions are shown top at every position as 

stacked bar graph with substitutions in 10-AA motifs shown dark grey and 6-AA motifs 

shown in light grey. 
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Hierarchical Clustering Reveals Patterns in Motif Selection 

We next sough to identify common features amongst the phage variants that were 

responsible for activity on different hosts. We grouped phage variants based on activity 

on each host using agglomerative hierarchical clustering, plotting the log2 FN score of 

each variant for the five bacterial hosts (Figure 3A). Spearman’s correlation and ward’s 

minimum variance method for linkage was used for clustering because these approaches 

are less sensitive to outliers and allow for correlation-based distances as a dissimilarity 

measure. The cophentic correlation of this approach was 0.91, indicating clustering was 

valid, and variants were partitioned into 21 clusters based on gap-statistic analysis. 

Hierarchical clustering showed remarkably distinct clusters among the 607 variants active 

on any host with significant alterations to host range for many variants. 

Examining clustering showed the degree to which host specificity could be tailored 

using metagenomic motifs. Some clusters of variants show some degree on all strains 

while other clusters were highly specific to one or more strains but not others. The largest 

cluster (cluster 8) was defined by variants that had high FN on insensitive strains, 

moderate activity on E. coli 10G and BL21, and poor performance on E. coli BW25113. 

These results largely align with our DMS assay, which saw a similar activity profile for 

many single substitutions with BW25113 as an outlier. However, other clusters, like 

cluster 4, retained activity on all strains but saw less activity on BL21 and more activity 

on BW25113, contrasting our results with single substitutions. Some clusters showed 

remarkably narrow host specificity, including cluster 2, 9, 18, and 20, which all had 

variants with activity on only a single strain. Host range could be seen to expand to two 

strains in clusters 11 or 19 or three strains in clusters 10 or 16. While some clusters have 
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a small number of variants overall these results indicated that tailored host specificity was 

achievable using metagenomic motifs, far exceeded our results with single substitutions. 

We then examined where substitutions were incorporated for each cluster to 

explore how the position of substitutions across the tip domain drove activity (Figure 3B). 

Given that the majority of tolerated substitutions were near the BC loop and C β-strand 

we anticipated that all clusters would contain variants with substitutions in this region. 

Surprisingly, while many clusters had a substantial portion of variants with substitutions 

in this region, several clusters aggregated variants with substitutions at other positions. 

For example, we investigated what differences caused the shift in preference from BL21 

to BW25113 when examining clusters 8 and cluster 4. We noted that variants in cluster 8 

almost completely eschew substitution between positions 498 and 503 near the DE 

exterior loop with only 1.5% of variants (4 of 266) having a substitution at these positions. 

In contrast, cluster 4 has 45% (15 of 33) variants with a substitution in this region and 

avoids variants with substitutions in the early BC exterior loop commonly seen in cluster 

8. Other clusters show similar trends, such as cluster 10 and 11. Cluster 11, which 

contains variants active only on BL21 and BW25113, has 31.3% (5 of 16) of variants with 

substitutions near the DE exterior loop. In contrast, cluster 10, which has variants active 

on BL21, BW2513 and adds activity to 10G, has no variants with substitutions in this area. 

These results indicate the position of the substituted motif can substantially contribute to 

functional differentiation and influence phage activity.  

We further explored drivers of functional differentiation by examining the 

substitution profile at various positions for different clusters. For example, the majority of 

substitutions for cluster 8 (223 of 266, 84%) and cluster 18 (30 of 36, 83%) had 
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substitutions between positions 478 and 483 and substitution frequency at many positions 

was similar (Figure 3C). However, these clusters show dramatic functional differentiation 

with variants in cluster 18 only active on BL21. Closer examination of substitution 

preferences shows that while both clusters favored substitutions with large, positively 

charged arginine and lysine substitutions, particularly at position 479 and 480, variants in 

cluster 18 typically also had a negatively charged aspartic or glutamic acid between 

positions 479 and 483 or a serine substitution at position 480. These particular 

substitutions were quite rare in cluster 8, indicating they may drive functional 

differentiation when combined. Many of these substitutions are not well tolerated 

individually but the unique combination enabled specificity for only BL21 for variants in 

cluster 18. 

Other regions provided similarly intriguing comparisons. We examined 

substitutions between positions 498 and 503 for variants in cluster 9, which showed 

activity only on E. coli BW25113, and cluster 4 to investigate what causes specificity for 

BW25113 (Figure 3D). Glycine substitutions are tolerated at positions 500 and 501 only 

in cluster 9, while cluster 4 prefers larger positively charged arginine and lysine 

throughout this region and tolerates glycine substitutions only at positions 502 and 503. 

We hypothesize the preference for glycine at different positions changes the relative 

conformation of the tip domain, preventing adequate receptor engagement for all strains 

besides BW25113.  

Comparison between cluster 8 and cluster 9 between positions 516 and 521 

reveals further details for substitution preference (Figure 3E). A total of 8.6% of variants 

in cluster 8 (23 of 266) had substitutions in this region, compared to cluster 9 with 10.6% 



199 
 

 

(9 of 85) variants. Our DMS screen showed that this region was largely intolerant to 

substitution for all strains besides BW25113, but key substitutions at G521 or A518 were 

tolerated and enabled function on insensitive strains and improved function on 10G and 

BL21. Motifs in this region in cluster 8 are dominated by lysine and arginine substitutions 

at either G521 and A518, recapitulating our DMS results, and then contain many other 

substitutions that were not tolerated individually, notably proline substitutions which we 

would expect to change the local structure of the loop. This contrasts cluster 9, which 

contains no lysine or arginine substitutions at G521 and lacks abundant proline 

substitutions in the region. This indicates the presence of the enabling substitution can 

allow substantial changes to the local architecture of the loop, expanding allowable 

substitutions and influencing host range. 

Overall, several key lessons emerged from this analysis. First, Motif Curation was 

able to create variants with unique combinations of substitutions that drove distinct 

patterns of host specificity. Many variants have substitutions that were individually poorly 

tolerated but when combined provide a novel path for altering phage activity. Second, the 

location of substitutions was important for determining host specificity, with the area near 

the BC exterior loop and C β-strand overall more tolerant of substitution. Finally, 

comparing the identity of specific amino acids substitutions across clusters reveals novel 

combinations of substitutions that drive host specificity and allow for substantial changes 

to the local architecture of the tip domain.  
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Figure 3. Hierarchical clustering reveals patterns in motif selection 

(A) Hierarchical clustering of normalized functional scores (log2 FN, blue to red gradient, 

wildtype FN = 0) for active phage variants on five E. coli hosts (clustered left). FN clustered 

is the average of three biological replicates. (B) Heat map showing substitution frequency 

(red gradient) at every position in the tip domain for each cluster. Clusters are organized 

top to bottom, while position, wildtype amino acid and secondary structure topology is 
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shown left to right. (C-E) Frequency plots comparing substitution frequency for (C) 

clusters 8 and 18 at positions 478 through 483, (D) clusters 9 and 4 at positions 498 

through 503, and (E) clusters 9 and 8 at positions 516 through 521. The wildtype 

sequence and position is shown top and amino acids are colored based on similarity of 

physicochemical properties. 
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Motif curation reveals unique epistatic interactions in the tip domain 

We next investigated if our motif library could reveal specific epistatic interactions 

in the tip domain. Epistasis is a phenomenon that occurs when multiple mutations 

combined together alter a protein’s biochemical function differently than the sum of the 

individual mutations. Specific epistasis is caused by physical interactions between 

mutations that drive differences in protein function. Epistatic interactions are well studied 

and understanding how local networks of residues interact using epistatic data provides 

insights into the sequence-function landscape of the protein (Dickinson et al., 2013; 

Domingo et al., 2019; Miton et al., 2021; Nishikawa et al., 2021). We examined variant 

activity on insensitive strains BW25113ΔrfaD and BW25113ΔrfaG for epistasis. These 

insensitive strains were chosen because selection on these strains was more significant, 

and we specifically looked for variants where every constituent substitution was 

individually deleterious but when combined caused an increase in activity. We found 40 

variants for BW25113ΔrfaD and 27 variants for BW25113ΔrfaG where the variant FN was 

much larger than the sum of the FN of individual substitutions, indicating epistasis was 

occurring (Figure 4A and 4B, see Supplementary File 2). In many cases epistasis was 

dramatic, with most individual substitutions having no activity on the host while the 

combination of substitutions considerably outperformed wild type. 

We examined these epistatic variants to evaluate what interactions were dictating 

the change in activity when substitutions were combined. For both BW25113ΔrfaD and 

BW25113ΔrfaG most epistatic variants had substitutions between positions A478 and 

S483 in the BC exterior loop and C β-sheet (26 variants BW25113ΔrfaD and 16 for 

BW25113ΔrfaG) or between positions N502 and F507 in the DE exterior loop and E β-
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sheet (11 variants BW25113ΔrfaD and 6 for BW25113ΔrfaG). Examining substitution 

frequency between positions A478 and S483 revealed different residue preferences that 

drove activity (Figure 4C). This region faces outward on the tip domain and has fewer 

probable interactions with other monomers (Supplementary Figure 3A and 3B). Notable 

substitutions in epistatic variants include large, hydrophilic lysine, histidine or arginine 

substitutions at either G479 for BW25113ΔrfaD or V482 for BW25113ΔrfaG. Our DMS 

results had shown that these substitutions increased activity in nearby positions, 

especially at G480, but were not tolerated themselves (Huss et al., 2021). We predict 

these large, hydrophilic substitutions remained responsible for the gain in activity on these 

hosts and other substitutions changed the local structure of the tip domain to enable a 

key binding event with these substitutions.  

Epistatic motifs with substitutions between positions N502 and F507 showed a 

similar substitution pattern for both hosts which substantially altered the local region 

(Figure 4D). This region lies on the opposite side of the tip domain, faces inward, and 

likely has many interactions with other monomers (Supplementary Figure 3A and 3C). 

Epistatic motifs primarily had lysine and arginine substitutions at position N502 and 

replaced polar, uncharged residues or larger hydrophobic residues with small 

hydrophobic residues. Our DMS screen had shown that large hydrophobic residues 

recovered function at A500 and N501 but were not tolerated at N502. We predict that the 

smaller hydrophobic substitutions stabilize interactions with the other monomers, allowing 

the large hydrophilic substitutions to successfully interact with the host receptor.  

Overall, epistatic variants demonstrated patterns of substitution that emphasized 

the importance of large hydrophilic substitutions to activity on either insensitive strain. 
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Other substitutions likely change the local architecture of the monomer or affect how each 

monomer interacts in the trimer to facilitate a key interaction with the large hydrophilic 

substitution. These results paint a broader picture of the malleability of the tip domain and 

the flexibility of the sequence-function landscape to facilitate receptor interaction. 
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Figure 4. Activity on insensitive variants reveals epistatic interactions 

(A-B) Comparison of variant activity (log2 FN) to the sum of activity of individual 

substitutions that comprised the variant motif on (A) BW25113ΔrfaG and (B) 

BW25113ΔrfaD. Shaded areas represent variants showing signs of weak epistasis (blue) 

or strong epistasis (green), indicating substitutions in that motif show greater activity when 

combined than individually. Points are shown only if variant activity was greater than the 

limit of detection.  (C-D) Frequency plots comparing substitution frequency for 

BW25113ΔrfaG and BW25113ΔrfaD at (C) positions 478 through 483 and (D) at positions 

502 through 507 for variants showing strong epistasis. Wildtype sequence and position 

is shown top and amino acids are colored based on similarity of physicochemical 

properties. 
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Curated motifs enhance activity on E. coli causing UTIs 

 Because our library had been curated to find motifs that impacted overall phage 

activity, we expected that the library could improve activity on strains that were not 

included in the original host panel used for DMS. We evaluated this hypothesis by 

passaging the library on two insensitive strains of E. coli that cause urinary tract infections, 

here labeled UTI33 and UTI46 (Arthur et al., 1990). Wild type T7 phage has a limited 

ability to plaque on both strains and plaques are much smaller than on susceptible strains. 

