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Abstract 1

The recognition that the gut microbiome has a profound influence on human health and disease has spurred 2

efforts to manipulate gut microbial community structure and function. Though various strategies for 3

microbiome engineering have been proposed, methods for phage-based genetic manipulation of resident 4

members of the gut microbiota in vivo are currently lacking. Here, we show that bacteriophage can be used 5

as a vector for delivery of plasmid DNA to bacteria colonizing the gastrointestinal tract, using filamentous 6

phage M13 and Escherichia coli engrafted in the gut microbiota of mice. We employ M13 to deliver 7

CRISPR-Cas9 for sequence-specific targeting of E. coli leading to depletion of one strain of a pair of 8

fluorescently marked isogenic strains competitively colonizing the gut. We further show that when mice are 9

colonized by a single E. coli strain, it is possible for M13-delivered CRISPR-Cas9 to induce genomic 10

deletions that encompass the targeted gene. Our results suggest that rather than being developed for use as 11

an antimicrobial in the gut microbiome, M13-delivered CRISPR-Cas9 may be better suited for targeted 12

genomic deletions in vivo that harness the robust DNA repair response of bacteria. With improved methods 13

to mitigate undesired escape mutations, we envision these strategies may be developed for targeted removal 14

of strains or genes present in the gut microbiome that are detrimental to the host. These results provide a 15

highly adaptable platform for in vivo microbiome engineering using phage and a proof-of-concept for the 16

establishment of phage-based tools for a broader panel of human gut bacteria. 17
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Introduction 18

Broad interest in the influence that the gut microbiome has on host health and disease has led to 19

the development of strategies with which to manipulate the structure and function of 20

host-associated microbial communities. Various approaches for microbiome modification have 21

recently been described, including engrafting bacterial strains in a naive host by providing exclusive 22

nutrient sources in the diet [1,2] or treating with antibiotics [3,4]; introducing transient bacteria as a 23

live therapeutic to complement an absent host metabolic activity [5,6]; and chemically inhibiting 24

microbial pathways active in host disease states [7] or drug-induced toxicity [8]. Bacteria have also 25

been engineered to respond in vivo (within the gut) to dietary compounds and synthetic 26

inducers [9,10], as well as to deliver genetic payloads to diverse members of the gut 27

microbiota [11] or to target multi-drug resistant opportunistic pathogens [12]. Current strategies for 28

microbiome editing, however, either lack species- or strain-level precision or require the 29

introduction of an exogenous bacterium into the host. A valuable and complementary strategy is 30

the genetic manipulation of members of the gut using more specific tools to target bacteria for 31

genome modification in vivo. 32

Although bacterial viruses (bacteriophage or phage) have a long history of use in phage 33

therapy [13–17], these applications have generally focused on the clearance of bacterial pathogens 34

and made use of phages in their native form. In the case of E. coli , the use of coliphages to target 35

the bacterium in the gut of mice suggested that eradication or permanent depletion may be 36

complicated by factors that include the emergence of phage resistance, protective effects of the gut 37

environment that allow phage-sensitive cells to persist, or changes in bacterial physiology that may 38

impact phage infection in vivo [18–21]. An example of the latter are the phase-variable capsules of 39

the gut bacterium Bacteroides thetaiotaomicron that lead to varying phage susceptibilities [22]. 40

More recently, the discovery of CRISPR-Cas (endonuclease-containing systems able to generate 41
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breaks in nucleic acid at targets defined by CRISPR guide sequences) has enabled the 42

engineering of phage programmed to cleave the DNA of pathogens. For example, engineered 43

phage carrying CRISPR-Cas9 have been used in models of infection for sequence-specific 44

targeting of enterohemorrhagic E. coli in moth larvae and antibiotic-resistant Staphylococcus 45

aureus on mouse skin [23–25]. Engineered phage carrying only the CRISPR guide sequences 46

have also been used against pathogenic C. difficile in the mouse gut and function by hijacking the 47

bacterium’s endogenous CRISPR-Cas3 system [26]. The sheer diversity of phages existing in 48

nature, the ease with which they can be isolated against a wide range of bacteria, and their natural 49

abundance [27,28] make them attractive agents to engineer for gene delivery to bacterial cells 50

colonizing the gut. Despite the huge potential of phages in this respect, there is currently a lack of 51

in vivo models with which to study genetically tractable pairs of phages and their bacterial hosts 52

specifically in the context of genetic editing of a commensal microbe within an established 53

host-associated microbial community. Given the complexities and challenges of the mammalian gut 54

environment, the possibility of harnessing phage and CRISPR-Cas9 for gut microbiome editing 55

may be best explored with highly controlled, molecular mechanistic experiments using a 56

reductionist tripartite model system of E. coli , a coliphage, and mouse model [29]. 57

Isolated nearly six decades ago from wastewater [30], M13 is a ssDNA filamentous phage 58

belonging to the Inoviridae family in the ICTV classification of viruses [31] and has an interesting 59

life cycle in which it replicates and releases new virions from the cell without causing lysis [32]. It 60

can infect E. coli and related Enterobacteriaceae carrying the F sex factor that encodes proteins 61

forming the conjugative F pilus (strains designated as F+, F’, or Hfr) [33,34]. M13 has made 62

impressive contributions to the field of molecular biology — from the development of M13-based 63

vectors for cloning, sequencing, and mutagenesis [35–37] to its application in phage 64

display [38,39] — making it a very well characterized phage with excellent resources. In particular, 65
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the development of phagemid vectors that have both a plasmid origin of replication and an origin 66

for packaging by M13 (e.g., ColE1 and f1, respectively) combine the advantages of plasmid DNA 67

manipulation using standard techniques with the ability to easily package recombinant DNA into 68

virions and generate phage preparations of high titer. Furthermore, the recent appreciation that 69

inoviruses are prevalent in nature and have phylogenetically diverse hosts [40] suggests that M13 70

could be a useful model for extending to other bacterial species in the gut. 71

Phage M13 has been used previously in mice; for example, phage-displayed random peptide 72

libraries have been screened in mice to identify “homing” peptides able to target organs or 73

tumours [41–43]. M13 has also been applied by intraperitoneal injection as a bactericidal agent 74

against E. coli by engineering it to deliver constructs that encode toxins lethal to the cell [44] or 75

suppressors of the cellular response to DNA damage to enhance the efficacy of bactericidal 76

antibiotics [45]. Of relevance to the gut microbiome, M13 phage displaying antibody variable 77

fragments against Helicobacter pylori surface antigens have been shown to reduce colonization by 78

the bacterium in the mouse stomach when bacteria are pretreated with phage before oral 79

inoculation [46], and M13 carrying CRISPR-Cas9 have been used as an antimicrobial in a larval 80

model of bacterial infection [23]. However, the use of M13 to deliver genetic constructs to 81

established cells in the complex environment of the mammalian gastrointestinal tract for 82

maintenance in the host has not been demonstrated, nor has its use as phage chassis for delivery 83

of a CRISPR-Cas system to cells residing in the mouse gut. Here, we employ the established 84

streptomycin-treated mouse model to stably engraft E. coli among the microbiota [4,47–49] and 85

demonstrate that M13 can be used to deliver phagemid DNA to E. coli cells in the mouse gut, and 86

further apply this strategy to deliver phagemid vectors carrying CRISPR-Cas9 to manipulate strain 87

composition as well as the genomic content of cells in vivo. 88
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Results 89

Phage M13 can be used to deliver DNA to E. coli in the gut 90

To test whether we could deliver plasmid DNA via M13 to E. coli colonizing the gut, we turned to 91

the existing phagemid pBluescript II [50]. We made use of the bla gene (encoding beta-lactamase) 92

carried on this vector, which confers resistance to beta lactam antibiotics, reasoning that successful 93

delivery to E. coli in the gut could be selected for using a beta-lactam in the drinking water of mice. 94

Previous studies on the fate of orally administered antibiotics in animals showed that the beta 95

lactam antibiotic ampicillin is poorly absorbed in the small intestine leading to the majority of the 96

drug entering the cecum of rats and large intestine of lambs [51,52], that resistant strains could be 97

selected for when the antibiotic was provided [53,54], and that mice will tolerate a concentration of 98

1 mg/ml in the water [55]. We determined that pBluescript II confers in vitro resistance to ampicillin 99

and the semi-synthetic analogue carbenicillin at concentrations exceeding 1 mg/ml while sensitive 100

strains displayed growth inhibition at concentrations 1 to 2 orders of magnitude lower (Figure S1). 101

To determine whether a resistant subpopulation could be selected for in the gut using a beta-lactam 102

antibiotic in the water, we turned to the streptomycin-treated mouse model; although streptomycin 103

treatment decreases bacterial diversity (Figure S2), it remains a useful model for experimentation 104

with E. coli in the mammalian gut. We put mice on water containing streptomycin to prepare for 105

colonization, and subsequently introduced a SmR E. coli population that was a mixture of 99.9% 106

AmpS (no plasmid) and 0.1% AmpR cells (pBluescript II); mice were then split into 2 groups and 107

maintained on water containing only streptomycin (5 mg/ml) or streptomycin and ampicillin 108

(5 mg/ml and 1 mg/ml, respectively) (Figure 1a). We tracked both total E. coli and AmpR E. coli in 109

mouse feces for 8 days. At 6 hours post-E. coli introduction, the percentage of AmpR E. coli in the 110

feces of all mice was at or close to 0.1%, consistent with the gavaged mixture transiting through the 111
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gastrointestinal (GI) tract. Within 1 to 2 days, however, mice on water containing ampicillin 112

exhibited an increase in the percent of AmpR E. coli by 3 orders of magnitude, reaching complete 113

or near complete colonization by AmpR cells, whereas the AmpR subpopulation was lost in mice 114

treated with water containing only streptomycin (Figure 1a). These results demonstrate that a beta 115

lactam antibiotic can be used in the drinking water to select for resistant E. coli in combination with 116

the streptomycin model without impacting overall E. coli colonization levels, which are very 117

reproducible in this system averaging 109–1010 CFU per gram feces (Figure 1a). 118

After confirming that beta lactam-resistant E. coli could be selected for using antibiotic in the 119

drinking water, we next wanted to determine how effective beta lactam selection was against a 120

sensitive population of E. coli— that is, whether selection could eradicate E. coli that had 121

established stable colonization in the mouse gut. A previous study found that a single high dose of 122

ampicillin effected a decrease in the resident sensitive E. coli from 108–109 to 105–106 CFU per 123

gram feces [52] while another study reported the emergence of spontaneous resistant mutants of 124

E. coli under ampicillin selection in vivo [56]. Because either of these two scenarios — a high 125

background of sensitive cells or the emergence of spontaneous resistant mutants — could 126

potentially hinder our strategy of using phage to deliver constructs to cells in the gut, we asked 127

whether they could occur in our system. To determine the effectiveness of beta lactam selection 128

against sensitive E. coli , we colonized mice with two different SmR strains (E. coli MG1655 and 129

W1655 F+) and tracked colonization levels during treatment with the beta lactam antibiotic 130

carbenicillin in an alternating exposure regimen lasting 17 days (Figure 1b); carbenicillin was used 131

here and all subsequent experiments for its increased stability over ampicillin. When colonized 132

mice were introduced to carbenicillin (1 mg/ml) in the drinking water, E. coli levels dropped 6 to 7 133

orders of magnitude from 109–1010 to 103–104 CFU per gram feces in the first day, and levels 134

decreased to below the limit of detection (approximately 102 CFU per gram) over the course of 135
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Figure 1. M13 phage can deliver a plasmid-borne antibiotic resistance gene to E. coli cells in the mouse gut

using the streptomycin treatment model for engrafting E. coli in mice. (a) A resistant subpopulation of E. coli can

be selected for in the gut when a beta lactam antibiotic is provided in the drinking water. Mice were orally gavaged

with a mixture of SmR E. coli MG1655 containing 99.9% AmpS cells and 0.1% AmpR cells (AmpR conferred by the

plasmid pBluescript II). Mice were then started on water containing only streptomycin (n = 5) or water containing both

streptomycin and ampicillin (n = 6). Percent AmpR and total E. coli in mouse fecal pellets were determined on MacConkey

agar with antibiotic selection. (b) A sensitive E. coli population is unable to maintain colonization in the gut when the

beta lactam antibiotic carbenicillin is provided in the water. Mice were colonized with either SmR MG1655 or SmR W1655

F+ (n = 3 per strain) using streptomycin in the water. Carbenicillin was added to the water on Day 0, removed on Day 7,

and added again on Day 13. SmR CFU per gram feces was determined on MacConkey agar with antibiotic selection.

