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Abstract 

Plasmids, Immunity, and Phages of Gut Bacterium Eggerthella lenta 

Paola A. Soto Pérez 

The human gut microbiota encompasses all the microorganisms that reside in the 

gastrointestinal tract. Bacteria, its most abundant member, are known to have an impact 

on their human host. Bacteriophages (phages), also abundant within the microbiota, can 

potentially alter gut composition yet their interactions with bacteria remain poorly 

understood, particularly with respect to CRISPR-Cas immunity. Here, we focus on gut 

bacterium Eggerthella lenta: attempting to develop genetic tools, investigating its 

CRISPR-Cas system, and isolating phages against it. While developing a transformation 

protocol, we discovered endogenous plasmids and antibiotic resistance genes that we 

used for constructing shuttle vectors. We demonstrated that its CRISPR-Cas system is 

transcribed and sufficient for targeting of DNA. Furthermore, we assembled a database 

to identify protospacers that revealed matches for a majority of spacers and uncovered 

“hyper-targeted” phage and determined the mismatch tolerance of observed 

spacer/protospacer pairs. To study phage interactions with microbiome members and gut 

bacterial evasion of phages, we screened wastewater for phage against E. lenta. We 

isolated, sequenced, and annotated 4 novel and highly related phages. Using the phage 

to target a sensitive strain in gnotobiotic mice didn’t have an impact on bacterial 

abundance, despite their ability to lyse E. lenta in vitro. Our work lays a foundation for the 

development of tools for E. lenta, an understanding of its CRISPR-Cas system and 

characterization of novel phages. 
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Chapter 1: Introduction 

1.1 The Human Gut Microbiota 

The presence of microbial life appears to be ubiquitous in natural and man-made 

environments. From the soil microbes, impacting plant productivity and diversity, to big 

reactors where insulin is produced, microorganisms, and more specifically bacteria, are 

the invisible workers of the world (Riggs, 1981; van der Heijden et al., 2008). Microbes 

have also colonized the human body. They are found on our skin, our mouth and our 

gastrointestinal (GI) tract (Turnbaugh et al., 2007). This last specific community of 

microbes, comprising Bacteria, Archaea, viruses, fungi, and other small Eukaryotes, is 

collectively known as the gut microbiota. In the GI tract, bacteria are found in greater 

numbers and diversity than in any other body part (Turnbaugh et al., 2007). 

The majority of microbiota studies have focused on the bacterial members of the 

community, exploring their biological role in the gut environment. This has allowed us a 

glimpse into the diverse genetic and metabolic capabilities of these bacteria and the ways 

they can impact human health. The benefits that these microorganisms have in health 

are exemplified by their abilities to break down complex carbohydrates, allowing for 

absorption of energy and nutrients by the intestinal epithelial cells (Krajmalnik-Brown et 

al., 2012). Some bacterial species are also able to synthesize vitamins, contributing to 

essential nutrients (LeBlanc et al., 2013). Bacteria are also important for the development 

of a healthy immune system, a process that starts and is impacted by birth (Martin et al., 

2010; Zhuang et al., 2019). 

In contrast to these important and beneficial roles, bacteria also have the capacity 

to influence certain metabolic diseases such as diabetes and Crohn's disease (Baker et 
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al., 2009; Baothman et al., 2016; Kamada et al., 2013). Their metabolic capabilities may 

also be detrimental to the host by promoting inflammation. Other examples of detrimental 

effects from gut bacteria include the modification and breakdown of medicines, changing 

their bioavailability and potentially having harmful effects (Haiser et al., 2013; Vermes et 

al., 2003). 

These microorganisms, and all other members of the gut microbiota, are of great 

importance to the health of the GI tract and the host’s overall health. Our understanding 

of the microbiome can lead us to a more complete appreciation of human health and the 

complex relationship of host and microbes. Although studying the gut microbiota as a 

community has its advantages, studying distinct members elucidates the mechanisms by 

which they have specific effects on diverse biological processes. Focusing on specific 

species, allows us to better dissect their contribution to this complex environment. 

 

1.2 The Human Gut Virome 

 The viral members of the human gut microbiota encompass both mammalian and 

bacterial viruses, or bacteriophages (phages) (Columpsi et al., 2016). Phages are natural 

predators of bacteria. They inject their genomic content, DNA or RNA, into the bacterial 

cell and use their host’s replication machinery to propagate, which typically ends in the 

burst of the bacteria and the propagation of the phage. Our current understanding of gut 

phage composition is that the majority of them (found by sequencing and/or isolation) are 

DNA phages (Garmaeva et al., 2019). 

 Phages have a lytic or lysogenic cycle, depending on their genomic composition 

and environmental conditions ((Hobbs & Abedon, 2016) Lytic phages are ones that infect 
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a cell, replicate, and lyse the cell after the assembly of the new viral particles. In contrast, 

lysogenic phages are able to integrate to the host’s genome thus replicating that way. 

They can stay dormant in the bacterial genome as prophages and, when the nutrient 

availability or other conditions decline, the phage can enter the lytic cycle. The majority 

of known gut phages are lysogenic phages, they integrate into their host chromosome 

until the environment changes and they lyse their host (Minot et al., 2011). 

 As with bacteria, phages are an evolutionarily diverse group, meaning that they 

infect distinct bacteria from each other and have different genomic composition from each 

other. To understand the biological relevance of phage in the gut it’s important to 

determine their bacterial host and their interactions with the gut environment. The 

isolation and characterization of phage-bacterial pairs will allow us to study their 

interactions and the effect one can have on the other. 

 

1.3 Manipulating the Human Gut Microbiota 

 Due to the relevance of the gut microbiota to human health, there is broad interest 

in manipulating both its species and genomic composition. Modifying the gut microbial 

community can be achieved through the use of antibiotics and diet (Langdon et al., 2016; 

Singh et al., 2017). Other methods can be more targeted, such as using probiotics to, 

transiently, add species to the gut community and the use of phages to target and deplete 

specific bacterial species, or even strains (Duan et al., 2019; Wieërs et al., 2019). 

 Interest in manipulating the microbiota also involves tools for the manipulation of 

specific bacterial members of the community. Genetic tools have been available for model 

organisms, such as Escherichia coli, for a long time. Although some of these historically 
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model organisms are found in human gut communities, a majority of gut commensals are 

non-model bacteria. Due to the interest in these organisms, different groups have 

developed genome editing tools for many gut species such as Clostridium perfringens 

and Bifidobacterium bifidum (Jirásková et al., 2005; Serafini et al., 2012). These efforts 

have involved cloning plasmids compatible with the target species and to include an 

antibiotic resistance gene to use in order to select for transformed cells. Even though for 

some bacteria these efforts have resulted in functional tools, there are still many species, 

even prevalent ones, that lack tools like Eggerthella lenta and Faecalibacterium 

prausnitzii. 

For successful construction of genetic tools, there are multiple barriers to 

overcome (Riley & Guss, 2021). One example is the naturally occurring antibiotic 

resistance gene in bacterial genomes. These can overlap with the antibiotics used for the 

selection of transformed bacteria. Other hurdles to bypass are the bacterial native 

immune systems, which are capable of degrading DNA (W Arber & Linn, 2003). There 

are multiple immune systems such as restriction-modification systems, which recognize 

a specific pattern of DNA methylation, and CRISPR-Cas systems, which target DNA 

sequences that match acquired DNA fragments from past encounters with the genetic 

threat. A literal barrier encountered that can prevent the entry of DNA into the target 

bacteria is its cell membrane and other barriers like the peptidoglycan wall. Even if the 

DNA is able to successfully enter the cell, avoid immune systems, and can be selected 

for, the plasmid needs to be replicated and maintained by the bacteria. Incompatibility of 

the sequences, either the origin of replication or plasmid copy number, can lead to the 

transformed cells not being maintained in the population. 
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These examples highlight the difficulties encountered when attempting to create 

novel tools for microorganisms. Although it can be laborious, establishing genetic tools 

for a bacterial species is important for the mechanistic dissection of its biological 

capabilities. 

 

1.4 Gut Bacterium Eggerthella lenta 

The focus of my work has been on Eggerthella lenta, a bacterium that is part of the 

human gut microbiota. Estimated to be prevalent in 81.6% of the population (Koppel et 

al., 2018), E. lenta is highly prevalent yet not very abundant. It belongs to the 

Actinobacteria phylum and is known to perform a wide variety of metabolic processes. 

More specifically, our lab has identified E. lenta’s ability to break down the cardiac drug 

digoxin, decreasing its bioavailability which could potentially be detrimental for the patient 

taking the drug (Haiser et al., 2013, 2014). This catabolic activity has been linked to a 

specific genetic variant found in our assembled collection of E. lenta strains (Koppel et 

al., 2018). 

Apart from digoxin, E. lenta interacts with other foreign compounds such as 

complex plant-derived lignans, being an integral part of the process towards their 

conversion into enterolignans (Bess et al., 2020). Recent work in our lab has uncovered 

that certain E. lenta strains are able to activate Th17 cells (Alexander et al., 2020). These 

are immune cells that contribute to inflammation and have an impact in certain diseases 

such as colitis.  

These are only some examples of the metabolic capabilities that make E. lenta an 

interesting microorganism to study. Even though much has been discovered, the 
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characterization and mechanistic dissection of these processes has been done without 

the availability of genetic tools. This work has relied on comparative genomics, 

metabolomics, and the heterologous expression of genes of interest. The availability of 

genetic tools would be instrumental in further validations of functions of E. lenta and would 

allow for more interesting discoveries to be made. 

 In my thesis work, I aim to explore and build methods to genetically manipulate 

Eggerthella lenta. I describe our attempts to develop genetic tools in order to manipulate 

E. lenta using plasmids. Furthermore, we studied and characterized its adaptive immune 

system, CRISPR-Cas. Understanding this defense system can help us recognize different 

methods by which E. lenta would be able to evade the targeting of plasmids and other 

exogenous sources of DNA. Finally, I describe our work isolating and characterizing novel 

E. lenta bacteriophages. We sequenced and annotated their genomes and used them in 

mouse experiments to target phage sensitive E. lenta strains. 

Altogether, this work further characterizes aspects of E. lenta biology and lays 

foundations needed in order for the development of tools for its genetic modification.  
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Chapter 2: Development of Genetic Tools for Eggerthella lenta 

2.1 Introduction 

The availability of methods to genetically modify an organism is an essential tool 

to more deeply understand its biological functions. Creating genetic knockouts, where a 

gene is removed from an organism’s genome, allows us to study the function of specific 

proteins, disruptions in function and biological processes, and identifying essential genes. 

Genetically modifying bacteria usually involves the cloning of plasmid vectors and their 

delivery into the cell (Figure 2.1). These vectors typically include an antibiotic resistance 

gene in order to select for cells that have been transformed with them. 

Common ways for vectors to be delivered into bacteria are electroporation and 

conjugation (Figure 2.1). Electroporation depends on the application of an electrical pulse 

and the transient disruption of the cell wall, allowing the vector DNA to transfer into the 

cell (Figure 2.1A, Weaver & Chizmadzhev, 1996). In comparison, conjugation requires 

the mating of different bacteria. In this case, the plasmid or vector gets transferred from 

one species (donor) to another (recipient) via a pilus, facilitating a physical connection 

between the donor and recipient bacteria (Figure 2.1B, Cabezón et al., 2015). These are 

the most commonly employed methods of transformation, although others exist such as 

sonoporation, using sound waves to disrupt the membrane, and transduction, using 

bacteriophages to transfer the genetic material (Chiang et al., 2019; Tomizawa et al., 

2013). 

Currently, genetic tools are not available for all bacteria. There can be multiple 

reasons for this, such as incompatibility of the replication sequence or toxicity by a gene 

or protein in the vector. Other explanations for this can be the existence of various 
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defense mechanisms that target exogenous genetic material, such as CRISPR-Cas 

systems and restriction nucleases. 

In this chapter, I will discuss our attempt to create genetic tools for gut bacterium 

Eggerthella lenta. For this, we focused on discovering endogenous plasmids in E. lenta 

strains to use as the backbone for the shuttle vector. Next, we tested endogenous 

antibiotic resistance genes to use as the selection marker for our experiments. In order 

to maximize our chances of obtaining transformed cells, we adapted the vector to use in 

two separate transformation protocols: electroporation and conjugation. Our efforts 

highlight the difficulties of developing genetic tools for certain organisms and are a step 

forward for the development of a working protocol. 
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Figure 2.1. Methods for transforming bacterial cells. (A) Electroporation of cells in a 
cuvette depends on current being applied and the formation of pores in the membrane 
that facilitate the transfer of a plasmid inside the bacteria. (B) During conjugation, the 
plasmid is transferred from a donor cell, through a pilus, to a recipient cell. Image created 
with BioRender.com 
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2.2 Results 

2.2.1 Discovery of a plasmid in several E. lenta strains 

In order to construct a shuttle vector, a vector that can replicate in two different 

species, we turned to E. lenta, our target microorganism, to uncover endogenous 

plasmids in our collection of 25 distinct strains. We hypothesized that an endogenous E. 

lenta plasmid will contain an origin of replication compatible with the species thus allowing 

for its replication and maintenance in different strains. In order to find these plasmids, we 

searched for high coverage contigs within genome assemblies, specifically searching for 

contigs with direct repeats in their termini, which would indicate it being circular. Through 

this method, we were able to determine the existence of several plasmids in the collection. 

We confirmed the presence of one of these plasmids through both sequencing coverage 

and PCR and named it pBIZOTO (Figure 2.2A). 

The plasmid pBIZOTO, about 4 kb in size (3,791 bp in E. lenta Valencia), was 

found in 7 of the E. lenta strains (Figure 2.2B). It contains 6 genes, including one 

annotated as repB, a plasmid replication gene. Of the other 5 genes, 4 are hypothetical 

proteins without any predictable function, and the last as a DNA binding protein. 

Interestingly, none of these genes are annotated as proteins with obvious functions that 

may impart a selective advantage to these strains. Further analysis of pBIZOTO did not 

reveal a clear origin of replication sequence. Plasmids of this type, that confer no obvious 

benefit to their host bacteria, are known as cryptic plasmids. 
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Figure 2.2. Discovery of pBIZOTO in several E. lenta strains. (A) Gel image of 
plasmids amplified by PCR. The sequence was found in 6 of the strains tested. (B) 
Plasmid map of pBIZOTO from the strain Valencia.  
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2.2.2 Constructing a vector for delivery into E. lenta cells 

To build a shuttle vector for the transformation of E. lenta we focused on three 

specific parts: a compatible sequence that would replicate in E. lenta, an origin of 

replication to propagate the plasmid in Escherichia coli, and an antibiotic resistance gene 

to select for the plasmid. For the second component of our vector, we decided to use E. 

coli’s oriC as an origin of replication due to it being a well-established high copy replication 

origin (Wolański et al., 2014). We obtained the oriC sequence from plasmid pUC19, an 

E. coli plasmid. 

Due to the cryptic nature of pBIZOTO we decided to attempt to build 4 different 

vectors, all containing: oriC, pBIZOTO, and an antibiotic resistance gene (Table 2.2). We 

designed two of the vectors to have the full sequence of pBIZOTO (Figure 2.3A). To 

decrease the size of the shuttle vector, we used only a partial sequence of the plasmid to 

build the other two vectors, these containing 1,463 bp from pBIZOTO (Figure 2.3B). 

In order to decide on a selection marker to select for bacteria with the vector, we 

first screened our strain collection against a panel of antibiotics (Table 2.1). We tested E. 

lenta’s ability to grow in the presence of chloramphenicol and all tested strains were 

susceptible to concentrations higher than 16 µg/mL (Table 2.1). Based on our findings, 

we decided to use chloramphenicol resistance (ChlR) as a selection for our vector. For 

the cloning of our vector, we obtained the sequence of the gene ChlR from the plasmid 

pTip-QC1. Opposite to chloramphenicol, we determined that tetracycline resistance is a 

widespread trait amongst E. lenta strains (Table 2.1). Because of this, we decided against 

its use in the construction of our vector. In contrast, we uncovered that only two strains 

had a strong resistance phenotype against kanamycin: DSM 11767 and W1 BHI 6 (Table 
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2.1). This was explained by the presence of an aminoglycoside transferase gene in these 

strains. We cloned this gene into a pET E. coli vector and confirmed that it confers 

resistance to kanamycin in a naturally sensitive strain (Figure 2.3B). 