As before the pooled library was selected on each host in biological triplicates for an 

estimated two replication cycles and each variant was given a FN score. Selection on 

each host was greater than the original host panel but retained good correlation across 

replicates (Figure S4A-B). Variant FN scores trended the same for both strains with 

notable variants that significantly outperformed wild type during passage (Figure 5A). 

Substitution and location preference was also similar for both strains, heavily favoring the 

BC loop and C β-strand region (Figure S4C). These results showed that our approach 

was able to find motifs that influence activity outside of the DMS panel. 

 To validate our analysis, we isolated two variants that performed exceedingly well 

in the pooled selection to determine if they could overcome the plaquing deficiency seen 

with wildtype T7. The first variant contained the motif FGALKG, replacing the wildtype 

region SGSAGG from positions S475 to G480 (UTI33 log2 FN = 5.1±0.1, UTI46 log2 FN = 

5.5±0.1). The second variant contained the motif WCKENK, replacing the wildtype region 

SAGGGV from positions S477 through V482 (UTI33 log2 FN = 3.6±0.3, UTI46 log2 FN = 

3.7±0.1). Wildtype T7 has a 2-log total reduction in plaque efficiency on UTI33 and a 4-

log total plaque deficiency on UTI46 (Figure 5B). Wildtype plaques are otherwise hazy 
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and small, with a diameter of ~1-2 mm compared to a 5-6 mm diameter on susceptible 

strains. The T7 variant with the motif FGALKG restored plaque morphology to wild type 

but retained a ~1 log deficiency on both strains, while the variant with the motif WCKENK 

completely restored plaque efficiency and plaque morphology on both strains (Figure 5B). 

This experiment demonstrated that Motif Curation can be used to create variants that 

restore activity in clinically relevant strains, indicating our approach was successfully 

identifying functional hotspots in the tip domain and finding motifs that are relevant to 

phage activity in diverse bacterial hosts. 

 

 

Figure 5. Curated motifs enhance activity on E. coli causing UTIs 

(A) Comparison of variant activity (log2 FN) on E. coli UTI46 and E. coli UTI33. (B) 

Efficiency of Plating (mean ± SD, biological triplicates) on E. coli UTI46 and E. coli UTI33 

for wildtype T7 (WT), T7 variant with FGALKG replacing the wildtype region SGSAGG, 

and T7 variant contained the motif WCKENK replacing the wildtype region SAGGGV. E. 

coli 10G with a helper plasmid constitutively producing wildtype receptor binding protein 

is used as a reference host. Wildtype plaques are atypically small and hazy.  
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Discussion  

In this study we devised Motif Curation as a new approach to find metagenomic 

motifs that influence phage activity. Using Motif Curation, we found more than 104 

complex motifs for the T7 RBP. These motifs were significantly different from the wildtype 

sequence and were found in diverse and distantly related metagenomic sequences. By 

screening phage variants with these motifs, we revealed hundreds of phages with novel 

host specificity and broke down how motifs drove changes in the sequence-function 

landscape across tip domain. 

Several key insights emerged from our results. First, cross-comparison of results 

from our previous DMS assay was successful in seeding scores to find motifs that broadly 

influenced phage activity and altered host specificity (Huss et al., 2021). This approach 

was able to generate phage variants that improved activity on UTI strains that had not 

been included in the host panel used for the DMS assay and created variants that had 

novel host specificity when compared to single substitutions. Second, changes in phage 

activity and host range were dependent on curating motifs from distantly related phages. 

Motifs from Podoviridea, the family of T7 phage, performed notably poorly on the host 

panel while more motifs sourced from more distantly related phages drove activity and 

host specificity. This emphasized the importance of being able to reach deeply into 

metagenomic space into non-homologous phages. Third, both the position and 

composition of motifs were important drivers of phage activity in the tip domain of the T7 

RBP. The BC exterior loop and C β-strand were overall more tolerant of substitution while 

motifs inserted at other positions could drive host specificity. Novel combinations of 

substitutions appear to allow for substantial changes to the local architecture of the tip 

domain and revealed epistatic interactions that enable key residues to contact the host 
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receptor. Altogether these results improve our understanding of the sequence-function 

landscape of the T7 RBP and identify motifs that can drive highly specific changes in host 

activity. 

Vast troves of phage metagenomic data are becoming increasingly available from 

every conceivable biome. However, the enormous breadth of phage diversity makes 

querying these databases for relevant sequences a challenging prospect. Motif Curation 

is designed as a process that can tap into these complex datasets to identify the most 

relevant motifs that drive phage activity and be used to engineer phages. This process is 

not limited to the RBP but can be used on any region with suitable DMS results to seed 

and score potential motifs, including other structural proteins, lysins or holins. By 

leveraging these metagenomic motifs we envision Motif Curation as a platform to better 

understand sequence-function relationships and engineer phages. 
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Supplementary Figures 

 

 

 

 

 

Supplementary Figure 1. Total curated motifs based on metagenomic hit cutoff and 

number of substitutions in each variant in the final phage library 

(A) Total number of curated motifs (log10) found using different metagenomic hit cutoffs 

for 10-AA motifs (dark grey) and 6-AA motifs (light grey). The lowest cutoff indicated is 15 

hits for 10-AA motifs and 50 hits for 6-AA motifs. (B) Count of substitutions for each phage 

variant in the final motif phage library. 
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Supplementary Figure 2. Correlation between biological replicates after selection 

of phage variant library on the E. coli host panel 

(A-E) Correlation of FN scores between biological replicates of the phage variant library 

on (A) E. coli 10G, (B) BL21, (C) BW25113, (D) BW25113ΔrfaD and (E) BW25113ΔrfaG. 

R values and trendlines are displayed for all replicates as a black line. 
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Supplementary Figure 3. Position of epistatic motifs in the tip domain 

(A) Crystal structure of the tip domain with regions A478-S483 and N502-F507 in color 

on one monomer with the other monomers of the receptor binding protein shown 

transparent. Amino acids are colored based on similarity of physicochemical properties. 

(B-C) Rotated views of regions (B) A478-S483 and (C) N502-F507. 
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Supplementary Figure 4. Correlation between biological replicates after selection 

of phage variant library on E. coli UTI strains and variant substitution preference 

(A-B) Correlation of FN scores between biological replicates of the phage variant library 

on (A) E. coli UTI33 and (B) UTI46. R values and trendlines are displayed for all replicates 

as a black line. (C) Substitution frequency (red gradient, total percentage of substitutions) 

for active variants on E. coli UTI33 (left) and UTI46 (right). Specific substitutions are listed 

top to bottom with substituted residue number (based on PDB 4A0T) and secondary 

structure shown left to right. Wildtype amino acids shown blank with black dot upper left.  
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List of Supplementary Files 

 

Supplementary File 1. Seed scores for each substitution in the tip domain and 
randomized seed scores used to validate Motif Curation. 

 

Supplementary File 2. List of phage variants and the wild type region the motif replaced, 
the motif sequence and associated substitutions.  

 

Supplementary File 3. Seed scores for each substitution in the tip domain and 
randomized seed scores used to validate Motif Curation. 

 

Supplementary File 4. List of Primers Used for Experiment 
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Methods 

Essential Resources Table 

Reagent 
type 
(species) or 
resource 

Designation 

Source 
or 
referenc
e 

Identifiers Additional 
information 

strain, strain 
background 
(Escherichia 
coli) 

E. coli 10G Lucigen Lucigen:60107-1 

  

strain, strain 
background 
(Escherichia 
coli) 

E. coli BL21 ATCC ATCC:BAA-1025 

  

strain, strain 
background 
(Escherichia 
coli) 

E. coli 
BW25113 

(Baba et 
al., 
2006) 

BW25113 

  

strain, strain 
background 
(Escherichia 
coli) 

E. coli 
BW25113 ΔrfaG 

(Baba et 
al., 
2006) 

BW25113ΔrfaG 

 

strain, strain 
background 
(Escherichia 
coli) 

E. coli 
BW25113 
ΔrfaD 

(Baba et 
al., 
2006) 

BW25113 ΔrfaD 

  

strain, strain 
background 
(Escherichia 
coli) 

E. coli UTI33 (Arthur 
et al., 
1990) 

UTI33 

  

strain, strain 
background 
(Escherichia 
coli) 

E. coli UTI46 (Arthur 
et al., 
1990) 

UTI46 
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strain, strain 
background 
(T7 
Bacteriopha
ge) 

T7 
Bacteriophage 

ATCC ATCC:BAA-1025-
B2 

  

strain, strain 
background 
(T7 
Bacteriopha
ge) 

T7 receptor 
binding protein 
(gp17) 
Accepter 
phage 

(Huss et 
al., 
2021) 

T7 Acceptor 
Phage  

 

strain, strain 
background 
(T7 
Bacteriopha
ge) 

T7 
Bacteriophage 
motif variants 

This 
paper 

Available on 
request 

Variant with 
metagenomi
c motifs, 
available 
from the 
Raman lab 

commercial 
assay or kit 

KAPA HiFi 
PCR Kit 

Roche Roche:KK2101 
 

commercial 
assay or kit 

Golden Gate 
Assembly Kit 
(BsaI-HFv2) 

NEB NEB:E1601L 
 

recombinant 
DNA 
reagent 

pHT7Helper1 
(plasmid) 

This 
paper 

  Helper with T7 
gp17. See 
methods for 
full details. 

recombinant 
DNA 
reagent 

pHRec2 and 
derivatives 
(plasmids) 

This 
paper  

Recombinatio
n plasmid. 
See methods 
for details 

recombinant 
DNA 
reagent 

pHCas9-3 (Huss et 
al., 
2021) 

 

Plasmid with 
Cas9 
targeting 
acceptor 
phage. See 
methods for 
full details. 



219 
 

 

software, 
algorithm 

R scripts for 
hierarchical 
clustering 

This 
paper 

N/A Available here 
https://github.
com/PhilHuss/
MotifMining  

software, 
algorithm 

R scripts for 
Motif Curation 

This 
paper 

N/A Available here 
https://github.
com/PhilHuss/
MotifMining  

 

Microbes and Culture Conditions  

T7 bacteriophage was obtained from ATCC (ATCC® BAA-1025-B2). T7 acceptor 

phages used in ORACLE were previously generated in our lab (Huss et al., 2021). 

Escherichia coli BL21 is a lab stock, E. coli 10G is a highly competent DH10B derivative 

(Durfee et al., 2008) originally obtained from Lucigen (60107-1). E. coli BW25113, 

BW25113ΔrfaD and BW25113ΔrfaG were obtained from Doug Weibel (University of 

Wisconsin, Madison) and are derived from the Keio collection (Baba et al., 2006). UTI33 

and UTI46 were obtained from Rod Welch (University of Wisconsin, Madison) and 

originates from a UTI collection (Arthur et al., 1990). 

All bacterial hosts are grown in and plated on Lb media (1% Tryptone, 0.5% Yeast 

Extract, 1% NaCl in dH2O, plates additionally contain 1.5% agar, while top agar contains 

only 0.5% agar) and Lb media was used for all experimentation and was used to recover 

host and phages after transformation. Kanamycin (50 μg/ml final concentration, marker 

for pHT7Helper1) and spectinomycin (115 μg/ml final concentration, marker for pHRec2, 

pHRec1-MLib and pHCas9 and derivatives) was added as needed. All incubations of 

bacterial cultures were performed at 37°C, with liquid cultures shaking at 200-250 rpm 

unless otherwise specified. Bacterial hosts were streaked on appropriate Lb plates and 

stored at 4°C. 

https://github.com/PhilHuss/MotifMining
https://github.com/PhilHuss/MotifMining
https://github.com/PhilHuss/MotifMining
https://github.com/PhilHuss/MotifMining
https://github.com/PhilHuss/MotifMining
https://github.com/PhilHuss/MotifMining
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T7 bacteriophage was propagated using E. coli BL21 after initial receipt from 

ATCC and then as described on various hosts in methods. All phage experiments were 

performing using Lb and culture conditions as described for bacterial hosts. Phages were 

stored in Lb at 4°C.  

For long term storage all microbes were stored as liquid samples at -80°C in 10% 

glycerol, 90% relevant media. 

SOC (2% tryptone, 0.5% yeast extract, 0.2% 5M NaCl, 0.25% 1M KCL, 1% 1M 

MgCl2, 1% 1M MgSO4, 2% 1M glucose in dH2O) was used to make competent cells.  