(c) M13 phage carrying pBluescript II can infect F+ E. coli in the gut. Mice were split into three experimental groups:

(1) colonized with SmR W1655 F− and dosed with live M13(pBluescript II) (n = 3); (2) colonized with SmR W1655 F+

and dosed with heat-inactivated phage; (3) colonized with SmR W1655 F+ and dosed with live phage (n = 4). Colonized

mice were treated with 1014 phage on Day 0 and carbenicillin was added to the water. CFU per gram feces (black) and

percent CarbR (red) were determined on MacConkey agar with antibiotic selection. (d) M13-based delivery of antibiotic

resistance gene is phage dose-dependent. M13(pBluescript II) was ten-fold serially diluted from 1014 to 107. Mice

(n = 24) were gavaged with a single dilution on Day 0 and carbenicillin was added to the water. On Day 2, CarbR CFU

per gram feces was determined on MacConkey agar with antibiotic selection. Sm, streptomycin; Amp, ampicillin; Carb,

carbenicillin; dashed line, limit of detection for CFU per gram feces.
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treatment (Figure 1b). When selection was lifted on Day 7, recolonization was observed for 5 of the 136

6 mice; when carbenicillin was again introduced on Day 13, colonization again dropped 137

dramatically following dynamics similar to the first exposure. The very low background E. coli in the 138

gut during carbenicillin treatment, as well as the lack of emergent spontaneous resistant cells able 139

to recolonize during either the first or second antibiotic exposure, indicates that using a beta-lactam 140

antibiotic in the drinking water is a very effective means of selection in our setup. 141

With an understanding of the dynamics of antibiotic selection in vivo, we next pursued the 142

phage-mediated delivery of a resistance gene. Reports in the literature suggested that while M13 143

can withstand low pH [57], it may not fare so well in gastric juice [58]. We reasoned that we may be 144

able to overcome this potential obstacle by relying on our selective power — that is, even if phage 145

viability and frequency of infection events were low, the ability to apply selection for infected cells 146

would give us an strong advantage for detection. To deliver a CarbR gene to E. coli in the gut, we 147

first generated M13 phage carrying pBluescript II using established methods for helper-mediated 148

packaging of phagemid DNA. Next, we colonized mice with either SmR E. coli W1655 F+ (M13S) or 149

W1655 F− (M13R as a control) and subsequently dosed them with either live phage or a 150

heat-inactivated preparation of the same phage (Figure 1c). After dosing the mice with 151

approximately 1014 M13 phage carrying CarbR, we immediately transferred them to water 152

containing carbenicillin, and then tracked both total E. coli and CarbR E. coli in the feces for 7 days. 153

Colonization levels fell rapidly and stayed near or below the limit of detection in control mice that 154

were either colonized with F− and given live phage or colonized with F+ but given heat-inactivated 155

phage; in contrast, when mice were colonized with F+ and dosed with live phage, there was only a 156

transient drop in colonization on the first day, during which the rise of CarbR cells occurred, and 157

colonization was re-established within one day by an E. coli population that was resistant to 158

carbenicillin (Figure 1c). These results show that orally dosed M13 phage were indeed able to 159

Lam et al., 2020 8 of 60

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 9, 2020. ; https://doi.org/10.1101/2020.07.09.193847doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.09.193847
http://creativecommons.org/licenses/by-nc-nd/4.0/


infect E. coli in the GI tract and deliver a plasmid conferring resistance to carbenicillin. 160

We confirmed these results in an independent animal experiment in which mice were colonized by 161

SmR E. coli W1655 F+ and orally dosed with ten-fold serial dilutions of phage carrying CarbR, from 162

1014 phage down to 107 phage (n = 2 or 3 per dose). We found that colonization by CarbR E. coli 163

was consistent across high phage doses (1014 and 1013) but variable at lower doses (1012 to 109), 164

suggesting that factors other than number of phage introduced into the mouse can impact 165

colonization outcome (Figure 1d). We confirmed that resistance to carbenicillin was indeed due to 166

M13-mediated transfer of the plasmid pBluescript II by extracting plasmid DNA from fecal CarbR
167

E. coli isolates from the 11 mice that were successfully colonized; comparison of 168

restriction-digested plasmid DNA to linearized pBluescript II confirmed that isolates from all 11 169

mice carried plasmid DNA of the expected size (Figure S3). These results show that plasmid DNA 170

was indeed transferred from M13 phage particles into recipient E. coli colonizing the GI tract. 171

M13 carrying CRISPR-Cas9 can target E. coli in vitro 172

We next asked whether M13 could be used to deliver vectors that carry CRISPR-Cas9 for 173

sequence-specific targeting of E. coli . We first generated two fluorescently marked isogenic 174

derivatives of SmR W1655 F+ using the mcherry or the sfgfp marker gene, with the goal of using 175

CRISPR-Cas9 to target the latter. We next constructed M13-compatible non-targeting (NT) and 176

GFP-targeting (GFPT) CRISPR-Cas9 vectors by cloning the spacers sequences, bla gene, and f1 177

origin of replication into the previously described low-copy vector pCas9 [59], generating 178

pCas9-NT-f1A/B and pCas9-GFPT-f1A/B (Figure S4). The bla and f1 ori were cloned as a fragment 179

from pBluescript II in both possible orientations (A or B) to make possible M13 ssDNA packaging of 180

either strand of vector DNA, a feature determined by the orientation of the f1 ori . We packaged 181

these phagemids into M13 using a helper strain and called resulting phage NT M13 or GFPT M13. 182

The phage were used to infect the GFP- or mCherry-marked strains and cells were diluted and 183
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spotted on solid media containing carbenicillin to select for the transferred phagemid. We found 184

that GFP-marked E. coli infected with GFPT M13 exhibited impaired colony growth relative to the 185

NT M13 control (Figure 2a and Figure S5). Interestingly, we did not observe a large decrease in 186

the total number of CFUs indicating that despite impaired growth, M13-delivered CRISPR-Cas9 187

could be overcome by mechanisms enabling cell survival under targeting conditions. 188

Given that GFP-marked cells could withstand GFPT M13, we next focused on survivors to examine 189

possible means of escaping CRISPR-Cas9. We subjected colonies arising from infection with NT 190

M13 or GFPT M13 (Figure 2a) to streak purification and observed that of 16 clones from the GFPT 191

set, 11 lost GFP fluorescence while 5 maintained fluorescence (Figure 2b). We isolated genomic 192

DNA from these 16 clones, as well as 4 clones from the NT control, and used PCR to verify 193

presence or absence of the sfgfp gene. As expected, all 4 NT clones as well as the 5 GFPT clones 194

that retained GFP fluorescence possessed the sfgfp gene; analysis of the CRISPR-Cas9 195

phagemid revealed that of these latter 5 clones, 4 had lost the targeting spacer (Figure S6). In 196

contrast, the 11 non-fluorescent clones retained the spacer (Figure S6) and appeared to have 197

chromosomal deletions of or encompassing the target gene, with 10 being negative for a PCR 198

product (Figure 2c) and 1 exhibiting a partial loss of the coding sequence that includes the site 199

targeted by Cas9 under GFPT conditions (Figure S7). These data suggest that in most cases, 200

escape from CRISPR-Cas9 by target site mutation is accompanied by gene loss and are consistent 201

with previous work showing that chromosomal cleavage by Cas9 in E. coli can be repaired by 202

homologous recombination leading to large deletions up to 35 kb [60]. 203

Although it was possible for GFP-marked cells to overcome CRISPR-Cas9, we wanted to take 204

advantage of the growth defect of cells under targeting conditions; that is, because GFP-marked 205

E. coli showed impaired growth visible in colony morphology, we next asked if GFPT M13 infection 206

of a co-culture of GFP-marked and mCherry-marked strains would lead to the the former being 207
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Figure 2. M13-mediated delivery of CRISPR-Cas9 to E. coli cells in vitro causes impaired colony growth and

can induce chromosomal deletions that encompass the targeted gene. (a) GFP-marked E. coli exhibit a sick colony

morphology after infection with M13 phage carrying GFP-targeting CRISPR-Cas9. M13 phage with non-targeting (NT) or

GFP-targeting (GFPT) CRISPR-Cas9 were used to infect SmR F+ GFP-marked E. coli or mCherry-marked E. coli as a

negative control. Cells were incubated with phage for infection then serially diluted and spotted onto media with selection

for the CRISPR-Cas9 vector. Designation of f1A or f1B indicates the DNA strand of the vector in M13 phage, dependent

on the orientation in which the f1-bla fragment was cloned. (b) CRISPR-Cas9 targeting the GFP gene can induce loss of

fluorescence. Colonies arising from infection with M13 phage carrying either NT or GFPT CRISPR-Cas9 were subjected

to several rounds of streak purification on selective media to ensure phenotypic homogeneity and clonality. The majority

(11/16) of GFP-targeted streak purified clones lost GFP fluorescence. (c) Clones exhibiting a loss of fluorescence due to

GFPT CRISPR-Cas9 have chromosomal deletions of or encompassing the targeted gene. Genomic DNA was isolated

from streak-purified clones and PCR was used to determine whether the GFP gene was present; PCR for the 16S rRNA

gene was performed as a positive control.
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outcompeted. We started co-cultures of the two strains, adding either NT M13 or GFPT M13 208

followed by carbenicillin to select for phage infection of cells; we sampled the co-cultures every 4 h 209

over a period of 24 h by washing, diluting, and spotting cells onto non-selective solid media to 210

assess the relative abundance of the two strains. We found that GFPT M13 led to fewer 211

GFP-fluorescent colonies at 4 h and onwards, relative to the NT M13 control (Figure 3a). However, 212

we observed that at the later timepoints (16, 20, and 24 h), healthy GFP fluorescent colonies arose 213

at dilutions in which they were growth-impaired at earlier timepoints. We asked whether unimpaired 214

growth of the GFP-marked strain at these later timepoints could be due to enzymatic inactivation of 215

carbenicillin in the culture thereby relaxing the selection for the phagemid over time. We tested the 216

supernatant for carbenicillin using a bioassay with the indicator organism Bacillus subtilis 168 and 217

found that the vast majority of the antibiotic was not detected in cultures after 4 h whereas it was 218

detected at all timepoints in the sterile control (Figure 3b); furthermore, these GFP fluorescent 219

colonies were largely absent when the same co-culture was spotted onto media containing 220

carbenicillin (Figure S8), indicating that the recovery of GFP+ cells at later timepoints in the 221

co-culture could be due to lack of selection leading to loss of the phagemid carrying GFPT 222

CRISPR-Cas9. 223

To more quantitatively assess the abundance of the two fluorescent strains in competition after 224

infecting with NT or GFPT M13 phage, we turned to flow cytometry. We repeated the co-culturing 225

experiment in triplicate and quantified GFP+ and mCherry+ events 8 h after adding phage and 226

carbenicillin to select for phage infection. Compared to the NT control, the co-culture infected with 227

GFPT M13 exhibited both fewer GFP+ events (34% versus 62% for NT control; Figure 3c) as well 228

as a shift in the distribution of GFP+ events towards lower fluorescence leading to a bimodal 229

distribution (peak intensities of 44654 and 8943 versus a single peak of 31441 for the NT control; 230

Figure 3d). Interestingly, the relative abundance of GFP+ was higher than would be expected from 231
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Figure 3. M13-delivered CRISPR-Cas9 for sequence-specific targeting of E. coli in in vitro co-cultures of fluo-

rescently marked isogenic strains. (a) M13-delivered GFPT CRISPR-Cas9 leads to reduced competitive fitness of

the GFP-marked strain. A co-culture of SmR F+ sfgfp and SmR F+ mcherry was incubated with M13 phage carrying

non-targeting (NT) or GFP-targeting (GFPT) CRISPR-Cas9 at a starting MOI of approximately 500. Carbenicillin was

added to a final concentration of 100 µg/µl to select for phage infection. Co-cultures were sampled every 4 hours over 24

hours; cells were washed, serially diluted, and spotted onto non-selective media to assess targeting of the GFP-marked

strain. (b) Carbenicillin in culture supernatants was not detectable within 4 hours of growth, using a carbenicillin bioassay

against indicator strain Bacillus subtilis 168; bioassay detection limit approximately 2.5 µg/µl. (c) Flow cytometry of

co-cultures 8 hours following the addition of phage and carbenicillin show reduced GFP+ events in the GFPT versus

NT condition. Flow plot shows data from one of three replicates. Inset: bar graph quantifying percent GFP+ and

mCherry+ events for three replicates (left); plating results for a single replicate on non-selective media (right). (d) GFPT

CRISPR-Cas9 changes the shape of the distribution of GFP+ population. Histogram of mCherry+ and GFP+ events by

intensity shows that a proportion of GFP+ cells in the GFPT condition have shifted to a state of lower fluorescence. Bars

indicate mean of three replicates; connected points are individual replicates.
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plating results of the same co-cultures at 8 h (Figure 3c inset), indicating that GFP+ cells may be 232

able to survive in liquid media under targeting conditions but be unable to form colonies on solid 233

media. To confirm these results, we repeated flow cytometry on the co-cultures at 8 h and 24 h, 234

finding that GFP+ events further decreased at 24 h in the GFPT condition (17% versus 63% for NT; 235

Figure S9). Although there was a discrepancy between the flow cytometry and the plating results 236

likely due to differences in survival in liquid versus on solid media, both methods demonstrated that 237

M13 phage delivering GFP-targeting CRISPR-Cas9 can impair the GFP-marked strain. Given 238

these results in vitro, we next wanted to determine if GFPT M13 could be used to selectively target 239

E. coli in vivo. 240

Sequence-specific depletion of E. coli in vivo using M13-delivered CRISPR-Cas9 241

Because the mCherry-marked strain could outcompete the GFP-marked strain under targeting 242

conditions with GFPT M13, we next asked whether this was also true in vivo. To answer this 243

question, we returned to the streptomycin-treated mouse model. We introduced both SmR F+ sfgfp 244

and SmR F+ mcherry strains into mice, then orally dosed them with either 1011 NT M13 or GFPT 245

M13 and added carbenicillin in the water to select for phage infection; after one week of 246

carbenicillin treatment, we removed it from the water and followed mice for an additional week to 247

determine whether phage-induced changes would persist in the absence of maintaining selection 248

(Figure 4a). We collected and assayed fecal samples using flow cytometry from 5 different 249

timepoints: Day -3, before introduction of fluorescent E. coli strains; Day 0, at which both strains 250

are present; Day 2, after phage and carbenicillin have been applied; Day 7, after one week of 251

carbenicillin treatment; and Day 14, one week after carbenicillin was removed (Figure 4b shows 252

example time series flow cytometry data for one mouse from each of the NT and GFPT group; all 253

data are shown in Figure S10). 254
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Figure 4. M13-delivered CRISPR-Cas9 for sequence-specific depletion of E. coli in the gut of mice colonized

by competing fluorescently marked isogenic strains. (a) Experimental timeline: Day -3, mice were colonized with

an approximately 50/50 mixture of SmR F+ sfgfp and mcherry using the streptomycin treatment model; Day 0, mice

were dosed with 1011 M13 phage carrying non-targeting (NT) or GFP-targeting (GFPT) CRISPR-Cas9 (n = 10 per group)

and carbenicillin was added to the drinking water; Day 7, carbenicillin was removed from the drinking water; Day 14,

experimental endpoint. Fecal samples were collected throughout for analysis. (b) M13-delivered GFPT CRISPR-Cas9

can lead to loss of the GFP-marked strain. Time series flow plots of fecal samples for select mice, one from each of

the NT and GFPT groups. Top right: total number of events as well as number of red and green events. (c) Mice in

the GFP-targeting group exhibited a decrease in the number of GFP+ events in fecal samples over time compared

to the non-targeting control group. For each mouse, GFP+ and mCherry+ events from Day -3 (before introduction of

E. coli) were used to subtract background at all subsequent timepoints; timepoints were excluded in which both the GFP+

and the mCherry+ events were below a background threshold of maximum background observed for that fluorophore

multiplied by a factor of three. Line graph: points indicate median; vertical lines indicate range of values observed.