For the assembly of the vector, we decided to use Gibson cloning. Amplification of 

the pBIZOTO fragments for vectors 1 and 2, the ones containing the full sequence of 

pBIZOTO, were not successful, and we were unable to build these two versions (Table 

2.2). We were able to successfully assemble the two versions of the vector that had the 

partial sequence of pBIZOTO. We confirmed the vectors had the expected components 

by both PCR and restriction enzyme digestion and named them pBIZOTO3 and 

pBIZOTO4 (Figure 2.3C and Figure 2.3D). 
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Figure 2.3. Construction of pBIZOTO vector for the transformation of E. lenta. (A) 
Map of plasmid pBIZOTO from E. lenta Valencia. The highlighted parts mark the 
sequences from pBIZOTO used to construct the shuttle vectors. Blue notes the sequence 
for the full-length vector and purple notes the sequence used for the short version. (B) 
Heterologous expression of the kanamycin resistance gene confirms it confers resistance 
to a sensitive strain. (C) Map of vector pBIZOTO3: green part was obtained from pTip-
QC1, blue from pUC19, and pink from pBIZOTO. (D) Map of vector pBIZOTO4: purple 
part was obtained from E. lenta DSM 11767, blue from pUC19, and pink from pBIZOTO.   
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2.2.3 Creating a protocol for the plasmid delivery 

After having built the vectors, we focused on developing a protocol for their delivery 

into the bacterial cells. Because E. lenta is a Gram-positive bacterium, its peptidoglycan 

wall could be difficult to disrupt (Argnani et al., 1996). We focused on published protocols 

built for other Gram-positive organisms and adapted a selected few for ours (Argnani et 

al., 1996; Matsumura et al., 1997; Z. Zhang et al., 2015). Because of their success, we 

decided to deliver our vector by electroporation. 

Based on these protocols, we decided to include supplements in the growth media 

that would promote the disruption of the peptidoglycan wall. Specifically, the addition of 

DL-threonine, glycine, ampicillin, and Tween 80. Ampicillin is a broad-spectrum antibiotic 

that works by inhibiting the synthesis of the cell wall. Tween 80 is an emulsifier and is 

used to disrupt cell membrane fluidity (G.-Q. Zhang et al., 2011). The amino acids, glycine 

and DL-threonine, are added to the cell wall in place of arginine (Z. Zhang et al., 2015). 

Altogether, these additional ingredients assist with the weakening of the peptidoglycan 

wall. 

We sought to grow the bacteria in this media until it reached mid-exponential 

growth point and then attempted to transform the cells. Based on other protocols, we 

added a washing step to deplete salts and media components. The buffer for these 

washes includes sucrose, magnesium chloride, and potassium phosphate buffer. After 

washing the cells, we added 500 ng to 1 µg of plasmid DNA, applied 2.0 kV of electrical 

pulse and added 1 mL of BHI with arginine to aid the recovery of the cells. Also for 

recovery of the cells, they were incubated at 37˚C for 3 hours, after which we plated the 

cells in selective and non-selective media and incubated them for 3 days anaerobically. 
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2.2.4 Attempting to deliver the plasmid into E. lenta cells 

We decided to start by electroporating a subset of our strains. These included E. 

lenta DSM 2243 (the type strain), 28B (a plasmid containing strain), and E. sinesis as a 

control for a distantly related organism. We included a plasmid containing strain in order 

to determine if our vector could recombine with the endogenous plasmid and that would 

promote its maintenance in the strain.  

Our attempts to deliver pBIZOTO3 and pBIZOTO4 into E. lenta cells were not 

successful. In only one of our early attempts, we had eight colonies of E. lenta strain 28B 

transformed with pBIZOTO4 that grew in selective media (kanamycin). We performed 

colony PCR and growth curve assays with these colonies and confirmed that four of them 

were kanamycin resistant (Figure 2.4). Via PCR, we observed faint bands where we 

would expect to see the plasmid parts. Unfortunately, we were unable to recover the 

plasmid from the bacterial cells. After this initial success, we attempted replicating these 

findings, focusing on delivering pBIZOTO4, but were not able to do so. 

Due to both our inability to replicate the findings, and arcing occurring sporadically 

when we applied voltage to the washed cells, we decided to optimize our electroporation 

protocol. For this, we focused on the various sections we could modify and settled on: 

amount of applied voltage to the cells, buffer to wash them, concentration of the 

supplements on the wall disrupting media and recovery time of the cells. Apart from this, 

we decided to build another pBIZOTO vector, pBIZOTO5, to include the plasmid’s whole 

sequence. 

We began by screening different voltages to apply to E. lenta cells. In our original 

protocol, we applied 2.0 kV to the washed cells. In order to determine if using another 
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voltage would result in transformed cells, we tested a range from 1.0 kV to 3.0 kV, in 0.5 

kV increments. The application of these different voltages did not result in recovering 

bacteria with the plasmid. To determine E. lenta’s viability after the application of voltage, 

we electroporated cells grown in wall weakening media. We quantified bacteria that were 

not electroporated and after pulsing with 1.25 kV, 1.50 kV, and 2.0 kV. There was a 

decrease in colony forming units (CFU/mL) as the voltage was increased, with a 10-fold 

decrease in CFUs in the group that received 2.0 kV compared to no voltage applied 

(Table 2.3). Although this is a slight difference in CFUs, we can conclude that applying 

2.0 kV to E. lenta does not result in killing a majority of the bacteria. 

After exploring the effects of changing voltage settings in the transfer of the 

plasmid and E. lenta viability, we focused on the washing step. Washing the bacterial 

cells prior to electroporation is necessary to remove salts from the media and to prevent 

arcing from happening. To test if changing this buffer would change the results, we made 

two other wash buffers, changing the concentration of sucrose, and adding glycerol to 

one of them. We compared the results of the three different groups and concluded that 

changing the buffer did not end in colony formation in our selective plates. 

After applying voltage to the plasmid and bacterial mixture, media is added to it in 

order to allow the cells to recover and divide. To test if changing the incubation time for 

the bacterial cells to recover, we increased it from 3 hours to 6 hours, and also decreased 

it to 1 hour. Neither increasing nor decreasing the recovery time yielded a difference in 

the results. 

Apart from modifying components and other aspects of the protocol, we increased 

the number of electroporated strains. We tested E. lenta strains: 32-6-16 FAA, Valencia, 
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AN51LG, MR #12, AB #12, CC8/6 D5 4, and W1 BHI 6. We electroporated all plasmid-

containing strains due to our putative transformant 28B strain colonies but did not 

replicate our findings. 
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Figure 2.4. Putative transformant colonies grow in the presence of kanamycin. (A) 
The kanamycin MIC for the 4 putative transformant colonies was higher than that of the 
parent strain (28B, MIC denoted with dotted line) yet lower than the MIC of the naturally 
kanamycin resistant strain, DSM 11767.  
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2.2.5 Conjugation of pBIZOTO5c from E. coli to E. lenta 

After our efforts into delivering pBIZOTO vectors into E. lenta through 

electroporation did not result in transformed cells, we sought to test other transformation 

methods. We decided to conjugate the plasmid from Escherichia coli into E. lenta. 

Conjugation works by mating the donor and recipient cells and in non-selective media 

and then plating and selecting for the transconjugants, the transformed recipient cells 

(Figure 2.1B). 

Because we had already built a shuttle vector with a suitable selection marker, we 

decided to adapt vector pBIZOTO5 for the conjugation protocol. For this, we added an 

origin of transfer (oriT) sequence, needed for the transfer of DNA by conjugation. We 

chose the sequence from the E. coli plasmid pJC8 and cloned it into pBIZOTO5, calling 

it pBIZOTO5c (Figure 2.5A). To test if this plasmid was functional, we conjugated it from 

E. coli DH5a to E. coli S17-1. Colonies obtained from the experiment were streaked in 

two different concentrations of kanamycin plates using the recipient strain as a negative 

control. Transconjugant colonies grew on both plates with selective media whereas the 

control did not grow (Figure 2.5B and Figure 2.5C). When conjugating from E. coli to E. 

lenta, we did not recover any transconjugants from our experiments. 
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Figure 2.5. Conjugation of plasmid pBIZOTO5c. (A) Plasmid map of pBIZOTO5c, built 
from four components: blue for pUC19, green for pJC8, purple from E. lenta DSM 11767, 
and pink from pBIZOTO. (B and C) Plasmid in transconjugants (S17-1 pBIZOTO5c), in 
the right side of the plate, allows the strain to grow in selective media in two different 
kanamycin concentrations (50 µg/mL [B] and 100 µg/mL [C]). The recipient strain (S17-
1), in the left side of the plates, does not grow.  
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2.3 Discussion 

The development of tools to genetically modify microorganisms is important for 

studying and characterizing their biological processes. Here, we report our efforts into 

building a successful protocol for the delivery of pBIZOTO into Eggerthella lenta cells. We 

built a vector using an endogenous plasmid found in 7 of the 24 E. lenta strains in our 

collection. As a selective marker, we utilized a kanamycin resistance gene also 

endogenous to a strain. By referencing methods found in the literature, we adapted parts 

of different protocols to build a functional one for E. lenta. Several attempts to deliver the 

plasmid were not successful and thus we focused on optimizing our protocol. 

Unfortunately, these attempts were also negative. Because of this, we decided to adapt 

the plasmid to use in a conjugation protocol which did not result in positive results. 

This chapter highlights the importance of investing both time and resources into 

the development of genetic tools methods for microorganisms that lack them. It also 

emphasizes the difficulties that can be encountered during this process. Adapting 

successful protocols from other organisms provides a stepping stone to work from. 

Understanding the purpose of each step and how the target organism’s biology could be 

affecting it helps with the optimization process.  

From these results we are unable to determine what part of the methodology was 

impeding the success of the transformation. Even though we changed different parts and 

components of the protocol, we did not necessarily exhaust our options nor changed 

multiple components at once. 

It is also important to mention that we cannot exclude the plasmid itself as the 

reason why the transformation was not happening. Perhaps the plasmids tested were 
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lacking a component necessary for the replication and maintenance of it in the cells. For 

this, creating other iterations of pBIZOTO could be useful. We could also include 

sequences with homology to the E. lenta genome for the plasmid to be integrated to the 

chromosome instead of kept as an episome. Another option is that the plasmid itself was 

not the ideal vector to utilize for this purpose and there are other plasmids, endogenous 

to E. lenta, that would be better suited for this purpose. Apart from this, further attempts 

to optimize components of the wall weakening media, and the time the bacteria are 

incubated in it could be beneficial. Finding the optimal concentrations of components that 

will allow the strains to grow yet have an effect on their fitness can be important for the 

plasmid to get into the cells. 

As previously mentioned, we did not necessarily exhaust our options and ideas. 

We considered determining if restriction enzyme modifications of E. lenta’s DNA play a 

role in the prevention of the maintenance of the plasmid. Bacteria have various methods 

by which they defend their genome against exogenous genetic elements, modifying DNA 

being one of them. To avoid the digestion of the plasmid, we considered incubating 

pBIZOTO with E. lenta lysate and using this putatively modified plasmid for the 

electroporation. Another option that can be considered is using sequencing to determine 

the methylation pattern of the E. lenta genome and synthesizing a vector that matches 

the pattern or without any methylation. 

Apart from the mentioned options, there are other alternative approaches that 

could be explored. For the disruption of the bacterial peptidoglycan wall, other methods 

to try are sonoporation (sound waves) or even mechanical force such as with a bead 

beater. Other strategies to consider could be using published methods for other bacterial 
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species. One example of this can be the use of “magic pools” composed of multiple 

transposon vectors with different promoter and ribosome binding sequences that get 

transformed into a bacterium and then selected for (Liu et al., 2018). This method 

increases the probability of retrieving transformed bacterial cells by increasing the 

diversity in the vectors used. 

Even though we were unsuccessful in our attempts to deliver our vectors into E. 

lenta cells, we hope all our efforts can be helpful in the future.  
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Table 2.1. Minimum Inhibitory Concentration (MIC) testing in E. lenta strains. Text bolded 
in red indicates strains that were resistant to the tested antibiotic. 

Etest Assay CL 256 TC 256 KM 256 

Antibiotic Chloramphenicol Tetracycline Kanamycin 

Resistance Breakpoint (> µg/mL)   4 64 

Strain ID Chloramphenicol Tetracycline Kanamycin 

E. lenta UCSF 2243 4.000 0.125 8.000 

E. lenta DSM 2243 4.000 0.125 4.000 

E. lenta 11C 1.500 64.000 4.000 

E. lenta 14A 2.000 32.000 12.000 

E. lenta 22C 4.000 128.000 16.000 

E. lenta 28B 3.000 0.125 8.000 

E. lenta 32-6-I-6 NA 4.000 96.000 3.000 

E. lenta A2 3.000 32.000 8.000 

E. lenta AB12 #2 4.000 0.190 12.000 

E. lenta AB8 #2 1.500 64.000 16.000 

E. lenta AN51LG 3.000 0.250 6.000 

E. lenta CC7/5 D5 2 1.000 0.125 2.000 

E. lenta CC8/2 BHI2 2.000 16.000 16.000 

E. lenta CC8/6 D5 4 8.000 32.000 32.000 

E. lenta DSM 11767 4.000 48.000 256.000 

E. lenta DSM 11863 2.000 24.000 32.000 

E. lenta DSM 15644 1.500 48.000 12.000 

E. lenta FAA 1-1-60AUCSF 3.000 16.000 3.000 

E. lenta FAA 1-3-56 2.000 24.000 16.000 

E. lenta RC4/6F 4.000 0.380 6.000 
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Etest Assay CL 256 TC 256 KM 256 

Antibiotic Chloramphenicol Tetracycline Kanamycin 

Resistance Breakpoint (> µg/mL)   4 64 

Strain ID Chloramphenicol Tetracycline Kanamycin 

E. lenta Valencia 3.000 0.094 4.000 

E. lenta W1 BHI 6 4.000 32.000 256.000 

E. sinensis DSM 16107 8.000 0.125 256.000 
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Table 2.2. Vectors built for the transformation of E. lenta 

 Vector Components   

Vector 
Name 

pBIZOTO 
from  

E. lenta 
Valencia 

Antibiotic  
Resis- 
tance 
Gene 

Origin of 
replication 

(E. coli) 

Other Method of 
transforma- 

tion 

Status 

pBIZOTO1 Full 
length 

ChlR oriC  Electropora- 
tion 

Not built 

pBIZOTO2 Full 
length 

KanR oriC  Electropora- 
tion 

Not built 

pBIZOTO3 Partial ChlR oriC  Electropora- 
tion 

Built 

pBIZOTO4 Partial KanR oriC  Electropora- 
tion 

Built 

pBIZOTO5 Full 
length 

KanR oriC  Electropora- 
tion 

Built 

pBIZOTO5c Full 
length 

KanR oriC oriT 
sequence 
from 
pJC8 

Conjugation Built 
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Table 2.3. Quantification of colony forming units (CFUs) of E. lenta UCSF 2243 before 
and after being electroporated. 

Media Voltage CFU/mL 

Wall 
Weakening 

Media 

Pre-Washing 4.00E+10 

0 kV 3.07E+10 

1.25 kV 2.80E+10 

1.50 kV 1.33E+10 

2.0 kV 3.44E+09 

 

 

  



33 

2.4 Materials and Methods 

Bacterial growth. E. lenta strains were routinely grown in BHI+ or ++ media (+ 

containing arginine and ++ containing 1% Arg, 0.05% Cys-HCl, 1µg/mL menadione, 

5µg/mL hemin, 0.0001% resazurin). Strains were streaked in BHI+ or BHI++ agar. For 

E. coli growth, strains were streaked onto LB agar plates and grown in LB media. 

Antibiotic resistance gene testing. Screening was carried out using Epsilometer 

(Etest) strips (bioMerieux) or broth dilution minimum inhibitory concentration (MIC) 

assay. For Etest strips, a 24 h broth culture was diluted to an OD600 of 0.1 before 500 

mL was spread on 135 mm plates with 4 strips per plate. The assays used were: CL 

256, TC 256, KM 256, AM 256, VA 256, MX 32, PG 32, and MZ 256. Resistance was 

determined based on EuCAST breakpoint tables (version 8.0 2018) where available, or 

by MIC distribution. For the broth MIC assay, a 24 h broth culture was inoculated at 1% 

v/v in a 96-well plate and incubated in anaerobic conditions at 37 C for 48 h with OD600 

recorded by an Eon microplate reader (BioTek). Strains were assayed twice and the 

mean value reported. Resistance was determined based on the bimodal distribution of 

MICs. Antibiotic resistance determinants were predicted using Abricate version 0.9.8 

using default param- eters (https://github.com/tseemann/abricate).  