 

General Cloning Methods 

PCR was performed using KAPA HiFi (Roche KK2101) for all experiments. Golden 

Gate assembly was performed using New England Biosciences (NEB) Golden Gate 

Assembly Kit (BsaI-HFv2, E1601L). Restriction enzymes were purchased from NEB. DNA 

purification was performed using EZNA Cycle Pure Kits (Omega Bio-tek D6492-01) using 

the centrifugation protocol. Gibson assembly was performed according to the Gibson 

Assembly Protocol (NEB E5510) but Gibson Assembly Master Mix was made in lab (final 

concentration 100 mM Tris-HCL pH 7.5, 20 mM MgCl2, 0.2 mM dATP, 0.2 mM dCTP, 0.2 

mM dGTP, 10 mM dTT, 5% PEG-8000, 1 mM NAD+, 4 U/ml T5 exonuclease, 4 U/μl Taq 

DNA Ligase, 25 U/mL Phusion polymerase).  All cloning was performed according to 

manufacturer documentation except where noted in methods.  

PCR reactions use 1 μl of ~1 ng/μl plasmid or ~0.1 ng/μl DNA fragment as template 

for relevant reactions. PCR reactions using phage as template use 1 μl of undiluted phage 



221 
 

 

stock (genomic extraction was unnecessary) and have an extended 5 minute 95°C 

denaturation step. 

DpnI digest was performed on all PCR that used plasmid as template. Digestion 

was performed directly on PCR product immediately before purification by combining 1.5 

μl DpnI (30 units), 15 μl 10x CutSmart Buffer, 98 ul PCR product, and 35.5 ul dH2O, 

incubating at 37°C for 2 hours and 30 minutes then heat inactivating at 80C for 20 minutes.  

Electroporation of plasmids was performed using a Bio-rad MicroPulser (165-

2100), Ec2 setting (2 mm cuvette, 2.5 kV, 1 pulse) using 50 μl competent cells and 100 

ng of plasmid or 20 ul of golden gate reaction for transformation. Electroporated cells 

were immediately recovered with 950 μl Lb, then incubated at 37°C for 1 to 1.5 hours and 

plated or grown in relevant media.  

E. coli 10G competent cells were made by adding 8 mL overnight 10G cells to 192 

mL SOC (with antibiotics as necessary) and incubating at 21°C and 200 rpm until ~OD600 

of 0.4 as determined using an Agilent Cary 60 UV-Vis Spectrometer using manufacturer 

documentation (actual incubation time varies based on antibiotic, typically overnight). 

Cells are centrifuged at 4°C, 1000g for 20 minutes, the supernatant is discarded, and 

cells are resuspended in 50 mL 10% glycerol. Centrifugation and washing are repeated 

three times, then cells are centrifuged at 2000g for 20 minutes then resuspended in a 

final volume of ~1 mL 10% glycerol and are aliquoted and stored at -80°C.  

Detailed protocols for cloning are available on request. All primers used in 

experiments in this publication are listed in supplementary file 4. 
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Plasmid Cloning and Descriptions 

pHT7Helper1 is used during optimized recombination and during accumulation in 

ORACLE to prevent library bias and depletion of variants that grow poorly on E. coli 10G. 

There are no changes to this plasmid from its initial construction as documented in our 

previous DMS assay, plasmid details are provided here for completeness (Huss et al., 

2021). This plasmid contains a pBR backbone, kanamycin resistance cassette, mCherry, 

and the T7 receptor binding protein gp17. Both mCherry and gp17 are under constitutive 

expression. Gp17 was combined with promoter apFAB47 (Kosuri et al., 2013) using SOE 

and the plasmid assembled by Gibson assembly. There is a single nucleotide deletion in 

the promoter that has no effect on plaque recovery for phages that require gp17 to plaque.  

pHRec2 is used as template to generate the variant library containing 

metagenomic motifs, referred to as pHRec2-Motif and used during optimized 

recombination in ORACLE. This plasmid has been updated since its initial construction in 

our previous DMS assay, where it was called pHRec1. As before this plasmid contains 

an SC101 backbone, Cre recombinase, a spectinomycin resistance cassette, and the T7 

tail fiber gp17 flanked by Cre lox66 sites with an m2 spacer, a 3’ pad region and lox71 

sites with a wt spacer (Langer et al., 2002). Cre recombinase is under constitutive 

expression. This plasmid was altered using sequential PCR and Gibson assembly to 

include a larger constant region and random, 20 bp barcode between the end of gp17 

and the Cre-lox sites.  The total region inserted was 105 bp. This barcode was added to 

facilitate smaller, rather less expensive NGS reads but was ultimately not used in this 

experiment. Note insertion of the barcode requires a 3 or 4 part golden gate reaction 

instead of a 2 part reaction as with pHRec1. 
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pHCas9-3 is used during Accumulation in ORACLE. There are no changes to this 

plasmid from its initial construction as documented in our previous DMS assay, plasmid 

details are provided here for completeness (Huss et al., 2021). This plasmid contains an 

SC101 backbone, a spectinomycin resistance cassette and cas9 cassette with a 

previously cloned gRNA targeting the T7 acceptor phage (Jiang et al., 2013). pHCas9 

was created with Gibson assembly, while pHCas9-3 was assembled by phosphorylation 

and annealing gRNA oligos (100 uM forward and reverse oligo, 5 μl T4 Ligase buffer, 1 

μl T4 PNK, to 50 μl dH2O, incubate at 37°C for 1 hour, 96C for 6 minutes then 0.1C/s 

temperature reduction to 23C), then Golden Gate cloning (1 μl annealed oligo, 75 ng 

pHCas9, 2 μl T4 DNA Ligase Buffer, 1 μl Golden Gate Enzyme Mix, dH20 to 20 ul. 

Incubation at 37°C for 1 hour then 60C for 5 minutes, followed by direct transformation of 

1 ul, plated on Lb with spectinomycin). All plasmid backbones and gene fragments are 

lab stocks. 

 

General Bacteria and Phage Methods 

Bacterial concentrations were determined by serial dilution of bacterial culture 

(1:10 or 1:100 dilutions made to 1 mL in 1.5 microcentrifuge tubes in Lb) and subsequent 

plating and bead spreading of 100 μl of a countable dilution (targeting 50 colony forming 

units) on Lb plates. Plates were incubated overnight and counted the next morning. 

Typically, two to three dilution series were performed for each host to initially establish 

concentration at different OD600 and subsequent concentrations were confirmed with a 

single dilution series for later experiments.  
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Stationary phase cultures are created by growing bacteria overnight (totaling ~20-

30 hours of incubation) at 37°C. Cultures are briefly vortexed then used directly. 

Exponential phase culture consists of stationary culture diluted 1:20 in Lb then incubated 

at 37°C until an OD600 of ~0.4-0.8 is reached (as determined using an Agilent Cary 60 

UV-Vis Spectrometer using manufacturer documentation), typically taking 40 minutes to 

1 hour and 20 minutes depending on the strain and antibiotic, after which cultures are 

briefly vortexed and used directly. 

Phage lysate was purified by centrifuging phage lysate at 16g, then filtering 

supernatant through a 0.22 uM filter. Chloroform was not used. 

To establish titer, phage samples were typically serially diluted (1:10 or 1:100 

dilutions made to 1 mL in 1.5 microcentrifuge tubes) in Lb to a 10-8 dilution for preliminary 

titering by spot assay. Spot assays were performed by mixing 250 μl of relevant bacterial 

host in stationary phase with 3.5 mL of 0.5% top agar, briefly vortexing, then plating on 

Lb plates warmed to 37°C. After plates solidified (typically ~5 minutes), 1.5 μl of each 

dilution of phage sample was spotted in series on the plate. Plates were incubated and 

checked after overnight incubation (~20-30 hours) to establish a preliminary titer. After a 

preliminary titer was established, phage samples were serially diluted in triplicate for 

efficiency of plating (EOP) assays.  

EOP assays were performed using whole plates instead of spot plates to avoid 

inaccurate interpretation of results due to spotting error (Khan Mirzaei and Nilsson, 2015). 

To perform the whole plate EOP assay, 400 μl of bacterial host in exponential phase was 

mixed with between 5 to 50 μl of phages from a relevant dilution targeting 50 plaque 

forming units (PFUs) after overnight incubation. The phage and host mixture was briefly 
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vortexed, briefly centrifuged, then added to 3.5 mL of 0.5% top agar, which was again 

briefly vortexed and immediately plated on Lb plates warmed to 37°C. After plates 

solidified (typically ~5 minutes), plates were inverted and incubated overnight. PFUs were 

typically counted after overnight incubation (~20-30 hours) and the total overnight PFU 

count used to establish titer of the phage sample. PFU totals between 10 and 300 PFU 

were typically considered acceptable, otherwise plating was repeated for the same 

dilution series. This was repeated at least in triplicate for each phage sample on each 

relevant host to establish phage titer. 

EOP was determined using E. coli 10G with pHT7Helper1 as a reference host. 

EOP values were generated for each of the three dilutions by taking the phage titer on 

the test host divided by the phage titer on the reference host, and this value was 

subsequently log10 transformed. Values are reported as mean ± SD. 

MOI was calculated by dividing phage titer by bacterial concentration. MOI for the 

T7 variant library after the variant gene is expressed was estimated by titering on 10G 

with pHT7Helper1. 

 

Position Seed Scoring 

To seed substitution scores the maximum FN of each biological replicate for each 

substitution from susceptible strains 10G, BL21, and BW25113 in our DMS assay was 

compressed where if FN < 1 compressed FN (CFN) = FN and if FN > 1 then CFN = (FN – 1 

/ max(strain FN) -1) + 1. Scores were compressed to reduce the impact of variants that 

performed exceedingly well, as we wanted to weight scores higher for variants with 
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functionally different scores across strains (i.e. it matters less if a variant does very well 

on one strain and comparable to wildtype on other strains, it matters more if it does poorly 

on one strain and comparable to wildtype or better than wildtype on another, as that is 

more functionally distinct.) 

 If the difference between CFN on all susceptible strains was less than 0.5, 

indicating the functional difference between strains was small, motif seed score MFF = 

CFN, else MFF = CFN + 0.5. This served to seed scores higher if there was a functional 

difference between susceptible strains. Finally max(⌊log(FN⌋) of each biological replicate 

for each substitution from resistant strains BW25113ΔrfaG and BW25113ΔrfaD was 

calculated and added to MFF. This further weighed substitutions higher if they had 

recovered function on resistant strains. These final values were used to seed scores for 

every possible substitution to curate motifs. 

 

Database construction 

NCBI databases (release July 2019) were queried for the term “prokaryotic virus” 

and limited to sequences of at least 3 kb. The resulting sequences were manually curated 

by removing non-genomic sequences (e.g., containing the terms ‘open reading frame’ or 

‘ORF’) and non-viral sequences. Additionally, the IMG/VR v2.1 (October 2018) database 

was downloaded and limited to sequences originating from human, wastewater, and 

animal environments according to IMG/VR metadata.  

For each dataset, open reading frames were predicted using Prodigal v2.6.3 (-p 

meta) and proteins were dereplicated using CD-HIT v4.7 (-c 1). To obtain proteins of 

interest, HMM profiles for 373 viral hallmark proteins were selected from VOGDB v94 
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(vogdb.org) according to viral hallmark proteins designated by VIBRANT v1.2.1. The 

selected HMM profiles represented annotations containing the terms tail, capsid, spike, 

baseplate, sheath, lysin, and holin. Hmmsearch v3.1b (-e 1e-5) was used to query the 

database proteins to the selected HMM profiles. In total, 34682 and 26335 non-redundant 

proteins from NCBI and IMG/VR databases, respectively, were selected for final analysis. 

Source code is available at https://github.com/PhilHuss/MotifMining. 