(d) Mice in the GFPT group exhibited depletion and even loss of the GFP-marked strain. Percent GFP+ and mCherry+

events for each mouse on Day 14. Mice were excluded if both the GFP+ and mCherry+ events were both below their

respective background thresholds. (e) A significant difference was observed in the distribution of mice in the GFPT group

versus NT control with respect to GFP+ events in fecal samples at Day 14. Bars are medians; p-value, Mann-Whitney

test. Sm, streptomycin; Carb, carbenicillin.
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For each mouse, we tracked GFP+ and mCherry+ events, using data from Day -3 (prior to E. coli) 255

to subtract background positive events for both fluorophores, on a per mouse basis. We found that 256

on average, while the GFP-marked strain appeared to fair better in vivo than the mCherry strain 257

under NT conditions, GFP+ events under GFPT conditions exhibited a sharp decrease on Day 2, 258

with some mice exhibiting levels at or near background; this was followed by a slight recovery on 259

Days 7 and 14 but to levels markedly below those in the NT control (Figure 4c; individual mouse 260

data are shown in Figure S11). We confirmed the large decrease in GFP+ events on Day 2 by 261

culturing from mouse fecal samples, finding that culturing results were consistent with flow 262

cytometry data (Figure S12). 263

At the final timepoint, 14 days after receiving phage, the relative abundance of GFP+ events in the 264

fecal samples of mice in the GFPT group was significantly different than the NT group (p = 2.5e−4, 265

Mann-Whitney test); furthermore, in 4 mice that received GFPT M13, the GFP-marked strain was 266

successfully outcompeted by the mCherry strain and GFP+ events were not detected above 267

background levels, an outcome that was not observed for any mouse in the NT condition (Figure 4d 268

and e). In fact, for mice receiving NT M13, the opposite tended to be true: we observed that the 269

relative abundance of GFP+ events was much higher on average than mCherry+ events (median 270

99% GFP+ for NT). These in vivo competition data indicate that it is possible to use M13 phage 271

carrying CRISPR-Cas9 for sequence-specific depletion of an otherwise isogenic bacterial strain in 272

the mouse gut. 273

M13-delivered CRISPR-Cas9 can induce chromosomal deletions in vivo 274

With positive results for strain-specific targeting using CRISPR-Cas9 against one of two strains 275

both in vitro and in vivo, we next returned to the idea of using GFPT M13 against only a single 276

strain of E. coli in the gut. That is, would it be possible to select for cells that have escaped 277

CRISPR-Cas9 targeting through genomic deletion events in vivo, as was observed in vitro 278
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(Figure 2c)? To answer this question, we first constructed a double-marked SmR F+ sfgfp mcherry 279

strain so that we could use flow cytometry to visualize loss of GFP fluorescence in mouse fecal 280

samples, reasoning that double-positive events would shift to singly mCherry-positive events if the 281

targeted sfgfp gene were to be lost. Following a similar regimen as the in vivo competition 282

experiment (Figure 4a), we introduced the double-marked GFP+ mCherry+ strain into mice, then 283

orally dosed them with either 1011 NT M13 or GFPT M13 and added carbenicillin in the water; after 284

one week, we removed carbenicillin and followed mice for another week (Figure 5a). 285

Again, we collected and assayed fecal samples using flow cytometry from 5 different timepoints: 286

Day -5, before introduction of fluorescent E. coli ; Day 0, when the strain is present; Day 2, after 287

phage and carbenicillin have been applied; Day 7, after one week of carbenicillin treatment; and 288

Day 14, one week after carbenicillin was removed. For each mouse, we used fluorescence levels 289

on Day -5 (pre-E. coli) to account for background GFP+ mCherry+ events and those on Day 0 290

(pre-phage) to account for background mCherry+ events. After phage treatment, we observed the 291

emergence of singly positive mCherry+ events in a subset of the mice given GFPT M13, an 292

outcome that was not observed for the NT control, indicating cells had lost GFP fluorescence in 293

vivo (Figure 5b shows example time series flow cytometry data for one mouse from each of the NT 294

and GFPT group; all data are shown in Figure S13). 295

We tracked fluorescent events over time (Figure S14a) and found that by the final timepoint, 296

mCherry+ events were detected in the fecal samples of 3 of 8 mice that remained positive for either 297

singly or doubly positive events over background, with the relative abundance of the mCherry+ 298

population being highly variable at 12%, 49%, and 96% (Figure 5c). We confirmed these outcomes 299

by culturing from GFPT mouse fecal samples on Day 14, finding presence of red fluorescent 300

colonies in proportions consistent with flow cytometry results (Figure 5d and Figure S14b). These 301

data indicate that while it is possible for CRISPR-Cas9-induced genomic deletion events to occur in 302
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Figure 5. M13-delivered CRISPR-Cas9 can induce chromosomal deletions encompassing the targeted gene in

E. coli colonizing the mouse gut. (a) Experimental timeline: Day -5, mice were colonized with double-marked SmR

F+ sfgfp mcherry using the streptomycin treatment model; Day 0, mice were dosed with 1011 M13 phage carrying

non-targeting (NT) or GFP-targeting (GFPT) CRISPR-Cas9 (n = 10 per group) and carbenicillin was added to the drinking

water; Day 7, carbenicillin was removed from the drinking water; Day 14, experimental endpoint. Fecal samples were

collected throughout for analysis. (b) M13-delivered GFPT CRISPR-Cas9 can cause loss of GFP fluorescence in

double-marked E. coli . Time series flow plots of fecal samples for select mice, one from each of the NT and GFPT

groups. Top right: total number of events; bottom right: singly mCherry+ events and doubly GFP+ mCherry+ events.

(c) Fecal samples of three of eight mice in the GFPT group were positive for mCherry-only fluorescence on Day 14.

Percent GFP+ mCherry+ and mCherry+ only events for each mouse. Mice were excluded if both populations were below

a background threshold of maximum background observed for that population multiplied by a factor of three. Dashed line

indicates maximum mCherry fluorescence observed for the NT group. (d) Culture of E. coli from fecal samples of the

GFPT group on Day 14 confirmed loss of GFP leading to red rather than dual fluorescence. Colonies exhibiting only

red fluorescence were observed for Mouse 13, 14, and 18 in proportions consistent with flow cytometry results. Sm,

streptomycin; Carb, carbenicillin.
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vivo, resultant deletion strains may or may not outcompete the parent strain. Furthermore, 5 of 8 303

mice in the GFPT group remained colonized by only the double-marked strain, suggesting that 304

escape from CRISPR-Cas9 targeting through chromosomal deletion events may be a more 305

improbable outcome than escape via mutations that inactivate the CRISPR-Cas9 system. Because 306

spacer loss via plasmid recombination is a common mode of escape, we isolated singly (red) and 307

doubly (yellow) fluorescent E. coli from feces of mice on Day 2 and extracted plasmid DNA to ask 308

whether phagemids still carried the expected spacer. All fluorescent yellow isolates from NT mice 309

had the expected spacer, as well as all fluorescent red isolates from GFPT mice; however, 310

phagemid DNA isolated from fluorescent yellow isolates from the GFPT mice had all undergone 311

recombination events, with 4 of 5 confirmed to have recombined only within the CRISPR array 312

leading to loss of the spacer targeting the sfgfp gene (Figure S15). 313

Discussion 314

In this work, we use phage M13 and its host E. coli to demonstrate that bacterial viruses can be 315

used for gene delivery to bacterial cells that are colonizing the gut. Specifically, in a series of highly 316

controlled experiments using a standard phagemid vector, we show that M13 can infect and 317

transfer the vector to E. coli engrafted in the gut of mice. We then construct phagemid vectors 318

carrying CRISPR-Cas9 and use M13 as chassis to deliver these constructs to E. coli . Using strain 319

competition in the gut, we first show that CRISPR-Cas9 targeting is sequence-specific and able to 320

selectively decrease the abundance of the targeted strain. Second, in the absence of competition 321

with a non-targeted strain, we show that M13-delivered CRISPR-Cas9 can generate loss of the 322

target gene in vivo through homologous recombination, indicating that CRISPR-Cas9 can be 323

employed to remove genes from bacteria while still enabling cell survival. 324
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Development of CRISPR-Cas9 to target bacteria in the gut requires careful consideration of the 325

mechanisms by which cells may escape killing. Although the use of M13-delivered CRISPR-Cas9 326

as an antimicrobial has been proposed [23], bacterial cells have been shown to be able to survive 327

Cas9-induced double-stranded breaks by homologous recombination or non-homologous 328

end-joining mechanisms [60]. In particular, RecA-mediated homology-directed repair is a highly 329

conserved and robust response wherein induced cells may find a repair template sharing homology 330

within minutes [61]. That targeted strains can readily escape killing suggests that rather than being 331

used as an antimicrobial in the gut, phage-delivered CRISPR-Cas9 may instead be well suited for 332

gut microbiome editing in the form of targeted genomic deletions, leveraging the conserved DNA 333

repair pathways present in bacteria. One advantage of this approach is that specific genes could 334

be targeted for removal from the gut microbiome whilst the community as a whole remains more 335

intact than if the organism were to be removed entirely. This idea is consistent with previous use of 336

CRISPR-Cas9 to target plasmid rather than chromosomal DNA [23,24,62]. An alternative to Cas9 337

would be to use CRISPR-Cas3 systems in which the larger DNA lesions may be more difficult to 338

repair [63], although spacer loss leading to escape by C. difficile in the mouse gut has also been 339

reported [26]. Likely irrespective of the particular system chosen for deployment in vivo, gut 340

microbiome editing will require iterative improvements on the design of delivered CRISPR-Cas 341

constructs to try to mitigate mutations that render the system inactive, or to decrease the 342

probability of these events relative to either killing or gene loss events, the probability of which may 343

also be locus-dependent. 344

Here, we demonstrate that filamentous phage can be used to deliver genetic cargo to bacterial 345

cells in the mouse gut using CRISPR-Cas9 as proof-of-concept, but there are many potential 346

applications for gene delivery to commensal bacteria. Furthermore, although we use phage in 347

combination with an antibiotic treatment, alternative (i.e., non-antibiotic) strategies to select for or 348
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enrich for cells that have been infected in the gut would be immensely useful to minimize large 349

disruptions to the existing gut microbiota. Issues including phage survival, phage infection 350

frequency, and selection for cells that have been infected by phage may be influenced by the 351

choice of phage chassis, target bacterium, and cargo design. These factors will have to be well 352

understood if the potential of phage-based gene delivery to the microbiota is to be fully realized. 353

Foundational, reductionist, and highly controlled studies such as ours will be valuable not only to 354

establish in vivo models with which to study specific phage-bacteria interactions but also to assess 355

the feasibility, utility, and possible limitations of phage-based gene delivery, particularly as the 356

microbiome research community aspires to the genetic manipulation of diverse bacterial members 357

of the gut microbiota and turns to phage as potential tools for in vivo microbiome editing. 358
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Methods 393

Bacterial strains, plasmids, phage, and oligonucleotides. Strains, plasmids, and phage used 394

in this study, including description and sources, are provided in Table 1. Oligonucleotides used in 395

this study are provided in Table 2. 396

Table 1. Bacterial strains, plasmids, and phage.

Resource Relevant Characteristics Ref./Source

Strain

XL1-Blue MRF’ Phage propagation with helper M13KO7; TcR Agilent

DH5alpha Routine cloning; phage propagation with helper HP4 M13 [64]

MG1655 Derivative of K-12 [65]

W1655 F− Derivative of K-12; M13R ATCC 23737

W1655 F+ Derivative of K-12; M13S ATCC 23590

MG1655 rpsL-SmR Spontaneous rpsL-SmR (Lys42Arg) derivative of MG1655 This study

W1655 F− rpsL-SmR Recombineered rpsL-SmR (Lys42Arg) derivative of W1655 F− This study

W1655 F+ rpsL-SmR Recombineered rpsL-SmR (Lys42Arg) derivative of W1655 F+ This study

AV01::pAV01 MG1655 with constitutive sfgfp clonetegrated at HK022 att site; KmR [66]

AV01::pAV02 MG1655 with constitutive mcherry clonetegrated at lambda att site; KmR [66]

W1655 F+ rpsL-SmR sfgfp SmR W1655 F+ with sfgfp transduced from AV01::pAV01; KmS This study

W1655 F+ rpsL-SmR mcherry SmR W1655 F+ with mcherry transduced from AV01::pAV02; KmS This study

W1655 F+ rpsL-SmR sfgfp mcherry SmR W1655 F+ sfgfp with mcherry transduced from AV01::pAV02; KmS This study

Plasmid

pBluescript II KS(-) Commercial phagemid; CarbR Agilent

pSIJ8 Temperature-sensitive; lambda Red recombineering; CarbR [67]

pE-FLP Temperature sensitive; constitutive flippase expression; CarbR [68]

pCas9 Low-copy vector carrying cas9, tracrRNA, and CRISPR array; CmR [59]

pCas9-NT-f1A pCas9 with non-targeting spacer; f1-bla in orientation A; CmR CarbR This study

pCas9-NT-f1B pCas9 with non-targeting spacer; f1-bla in orientation B; CmR CarbR This study

pCas9-GFPT-f1A pCas9 with GFP-targeting spacer; f1-bla in orientation A; CmR CarbR This study

pCas9-GFPT-f1B pCas9 with GFP-targeting spacer; f1-bla in orientation B; CmR CarbR This study

Phage / Helper

M13KO7 Helper phage; KmR NEB

HP4 M13 Helper plasmid; KmR [69]

P1 Transducing phage ATCC 25404-B1
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Table 2. Oligonucleotides used in this study.