Heterologous expression. The sequences of a putative tetW and aminoglycoside 30-

phosphotransferase were amplified from genomic DNA of E. lenta DSM 11767 with Q5 

polymerase (NEB) using for 30 cycles using 500nM primers 

(ACTGATCATATGAAAATAATCAATATTGGAATTC, AGC 

TATGGATCCTTACATTATCTTCTGAAACATATAG, 

ACTGATCATATGGCTAAAATGAGAATATCA, GCTATGGATCCCTAAAACAATT 

CATCCAGTAAA, where bold sites represent restriction enzymes sites). pET-19bTEV (a 
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derivative of pET-19b with a tobacco etch virus [TEV] cut site replacing the enterokinase 

cut site) was used as the expression vector. Both inserts and plasmid were cut with 

NdeI and BamHI. The plasmid backbone was treated with recombinant shrimp alkaline 

phosphatase (rSAP) before both plasmid and inserts were gel purified (Qiaquick gel 

purification kit). Ligation was carried out with T4 ligase. All enzymes for cloning were 

purchased from New England Biolabs and used according to the manufacturer’s 

instructions. Ligation reactions were heat inactivated and transformed into E. coli DH5a 

and selected using LB media with 100mg/mL ampicillin. Plasmids were extracted from 

transformants and confirmed by sanger sequencing (GeneWiz) from the T7 promoter 

and terminator. Verified plasmids were then transformed into E. coli Rosetta and 

selected on LB with 50 mg/mL carbenicillin (for pET-19bTEV) and 30 mg/mL 

chloramphenicol (for selection of pRARE plasmid carrying rare codons). Verified 

transformants were then grown in LB broth for 8 h with appropriate selection before 

being inoculated at 0.5% v/v across a range of tetracycline, kanamycin, and IPTG 

concentrations in 96 well plates. Plates were incubated for 16 h at 37˚C and read at 

OD600 using an Eon microplate reader (BioTek).  

Cloning the pBIZOTOn plasmids. Cloning pBIZOTO3: The primers were designed in 

order to assemble the vector following the Gibson Assembly protocol from New England 

Biolabs, all fragments were amplified with the Q5 High Fidelity Polymerase (NEB) and 

all primer concentrations were at 500 nM. The primers to amplify and linearize 

pBIZOTO were FWD: GCTCGGTGAGTTAAACCGAGTTTTCCCAGGTCAAAC and 

REV: TGCATGTGTCAGAACGATGGGTCAATCCCCG. For the amplification and 

linearization of pUC19 the primers used were FWD: 

TTGACCCATCGTTCTGACACATGCAGCTCCCG and REV: 

GTTCAAGGGCGTCCATCACCGAAACGCGCG. For the amplification and linearization 

of chloramphenicol resistance in pTip-QC1 the primers used were FWD: 
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GTTTCGGTGATGGACGCCCTTGAACGACTCGA and REV: 

GAAAACTCGGTTTAACTCACCGAGCACGTATCG. After each fragment was amplified, 

the product was cleaned up with QIAGEN’s PCR Purification Kit according to the 

manufacturer’s protocol. Equimolar (0.5 pmols) quantities of each fragment were 

incubated with the Gibson Assembly Master Mix (NEB) according to the manufacturer’s 

protocol. Afterwards, NEB 5-alpha Competent E. coli cells were transformed with the 

product and it was selected for in LB plates with 50 µg/mL ampicillin. Plasmids were 

extracted from transformants and confirmed by PCR and restriction enzyme digestion. 

Cloning pBIZOTO4: The primers were designed in order to assemble the vector 

following the Gibson Assembly protocol from New England Biolabs, all fragments were 

amplified with the Q5 High Fidelity Polymerase (NEB) and all primer concentrations 

were at 500 nM. The primers to amplify and linearize pBIZOTO were FWD: 

TAAAAGTTCGCTAAAACCGAGTTTTCCCAGGTCAAA and REV: 

TGCATGTGTCAGAACGATGGGTCAATCCCCG. For the amplification and linearization 

of pUC19 the primers used were FWD: 

TTGACCCATCGTTCTGACACATGCAGCTCCCG and REV: 

AATTCACTGTTCCCATCACCGAAACGCGCGAGA. For the amplification and 

linearization of the kanamycin resistance gene from E. lenta DSM 11767 the primers 

used were FWD: GTTTCGGTGATGGGAACAGTGAATTGGAGTTCGTCTTG and REV: 

GAAAACTCGGTTTTAGCGAACTTTTAGAAAAGATATAAAACATCAG. After each 

fragment was amplified, the product was cleaned up with QIAGEN’s PCR Purification 

Kit according to the manufacturer’s protocol. Equimolar (0.5 pmols) quantities of each 

fragment were incubated with the Gibson Assembly Master Mix (NEB) according to the 

manufacturer’s protocol. Afterwards, NEB 5-alpha Competent E. coli cells were 

transformed with the product and it was selected for in LB plates with 50 µg/mL 
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ampicillin. Plasmids were extracted from transformants and confirmed by PCR and 

restriction enzyme digestion. 

Cloning pBIZOTO5: The primers were designed in order to assemble the vector 

following the Gibson Assembly protocol from New England Biolabs, all fragments were 

amplified with the Q5 High Fidelity Polymerase (NEB) and all primer concentrations 

were at 500 nM. The primers were used to linearize the fragment from pBIZOTO are the 

following FWD: TAAAAGTTCGCTAAAACCGAGTTTTCCCAGGTC and REV: 

TCACCGTCATCACCGAAACGCGCGATTCGCTTCTAAATCCCCAGG. For the 

amplification of pUC19 the sequences were FWD: TCGCGCGTTTCGGTGATGAC and 

REV: GACGAAAGGGCCTCGTGATAC. For the amplification of the KanR fragment 

from E. lenta DSM 11767 the primers used were FWD: 

GAAAACTCGGTTTTAGCGAACTTTTAGAAAAGATATAAAAC and REV: 

CTCGCTCCGCTCGTAGCGAACTTTTAGAAAAGATATAAAAC. After each fragment 

was amplified, the product was cleaned up with QIAGEN’s PCR Purification Kit 

according to the manufacturer’s protocol. Equimolar (0.5 pmols) quantities of each 

fragment were incubated with the Gibson Assembly Master Mix (NEB) according to the 

manufacturer’s protocol. Afterwards, NEB 5-alpha Competent E. coli cells were 

transformed with the product and it was selected for in LB plates with 50 µg/mL 

ampicillin. Plasmids were extracted from transformants and confirmed by PCR and 

restriction enzyme digestion.  

Cloning pBIZOTO5c: Amplified the oriT sequence from pJC8 using the primers (FWD: 

CCTGAATTCTCGGTCTTGCCTTGCTCGTCGG, REV: 

CCTGAATTCGCGCTTTTCCGCTGCATAACCC) and cleaned up the fragment using 

QIAGEN’s PCR Clean Up kit. Both the oriT sequence and the pBIZOTO5 vector were 

digested with EcoRI and subsequently gel extracted (QIAGEN Gel Extraction Kit). 



37 

Afterwards, the two digested components were ligated and the product was transformed 

into NEB DH5a chemically competent cells and streaked in LB agar plates containing 

50µg/mL of kanamycin.  

Electroporation protocol. For each strain, a colony was inoculated into 5 mLs of 

BHI++ media and incubated at 37˚C overnight anaerobically. The next day, a 1:100 

dilution was made into 50 mLs of BHI wall weakening media (1% Arg, 0.05% Cys-HCl, 

1µg/mL menadione, 5µg/mL hemin, 0.0001% resazurin, 0.5% glycine, 0.05% Tween, 

5µg/mL ampicillin, and 0.8% DL-threonine) and allowed to grow into mid-exponential 

phase (OD600 of 0.3 to 0.4). The culture was spun down, washed three times with 0.5 

to 1 mL of ice-cold buffer (0.5 M Sucrose, 1mM MgCL2, 7mM potassium phosphate 

buffer pH=7.4), and re-suspended in a 1/100 dilution of volume in buffer. Plasmid was 

added to 100 µl of bacteria and incubated in ice for 5 minutes then electroporated in a 1 

mm cuvette using the following settings: 2.0 kV, 25 µF, and 200Ω parallel resistance in 

the Gene Pulser Xcell Electroporation Systems (bio-rad). After the pulse, 1 mL of BHI++ 

media was added and the mixture was incubated for 3 hours anaerobically at 37˚C. 

After this time, 100 µl of the mixture was spread on BHI agar plates (for selection add 

kanamycin at 64 µg/mL) and incubated anaerobically for 3 days, or until colonies were 

seen in the plates. 

Electroporation protocol optimization trials. The protocol was followed as written 

above except for the following changes. The voltages screened using the Gene Pulser 

Xcell Electroporation Systems (bio-rad) were 1.0, 1.5, 2.0, 2.50, and 3.0 kV. For the 

quantification of CFUs after applying an electric pulse, the cells were prepared as 

described. 1 mL of bacteria was spun down and resuspended in 200 µl of saline. Serial 

10-fold dilutions were made in saline and 100 µl were used to spread on BHI+ plates. 

The plates were incubated anaerobically at 37˚C for three days and afterwards colonies 



38 

were counted. In order to test the effect of the buffers used for washing the cells, the 

two other buffers made contained: 1) 0.27M Sucrose and 10% glycerol, and 2) 0.27M 

Sucrose, 1mM MgCL2, 7mM potassium phosphate buffer pH=7.4. Lastly, we changed 

the incubation time after applying voltage and adding media to the cells. We decreased 

the time from 3 hours to 1 hour at 37˚C anaerobically, to 6 hours. 

Confirmation of pBIZOTO on E. lenta strains. DNA from our strain collection was 

extracted as described in (Bisanz et al., 2020), and used in a PCR reaction with 

Phusion Polymerase (NEB). The DNA was amplified for 30 cycles using 500nM primers 

(FWD: TCGAGCACTACATGCGCAGC, and REV: 

CCAGTCCCAGAACAGGTAGAAGTC). Amplified products were run in a 0.8% agarose 

gel and the image was taken in a BioRad Chemidoc.  

Conjugation protocol. Colonies from the donor strain (E. coli ST18) and the recipient 

strains (E. lenta UCSF 2243 and E. coli S17-1 as a positive control) were inoculated 

and allowed to grow to exponential phase. The cells were then washed and 

resuspended in PBS. Each recipient strain was mixed 1:1 with the donor strain to a final 

volume of 100 µl and mixed by pipetting gently. The mixture was spotted in a BHI++ 

plate and incubated overnight at 37˚C, both anaerobically and aerobically. Afterwards, 

the spot was scraped from the plate and PBS was used to wash the bacteria and the 

mix was resuspended in 1 mL of PBS. From this, 10-fold dilutions were done and 100 µl 

were used to spread onto BHI++ with kanamycin. The plates were incubated at 37˚C 

anaerobically for E. lenta and aerobically for E. coli and allowed to incubate until 

colonies were seen. Individual colonies were re-streaked onto selective media to 

confirm their phenotype.  
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Chapter 3: CRISPR-Cas System of Eggerthella lenta Reveals Hyper-targeting 

against Phages in a Human Virome Catalog 

3.1 Introduction 

CRISPR-Cas are adaptive immune systems, composed of RNA-guided nucleases, 

that protect prokaryotes against infection from parasitic genetic elements by cleaving 

foreign DNA (Barrangou et al., 2007; Barrangou & Horvath, 2017). A variety of these 

systems (spanning the mechanistically distinct Types I-VI) have been identified in 

bacterial and archaeal genomes (Koonin et al., 2017) and function by storing the memory 

of past exposure to foreign elements as ~30 nt spacers in a CRISPR (clustered regularly 

interspaced short palindromic repeats) array between direct repeat sequences (Levy et 

al., 2015; McGinn & Marraffini, 2018). This memory element is subsequently processed, 

generating RNA guides (crRNA), which are packaged into complexes with Cas (CRISPR-

associated) proteins (Brouns et al., 2008) to surveil the cell and mediate the recognition 

and cleavage of complementary sequences (Garneau et al., 2010). The outcome of these 

interactions is a limitation of horizontal gene transfer and prevention of phage replication 

(Bikard et al., 2012). 

Most identified spacers cannot be assigned a target, suggesting a ubiquity of 

unobserved phage and mobile element diversity (Shmakov et al., 2017), especially within 

the human gut microbiome. Moreover, the relationship between environmental fitness in 

the gut and CRISPR-Cas remains to be determined given that they defend against phage, 

but also limit horizontal gene transfer encoding beneficial traits (Barrangou et al., 2007; 

Bikard et al., 2012; Palmer & Gilmore, 2010). 
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To date, CRISPR-Cas research in human-associated bacteria has focused on 

computational analyses (Tajkarimi & Wexler, 2017; Zhang et al., 2014). These studies 

can both over- and under-estimate CRISPR-Cas prevalence (Zhang & Ye, 2017), 

motivating the need for experimental demonstration of CRISPR-Cas expression, array 

processing, and target cleavage. Here, we leverage the use of robust genetic tools in an 

evolutionary distant bacterium, Pseudomonas aeruginosa, to express cas genes and 

crRNA, utilizing a generalizable strategy for studying CRISPR-Cas in genetically 

intractable gut bacteria. We focus on Eggerthella lenta due to: (i) its high prevalence in 

the human gut (81.6%) (Koppel et al., 2018); (ii) broad impact on the metabolism of drugs 

(Haiser et al., 2013; Koppel et al., 2018), dietary bioactives (Bess et al., 2018), and 

endogenous compounds (Harris et al., 2018; Rekdal et al., 2019); and (iii) links to 

infectious (Chan & Mercer, 2008) and chronic (Qin et al., 2012) disease. 

Our work highlights the presence and functionality of a prevalent CRISPR-Cas 

system in an understudied bacterium and host habitat. In order to identify targets of this 

immune system, we constructed a specialized database that allowed us to uncover 

putative phages repeatedly targeted by diverse E. lenta strains. These results serve as a 

strong foundation for the discovery and mechanistic dissection of phage-bacterial 

interactions within the gut. 
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3.2 Results 

3.2.1 The E. lenta CRISPR-Cas system is transcriptionally active 

Analysis of the E. lenta DSM 2243 genome revealed a putative CRISPR-Cas 

system in the Type I-C subgroup (Figure 3.1A). Given evidence for Type I-E cas 

transcriptional-repression during in vitro growth (Pul et al., 2010), we examined 

transcriptional data from E. lenta DSM 2243 in mid-exponential phase and detected 

expression of all cas genes (Figure 3.1A and Figure 3.1B). We observed heterogeneity 

across the locus, ranging from cas3 (5.6±0.6 RPKM±SD) to cas5 (181.0±32.2) (Figure 

3.1B), both higher than intragenic expression (0.0747±0.006). The depth of mapped 

reads (Figure 3.1A) and predicted transcriptional start sites (Supplemental Figure S1A) 

both suggested that this locus produces at least 2 distinct transcripts. We experimentally 

confirmed this by performing a nested PCR of cDNA using primer pairs that span the 

junction of each gene pair (Supplemental Figure S1A). These results, shown in 

Supplemental Figure S1B, are consistent with the presence of a monocistronic cas3 

transcript and at least one additional polycistronic transcript encompassing the genes 

from cas5 to cas2. 

CRISPR array transcription generates a precursor transcript (pre-crRNA) (Figure 

3.1C) whose expression was supported by RNA-sequencing (Figure 3.1A). Consistent 

with prior reports, the 5’ end of the array, where new spacers are acquired, was more 

highly transcribed (Rollie et al., 2015). We sought to test if the pre-crRNA is processed 

into the short active CRISPR RNA species (crRNA), which are essential for the formation 

of the interference complex that recruits the endonuclease Cas3 to cleave targets (Figure 

3.1C). Through Northern blot analysis, we detected mature crRNAs, between 50 and 80 
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nt, during both mid- and late-exponential growth (Figure 3.1D) which are generated by 

Cas5 (Hochstrasser et al., 2016). No bands were observed using a control E. lenta strain 

lacking a CRISPR-Cas system (Figure 3.1D). 