 

Motif search (methods for f-score table construction before this) 

A custom motif search tool (motif_finder_tool.py) was used to query each of the 

protein databases separately for 6-mer motifs (-n 6 -c 1 -e 1e-50 -t 0.8) and 10-mer motifs 

(-n 10 -c 1 -e 1e-5 -t 0.045). The motif search tool scans n-mer windows of input database 

amino acids against n-mer windows of input matrix scores. The scores per amino acid 

window are compared to a set cutoff and predetermined constants. The maximum score 

per amino acid window across all matrix windows is summed to generate an overall score 

per protein. The overall score and e-value, calculated based on the number of windows 

searched, are compared to set thresholds. Any protein passing these thresholds is 

considered as a candidate protein that is similar to the motifs found within the original 

input matrix. All amino acid windows used in the generation of the overall score for that 

protein are extracted. To limit the results to a practical search space, 6-mer and 10-mer 

motifs were filtered to those that were extracted at least 50 and 15 times, respectively, by 

the motif search tool across all proteins. Source code is available at 

https://github.com/PhilHuss/MotifMining. 

 

https://github.com/PhilHuss/MotifMining
https://github.com/PhilHuss/MotifMining
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Motif Variant Plasmid Library Preparation 

To create the metagenomic motif variant plasmid library, oligos were first designed 

and ordered from Agilent as a SurePrint Oligonucleotide Library (OLS 230mers, Barcode 

33049511001 OLS, internal freezer stock #2). Every oligo contained a single motif that 

replaced the wild type region in the tip domain.  We used the most frequently found codon 

for each amino acid in the gp17 tail fiber to define the codon for each substitution. Oligos 

contained BsaI sites at each end to facilitate Golden Gate cloning. Two pools of oligos 

were used for this library. Oligo pools were amplified by PCR using 0.005 pmol total oligo 

pool as template (~0.5 ng total DNA) and 15 total cycles to prevent PCR bias, then pools 

were purified. pHRec2 was used as template in a PCR reaction to create two backbones 

for each of the three pools, which was then DpnI digested and purified. Backbones are 

not otherwise pretreated before Golden Gate Assembly. Golden gate assembly was 

performed using ~300 ng of relevant pool backbone and a 1x molar ratio for oligos (~20 

ng) and a small ~100 bp fragment containing constant regions and a 20 bp randomized 

barcode (~15 ng), combined with 2 μl 10x T4 DNA ligase buffer, 1 μl NEB Golden Gate 

Enzyme mix and dH2O to 20 ul. For the 3’ pool this is a 4 part assembly, for the 5’ pool 

this is a 3 part assembly. These reactions were cycled from 37°C to 16°C over 5 minutes, 

60x, then held at 60°C for 5 minutes to complete Golden Gate assembly and held at 4°C 

overnight. The following day the reaction was held at 60°C for 5 minutes before dialysis 

in accordance with NEB guidance. Membrane drop dialysis was then performed on each 

library pool for 90 minutes to enhance transformation efficiency. The entire 20 μl reaction 
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was then transformed into 50 μl competent E. coli 10G cells. Drop plates were made at 

this point (spotting 2.5 μl of dilutions of each library on Lb plates with spectinomycin) and 

total actual transformed cells were estimated at ~5x105 CFU/mL for the 5’ pool at ~1x106 

for the 3’ pool. Each 1 mL pool was added to 4 mL Lb with spectinomycin and incubated 

overnight, then plasmids were purified. Plasmids concentration was determined by 

nanodrop and pools were then combined at an equimolar ratio to create the final phage 

variant pool, denoted as pHRec2-Motif. pHRec2-Motif was transformed into E. coli 10G 

with pHT7Helper1 by transforming 50 ng of plasmid into 60 ul of E. coli 10G competent 

cells. Drop plates were made (spotting 2.5 μl of dilutions of each library onto Lb plates 

with spectinomycin and kanamycin) and total actual transformed cells were estimated at 

~6.7x105 CFU/mL. The 1 mL library was added to 4 mL Lb with spectinomycin and 

kanamycin and incubated overnight. This was repeated once to ensure >100 coverage of 

the entire library and all preparations were combined. This host, E. coli 10G with 

pHT7Helper1 and pHRec1-Motif, was the host used for Optimized Recombination during 

ORACLE. 

 

Phage Library Preparation Using ORACLE  

T7 Acceptor phages from our previous DMS study for the RBP tip domain were 

used for ORACLE (Huss et al., 2021). Optimized Recombination was performed by 

adding T7 Acceptor phages (MOI ~1) to 50 mL exponential phase 10G with pHT7Helper1 

and pHRec2-Motif. Cultures were incubated until lysis and phages were purified, titer was 

estimated by spot plate at ~5x107 variants/mL in a total phage population of ~1x1010 

PFU/mL. Accumulation was performed by adding ~MOI of 0.2 of recombined phages to 
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50 mL of stationary phase E. coli 10G with pHT7Helper1 and pHCas9-3 resuspended in 

fresh Lb with kanamycin and spectinomycin. Cultures were incubated until lysis then 

phages were purified. Phage titer was estimated to be ~3x109 PFU/mL on stationary E. 

coli 10G with pHT7Helper1 and ~1.2x109 on stationary E. coli 10G. Library expression 

was performed by adding the accumulated library to 5 mL E. coli 10G (with no plasmid) 

at an MOI of ~2. Cultures are incubated until lysis and phages were purified. This 

constitutes the final phage variant library with full expression of the variant gp17 tail fibers. 

This phage population is directly sequenced to establish the pre-selection library 

population.  

Motif Library Selection 

All motif library selection experiments were performed in the same way. The T7 

variant library was added to 5 mL of exponential host at an MOI of ~2x10-2 and the culture 

was allowed to fully lyse. This MOI was chosen to give an estimated 2 replication cycles 

for the phage library. The entire process was repeated in biological triplicate for each host. 

Phages were then purified and sequenced. 

 

Deep Sequencing Preparation and Analysis 

We used deep sequencing to evaluate phage populations. We first amplified the 

tip domain by two step PCR, or tailed amplicon sequencing, using KAPA HiFi. Primers 

for deep sequencing attach to constant regions adjacent to the tip domain, 3’ of the new 

barcode in pHT7Rec2. Constant regions are also installed in the fixed region of the 

acceptor phages for the similarly size amplicon so acceptor phages can also be detected. 
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The first PCR reaction adds an internal barcode (used for technical replicates to assay 

PCR skew), a variable N region (to assist with nucleotide diversity during deep 

sequencing, this is essential for DMS libraries due to low nucleotide diversity at each 

position), and the universal Illumina adapter. Four forward and four reverse primers were 

used in each reaction, each with a variable N count (0, 2, 4, or 8). Primers were mixed at 

equimolar ratios and total primers used was per recommended primer concentration. 

PCR was performed using 13 total cycles in the first PCR reaction. The product of this 

reaction was used directly in the second PCR reaction, which adds an index and the 

Illumina ‘stem’. This PCR was run for 9 total PCR cycles. The product of this reaction was 

purified and was used directly for deep sequencing. Each phage population was sampled 

at least twice using separate internal barcodes, and no PCR reactions were pooled. Total 

PCR cycles overall for each sample was kept at 22x to avoid PCR skew. All phage 

samples were deep sequenced using an Illumina Miseq System, 2x250 read length using 

MiSeq Reagent Kit v2 or v2 Nano according to manufacturer documentation.  

Paired-end Illumina sequencing reads were merged with PEAR using the default 

software parameters (Zhang et al., 2014). Phred quality scores (Q scores) were used to 

compute the total number of expected errors (E) for each merged read  and reads 

exceeding an Emax of 1 were removed (Magoč and Salzberg, 2011). Wildtype, acceptor 

phages, and each variant were then counted in the deep sequencing output. We 

correlated read counts for each technical replicate to determine if there was any notable 

skew from PCR or deep sequencing. Technical PCR replicates correlated extremely well 

(R≥0.98 for all samples) indicating no relevant PCR skew and were aggregated for each 

biological replicate. Besides wildtype and acceptor counts, we included only sequences 
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with known motifs in our analysis, greatly reducing the possibility of deep sequencing 

error resulting in an incorrect read count for a variant. With this in mind, and to avoid 

missing low abundance members after selection, we used a low read cutoff of 4. A 

pseudo-count was not utilized. Possible outliers were identified by data sorting for UTI 

strains. 

To score enrichment for each variant we used a basic functional score (F), 

averaging results of the three biological replicates where 𝐹𝐹 = 𝑥̅𝑥  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 %𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 %𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
 . To 

compare variant performance across hosts we normalized functional score (FN) to 

wildtype, where 𝐹𝐹𝑁𝑁 = 𝑥̅𝑥  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 %𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 %𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑊𝑊𝑊𝑊 %𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑊𝑊𝑊𝑊 %𝑃𝑃𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
�   .  

Other Statistical Analysis and Source Code 

Hierarchical Clustering in Figure 3 was performed using the Complex Heatmaps 

package in R (Gu et al., 2016). Different distance values were computed using get_dist 

in R, clustering approaches were calculated using hclust in R, and cophenetic scores 

were calculated using cophenetic in R. See documentation on github for exact code used. 

Frequency plots in Figure 3 and Figure 4 were made using SequenceLogoVis 

(https://github.com/ISA-tools/SequenceLogoVis) (Maguire et al.). P-values for EOP 

graphs compare plaque capability on the tested host to the reference host for the EOP 

graph. Counting motif variants was done in Pandas. All other calculations and plots were 

made in Excel. Relevant statistical details of experiments can be found in the 

corresponding figure legends or relevant methods section. Source code is available at 

https://github.com/PhilHuss/MotifMining.   

https://github.com/ISA-tools/SequenceLogoVis
https://github.com/PhilHuss/MotifMining
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Abstract 

Bacteriophages, or ‘phages’, are bacterial viruses that are the most abundant 

organism on Earth. While phage research has progressed considerably terrestrially, how 

phages and bacteria interact in microgravity is largely unknown. Microgravity presents 

enormous challenge for microorganisms, which are greatly affected by gravity to mediate 

cell-cell and cell-phage interactions. To elucidate these interactions, we explore how T7 

bacteriophage interacts with E. coli BL21 in microgravity onboard the International Space 

Station (ISS). We incubated samples in gravity and microgravity for short- and long-term 

experiments, finding that lysis is delayed in microgravity conditions and suggesting this 

phage is inhibited in microgravity. We identified novel mutations in phage proteins that 

influence activity in microgravity using whole genome sequencing and examine how 

microgravity influences selection in phage structural proteins. Our study provides a 

preliminary examination of the influence of microgravity on phage-host interactions. The 

success of the approach used in this study provides a foundation for future research in 

microgravity to explore interactions between phages and bacteria that define microbial 

communities. 
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Introduction 

Bacteriophages, or ‘phages’, are bacterial viruses that are the most abundant 

organism on Earth (Cobián Güemes et al., 2016). Phages play an essential role in 

microbial ecosystems and have become increasingly valuable tools for applications 

ranging from targeted killing of antibiotic resistant bacteria to precision modification of the 

microbiome (Canfield and Duerkop, 2020; Chen et al., 2017; Clokie et al., 2011; Dedrick 

et al., 2019; Dunne et al., 2019; Eskenazi et al., 2022; Garcia et al., 2003; Hatfull et al., 

2022; Heineman et al., 2008; Holtzman et al., 2020; Huss and Raman, 2020; Kilcher and 

Loessner, 2019; Kutter et al., 2015; Meyer et al., 2012; Schooley et al., 2017; Yehl et al., 

2019). While phage research has progressed considerably terrestrially, how phages and 

bacteria interact in microgravity is largely unknown. Microgravity presents enormous 

challenge for microorganisms, which are greatly affected by gravity to mediate cell-cell 

and cell-phage interactions. To elucidate these interactions, we explore how T7 

bacteriophage interacts with E. coli BL21 in microgravity onboard the International Space 

Station (ISS). 

 Microgravity poses a challenge for phages and bacteria and can significantly alter 

how phages are able to interact with their bacterial hosts. Phages do not actively seek 

out their bacterial hosts but are reliant on random motion to encounter host cells (Joiner 

et al., 2019; Kasman and Porter, 2022). Several fundamental forces are altered in 

microgravity. In gravity, sedimentation causes materials to move downward in response 

to gravitational pull. Sedimentation is lacking in microgravity and affects diffusion of 

nutrients to bacterial cells and cell motility (Benoit and Klaus, 2005; Freed and Vunjak-

Novakovic, 2002; Klaus et al., 1997; Todd, 2007). Convection, the movement of fluids 
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and gasses, is also limited in microgravity. This movement is contingent on temperature 

changes that cause changes in density, and is therefore reliant on the presence of gravity 

(Klaus et al., 1997; Nickerson et al., 2004). This effect could cause waste products to 

accumulate near cells and influence growth rates. These changed conditions can 

influence a phages ability to grow on a host and force phages to rely entirely on only 

Brownian motion to encounter host cells. With limited predation by phages, the microbial 

ecosystem could be dramatically impacted. 