Oligo ID Oligo Sequence 5’–3’ Purpose

PS-rpsL1 CGTGGCATGGAAATACTCCG F primer to amplify rpsL for recombineering

PS-rpsL2 GCATCGCCCTAAAATTCGGC R primer to amplify rpsL for recombineering

PSP116 AAACCCTTCACCTTCACCACGAACAGAGAATTTG Oligo 1 to generate GFPT spacer

PSP117 AAAACAAATTCTCTGTTCGTGGTGAAGGTGAAGG Oligo 2 to generate GFPT spacer

PSP120 AAACATCGCACATCCTGGTCGCGACATTAAGAGT Oligo 1 to generate NT spacer

PSP121 AAAAACTCTTAATGTCGCGACCAGGATGTGCGAT Oligo 2 to generate NT spacer

PSP108 TTAATAAATGCAGTAATACAGG Primer to sequence spacer in CRISPR array

KL215 CCTGTCGACGGTATCGATAAGCTTGATATCG F primer to clone f1-bla from pBluescript II as SalI fragment

KL216 CCTGTCGACGATTATCAAAAAGGATCTTCACCTAGATCC R primer to clone f1-bla from pBluescript II as SalI fragment

KL207 CTGTTCACCGGTGTTGTTCC F primer to amplify sfgfp fragment

KL200 TTATTTGTAGAGTTCATCCATGCCG R primer to amplify sfgfp fragment

BAC338F ACTCCTACGGGAGGCAG F primer to amplify 16S rRNA gene fragment

BAC805R GACTACCAGGGTATCTAATCC R primer to amplify 16S rRNA gene fragment

V4 515F Nextera TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCA

GCMGCCGCGGTAA

F primer for 16S rRNA gene sequencing primary PCR

V4 806R Nextera GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACT

ACHVGGGTWTCTAAT

R primer for 16S rRNA gene sequencing primary PCR

Various (Table S1) AATGATACGGCGACCACCGAGATCTACACNNNNNNNNTC

GTCGGCAGCGTC

F primer for 16S rRNA gene sequencing indexing PCR

Various (Table S1) CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTCTCGT

GGGCTCGG

R primer for 16S rRNA gene sequencing indexing PCR

Minimum inhibitory concentration (MIC) assay. Cells were prepared by standardizing an 397

overnight culture to an OD600 of 0.1 using saline, and further diluted ten-fold in saline then ten-fold 398

in LB. The drug was prepared by dissolving antibiotic in vehicle (sterile distilled water) and 399

filter-sterilizing, then serially diluting two-fold in vehicle to prepare 100× stock solutions, and finally 400

diluting ten-fold in LB for 10× stock. To wells of a 96-well plate, 60 µl of LB, 15 µl of drug, and 75 µl 401

of cells were added and mixed well. Final drug concentrations ranged between 0.002 µg/ml to 402

1000 µg/ml for ampicillin and 0.24 µg/ml to 2000 µg/ml for carbenicillin. The plate was incubated 403

overnight at 37 ◦C without shaking and OD600 was measured the following morning after agitation. 404

16S rRNA gene sequencing. Mouse fecal pellets were stored at −80 ◦C, DNA was extracted from 405

single pellets using a ZymoBIOMICS 96 MagBead DNA Kit, and 16S rRNA gene sequencing was 406

performed using a dual indexing strategy [70]. Briefly, primary PCR was performed using KAPA 407
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HiFi Hot Start DNA polymerase (KAPA KK2502) and V4 515F/806R Nextera primers (Table 1). The 408

reaction was diluted in UltraPure DNase/RNase-free water (Life Tech 0977-023) and used as 409

template for a secondary (indexing) PCR using sample-specific dual indexing primers (Table 2 and 410

Table S1). The reactions were normalized using a SequelPrep Normalization plate (Life Tech 411

A10510-01) and the DNA was eluted and pooled. To purify and concentrate the DNA, 5 volumes of 412

PB Buffer (Qiagen 28004) was added, mixed thoroughly, and purified using a QIAquick PCR 413

Purification Kit (Qiagen 28106). The DNA was gel extracted using a MinElute Gel Extraction Kit 414

(Qiagen 28604), quantified by qPCR using a KAPA Library Quantification Kit for Illumina Platforms 415

(KAPA KK4824), and paired-end sequenced on the Illumina MiSeq platform. Data were processed 416

using a 16S rRNA gene analysis pipeline [71] based on QIIME2 [72] incorporating DADA2 [73], and 417

analyzed using R packages qiime2R v0.99.23 [74], phyloseq v1.33.0 [75], and 418

phylosmith v1.0.4 [76]. Sample metadata are provided (Table S2) and raw sequence data have 419

been deposited at the NCBI Sequence Read Archive under BioProject PRJNA642411 with 420

accession numbers 12118792 to 12118959. 421

Construction of streptomycin-resistant E. coli strains. Strains resistant to the antibiotic 422

streptomycin were generated by either selection for spontaneous resistance or by lambda Red 423

recombineering [67,77]. Spontaneous resistant mutants were selected by plating overnight 424

cultures on LB supplemented with 500 µg/ml streptomycin. Lambda Red recombineering was later 425

used to introduce a specific allele for genetic consistency between strains as different mutations in 426

the rpsL gene can confer resistance to streptomycin [78]. Briefly, cells were transformed with the 427

CarbR temperature-sensitive plasmid pSIJ8 [67], and electrocompetent cells were prepared from 428

cells grown in LB carbenicillin at 30 ◦C to early exponential phase and lambda Red recombinase 429

genes were induced by addition of L-arabinose to 7.5 mM. Cells were electroporated with an 430

rpsL-SmR PCR product amplified from a spontaneous streptomycin-resistant mutant of MG1655 431
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using primers PS-rpsL1 and PS-rpsL2, and recombinants were selected on LB supplemented with 432

500 µg/ml streptomycin. The pSIJ8 plasmid was cured by culturing in liquid at 37 ◦C in the absence 433

of carbencillin, plating for single colonies, and confirming CarbS. The rpsL gene of SmR strains 434

were confirmed by Sanger sequencing (Figure S16). 435

Construction of fluorescently marked E. coli strains. P1 lysates were generated of 436

AV01::pAV01 and AV01::pAV02 carrying clonetegrated sfgfp and mcherry , respectively [66]. Briefly, 437

150 µl of overnight culture in LB supplemented with 12.5 µg/ml kanamycin was mixed with 1 µl to 438

25 µl P1 phage (initially propagated from ATCC on MG1655). The mixture was incubated for 10 439

minutes at 30 ◦C to aid adsorption, added to 4 ml LB 0.7% agar, and overlaid on pre-warmed LB 440

agar supplemented with 25 µg/ml kanamycin 10 mM MgSO4. Plates were incubated overnight at 441

30 ◦C, and phage were harvested by adding 5 ml SM buffer, incubating at room temperature for 10 442

minutes, and breaking and scraping off the top agar into a conical tube. Phage suspensions were 443

centrifuged to pellet agar; the supernatant was passed through a 100 µm cell strainer, then through 444

a 0.45 µm syringe filter, and lysates were stored at 4 ◦C. For transduction, 1-2 ml of recipient 445

overnight culture was pelleted and resuspended in 1/3 volume LB 10 mM MgSO4 5 mM CaCl2. 446

100 µl of cells was mixed with 1 µl to 10 µl P1 lysate and incubated at 30 ◦C for 60 minutes. To 447

minimize secondary infections, 200 µl 1 M sodium citrate was added, followed by 1 ml of LB. The 448

mixture was incubated at 30 ◦C for 2 h, then plated on LB 10 mM sodium citrate 25 µg/ml 449

kanamycin to select for transductants. For excision of the vector backbone including the kanamycin 450

resistance gene and heat-inducible integrase, cells were electroporated with pE-FLP [68]; 451

transformants were selected on carbenicillin and confirmed for KmS. pE-FLP was cured by 452

culturing in liquid at 37 ◦C in the absence of carbencillin, plating for single colonies, and confirming 453

CarbS. Strains were subsequently grown routinely at 37 ◦C. For imaging fluorescent strains on 454

agar, plates were typically incubated at 37 ◦C overnight, transferred to room temperature to allow 455
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fluorescence intensity to increase, and then imaged. 456

Engrafting E. coli in mice and preparation of antibiotic drinking water. Animal procedures 457

were approved by the UCSF Institutional Animal Care and Use Committee. Specific pathogen free 458

female BALB/c mice from the vendor Taconic were used for all mouse experiments. Streptomycin 459

water was prepared by dissolving USP grade streptomycin sulfate (VWR 0382) in autoclaved tap 460

water to a final concentration of 5 mg/ml and passing through 0.45 µm filtration units. Mice were 461

provided streptomycin water for 1 day, followed by oral gavage of 0.2 ml containing approximately 462

109 CFU streptomycin-resistant E. coli . Mice were kept on streptomycin water thereafter to 463

maintain colonization. For selection with beta-lactam antibiotics, USP grade ampicillin sodium salt 464

(Teknova A9510) or USP grade carbenicillin disodium salt (Teknova C2110) was also dissolved in 465

the water to a final concentration of 1 mg/ml. Drinking water containing streptomycin was prepared 466

fresh weekly; with the addition of a beta lactam antibiotic, it was prepared fresh every 3-4 days. 467

Enumeration and culture of E. coli from mouse feces. Fecal pellets were collected from 468

individual mice and CFU counts were performed on the same day. CFU per gram of feces was 469

estimated by weighing the fecal pellet (typically 10-40 mg) on an analytical balance and suspending 470

in 250 µl to 500 µl PBS or saline by manual mixing and vigorous vortexing. Large particulate matter 471

was pelleted by centrifuging at 100×g, ten-fold serial dilutions were made in PBS, and 5 µl of each 472

dilution was spotted on Difco MacConkey agar (BD 212123) supplemented with the appropriate 473

antibiotics, i.e., streptomycin (100 µg/ml) or carbenicillin (50 µg/ml). For qualitative assessment of 474

the fluorescent strains in feces, samples were spotted onto LB supplemented with the appropriate 475

antibiotics. For isolating E. coli from fecal samples for genomic or plasmid DNA analysis, 10 µl to 476

50 µl of the fecal suspension was streaked on agar, and single colonies were further streak-purified. 477

Construction of CRISPR-Cas9 phagemid vectors. Cultures were grown in LB or TB media 478

supplemented with the appropriate antibiotics. Plasmid DNA was prepared by QIAprep Spin 479

Lam et al., 2020 28 of 60

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 9, 2020. ; https://doi.org/10.1101/2020.07.09.193847doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.09.193847
http://creativecommons.org/licenses/by-nc-nd/4.0/


Miniprep Kit (Qiagen 27106), eluted in TE buffer, and incubated at 60 ◦C for 10 minutes. Samples 480

were quantified using a NanoDrop One spectrophotometer. The vector pCas9 [59] was digested 481

with BsaI (NEB R0535) and gel extracted with a QIAquick Gel Extraction Kit (Qiagen 28706). 482

Spacers were generated by annealing and phosphorylating the two oligos (PSP116 and PSP117 483

for GFPT; PSP120 and PSP121 for NT [66]) at 10 µM each in T4 ligation buffer (NEB B0202S) with 484

T4 polynucleotide kinase (NEB M0201S) by incubating at 37 ◦C for 2 hours, 95 ◦C for 5 minutes, 485

and ramping down to 20 ◦C at 5 ◦C/min. The annealed product was diluted 1 in 200 in sterile 486

distilled water and used for directional cloning by ligating (Thermo Scientific FEREL0011) to 60 ng 487

of BsaI-digested, gel extracted pCas9 overnight at room temperature. Ligations were used to 488

transform 5-alpha competent cells (NEB C2987H) and the cloned spacer was verified by Sanger 489

sequencing using primer PSP108. The trailing repeat was later confirmed to lack the starting 5’G, 490

which did not interfere with GFP-targeting function. The 1.8-kb fragment carrying the f1 origin of 491

replication and beta-lactamase gene (f1-bla) was amplified from pBluescript II with SalI adapters 492

using primers KL215 and KL216 and KOD Hot Start DNA polymerase (Millipore 71842-3). The 493

PCR product was purified using a QIAquick PCR Purification Kit (Qiagen 28104), digested with SalI 494

(Thermo Fisher FD0644), gel extracted, and used to ligate to SalI-digested, 495

FastAP-dephosphorylated (Thermo Fisher FEREF0651) vector. Ligations were used to transform 496

DH5alpha and clones were screened by restriction digest for both possible insert orientations (A or 497

B) using XbaI (Thermo Scientific FD0684) and one of each orientation was saved for both the 498

GFPT and NT phagemids. 499

Preparation of M13 carrying pBluescript II. This protocol was adapted from those to generate 500

phage display libraries [79]. XL1-Blue MRF’ was transformed with pBluescript II (Agilent 212208). 501

An overnight culture of this strain was prepared in 5 ml LB supplemented with tetracycline (5 µg/ml) 502

and carbenicillin (50 µg/ml) and subcultured the following day 1-in-100 into 5 ml 2YT supplemented 503
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with the same antibiotics. At an OD600 of 0.8, cells were infected with helper phage M13KO7 (NEB 504

N0315S) at a multiplicity of infection of approximately 10:1 for 1 h at 37 ◦C. The infected cells were 505

used to seed 2YT supplemented with carbenicillin (100 µg/ml) and kanamycin (25 µg/ml) at 506

1-in-100, and the culture was grown overnight to produce phage. Cells were pelleted at 10,000×g 507

for 15 minutes, and the supernatant containing phage was transferred. Phage were precipitated by 508

adding 0.2 volumes phage precipitation solution (20% PEG-8000, 2.5 M NaCl), inverting to mix 509

well, and incubating for 30 minutes on ice. Phage were pelleted at 15,000×g for 15 minutes at 4 ◦C 510

and the supernatant was discarded. The phage pellet was resuspended in PBS at 1-4% of the 511

culture volume. The resuspension was centrifuged to pellet insoluble material and transferred to a 512

new tube. Glycerol was added to a final concentration of 10-15%. Phage preparations were 513

aliquoted into cryovials and frozen at −80 ◦C for long-term storage. 514

Preparation of M13 carrying CRISPR-Cas9 phagemids. DH5alpha(HP4 M13) [69] was 515

transformed with the GFPT phagemid (pCas9-GFPT-f1A or pCas9-GFPT-f1B) or the NT phagemid 516