Consistent with these results, the cas genes were also stably transcribed 

throughout exponential growth (Figure 3.1E and Figure 3.1F). The relative expression 

level between cas5 and cas3 was also stable over time; cas5 was expressed at 17.3±1.2 

fold higher levels than cas3 (Pgene<0.001, two-way ANOVA, Figure 3.1F). This 

transcriptional control of cas3 has been proposed to keep low but sufficient levels of the 

protein in order to provide immunity while avoiding off-target nuclease activity (Majsec et 

al., 2016). Together, these results indicate that the Type I-C CRISPR-Cas system of E. 

lenta DSM 2243 is transcriptionally active and that mature crRNAs are generated during 

in vitro growth. 
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Figure 3.1. E. lenta DSM 2243 has a transcriptionally and catalytically active 
CRISPR-Cas system. (A) Base coverage of RNA-seq reads to the CRISPR-Cas locus 
in DSM 2243 and indicates active transcription. (B) Expression levels of cas genes during 
exponential growth measured in reads per kilobase per million mapped reads (RPKM). 
(C) Transcription from the CRISPR array generates a pre-CRISPR RNA that is processed 
by the Cas enzymes to form crRNAs that direct targeting and cleavage of foreign DNA. 
(D) Northern blot demonstrates the presence of short RNA species (crRNA) in a CRISPR-
positive strain (DSM 2243) but not in a CRISPR-negative strain (Valencia). Growth phase 
is indicated above the blot: M = mid-exponential (24 h) and L = late-exponential (37 h). 
(E and F) Growth kinetics (n = 3) (E) and cas expression levels (F) demonstrate the 
stability of cas3 and cas5 across growth phases (n = 3, ***p < 0.001 two-way ANOVA).   
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3.2.2 The E. lenta CRISPR-Cas system is sufficient to target phage and 

chromosomal DNA 

To definitively demonstrate targeting by the E. lenta CRISPR-Cas system, and to 

circumvent the lack of genetic tools available, we designed a heterologous expression 

system in P. aeruginosa PA01, which lacks an endogenous system. The resulting strain 

(PA01 tn7::lentaIC) expresses the minimal machinery from the E. lenta system required 

for targeting and cleavage (cas5, cas8c, cas7, and cas3) (Figure 3.2A). To complete the 

interference complex, we constructed a plasmid expressing a minimal CRISPR array 

(Figure 3.2A). To target sequences of interest, we used the Type I-C canonical 

protospacer adjacent motif (PAM), responsible for identifying non-self DNA, sequence 

(TTC). 

We tested the system’s ability to target foreign DNA by providing a 34-nt spacer 

targeting the phage JBD30 (gJBD30). When challenged with JBD30, there was a 120-

fold reduction in plaque formation compared to a non-targeting (NT) control (P=0.0286, 

Mann-Whitney U-test; Figure 3.2B). Phage targeting was also evident from plaque 

morphology: individual plaques became smaller and less opaque, indicative of inhibited 

lytic activity (Figure 3.2B). Next, to determine if the system was capable of targeting self 

DNA, we designed a 34-nt spacer to target the region upstream of the pyocyanin pigment 

biosynthetic gene (phzM) in the host genome. Expression of this crRNA (gPhzM) resulted 

in a >10,000-fold reduction in colony formation compared to the NT control (P=0.0079, 

Mann-Whitney U, Figure 3.2C). Together, these results demonstrate that the E. lenta 

Type I-C CRISPR-Cas effector complex is sufficient for the specific recognition and 

cleavage of foreign and self-DNA. 
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We designed both spacers, gJBD30 and gPhzM, to be 34 nt long; however, 

spacers within E. lenta isolates naturally vary from 32 to 38 nt with 74.2% of the spacers 

being 33 or 34 nt (Figure 3.2D). This spacer length variation has been observed in soil 

bacteria with a Type I-C system (Lee et al., 2018). To determine the effect of spacer 

length on targeting efficiency, we designed multiple spacers varying from 30-40 nt against 

a single JBD30 protospacer. We observed similar plaquing efficiencies for all spacer 

lengths with the exception of the 40 nt spacer (Figure 3.2E), demonstrating that all of the 

naturally occurring spacer lengths are efficient at phage targeting. 
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Figure 3.2. Heterologous expression in P. aeruginosa demonstrates the ability to 
target phage and chromosomal DNA. (A) P. aeruginosa strain (PA01 tn7::lentaIC) 
constructed to inducibly express the minimal cas genes required for interference and a 
plasmid containing a minimal CRISPR array. (B) Expression of gJBD30 (phage-targeting) 
causes a 120-fold reduction in the number of plaque-forming units (PFUs) when 
compared to a NT control (n = 4, *p = 0.0286, Mann-Whitney U test). (C) Expression of 
gPhzM (chromosome-targeting) decreases the colony-forming units (CFUs) by 13,450-
fold (n = 5, **p = 0.0079, Mann-Whitney U test). (D) Distribution of spacer lengths found 
in the E. lenta isolate genomes, metagenomes, and merged datasets. (E) Variable length 
crRNAs decrease the number of PFUs with the exception of a 40-nt crRNA (n = 4).   
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3.2.3 The presence of CRISPR-Cas systems varies within the E. lenta species 

Multiple studies have emphasized strain-level variation in metabolism (Koppel et 

al., 2018), immune response (Belkaid & Hand, 2014), and pathogenesis (Britton & Young, 

2014). To assess if CRISPR-Cas presence in E. lenta is similarly strain-specific, we 

expanded our analysis to include a collection of human-associated E. lenta strains 

(Bisanz et al., 2018). These genomes have a mean size of 3.53 Mb, a minimum contig 

length covering 50% of the genome (N50) of 431,316bp, and Ncontigs=59. Of the 24 E. lenta 

genomes analyzed, 15 had a Type I-C CRISPR-Cas system (Figure 3.3A) and no other 

complete CRISPR-Cas system types were observed. For CRISPR-Cas-encoding strains, 

the genomic context was conserved and phylogenetic analysis based on cas alignment 

revealed 2 distinct clades: A and B (Figure 3.3A). The number of spacers per CRISPR 

array ranged from 10 to 64 (median 52; Figure 3.3A) with a total of 210 unique spacers 

across the 15 E. lenta genomes. 

Strains C592 and 28B were annotated as having a 5’ truncated cas3 (Figure 

3.3A). We observed and confirmed a single base insertion in the 28B cas3 sequence that 

caused a premature stop codon, leading to an internal ATG sequence being identified as 

the cas3 translational start (Supplemental Figure S2A). Prediction of functional domains 

revealed that the insertion separated the helicase and endonuclease domains into 2 

separate coding sequences (Supplemental Figure S2B and Supplemental Figure 

S2C). More work is necessary to determine if this leads to inactivation or if these open 

reading frames are still able to generate functional polypeptides carrying out their 

respective activities, as shown in other systems (Makarova et al., 2011; Plagens et al., 

2012). 
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The spacers found on the 3’ end of the array were more conserved even across 

cas clades (Figure 3.3B). In most instances, exemplified by strains DSM 11767 and DSM 

15644, unique spacers are found near the 5’ end of the array, consistent with acquisition 

of spacers over time. Spacers interrupting stretches of highly correlated spacer order 

could be due to loss via recombination or low-frequency spacer acquisition in the middle 

rather than the start of the array (Deveau et al., 2008). 

To enrich our sampling of E. lenta CRISPR-diversity, we leveraged metagenomic 

data and the nature of the CRISPR direct repeat. An alignment of the direct repeat 

sequences from our reference genomes revealed a highly conserved 33 nt motif (Figure 

3.4A). This appears to be unique to E. lenta, as it is absent from the CRISPR-Cas systems 

of other members of the Coriobacteriia with the nearest homologous direct repeat 

observed in Bifidobacterium thermophilum RBl67 (5 mismatches) (Grissa et al., 2007). 

Due to the low abundance of E. lenta within the human gut microbiota (Bisanz et al., 

2018), we utilized a select set of 96 gut metagenomes that we previously found to have 

high E. lenta genome coverage (Koppel et al., 2018) to identify spacers by retrieving and 

assembling reads containing the direct repeat and then extracting spacers flanked by 

repeats containing no more than 3 mismatches from our consensus motif (Supplemental 

Figure S3). 

This analysis increased the total number of E. lenta-derived spacers (210 to 493; 

2.3-fold). Consistent with our reference genomes, spacer length varied from 32-38 nt in 

metagenomes with 69.4% being 33 and 34 nt. When both isolate and metagenomes are 

combined and dereplicated it is apparent that both datasets display a similar length 

distribution (Figure 3.2D). No assembled arrays were detected in a control set of 96 
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randomly selected metagenomes that contain E. lenta below the limit of detection 

(Nayfach et al., 2015). We next looked at shared spacers across reference genomes and 

metagenomes observing correspondence between spacer content and cas clade (Figure 

3.4B). Metagenome-assembled CRISPR arrays were interwoven between clades 

suggesting strains of E. lenta representing both clades can be found within the human 

gastrointestinal tract. The correspondence between spacer content clade was correlated 

with strain phylogeny (Supplemental Figure S4), consistent with the idea that these 

sequences at least partially reflect evolutionary history. We also detected evidence for 

horizontal gene transfer: strain AB8n2 phylogenetically clusters with strains from Clade B 

but contains a Clade A system. While a common set of 47 spacers was observed across 

clades A, B, and metagenomes, each had a unique set with considerably higher diversity 

in the metagenomic data (57.4% of unique spacers; Figure 3.4C). 

To determine the extent to which CRISPR-targeting occurs within the E. lenta 

pangenome, spacers were compared to a non-redundant representation of the E. lenta 

species genome. We found 60 putative protospacers present in 18 strains targeting a 

limited number of loci (Figure 3.4D). Of these protospacers, 8 occur within the genome 

encoding the spacer, which may suggest self-targeting (the remaining 52 were inter-strain 

and intra-species). Closer inspection of the protospacers revealed that 6 occur in a 

putative prophage observed in two of these strains (Bisanz et al., 2018), one in a 

suspected integrated plasmid, and another in a region adjacent to a tetracycline 

resistance gene. Neither perfect alignments nor a flanking sequence indicative of a PAM 

were observed, suggesting that the E. lenta system does not actively target these sites. 
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Figure 3.3. Strain-level variation in the E. lenta Type I-C CRISPR-Cas system. (A) 15 
sequenced isolate genomes contain a type I-C system that clusters into two distinct 
clades based on an alignment of the cas genes. The global nucleotide identity to the DSM 
2243 ortholog is shown. Diamonds indicate the number of direct repeats, and the exact 
number of spacers in each array is displayed. (B) CRISPR spacer conservation between 
strains. Spacers are indicated as colored diamonds with identical spacers linked by a gray 
line.   



53 

 

Figure 3.4. Direct repeat and spacer conservation across reference genomes and 
metagenomic datasets. (A) The 33-nt E. lenta direct repeat was found to be highly 
conserved in all 15 CRISPR-positive isolate genomes. (B) Analysis of shared spacer 
content between strains provides evidence of a clade-specific pattern of conservation. 
Spacers were numbered 1–493 ordered by frequency of occurrence. (C) Venn diagram 
of shared spacer content between isolate genome clades and metagenomic data. (D) 
Evaluation of self- (targeting of the genome by a spacer encoded within genome) and 
inter-strain targeting. Alignment of spacers to the E. lenta ‘‘super genome’’: a 7-Mbp non-
redundant sequence representing the aggregate genomes of this bacterial species. Red 
triangles indicate spacer matches within putative prophage and mobile elements.   
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3.2.4 Protospacer identification reveals undescribed E. lenta phages 

Most spacers found in sequenced prokaryotic genomes lack a predictable target, 

emphasizing that many mobile genetic elements and phages remain unknown (Shmakov 

et al., 2017). To identify potential parasitic elements targeted by CRISPR, we queried 3 

publicly available databases for matches to previously characterized plasmids or viruses; 

however, no significant matches were found. The NCBI non-redundant database allowed 

us to assign 1.6% of the spacers to chromosomal genes of cryptic function and origin 

(Figure 3.5A). These results are consistent with the vast viral diversity within humans and 

its limited representation in established databases. 

To enable a more comprehensive platform for the identification of protospacers, 

we built a custom Human Virome Database (HuVirDB) that integrates data from 18 

publicly available virome studies representing 1,831 samples from 730 humans from 9 

countries (Figure 3.5B). We assembled 19.4 Gbp of sequence from 1,783 samples 

recovering 3,386 putative protospacers representing 249/493 (50.5%) of spacers. These 

protospacers were observed across 218 human samples, 161 individuals, and 14 studies 

representing a broad geographical distribution. Furthermore, we used this data to 

determine the PAM sequence through motif analysis of the protospacer-adjacent regions. 

This revealed the canonical 5’ Type I-C PAM “TTC” (Figure 3.5C) with no strong 

conservation in the 3’ region. In recovering protospacers, HuVirDB outperformed the 

NCBI environmental non-redundant database (NCBI env nt), which is 6.4-fold larger 

(124.1 Gbp) but resulted in half the matches (25.0%) with higher computational overhead 

and without easily accessible metadata (Figure 3.4A). We similarly contrasted our 

recovery of protospacers against the Integrated Microbial Genome/Virus 2.0 (IMG VR) 
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(Paez-Espino et al., 2019) finding >2-fold increased protospacer identification with 

HuVirDB for E. lenta. 

To examine the utility of this approach for the study of other gut bacterial species, 

we extracted spacers from the Human Microbiome Project (HMP) reference genomes, 

Pathosystems Resource Integration Center (PATRIC) genomes of human 

gastrointestinal origin, and a subset thereof belonging to 28 strains of Akkermansia 

muciniphila. Similar to E. lenta, A. muciniphila showed improved protospacer identification 

in HuVirDB compared against all other databases (Supplemental Figure S5A). 

However, the overall HMP and PATRIC datasets had higher protospacer identification 

with IMG VR and the two NCBI databases, likely due to the presence of data from 

pathogens and bacteria from other body habitats in these other databases. Consistent 

with these observations, network analysis of CRISPR-array containing genomes linked 

through common targets revealed the presence of strong clade specificity of CRISPR 

targeting (Supplemental Figure S5B). These results emphasize the value of having 

complementary databases for protospacer identification depending on the specific 

bacterial host of interest. 

To examine E. lenta target diversity, we clustered the protospacer-containing 

scaffolds at 80% global nucleotide identity into 13 non-singleton phage genomes (Figure 

3.6A). Analysis of a representative sequence for each of these families revealed as many 

as 96 distinct protospacers, suggesting that E. lenta has repeatedly been exposed to 

these “hyper-targeted” phage (Figure 3.6A). A representative phage, referred to as 

Eggerthella lenta metagenomic phage 1 (ELM P1), with a genome size of 19,474 bp, 

contains 37 distinct protospacers (Figure 3.5D). This phage possesses genes 
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homologous to Actinomyces phage AV-1 and Bacillus phage phi29, which are small 

dsDNA phages of the podophage families with genome size in the 17-22 kbp range 

(Delisle et al., 2006; Meijer et al., 2001). The protospacer sequences were concentrated 

within discrete portions of phage genomes, which may indicate bias towards the 

sequence injected earliest (Modell et al., 2017) and/or primed acquisition (Fineran et al., 

2014; Künne et al., 2016). In almost all of the targeted phage sequences we found 

annotated genes that suggest the presence of tail, collar, and head proteins (Figure 

3.6A).  

To better understand the taxonomy and phylogeny of these ELM phages, we 

began by clustering with previously described phages with approved taxonomies by the 

International Committee for the Taxonomy of Viruses (ICTV) (Bin Jang et al., 2019). We 

found that a subset (7/13) ELM phages formed a subcluster which could not be assigned 

even a family-level taxonomy while the remaining phages were singletons (Figure 3.6B). 

We next built a phylogenetic tree which grouped 6/7 of these related ELM phages into a 

single cluster (Figure 3.6C), supporting their close taxonomic and phylogenetic 

relationship. The remaining ELM phages were clustered into at least two additional 

groups. Of note, ELM P1 grouped together with the other 6 phage by taxonomy but was 

in a distinct cluster based on phylogeny, potentially due to the mosaic nature of phage 

genomes. These results suggest that the metagenomic E. lenta phages we have 

observed represent a previously undescribed branch of phage diversity targeting gut 

Actinobacteria. 