Here, we explored how microgravity influences T7 phage and susceptible host E. 

coli BL21. We incubated samples in gravity and microgravity for short- and long-term 

experiments to evaluate if lysis of the bacterial host was delayed and found that lysis is 

delayed in microgravity conditions, suggesting this phage is inhibited in microgravity. We 

analyzed results for long term incubation using Whole Genome Sequencing (WGS) to 

evaluate what mutations accumulate in phage and bacteria over long term incubation. 

We identified many novel mutations in phage proteins, with most mutations occurring in 

structural proteins that facilitate interaction with bacterial host receptors. We finally 

examine how microgravity influences selection in a Deep Mutational Scanning (DMS) 

library of T7 phage receptor binding protein (RBP) tip domain variants (Huss et al., 2021). 

We identify a distinct pattern for substitutions that differs from gravity condition. 

Our study provides a preliminary examination of the influence of microgravity on 

phage-host interactions. By identifying mutations that accumulate in microgravity we 

highlight genes and regions of the phage that can be targeted to engineer phages to alter 

phage activity. The success of the approach used in this study also provides a foundation 
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for future research into interactions between phages and bacteria that define microbial 

communities. 

 

Results 

Preparing bacteriophage and bacterial samples for experimentation on the ISS 

 Experiments involving phages and bacteria onboard the ISS have several practical 

challenges that must be overcome. Classic experiments to evaluate phage activity, like 

plaque assays or growth curves, are not possible onboard the ISS. Instead, all 

experiments must be carried out in closed vessels to limit risk of exposure. Furthermore, 

both space and time are highly limited in this environment and all samples require rigorous 

testing to ensure astronaut safety. Our experimental outline was designed to 

accommodate these restrictions. 

 We devised two sets of samples, one set for incubation in microgravity and one 

control set used for incubation terrestrially in gravity. In brief, all samples were prepared 

terrestrially by mixing phage and/or bacteria in cryovials then immediately freezing 

samples at -80C. Samples were then transported to NASA, where samples were 

delivered to the ISS for incubation in microgravity. After incubation samples were refrozen 

and transported back to Earth, where they were thawed and immediately tested for plaque 

and bacterial counts and prepared for sequencing (Figure 1). The duration of freezing 

and incubation was recorded, and a second set of samples was tested terrestrially using 

the same incubation and freezing times (see Supplementary File 1 for incubation and 

freezing records).   
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Figure 1. Outline of terrestrial and ISS experimental process 

Illustration of experimental process to prepare and test samples terrestrially and in 

microgravity onboard the International Space Station (ISS). Samples are prepared 

terrestrially, and quality checked to ensure samples cannot leak and cryovial integrity is 

unaffected by the freeze-thaw process. Two sets of samples are eventually tested, one 

in microgravity aboard the ISS (left) and one terrestrially under the influence of 

microgravity (right). Samples are frozen, then thawed and incubated in either condition 

for specified intervals. Samples are then re-frozen and evaluated terrestrially for phage 

and bacterial counts, for whole genome sequencing, and for phages deep mutational 

scanning of the T7 receptor binding protein tip domain. 

  



246 
 

 

To ensure sample integrity and to meet NASA standards for astronaut safety, the 

cryovial container underwent biocompatibility and leakiness testing (see Supplementary 

File 2). Briefly, biocompatibility was validated by the change in sample weight after a 

period of freezing and incubation. Samples were prepared, immediately frozen at -80C 

for all timepoints used in the experiment, and then were weighed to ensure no liquid had 

escaped the container. All samples passed biocompatibility and safety testing.  

 

Bacteriophage T7 growth is inhibited in microgravity 

We first assessed if E. coli BL21 was susceptible to T7 infection in microgravity. 

Under terrestrial conditions this host is susceptible to T7 infection and infection of the 

host is typically completed in ~30 minutes with a burst size of roughly 100 

(Chitboonthavisuk et al., 2021). We hypothesized infection would be significantly slower 

under conditions of microgravity because phages would have less chances to randomly 

encounter and infect bacteria. To evaluate this hypothesis, we mixed phages and 

bacteria at MOIs of 10-6 and 10-4 in triplicate and targeted incubation times for 1 hour, 2 

hours, 3 hours and 20 days, with actual incubation times on the ISS being 1 hour 12 

minutes, 2 hours 11 minutes, 4 hours 17 minutes, and 23 days 1hour and 30 minutes 

(Figure 2A). Controls consisting of phages or bacteria alone at a titer of 108 at each time 

point. Time points were selected to cover a wide range of possible outcomes, as we had 

no initial indication of how delayed, if at all, host lysis would be under microgravity. 

Additionally, we anticipated loss of cell and phage viability after multiple freeze-thaws, 

as no cryoprotectant could be included with samples. 
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Analysis of bacterial controls indicated bacterial viability was greatly reduced 

when counted after 1 and 2 hours of incubation in microgravity (Figure 2B). However, 

incubation for 4 hours or 23 days in microgravity was saw less impact on the countable 

population of bacteria with only a 0.5-1 log loss of bacteria. Phages saw a two-log loss 

in titer in earlier timepoints in microgravity and a significant decrease in viability after 23 

days in both conditions. Titers in mixed cultures for both MOIs saw phage population 

soared at 4 hours and after 23 days in gravity but only after 23 days in microgravity, with 

a significant drop in viable bacteria at all timepoints (Figure 2C-D). 

While both bacteria and phages were significantly impacted by the freeze-thaw 

cycles used in this experiment, the extended time points allow us to approximate phage 

activity in microgravity. T7 phage was only able to productively lyse E. coli BL21 at 

some point after 4 hours in microgravity but was able to productively lyse this host after 

only 4 hours in gravity, indicating lysis was delayed in microgravity. Future experiments 

using this model can narrow time to lyse host in microgravity further by examining later 

timepoints. 
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Figure 2. Bacteriophage T7 growth is inhibited by microgravity   

(A) Summary of samples and timepoints used in experiments. Time in parenthesis 

indicates actual incubation time on the ISS, which was subsequently used for terrestrial 

samples. (B-D) Titer of bacterial and phage samples at different incubation times (log10 

PFU or CFU/mL) for gravity (red) and microgravity (blue) conditions for (B) control 

samples, (C) MOI-6 sample series, and (D) MOI-4 sample series. Triplicate samples 

represented as mean +/- SD.  
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Incubation in microgravity reveals novel mutations    

 We next sought to assess what mutations arose in microgravity that could 

influence phage-host host relationships. To facilitate this analysis, we extracted phage 

genomes from our 23-day samples and performed whole genome sequencing (WGS). 

Samples were sequenced at a significant sequencing depth to find mutations that were 

lowly abundant, with average coverage of 40,000x. This was critical, as it was unlikely 

mutations would be so beneficial to completely overtake either population and be found 

as consensus reads in the population. Mutation abundance was determined by comparing 

mutation frequency to unpassaged phage controls. Analysis of WGS data revealed 

several hotspots of activity for across both gravity and microgravity conditions. 

 We found many mutations in structural proteins of T7 as well as several 

uncharacterized proteins. Structural proteins are proteins located on the phage virion and 

include tail and tail fiber structures responsible for host recognition (Huss et al., 2021; 

Molineux, 2001) (Figure 2A). Besides structural genes, the genome of bacteriophage T7 

can roughly be grouped into three parts based on if genes are transcribed early in 

infection (class I), shortly after infection (class II), or late in infection (class III) (Yang et 

al., 2014) (Figure 2B). We saw a predominance of mutations accumulate in structural 

proteins in both conditions, particularly in gp11, gp12 and gp17 which form parts of the 

tail and tail fiber (Cuervo et al., 2019; González-García et al., 2015). In contrast, mutations 

were noted to be much more predominant in gp7.3 in microgravity. This protein is ejected 

into the cell upon adsorption but is not considered essential for a successful infection 

(Kemp et al., 2005), making the difference in mutations between conditions notable. 

Given that this protein is expected to make contact with the cell surface during infection, 
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we theorize these mutations may have been helpful for retaining the phage to the cell 

surface in the difficult conditions of microgravity, but otherwise provided no fitness 

advantage in gravity. Intriguingly the majority of mutations in gp7.3 were 3 and 6 amino 

acid deletions located between positions 39 and 47 of the gene, while no deletions were 

seen in microgravity. Altogether these results indicate gp7.3 may have a greater role to 

play in phage activity than previously known.  

 Other mutations that arose that were distinct across conditions included mutations 

in gp4.7 in gravity and highly abundant mutations in gp0.5 in microgravity. Gp0.5 is an 

unknown protein with a putative assigned function as a transmembrane protein. Mutations 

in this gene are notable because both microgravity replicates with mutations in this gene 

had the same mutation, V26A, that overtook the entire phage population, indicating it 

caused strong selection pressure. gp4.7 has no putative assigned function, but both 

proteins can be found in many different phages, indicating they may play a larger role in 

phage activity. 
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Figure 3. Incubation in microgravity reveals novel mutations    

(A) Illustration of bacteriophage T7, highlighting key structural proteins in the virion. (B) 

Illustration of the genome of bacteriophage T7, divided into early class I genes (green), 

middle class II genes (pink) and late class II genes (blue). (C) Total percentage mutation 

frequency for structural genes and other class I, II and II genes for each replicate 

incubated in microgravity (blue, shaded) and gravity (red, shaded). 

 

 

 

Deep Mutational Scanning profiles beneficial substitutions in the RBP tip domain 

We next examined how activity of individual substitutions was impacted in 

microgravity using a deep mutational scanning (DMS) library of the tip domain of the 

receptor binding protein (RBP). The RPB of T7 phage consists of six short non-contractile 

tails that form a homotrimer composed of a rigid shaft ending with a β-sandwich tip domain 

(Garcia-Doval and Raaij, 2012). This domain is a major determinant of phage activity  and 

interacts with host receptor lipopolysaccharide (LPS) and position the phage for 

successful, irreversible binding with the host (Fraser et al., 2006, 2007; González-García 

et al., 2015; Lin et al., 2012; Molineux, 2001; Qimron et al., 2006). We have previously 

used this library to functionally characterize the tip domain in short passage experiments 

(Huss et al., 2021). One replicate of our 23-day samples for each condition retained 

sufficient phage titer for analysis, which we deep sequenced and scored. 

This phage DMS library consists of a pool of variants with a single substitution in 

the tip domain, encompassing all possible substitutions at each codon spanning residue 
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positions 472-554 in the RBP (residue numbering based on PDB 4A0T). Deep 

sequencing in each condition revealed a fairly selective environment (Figure 4A-B). 

Mutations in gravity largely mirror our previous results, with the exception of positive and 

negatively charged mutations in the FG exterior loop. Positively charged substitutions at 

this position have increased activity in hosts with truncated LPS, but negatively charged 

substitutions at this position are novel. 