(pCas9-GFPT-f1A or pCas9-GFPT-f1B) and plated on LB media containing carbenicillin and 517

kanamycin. Transformants were inoculated into 5 ml 2YT supplemented with 100 µg/ml carbenicillin 518

and 25 µg/ml kanamycin, incubated overnight, used 1-in-100 to seed 250 ml of the same media, 519

and incubated overnight. Cells were pelleted at 10,000×g for 15 minutes, the supernatant was 520

transferred to a new tube, 0.2 volumes of phage precipitation solution was added, and incubated 30 521

minutes on ice. Phage were pelleted at 20,000×g for 20 minutes with slow deceleration. The 522

supernatant was completely removed, phage were resuspended in PBS at 1% of the culture 523

volume, and glycerol was added to a final concentration of 10-15%. The phage solution was 524

centrifuged at 21,000×g to pellet insoluble matter, filtered through 0.45 µm, and stored at −80 ◦C. 525

Titration of M13 phage carrying phagemid DNA. Phage titer was determined using indicator 526

strain XL1-Blue MRF’ or SmR W1655 F+. An overnight culture of the indicator strain in LB 527
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supplemented with the appropriate antibiotics was subcultured 1-in-100 or 1-in-200 into fresh 528

media and grown to an OD600 of 0.8. To estimate titer, serial ten-fold dilutions of the phage 529

preparation were made in PBS, and 10 µl of each dilution was used to infect 90 µl of cells. After 530

incubating at 37 ◦C for 30 minutes with shaking, 10 µl of the infection mix was spotted onto LB 531

supplemented with carbenicillin. For more accurate titration, 100 µl of phage dilutions were mixed 532

with 900 µl cells in culture tubes, incubated at 37 ◦C for 30 minutes with shaking, and 100 µl was 533

plated on LB carbenicillin. 534

Targeting experiments in vitro with M13 CRISPR-Cas9. Overnight cultures of fluorescently 535

marked SmR W1655 F+ sfgfp and mcherry were prepared in LB supplemented with streptomycin, 536

subcultured 1 in 200 into fresh media, and grown to an OD600 of 0.8. 900 µl cells (approximately 537

1×109) was transferred to a culture tube, 100 µl phage (approximately 1×1010 for f1A vectors and 538

approximately 5×1010 for f1B vectors) was added, and the tube was incubated at 37 ◦C for 30 539

minutes. The infection culture was transferred to a microfuge tube, cells were pelleted at 21,000×g 540

for 1 minute, and the supernatant was removed. Cells were washed twice by adding 1 ml PBS, 541

vortexing, pelleting cells, and removing supernatant. Cells were resuspended in 1 ml PBS, and 542

ten-fold serially diluted in PBS. 10 µl of each dilution was spotted onto LB supplemented with 543

carbenicillin and 100 µl was plated on larger plates for isolating single colonies for analysis. 544

Colonies were picked and streak-purified four times to ensure phenotypic homogeneity and 545

clonality. 546

Co-culture experiments with sfgfp and mcherry infected with M13 CRISPR-Cas9. Overnight 547

cultures of fluorescently marked SmR W1655 F+ sfgfp and mcherry were prepared in LB 548

supplemented with streptomycin. For each culture, three serial ten-fold dilutions were made in PBS, 549

followed by a fourth ten-fold dilution into LB. Equal volumes of each were combined and 5 ml 550

aliquots were transferred to culture tubes. Using a CFU assay, the input was determined to be 551
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6×106 CFU of each strain or 1×107 CFU total. 10 µl (5×109) M13 carrying CRISPR-Cas9 was 552

added, the co-culture was incubated at 37 ◦C for 30 minutes, and carbenicillin was added to a final 553

concentration of 100 µg/ml. The co-culture was sampled for the t = 0 timepoint and then incubated 554

for 24 hours with further sampling every 4 hours. At each timepoint, 200 µl was taken; 100 µl was 555

used to assay carbenicillin in the media (see below) and the remaining 100 µl was used for plating 556

as follows. To the 100 µl sample of culture, 900 µl was added and cells were washed by vortexing. 557

Cells were pelleted by centrifuging at 21,000×g for 1 min, and 900 µl of the supernatant was 558

removed. To remove residual phage and antibiotic, the wash was repeated once more by adding 559

900 µl PBS, vortexing, pelleting cells, and removing 900 µl. Cells were resuspended in the 560

remaining 100 µl. Serial ten-fold dilutions were made in PBS and 10 µl of each dilution was spotted 561

onto LB or LB carbenicillin. 562

Carbenicillin bioassay. Cultures were sampled over time, cells were pelleted at 21,000×g for 1 563

minute, and the supernatant was transferred to a new tube and frozen at −20 ◦C until all timepoints 564

were collected. The supernatants were thawed and assayed using a Kirby-Bauer disk diffusion test. 565

An overnight culture of the indicator organism (Bacillus subtilis 168) was diluted in saline to an 566

OD600 of 0.1. A cotton swab was dipped into this dilution and spread across LB agar, antibiotic 567

sensitivity disks (Fisher Scientific S70150A) were overlaid using tweezers, and 20 µl of the 568

supernatant was applied to the disk. At the same time, carbenicillin standards were prepared from 569

1 µg/ml to 100 µg/ml and also applied to discs. Plates were incubated overnight at 37 ◦C and 570

imaged the following morning. 571

Treatment of mice with phage. Filtered phage solutions stored at −80 ◦C were thawed and used 572

directly. Unfiltered phage solutions were precipitated by diluting approximately 5-fold in PBS, 573

adding 0.2 volumes phage precipitation solution, incubating for 15 minutes on ice, pelleting at 574

15,000–21,000×g for 15 minutes at 4 ◦C, resuspending in PBS, centrifuging to pellet insoluble 575
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matter, and filtering through 0.45 µm. Heat-inactivated phage were prepared by incubating 1 ml 576

aliquots at 95 ◦C in a water bath for 30 minutes. Streptomycin-treated mice colonized with SmR
577

E. coli were orally gavaged with 0.2 ml of phage and placed on drinking water containing both 578

streptomycin and carbenicillin. 579

Flow cytometry. For turbid in vitro cultures, samples were diluted 1 in 10,000 in PBS. For mouse 580

fecal pellets, samples were used fresh or thawed from −80 ◦C, and suspended in 500 µl PBS by 581

manual mixing and vortexing. Fecal suspensions were incubated aerobically at 4 ◦C overnight to 582

improve fluorescence signal (Figure S17). Samples were vortexed to mix, large particulate matter 583

was pelleted by centrifuging at 100×g for 30 seconds, and the sample was diluted 1-in-100 in PBS. 584

Samples were run on a BD LSRFortessa DUAL flow cytometer using a 530/30 nm filter for GFP 585

fluorescence and 610/20 nm for mCherry fluorescence, with the following voltages: 750 V for FSC, 586

400 V for SSC, 700 V for mCherry, and 700-800 V (in vivo) or 650 V (in vitro) for GFP. Flow 587

cytometry data were analyzed in R using packages flowCore v1.52.1 [80], Phenoflow v1.1.2 [81], 588

and ggcyto v1.14.0 [82]. Typically, between 10,000 and 100,000 events were collected per sample, 589

and data were rarefied after gating on FSC and SSC. 590

Analysis of plasmid DNA and genomic DNA from in vitro or in vivo isolates. Fecal 591

suspensions in PBS or saline were cultured on LB or Difco MacConkey agar plates supplemented 592

with the appropriate antibiotics. Colonies were picked, streak-purified, and inoculated into LB or TB 593

supplemented with the appropriate antibiotics. Plasmid DNA was extracted using a QIAprep Spin 594

Miniprep Kit (Qiagen 27106), eluted in TE buffer, and incubated at 60 ◦C for 10 minutes. Samples 595

were quantified using a NanoDrop One spectrophotometer and 200-600 ng was digested with 596

FastDigest restriction enzymes (KpnI, Thermo Scientific FD0524; XbaI, Thermo Scientific FD0684) 597

for 10 minutes at 37 ◦C followed by gel electrophoresis. Spacer sequences on phagemids were 598

confirmed by Sanger sequencing using primer PSP108. Genomic DNA was extracted crudely to 599
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use as template for PCR. Briefly, 1.5 ml to 3 ml of culture was transferred to a microfuge tube, cells 600

were pelleted by centrifuging, and the supernatant was discarded. The pellet was frozen, allowed 601

to thaw on ice, resuspended in 100 µl TE, and incubated at 100 ◦C for 15 minutes in an Eppendorf 602

ThermoMixer. Samples were cooled on ice, cell debris was pelleted by centrifuging at 21,000×g for 603

1 minute, the supernatant was transferred to a new tube, and diluted 1-in-100 in TE to use as 604

template DNA. PCR was performed using KOD Hot Start DNA polymerase (Millipore 71842-3) 605

using primers KL207 and KL200 for PCR of the sfgfp gene and primers BAC338F and BAC805R 606

for the 16S rRNA gene [83]. 607
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Figure S1. Minimum inhibitory concentration (MIC) assays. (a) The plasmid pBluescript II confers resistance to

ampicillin exceeding 1 mg/ml in the E. coli MG1655 background. In the absence of the plasmid, the MIC is approximately

100 µg/ml. (b) pBluescript II confers resistance to carbenicillin exceeding 2 mg/ml in both the E. coli MG1655 and

W1655 F+ backgrounds. In the absence of the plasmid, the same strains have an MIC of approximately 10 µg/ml. bla,

beta-lactamase.
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Figure S2. Streptomycin (Sm) treatment reduces bacterial diversity in mice. (a) Principle coordinate analysis

(Bray-Curtis) indicates that pre-Sm and post-Sm fecal samples are distinct. (b) In a cohort of 24 individually caged mice,

Sm treatment generally leads to a decrease in the number of observed 16S rRNA gene sequence variants (SVs) relative

to pre-treatment. (c) The mean number of observed SVs pre-Sm was 314 while the mean post-Sm (before colonizing

with SmR E. coli) was 104.
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M10 M12 M13 M15 M18 M19 M21M20 M22 M23 M24

pBluescript II

(commercial) 

3 kb

KpnI-digested plasmid DNA

1 kb

Figure S3. Diagnostic digest of plasmid DNA recovered from E. coli in the gut post phage delivery. Plasmid

DNA was recovered from CarbR colonies isolated from the feces of the 11 mice that were successfully colonized during

carbenicillin treatment (Figure 1d); DNA was digested with the restriction enzyme KpnI for comparison to linearized 3-kb

pBluescript II.
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Figure S4. Plasmid maps of GFP-targeting (GFPT) CRISPR-Cas9 vectors. The non-targeting (NT) versions of these

vectors (not shown here) are identical to the GFPT vectors except in the spacer sequence. The f1-bla fragment was

cloned as a SalI fragment in both possible orientations for either strand of DNA to be packaged into M13 phage. (a) The

first orientation is designated f1A. (b) The second orientation is designated f1B. cat, chloramphenicol acetyltranferase

(CmR); bla, beta-lactamase (CarbR).
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Figure S5. GFP-marked E. coli exhibits impaired colony growth after infection with M13 carrying GFP-targeting

CRISPR-Cas9. The GFP-marked and mCherry-marked derivatives of SmR E. coli W6555 F+ were infected with NT M13

or GFPT M13. (a) Growth impairment of the GFP-marked strain under GFPT conditions was evident under blue light.

(b) Impaired colonies exhibited a translucent quality that was more pronounced under white light.
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Figure S6. Analysis of CRISPR-Cas9 phagemid DNA from streak-purified clones post M13 targeting in vitro.

(a) Sanger sequencing to confirm spacer presence in phagemid DNA isolates from clones. All 4 clones isolated after

infection with NT M13 retained the spacer. Of 16 clones isolated after infection with GFPT M13, 4 had lost the spacer.

(b) Diagnostic digest of plasmid DNA isolated from clones using KpnI and XbaI revealed phagemid of the expected size.

Expected fragments: 4993, 3581, and 2573 bp.

Lam et al., 2020 46 of 60

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 9, 2020. ; https://doi.org/10.1101/2020.07.09.193847doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.09.193847
http://creativecommons.org/licenses/by-nc-nd/4.0/