 

  



57 

 

Figure 3.5. Discovering E. lenta predators based on protospacer enrichment. (A) 
Comparison of protospacer matches within HuVirDB (249/493) versus other publicly 
accessible databases, including isolated and sequenced plasmids and phages from 
RefSeq. (B) To facilitate phage discovery, public virome sequencing data were collected 
and assembled for our HuVirDB. (C) The 50 flanking sequence was enriched for the 
canonical type I-C protospacer adjacent motif (PAM) TTC. (D) Detailed annotation of a 
representative phage (ELM P1), identified based on a high frequency of matching E. lenta 
spacers.  
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Figure 3.6. E. lenta Metagenomic (ELM) phage genomes. (A) Genomes are presented 
with annotated genes colored by high-level function, and protospacer locations are 
indicated by dashes. Protospacers were allowed to have up to 4 mismatches to the spacer 
sequence. The number of unique (meta)genomes targeting the seed phage and the 
number of unique spacers are shown. (B) Clustering for taxonomic annotation of ELM 
phages with prokaryotic viral genomes from Viral RefSeq v.85 based on gene sharing 
(Bin Jang et al., 2019) demonstrates a unique clade formed by 7 ELM phages. Only non-
singleton clusters are depicted. (C) A phylogenetic tree of the ELM phages based on 
genome-wide BLAST distances (Meier-Kolthoff & Göker, 2017). Numbers on the tree 
represent pseudo- bootstrap support values from 100 replications.   
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3.2.5 The Type I-C CRISPR-Cas system can accommodate common protospacer 

mismatches 

Further examination revealed that only 40.2% of protospacers were a perfect 

match to the spacer before dereplication into seed sequences. Partial matches could 

indicate accumulated mutations that allow the phage to evade CRISPR-mediated 

immunity (Semenova et al., 2011) or that this system can accommodate mismatches, as 

has been demonstrated in other CRISPR-Cas system types (Pyenson et al., 2017). In 

order to distinguish between these two alternatives, we examined mismatch frequency as 

a function of the spacer/protospacer nucleotide position. The most commonly observed 

mismatched positions occur, in order of frequency, at nucleotides 18, 1, 33, and 9 (Figure 

3.7A). We designed a series of spacers against JBD30 containing point mutations and 

examined their efficiency (Figure 3.7B and Figure 3.7C). 

Mutations in the 5’ spacer region, called the seed sequence, have been shown to 

provide phage an opportunity for escaping CRISPR immunity (Semenova et al., 2011). In 

accordance with this, we observed a high efficiency of plaquing for crRNAs with a 

mutation at the 3rd position or insertion at the 2nd position (P=0.021, Kruskal-Wallis with 

Dunnett’s post test; Figure 3.7C). Interestingly, we noted that a mutation in the 31st 

nucleotide also allowed the phage to evade CRISPR interference (P=0.021; Figure 3.7B 

and Figure 3.7C). In contrast, single, double, and triple mutations in the middle of the 

spacer were tolerated, thus still providing immunity. Together, these results demonstrate 

that most naturally-occurring mismatches still allow for efficient targeting of the invading 

sequence. 
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Figure 3.7. Most mismatches between the spacer and protospacers sequences still 
provide immunity against phages. (A) The occurrence of mismatches throughout the 
length of the spacer was calculated using HuVirDB. (B) Plaque assays revealed two 
phenotypes: opaque plaques (efficient targeting) and clearer plaques (poor targeting). 
Controls include: a perfect match positive control and a NT negative control. A 
representative mismatch (A31G) is shown. (C) Plaquing efficiency (log estimation in 
tested gRNA divided by log estimation in NT control) reveals that mutations in the seed 
sequence of the crRNA allow the phage to escape CRISPR-Cas immunity (n = 4). The 
dashed line at 10-5 denotes the average value for the perfect match control gDNA. *p < 
0.05 Kruskal-Wallis with uncorrected Dunnett’s (compared to targeting control).  
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3.3 Discussion 

Here, we report the characterization of an active Type I-C CRISPR-Cas system in 

a prevalent member of the human gut microbiota, revealing undescribed hyper-targeted 

phages that infect gut Actinobacteria, which have eluded isolation despite their 

prevalence. By combining a systematic meta-analysis of virome datasets, metagenomics, 

and comparative genomics, we were able to uncover putative targets for >50% of E. lenta 

spacers. These results support the critical role of CRISPR-Cas systems in adaptive 

immunity to bacteriophage, while also raising the question as to whether or not the 

remaining spacers target bacteriophage that remain to be discovered, mobile genetic 

elements, and/or as-of-yet unknown novel targets. These spacer-protospacer matches 

provide more definitive evidence for the host range of phages identified in virome 

datasets, as exemplified by the discovery of hyper-targeted phage that appear to have 

been repeatedly encountered and targeted by geographically diverse E. lenta CRISPR-

Cas systems. The identified hyper-targeted phage are likely major determinants of E. 

lenta fitness and their isolation or synthetic reconstitution would provide a major step 

forward in understanding the biology of this neglected bacterial species and determining 

whether or not the presence of multiple spacers within a single array is necessary for 

robust immunity. 

Despite common mismatches detectable in gut viromes, we found that the E. lenta 

CRISPR-Cas system could tolerate single and even double or triple mutations within the 

middle of the spacer, as described in other types of systems (Pyenson et al., 2017). This 

suggests that phage may have a limited ability to escape targeting by mutation, requiring 

a mismatch in the first few nucleotides of the spacer or the PAM motif (both of which we 
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detected in our computational analysis). Surprisingly, we also found a significant impact 

of point mutations in nucleotide 31, more work is necessary to determine why this 

particular nucleotide matters, either through disrupting complex formation, target binding, 

and/or nuclease activity. 

Our results emphasize the critical importance of providing experimental support 

for CRISPR-Cas system function. In addition to the previously described false-positives 

driven by incomplete systems (Zhang & Ye, 2017) and other types of genomic repeats 

(Zhang & Ye, 2017) in other environments, we found that of the 24 E. lenta genomes 

analyzed, 9 lacked the entire Type I-C system. The 15 strains that encoded a complete 

system could be binned into two distinct clades based on cas gene homology and spacer 

content, emphasizing the strain-level variation of these systems. Given this strain level 

heterogeneity, our results emphasize the challenges in predicting bacterial interactions 

with phages based only on species abundance and the need for continued progress 

towards the functional characterization and mechanistic dissections of these systems 

within their natural host bacteria and physiological context.  

These results also emphasize the utility of combining the computational and 

functional dissection of CRISPR-Cas systems in bacterial reference genome and 

metagenomic datasets to gain insights into the bacterial and viral components of the 

human microbiome. The approaches we have used do not require genetic tools in the 

target microorganism, enabling mechanistic insights into the vast majority of human-

associated bacteria which remain genetically intractable (Burstein et al., 2016). More 

broadly, our development of HuVirDB provides a useful resource with rich metadata, 

enabling the study of predator-prey relationships across the human microbiome. While 
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our current studies have focused on the E. lenta Type I-C system, this database could be 

readily queried for matches to spacers from other human gut bacteria of interest. To 

facilitate the rapid adoption of this tool in the microbiome and CRISPR-Cas community 

we have made all of the data publicly accessible and have integrated it into a widely-used 

graphical tool for spacer matching (Biswas et al., 2013). 

Finally, our work provides fundamental biological insights into endogenous 

CRISPR-Cas systems found within the human gut microbiome, an essential prerequisite 

for efforts to reprogram these systems to more precisely impact the structure and function 

of complex host-associated microbial communities. Continued progress in this area will 

require the development of approaches for gene delivery within the gastrointestinal tract, 

robust methods to engineer bacteriophage or other vectors, and the identification of 

bacterial targets with readily quantifiable impacts on host pathophysiology.  
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3.4 Supplemental Figures  

 

Figure S1. Mapping of the cas operon. (A) Schematic of the computationally predicted 
promoters and primers designed to amplify regions that overlap each pair of neighboring 
genes. (B) The genes cas3 and cas5 are regulated by distinct promoter sequences. All 
of the other tested gene pairs were detected on the same transcript. A positive genomic 
DNA (gDNA) control is shown in addition to a negative control: NRT (no reverse 
transcriptase).       
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Figure S2. Truncated cas3 in E. lenta 28B. (A) The annotation of cas3 in E. lenta DSM 
2243 denotes a 2,199 sequence that comprises a single protein while in strain 28B, two 
distinct proteins are predicted: cas3’ and cas3’’. Nucleotide identity between these genes 
and the cas3 of DSM 2243 is 99%. (B) Sequence alignment reveals an insertion near the 
start codon of the cas3’’ gene of the 28B strain. The ATG marked in green denotes the 
start codon of cas3’’ in 28B. The TAA marked in red denotes the stop codon of the cas3’ 
gene of 28B. Sanger sequencing was used to verify this insertion. (C) Schematic 
representation of conserved domains in cas3 reveals that nuclease and helicase domains 
are divided between cas3’ and cas3’’ respectively in the strain 28B.  
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Figure S3. Assembly strategy for uncovering metagenome-assembled CRISPR 
spacers. (1) A set of metagenomes is identified with elevated abundance of organisms 
of interest to increase the probability of array recovery. (2) Paired-end reads are screened 
for at least one instance of the direct repeat (vsearch --usearch_global). (3) Resulting 
binned reads are assembled on a per-sample basis to recover the spacer array. (4) 
Sequences between 25 to 40 nucleotides flanked by an approximation of the direct repeat 
(≥3 mismatches), are extracted and (5) tabulated to examine spacer occurrence across 
isolates and metagenomes. 
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Figure S4. CRISPR spacers correlate with phylogeny. With the exception of 1 strain 
for each metric, cas gene phylogeny and spacer content are consistent with the whole-
genome derived phylogeny.       
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Figure S5. Protospacers across databases. (A) Number of identified protospacers as 
a function of input database demonstrates that highly prevalent, but under-characterized, 
gut bacteria have improved identification of CRISPR targets in human viromes; for 
example, A. muciniphila (shown here) and E. lenta (shown in Figure 3.5A). The numbers 
in the brackets correspond to the number of spacers extracted from the sum of all 
genomes in the dataset. (B) Network analysis of genomes (linked by shared protospacer 
targets) reveals that CRISPR targets are conserved within bacterial classes.  
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3.5 Materials and Methods 

Bacterial and phage culture. Pseudomonas aeruginosa phage JBD30 was 

propagated on P. aeruginosa PA01 (Stover et al., 2000) and stored in SM buffer at 4˚C. 

The titer of the phage was determined by performing serial dilutions and mixing 10 µl of 

phage with 150 µl of P. aeruginosa PA01 (grown overnight) in 0.7% LB agar and 

incubating overnight at 30˚C. Routine culturing of E. lenta was done under anaerobic 

conditions (Coy Lab Products) using BHI++ media (BHI with 1% arginine, 0.05% L-

cysteine-HCl, 1 μg/mL vitamin K, 5 μg/mL hemin, and 0.0001% w/v resazurin (Bisanz et 

al., 2018)). Routine culturing of P. aeruginosa was done aerobically with rotation in LB 

media. For P. aeruginosa PA01 tn7::lentaIC with plasmid pJB3 carrying the crRNA 

construct, the cells were grown in LB supplemented with 50 µg/ml of gentamicin.  

RNA extraction. RNA extractions were performed as described previously (Bess et al., 

2018). Briefly, a 24-hour broth culture of Eggerthella lenta DSM 2243 was subcultured 

at 1% v/v in BHI++ and allowed to grow for 24 hours (until mid-exponential, OD600 of 

~0.3) in an anaerobic chamber (Coy Laboratory Products). The cells were spun down at 

max speed, 4˚C, for 10 minutes. Cells were resuspended in TRI Reagent (Sigma) and 

lysed by a bead beater (BioSpec Products). Chloroform was added 1:5 to the mixture, 

incubated at room temperature for 10 minutes, and then spun down at 16,000 x g for 15 

minutes. The top phase was placed in a clean tube and mixed 1:1 with 100% ethanol. 

The RNA extraction was then done using Purelink™ RNA Mini Kit (Invitrogen) according 

to the manufacturer’s protocol, with the addition of an in-column DNase treatment. A 

second DNase treatment was done after eluting using TURBO-DNase (Ambion).  
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RT-qPCR. Reverse transcription was carried out using 500 ng of total RNA and the 

iScript™ Reverse Transcription SuperMix according to the manufacturer’s protocol (Bio-

Rad). The qPCR assays were performed using SYBR Select Master Mix for CFX 

(Applied Biosystems) run in a CFX384 Real-Time System (BioRad) using 10µl reactions 

according to the manufacturer’s recommendations. 200 nM primers were used to 

quantify gene expression as listed in the key resources table of (Soto-Perez et al., 

2019). 

Northern Blot. The Northern blot was carried out as previously described (Bondy-

Denomy et al., 2013). Briefly, the probe was generated by amplifying a fragment 

spanning the first four spacers of the DSM 2243 CRISPR array, cleaning the PCR 

product (QIAGEN PCR Purification Kit) and labeling 300 ng of the clean product with 

Alpha-32P dCTP using Klenow polymerase (NEB M0210L). 5 µg of total RNA from E. 

lenta DSM 2243 (grown to mid-exponential) were used to run (per lane) in a denaturing 

gel. The RNA was transferred to a positively charged nylon membrane (Roche) using 

the semi-dry setting in a Trans-Blot Turbo (Bio-Rad) and crosslinked with 10 mJ UV 

burst over 30 seconds (Stratagene). The membrane was blocked with pre-hybridization 

buffer, consisting of 50% formamide, 5x Denhardts solution, 6x SSC, and 100 µg/ml of 

salmon sperm DNA, at 42˚C for 1 hour. Probing was done at 42˚C for 16-18 hours using 

the probe labeled with >4x105 cpm of dCTP. Afterwards, the blot was washed with wash 

solution 1 (2xSSC and 1% SDS) twice for 10 minutes at 18˚C, two 30 minutes washes 

at 65˚C, and wash solution 2 (0.2x SSC and 0.1%SDS) for 10 minutes at 18˙C. The blot 

was developed using a phosphoimager. 



71 

RNA-Sequencing Analysis. The RNA-sequencing of E. lenta DSM 2243 was 

described elsewhere (Bess et al., 2018) and reads are available under Sequence Read 

Archive Project SRP140684. Briefly, RNA was extracted from triplicate mid-exponential 

cultures as described above and rRNA depletion (Illumina Ribo-Zero) was used for 

subsequent library construction (NEBNext Ultra RNA). Sequencing was conducted via 

Illumina HiSeq 2500 with single ended 51 bp chemistry. Using Bowtie2 (Langmead & 

Salzberg, 2012), the reads were mapped to the reference DSM 2243 assembly 

(GCA_000024265.1) with the following parameters: --end-to-end --sensitive --trim5 5 --

trim3 5. Next counts per feature were determined using htseq-count (Anders et al., 

2015) and normalized using the reads per million per kilobase (RPKM) method. 

Sequencing coverage over the entire CRISPR-Cas locus was visualized using Gviz 

(Hahne & Ivanek, 2016). The calculation of background expression levels was done by 

averaging the reads of intergenic regions (leaving out ±200 bp from coding sequences). 

Construction of the Pseudomonas aeruginosa strain carrying the Eggerthella 

lenta cas genes. Chromosomal insertion of cas5-8-7-3 genes into P. aeruginosa was 

done as previously described, with insertion at the Tn7 location via a helper 

transposase vector (Choi & Schweizer, 2006). The cas3 gene was cloned downstream 

of cas7 to mitigate toxicity due to overexpression. Gentamicin resistant strains were 

selected and the insertion location confirmed via PCR. The gentamicin marker was then 

flipped out via FLP recombinase, generating a gentamicin sensitive strain with stably 

integrated and IPTG-inducible Cas proteins. To introduce crRNAs, the pHERD30T 

vector (Qiu et al., 2008) was used, a high copy gentamicin resistance, arabinose 

inducible shuttle vector. An “entry” array was designed containing a repeat-
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pseudospacer-repeat organization (pJB3). The pseudospacer possessed two BsaI sites 

to enable the cloning of annealed oligonucleotides as described previously (Marino et 

al., 2018).  

crRNA cloning. The vector pJB3 was digested using the enzyme BsaI (NEB) and the 

fragment was gel extracted (Invitrogen Gel Extraction Kit). The primers (IDT & Sigma), 

carrying the point mutations of interest, were annealed and phosphorylated in a single 

reaction with 10x T4 Ligation Buffer (NEB) and T4 Polynucleotide Kinase (NEB) by 

incubating at 37˚C for 2 hours, 95˚C for 5 minutes, and ramp down to 20˚C at 

5˚C/minute. Afterwards, they were diluted 1:500 in water and 1 µl was used to ligate to 

60 ng of digested pJB3. The ligation was carried out overnight and stopped by 

incubating at 65˚C for 20 minutes. 2 µl of the ligation were used to transform into NEB 

5-alpha competent E. coli following the manufacturer’s protocol. The cells were grown in 

LB agar supplemented with 30 µg/ml of gentamicin. Cloning was verified by Sanger 

sequencing and plasmids were used to transform Pseudomonas aeruginosa 

tn7::lentaIC.  