Substitutions that performed the best in microgravity accumulated in three distinct 

locations. Large, positively charged substitutions were preferred in the BC exterior loop, 

mirroring results from our initial study for strains that have truncated LPS. Similar 

substitutions are preferred in the GH interior loop and proximal H β-sheet. These positions 

face inwards and away from putative receptor binding interfaces in the tip domain, 

suggesting their presence positively influences the structure of the tip domain in some 

way. Finally, a host of mutations are present at N-terminus of the protein replacing the 

stop codon. In our construct replacement of the stop codon results in a three amino acid 

-DAR extension. Its apparent this extension increases activity in microgravity, making 

small extensions of the tip domain a feasible avenue for engineering the phage to 

increase activity in the future. 
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Figure 4. Deep Mutational Scanning profiles beneficial substitutions in the RBP tip 

domain 

(A-B) Heatmaps showing normalized functional scores (FN) of all substitutions (red 

gradient) and wildtype amino acid (FN=1 and black dot upper left) at every position after 

incubation with E. coli BL21 in (A) microgravity and (B) gravity. Residue numbering 

(based on PDB 4A0T), wildtype amino acid and secondary structure topology are 

shown above left to right, substitutions listed top to bottom. 
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Discussion 

 The interplay between phages and bacteria largely defines microbial 

ecosystems. If microgravity influences this interaction there may be enormous 

repercussions for how microbial communities develop in microgravity. Here, we 

describe a preliminary study to evaluate how microgravity influences interactions 

between T7 bacteriophage and E. coli BL21. Our results indicate this phage is inhibited 

in microgravity and has a delayed lysis phenotype. To explore changes in phage 

sequence after incubation in microgravity we examine WGS and DMS data from phages 

incubated over 23 days with their bacterial host. We identified many novel mutations in 

phage proteins, with most mutations occurring in structural proteins that facilitate 

interaction with bacterial host receptors and identified mutations in as yet 

uncharacterized proteins that may influence phage function. Microgravity also 

influenced selection of DMS variants in the T7 phage RBP, with novel mutations 

accumulating in the c-terminal region and new areas near the GH interior loop.  

Overall, our study provides a preliminary examination of the influence of 

microgravity on phage-host interactions. Investigating phages in new environments sheds 

light on different genes that can influence phage activity. Investigation of these leads may 

provide avenues for engineering phages terrestrially in future experiments. The success 

of this approach lays the groundwork for future phage studies in microgravity aboard the 

ISS.   
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Supplementary Files 

 

Supplementary File 1 – Incubation and Freezing records for samples 

Supplementary File 2 – Rhodium biocompatibility protocol  

Supplementary File 2 – List of Primers using in experiment 
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Short Methods 

T7 bacteriophage was obtained from ATCC (ATCC® BAA-1025-B2). Escherichia 

coli BL21 is a lab stock. All bacterial hosts are grown in and plated on Lb media (1% 

Tryptone, 0.5% Yeast Extract, 1% NaCl in dH2O, plates additionally contain 1.5% agar, 

while top agar contains only 0.5% agar) and Lb media was used for all experimentation 

and was used to recover hosts. All incubations of bacterial cultures were performed at 

37°C without shaking. T7 bacteriophage was propagated using E. coli BL21 after initial 

receipt from ATCC and then as described on various hosts in methods. All phage 

experiments were performing using Lb and culture conditions as described for bacterial 

hosts. Phages were stored in Lb at 4°C. For freezing microbes were stored at -80°C in 100% 

relevant media. 

PCR was performed using KAPA HiFi (Roche KK2101) for all experiments. All 

cloning was performed according to manufacturer documentation except where noted in 

methods. Whole Genome Sequencing was prepared using Illumina DNA Prep. PCR reactions 

use 1 μl of ~1 ng/μl plasmid or ~0.1 ng/μl DNA fragment as template for relevant reactions. 

PCR reactions using phage as template use 1 μl of undiluted phage stock (genomic 

extraction was unnecessary) and have an extended 5 minute 95°C denaturation step. 

Detailed protocols for cloning are available on request. All primers used in experiments 

in this publication are listed in supplementary file 3. 

Samples were prepared by mixing ~1x108 CFU of exponential phase E. coli BL21 

with the noted amount of T7 phages in Rhodium Cryotubes.  

Bacterial concentrations were determined by serial dilution of bacterial culture 

(1:10 or 1:100 dilutions made to 1 mL in 1.5 microcentrifuge tubes in Lb) and subsequent 
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plating and bead spreading of 100 μl of a countable dilution (targeting 50 colony forming 

units) on Lb plates. Plates were incubated overnight and counted the next morning. 

Typically, two to three dilution series were performed for each host to initially establish 

concentration at different OD600 and subsequent concentrations were confirmed with a 

single dilution series for later experiments.  

Exponential phase culture consists of stationary culture diluted 1:20 in Lb then 

incubated at 37°C until an OD600 of ~0.4-0.8 is reached (as determined using an Agilent 

Cary 60 UV-Vis Spectrometer using manufacturer documentation). Phage lysate was 

purified by centrifuging phage lysate at 16g, then filtering supernatant through a 0.22 uM 

filter. Chloroform was not used. 

To establish titer, phage samples were typically serially diluted (1:10 or 1:100 

dilutions made to 1 mL in 1.5 microcentrifuge tubes) in Lb to a 10-8 dilution for preliminary 

titering by spot assay. Spot assays were performed by mixing 250 μl of relevant bacterial 

host in stationary phase with 3.5 mL of 0.5% top agar, briefly vortexing, then plating on 

Lb plates warmed to 37°C. After plates solidified (typically ~5 minutes), 1.5 μl of each 

dilution of phage sample was spotted in series on the plate. Plates were incubated and 

checked after overnight incubation (~20-30 hours) to establish a titer.  

MOI was calculated by dividing phage titer by bacterial concentration. MOI for the 

T7 variant library after the variant gene is expressed was estimated by titering on 10G 

with pHT7Helper1. 

We used deep sequencing to evaluate phage populations as previously described 

(Huss et al., 2021). Breseq was used to identify mutations for WGS (Deatherage and Barrick, 

2014).  
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Summary 

Understanding the sequence-function landscape of phages reveals how phages 

interact with their bacterial hosts and allows us to engineer phages to increase activity 

and tailor host range. Phages are poised to become valuable tools for applications 

ranging from treating antibiotic resistant bacterial infections to precision modification of 

the microbiome (Dedrick et al., 2019; Hatfull et al., 2022; Huss and Raman, 2020; Mutalik 

and Arkin, 2022; Schooley et al., 2017). A key limitation for understanding and 

engineering phages has been a dearth of high-throughput methods to systematically and 

comprehensively profile sequence-function relationships in phages.  

In Chapter 4, we presented a new method called ORACLE (Optimized 

Recombination, Accumulation and Library Expression) to create abundant, unbiased 

libraries of phages. Creating these phage libraries allows us to test more than 105 phages, 

all at once, to establish a generalized framework to describe sequence-function 

relationships. ORACLE overcame two key problems of library abundance and library bias 

that would have undermined this analysis. Our ability to create these libraries was 

essential for work presented in Chapter 4 and in Chapter 5 and Chapter 6. 

We used ORACLE to study the tip domain of the T7 phage receptor binding protein 

(RBP), a key region that mediates host receptor interaction and determines phage activity 

(Garcia-Doval and Raaij, 2012; González-García et al., 2015; Molineux, 2001). T7 phage 

is an obligate lytic podovirus that infects E. coli. This phage tolerates engineering well, 

including insertion of genetic cassettes and editing gene expression (as demonstrated in 

Appendix 1 and Appendix 2), and is well positioned to be engineered for different roles 

targeting E. coli and related bacteria. As document in Chapter 4, we used ORACLE to 
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create a library capable of deep mutational scanning (DMS) of the tip domain to 

functionally profile this region in the RBP (Huss et al., 2021). We selected this library on 

three susceptible and two resistant E. coli hosts to determine the relative fitness of each 

variant and mapped activity-enhancing substitutions and host-specific substitutional 

patterns, many of which were previously unknown. Comparison of DMS results created 

a functional profile of the tip domain, establishing a high-resolution map of genetic 

changes that drive phage activity. This functional profile precisely revealed regions that 

are ideal engineering targets for tailoring host range and improving activity in T7 phage.  

In Chapter 5, we leveraged this functional profile to find sequence motifs that were 

responsible for receptor recognition in metagenomic datasets. Increasingly available 

phage metagenomic datasets represent a treasure trove of sequences that can be mined 

to engineer new function and alter activity in phages (Abeles and Pride, 2014; Benler et 

al., 2021; Gu et al., 2021; Luo et al., 2022; Shkoporov and Hill, 2019; Shkoporov et al., 

2019). Our functional profile of the tip domain gave us the information needed to identify 

short motifs relevant for phage activity, allowing us to search these datasets for such 

motifs without relying on overall protein homology. We created a new process called Motif 

Curation that uses our functional mapping to seed scores for every possible motif and 

found over 104 relevant motifs for the T7 RBP tip domain in NCBI and IMG/VR 

metagenomic databases using this approach. Motif Curation allowed us to identify motifs 

that are highly divergent from the wildtype sequence in diverse, non-homologous phage 

sequences. We used ORACLE to create a phage library with these motifs and screened 

the library on different E. coli hosts, revealing hundreds of phages with novel host 

specificity. We traced combinations of substitutions that drove activity and host range and 
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isolated variants that eliminate pathogenic E. coli causing urinary tract infections that are 

insensitive to wildtype T7. Motif Curation was thus able to tap into the wealth of phage 

metagenomic data to explain sequence-function relationships and engineer phages. 

In Chapter 6 we explored how T7 phage interacted with E. coli BL21 in 

microgravity aboard the International Space Station. Microgravity provides a unique 

environment for phages to interact with their hosts which can highlight new regions in the 

phage genome that alter phage activity and new targets for engineering the phage. We 

used whole genome sequencing with enormous depth to identify mutations that increased 

activity in this unique environment and examined how our RBP tip domain DMS library 

fared compared to under gravity. These experiments highlighted the value of assessing 

phages in different growth conditions and identified targets for engineering T7 phage.  

Several avenues of research are viable future directions for the work presented in 

this dissertation. Using DMS to functionally map the remainder of the RBP in T7 and other 

key genes is a natural extension of our work here. Expanding ORACLE to other phages 

and other genes will increase our body of knowledge for engineering phages. Several 

approaches could continue to leverage our functional mapping of the tip domain, including 

using these results to train machine learning models and creating new combinatorial 

libraries of mutants to parallel our work in Chapter 6. There are also several technical 

aspects of ORACLE that can readily be improved. Most excitingly, our approach for 

functionally characterizing and engineering T7 phages has shown promising results on 

two clinically relevant strains, E. coli serogroup O121 and multidrug resistant 

Enterobacter cloacae. Suggestions for these lines of future research are expanded upon 

below.  
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Suggestions for Future Research 

Future directions for DMS Screening 

While the tip domain of the RBP is enormously important for phage activity, we 

should expand our DMS analysis to the remainder of the RBP and to other genes in T7. 

Single amino acid substitutions in other regions earlier in the RBP and other structural 

genes, particularly in the tail nozzle and other tail proteins, have been shown to change 

the activity of T7 phage (Cuervo et al., 2019; Holtzman et al., 2020). These regions and 

other genes in T7 were also mutated in our microgravity study in Chapter 6, emphasizing 

their potential value. 

One limitation of our original approach for deep sequencing and scoring the DMS 

library is the length of the sequencing read. While the ~600 bp afforded by short read 

sequencing is sufficient for the tip domain and other small domains, this approach is not 

workable for larger proteins. A viable alternative is incorporation of a short barcode 

alongside the variant sequence, then mapping the variant to the barcode using long read 

sequencing platforms such as PacBio or Oxford Nanopore (Hu et al., 2021). The barcode 

region can then be sequenced using (more affordable) short read sequencing platforms. 

To facilitate barcode incorporation and mapping I have already redesigned the 

recombination plasmid originally used in ORACLE to incorporate these barcodes.  

Using this new approach, I created, but have not yet screened DMS libraries for 

the entirety of the RBP, for the tail nozzle, and for relatively uncharacterized structural 

genes gp6.7, gp7 and gp7.3. These uncharacterized genes are related to the tail structure 

and gp6.7 and gp7.3 and may be ejected into the bacterial host upon infection (Kemp et 

al., 2005; Studier, 1975). These small proteins were noted to affect adsorption and plaque 

size, and several mutations in gp7.3 were apparent in our microgravity study. DMS of 
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these proteins could improve our understanding of their role in T7 and reveal if 

engineering these proteins is a viable approach for tailoring activity.  

Another valuable avenue of research is expanding ORACLE and DMS screens to 

other phages. While T7 is a useful chassis phage for targeting E. coli and other closely 

related strains, establishing this process in other phages will improve the flexibility of our 

engineering approach. Phages such as T3 or K1 phages are closely related to T7 and 

would require minimal effort to assay with ORACLE. K1 and K1-related phages contain 

depolymerases which are ideally suited for targeted clinically relevant strains that produce 

biofilms, making them ideal targets to begin expanding the panel of functionally 

characterized phage (Leiman et al., 2007; Lin et al., 2017; Scholl and Merril, 2005).  