0 100 200 300 400 500 600

NT_f1A_4

NT_f1A_3

NT_f1A_2

NT_f1A_1

GFPT_f1A_15

GFPT_f1A_14

GFPT_f1A_12

GFPT_f1A_11

GFPT_f1A_9

GFPT_f1A_1

Alignment Position

nucleotide

A

C

G

T

R

K

W

Y

S

−

G

−

−

G

G

G

−

−

−

−

G

−

G

G

G

G

G

−

−

G

T

T

T

T

T

T

T

T

G

T

T

T

T

T

T

T

T

T

T

T

G

G

G

G

G

G

G

G

G

G

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

G

G

G

G

G

G

G

G

G

G

A

A

A

A

A

A

A

A

A

A

T

T

T

T

T

T

T

T

T

T

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

T

T

T

T

T

T

T

T

T

T

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

G

G

G

G

G

G

G

G

G

G

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

C

C

C

C

C

C

C

C

C

C

T

T

T

T

T

T

T

T

T

T

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

A

A

A

A

A

A

A

A

A

A

T

T

T

T

T

T

T

T

T

T

G

G

G

G

G

G

G

G

G

G

G

R

R

R

R

R

R

G

G

G

T

T

T

T

T

T

T

T

T

T

G

G

G

G

−

G

G

G

G

G

A

A

A

A

−

A

A

A

A

A

T

T

T

T

−

T

T

T

T

T

G

G

G

G

−

G

G

R

G

G

T

T

T

T

−

T

T

K

T

T

T

T

T

T

−

T

T

T

T

T

A

A

A

A

−

A

A

W

A

A

A

A

A

A

−

A

A

A

A

A

C

C

C

C

−

C

C

C

C

C

G

G

G

G

−

G

G

G

G

G

G

G

G

G

−

G

G

G

G

G

C

C

C

C

−

C

C

C

C

C

C

C

C

C

−

C

C

C

C

C

A

A

A

A

−

A

A

A

A

A

C

C

C

C

−

C

C

C

C

C

A

W

W

A

−

W

A

W

W

W

A

A

A

A

−

A

A

A

A

A

A

A

A

A

−

A

A

A

A

A

T

T

T

T

−

T

T

T

T

T

T

T

T

T

−

T

T

T

T

T

C

C

C

C

−

C

C

C

C

C

T

T

T

T

−

T

T

T

T

T

C

C

C

C

−

C

C

C

C

C

T

T

T

T

−

T

T

T

T

T

G

G

G

G

−

G

G

G

G

G

T

T

T

T

−

T

T

T

T

T

T

T

T

T

−

T

T

T

T

T

C

C

C

C

−

C

C

C

C

C

G

G

G

G

−

G

G

G

G

G

T

T

T

T

−

T

T

T

T

T

G

G

G

G

−

G

G

G

G

G

G

G

G

G

−

G

G

G

G

G

T

T

T

T

−

T

T

T

T

T

G

G

G

G

−

G

G

G

G

G

A

A

A

A

−

A

A

A

A

A

A

A

A

A

−

A

A

A

A

A

G

G

G

G

−

G

G

G

G

G

G

G

G

G

−

G

G

G

G

G

T

T

T

T

−

T

T

T

T

T

G

G

G

G

−

G

G

G

G

G

A

A

A

A

−

A

A

A

A

A

A

A

A

A

−

A

A

A

A

A

G

G

G

G

−

G

G

G

G

G

G

G

G

G

−

G

G

G

G

G

T

T

T

T

−

T

T

T

T

T

G

G

G

G

G

G

G

G

G

G

A

A

A

A

A

A

A

A

A

A

T

T

T

T

T

T

T

T

T

T

G

G

G

G

G

G

G

G

G

G

C

C

C

C

C

C

C

C

C

C

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

C

C

C

C

C

C

C

C

C

C

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

T

T

T

T

T

T

T

T

T

T

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

C

C

C

C

C

C

C

C

C

C

T

T

T

T

T

T

T

T

T

T

G

G

G

G

G

G

G

G

G

G

A

A

A

A

A

A

A

A

A

A

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

CNT_f1A_4

NT_f1A_3

NT_f1A_2

NT_f1A_1

GFPT_f1A_15

GFPT_f1A_14

GFPT_f1A_12

GFPT_f1A_11

GFPT_f1A_9

GFPT_f1A_1

Target

a

b

Figure S7. Analysis of sfgfp gene from streak-purified clones post M13 targeting in vitro. (a) Sanger sequencing

of the sfgfp PCR amplicons (Figure 2c) confirmed the partial loss observed for clone 15 by gel electrophoresis. (b) Pullout:

the lost region of the sfgfp coding sequence encompasses CRISPR-Cas9 target site.
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Figure S8. Recovery of GFP+ cells at later timepoints in in vitro co-cultures of sfgfp and mcherry E. coli F+

after infection with GFPT M13 is likey due to lack of selection for CRISPR-Cas9 phagemid. (a) On non-selective

media, GFP fluorescent colonies are detected at later timepoints of the co-culture infected with GFPT M13. (b) Lack of

GFP fluorescent colonies after testing the same co-culture on media with carbenicillin indicates that those GFP+ colonies

at later timepoints derives from cells that are CarbS and suggests that they do not harbour the CRISPR-Cas9 phagemid.
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Non-Targeting phagemids GFP-Targeting phagemids

Figure S 9. Flow cytometry on co-cultures at 8 h and 24 h after addition of NT M13 or GFPT M13 shows

decreased relative abundance of the GFP strain under targeting conditions. Co-cultures of GFP-marked and

mCherry-marked E. coli F+ were infected with phage and carbenicillin was added to select for phage infection. The

relative abundance of GFP+ events is decreased in GFPT conditions at 8 h and further decreased by 24 h. Non-targeting

phagemids are pCas9-NT-f1A and pCas9-NT-f1B; GFP-targeting phagemids are pCas9-GFPT-f1A and pCas9-GFPT-f1B.
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Figure S10. Flow cytometry plots of fecal samples for in vivo competition of GFP-marked and mCherry-marked

E. coli under NT or GFPT conditions for all mice at all timepoints. Mice (n = 10 per group) were given either NT

M13 (left) or GFPT M13 (right). Day -3, before engrafting E. coli ; Day 0, after engraftment with both GFP+ and mCherry+

strains; Day -2, post phage and carbenicillin treatment; Day 7, one week post-phage and carbenicillin; Day -14, one

week after removing carbenicillin from drinking water.
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Figure S11. GFP+ and mCherry+ events by flow cytometry in fecal samples over time for individual mice in in

vivo competition of GFP-marked and mCherry-marked E. coli under NT or GFPT conditions. Mice were treated

with either NT M13 (M1 to M10) or GFPT M13 (M11 to M20). For each mouse, the number of positive events on

Day -3 (before E. coli engraftment) was used to subtract background for all subsequent timepoints. Shaded green area

indicates duration of carbenicillin treatment. Timepoints were excluded when both mCherry+ and GFP+ events were

below background thresholds, calculated as the respective highest observed background on Day -3 multiplied by a factor

of 3.
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Figure S12. Culturing from fecal samples of mice before (Day -1) or after treatment (Day 2) with NT M13 or GFPT

M13 in in vivo competition of GFP-marked and mCherry-marked SmR E. coli F+. (a) At Day -1, engraftment of both

the GFP+ and mCherry+ E. coli was confirmed in fecal samples of all mice by culturing on LB with streptomycin. (b) After

treating with NT M13 (M1 to M10) or GFPT M13 (M11 to M20) and carbenicillin to select for phage infection, culture

of E. coli on LB streptomycin (Sm) from fecal samples on Day -2 of GFPT mice exhibit decreased GFP fluorescence.

Culturing from the same samples on LB with both streptomycin and carbenicillin (Carb) suggests that for some mice,

fluorescent colonies arising on LB streptomycin are CarbS, i.e., that they do not carry the CRISPR-Cas9 phagemid. Lack

of fluorescent E. coli in fecal samples indicates eradication by carbenicillin where phage infection leading to colonization

by CarbR E. coli has not occurred. (c) Day 2 fecal suspensions from a subset of the mice (M1, M6, M10 for NT; M11,

M16, M20 for GFPT) were cultured on larger plates for confirmation.
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Figure S13. Flow cytometry plots of fecal samples for in vivo targeting of double-marked E. coli for all mice at

all timepoints. Mice (n = 10 per group) were given either NT M13 (left) or GFPT M13 (right). Day -5, before engrafting

E. coli ; Day 0, after engraftment with double-marked GFP+ mCherry+ E. coli ; Day -2, post phage and carbenicillin

treatment; Day 7, one week post-phage and carbenicillin; Day -14, one week after removing carbenicillin from drinking

water. Based on visual inspection, sample from Mouse 8 Day 0 was omitted from analyses.
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Figure S14. Doubly GFP+ mCherry+ and singly mCherry+ events by flow cytometry in fecal samples over time

for individual mice in colonized with the double-marked strain under NT or GFPT conditions. (a) For each mouse,

the number of doubly GFP+ mCherry+ events on Day -5 (before E. coli engraftment) was used to subtract GFP+ mCherry+

background for all subsequent timepoints, and the number of singly mCherry+ events on Day 0 (before phage treatment)

was used to subtract mCherry+ background from all subsequent timepoints. Shaded green area indicates duration

of carbenicillin treatment. Timepoints were excluded when both doubly GFP+ mCherry+ and singly mCherry+ events

were below background thresholds, calculated as the respective highest observed background multiplied by a factor of

3. (b) Culture on LB with streptomycin from Day 14 fecal suspensions of mice treated with NT M13 (M1 to M10) and

GFPT M13 (M11 to M20). Lack of fluorescent E. coli in fecal samples indicates eradication by carbenicillin where phage

infection leading to colonization by CarbR E. coli did not occur during the treatment phase.
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Figure S15. E. coli isolates that remain double positive (GFP+ mCherry+) in fecal samples of mice treated with

GFP-targeting M13 harbour CRISPR-Cas9 phagemids that exhibit loss of DNA. (a) Sanger sequencing results

confirm the expected spacer present in phagemid DNA extracted from fluorescent yellow isolates (Y1) colonizing NT

mice (M1, M4, M5, M6, M7, M8, M10) and fluorescent red isolates (R1 and R2) colonizing GFPT mice (M13, M14, M18).

In contrast, 4 of the 5 fluorescent yellow isolates colonizing GFPT mice (M11, M13, M14, M16, M18) were confirmed

to have lost the spacer. No Sanger sequence data was obtained for the last isolate (M13) with report for failing being

No Priming, suggesting loss of a larger fragment from the phagemid. (b) Diagnostic digest of CRISPR-Cas9 phagemid

DNA confirms sizeable loss of phagemid DNA for the phagemid extracted from M13 Y1. Expected fragment sizes from

KpnI-XbaI double digest: 5289, 3285, and 2573 bp.
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Figure S16. Confirmation of rpsL-SmR alleles by Sanger sequencing. The rpsL gene sequence is identical between

E. coli MG1655, W1655 F−, and W1655 F+. Lambda Red recombineering was used to generate SmR derivatives of

W1655 F− and W1655 F+ strains with identical alleles to MG1655 SmR, a spontaneous resistant mutant; all 3 were

confirmed to have an A to G mutation at nucleotide 128 resulting in Lys42Arg.
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Figure S 17. Quantification of fluorescent E. coli in mouse fecal pellets by flow cytometry improves with

overnight incubation of fecal suspensions at 4 ◦C. (a) Culture on LB streptomycin of fecal suspensions from

streptomycin-treated mice colonized with non-fluorescent SmR E. coli W1655 F+ (Mouse 1), the GFP-marked (Mouse 2)

or mCherry-marked derivative (Mouse 3), or both fluorescent strains (Mouse 4, 5, and 6). Flow cytometry was performed

on fecal suspensions: (b) immediately after collecting, (c) overnight incubation at 4 ◦C, or (d) after inoculation in media

and overnight culture.
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Table S1. 16S rRNA gene sequencing indexing PCR primer sequences.

Name PrimerSeq Origin IndexName IndexSeq

F1_MetaIndex AATGATACGGCGACCACCGAGATCTACACTATAGCCTTCGTCGGCAGCGTC TruSeq i5 D501 TATAGCCT

F2_MetaIndex AATGATACGGCGACCACCGAGATCTACACATAGAGGCTCGTCGGCAGCGTC TruSeq i5 D502 ATAGAGGC

F3_MetaIndex AATGATACGGCGACCACCGAGATCTACACCCTATCCTTCGTCGGCAGCGTC TruSeq i5 D503 CCTATCCT

F4_MetaIndex AATGATACGGCGACCACCGAGATCTACACGGCTCTGATCGTCGGCAGCGTC TruSeq i5 D504 GGCTCTGA

F5_MetaIndex AATGATACGGCGACCACCGAGATCTACACAGGCGAAGTCGTCGGCAGCGTC TruSeq i5 D505 AGGCGAAG

F6_MetaIndex AATGATACGGCGACCACCGAGATCTACACTAATCTTATCGTCGGCAGCGTC TruSeq i5 D506 TAATCTTA

F7_MetaIndex AATGATACGGCGACCACCGAGATCTACACCAGGACGTTCGTCGGCAGCGTC TruSeq i5 D507 CAGGACGT

F8_MetaIndex AATGATACGGCGACCACCGAGATCTACACGTACTGACTCGTCGGCAGCGTC TruSeq i5 D508 GTACTGAC

F9_MetaIndex AATGATACGGCGACCACCGAGATCTACACTGAACCTTTCGTCGGCAGCGTC TruSeq Amplicon A501 TGAACCTT

F10_MetaIndex AATGATACGGCGACCACCGAGATCTACACTAGATCGCTCGTCGGCAGCGTC Nextera i5 N501 TAGATCGC

F11_MetaIndex AATGATACGGCGACCACCGAGATCTACACCTCTCTATTCGTCGGCAGCGTC Nextera i5 N502 CTCTCTAT

F12_MetaIndex AATGATACGGCGACCACCGAGATCTACACTATCCTCTTCGTCGGCAGCGTC Nextera i5 N503 TATCCTCT

F13_MetaIndex AATGATACGGCGACCACCGAGATCTACACAGAGTAGATCGTCGGCAGCGTC Nextera i5 N504 AGAGTAGA

F14_MetaIndex AATGATACGGCGACCACCGAGATCTACACGTAAGGAGTCGTCGGCAGCGTC Nextera i5 N505 GTAAGGAG

F15_MetaIndex AATGATACGGCGACCACCGAGATCTACACACTGCATATCGTCGGCAGCGTC Nextera i5 N506 ACTGCATA

F16_MetaIndex AATGATACGGCGACCACCGAGATCTACACAAGGAGTATCGTCGGCAGCGTC Nextera i5 N507 AAGGAGTA

R13_MetaIndex CAAGCAGAAGACGGCATACGAGATGTCGTGATGTCTCGTGGGCTCGG TruSeq Amplicon A701 ATCACGAC

R14_MetaIndex CAAGCAGAAGACGGCATACGAGATCGAGTAATGTCTCGTGGGCTCGG TruSeq i7 D701 ATTACTCG

R15_MetaIndex CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTCTCGTGGGCTCGG TruSeq i7 D702 TCCGGAGA

R16_MetaIndex CAAGCAGAAGACGGCATACGAGATAATGAGCGGTCTCGTGGGCTCGG TruSeq i7 D703 CGCTCATT

R17_MetaIndex CAAGCAGAAGACGGCATACGAGATGGAATCTCGTCTCGTGGGCTCGG TruSeq i7 D704 GAGATTCC

R18_MetaIndex CAAGCAGAAGACGGCATACGAGATTTCTGAATGTCTCGTGGGCTCGG TruSeq i7 D705 ATTCAGAA

R19_MetaIndex CAAGCAGAAGACGGCATACGAGATACGAATTCGTCTCGTGGGCTCGG TruSeq i7 D706 GAATTCGT

R20_MetaIndex CAAGCAGAAGACGGCATACGAGATAGCTTCAGGTCTCGTGGGCTCGG TruSeq i7 D707 CTGAAGCT

R21_MetaIndex CAAGCAGAAGACGGCATACGAGATGCGCATTAGTCTCGTGGGCTCGG TruSeq i7 D708 TAATGCGC

R22_MetaIndex CAAGCAGAAGACGGCATACGAGATCATAGCCGGTCTCGTGGGCTCGG TruSeq i7 D709 CGGCTATG

R23_MetaIndex CAAGCAGAAGACGGCATACGAGATTTCGCGGAGTCTCGTGGGCTCGG TruSeq i7 D710 TCCGCGAA

R24_MetaIndex CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTCTCGTGGGCTCGG TruSeq i7 D711 TCTCGCGC

R1_MetaIndex CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGG Nextera i7 N701 TAAGGCGA

R2_MetaIndex CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGG Nextera i7 N702 CGTACTAG

R3_MetaIndex CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGG Nextera i7 N703 AGGCAGAA

R4_MetaIndex CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGG Nextera i7 N704 TCCTGAGC

R5_MetaIndex CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGG Nextera i7 N705 GGACTCCT

R6_MetaIndex CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGG Nextera i7 N706 TAGGCATG

R7_MetaIndex CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGG Nextera i7 N707 CTCTCTAC

R8_MetaIndex CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGG Nextera i7 N708 CAGAGAGG

R25_MetaIndex CAAGCAGAAGACGGCATACGAGATCTATCGCTGTCTCGTGGGCTCGG TruSeq i7 D712 AGCGATAG

R10_MetaIndex CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGCTCGG Nextera i7 N710 CGAGGCTG

R11_MetaIndex CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGG Nextera i7 N711 AAGAGGCA

R12_MetaIndex CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGCTCGG Nextera i7 N712 GTAGAGGA
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Table S2. 16S rRNA gene sequencing sample metadata.