Transformation of Pseudomonas aeruginosa. A seed culture of the P. aeruginosa 

strain was subcultured 1:100 in fresh LB media and allowed to grow for 18 hours. 2 ml of 

the culture were spun down and washed twice with 300 mM sucrose and then re-

suspended in 225 µl of 300 mM sucrose. 100 µl of the washed cells and 10-100 ng of 

plasmid DNA were used per transformation reaction. The cells were electroporated in a 

0.2 mm cuvette using 25 µF, 200 ohm, and 2.5 kV. After the pulse, 800 µl of LB were 

added to the cells and then incubated at 37˚C with shaking for 45 minutes. 100 µl of the 
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reaction were used to spread in an LB agar plate supplemented with 50 µg/ml of 

gentamicin. 

Phage plaque assays. Bacterial lawns were made by mixing 150 µl of an overnight 

culture of host bacteria with 4 ml of 0.7% LB agar with 10 mM MgSO4, 50 µg/ml of 

gentamicin and the inducers of expression (0.5 mM IPTG and 0.1% arabinose). Phage 

dilutions were made by diluting the phage in SM Buffer and 3 µl of each dilution were 

used to spot on the bacterial lawn. The plates were incubated at 30˚C for 16-18 hours, 

after which the PFUs were quantified. 

Metagenomic CRISPR spacer arrays. As previously identified (Koppel et al., 2018), 

paired end sequences from 96 E. lenta-enriched metagenomes were retrieved from the 

NCBI Sequence Read Archive. Reads were filtered using Trimmomatic (Bolger et al., 

2014) to remove potential adapters and trimmed using the default sliding window filter. 

Next reads containing the consensus direct repeat were identified using vsearch 

(Rognes et al., 2016) with the following parameters: --usearch_global --id 0.87 --

maxgaps 1 --maxsubs 4 --mincols 32 --maxaccepts 0 --maxrejects 0 --strand both. 

Assembly was then carried out with SPAdes 3.7.0 (Bankevich et al., 2012). 96 E. lenta-

deficient metagenomes, as determined from Metaquery (Nayfach et al., 2015), were 

also included and used as negative controls. CRISPR-array assemblies could not be 

generated from any of the E. lenta-deficient metagenomes. Spacers were extracted 

from these assemblies as below. 

Comparative genomics and spacer identification. The collection and sequencing of 

the E. lenta genomes is described elsewhere (Bisanz et al., 2018). Annotation of the 

cas genes of E. lenta strain 28B was done using CRISPRCasFinder (Couvin et al., 
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2018). The presence of CRISPR arrays and their direct repeats in genome assemblies 

was first determined using the MINced 0.2.0 (github.com/ctSkennerton/minced). The 

consensus direct repeat sequence was determined via the MSA package (Bodenhofer 

et al., 2015) and ggseqlogo (Wagih, 2017). Arrays were then recalled from both isolate 

and meta-genomes by extracting regions flanked by the consensus 5’-

GTCACTCCCCGCATGGGGAGTGCGGGTTGAAAT-3’ allowing for up to 3 mismatches 

from the consensus. The uniqueness of the E. lenta direct repeat was determined 

through comparison against our Coriobacteriia collection and through the use of the 

CRISPRdb (Grissa et al., 2007). The locus diagram was prepared through identification 

of orthologous gene clusters containing the DSM 2243 cas genes and extracting their 

genomic coordinates from Genbank transfer format files (Bisanz et al., 2018). Relative 

base position was determined by recentering coordinates on the 5’ translational start 

site of cas5. Nucleotide identity was determined by a Needleman-Wunsch global 

alignment of nucleotide sequence with percent ID calculated as 100*(identical positions) 

/ (aligned positions + internal gap positions). The cas gene phylogenetic tree was 

created by concatenating the individual alignments of the cas genes as before, and 

building a tree with FastTree (Price et al., 2009). The super genome alignment was 

created using the Progressive Mauve algorithm (Darling et al., 2010) and plotting hits on 

this set of super-coordinates. 

HuVirDB. We queried the NCBI Sequence Read Archive for studies of human-

associated phage communities with shotgun sequencing data available. 18 studies 

were identified with sufficient metadata for inclusion. Where possible, relevant per-

sample metadata was preserved as identified in the SRA or in the original publication. A 
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total of 1831 samples were collected for assembly and matching runs determined using 

the SRAdb package (Zhu et al., 2013), however 49 low-coverage samples (2.7%) failed 

assembly and were not pursued further. Trimmomatic was used to remove possible 

adapter contamination with sliding window filtering, then metaSPAdes (or SPAdes when 

SE reads) was used for assembly. When 454 sequencing was applied, error correction 

was bypassed using the --only-assembler flag. Resulting contigs were identified by their 

default identifier concatenated to their SRA sample accession and merged to form a 

single large database. Assembly statistics were generated using QUAST with a 

minimum contig size of 200 (Gurevich et al., 2013). To identify E. lenta protospacers, 

per-sample databases were queried through BLASTN (-task blastn-short) reporting 100 

alignments with no more than 4 misaligned bases (qlen-nident<=4) allowed and filtered 

to ensure that the flanking sequences (Samtools 1.9, (Li et al., 2009) did not contain 

either the E. lenta direct repeat, or other repetitive sequence that could indicate the hit 

was a component of a contaminating CRISPR array. Phages of interest were annotated 

using a combination of RASTtk (Brettin et al., 2015) and PHASTER (Arndt et al., 2016) 

and visualized using gggenes (github.com/wilkox/gggenes). Based on these 

annotations, the genes were manually grouped into distinct functional categories: 

structural, packaging, replication, infection, other, and not annotated. E. lenta-targeted 

contigs were dereplicated based on a all-versus-all global nucleotide alignment strategy 

with 80% identity (measured as identities over the length of the shorter sequence) used 

as the clustering threshold. The largest phage assembly within the cluster served as the 

seed sequence, and if a fragment could be assigned with equal confidence to multiple 

seeds, one was randomly selected. Seed phage sequences are available at 
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github.com/jbisanz/HuVirDB. Taxonomic clustering of ELM phages was carried out 

using VConTACT2 v0.9.9 against the ProkaryoticViralRefSeq85-ICTV database and 

visualized in R using ggnet v0.1.0. To generate the phylogenetic tree of ELM phages, all 

pairwise comparisons of the nucleotide sequences were conducted using the Genome-

BLAST Distance Phylogeny (GBDP) method (Meier-Kolthoff et al., 2013) under settings 

recommended for prokaryotic viruses (Meier-Kolthoff & Göker, 2017). The resulting 

intergenomic distances were used to infer a balanced minimum evolution tree with 

branch support via FASTME including SPR postprocessing (Lefort et al., 2015) for 

formula D0. Branch support was inferred from 100 pseudo-bootstrap replicates each. 

Trees were rooted at the midpoint and visualized with FigTree v1.4.3. Taxon boundaries 

were estimated with the OPTSIL program (Göker et al., 2009), the recommended 

clustering thresholds (Meier-Kolthoff & Göker, 2017) and an F value (fraction of links 

required for cluster fusion) of 0.5 (Meier-Kolthoff et al., 2014). 

To contrast databases, HMP reference genomes and PATRIC reference genomes had 

CRISPR-arrays extracted as above using MINced which were then merged with the E. 

lenta spacers previously identified. These were queried against BLAST databases as 

above including a concatenated HuVirDB, NCBI environmental non-redundant (env nt), 

IMG VR (January 2018 release), NCBI non-redundant nucleotide (nt), PATRIC phage, 

and Refseq viral and plasmid databases. Akkermansia muciniphila spacers were 

identified by being encoded in a genome annotated as A. muciniphila according to 

PATRIC metadata. 

Quantification and statistical analysis. Where applicable, statistical analysis was 

carried out using either Prism 7 (Graphpad Software) or R 3.5.0 using Mann-Whitney U-
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tests or Kruskal-Wallis one-way analysis of variance with Dunnett’s multiple comparison 

post-hoc test. Phage plaque counts were estimated to the nearest 10-fold dilution with 

representative images of plaque morphology provided. 

Data and code availability. HuVirDB metadata and related information is available at 

github.com/jbisanz/HuVirDB and the database itself for download at 

opengut.ucsf.edu/HuVirDB-1.0.fasta.gz. HuVirDB has been made available in 

CRISPRTarget as an available database 

(http://crispr.otago.ac.nz/CRISPRTarget/crispr_analysis.html) for general queries. 

Genome assemblies are available under the following BioProjects: PRJNA412637, 

PRJNA384908, PRJNA21093, PRJNA46413, PRJNA40023, PRJNA59527. HMP 

reference genomes were retrieved from NCBI using BioProject PRJNA28331 (retrieved 

23 August 2018). PATRIC reference genomes were retrieved from NCBI on 23 August 

2018 by assembly accession as identified in the PATRIC genome catalog 

(patricbrc.org/view/Taxonomy/2#view_tab=genomes) after filtering for host_name 

containing human or sapiens, and an isolation_source containing stool, faecal, faeces, 

fecal, feces, gastrointestinal, gut, intestine, rectal, or rectum. 
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Chapter 4: Discovery and Characterization of Eggerthella lenta Bacteriophages 

4.1 Introduction 

The gut microbiota is composed of various evolutionarily distinct organisms 

belonging to all three domains of life (Turnbaugh et al., 2007). In addition, viruses are 

also part of the gut microbiota. Viruses found in the microbiota include eukaryotic and 

bacterial viruses (bacteriophages or phages) (Breitbart et al., 2003). Predicted to 

outnumber bacteria in certain environments, phages are estimated to be at a 0.1:1 ratio 

with bacteria in the human gastrointestinal (GI) tract (Shkoporov & Hill, 2019). The 

majority of gut phages are lysogenic, those that can integrate into the bacterial genome 

as a prophage and transition into a lytic cycle, where they replicate and lyse the bacterial 

cell, when needed (Guerin & Hill, 2020). The presence and coexistence of phage and 

bacteria in the gut has been the focus of many studies. In the past years, the existence 

of a core virome, a number of viruses that are found in a high percentage of studied 

individuals, has been proposed (Manrique et al., 2016). 

Because of the predatory relationship between phages and their bacterial targets, 

studies have focused on the role that phages play in the composition of the gut microbiota. 

In order for phages to be maintained in the GI population, they either have to find a host 

for their replication or integrate into their genome (Guerin & Hill, 2020). Due to the lytic 

nature of phage replication, research groups have focused on the effect it can have on 

the host bacterial population. Their studies have shown that phage predation in the GI 

tract does not appear to follow kill-the-winner dynamics, where phages would target the 

most abundant member of the community thus allowing for other species to become more 

abundant (Minot et al., 2011). In contrast, groups have proposed that predation by phage 
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in the gut follows Piggyback-the-Winner dynamics, where phages whose hosts are rapidly 

growing switch into their lysogenic lifestyle and avoid competition with other viruses and 

the host’s immune defense (Knowles et al., 2016). 

Phages are not only able to have an effect in bacterial composition, but also on the 

genomic contents of the bacteria by prophage integration and horizontal gene transfer 

(Obeng et al., 2016). A well-known case of phage-mediated transfer of genes is that of 

Shiga toxin, which is prophage encoded, and Escherichia coli (Brüssow et al., 2004). 

Altogether, the ability of phages to have an effect in both members of the gut community 

and their genomes highlight the importance of the endogenous phage population of the 

gut microbiome. 

While the study of the phage residents of the microbiota has allowed us to 

understand their biological role in this environment, the interest in harnessing phages to 

manipulate the bacterial composition has increased throughout the years. Targeting of 

both commensal and pathogenic bacteria by using phages has been documented in the 

literature. Lytic phages have been deployed to target gut species such as Enterococcus 

faecalis in gnotobiotic mouse models (Duerkop et al., 2016). Multiple and diverse phages, 

and also phage cocktails, have also been used in mouse studies to target photogenic 

bacteria such as Shigella and other bacterial communities (Mai et al., 2015; Reyes et al., 

2013). The efficiency of bacterial targeting by phage is variable in these studies, with 

Bacteroides caccae transiently decreasing only four-fold in mice, and a 10,000-fold 

decrease of Vibrio cholerae in rabbits, measured 24 hours after phage exposure 

(Bhandare et al., 2019; Reyes et al., 2013). 
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The difference in the degree of successful targeting and depletion of bacterial 

strains by their phage targets poses the question of why this occurs. In some instances, 

a transient depletion of the targeted strain is followed by an emergence of phage 

resistance that dominates the population (Duerkop et al., 2016). Although perhaps the 

most obvious answer, the surfacing of resistant bacteria is not always the main 

mechanism. There are multiple diverse hypotheses as to why this is, including biotic and 

abiotic factors interfering with infections in the GI tract, and it merits more investigation as 

to how it affects different bacterial-phage pairs (Sausset et al., 2020).  

In this chapter, we focus on gut bacterium Eggerthella lenta and the isolation and 

characterization of novel phages that target it. We sought to use these phages as a tool 

in order to deplete the abundance of phage-sensitive E. lenta strains. We demonstrate 

the ability of the phage to decrease E. lenta DSM 2243 abundance in vitro and aim to 

replicate these findings in vivo in a gnotobiotic mouse model. 
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4.2 Results 

4.2.1 Isolation of novel bacteriophage against Eggerthella lenta 

In order to isolate E. lenta phages, we obtained wastewater samples from the 

Oceanside Water Pollution Control Plant to mix with a culture of the type strain, DSM 

2243. We sampled the same plant on two separate occasions, 11 months apart with the 

purpose of capturing multiple and diverse phages. Through this method, we were able to 

isolate and purify multiple plaques from two independent experiments. The plaque 

morphology of all the phages was similar: small and translucent. Furthermore, we 

confirmed the isolated phage’s ability to infect E. lenta DSM 2243 in liquid culture. We 

added phage to an E. lenta culture and measured OD600, observing a crash once the 

bacteria reached mid-exponential caused by the phage (Figure 4.1A). 

We next extracted and sequenced the DNA of 15 phage isolates, 5 PSP and 10 

KL, in order to characterize them. This analysis revealed the presence of four distinct 

phages, confirmed both by restriction enzyme digest and average nucleotide identity 

(Figure 4.1B and Figure 4.1C, Supplemental Figure S6). Taking in consideration 

current protocols for phage naming, we propose the official names to be vB_EleS-KL11, 

vB_EleS-KL16, vB_EleS-PSP1, and vB_EleS-PSP2, from now on KL11, KL16, PSP1, 

and PSP2 respectively (Adriaenssens & Brister, 2017). These names serve as a 

descriptor of the phage classification and the bacterial species they infect, for instance 

vB_EleS-KL11 indicates that this is a virus of Bacteria, that it infects Eggerthella lenta, 

and that it’s a siphovirus. Average nucleotide percentage identity between all phages was 

>96%, revealing that the phages isolated were highly similar. KL16 was the most 

dissimilar phage, sharing between 96-97% similarity with the other three phages. Phages 
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KL11 and PSP2 were the most similar, with an average nucleotide identity of 99.7%. This 

analysis demonstrates that we isolated, on two separate occasions, four highly similar 

phages. 

We assembled and annotated the four genomes, all between 44,027 and 44,247 

nucleotides in length and containing from 59 to 62 genes (Figure 4.1B, Supplemental 

Figure S7). To further compare the similarities between these phages, we analyzed the 

gene content and determined that 57 genes were shared amongst the phages, 

representing between 92-96% of the phage genome (Figure 4.1D, Supplemental Figure 

S8). Functional annotation of the phages reveals genes typically associated with the 

Siphoviridae family, such as tail and head proteins. The annotations also revealed genes 

involved in the infection of bacterial cells, such as phage holin, involved in the degradation 

of the cell wall (Supplemental Figure S7). We did not find genes indicative of a lysogenic 

lifestyle, such as genes involved in genome integration like integrases or recombinases, 

further confirming the lytic lifestyle of the phage. Only 18 of the annotated genes (~30%) 

had any predicted function and all these were shared between the four isolated phages. 

The annotations revealed genes involved in genome replication and infection cycle of the 

phages (Figure 4.1B).  