 

More approaches for leveraging DMS data for complex combinatorial libraries 

 Our approach for Motif Curation outlined in Chapter 5 was an effective way to 

create complex combinatorial mutants using short motifs found in metagenomic 

databases. However, this is not the only approach that can leverage our DMS data to 

create combinatorial mutants. A more direct approach is combining functional mutants 

directly from the DMS results. Several variations of this scheme are feasible. First, 

combining substitutions that were most directly responsible for changes in phage activity 

across the tip domain. These substitutions can be selected so every variant contains 

substitutions that impacted function at different positions in the tip domain, potentially 

greatly enhancing the variants activity or host specificity. I have created one such library 

of phages that include variants with two or three of the most important substitutions across 
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the tip domain (Figure 1). This library has been screened on the five-member host panel 

used to in the original DMS assay and results are being analyzed. 

 

 

 

Figure 1. Heat Map of Combinatorial Substitutions 

(B) Heat map showing the number of substitutions (log10, red gradient) made in the 

combinatorial phage library. Substitutions are shown top to bottom while position (based 

on PDB 4A0T), wild type amino acid and secondary structure topology is shown left to 

right. 

 

 Another approach is targeting specific hosts and excluding others by selecting 

substitutions that do well on one host but poorly on another. By installing several such 

substitutions across the tip domain creating engineered variants with user-specified host 

range becomes straightforward. Several libraries of phage variants with up to 6 

substitutions have been made to specifically target E. coli 10G, BL21, or BW25513 as a 

proof of concept, and this testing is in process. These and other combinatorial processes 

can also feed into machine learning models to identify non-obvious specific traits that and 

combinatorial variants that influence host range. 
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Targeting Pathogenic E. coli using engineered T7 phage 

 An exciting extension of this work is creating engineered T7 phages that can 

specifically target and eliminate clinically relevant E. coli strains. Preliminary experiments 

in several strains have shown promising results for T7 DMS and combinatorial libraries. 

One such strain is E. coli serogroup O121. This is a Shiga toxin-producing E. coli (STEC) 

that is one of the major non-O157:H7 serotypes frequently responsible for foodborne 

outbreaks (Caprioli et al., 2014; Tarr et al., 2005). Treatment options for STEC are limited 

as Shiga toxin production is triggered by the bacterial SOS response, hampering 

treatment with most antibiotics (Kakoullis et al., 2019; Mühlen and Dersch, 2020). Using 

phages to target and eliminate STEC could provide an opportunity to inhibit Shiga toxin 

production at the source by either directly interfering with protein production or by 

delivering Shiga-toxin neutralizing agents such as peptides or shiga-receptor mimics 

(Bernedo-Navarro et al., 2014; Hostetter et al., 2014). Despite wildtype T7 having limited 

activity, both T7 DMS and combinatorial libraries have shown promising results on this 

strain. 

 First, we applied the T7 RBP tip domain DMS library to this strain to evaluate if any 

substitutions in the tip domain could improve phage activity. We created three versions 

of the library and selected each three times using an MOI of 0.01, then deep sequenced 

the libraries as in Chapter 4 (Figure 2). Analysis of these results showed dramatic 

selection in the tip domain that was far more specific than we had previously seen on 

susceptible or insensitive hosts. Variants with negatively charge substitutions were  
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Figure 2.  E. coli, Serogroup O121 Selection Scheme 

Selection scheme for E. coli, Serogroup O121. The DMS library is made in triplicate and 

each library is passaged three times before being deep sequenced and scored. 

 

overwhelmingly selected for, primarily in interior loops or positions facing away from 

expected host receptor interface (Figure 3 and Figure 4). These results painted a very 

different functional profile for the tip domain for this strain. We postulated these 

substitutions affecting the secondary structure of the RBP in some way to facilitate 

receptor binding in the host and are perhaps necessary to bind to hosts with O-antigens, 

which T7 does not normally infect. We are currently developing combinatorial libraries 

that use these mutations as ‘gate-keepers’ to see if these mutations in combination with 

other substitutions in the tip domain further increase activity on this strain. 
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Figure 3. Deep mutational scanning shows specific preference for negatively 

charged substitutions 

Heatmap showing normalized functional scores (FN) of all substitutions (blue to red 

gradient) and wildtype amino acid (FN=1 and black dot upper left) at every position after 

selection on E. coli serotype O121. Residue numbering (based on PDB 4A0T), wildtype 

amino acid and secondary structure topology are shown above left to right, substitutions 

listed top to bottom. 
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Figure 4. Alluvial plot for enriched variants after selection on E. coli O121 

Alluvial plot showing enriched variants (FN ≥ 1) and topological location (left), wildtype 

amino acid (middle), and substitution (right) on E. coli O121. Each alluvial colored 

based on the substituted amino acid and scaled by FN. 

 

We have also been intrigued by results passaging our 2-3 combinatorial libraries 

on multidrug resistant Enterobacter cloacae. E. cloacae is global threat that has 

demonstrated resistance to an enormous number of antibiotics, making phage therapy a 

suitable alternative strategy (Annavajhala et al., 2019; Davin-Regli and Pagès, 2015). The 

particular strain of E. cloacae that we evaluated our T7 libraries against is resistant to 

penicillins, carbapenems, quinolones, aminoglycosides, and several last-line antibiotics 

including ceftazidime-avibactam, meropenem-vaborbactam, ceftolozane-tazobactam, 
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and imipenem-relebactam. This strain is partially susceptible to only two known antibiotics, 

colistin and cefiderocol, both last-line antibiotics. Finding alternative treatment options for 

this strain is therefore essential. Initial screens have shown that wildtype T7 has little to 

no activity on this strain, but our combinatorial library was able to lyse the strain initially 

before the strain became insensitive after 8 hours (Figure 5). We selected phages from 

this initial passage and combined them into three phage pools, all of which were capable 

of lysing the strain without insensitivity arises. These results are promising leads, and we 

are investigating which combinations of substitutions are most effective. One can envision 

how powerful this approach could be after functionally characterizing more genes in T7 

to create highly active phages against this infectious strain. 
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Figure 5. Growth time course for Enterobacter cloacae and T7 phages 

Growth time course of E. cloacae subject to no phage (grey), wildtype T7 (black), 

combinatorial library (pink) and selected variants (blue, light blue, and green).All phages 

are applied at time zero. Wildtype and initial combinatorial library are applied at an MOI 

of 10, selected variants are applied an MOI of ~10-2. 
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Improving Recombination Efficiency in ORACLE 

ORACLE is the technical foundation upon which the entirety of our results are 

made possible. Many of the variants critical for function would have otherwise been lost 

to library bias, and any improvements to ORACLE should be kept in mind as a valuable 

future direction. One approach for improving ORACLE is increasing recombination 

efficiency. Recombination in ORACLE currently occurs at a conservative rate of ~10-3 

recombined phages/host passage. Improving this rate will increase the library size that 

can be easily tested and decrease rounds of accumulation required.   

Recombination efficiency may be improving in ORACLE by manipulating the Cre-

loxP sites used to mediate recombination. Cre is a site-specific recombinase which is 

reliant on two 34 bp loxP elements flanking the sequence that will be recombined. These 

loxP sites consist of two 13 bp inverted repeat ‘arms’ which themselves flank an 8 bp 

spacer region. The T7 acceptor phages, pHT7Rec1 and pHT7Rec2 plasmid libraries are 

all designed with lox66/m2/lox71 mutant sequences (see Figure 6). One spacer has a 

mutation designated m2 and different arms have mutations designated lox66 and lox71 

on the acceptor phage and the donor plasmid. 
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Figure 6.  LoxP sites responsible for recombination 

Schematic illustration of sequence rearrangements in acceptor phage and donor plasmid 

during recombinase-mediated cassette exchange (RMCE). Mutant sequences are 

shown lower case. Recombination shifts inner lox66 and lox71 inverted repeats (IR) and 

library variant into the acceptor phage.  

 

The purpose of the mutant m2 spacer is to prevents intramolecular excision of DNA and 

confers directionality to the recombination event. Recombination only occurs between 

homologous spacers and having the mutated m2 spacer on one flank of the DNA to be 

recombined and a wildtype spacer on the other flank forces intermolecular recombination 

(Albert et al., 1995; Hoess et al., 1986; Langer et al., 2002). The lox66 and lox71 

mutations in the arms of the loxP site additively weaken affinity for Cre recombinase and 

largely prevent recombination when combined. Because both mutations are present after 

recombination in the phage sequence, Cre can no longer viably interact with recombined 

phages. The result is one way recombinase mediated cassette exchange (RMCE), 

preventing a reverse reaction from occurring to swap the variant out of the phage genome. 
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These mutations were not originally designed for recombination in phages and were 

isolated without modern sequencing technology that can effectively query larger 

sequence spaces, leaving room for improvement for ORACLE. 

 One-way RMCE is not ideal for creating phage libraries, and two-way RMCE is 

likely a superior approach which can improve recombination efficiency. One-way RMCE 

was originally designed to ensure unidirectionality in recombination to accumulate 

recombined product, but in doing so the lox66 and lox71 mutations reduce the rate of 

recombination (Albert et al., 1995). This approach is ideal when recombination plasmids 

are retained in bacterial or mammalian cells over long periods of time. In contrast, 

recombination in ORACLE occurs inside a ~20-minute period while the phage is actively 

killing the host cell. Any increase in the speed of recombination would greatly facilitate 

overall recombination efficiency. Furthermore, the majority of two-way RMCE interactions 

are likely to be net neutral instead of deleterious if plasmid copy number is kept high as 

recombined phages are more likely to swap in the same library member. Investigation of 

wild type loxP arms to facilitate recombination is therefore a potentially valuable future 

direction.  

Evaluating a large set of mutant loxP arms to determine effects on recombination 

rate is also feasible if the sequence space queried is restricted to regions known to be 

essential for recombination. The best regions for this experiment are likely the 5’ and 3’ 

ends of the loxP site. Using this approach, the entire sequence space could be restricted 

to 104 or 105 variants. The efficiency of recombination for different variants could be 

assessed by inserting wildtype gp17 into T7 acceptor phages in a similar experiment to 
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the recombination rate assay presented in Chapter 2. Variants of the m2 spacer could 

be assessed in a similar manner to determine impact on recombination efficiency. In 

addition to improving ORACLE, these results would provide footing for greater 

understanding of how sequence changes influence Cre recombination.  

 

Improving Library Skew in ORACLE 

Another improvement to ORACLE would be increasing the effectiveness of the 

helper plasmid used to prevent library bias. While ORACLE largely prevents losing library 

members to bias, some skew does occur as the recombined variant is still expressed in 

the host cell. Attenuating this skew would help create more balanced libraries that are 

easier to screen. The helper plasmid used in ORACLE, pHT7Helper1, can easily be 

improved by increasing the amount of wildtype protein provided in trans and creating an 

inducible system for expression. Increasing the amount of wildtype protein decreases the 

impact of any variant protein expressed from the phage that could contribute to library 

bias.  

The current system is constructed on a mid-copy pBR plasmid. Simply increasing 

the copy number of this plasmid has a measurable impact on library skew in ORACLE 

(Figure 7). Using a high copy number pUC backbone (pHT7Helper11) during 

Accumulation had a significant impact on leveling the library distribution after expression. 

For comparison the most abundant library members were 5.3%, 4%, and 3.5% abundant 

using pHT7Helper1, whereas the most abundant members using pHT7Helper11 were 

0.71%, 0.70%, and 0.66% abundant after expression. Another approach would be 
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inserting a repressor into the phage genome to reduce variant expression, although this 

would require additional engineering of the phage. Finally, the helper plasmid could be 

converted to an inducible system. An inducible system would facilitate using ORACLE 

with phage proteins that are deleterious to the host and cannot be expressed 

constitutively. These improvements would increase the flexibility of ORACLE and prove 

useful for ensuring adequate coverage as library sizes increase. 

  

 

Figure 7.  Library Skew using different copy number helper plasmids 

Histogram of abundance of variants in the expression library using pHT7Helper1 during 

accumulation (left) or pHT7Helper11 during accumulation (right) binned using log 

proportion centered on equal representation. The DMS library in Chapter 2 was used for 

this experiment. 