Sample_ID Index_ID Index Index2_ID Index2 Sample_Well Specimen Timepoint Sample_Type Mouse Day chem_administration host_body_product

exp11_M1_Pre-Sm D706 GAATTCGT D505 AGGCGAAG E7 M1 Pre-Sm Mouse M1 -5 stool

exp11_M10_Pre-Sm D704 GAGATTCC N505 GTAAGGAG F5 M10 Pre-Sm Mouse M10 -5 stool

exp11_M11_Pre-Sm D709 CGGCTATG D501 TATAGCCT A10 M11 Pre-Sm Mouse M11 -5 stool

exp11_M12_Pre-Sm D701 ATTACTCG N504 AGAGTAGA E2 M12 Pre-Sm Mouse M12 -5 stool

exp11_M13_Pre-Sm D707 CTGAAGCT D503 CCTATCCT C8 M13 Pre-Sm Mouse M13 -5 stool

exp11_M14_Pre-Sm D702 TCCGGAGA N501 TAGATCGC B3 M14 Pre-Sm Mouse M14 -5 stool

exp11_M15_Pre-Sm D709 CGGCTATG D505 AGGCGAAG E10 M15 Pre-Sm Mouse M15 -5 stool

exp11_M16_Pre-Sm D701 ATTACTCG N506 ACTGCATA G2 M16 Pre-Sm Mouse M16 -5 stool

exp11_M17_Pre-Sm D708 TAATGCGC D506 TAATCTTA F9 M17 Pre-Sm Mouse M17 -5 stool

exp11_M18_Pre-Sm D704 GAGATTCC N501 TAGATCGC B5 M18 Pre-Sm Mouse M18 -5 stool

exp11_M19_Pre-Sm D702 TCCGGAGA D505 AGGCGAAG E3 M19 Pre-Sm Mouse M19 -5 stool

exp11_M2_Pre-Sm D704 GAGATTCC N506 ACTGCATA G5 M2 Pre-Sm Mouse M2 -5 stool

exp11_M20_Pre-Sm D703 CGCTCATT N503 TATCCTCT D4 M20 Pre-Sm Mouse M20 -5 stool

exp11_M21_Pre-Sm D702 TCCGGAGA D508 GTACTGAC H3 M21 Pre-Sm Mouse M21 -5 stool

exp11_M22_Pre-Sm A701 ATCACGAC D507 CAGGACGT H1 M22 Pre-Sm Mouse M22 -5 stool

exp11_M23_Pre-Sm D704 GAGATTCC D505 AGGCGAAG E5 M23 Pre-Sm Mouse M23 -5 stool

exp11_M24_Pre-Sm D704 GAGATTCC A501 TGAACCTT A5 M24 Pre-Sm Mouse M24 -5 stool

exp11_M3_Pre-Sm A701 ATCACGAC D508 GTACTGAC H1 M3 Pre-Sm Mouse M3 -5 stool

exp11_M4_Pre-Sm D701 ATTACTCG N505 GTAAGGAG F2 M4 Pre-Sm Mouse M4 -5 stool

exp11_M5_Pre-Sm D706 GAATTCGT N507 AAGGAGTA G7 M5 Pre-Sm Mouse M5 -5 stool

exp11_M6_Pre-Sm D705 ATTCAGAA N502 CTCTCTAT C6 M6 Pre-Sm Mouse M6 -5 stool

exp11_M7_Pre-Sm D704 GAGATTCC D506 TAATCTTA F5 M7 Pre-Sm Mouse M7 -5 stool

exp11_M8_Pre-Sm D705 ATTCAGAA A501 TGAACCTT A6 M8 Pre-Sm Mouse M8 -5 stool

exp11_M9_Pre-Sm D707 CTGAAGCT D505 AGGCGAAG E8 M9 Pre-Sm Mouse M9 -5 stool

exp11_M1_Pre-Col D708 TAATGCGC D501 TATAGCCT A9 M1 Post-Sm (Pre-Col) Mouse M1 -4 Streptomycin stool

exp11_M10_Pre-Col A701 ATCACGAC N501 TAGATCGC B1 M10 Post-Sm (Pre-Col) Mouse M10 -4 Streptomycin stool

exp11_M11_Pre-Col D702 TCCGGAGA D503 CCTATCCT C3 M11 Post-Sm (Pre-Col) Mouse M11 -4 Streptomycin stool

exp11_M12_Pre-Col D706 GAATTCGT A501 TGAACCTT A7 M12 Post-Sm (Pre-Col) Mouse M12 -4 Streptomycin stool

exp11_M13_Pre-Col D701 ATTACTCG N507 AAGGAGTA G2 M13 Post-Sm (Pre-Col) Mouse M13 -4 Streptomycin stool

exp11_M14_Pre-Col D703 CGCTCATT N504 AGAGTAGA E4 M14 Post-Sm (Pre-Col) Mouse M14 -4 Streptomycin stool

exp11_M15_Pre-Col D703 CGCTCATT D505 AGGCGAAG E4 M15 Post-Sm (Pre-Col) Mouse M15 -4 Streptomycin stool

exp11_M16_Pre-Col A701 ATCACGAC N504 AGAGTAGA E1 M16 Post-Sm (Pre-Col) Mouse M16 -4 Streptomycin stool

exp11_M17_Pre-Col A701 ATCACGAC D502 ATAGAGGC B1 M17 Post-Sm (Pre-Col) Mouse M17 -4 Streptomycin stool

exp11_M18_Pre-Col D703 CGCTCATT D507 CAGGACGT H4 M18 Post-Sm (Pre-Col) Mouse M18 -4 Streptomycin stool

exp11_M19_Pre-Col D702 TCCGGAGA D501 TATAGCCT A3 M19 Post-Sm (Pre-Col) Mouse M19 -4 Streptomycin stool

exp11_M2_Pre-Col D711 TCTCGCGC D501 TATAGCCT A12 M2 Post-Sm (Pre-Col) Mouse M2 -4 Streptomycin stool

exp11_M20_Pre-Col D711 TCTCGCGC N507 AAGGAGTA G12 M20 Post-Sm (Pre-Col) Mouse M20 -4 Streptomycin stool

exp11_M21_Pre-Col D704 GAGATTCC D503 CCTATCCT C5 M21 Post-Sm (Pre-Col) Mouse M21 -4 Streptomycin stool

exp11_M22_Pre-Col D701 ATTACTCG N502 CTCTCTAT C2 M22 Post-Sm (Pre-Col) Mouse M22 -4 Streptomycin stool

exp11_M23_Pre-Col D709 CGGCTATG D508 GTACTGAC H10 M23 Post-Sm (Pre-Col) Mouse M23 -4 Streptomycin stool

exp11_M24_Pre-Col D711 TCTCGCGC D504 GGCTCTGA D12 M24 Post-Sm (Pre-Col) Mouse M24 -4 Streptomycin stool

exp11_M3_Pre-Col D709 CGGCTATG D504 GGCTCTGA D10 M3 Post-Sm (Pre-Col) Mouse M3 -4 Streptomycin stool

exp11_M4_Pre-Col D706 GAATTCGT N502 CTCTCTAT C7 M4 Post-Sm (Pre-Col) Mouse M4 -4 Streptomycin stool

exp11_M5_Pre-Col D703 CGCTCATT D502 ATAGAGGC B4 M5 Post-Sm (Pre-Col) Mouse M5 -4 Streptomycin stool

exp11_M6_Pre-Col A701 ATCACGAC N505 GTAAGGAG F1 M6 Post-Sm (Pre-Col) Mouse M6 -4 Streptomycin stool

exp11_M7_Pre-Col D708 TAATGCGC N507 AAGGAGTA G9 M7 Post-Sm (Pre-Col) Mouse M7 -4 Streptomycin stool

exp11_M8_Pre-Col D704 GAGATTCC N504 AGAGTAGA E5 M8 Post-Sm (Pre-Col) Mouse M8 -4 Streptomycin stool

exp11_M9_Pre-Col D703 CGCTCATT D503 CCTATCCT C4 M9 Post-Sm (Pre-Col) Mouse M9 -4 Streptomycin stool

exp11_M1_T-2 D704 GAGATTCC N507 AAGGAGTA G5 M1 Post-Col Mouse M1 -2 Streptomycin stool

exp11_M10_T-2 D707 CTGAAGCT N506 ACTGCATA G8 M10 Post-Col Mouse M10 -2 Streptomycin stool

exp11_M11_T-2 D701 ATTACTCG D502 ATAGAGGC B2 M11 Post-Col Mouse M11 -2 Streptomycin stool

exp11_M12_T-2 D704 GAGATTCC N502 CTCTCTAT C5 M12 Post-Col Mouse M12 -2 Streptomycin stool

exp11_M13_T-2 D704 GAGATTCC D508 GTACTGAC H5 M13 Post-Col Mouse M13 -2 Streptomycin stool

exp11_M14_T-2 D710 TCCGCGAA D505 AGGCGAAG E11 M14 Post-Col Mouse M14 -2 Streptomycin stool

exp11_M15_T-2 D702 TCCGGAGA N507 AAGGAGTA G3 M15 Post-Col Mouse M15 -2 Streptomycin stool

exp11_M16_T-2 D710 TCCGCGAA N507 AAGGAGTA G11 M16 Post-Col Mouse M16 -2 Streptomycin stool

exp11_M17_T-2 D706 GAATTCGT D504 GGCTCTGA D7 M17 Post-Col Mouse M17 -2 Streptomycin stool

exp11_M18_T-2 D706 GAATTCGT N503 TATCCTCT D7 M18 Post-Col Mouse M18 -2 Streptomycin stool

exp11_M19_T-2 D704 GAGATTCC D502 ATAGAGGC B5 M19 Post-Col Mouse M19 -2 Streptomycin stool

exp11_M2_T-2 D701 ATTACTCG A501 TGAACCTT A2 M2 Post-Col Mouse M2 -2 Streptomycin stool

exp11_M20_T-2 D701 ATTACTCG N503 TATCCTCT D2 M20 Post-Col Mouse M20 -2 Streptomycin stool

exp11_M21_T-2 D706 GAATTCGT D501 TATAGCCT A7 M21 Post-Col Mouse M21 -2 Streptomycin stool

exp11_M22_T-2 D704 GAGATTCC N503 TATCCTCT D5 M22 Post-Col Mouse M22 -2 Streptomycin stool

exp11_M23_T-2 D708 TAATGCGC D502 ATAGAGGC B9 M23 Post-Col Mouse M23 -2 Streptomycin stool

exp11_M24_T-2 A701 ATCACGAC N503 TATCCTCT D1 M24 Post-Col Mouse M24 -2 Streptomycin stool

exp11_M3_T-2 D708 TAATGCGC D508 GTACTGAC H9 M3 Post-Col Mouse M3 -2 Streptomycin stool

exp11_M4_T-2 D703 CGCTCATT A501 TGAACCTT A4 M4 Post-Col Mouse M4 -2 Streptomycin stool

exp11_M5_T-2 A701 ATCACGAC D501 TATAGCCT A1 M5 Post-Col Mouse M5 -2 Streptomycin stool

exp11_M6_T-2 A701 ATCACGAC N502 CTCTCTAT C1 M6 Post-Col Mouse M6 -2 Streptomycin stool

exp11_M7_T-2 A701 ATCACGAC N507 AAGGAGTA G1 M7 Post-Col Mouse M7 -2 Streptomycin stool

exp11_M8_T-2 D706 GAATTCGT N504 AGAGTAGA E7 M8 Post-Col Mouse M8 -2 Streptomycin stool

exp11_M9_T-2 D706 GAATTCGT D503 CCTATCCT C7 M9 Post-Col Mouse M9 -2 Streptomycin stool

exp11_M1_T0 D705 ATTCAGAA D502 ATAGAGGC B6 M1 T0 Mouse M1 0 Streptomycin stool

exp11_M10_T0 D707 CTGAAGCT N504 AGAGTAGA E8 M10 T0 Mouse M10 0 Streptomycin stool

exp11_M11_T0 D702 TCCGGAGA D506 TAATCTTA F3 M11 T0 Mouse M11 0 Streptomycin stool

exp11_M12_T0 D702 TCCGGAGA A501 TGAACCTT A3 M12 T0 Mouse M12 0 Streptomycin stool

exp11_M13_T0 D706 GAATTCGT D508 GTACTGAC H7 M13 T0 Mouse M13 0 Streptomycin stool

exp11_M14_T0 D711 TCTCGCGC D503 CCTATCCT C12 M14 T0 Mouse M14 0 Streptomycin stool