Through electron microscopy imaging we were able to confirm that the phages are 

part of the Siphoviridae family (Figure 4.1E, Supplemental Figure S9). All four imaged 

phages look highly similar: icosahedral head shape and long tail. 
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Figure 4.1. Isolation of bacteriophage against the gut bacterium E. lenta DSM 2243. 
(A) Growth curve of E. lenta DSM 2243 in the presence of phage KL11 demonstrates 
phage susceptibility. Phage diluted in buffer were added at the beginning of growth. Line 
indicates mean and shaded area indicates standard deviation for 3 replicates. (B) 
Predicted gene function annotations for the approximately 45-kb genome of phage KL11. 
Grey-filled unlabeled genes indicate annotation of hypothetical protein. (C) All-versus-all 
average nucleotide identity (ANI) for phages KL11, KL16, PSP1, and PSP2. (D) Shared 
gene content across phages KL11, KL16, PSP1, and PSP2, using a cut-off of 25% identity 
and 50% coverage for amino acid sequences. Number in parentheses indicates total 
gene number for phage; number above bar indicates intersection size. (E) Transmission 
electron micrograph of phage PSP2 shows morphology consistent with the Siphoviridae 
family; scale indicates 50 nm. 
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4.2.2 E. lenta DSM 2243 can evade phage in the gut of mono- and oligo-colonized 

mice 

Phages have been used to target gut residing bacteria with various degrees of 

success. In order to explore the ability of our phages to target E. lenta in mice, we used 

germ-free mice that we mono-colonized with E. lenta DSM 2243 and later phage KL11 

was orally administered daily for a period of three days. We had 3 experimental groups: 

(1) a group that remained germ-free but received KL11, (2) a group that was colonized 

with E. lenta and received phage, and (3) a group that was colonized with E. lenta but 

was given heat inactivated KL11. We sampled 6 and 12 hours after the first phage 

gavage, and then sampled daily for 5 more days (Figure 4.2A). Quantification of plaque 

forming units (PFUs) through time in all three experimental groups demonstrated a steady 

decrease once the mice stopped receiving phage, regardless of the presence or absence 

of E. lenta. Four days after the last gavage of the phage, it falls under the experimental 

limits of detection, suggesting that the phage does not replicate, or is not maintained at 

detectable levels in the gut (Figure 4.2B).  

Quantification of bacterial load through time did not show a decrease in abundance 

when the mice were given phage in the drinking water (Figure 4.2C). Furthermore, there 

was not a significant difference between the groups receiving heat inactivated versus 

active KL11. These results indicate that the oral administration of KL11 to mono-colonized 

E. lenta does not result in depletion of the strain. 

Using phage to target bacteria in monocultures may not be as effective as targeting 

mixed communities, depending on the bacterial-phage pair (Harcombe & Bull, 2005). To 

determine if phage targeting of E. lenta occurs in the context of a community, we gavaged 
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mice with a mixture of 4 distinct bacterial species, including E. lenta DSM 2243, 

Bacteroides thetaiotaomicron VPI-5482, Clostridium innocuum DSM 1286 and 

Escherichia coli MG1655. For the delivery of phage to mice, we opted for adding it to the 

mice’s drinking water in order for them to receive a consistent dose and extend the 

treatment period (Figure 4.2C). Consistent with our prior experiment, we had two groups: 

one that received active KL11 and another that received heat inactivated KL11. We 

quantified the abundance of the four community members by qPCR. E. coli, another, and 

another were quantified in a multiplex assay. Because E. lenta is maintained at a lower 

abundance, we quantified it in a single-plex. In both experimental and control groups, the 

abundance of the three untargeted strains was maintained throughout the duration of the 

experiment (Figure 4.2D). Quantification of the targeted species, E. lenta, indicated no 

decrease in the group that was receiving active phage through time or when compared 

to the group receiving heat inactivated KL11 (Figure 4.2D). 

We considered different reasons as to why E. lenta abundance was not decreasing 

in our experiments. One possible reason is the emergence of phage resistant bacteria in 

the gut. E. lenta DSM 2243 has an active Type I-C CRISPR-Cas system and we sought 

to investigate if bacteria recovered from mice had acquired spacers against KL11 (Soto-

Perez et al., 2019). We sequenced 9 E. lenta colonies recovered from our first mouse 

experiment, where mono-colonized mice were gavage with phage, and determined there 

was no addition of spacers into the CRISPR array. We cannot exclude the CRISPR-Cas 

system immunity against the phage as a method of resistance based on 9 isolates. It is 

also important to consider that bacteria have other methods of eliminating threats such 

as restriction enzymes and mutation of the phage receptor. 
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We considered the possibility that the phage could be inactivated when passing 

through the GI tract or could be degrading in the drinking water. We were able to quantify 

plaques from mouse pellets, and also tested the ability of the phage to withstand different 

levels of acidity associated with the stomach (Figure 4.2B, Supplemental Figure S10A). 

Furthermore, to test the effect of having phage in the drinking water at room temperature 

for a long period of time, we quantified plaques from water bottles in the laboratory. Phage 

plaques are consistently able to form for two weeks (Supplemental Figure S10B). These 

results indicate that phage viability was not likely the reason why we could not quantify a 

decrease in E. lenta in mice. 

Another reason why the abundance of E. lenta stayed consistent could be the 

prevention of phage and bacterial interactions due to abiotic factors. Physical contact 

between the phage particles and the bacteria are important for the attachment, 

adsorption, and subsequent infection of the bacteria and heterogenous localization of 

these could prevent infection from occurring (Lourenço et al., 2020). 

We also considered the possibility of the targeting of E. lenta to not be efficient due 

to the lack of competition. In both experiments, the phage were targeting a specific strain 

in the absence of a competitor strain that could, potentially, take over the niche the 

sensitive strain would normally occupy. 
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Figure 4.2. E. lenta DSM 2243 can evade phage in the gut of gnotobiotic mice during 
mono-colonization and in a synthetic 4-member community. (A) Timeline of 
gnotobiotic mono-colonization experiment (n = 5 mice per group). Arrows point to when 
phage was gavaged. (B) Quantification of phage plaques (PFUs) in fecal samples from 
the 3 experimental groups: Germ-free + KL11 (white), DSM 2243 + KL11 (gray) and DSM 
2243 + inactivated KL11 (red). (C) Quantification of E. lenta DSM 2243 colonies (CFUs) 
in fecal samples in the 2 groups that were colonized. (D) Timeline for the gnotobiotic 
experiment with the 4-member community (n = 5 mice per group). The bacteria used were 
Bacteroides thetaiotaomicron DSM 2079 (Bacteroidetes), Clostridium innocuum DSM 
1286 (Firmicutes), Escherichia coli MG1655 (Proteobacteria), and E. lenta DSM 2243 
(Actinobacteria). (E) Quantification of E. lenta DSM 2243 for active vs heat-inactivated 
phage groups shows no quantifiable difference between the groups. 
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4.2.3 Variability in phage sensitivity across E. lenta strains 

To test the effect the phage targeting would have when competing E. lenta strains, 

we decided to probe the ability of our phages to infect our strain collection (Bisanz et al., 

2020). We performed cross-streak assays to determine the phenotype of the infection of 

the whole collection (Table 4.1). By testing the ability of the strains to grow in the presence 

of the phage, we uncovered a range of phenotypes that we categorized as sensitive, 

resistant, and intermediate (Figure 4.3, Table 4.1). An example of a fully resistant strain 

is DSM 15644. In our cross-streak assay, this strain was not noticeably affected by the 

presence of phage, demonstrating its natural resistance (Figure 4.3A). Similarly, when 

grown with different concentrations of phage, DSM 15644 grows at a similar rate and to 

a similar carrying capacity than in the absence of phage (Figure 4.3C). In contrast, 

sensitive strains such as DSM 2243, have impaired growth once they encounter phage 

in the cross streaks (Figure 4.3A). This phage sensitivity is also clear when looking at the 

growth curve data. The strain’s growth impaired when there is phage added when 

compared to the no phage control (Figure 4.3C). We also noted that certain strains 

demonstrate an intermediate phenotype, something other groups have described (Moller 

et al., 2021). These strains, such as 1-1-60, are unable to grow in the location in the plate 

where the phage was added but are able to grow, to a certain extent, afterwards (Figure 

4.3A and Figure 4.3B). In the growth curves, these strains exhibit a concentration-

dependent phenotype to phage. For instance, 1-1-60 grows similarly when exposed to a 

low phage titer to when no phage is added (Figure 4.3C). On the contrary, when grown 

with a higher phage titer, it is unable to grow to the same carrying capacity, demonstrating 

sensitivity. 
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Based on these results, we tested the effect of phage KL11 on cultures of two E. 

lenta strains, a naturally phage-resistant strain and a sensitive one (DSM 2243) (Figure 

4.3D). Due to its strong resistance phenotype, we chose to use strain DSM 15644. We 

started separate cultures with each strain at similar abundance to media containing either 

buffer or active KL11 and, after 24 hours, quantified the colony forming units (CFUs) of 

each strain. Quantification of the phage resistant strain DSM 15644 was not different 

between the groups, in accordance with our growth curve and cross-streak data (p = 0.7, 

Mann-Whitney U test, Figure 4.3D). When comparing the CFUs of the strain DSM 2243 

between the group that received KL11 and the group that didn’t, there is a 10-fold non-

significant decrease in colonies in the group that received phage (p = 0.1, Mann-Whitney 

U test, Figure 4.3D). 

To determine if there was a difference when using heat inactivated phage versus 

using SM buffer in the outcome of the experiments, we compared CFUs of E. lenta grown 

in BHI+ media with those of E. lenta grown in media with buffer, media with inactive KL11, 

and media with active KL11 (Figure 4.3E). Quantification of CFU in these 3 conditions 

demonstrated that adding SM Buffer or heat inactivated phage does not cause a decrease 

in E. lenta colonies when compared to the strain grown in rich media. There was a 

significant two-fold increase in CFUs in the group that received inactive KL11 (p = 0.03, 

Dunnett’s multiple comparisons test compared to bacteria only). In contrast, there is a 

non-significant decrease in CFUs when active KL11 is present in the media (p = 0.056, 

Dunnett’s multiple comparisons test compared to bacteria only, Figure 4.3E). 
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Figure 4.3. Strains of E. lenta exhibit natural variation in phage sensitivity. (A) 
Cross-streak image of 3 E. lenta strains (DSM 2243, DSM 15644 and 1-1-60) with phage 
KL11 in the dotted line. (B) Summary of cross-streak results for 10 strains against the 4 
isolated phages. The purple color notes strains that are sensitive (S), turquoise are 
intermediate (I), and yellow are resistant (R). (C) Growth curve data of the same strains 
as in panel A in 3 conditions: no phage (red), low MOI (green), and high MOI (blue). 
Shaded area represents variation in experimental replicates (n = 3 for DSM 15644, n = 4 
for DSM 2243 and 1-1-60). (D) Quantification of each E. lenta strain in a co-culture in the 
absence (red squares) or presence of KL11 (blue circles) after 24 h. Decrease in E. lenta 
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DSM 2243 in the presence of KL11 was non-significant (n = 3, p = 0.1, Mann-Whitney U 
test). (E) Quantification of strain DSM 2243 when grown by itself, with SM buffer (used 
for phage resuspension, p = 0.1 Dunnett’s multiple comparisons test compared to bacteria 
only), inactivated phage (KL11-HK, p = 0.3, Dunnett’s multiple comparisons test 
compared to bacteria only) or active phage (KL11, p = 0.056, Dunnett’s multiple 
comparisons test compared to bacteria only) in the media (n = 3). 
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4.2.4 Phage-sensitive E. lenta maintains competitive fitness in the mouse gut  

Based on our co-culturing experiment results, we decided to test the effect of 

having two competing E. lenta strains in germ-free mice. We colonized mice with the 

phage sensitive (DSM 2243) and phage resistant strain (DSM 15644) and 3 days later 

introduced the phage KL11 in the drinking water (Figure 4.4A). We quantified both 

strains' abundance during the two weeks that the mice were given phage in the drinking 

water and compared the group that received the active versus heat inactivated phage 

(Figure 4.4). We did not detect any significant differences in the abundance of either 

strain in the group that received active phage. Quantification of the phage resistant strain, 

DSM 15644, demonstrated no difference between the two phage groups (p = 0.5662 two 

way ANOVA, Figure 4.4). Furthermore, there was no significant difference in DSM 2243 

between the group that received active versus inactive KL11 (p = 0.7898 two way 

ANOVA, Figure 4.4). These results are consistent with what we have observed before 

(Figure 4.2). The addition of another strain, a phage resistant one, did not have a 

detectable effect on the colonization level of DSM 2243.  
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Figure 4.4. Co-colonization with a phage-resistant strain does not influence 
targeting of E. lenta DSM 2243 by KL11. (A) Experimental timeline begins 3 days after 
E. lenta was introduced into mice and denotes the period of time where phage was in the 
drinking water. (B) Quantification of phage-resistant strain E. lenta DSM 15644 in the 
group that received active phage (n=10, light green circles) and heat inactivated phage 
(n=9, pink squares). The means from each time point are connected by dotted lines. (C) 
Quantification of phage-sensitive strain DSM 2243 through time demonstrates no 
difference between the 2 groups (active phage in green circles versus heat inactive phage 
in pink squares).  
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4.3 Discussion 

In this chapter, we report our efforts into the isolation of novel E. lenta 

bacteriophage and their usage in vivo with the goal of depleting their target host. During 

two separate visits to the San Francisco Wastewater Treatment Plant, we isolated and 

sequenced four highly similar phages: KL11, KL16, PSP1 and PSP2. To assess the ability 

of our phages as tools to target and deplete sensitive E. lenta strains, we turned to a 

gnotobiotic mouse model. For this, we tested mono-colonization, a four-member 

community, and co-colonization with sensitive and resistant E. lenta strains, and delivered 

phage orally or through the drinking water. Through our different attempts, we were 

unable to deplete the targeted E. lenta strain. Our inability to target a phage sensitive 

strain in mice contrasted with the targeting of the same strain in vitro. These results 

emphasize the importance of phage discovery for both biological and therapeutic 

purposes and the need to further understand phage-bacterial dynamics to determine 

whether a phage could be used as a tool.  

While testing why targeting in vivo was not investigated through this work, we 

present several hypotheses as to why we think this could be happening. One of these 

possibilities is the emergence of phage resistant mutants, which has been described in 

the literature as a limitation of phage targeting of bacteria (Duerkop et al., 2016; Maura et 

al., 2012). The isolation and sequencing of putative phage-resistant bacterial colonies 

from mouse intestinal samples will allow us to determine if E. lenta acquires resistance in 

the gut. We have also considered the possibility that the resistance could be due to 

differences in the transcription of genes between the growth of E. lenta in vitro when 

compared to in vivo. Bacteria have developed various and diverse mechanisms to protect 
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themselves from phage infections, and it is important to investigate if E. lenta is employing 

any of these in the gut (Labrie et al., 2010). 

While we only used phage-sensitive strain DSM 2243 in our mouse experiments, 

we found other phage-sensitive strains in our strain collection. To determine our phage’s 

ability to target and deplete E. lenta, all sensitive strains should be tested. It is possible 

that putative genetic differences between sensitive strains, perhaps on defense systems, 

could have an impact on the phage’s ability to successfully infect and lyse the bacterial 

cells. 

Throughout our experiments, we uncovered a phage concentration-dependent 

phenotype in some of our strains. This is similar to a phenotype described in a different 

bacterial species, Staphylococcus aureus (Moller et al., 2021). Further investigation will 

be required to determine what is the cause for this phenotype. It could be due to genetic 

differences between these strains, such as an absence/presence of a gene or sequence 

mutations. 

Our work highlights the importance of the gut virome and the isolation of phages 

that target gut bacteria. Furthermore, we focused on strain-level phenotype differences in 

response to phage in the media, which would need to be further explored when using 

pages as tools to manipulate gut bacterial composition. Our attempts to target bacteria in 

gnotobiotic mice, using a specific bacterial-phage pair, suggests that our phage is not a 

viable tool for manipulation. These results emphasize the importance of isolating and 

studying novel phages and their abilities to infect their target bacteria both in vitro and in 

vivo to determine their efficiency as tools. While perhaps not all phages will be able to 

successfully deplete their target bacteria, isolation of diverse phage species and their use 
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in tandem with each other, as a phage cocktail, might be an alternative for targeting 

(Maura et al., 2012). 

Although research into the gut virome has been consistently expanding through 

the past years, efforts into isolating and understanding the relationship between these 

phages and their hosts still need to be explored. Continued progress on both the field and 

this specific project will be of importance for a better understanding of phage-bacterial 

biology in the gut and the possible use of phages to target and deplete bacteria in the gut.  
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Table 4.1. E. lenta strains phenotype in response to phage exposure. 
 