 



283 
 

 

References 

 

Abeles, S.R., and Pride, D.T. (2014). Molecular Bases and Role of Viruses in the 
Human Microbiome. J Mol Biol 426, 3892–3906. 
https://doi.org/10.1016/j.jmb.2014.07.002. 

Albert, H., Dale, E.C., Lee, E., and Ow, D.W. (1995). Site-specific integration of DNA 
into wild-type and mutant lox sites placed in the plant genome. Plant J. 7, 649–659. . 

Annavajhala, M.K., Gomez-Simmonds, A., and Uhlemann, A.-C. (2019). Multidrug-
Resistant Enterobacter cloacae Complex Emerging as a Global, Diversifying Threat. 
Frontiers in Microbiology 10. . 

Benler, S., Yutin, N., Antipov, D., Rayko, M., Shmakov, S., Gussow, A.B., Pevzner, P., 
and Koonin, E.V. (2021). Thousands of previously unknown phages discovered in 
whole-community human gut metagenomes. Microbiome 9, 78. 
https://doi.org/10.1186/s40168-021-01017-w. 

Bernedo-Navarro, R.A., Miyachiro, M.M., da Silva, M.J., Reis, C.F., Conceição, R.A., 
Gatti, M.S.V., and Yano, T. (2014). Peptides derived from phage display libraries as 
potential neutralizers of Shiga toxin-induced cytotoxicity in vitro and in vivo. J Appl 
Microbiol 116, 1322–1333. https://doi.org/10.1111/jam.12451. 

Caprioli, A., Scavia, G., and Morabito, S. (2014). Public Health Microbiology of Shiga 
Toxin-Producing Escherichia coli. Microbiol Spectr 2. 
https://doi.org/10.1128/microbiolspec.EHEC-0014-2013. 

Cuervo, A., Fàbrega-Ferrer, M., Machón, C., Conesa, J.J., Fernández, F.J., Pérez-
Luque, R., Pérez-Ruiz, M., Pous, J., Vega, M.C., Carrascosa, J.L., et al. (2019). 
Structures of T7 bacteriophage portal and tail suggest a viral DNA retention and ejection 
mechanism. Nat Commun 10, 3746. https://doi.org/10.1038/s41467-019-11705-9. 

Davin-Regli, A., and Pagès, J.-M. (2015). Enterobacter aerogenes and Enterobacter 
cloacae; versatile bacterial pathogens confronting antibiotic treatment. Frontiers in 
Microbiology 6. . 

Dedrick, R.M., Guerrero-Bustamante, C.A., Garlena, R.A., Russell, D.A., Ford, K., 
Harris, K., Gilmour, K.C., Soothill, J., Jacobs-Sera, D., Schooley, R.T., et al. (2019). 
Engineered bacteriophages for treatment of a patient with a disseminated drug-resistant 
Mycobacterium abscessus. Nature Medicine 25, 730. https://doi.org/10.1038/s41591-
019-0437-z. 



284 
 

 

Garcia-Doval, C., and Raaij, M.J. van (2012). Structure of the receptor-binding carboxy-
terminal domain of bacteriophage T7 tail fibers. PNAS 109, 9390–9395. 
https://doi.org/10.1073/pnas.1119719109. 

González-García, V.A., Bocanegra, R., Pulido-Cid, M., Martín-Benito, J., Cuervo, A., 
and Carrascosa, J.L. (2015). Characterization of the initial steps in the T7 DNA ejection 
process. Bacteriophage 5. https://doi.org/10.1080/21597081.2015.1056904. 

Gu, C., Liang, Y., Li, J., Shao, H., Jiang, Y., Zhou, X., Gao, C., Li, X., Zhang, W., Guo, 
C., et al. (2021). Saline lakes on the Qinghai-Tibet Plateau harbor unique viral 
assemblages mediating microbial environmental adaption. IScience 24, 103439. 
https://doi.org/10.1016/j.isci.2021.103439. 

Hatfull, G.F., Dedrick, R.M., and Schooley, R.T. (2022). Phage Therapy for Antibiotic-
Resistant Bacterial Infections. Annu Rev Med 73, 197–211. 
https://doi.org/10.1146/annurev-med-080219-122208. 

Hoess, R.H., Wierzbicki, A., and Abremski, K. (1986). The role of the loxP spacer region 
in P1 site-specific recombination. Nucleic Acids Res 14, 2287–2300. . 

Holtzman, T., Globus, R., Molshanski-Mor, S., Ben-Shem, A., Yosef, I., and Qimron, U. 
(2020). A continuous evolution system for contracting the host range of bacteriophage 
T7. Scientific Reports 10, 1–8. https://doi.org/10.1038/s41598-019-57221-0. 

Hostetter, S.J., Helgerson, A.F., Paton, J.C., Paton, A.W., and Cornick, N.A. (2014). 
Therapeutic use of a receptor mimic probiotic reduces intestinal Shiga toxin levels in a 
piglet model of hemolytic uremic syndrome. BMC Res Notes 7, 331. 
https://doi.org/10.1186/1756-0500-7-331. 

Hu, T., Chitnis, N., Monos, D., and Dinh, A. (2021). Next-generation sequencing 
technologies: An overview. Human Immunology 82, 801–811. 
https://doi.org/10.1016/j.humimm.2021.02.012. 

Huss, P., and Raman, S. (2020). Engineered bacteriophages as programmable 
biocontrol agents. Curr Opin Biotechnol 61, 116–121. 
https://doi.org/10.1016/j.copbio.2019.11.013. 

Huss, P., Meger, A., Leander, M., Nishikawa, K., and Raman, S. (2021). Mapping the 
functional landscape of the receptor binding domain of T7 bacteriophage by deep 
mutational scanning. ELife 10, e63775. https://doi.org/10.7554/eLife.63775. 

Kakoullis, L., Papachristodoulou, E., Chra, P., and Panos, G. (2019). Shiga toxin-
induced haemolytic uraemic syndrome and the role of antibiotics: a global overview. J 
Infect 79, 75–94. https://doi.org/10.1016/j.jinf.2019.05.018. 



285 
 

 

Kemp, P., Garcia, L.R., and Molineux, I.J. (2005). Changes in bacteriophage T7 virion 
structure at the initiation of infection. Virology 340, 307–317. 
https://doi.org/10.1016/j.virol.2005.06.039. 

Langer, S.J., Ghafoori, A.P., Byrd, M., and Leinwand, L. (2002). A genetic screen 
identifies novel non-compatible loxP sites. Nucleic Acids Res 30, 3067–3077. . 

Leiman, P.G., Battisti, A.J., Bowman, V.D., Stummeyer, K., Mühlenhoff, M., Gerardy-
Schahn, R., Scholl, D., and Molineux, I.J. (2007). The Structures of Bacteriophages K1E 
and K1-5 Explain Processive Degradation of Polysaccharide Capsules and Evolution of 
New Host Specificities. Journal of Molecular Biology 371, 836–849. 
https://doi.org/10.1016/j.jmb.2007.05.083. 

Lin, H., Paff, M.L., Molineux, I.J., and Bull, J.J. (2017). Therapeutic Application of Phage 
Capsule Depolymerases against K1, K5, and K30 Capsulated E. coli in Mice. Front 
Microbiol 8. https://doi.org/10.3389/fmicb.2017.02257. 

Luo, E., Leu, A.O., Eppley, J.M., Karl, D.M., and DeLong, E.F. (2022). Diversity and 
origins of bacterial and archaeal viruses on sinking particles reaching the abyssal 
ocean. ISME J 16, 1627–1635. https://doi.org/10.1038/s41396-022-01202-1. 

Molineux, I.J. (2001). No syringes please, ejection of phage T7 DNA from the virion is 
enzyme driven. Mol. Microbiol. 40, 1–8. https://doi.org/10.1046/j.1365-
2958.2001.02357.x. 

Mühlen, S., and Dersch, P. (2020). Treatment Strategies for Infections With Shiga 
Toxin-Producing Escherichia coli. Front Cell Infect Microbiol 10, 169. 
https://doi.org/10.3389/fcimb.2020.00169. 

Mutalik, V.K., and Arkin, A.P. (2022). A Phage Foundry Framework to Systematically 
Develop Viral Countermeasures to Combat Antibiotic-Resistant Bacterial Pathogens. 
IScience 25, 104121. https://doi.org/10.1016/j.isci.2022.104121. 

Scholl, D., and Merril, C. (2005). The Genome of Bacteriophage K1F, a T7-Like Phage 
That Has Acquired the Ability To Replicate on K1 Strains of Escherichia coli. J Bacteriol 
187, 8499–8503. https://doi.org/10.1128/JB.187.24.8499-8503.2005. 

Schooley, R.T., Biswas, B., Gill, J.J., Hernandez-Morales, A., Lancaster, J., Lessor, L., 
Barr, J.J., Reed, S.L., Rohwer, F., Benler, S., et al. (2017). Development and Use of 
Personalized Bacteriophage-Based Therapeutic Cocktails To Treat a Patient with a 
Disseminated Resistant Acinetobacter baumannii Infection. Antimicrob. Agents 
Chemother. 61, e00954-17. https://doi.org/10.1128/AAC.00954-17. 



286 
 

 

Shkoporov, A.N., and Hill, C. (2019). Bacteriophages of the Human Gut: The “Known 
Unknown” of the Microbiome. Cell Host Microbe 25, 195–209. 
https://doi.org/10.1016/j.chom.2019.01.017. 

Shkoporov, A.N., Clooney, A.G., Sutton, T.D.S., Ryan, F.J., Daly, K.M., Nolan, J.A., 
McDonnell, S.A., Khokhlova, E.V., Draper, L.A., Forde, A., et al. (2019). The Human 
Gut Virome Is Highly Diverse, Stable, and Individual Specific. Cell Host & Microbe 26, 
527-541.e5. https://doi.org/10.1016/j.chom.2019.09.009. 

Studier, F.W. (1975). Gene 0.3 of bacteriophage T7 acts to overcome the DNA 
restriction system of the host. Journal of Molecular Biology 94, 283–295. 
https://doi.org/10.1016/0022-2836(75)90083-2. 

Tarr, P.I., Gordon, C.A., and Chandler, W.L. (2005). Shiga-toxin-producing Escherichia 
coli and haemolytic uraemic syndrome. Lancet 365, 1073–1086. 
https://doi.org/10.1016/S0140-6736(05)71144-2. 

 

  



287 
 

 

Appendix 1 

Publication 

 

Virus-associated organosulfur metabolism in human and environmental systems 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted from Cell Rep. 2021 Aug 3;36(5):109471. Article link: 
https://doi.org/10.1016/j.celrep.2021.109471 

https://doi.org/10.1016/j.celrep.2021.109471


288 
 

 



289 
 

 



290 
 

 



291 
 

 



292 
 

 



293 
 

 



294 
 

 



295 
 

 



296 
 

 



297 
 

 



298 
 

 



299 
 

 



300 
 

 



301 
 

 



302 
 

 



303 
 

 



304 
 

 



305 
 

 



306 
 

 



307 
 

 



308 
 

 



309 
 

 



310 
 

 



311 
 

 



312 
 

 



313 
 

 



314 
 

 



315 
 

 



316 
 

 



317 
 

 



318 
 

 



319 
 

 



320 
 

 
 



321 
 

 

 

 

Appendix 2 

Publication 

 

Engineering a Dynamic Controllable Infectivity Switch in Bacteriophage T7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted with permission from ACS Synth. Biol. 2022, 11, 1, 286–296. Copyright 2022 
American Chemical Society. Article link: https://doi.org/10.1021/acssynbio.1c00414 

https://doi.org/10.1021/acssynbio.1c00414


322 
 

  



323 
 

 



324 
 

 



325 
 

 



326 
 

 



327 
 

 



328 
 

 



329 
 

 



330 
 

 



331 
 

 



332 
 

  



333 
 

 



334 
 

 



335 
 

 



336 
 

 



337 
 

 



338 
 

 



339 
 

 



340 
 

 



341 
 

 



342 
 

 



343 
 

 

 
 

 

 

 

 

 

 

 

 

 