exp11_M15_T0 D701 ATTACTCG D506 TAATCTTA F2 M15 T0 Mouse M15 0 Streptomycin stool

exp11_M16_T0 D705 ATTCAGAA N503 TATCCTCT D6 M16 T0 Mouse M16 0 Streptomycin stool

exp11_M17_T0 D705 ATTCAGAA D508 GTACTGAC H6 M17 T0 Mouse M17 0 Streptomycin stool

exp11_M18_T0 D711 TCTCGCGC D502 ATAGAGGC B12 M18 T0 Mouse M18 0 Streptomycin stool

exp11_M19_T0 D708 TAATGCGC D504 GGCTCTGA D9 M19 T0 Mouse M19 0 Streptomycin stool

exp11_M2_T0 D706 GAATTCGT N501 TAGATCGC B7 M2 T0 Mouse M2 0 Streptomycin stool

exp11_M20_T0 D703 CGCTCATT N506 ACTGCATA G4 M20 T0 Mouse M20 0 Streptomycin stool

exp11_M21_T0 D701 ATTACTCG D505 AGGCGAAG E2 M21 T0 Mouse M21 0 Streptomycin stool

exp11_M22_T0 D703 CGCTCATT N501 TAGATCGC B4 M22 T0 Mouse M22 0 Streptomycin stool

exp11_M23_T0 D707 CTGAAGCT D504 GGCTCTGA D8 M23 T0 Mouse M23 0 Streptomycin stool

exp11_M24_T0 D710 TCCGCGAA D506 TAATCTTA F11 M24 T0 Mouse M24 0 Streptomycin stool

exp11_M3_T0 D701 ATTACTCG D508 GTACTGAC H2 M3 T0 Mouse M3 0 Streptomycin stool

exp11_M4_T0 D706 GAATTCGT D507 CAGGACGT H7 M4 T0 Mouse M4 0 Streptomycin stool

exp11_M5_T0 D709 CGGCTATG D502 ATAGAGGC B10 M5 T0 Mouse M5 0 Streptomycin stool

exp11_M6_T0 D707 CTGAAGCT N503 TATCCTCT D8 M6 T0 Mouse M6 0 Streptomycin stool

exp11_M7_T0 D704 GAGATTCC D501 TATAGCCT A5 M7 T0 Mouse M7 0 Streptomycin stool

exp11_M8_T0 D710 TCCGCGAA D503 CCTATCCT C11 M8 T0 Mouse M8 0 Streptomycin stool

exp11_M9_T0 D703 CGCTCATT D501 TATAGCCT A4 M9 T0 Mouse M9 0 Streptomycin stool

exp11_M1_T1 D705 ATTCAGAA N507 AAGGAGTA G6 M1 T1 Mouse M1 1 Streptomycin, Carbenicillin stool

exp11_M10_T1 D707 CTGAAGCT A501 TGAACCTT A8 M10 T1 Mouse M10 1 Streptomycin, Carbenicillin stool

exp11_M11_T1 D701 ATTACTCG D501 TATAGCCT A2 M11 T1 Mouse M11 1 Streptomycin, Carbenicillin stool

exp11_M12_T1 D701 ATTACTCG D507 CAGGACGT H2 M12 T1 Mouse M12 1 Streptomycin, Carbenicillin stool

exp11_M13_T1 D705 ATTCAGAA D506 TAATCTTA F6 M13 T1 Mouse M13 1 Streptomycin, Carbenicillin stool

exp11_M14_T1 D710 TCCGCGAA D504 GGCTCTGA D11 M14 T1 Mouse M14 1 Streptomycin, Carbenicillin stool

exp11_M15_T1 D703 CGCTCATT D504 GGCTCTGA D4 M15 T1 Mouse M15 1 Streptomycin, Carbenicillin stool

exp11_M16_T1 D701 ATTACTCG N501 TAGATCGC B2 M16 T1 Mouse M16 1 Streptomycin, Carbenicillin stool

exp11_M17_T1 A701 ATCACGAC D503 CCTATCCT C1 M17 T1 Mouse M17 1 Streptomycin, Carbenicillin stool

exp11_M18_T1 D707 CTGAAGCT N501 TAGATCGC B8 M18 T1 Mouse M18 1 Streptomycin, Carbenicillin stool

exp11_M19_T1 D705 ATTCAGAA D504 GGCTCTGA D6 M19 T1 Mouse M19 1 Streptomycin, Carbenicillin stool

exp11_M2_T1 D710 TCCGCGAA D508 GTACTGAC H11 M2 T1 Mouse M2 1 Streptomycin, Carbenicillin stool

exp11_M20_T1 D710 TCCGCGAA D501 TATAGCCT A11 M20 T1 Mouse M20 1 Streptomycin, Carbenicillin stool

exp11_M21_T1 D703 CGCTCATT D508 GTACTGAC H4 M21 T1 Mouse M21 1 Streptomycin, Carbenicillin stool

exp11_M22_T1 D704 GAGATTCC D507 CAGGACGT H5 M22 T1 Mouse M22 1 Streptomycin, Carbenicillin stool

exp11_M23_T1 A701 ATCACGAC D505 AGGCGAAG E1 M23 T1 Mouse M23 1 Streptomycin, Carbenicillin stool

exp11_M24_T1 D702 TCCGGAGA N503 TATCCTCT D3 M24 T1 Mouse M24 1 Streptomycin, Carbenicillin stool

exp11_M3_T1 D708 TAATGCGC D505 AGGCGAAG E9 M3 T1 Mouse M3 1 Streptomycin, Carbenicillin stool

exp11_M4_T1 D707 CTGAAGCT N505 GTAAGGAG F8 M4 T1 Mouse M4 1 Streptomycin, Carbenicillin stool

exp11_M5_T1 D709 CGGCTATG D503 CCTATCCT C10 M5 T1 Mouse M5 1 Streptomycin, Carbenicillin stool

exp11_M6_T1 D702 TCCGGAGA N502 CTCTCTAT C3 M6 T1 Mouse M6 1 Streptomycin, Carbenicillin stool

exp11_M7_T1 D707 CTGAAGCT D502 ATAGAGGC B8 M7 T1 Mouse M7 1 Streptomycin, Carbenicillin stool

exp11_M8_T1 D706 GAATTCGT N506 ACTGCATA G7 M8 T1 Mouse M8 1 Streptomycin, Carbenicillin stool

exp11_M9_T1 D704 GAGATTCC D504 GGCTCTGA D5 M9 T1 Mouse M9 1 Streptomycin, Carbenicillin stool

exp11_M1_T2 D707 CTGAAGCT N507 AAGGAGTA G8 M1 T2 Mouse M1 2 Streptomycin, Carbenicillin stool

exp11_M10_T2 D702 TCCGGAGA N505 GTAAGGAG F3 M10 T2 Mouse M10 2 Streptomycin, Carbenicillin stool

exp11_M11_T2 A701 ATCACGAC D504 GGCTCTGA D1 M11 T2 Mouse M11 2 Streptomycin, Carbenicillin stool

exp11_M12_T2 D705 ATTCAGAA D507 CAGGACGT H6 M12 T2 Mouse M12 2 Streptomycin, Carbenicillin stool

exp11_M13_T2 D702 TCCGGAGA D504 GGCTCTGA D3 M13 T2 Mouse M13 2 Streptomycin, Carbenicillin stool

exp11_M14_T2 D711 TCTCGCGC D506 TAATCTTA F12 M14 T2 Mouse M14 2 Streptomycin, Carbenicillin stool

exp11_M15_T2 D705 ATTCAGAA D505 AGGCGAAG E6 M15 T2 Mouse M15 2 Streptomycin, Carbenicillin stool

exp11_M16_T2 D703 CGCTCATT N505 GTAAGGAG F4 M16 T2 Mouse M16 2 Streptomycin, Carbenicillin stool

exp11_M17_T2 D707 CTGAAGCT D506 TAATCTTA F8 M17 T2 Mouse M17 2 Streptomycin, Carbenicillin stool

exp11_M18_T2 A701 ATCACGAC A501 TGAACCTT A1 M18 T2 Mouse M18 2 Streptomycin, Carbenicillin stool

exp11_M19_T2 D706 GAATTCGT D506 TAATCTTA F7 M19 T2 Mouse M19 2 Streptomycin, Carbenicillin stool

exp11_M2_T2 D702 TCCGGAGA N504 AGAGTAGA E3 M2 T2 Mouse M2 2 Streptomycin, Carbenicillin stool

exp11_M20_T2 D706 GAATTCGT N505 GTAAGGAG F7 M20 T2 Mouse M20 2 Streptomycin, Carbenicillin stool

exp11_M21_T2 D705 ATTCAGAA D503 CCTATCCT C6 M21 T2 Mouse M21 2 Streptomycin, Carbenicillin stool

exp11_M22_T2 D702 TCCGGAGA N506 ACTGCATA G3 M22 T2 Mouse M22 2 Streptomycin, Carbenicillin stool

exp11_M23_T2 D703 CGCTCATT D506 TAATCTTA F4 M23 T2 Mouse M23 2 Streptomycin, Carbenicillin stool

exp11_M24_T2 D711 TCTCGCGC D505 AGGCGAAG E12 M24 T2 Mouse M24 2 Streptomycin, Carbenicillin stool

exp11_M3_T2 D707 CTGAAGCT D508 GTACTGAC H8 M3 T2 Mouse M3 2 Streptomycin, Carbenicillin stool

exp11_M4_T2 D705 ATTCAGAA N505 GTAAGGAG F6 M4 T2 Mouse M4 2 Streptomycin, Carbenicillin stool

exp11_M5_T2 D707 CTGAAGCT D501 TATAGCCT A8 M5 T2 Mouse M5 2 Streptomycin, Carbenicillin stool

exp11_M6_T2 D702 TCCGGAGA D507 CAGGACGT H3 M6 T2 Mouse M6 2 Streptomycin, Carbenicillin stool

exp11_M7_T2 A701 ATCACGAC D506 TAATCTTA F1 M7 T2 Mouse M7 2 Streptomycin, Carbenicillin stool

exp11_M8_T2 D705 ATTCAGAA N501 TAGATCGC B6 M8 T2 Mouse M8 2 Streptomycin, Carbenicillin stool

exp11_M9_T2 D708 TAATGCGC D503 CCTATCCT C9 M9 T2 Mouse M9 2 Streptomycin, Carbenicillin stool

exp11_CTRL_STD_Zymo_mixture_1 D709 CGGCTATG N507 AAGGAGTA G10 Zymo Mix 1 NA CTRL_Zymo NA NA

exp11_CTRL_STD_Zymo_mixture_2 D707 CTGAAGCT D507 CAGGACGT H8 Zymo Mix 2 NA CTRL_Zymo NA NA

exp11_CTRL_STD_Zymo_DNA D708 TAATGCGC A501 TGAACCTT A9 Zymo DNA NA CTRL_Zymo NA NA

exp11_NTC_1 D708 TAATGCGC N501 TAGATCGC B9 NTC NA CTRL_NTC NA NA

exp11_NTC_2 D708 TAATGCGC N502 CTCTCTAT C9 NTC NA CTRL_NTC NA NA

exp11_NTC_3 D708 TAATGCGC N503 TATCCTCT D9 NTC NA CTRL_NTC NA NA

exp11_NTC_4 D708 TAATGCGC N504 AGAGTAGA E9 NTC NA CTRL_NTC NA NA

exp11_NTC_5 D708 TAATGCGC N505 GTAAGGAG F9 NTC NA CTRL_NTC NA NA

exp11_NTC_6 D708 TAATGCGC N506 ACTGCATA G9 NTC NA CTRL_NTC NA NA

exp11_NTC_7 D708 TAATGCGC D507 CAGGACGT H9 NTC NA CTRL_NTC NA NA

exp11_CTRL_NEG_no_feces_4 D701 ATTACTCG D504 GGCTCTGA D2 CTRL_NEG_no_feces_4 NA CTRL_NEG NA NA

exp11_CTRL_NEG_no_feces_5 D702 TCCGGAGA D502 ATAGAGGC B3 CTRL_NEG_no_feces_5 NA CTRL_NEG NA NA

exp11_CTRL_NEG_no_feces_3 D703 CGCTCATT N507 AAGGAGTA G4 CTRL_NEG_no_feces_3 NA CTRL_NEG NA NA

exp11_CTRL_NEG_1 D705 ATTCAGAA D501 TATAGCCT A6 CTRL_NEG_1 NA CTRL_NEG NA NA

exp11_CTRL_NEG_no_feces_1 D706 GAATTCGT D502 ATAGAGGC B7 CTRL_NEG_no_feces_1 NA CTRL_NEG NA NA

exp11_CTRL_NEG_no_feces_2 D709 CGGCTATG D506 TAATCTTA F10 CTRL_NEG_no_feces_2 NA CTRL_NEG NA NA

exp11_CTRL_NEG_no_feces_9 D710 TCCGCGAA D502 ATAGAGGC B11 CTRL_NEG_no_feces_9 NA CTRL_NEG NA NA

exp11_CTRL_NEG_no_feces_7 D711 TCTCGCGC D508 GTACTGAC H12 CTRL_NEG_no_feces_7 NA CTRL_NEG NA NA

exp11_CTRL_NEG_2 A701 ATCACGAC N506 ACTGCATA G1 CTRL_NEG_2 NA CTRL_NEG NA NA

exp11_CTRL_NEG_no_feces_10 D703 CGCTCATT N502 CTCTCTAT C4 CTRL_NEG_no_feces_10 NA CTRL_NEG NA NA

exp11_CTRL_NEG_no_feces_6 D705 ATTCAGAA N504 AGAGTAGA E6 CTRL_NEG_no_feces_6 NA CTRL_NEG NA NA

exp11_CTRL_NEG_no_feces_8 D705 ATTCAGAA N506 ACTGCATA G6 CTRL_NEG_no_feces_8 NA CTRL_NEG NA NA

exp11_CTRL_STD_human_feces_1 D701 ATTACTCG D503 CCTATCCT C2 Human 1 NA CTRL_Human NA NA stool

exp11_CTRL_STD_human_feces_2 D707 CTGAAGCT N502 CTCTCTAT C8 Human 2 NA CTRL_Human NA NA stool
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