 Tested phage 

E. lenta Strain KL11 KL16 PSP1 PSP2 

DSM 15644 Resistant Resistant Resistant Resistant 

DSM 2243 Sensitive Sensitive Sensitive Sensitive 

1-1-60 Intermediate Intermediate Sensitive Intermediate 

1-3-56 Intermediate Sensitive Sensitive Sensitive 

11C Resistant Resistant Resistant Resistant 

14A Resistant Resistant Resistant Resistant 

22C Resistant Intermediate Intermediate Intermediate 

28B Intermediate Intermediate Intermediate Intermediate 

DSM 11767 Resistant Resistant Resistant Resistant 

DSM 11863 Sensitive Sensitive Sensitive Sensitive 

DSM 16107 Resistant Resistant Resistant Resistant 

Valencia Intermediate Intermediate Resistant Intermediate 

AN51LG Sensitive  Sensitive Sensitive Sensitive 

MR#12 Intermediate Intermediate Resistant Sensitive 

1-1-60A FAA Resistant Resistant Resistant Sensitive 

32-6-1-6 FAA Resistant Resistant Resistant Resistant 

AB8#2 Intermediate Sensitive Sensitive Sensitive 

AB12#2 Resistant Resistant Resistant Resistant 

CC8/2 BHI 2 Sensitive Sensitive Sensitive Sensitive 

RC4/6F Resistant Resistant Resistant Resistant 

CC7/5 D5 2 Intermediate Sensitive Sensitive Intermediate 

CC8/6 D5 4 Sensitive Sensitive Sensitive Sensitive 
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 Tested phage 

E. lenta Strain KL11 KL16 PSP1 PSP2 

W1 BHI 6 Sensitive Sensitive Sensitive Sensitive 
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4.4 Supplemental Figures 

 
Figure S6. Restriction enzyme digestion of phage genomes reveals 4 patterns of 
banding. (A) Gel image of restriction enzyme digestion of DNA from isolated phages. 
The DNA was digested separately with 2 enzymes (BamHI and HindIII) and we noted four 
patterns of band formation, corresponding to the four distinct phages isolated: PSP1 
(purple), PSP2 (blue), KL11 (green), and KL16 (orange). 
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Figure S7. Annotation of the 4 phage genomes demonstrates the similarity in 
genomic content. (A) Functional annotation of the annotated genes in the 4 phages. 
Each gene is colored by its annotation. (B) Genomes of the 4 isolated phages 
demonstrate that not only the genes are highly conserved but also their position and order 
in the genome. 
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Figure S8. Shared gene content across E. lenta phage isolates. Genes in each of the 
phages are colored by the number of genomes they are found in. If the gene is unique to 
a phage genome (1), it is colored green. Genes shared between 2 phages are in yellow 
and those shared between 3 phages are blue. Genes shared between all 4 phage 
genomes are in pink. 
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Figure S9. Transmission electron microscopy of the 4 isolated E. lenta phages. The 
scale for all four images is 50nm. (A) Image of phage KL11. (B) Image of KL16. (C) Image 
of PSP1. (D) Image of PSP2. 
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Figure S10. Testing the ability of phage to withstand different pH and survival in 
drinking water. (A) Phage survival when incubated for 5 (light purple) or 60 (gray) 
minutes in different pHs compared to SM buffer. Phage was spotted in a bacterial lawn in 
serial 10-fold dilutions and the last dilution with visible plaques was recorded. (B) Phage 
was added to drinking water and kept at room temperature (n = 3). PFUs were quantified 
in days 1, 4, 7 and 14 after the addition of phage to the water.  
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4.5 Materials and Methods 

Culture of Eggerthella lenta. E. lenta was routinely cultured in Brain Heart Infusion (BHI) 

media with supplementation (BHI+ or BHI++). Briefly, the following filter-sterilized 

solutions were added to autoclaved BHI media to a final concentration of: 0.5 mg/ml L-

Cysteine HCl, 5 µg/ml Hemin, 1% L-Arginine, 1 µg/ml Vitamin K, 1 µg/ml Resazurin 

(BHI++) or just 1% L-Arginine (BHI+). Routine broth cultures were grown anaerobically 

by inoculating in up to 5 ml BHI++ and incubating at 37˚C with loosened caps for 

increased gas exchange. The type strain (DSM 2243) used throughout the experiments 

was our lab isolate (UCSF 2243) which contains 30 unique variants in comparison to the 

DSMZ strain (DSMZ 2243) (Bisanz et al., 2020). 

Isolation and purification of phage. Phage were isolated by screening wastewater 

against E. lenta DSM 2243. Samples were collected from a wastewater treatment plant 

in San Francisco, CA. The wastewater was centrifuged to pellet large particulate matter 

and filtered first through a 7 µm Whatman filter and then through 0.2 µm filters. BHI++ 

media was made with either water or wastewater by mixing: 1 mL 10x BHI with 8.2 mL 

water or wastewater, and supplements to a final volume of 10 mLs. The media was 

equilibrated overnight anaerobically. To 5 mL of this media, 100 µl of an overnight culture 

of DSM 2243 was added and incubated overnight at 37˚C anaerobically. The enriched 

cultures were spun and filtered and either 10 µl or 100 µl of the filtrate was used to do 

plaque assays. Plaques were chosen from the plates, streak purified (four rounds), and 

propagated for further studies. Overlays were prepared using BHI mixed with 0.02% 

agarose.  

Phage propagation. For phage propagation, 1 mL of an overnight culture of E. lenta 
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DSM 2243 was spun down and resuspended in 100 µl of BHI+. To this, 10 µl of phage 

was added and incubated anaerobically for 15 minutes to aid adsorption. The bacterial 

and phage mixture was added to 4.5 mLs of BHI 0.2% agarose, briefly mixed by gently 

vortexing, spread on a BHI++ plate, and incubated overnight at 37˚C anaerobically. To 

harvest the phage from the overlay one of two methods was used. In one, 5 mLs of SM 

Buffer were added and allowed to sit for 15 minutes. Afterwards, the overlay was broken 

with a spreader, the volume collected and spun down, and filtered through a 0.45 µm filter 

to recover the phage. In the second, we added 5 mLs of SM Buffer and incubated while 

rocking for 2 hours. After this, the liquid was recovered and filtered through a 0.45 µm 

filter. To determine the titer, plaque assays were done. 

Plaque assays. The titer of the propagated phage was determined by mixing 10 µl of 10-

fold serial dilutions of phage with 100 µl of DSM 2243 (1 mL of an overnight culture of E. 

lenta DSM 2243 was spun down and resuspended in 100 µl of BHI+) and incubating the 

mix anaerobically for 15 minutes to aid adsorption. The mixture was added to 4.5 mLs of 

BHI 0.2% agarose, briefly mixed by gently vortexing, spread on a BHI++ plate, and 

incubated overnight at 37˚C anaerobically. Plaques were counted the next day to 

determine the phage titer. 

Transmission electron microscopy. For electron microscopy images of the phages, a 

previous published protocol was followed (Ackermann, 2009). Briefly, 1 mL of phage 

lysate was centrifuged at 25,000 x g at 4˚C for 1 hour. The supernatant was discarded 

and the pellet was washed with 0.1 M ammonium acetate and centrifuged (25,000 x g at 

4˚C for 1 hour). The wash was repeated and afterwards, the pellet was resuspended in 

0.1 M ammonium acetate. PFUs were quantified from the cleaned and concentrated 
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phage and sent to the Electron Microscopy lab at University of California, Berkeley. For 

transmission electron microscopy, the phages were stained with uranyl acetate (negative 

staining) according to (Ackermann, 2009). 

DNA extraction and genome sequencing. DNA extraction was done following the 

protocol by the Center for Phage Technology using the Wizard DNA Clean-Up Kit 

(Promega A7280) (Phage-DNA-Extraction-Modified-Wizard-Method-07-12-2011.pdf, 

n.d.). Briefly, to 10 mLs of phage lysate, 10 mg/mL of DNAse I and 10mg/mL of RNase 

A was added, gently mixed, and incubated at 37˚C for 30 minutes. To this, 5 mL of 

PEG/NaCl solution was added and afterwards incubated at 4˚C overnight. The 15 mL 

were centrifuged at 10,00 x g for 20 minutes (at 4˚C) and the supernatant was 

decanted. The pellet was resuspended in 5 mM MgSO4, transferred to a clean tube, 

and spun again. After this, the supernatant was transferred to a clean tube, then 

Proteinase K and EDTA were added at 20 mg/mL and 0.5 M respectively. This was 

incubated at 50˚C for 30 minutes, then the Wizard DNA Clean-Up Kit was used. DNA 

was then sent to the Chan Zuckerberg Biohub for library prep and sequencing. 

For the assembly of the genomes, we subsampled (to 2 million reads) the sequencing 

reads using seqtk (Li, n.d.). After this, Fastp was used for quality control of the reads 

and trimming the adapters (Chen et al., 2018). Assembly of the genomes was done 

using SPAdes 3.13.1 (Bankevich et al., 2012). Calculation of average nucleotide identity 

(ANI) was done using pyani (Pritchard et al., 2015). Shared gene content between the 

phages was determined using proteinortho6 (settings used --tblastx+ --singles, min. 

percent identity of best blast alignments was 25, and minimum coverage of best blast 

alignments in percent was 50, (Lechner et al., 2011)). Annotation of the phage genomes 
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was done using 3 different sources: InterProScan, HHpred and RAST (Aziz et al., 2008; 

Brettin et al., 2015; Overbeek et al., 2014; Quevillon et al., 2005; Söding et al., 2005). 

Growth curves. In each well of a 96-well plate 150µl of BHI+ were mixed with 10µl of 

either a 10-fold serial dilution of phage or SM Buffer (insert recipe). After allowing the 

plate to equilibrate in the anaerobic chamber (4-6 hours), 1.5 µl of an overnight culture 

(1:100 dilution) was added per well and mixed thoroughly. OD600 measurements were 

taken every 30 minutes, after vigorous shaking for 15 seconds, for 36 hours (Eon 

microplate reader (BioTek)). 

Cross-streaks. 10 µl of phage were added and allowed to create a line in the center of 

a BHI+ plate. Once the phage dried, the plate was taken into an anaerobic chamber 

where a wooden stick was used to dip into an overnight grown culture of each E. lenta 

strain tested and spread perpendicularly to the phage line. The plates were incubated 

anaerobically for 2 days at 37˚C and then pictures were taken. 

Phage survival experiments. For quantification of phage survival in different acid 

concentrations, different pH solutions (1.2, 2, 3, 4, 5, 6, 7, and 7.7) were prepared using 

citric acid (0.1 M) and sodium phosphate dibasic (0.2 M). The solutions were sterilized 

using a 0.2 µm filter and resazurin and cysteine were added to allow them to equilibrate 

anaerobically. Phage was mixed with the pH solution and sampled 5 and 60 minutes 

afterwards. To quantify the PFUs at a particular time point, serial 10-fold dilutions were 

made and spotted on a DSM 2243 overlay. 

For quantification of phage viability in drinking water, 100 µl of phage was added to 1L 

of autoclaved water. The bottle was gently mixed and left at room temperature. To 
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quantify the phage, 1 mL of the water was taken at different time points. After this, 

plaque assays were done as previously described. 

In vitro phage infections. Overnight strains of E. lenta DSM 15644 and DSM 2243 

were diluted 1:100 into separate 50 mLs of BHI+ in a 250 mL Erlenmeyer flask with or 

without phage KL11 (109 PFU/mL). The flasks were gently swirled and incubated at 

37˚C anaerobically. To quantify the abundance of each strain via CFU counts, 1 mL of 

the culture was sampled, spun down, and washed 2x in saline, then resuspended in 100 

µl saline. 10-fold serial dilutions were made, spread on BHI+ plates, and incubated 

anaerobically at 37˚C for 3 days after which CFUs were counted. For quantification of 

the effect of heat-inactivated KL11 and SM buffer on E. lenta DSM 2243, a 1:100 

dilution of an overnight culture of the strain was added to 50 mLs of BHI+ in a 250 mL 

Erlenmeyer flask. To separate flasks, 1:100 dilutions of active KL11 (109 PFU/mL), 

inactive KL11, or SM buffer were added. Each condition was done in triplicates. To 

quantify the abundance of DSM 2243 via CFU counts, 1 mL of the culture was sampled, 

spun down, and washed 2x in saline, then resuspended in 100 µl saline. 10-fold serial 

dilutions were made, spread on BHI+ plates, and incubated anaerobically at 37˚C for 3 

days after which CFUs were counted. 

Gnotobiotic mouse experiments. Animal procedures were approved by the University 

of California, San Francisco (UCSF) Institutional Animal Care and Use Committee 

(IACUC), and animal experiments performed were in compliance with ethical 

regulations. Germ-free BALB/c mice bred by the UCSF Gnotobiotics Core Facility were 

used for all mouse experiments. The mice were between 8 to 13 weeks of age at the 

start of the experiment. The colonization of the mice was achieved by gavaging each 
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mouse with 200 µl of bacterial mixture. Briefly, E. lenta strains were grown in BHI++ 

media overnight and saved in 15% glycerol. Quantification of the strains was done by 

plating serial dilutions of the culture and incubating anaerobically at 37˚C. For 

experiments with multiple strains, the day of the experiment, the strains were thawed 

and mixed to the same final concentration. The process of phage preparation started 

with propagating KL11 in E. lenta DSM 2243. The lysate was filtered through a 0.45 µm 

filter, 30% of PEG-8000/ 3M NaCl was added (½ of the total volume). The mixture was 

incubated at 4˚C for an hour, then centrifuged (10,000 x g for 10 minutes and 15,000 x g 

for 10 minutes). The precipitated phage was then resuspended in ½ of the original 

volume in SM buffer. For heat inactivation of KL11, phage was added to either a plastic 

tube or glass flask and incubated at a temperature of 75˚C to 95˚C for 3 hours, inverting 

the container every hour. For the addition of phage in the drinking water, the phage was 

diluted 1:10 or 1:50 in autoclaved sterile water. Concentrations of phage used in the 

experiments were 108 PFU/mL and 1011 PFU/mL. During the experiment, fecal pellets 

were collected and frozen at -80˚C. 

DNA extraction and qPCR on mouse fecal samples. Fecal pellets were weighed and 

used for DNA extraction. From 10 to 60 mg of each sample (per mice, per time point) 

were used to follow the protocol as established by ZymoBIOMICS 96 MagBead DNA 

Kit. Briefly, 650 µl of the lysis buffer was added to the sample, then incubated at 65˚C 

for 10 minutes and placed in the bead beater for 5 minutes. After this, 200 µl of the 

mixture was added to a 2-mL 96-well deep-well block and 600 µl of binding buffer and 

25 µl of magnetic beads were added. This was vortexed at 750 rpm for 10 minutes, the 

beads were captured on a magnetic stand and the supernatant was discarded. The 
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beads were washed with 900 µl Wash 1 once and twice with 900 µl Wash 2. After 

aspiration of the supernatant, the plate was spun briefly and dried at 65˚C for >30 

minutes. The DNA was eluted with 100 µl of water and DNA kept at -20˚C. 

For quantification of E. lenta by qPCR, we diluted the DNA 1:10 in water. Mixed 4 µl of 

DNA with 6 µl of the Master Mix, which included SsoAdvanced Universal Probe 

Supermix (bio-rad), water, primers and probe. For detection of E. lenta (all strains), the 

sequences were: FWD GTACAACATGCTCCTTGCGG, REV 

CGAACAGAGGATCGGGATGG and the probe’s sequence was 

[6FAM]TTCTGGCTGCACCGTTCGCGGTCCA[BHQ1]. For quantification of strain DSM 

2243, the sequences were: FWD GAGGCCGTCGATTGGATGAT, REV 

ACCGTAGGCATTGTGGTTGT, and the probe’s sequence was 

[HEX]CGACACGGAGGCCGATGTCG[BHQ1]. For quantification of B. thetaiotamicron 

the primers used were: FWD CTGACAGCAGTACGGAATATC and REV 

GATGTATTGAGCGGAGATGA, and the probe was 

[Cy5]TTACCGGCAGATTTAGGAACCGCC[BHQ3]. For quantification of C. innocuum 

the sequences were: FWD ACCTGTGTATTCGGAGTCA, REV 

GCTCCTCATCAAACGTCAA and the probe’s sequence was 

[TEX]ACGCACTTGTCTTCCCACAAATGC[BHQ2]. For quantification of E. coli the 

sequences used were: FWD CCACGTATGGTTGAGTTTGA, REV 

CTGTATGCCAACTCCAGTATC, and the probe was 

[HEX]AGGCGATGCAAACTCGTGTCTTCC[BHQ1].  
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